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In this work, we systematically study the DD̄�=BB̄� and DD�=B̄B̄� systems with the Bethe-Salpeter
equation in the ladder and instantaneous approximations for the kernel. By solving the Bethe-Salpeter
equation numerically with the kernel containing the direct and crossed one-particle exchange diagrams and
introducing three different form factors (monopole, dipole, and exponential form factors) at the vertices, we
find only the isoscalar DD̄�=BB̄� and DD�=B̄B̄� systems can exist as bound states. This indicate that the
Xð3872Þ and Tþ

cc could be accommodated as IGðJPCÞ ¼ 0þð1þþÞ DD̄� and ðIÞJP ¼ ð0Þ1þ DD� bound
states while the bound-state explanations for Zbð10610Þ and Zcð3900Þ are excluded.
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I. INTRODUCTION

Since the discovery of Xð3872Þ in 2003 [1], more than
twenty exotic-state candidates containing cc̄ and bb̄ quarks
have been found and studied by the LHCb, ATLAS, CMS,
BESIII, Belle, BABAR, CDF, and D0 experiments [2,3].
The structures of these exotic states are more complex than
the standard qq̄ mesons. Recently, the LHCb Collaboration
reported the first doubly open charmed tetraquark state Tþ

cc
in proton-proton collisions with a signal significance over
10σ [4,5], and with its mass and width being

δm ¼ mTþ
cc
− ðmD�þ þmD0Þ ¼ −273� 61� 5þ11

−14 keV;

Γ ¼ 410� 165� 43þ18
−38 keV; ð1Þ

respectively. This exotic state with a mass of about
3875 MeV manifests itself as a narrow peak in the mass
spectrum of D0D0πþ mesons just below the D�þD0 mass
threshold, and is consistent with the ground isoscalar ccūd̄

state with the spin-parity quantum numbers JP ¼ 1þ.
Although there have been many studies on the exotic
states, the puzzle about the nature of these states remains
unsolved so far.
Up to now, three exotic states [Xð3872Þ, Zcð3900Þ, and

Tþ
cc] with their masses close to the threshold of DD� have

been found experimentally. To describe these exotic states a
variety of phenomenological models have been proposed,
including the chiral effective field theory [6–17], the Bethe-
Salpeter approach [18–22], the constituent quark model
[23–28], QCD sum rules [29–33], and the relativized quark
model [34–38], etc. In these models some physical pictures
have also been developed to understand the known exotic
states, such as hadronic molecule and tetraquark state.
Since the masses of these exotic states are close to the
threshold of the two S-wave lowest-lying standard mesons
(D andD�), one would naturally identify them as molecular
states of standard mesons. Therefore, it is very interesting
to investigate whether this is plausible for these exotic
states, which will be very helpful to reveal the structures of
these exotic states.
In this paper we will focus on the DD̄� and DD� bound

states and their b partners. Our purpose is to investigate
whether the bound states of the DD̄� and DD� systems and
their b partners via the interaction through exchanging
scalar mesons (σ), vector mesons (ρ and ω), and pseudo-
scalar mesons (π and η) can exist. As the relativistic
equation describing the bound state of two particles, the
Bethe-Salpeter (BS) equation is an effective method to deal
with nonperturbative QCD effects and has been applied to
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many theoretical studies concerning standard heavy
hadrons [39–41] and exotic states [42–46]. The kernel of
the BS equation can be derived from the relevant effective
Lagrangian, based on which numerical solutions for the BS
wave functions can be obtained in the covariant instanta-
neous approximation and the ladder approximation, and
these solutions can be used to judge whether these bound
states exist.
The remainder of this paper is organized as follows. In

Sec. II we discuss theDD̄� andDD� system hadronic wave
function and derive the BS equation for the vector and
pseudoscalar mesons system. We also discuss the kernel
derived from the relevant effective Lagrangian. In Sec. III,
we present numerical solutions for DD̄� and DD� bound
states and their b partners with three different form factors.
Finally, Sec. IV contains a summary.

II. THE BETHE-SALPETER FORMALISM
FOR DD̄� AND DD� SYSTEMS

The DD̄� þ c:c: and DD� systems have isospin 0 or 1.
The flavor wave functions of the DD̄� þ c:c: systems are
[15,21,47]

jX0
DD̄� iI¼0 ¼

1

2
½ðjD�þD−i þ jD�0D̄0iÞ

þ cðjDþD�−i þ jD0D̄�0iÞ�;

jX0
DD̄� iI¼1 ¼

1

2
½ðjD�D−i − jD�D̄0iÞ

þ cðjDþD�−i − jD0D̄�0iÞ�;

jXþ
DD̄� iI¼1 ¼

1ffiffiffi
2

p ðjD�þD̄0i þ cjDþD̄�0iÞ;

jX−
DD̄� iI¼1 ¼

1ffiffiffi
2

p ðjD�−D̄0i þ cjD−D̄�0iÞ; ð2Þ

where c ¼ �1 correspond to C parity C ¼∓ respectively.
The wave functions for the DD� systems are

jTþ
cciI¼0 ¼

1ffiffiffi
2

p ðjDþD�0i − jD0D�þiÞ;

jTþ
cciI¼1 ¼

1ffiffiffi
2

p ðjDþD�0i þ jD0D�þiÞ;

jTþþ
cc iI¼1 ¼ jDþD�þi;

jT0
cciI¼1 ¼ jD0D�0i: ð3Þ

The wave functions of the hidden-bottom and doubly
bottom states can be obtained analogously.

Since the bound states are composed of a vector meson
(D�) and a pseudoscalar meson (D), we can define the BS
wave function of the bound state by

χαPðx1; x2; PÞ ¼ h0jTD�αðx1ÞDðx2ÞjPi ¼ e−iPXχαPðxÞ; ð4Þ
where P ¼ Mv is the total momentum of the bound state,
and v is its velocity. D�αðx1Þ and Dðx2Þ are the field
operators of the vector meson D� and the pseudoscalar
meson D at space coordinates x1 and x2, respectively. X ≡
λ1x1 þ λ2x2 is the coordinate of the center of mass and
x≡ x1 − x2 is the relative coordinate with λ1 ≡m1=ðm1 þ
m2Þ and λ2 ≡m2=ðm1 þm2Þ, with m1 and m2 being the
masses ofD� andD, respectively. The BS wave function in
momentum space is defined as

χαPðx1; x2; PÞ ¼ e−iP·X
Z

d4p
ð2πÞ4 e

−ip·xχαPðpÞ; ð5Þ

where the relative momentum p ¼ λ2p1 − λ1p2, the p1 ¼
λ1Pþ p and p2 ¼ λ2P − p are theD� meson andDmeson
momenta, respectively.
The BS equation for the bound state consisting of a

vector and a pseudoscalar mesons can be written in the
following form

χαPðpÞ ¼ Sαλðp1Þ
Z

d4q
ð2πÞ4 K̄λτðP; p; qÞχτPðqÞSðp2Þ; ð6Þ

where Sαλðp1Þ and Sðp2Þ are the propagators of D� and D,
respectively, and KλτðP; p; qÞ is the four-point truncated
irreducible kernel. The KλτðP; p; qÞ can be derived from
four-point Green’s function as follows:

Gαβðx1; x2; y2; y1Þ

¼ Gαβ
ð0Þðx1; x2; y2; y1Þ þ

Z
d4u1d4u2d4v1d4v2

×Gαλ
ð0Þðx1; x2; u2; u1ÞK̄λτðu1; u2; v2; v1Þ

×Gτβðv1; v2; y2; y1Þ; ð7Þ

where Gαβ
ð0Þ is related to the forward scattering disconnected

four-point amplitude,

Gαβ
ð0Þðx1; x2; y2; y1Þ ¼ Sαβðx1; y1ÞSðx2; y2Þ; ð8Þ

Sαβðx1; y1Þ and Sðx2; y2Þ are the propagators of constituent
particles D� and D in coordinate space, respectively.
For convenience, we define plð¼ p · vÞ and pμ

t ð¼ pμ −
plvμÞ to be the longitudinal and transverse projections of
the relative momentum (p) along the bound state momen-
tum (P). Then the D� propagator has the form

Sαβðp1Þ ¼
−i½gαβ − ðλ1Mvþ plvþ ptÞαðλ1Mvþ plvþ ptÞβ=m2

1�
ðλ1M þ plÞ2 − ω2

1 þ iϵ
; ð9Þ
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and the propagator of D meson has the form

Sðp2Þ ¼
i

ðλ2M − plÞ2 − ω2
2 þ iϵ

; ð10Þ

where ω1ð2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1ð2Þ − p2
t

q
.

In general, for DD̄� and DD� systems, χαPðpÞ can be
written as

χαPðpÞ ¼ f1ðpÞεαβμνgμνϵβðPÞ þ f2ðpÞεαβμνPμPνϵβðPÞ
þ f3ðpÞεαβμνpμPνϵβðPÞ þ f4ðpÞεαβμνpμpνϵβðPÞ;

ð11Þ

where ϵβðPÞ represents the polarization vector of the bound
state and fi (i ¼ 1, 2, 3, 4) are Lorentz-scalar functions.
With the constraints imposed by parity and Lorentz trans-
formations, it is easily to prove that χαPðpÞ can be
simplified as

χαPðpÞ ¼ fðpÞεαβμνpμPνϵβ; ð12Þ

where the function fðpÞ contains all the dynamics and is a
Lorentz scalar function of p.
In order to obtain the interaction kernel KλτðP; p; qÞ of

DD̄� and DD� systems, the Lagrangian for heavy mesons
interacting with light mesons are needed, which can be
described from the heavy-meson chiral perturbation theory
as the following [48,49]:

LDDσ ¼ −2gσmDDaD
†
aσ − 2gσmDD̄aD̄

†
aσ;

LD�D�σ ¼ 2gσmD�D�α
a D�†

αaσ þ 2gσmD�D̄�α
a D̄�†

αaσ;

LDD�P ¼ gDD�PðDbD
�†
αa þD�

αbD
†
aÞ∂αPba þ gD̄D̄�PðD̄�†

αaD̄b þ D̄†
aD̄�

αbÞ∂αPab;

LDD�V ¼ −2igDD�Vεμναβð∂μVνÞba½ðD†
a∂αD�β

b −D�β
b ∂αD†

aÞ þ ðD�β†
a ∂αDb −Db∂αD�β†

a Þ�
− 2igD̄D̄�Vεμναβð∂μVνÞab½ðD̄†

a∂αD̄�β
b − D̄�β

b ∂αD̄†
aÞ þ ðD̄�β†

a ∂αD̄b − D̄b∂αD̄�β†
a Þ�;

LDDV ¼ igDDVðDb∂αD
†
a −D†

a∂αDbÞðVαÞba þ igD̄ D̄VðD̄b∂αD̄
†
a − D̄†

a∂αD̄bÞðVαÞab;
LD�D�V ¼ igD�D�VðD�

β;b∂αD�β†
a −D�β†

a ∂αD�
β;bÞðVαÞba − ig0D�D�VD

�†
α;aD�

β;bð∂αVβ − ∂βVαÞba
þ igD̄�D̄�VðD̄�

β;b∂αD̄�β†
a − D̄�β†

a ∂αD̄�
β;bÞðVαÞab − ig0̄D�D̄�VD̄

�†
α;aD̄�

β;bð∂αVβ − ∂βVαÞab; ð13Þ

where D, D̄, D�, and D̄� are heavy flavored meson
fields, with D ¼ ðD0; Dþ; Dþ

s Þ, D̄ ¼ ðD̄0; D−; D−
s Þ,

D� ¼ ðD�0; D�þ; D�þ
s Þ, and D̄� ¼ ðD̄�0; D̄�−; D̄�−

s Þ,
a and b denote the light quark flavor indices, the octet
pseudoscalar P and the nonet vector V meson matrices are
defined as

P ¼

0
BB@

π0ffiffi
2

p þ ηffiffi
6

p πþ Kþ

π− − π0ffiffi
2

p þ ηffiffi
6

p K0

K− K̄0 − 2ηffiffi
6

p

1
CCA; ð14Þ

and

V ¼

0
BB@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K�þ

ρ− − ρ0ffiffi
2

p þ ωffiffi
2

p K�0

K�− K̄�0 ϕ

1
CCA; ð15Þ

respectively, and the coupling constants are given as

gDD�P¼−gD̄D̄�P¼−
2g
fπ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mDmD�

p
;

gDD�V ¼gD̄D̄�V ¼
λgVffiffiffi
2

p ;

gDDV ¼−gD̄D̄V ¼−gD�D�V ¼gD̄�D̄�V ¼
βgVffiffiffi
2

p ;

g0D�D�V ¼−g0̄D�D̄�V ¼−
ffiffiffi
2

p
λgVmD�

gV ¼
mρ

fπ
; gσ ¼

gπ
2

ffiffiffi
6

p ; g¼0.59; β¼0.9;

λ¼0.56GeV−1; fπ¼132MeV; gπ ¼3.73: ð16Þ

In the so-called ladder approximation, the kernel
KλτðP; p; qÞ is replaced by its lowest-order form. Then
with the Lagrangian for heavy mesons interacting with light
mesons, for the kernel of the bound states induced by ρ, ω,
σ, π, and η exchanges, we have
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K̄λτ;σ
DD�−directðp1;p2;q2;q1Þ¼ ð2πÞ4δ4ðq1þq2−p1−p2Þ4cdI g2σmD�mDΔðk;mσÞgλτ;

K̄λτ;P
DD�−crossedðp1;p2;q2;q1Þ¼−ð2πÞ4δ4ðq1þq2−p1−p2ÞccI g2DD�Pk

λkτΔðk;mPÞ;
K̄λτ;V

DD�−directðp1;p2;q2;q1Þ¼−ð2πÞ4δ4ðq1þq2−p1−p2ÞcdI gDDVðp2þq2ÞνΔμνðk;mVÞ
× ½gD�D�Vðp1þq1Þμgλτþg0D�D�Vðkλgτμ−kτgλμÞ�;

K̄λτ;V
DD�−crossedðp1;p2;q2;q1Þ¼−ð2πÞ4δ4ðq1þq2−p1−p2Þ4ccIf2DD�Vϵ

μβσλϵνργτ

×kμkνðp1þq2Þσðq1þp2ÞγΔβρðk;mVÞ; ð17Þ

for the DD� bound state, and

K̄λτ;σ
DD̄�−directðp1; p2;q2; q1Þ ¼ K̄λτ;σ

DD�−directðp1; p2;q2; q1Þ;
K̄λτ;P

DD̄�−crossedðp1; p2;q2; q1Þ ¼ −K̄λτ;P
DD�−crossedðp1; p2;q2; q1Þ;

K̄λτ;V
DD̄�−directðp1; p2;q2; q1Þ ¼ K̄λτ;V

DD�−directðp1; p2;q2; q1Þ;
K̄λτ;V

DD̄�−crossedðp1; p2;q2; q1Þ ¼ K̄λτ;V
DD�−crossedðp1; p2;q2; q1Þ;

ð18Þ

for the DD̄� bound state, where mσ , mP, and mV represent
the masses of the exchanged σ, the pseudoscalar light
meson and the vector light meson, respectively. cdI and ccI
are the isospin coefficients for the direct and crossed
diagrams, and the values for different exchange mesons
are listed in Table I, and the derivation process shown in
Appendix A. Δμν represents the propagator for a vector
meson and Δ represents the scalar or pseudoscalar meson
propagator, and they have the following forms,

Δμνðk;mVÞ ¼
−i

k2 −m2
V

�
gμν −

kμkν
m2

V

�
;

Δðk;mσðPÞÞ ¼
i

k2 −m2
σðPÞ

: ð19Þ

Considering the size effects of constituent particles,
we introduce the monopole, exponential and dipole form
factors at each vertex. The form factors are respectively
defined as

FMðk2Þ ¼
Λ2 −m2

Λ2 − k2
;

FEðk2Þ ¼ eðk2−m2Þ=Λ2

;

FDðk2Þ ¼
ðΛ2 −m2Þ2
ðΛ2 − k2Þ2 : ð20Þ

From Refs. [50,51], we can find the wave function curves
of π and ρmesons do not differ much. Furthermore, since σ,
π, η, ρ, and ω are light mesons, their radii should not be
very different. Since the form factors are determined by the
overlap integrals of the wave functions of the hadrons at
the vertices, we assumed the same value of Λ for all the
exchanged particles.
In the following we will drive explicitly the integral

equation for the BS scalar wave function. Substituting
Eqs. (9), (10), (12), and (17) or (18) into the BS equa-
tion (6), we can obtain the simplified BS equation and we
listed it in Appendix B.
In Eq. (B1) there are poles in pl at −λ1M − w1 þ iϵ,

−λ1M þ w1 − iϵ, λ2M þ w2 − iϵ, and λ2M − w2 þ iϵ. By
choosing the appropriate contour, we integrate over pl on
both sides of Eq. (B1) and obtain the three-dimensional
integral equation. Then the scalar BS wave function is
rotationally invariant, and fðptÞ [fðptÞ ¼

R
dplfðpÞ] only

depends on the norm of the three-momentum, pt.
Therefore, after completing the azimuthal integration, the
above BS equation becomes a one-dimensional integral
equation, which is

fðjptjÞ ¼
Z

djptjAðjptj; jqtjÞfðjqtjÞ; ð21Þ

TABLE I. The isospin factors cdI and ccI for direct and crossed Feynman diagrams with I ¼ 0 and I ¼ 1.

cdI ccI

ρ ω π η σ ρ ω π η σ

DD̄� I ¼ 0 3=2 1=2 � � � � � � 1 3c=2 c=2 3c=2 c=6 � � �
I ¼ 1 −1=2 1=2 � � � � � � 1 −c=2 c=2 −c=2 c=6 � � �

DD� I ¼ 0 −3=2 1=2 � � � � � � 1 3=2 −1=2 3=2 −1=6 � � �
I ¼ 1 1=2 1=2 � � � � � � 1 1=2 1=2 1=2 1=6 � � �
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where fðjptjÞ is the one-dimensional Lorentz-scalar
BS function. The propagators and kernels after one-
dimensional simplification are included in Aðjptj; jqtjÞ.

III. NUMERICAL SOLUTIONS FOR THE
BS WAVE FUNCTION

In this section we solve the integral equation—Eq. (21).
The method discretizes the integration region into suffi-
ciently large n pieces by the Gaussian quadrature method.
In this way, the BS scalar function fðjptjÞ becomes n
dimensional vector and the integral equation becomes
an eigenvalue equation. The matrix equation obtained
in this way can be written in the form fðnÞðjptjÞ ¼
An×nðjptj; jqtjÞfðnÞðjqtjÞ.
There are two parameters in our model, the cutoff Λ and

the binding energy Eb. The cutoff Λ contains the informa-
tion about the nonpoint interaction of the hadrons which is
nonperturbative. Therefore, the cutoff Λ cannot be deter-
mined exactly. Fortunately, the cutoff was found in the
study of the deuteron to be around 1 GeV. In this work, we
vary the cutoff Λ over a much wider range (0.8 GeV–
5 GeV) to find all possible solutions of the DD̄�=BB̄� and
DD�=B̄B̄� bound states. The binding energy Eb is defined
as Eb ¼ E −m1 −m2, and we will vary Eb from
−30 MeV–0 MeV. Fixing a value of the cutoff Λ and
varying the binding energy Eb we will obtain a series of
the trial eigenvalues. For some (not all) values of the cutoff,
we could find that the binding energy in the range
−30 MeV–0 MeV corresponds to the eigenvalue closest
to 1.0. Our task is to find out all these cutoff values.
In the present paper, we will systematically study the

S-wave DD̄�=BB̄� and DD�=B̄B̄� bound states. As studied
in Ref. [47], the DD̄�=BB̄� carry different C parity for
the isoscalar and isovector states, respectively. From the
effective Lagrangian listed in Eq. (13), we can find the
kernels in the bottom sector which have the same form as
those in the charm sector. We work in the rest frame of the

bound state in which P ¼ ðM; 0Þ and take the averaged
masses of the mesons from the PDG [2], mD ¼
1867.24 MeV, mD� ¼2008.56MeV, mB ¼ 5279.48 MeV,
mB� ¼ 5324.70 MeV, mπ ¼ 137.28 MeV, mη ¼
547.86 MeV, mρ ¼ 775.26 MeV, mω ¼ 782.65 MeV,
and mσ ¼ 550 MeV. The contribution of σ exchange is
permitted by the chiral perturbation theory and thus is
included in our work, despite the large uncertainties in its
mass and structure. In our previous work [45] and Ref. [48],
it found that the contribution from σ exchange is very small
and not sufficient to form bound states. The numerical
results from our calculation for the charm and bottom
systems are listed in Tables II and III, respectively.
From the results in Tables II and III, we can draw three

main conclusions. First, only the bound states with isospin
I ¼ 0 exist. Second, for the same binding energy Eb, the
values of the cutoff Λ is smaller in the bottom sector than
those in the charm sector, which means the interactions in
the bottom bound states are stronger than the interactions
in the charm sector as expected. Finally, the values of the
cutoff Λ for the dipole form factor are larger than the
corresponding values for the monopole and exponential
form factors for both the charm states or bottom states.
For the DD̄� bound state, there are two relevant states

Xð3872Þ and Zcð3900Þ observed by the experiments. The
quantum numbers of Xð3872Þ and Zcð3900Þ are IGðJPCÞ ¼
0þð1þþÞ and IGðJPCÞ ¼ 1þð1þ−Þ, respectively [2]. From
our calculations, there are no I ¼ 1 DD̄� bound states
existing with the cutoff Λ in the range 0.8 GeV–5 GeV.
Therefore, Zcð3900Þ cannot exist as an I ¼ 0 DD̄� bound
state in our model. Our result consistent with many other
studies. In Ref. [52], using the local hidden gauge
approach, the authors found a state with 3900 MeV could
not be easily interpreted as a DD̄� (D̄D�) molecular state.
Albaladejo et al. [53] found the Zcð3900Þ cannot be a DD̄�
bound state considering that the Zc enhancement was
originated from a resonance with a mass around the

TABLE II. The numerical results for the DD̄� and DD� systems. Eb ¼ −4.15 and −0.71 correspond to the binding energy of Tcc and
Xð3872Þ, respectively. The units of Eb and Λ are MeV.

DD̄� DD�

C ¼ 1 C ¼ −1

I ¼ 0 I ¼ 1 I ¼ 0 I ¼ 1 I ¼ 0 I ¼ 1

Eb ΛM ΛE ΛD ΛM ΛE ΛD ΛM ΛE ΛD ΛM ΛE ΛD ΛM ΛE ΛD ΛM ΛE ΛD

−5 1056 1013 1456 � � � � � � � � � 1340 1250 1823 � � � � � � � � � 1093 1097 1540 � � � � � � � � �
−10 1117 1100 1562 � � � � � � � � � 1402 1337 1928 � � � � � � � � � 1146 1177 1635 � � � � � � � � �
−15 1165 1166 1643 � � � � � � � � � 1448 1401 2006 � � � � � � � � � 1184 1234 1701 � � � � � � � � �
−20 1208 1224 1714 � � � � � � � � � 1488 1455 2072 � � � � � � � � � 1214 1279 1755 � � � � � � � � �
−25 1247 1276 1779 � � � � � � � � � 1523 1502 2130 � � � � � � � � � 1240 1318 1800 � � � � � � � � �
−30 1284 1324 1839 � � � � � � � � � 1555 1544 2182 � � � � � � � � � 1264 1352 1840 � � � � � � � � �
−4.15 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 957 885 1292 � � � � � � � � �
−0.71 1043 993 1432 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
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DD̄� threshold or produced by a virtual state which must
have a hadronic molecular nature. From the BS approach
with quasipotential approximation [18], no bound state was
induced from the interactions of DD̄� in the isovector
sector, which also suggested that the molecular state
explanation for Zcð3900Þ was excluded. Based on the
lattice QCD the CLQCD Collaboration [54] studied the
low-energy scattering of the ðDD̄�Þ� meson system. It was
found that the DD̄� interaction was weakly repulsive;
hence, the results did not support the possibility of a
shallow bound state for the two mesons for the pion mass
values studied. In the framework of the one-boson
exchange model [47], the results showed that the momen-
tum-related corrections was unfavorable for the formation
of the molecular state in the I ¼ 0, JPC ¼ 1þ− channel in
the DD̄� system. In fact, since the mass of Zcð3900Þ is
above the threshold of DD̄� system, we propose to study
the possible molecular structure of Zcð3900Þ as a resonance
or a virtual state. The Xð3872Þ can be a isoscalar DD̄�
bound state with the cutoff Λ ¼ 1043 MeV, 993 MeV, and
1432 MeV for the monopole, exponential, and dipole form
factors in our method, respectively. The properties of
Xð3872Þ as a DD̄� bound state have been studied in our
previous work [55].
For the DD� bound state, the recently experimentally

discovered Tþ
cc state could be associated with it. In our

model, the Tþ
cc can be I ¼ 0 DD� bound state with the

cutoff Λ taking the values of 957 MeV, 885 MeV, and
1292 MeV for the monopole, exponential, and dipole form
factors, respectively. Theoretically, the DD� system has
been studied within a variety of approaches and different
models. In Ref. [56], the authors studied doubly charmed
exotic states by solving the scattering problem of two D
mesons. Their results pointed to the existence of a stable
isoscalar doubly charmed bound state with the quantum
numbers ðIÞJP ¼ ð0Þ1þ. By solving the coupled channel
Schrödinger equations, Ohkoda et al. [7] found the DD�

system could be a deeply ðIÞJP ¼ ð0Þ1þ bound state, and
no isovector bound state could exist. Via solving the single
channel BS equation, the authors of Ref. [19] found the

IðJPÞ ¼ 0ð1þÞ DD� system could be the double charm
tetraquark Tþ

cc observed by LHCb observation with a
reasonable cutoff regularizing the loop integral. In
Ref. [6], the authors studied the DD� system up to
Oðϵ2Þ at the one-loop level within the framework of heavy
meson chiral effective field theory. There existed a bound
state in the I ¼ 0 channel as the cutoff is nearmρ, no bound
state was found in the I ¼ 1 channel within a wide range of
the cutoff parameter.
In the bottom sector, only the Zbð10610Þ reported by the

Belle Collaboration in 2011 is close to the BB̄� threshold
[57]. A later analysis for the same experiment allowed
for an amplitude analysis where the quantum numbers
IGðJPÞ ¼ 1þð1þÞ were strongly favored for Zbð10610Þ
[58]. In our model, no isovector BB̄� bound state was
found, which disfavors the bound state explanation for
the Zbð10610Þ.
For Zcð3900Þ and Zbð10610Þ although they cannot exist

as bound states in many studies, however they can be
interpreted as virtual states by performed heavy-quark
flavor symmetry on heavy meson hadronic molecules
[59], coupled-channels calculation [60–63], and
Lippmann-Schwinger equation [64]. The virtual state
which is also below the lowest threshold, and with the
pole on the second Riemann sheet. In Ref. [65], the authors
discussed in detail the virtual and demonstrated the virtual
state should be classified as molecular.

IV. SUMMARY

In this work, we applied the BS equation to systemati-
cally study the DD̄�=BB̄� and DD�=B̄B̄� systems with the
ladder approximation and the instantaneous approximation,
try to find the possible bound states of these systems. In our
calculations, both direct and cross diagrams were consid-
ered for the kernel induced by ρ, ω, π, η, and σ exchanges.
Since the constituent particles and the exchanged particles
in the DD̄�=BB̄� or DD�=B̄B̄� systems are not pointlike,
we introduced three different form factors (monopole,
exponential, and dipole form factors) which all contain a
cutoff Λ that reflects the effects of the structure of these

TABLE III. The numerical results for the BB̄� and B̄B̄� systems. The units of Eb and Λ are MeV.

BB̄� B̄B̄�

C ¼ 1 C ¼ −1

I ¼ 0 I ¼ 1 I ¼ 0 I ¼ 1 I ¼ 0 I ¼ 1

Eb ΛM ΛE ΛD ΛM ΛE ΛD ΛM ΛE ΛD ΛM ΛE ΛD ΛM ΛE ΛD ΛM ΛE ΛD

−5 861 754 1126 � � � � � � � � � 1130 964 1469 � � � � � � � � � 871 799 1165 � � � � � � � � �
−10 894 817 1195 � � � � � � � � � 1151 1019 1522 � � � � � � � � � 906 865 1238 � � � � � � � � �
−15 920 865 1249 � � � � � � � � � 1172 1062 1567 � � � � � � � � � 933 914 1291 � � � � � � � � �
−20 943 905 1294 � � � � � � � � � 1192 1099 1607 � � � � � � � � � 955 953 1335 � � � � � � � � �
−25 964 940 1335 � � � � � � � � � 1210 1131 1642 � � � � � � � � � 975 987 1374 � � � � � � � � �
−30 984 973 1373 � � � � � � � � � 1228 1161 1675 � � � � � � � � � 992 1017 1407 � � � � � � � � �
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particles. Since Λ is controlled by nonperturbative QCD
and cannot be determined exactly, we let it vary in a
reasonable range within which we tried to find possible
bound states of the DD̄�=BB̄� and DD�=B̄B̄� systems.
The results of our studies showed that only the S-wave

DD̄�=BB̄� andDD�=B̄B̄� systems with I ¼ 0 could exist as
bound states. We also found that for the same binding
energy Eb the values of the cutoffΛ in the bottom sector are
smaller than those in the charm sector, and that the values of
the cutoff Λ is larger for the dipole form factor than those
for the exponential and dipole form factors in both charm
and bottom sector. From our results, we can see that the
experimentally observed Xð3872Þ and Tþ

cc can be assigned
as I ¼ 0 DD̄� and I ¼ 0 DD� bound states, respectively,
corresponding to Λ ¼ 1043 MeV, 993 MeV, and
1432 MeV and Λ ¼ 957 MeV, 885 MeV, and
1538 MeV for the monopole, exponential and dipole form
factors, respectively. No bound state was found for iso-
vector from S-wave DD̄�=BB̄� and DD�=B̄B̄� systems,
which disfavors the bound state explanation for Zcð3900Þ
and Zbð10610Þ.
The possible S-wave DD̄�=BB̄� and DD�=B̄B̄� bound

states studied in our work are helpful in explaining the
structure of experimentally discovered exotic states and the
discovery of unobserved exotic states. In some cases the
theoretical explanations of the structures for the experi-
mentally observed exotic states and the existence of
theoretical predictions of the possible molecular states
remains controversial. Therefore more precise experimental
studies of the exotic states will be needed to check the
results of theoretical studies and to improve theoreti-
cal model.
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APPENDIX A: THE CALCULATION PROCESS
OF ISOSPIN FACTORS cdI AND ccI

The field operators for D and D� mesons are

D1ðxÞ ¼
Z

d3p
ð2πÞ3

1ffiffiffiffiffiffi
ED

p ðaDþe−ip·x þ a†D−eip·xÞ;

D2ðxÞ ¼
Z

d3p
ð2πÞ3

1ffiffiffiffiffiffi
ED

p ðaD0e−ip·x þ a†
D̄0eip·xÞ; ðA1Þ

and

D�μ
1 ðxÞ ¼

Z
d3p
ð2πÞ3

1ffiffiffiffiffiffiffiffi
ED�

p
X3
λ¼0

ðaðλÞD�þϵðλÞμe−ip·x

þ aðλÞ†D�−ϵðλÞμ�eip·xÞ;

D�μ
2 ðxÞ ¼

Z
d3p
ð2πÞ3

1ffiffiffiffiffiffiffiffi
ED�

p
X3
λ¼0

ðaðλÞ
D�0ϵðλÞμe−ip·x

þ aðλÞ†
D̄�0 ϵðλÞμ�eip·xÞ; ðA2Þ

respectively.
By projecting the bound states onto the field operator

(A1) and (A2) we get

h0jTDiðx1ÞD�μ
j ðx2ÞjPiI;I3 ¼ Cij

ðI;I3Þχ
μðIÞ
P ðx1; x2Þ; ðA3Þ

then we can obtain the corresponding BS equation as

Ci;j
I;I3

χαðIÞP ðpÞ

¼ Sαλðp1Þ
Z

d4q
ð2πÞ4

X
kl

K̄ij;kl
λτ ðP; p; qÞχτðIÞP ðqÞSðp2Þ;

ðA4Þ

In the following we take jTþ
cciI¼0 as an example. The

isospin coefficients Ci;j
I;I3

for jTþ
cciI¼0 are

C12
ð1;0Þ ¼ −C21

ð1;0Þ ¼ 1=
ffiffiffi
2

p
; else ¼ 0; ðA5Þ

After inserting the Eq. (A5) into Eq. (A4), for the
jTþ

cciI¼0 state, we have

χαð0ÞP ðpÞ ¼ Sαλðp1Þ
Z

d4q
ð2πÞ4 ½K̄

12;12ðdÞ
λτ ðP; p; qÞ

− K̄12;21ðdÞ
λτ ðP; p; qÞ þ K̄12;21ðcÞ

λτ ðP; p; qÞ
− K̄12;12ðcÞ

λτ ðP; p; qÞ�χτð0ÞP ðqÞSðp2Þ

¼ Sαλðp1Þ
Z

d4q
ð2πÞ4 K̄

total
λτ ðP; p; qÞχτð0ÞP ðqÞSðp2Þ;

ðA6Þ

where the superscripts c and d on K̄ij;kl
λτ ðP; p; qÞ represent

kernels from the direct and crossed Feynman diagrams,
respectively.
Based on the Lagrangian in Eq. (13), the total kernel

K̄total
λτ of jTþ

cciI¼0 induced by ρ, ω, σ, π, and η exchange
mesons is
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K̄total
λτ ¼ −

3

2
K̄λτ;ρ

DD�−direct þ
1

2
K̄λτ;ω

DD�−direct þ K̄λτ;σ
DD�−direct þ

3

2
K̄λτ;ρ

DD�−crossed −
1

2
K̄λτ;ω

DD�−crossed þ
3

2
K̄λτ;π

DD�−crossed

−
1

6
K̄λτ;η

DD�−crossed: ðA7Þ

The K̄λτ;ϕ
DD�−direct and K̄λτ;ϕ

DD�−direct have been given in Eq. (17), and the coefficients in front of them are the isospin factors cdI
and ccI listed in Table I.

APPENDIX B: THE BS EQUATION AFTER TAKING THE INSTANTANEOUS APPROXIMATION
AND SIMPLIFICATION

fðpÞ ¼ −i
½ðλ1M þ plÞ2 − w2

1 þ iϵ�½ðλ2M − plÞ2 − w2
2 þ iϵ�

Z
d4q
ð2πÞ4

�
4cdI g

2
σmD�mD

×
�½ðλ1M þ plÞ2 − pt

2�
3m2

1

−
ðλ1M þ plÞ½plðλ1M þ plÞ − pt · qt�

3m2
1pl

− 1

�
F2ðkt

2; mσÞ

− ccI g
2
DD�P

�
1

3
ðpt − qtÞ2 þ

ðpt · qt − pt
2Þ2

3m2
1

�
F2ðkt

2; mPÞ

þ
�
cdI gDDVgD�D�V

�½ðλ1M þ plÞ2 − pt
2�½4ðλ1M þ plÞðλ2M − plÞ − ðpt − qtÞ2�

3m2
1

−
ðλ1M þ plÞ½plðλ1M þ plÞ − pt · qt�½4ðλ1M þ plÞðλ2M − plÞ þ ðpt − qtÞ2�

3m2
1pl

− 4ðλ1M þ plÞðλ2M − plÞ − ðpt − qtÞ2 −
ðpt

2 − qt
2Þ2ðλ1M þ plÞ½plðλ1M þ plÞ − pt · qt�

3m2
1m

2
Vpl

þ ðpt
2 − qt

2Þ2½ðλ1M þ plÞ − pt
2�

3m2
1m

2
V

−
ðpt

2 − qt
2Þ2

m2
V

�

− cdI gDDVg0D�D�V

�
2ðλ2M − plÞðpt · qt − pt

2Þ½plðλ1M þ plÞ − pt · qt�
3m2

1pl

−
2ðλ2M − plÞðqt

2 − pt · qtÞ
3pl

��
F2ðkt

2; mVÞ

− g2DD�P
M2½2m2

1ðpt − qtÞ2 þ pt
2qt

2 − ðpt · qtÞ2�
3m2

1

F2ðkt
2; mPÞ

�
fðqÞ; ðB1Þ

where kt ¼ pt − qt, and we have made explicit use of the covariant instantaneous approximation (in which the energy
exchanged between the constituent particles of the binding system is neglected.).
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