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Abstract: In this study, we systematically investigated two-pseudoscalar meson systems with the Bethe-Salpeter
equation in the ladder and instantaneous approximations. By solving the Bethe-Salpeter equation numerically with
the kernel containing the one-particle exchange diagrams, we found that the KK, DK, BK, DD, BB, BD, DK, BK,
and BD systems with I = 0 can exist as bound states. We also studied the contributions from heavy meson (J/¢ and

T) exchanges and found that the contributions from heavy meson exchanges cannot be ignored.
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I. INTRODUCTION

Quantum chromodynamics (QCD) is the theory of the
strong interaction between quarks mediated by gluons,
which are color-charged [1]. In principle, QCD allows
complex quark and gluon compositions of hadrons, such
as multiquark hadrons, hadronic molecules, hybrid had-
rons, and glueballs, which are nonstandard hadronic
particles. Most of these nonstandard hadrons have unusu-
al masses, decay widths, etc., which cannot be given a
satisfactory explanation by the traditional quark model.
To date, more than thirty non-¢g state candidates in light
and heavy sectors have been reported experimentally [2].
These resonances are crucial for the deep understanding
of hadron spectroscopy and the nonperturbative nature
and spontaneous chiral symmetry breaking of QCD.

In the low-lying scalar meson sector, f,(980) [3],
ap(980) [4], and D?((2317) [5] have nonexotic J”(=0")
quantum numbers. However, their masses are much lower
than the quark model expectation for the corresponding
P-wave qq states [6, 7]. Their natures are still under de-
bate in spite of the efforts during the past several decades.
Since their masses are near the threshold of the constitu-
ent particles and have spin-parity quantum numbers cor-
responding to the S-wave combinations of the constituent
particles, one would naturally identify them as hadronic
molecules, which are analogs of nuclei. f;(980) and/or
ap(980) could be KK molecules [8—15] and D% (2317)

could be a DK molecule [16-26]. Such a picture leads to
results consistent with the experiments. In addition to
these particles, the possible S-wave bound states of the
BK, DD, BB, BD, BK, DD, BB, and BD systems have
not been observed experimentally.

On the theoretical aspect, the authors in Ref. [26] sys-
tematically studied the possible S-wave bound state of
two pseudoscalar mesons by the nonrelativistic
Schrodinger (NRS) equation. Reference [18] predicted
the existence of a BK bound state B, with a mass of
5.725 + 0.039 GeV based on the heavy chiral unitary ap-
proach. Subsequently, Refs. [27] and [28] confirmed the
existence of B in the BK bound state scenario and fur-
ther studied the decay widths of its possible decay chan-
nels. Recently, Kong et al. [24] systematically investig-
ated DK/BK and DK/BK systems in a quasipotential
Bethe-Salpter equation (QBSE) approach by considering
the light meson exchange potential and found that only
the isoscalar systems can exist as molecular states.
However, the mass of X(5568) reported by the DO collab-
oration [29] is considerably below the BK threshold, and
hence, it cannot be aBK molecule [30-35]. In Ref. [36],
the authors reported their findings on the S-wave DD,
BD, and BB systems in the chiral SU(3) quark model
(QM); their calculations favor the existence of the iso-
scalar BB molecule, but the existence of isovector DD
and BD molecules is disfavored. The authors of Ref. [37]
studiedDD™ and B®B® molecular states by solving
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the coupled channel Schrodinger (CCS) equations;
only/(J¥) = 1(0")BBcan be a bound state in the PP
(P = D,B) system because the kinetic term is suppressed
in the bottom sector, and the effect of channel couplings
becomes more important. With the qBSE approach [38],
the existence of DD and BB molecular states with
1(J?) = 0(0%) were predicted, yet no bound state was pro-
duced from the DD and BB interaction. In Ref. [39], a
new hidden charm resonance with a mass of 3.7 GeV was
predicted within the coupled channel unitary approach.
Later, the DD bound state was searched in several pro-
cesses, such as B — DDK [40], (3770) — yD°D° [41],
and yy — DD [42, 43]. There are some differences in the
results of different methods. Therefore, more efforts are
needed to investigate the possible S-wave bound state
composed of two pseudoscalar mesons.

In the present study, we systematically investigate
whether the S-wave bound states of two-pseudoscalar
meson systems exist in the Bethe-Salpeter (BS) approach
(in the ladder approximation and the instantaneous ap-
proximation for the kernel). For doubly heavy pseudo-
scalar meson systems, we consider not only the interac-
tion through exchanged light mesons (p, w and o) but also
the contribution of heavy vector mesons (J/y¢ or Y). As
reported in Refs. [44, 45], in spite of the large mass
ofJ/y, which suppresses the propagator of the ex-
changed J/y, it was found that the interaction could bind
the D*D* and DD* systems. Similarly, Refs. [38, 46] also
reported that the contribution from a heavy meson ex-
change (J/y or T) is very important to form a molecular
state, especially in systems in which the contributions
from p and w cancel each other out.

The remainder of this paper is organized as follows.
In Sec. II, we discuss and establish the BS equation for
two-pseudoscalar meson systems. This equation is solved
numerically, and the numerical results of the two-pseudo-
scalar meson systems are presented in Sec. III. In the last
section, we summarize the study.

II. THE BETHE-SALPETER FORMALISM FOR
THE TWO-PSEUDOSCALAR MESON
SYSTEM

The BS wave function for the bound state |P) com-
posed of two pseudoscalar mesons have the following
form:

X (x1, X2, P) = 0|TP1 (x)P2(x2)IP), M

where P;(x;) and P,(x;) are the field operators of the two
constituent particles at space coordinates x; and xp, re-
spectively. The BS wave function in momentum space is
defined as

I
xp(x1,x,P)=¢ ‘Pxfﬁe Py p(p), 2)

where p represents the relative momentum of the two
constituent particles, and p=Ap;—Aipx (p1=A4P+p,
p2 =L P—p) with Ay =my/(my +my) and Ay = my/(m;+
my). pi2) and m ) represent the momentum and mass of
the constituent particle, respectively.

The BS wave function yp(p) satisfies the following
BS equation:

d4
xp(p)=Sp (p1) f ﬁK(P,p,q)Xp(q)S%(pz), 3)

where Sp (p1) and Sp (p2) are the propagators of con-
stituent particles, and K(P,p,q) is the kernel, which is
defined as the sum of all two-particle irreducible dia-
grams.

In the following, we use the variables p;(= p-v) and
p(= p—p) asthe longitudinal and transverse projec-
tions of the relative momentum (p) along the bound state
velocity (v), respectively. Then, the propagators of the
constituent mesons can be expressed as

i

Sp, (L1 P+p)= “4)

(/l]M+pl)2 —w%+ie’

and

i

Sp,(LP-p)= )

(M — p1)2 - w% +ie

where wi) = \fmj, +p; (we have defined p; = —p; - p:).

To obtain the interaction kernel of the two-pseudo-
scalar meson system through exchanging light and heavy
vector mesons and the light scalar meson, the following
effective Lagrangians, as in Refs. [38, 47, 48], are
needed:

Lixv =igkxpf" (KT?HHK—(?#KT?K)
+i(gkkw + gxkwd) (K'0,K —8,K'K),
Lppv =igppv(Dpde D), — D0 Dp)VE,
+igppiyy (DD - D'3,D) I /",
Lppv =igppv(By0a B — BldaBy)VY,
+igppr (BoaB" — B'0,B) T°,
Lppo =¢ppeDuD}o, Lpss = gpprBuBLo, (6)
where J/y“, Y%, and o represent the J/, Y, and o field

operators, respectively, and the nonet vector meson mat-
rix reads as
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The coupling constants involved in Eq. (6) are taken

£ w + K )
V2 V2 P as gkkp = 8kKw = &kk¢ =3, &ppv = gprv =Pgv/ V2 with
V= - i LY g0 | (7 & =58,8=09, gopyje =myyl fiyy With f5, =405 MeV,
p \/5 \/5 and gppy = my/ fr with fr= 715.2 MeV.
e 70 s In the so-called ladder approximation, the interaction

kernel K(P,p,q) can be derived in the lowest-order form
as follows:

K(p1,p23q1,q1,my) == 2m)*8*(q1 + g2 — p1 = p2)Crgppver pv(p1 +q1)u(p2 + @) A (k,my),
K(p1,p2:q1:91,m0) == (21)°6* (g1 + 2 = p1 = p2)C18hp, Do (ks mer),
®)
where my represent the masses of the exchanged light and heavy vector mesons (p, w, v, J/¥, and T). A*(k,my) and
Ay (k,my) represent the propagators for the vector and scalar mesons, respectively, and have the following forms:

, —i , kMK
All (k7mV) = 2 2 (g,ll - 2 )7 Ao'(k7m0') =
k*—m my,

- 9)

2
k* —mg;

I
C; in Eq. (8) is the isospin coefficient for /=0 and changed mesons and finite size effect of the interacting
I=1.Forthe KK, DK, BK, DD, BB, and BD systems, hadrons, we introduce a form factor (k%) at each vertex.
Generally, the form factor has the following form:

3/2  forp -1/2  forp s
1/2 forw 1/2 forw Fry (k) = A" —m ’ (12)
1 for¢ 1 forg A2 -2
Co=\ 1 fors Ci = 1 forJ/y
1 forY 1 forY where A, m, and k represent the cutoff parameter, mass,
1 foro 1 foro and momentum of the exchanged meson, respectively.

(10) This form factor is normalized at the on shell momentum
of k> = m?. In contrast, if k*is taken to be infinitely large

For the KK, DK, BK, DD, BB, and BD systems, (—0), the form factor, which can be expressed as the

overlap integral of the wave functions of the hadrons at

3/2  forp “1/2  forp the vertex, would approach zero. Considering the differ-

~1/2  forw ~1/2  forw ence in the wave functions and masses of the light and

~1  for¢ -1 for¢ heavy mesons, and ensuring a positive form factor, differ-

Co= -1 forJ/y ° €= -1 forJ/y - ent magnitudes of cutoff A will be chosen for the heavy
-1  forY -1  forY and light mesons.

1 foro 1 foro The propagators (4) and (5), interaction kernel (8),

(11) and form factor (12) are substituted into the BS equation,

i.e., Eq. (3), and the instantaneous approximation (p; = g,

In Egs. (10) and (11), the exchanged mesons of ¢, where the energy exchanged between the constituent

J/w, and Y only appear for the KK/KK, DD/DD, and particles of the binding system is neglected) in the kernel

BB/BB systems, and ¢ is only considered in the doubly is considered. Consequently, when a vector meson and a

heavy pseudoscalar meson systems. scalar meson in the center-of-mass frame of the bound
In order to manipulate the off shell effect of the ex- state (P = 0) are exchanged, Eq. (3) becomes

xp(pi, ) i quz &g,
p(p1, Dt) = —
t [(/ll M+ p])2 - a)% + ie] [(/lgM - p[)2 - w% + ie] 21 (2n)
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AUM+p) (o= p)+ (B4 @) + (=) m? (A2 =m2 )’
X {CIgPPVgP/P’V —— 5 =)
~ (P d)=my A2+ (5, +.)]
) (13)
1 (A2 — m(zr)
+Ci1grPogPPo—=5 5 3 }XP(%@)
—(Pi =G —mg [AZ +(p: +C71)2]

In the above equation, there are poles in the p; plane
at -4 M-w+ie, -4 M+w;—ie, ILM+w,—ie, and
LM —w, +ie. After integrating p; on both sides of Eq.
(13) by selecting the proper contour, we can obtain the
three-dimensional  integral  equation for  gp(p))
(p(P) = [dpp(pi, 1)), which only depends on the the
three momentum, j;. By completing the azimuthal integ-
ration, the three-dimensional BS equation becomes a one-
dimensional integral equation as

el = f ABAB L1 TeGD. (14)

where the propagators and kernels after one-dimensional
simplification are included in A(|7;l,|G;|). The numerical
solutions for yp(|p;|) can be obtained by discretizing the
integration region into n pieces (with n sufficiently large).
In this way, the integral equation becomes a matrix equa-
tion, and the BS scalar function yp(|p,|) becomes an z di-
mensional vector.

III. NUMERICAL RESULTS

In this section, we will solve the BS equation numer-
ically and study whether the S-wave bound states com-
posed of two pseudoscalar mesons exist. In our model,
there is only one parameter, the cutoff A, which comes
from the form factor. The binding energy E,, is defined as
E, = M —my —m;y in the rest frame of the bound state. We
take the averaged masses of the pseudoscalar mesons and
the exchanged light and heavy mesons from PDG [2], mk

2400
2200 F )
KK
AzooO— 0
S
R o
Z __________________ Perie
16007—4———-‘———_. o g S agpeeniiEE OB o
1400 F e RS ——_‘——.--—_—‘—‘ o BE
1200f . memem T e

“10 20 “20 ~40 “50
Ep(MeV)
(@
Fig. 1.
with 7=0 (b).

= 494988 MeV, mp = 1868.04 MeV, mp = 5279.44
MeV, m, = 77526 MeV, m, = 782.65 MeV, my,
1019.461 MeV, my;y, = 3096.9 MeV, and my = 9460.3
MeV.

In Fig. 1, we present some possible bound states com-
posed of two pseudoscalar mesons when only the light
meson (p, @, ¢, and o) exchange contributions are con-
sidered. Here, we vary the binding energy from 0 to —50
MeV and the cutoff in a wide range of 0.8—5 GeV. We
find that only the KK, DK, BK, DD, BB, BD, DK, BK,
and BD systems with I =0 can exist as bound states. The
KK, DD, and BB systems with I =0 are forbidden be-
cause of Bose symmetry, and the interactions in [=1
systems are repulsive; hence, no bound states exist in the
KK, DD, and BB systems. Furthermore, we cannot pre-
dict with certainty the masses of bound states that will be
measured experimentally because our results are depend-
ent on the cutoff A. The contribution of the o exchange is
included in our work, despite the large uncertainties in its
mass and structure. In our previous works [49, 50] and
Ref. [51], it was found that the contribution of the o ex-
change is too small to form bound states, and the same
result is found in our current work.

The systems that may exist as bound states are
presented in Fig. 1. It is noted that, in the hidden bottom
system, the cutoff is the smallest in Fig. 1(a). This is be-
cause the B meson has the largest mass, which requires a
smaller cutoff value as compared with those in the other
systems, and the cutoff is determined by the overlap in-
tegrals of the wave functions and hadrons at the vertices.
The size of the B meson is the smallest among the con-

4000 //_

3500

3000
— DK

A(MeV)

2500 — BK

BD
2000

1500

(b)

(color online) The numerical results for KK, DK, BK, DD, BB, and BD systems with /=0 (a) and DK, BK, and BD systems
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stituent particles. There is no bound state for the system a molecule; the I=1 BB, I=0, and I=1 DB systems
with 7=1. This is because the isospin coefficients of p might be molecule candidates, but the results are sensit-
and w are —1/2 and 1/2, respectively, as shown in Eq. ive to the cutoff. Based on the Heavy-Meson Effective
(10), and the masses of p and w are almost equal. There- Theory, the systems of DD with I =1, BB with I =1, and
fore, contributions from the p and @ exchanges almost DB with =0 and I =1 can exist as shallow bound states
cancel each other out. Among these possible bound [63].
states, the KK and DK bound states can be related to the According to the results of the two-pseudoscalar
experimentally observed f,(980) and D7,(2317), respect- meson systems, which are presented in Fig. 1(b), only the
ively [52]. Based on the heavy chiral unitary approach isoscalar system can exist as bound states. This is be-
[18] and linear chiral symmetry [53], the authors pre- cause, for the isovector systems, the isospin coefficients
dicted the existence of a b-partner state B, of D7 (2317) corresponding to the p and w exchanges are —1/2, as
as the BK bound state, which can also be confirmed in shown in Eq. (11); hence, the total interaction is repuls-
our model with the cutoff A = 2436 MeV. The experi- ive in the isovector systems. Comparing the results in Fig.
mentally observed X(5568) cannot be a BK bound state in 1 (a) and Fig. 1(b), we can see that the cutoff A is larger
our model [35]. In Ref. [39], a new hidden charm reson- in Fig. 1(b), which is caused by the difference in the
ance with a mass of 3.7 GeV (named as X(3700)) was isospin coefficients, i.e., 1/2 and —1/2 in the systems with
predicted corresponding mostly to a DD state. Later, it I =0 due to the w exchange in Eq. (10) and Eq. (11), re-
has been searched in B— DDK [40], ete” — J/yDD spectively. From Fig. 1(a) and Fig. 1(b), we can also find
[54], ¥(3770) »X(3700)y [55], yy— DD [42, 43], that, for the constituent particles with same masses, the
Ay — ADD [56], etc. Recently, lattice QCD also found a larger the mass of the constituent particle, the smaller the
DD bound state just below the threshold with the binding cutoff A; moreover, the larger the difference in masses of
energy E, =—4.0*2] MeV [57]. The existence of the BB the constituent particles, the larger the cutoff A. To eas-
bound state was also confirmed by the effective potential ily compare the results of different theoretical models, we
model [58], the heavy quark effective theory [59], the list the results of some models and our results in Table 1.
chiral SU(3) QM [36], and the gBSE [38]. The BD sys- In Ref. [45], the authors systematically studied the in-
tem, analogous to the DK system, can also be a bound teraction of DD* in the isospin /=0 channel. In their
state in the local hidden gauge symmetry (HGS) ap- work, it is shown that the exchange of a light ¢g is OZI
proach [60]. forbidden in the /=1 channel. As a consequence, only
Recently, the T. with the quantum number the J/y exchange is allowed in the case of 7 =1, and the
I(JP)=0(1") and quark content cciid was reported by the simultaneous two pion exchange, which was evaluated in
LHCb Collaboration [61], which is the first experiment- Ref. [45,44], was found to be weaker than the exchange
ally discovered open charmed tetraquark state. The T, of the vector meson. In spite of the large mass of the J/y,
has a mass just below the threshold of DD* and can be an which suppresses the propagator of the exchanged J/y, it
ideal candidate for the DD* bound state. In fact, this in- was found in Refs. [45,44] that the interaction could bind
spired us to investigate the possibility of two-pseudoscal- the DD* and D*D* systems with I=1 weakly. Sub-
ar meson systems as bound states with open flavor. In sequently, in Ref. [66], it was also found that the bound
Ref. [62], the authors systematically investigated pos- state DD* with I16(JF)=17(1*) would disappear if the
sible deuteron-like molecular states with two heavy J/y exchange was removed, which means that the J/y
quarks using the one-boson-exchange (OBE) model. Ac- exchange is important to provide an attractive interaction
cording to their results, the 7 = 1 DD system might not be and produce the pole in the isovector system. In the

Table 1. The results for different theoretical models. v/ and x indicate whether the corresponding system is a bound state or not, re-
spectively. —indicates the corresponding system without any study.

KK DK BK DD BB BD KK DK BK DD BB BD

1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
qBSE [24, 38] - = 4 x 4 x 4 x 4 x = = = - 4 x 4 x x X X xX - =
HGS [60, 64] - - - - - - = = = = 4 x = - - - - - - - x x 4 x
OBE [58, 62] - - = = = = x 4 x 4 A x = - = - - - x x x i A «
CCS [37, 65] - - - - - - = - X A= = = = - - - - X X x 4 =

QM [36] - - = = = = 4y x4 x A x = - - - - - - - - - - -
NRS [26] X X 4 x4 x4 x 4 x 4 X x X 4 X X x X X x X 4 X
Our results Vx4 x4 x4 x4 x4 x o x x4 X X X X X X 4 X
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present work, we also consider the effects of exchanged
heavy mesons. Considering the differences in the wave
functions and masses of the light and heavy mesons, and
ensuring a positive from factor, we choose different mag-
nitudes of cutoffs A, and Ay for the exchanged light and
heavy mesons, respectively.

We vary the cutoff Ay of the exchanged light mesons
in the range of 800—1500 MeV to find the cutoff Ay of
the exchanged heavy mesons that can form bound states.
The results for some possible bound states of DD and BB
are presented in Figs. 2 and 3. From these results in Figs. 2
and 3, we can see that the effect of the exchange of a
heavy meson cannot be ignored. As the contributions of
the exchanged p and w almost cancel each other out in the
I=1 DD and BB systems, the main contribution comes
from the heavy meson exchange. It can be seen that the
results for Ay are almost twice the mass of the excha-
nged heavy meson in Figs. 2(b) and 3(b). This is similar
to the case of considering only the light meson exchange,
in which the value of the cutoff A is also approximately
twice the mass of the exchange meson, as in Fig. 1(a).
The possibility of bound states being formed when only
considering the contribution of the heavy meson ex-
change, along with the existence of DDand BB bound
states with I = 1, is yet to be confirmed experimentally.

IV. SUMMARY
In this study, we derived the BS equation for the S-

5000

— Ep=-3MeV
— Ey=-5MeV
— E»=-10 MeV
E»=-20 MeV
— E,=-30 MeV

4500

H(MeV)

< 4000

3500

1000 1100 1200 1300 1400 1500
AL(MeV)
(a)
Fig. 2.
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— E,=-3MeV

— E,=-5MeV
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— Ep=-30 MeV

S 14000
>
2
¥ 13000
<

12000

11000

10000 . \ ,
1000 1100 1200 1300 1400
AL(MeV)

(a)
Fig. 3.

wave KK, DK, BK, DD, BB, BD, KK, DK, BK, DD,
BB, and BD systems and systematically investigated the
possible bound states of these systems with the ladder ap-
proximation and instantaneous approximation for the ker-
nel. In our model, the kernel containing one-particle-ex-
change diagrams was induced by the light meson (p, w, ¢,
and o) and heavy meson (J/¢ and T) exchanges. To in-
vestigate the bound states, we have numerically solved
the BS equations for S-wave systems composed of two
pseudoscalar mesons. The possible S-wave bound states
investigated in our study are helpful in explaining the
structures of experimentally discovered exotic states and
predicting unobserved exotic states.

We found that the KK, DK, BK, DD, BB, BD, DK,
BK, and BDsystems with I =0 can exist as bound states.
The KK, DD, and BB systems with I =0 are forbidden
because of Bose symmetry, and the interactions in the
I =1 systems are repulsive; hence, no bound states exist
in the KK, DD, and BB systems. We also found that, for
the constituent particles with the same mass, the larger
the mass of the constituent particle, the smaller the cutoff
A; moreover, the larger the difference in the masses of
the constituent particles, the larger the cutoff A. The con-
tribution of the ¢ exchange is too small to form bound
states.

In the calculation, we considered the heavy meson ex-
changes in the kernel. We found that the effect of the
heavy meson exchange cannot be neglected for the DD
and BB systems. Since the contributions from the p and @

5280

5260
— Ep=-3 MeV
— Ep=-5MeV
— Ep=-10 MeV
Ep=-20 MeV
5200 — Ep=-30 MeV

5240 |-

Ax(MeV)

5220

5180 L L n L )
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(color online) The numerical results for 7 =0 (a) and 7 =1 (b) DD systems with J/¥ meson exchange included.
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(color online) The numerical results for 7=0 (a) and 7 =1 (b) BB systems with  meson exchange included.
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exchanges almost cancel each other out in the =1 DD
and BB systems, the main contribution comes from the
heavy meson exchanges, and the /=1 DD and BB sys-
tems can exist as bound states. However, since the cutoff
Ap for the heavy meson exchanges is very large, the pos-
sibility of bound states being formed when only consider-
ing the contribution of the heavy meson exchange, along
with the existence of DDand BB bound states with 1 =1,
is yet to be confirmed experimentally.

With the restarted LHC and other experiments, more
experimental studies of exotic hadrons will be performed
in the near future. Recently, the LHCb collaboration ob-
served three never-before-seen particles: a new kind of
pentaquark and the first-ever pair of tetraquarks, which

includes a new type of tetraquark [67]. These will help
physicists better understand how quarks bind together in-
to exotic particles. The theoretical explanation of the
structures of experimentally observed exotic hadrons and
the existence of possible molecular states predicted theor-
etically remain controversial. Therefore, more precise ex-
perimental studies of the exotic states will be needed to
test the results of theoretical studies and improve theoret-
ical models.
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