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Studying the DD molecule in the Bethe-Salpeter equation approach
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We study the possible bound states of the D D system in the Bethe-Salpeter (BS) formalism in the ladder
and instantaneous approximations. By solving the BS equation numerically with the kernel containing one-
particle-exchange diagrams and introducing three different form factors (monopole, dipole, and
exponential form factors) at the vertices, we investigate whether the isoscalar and isovector DD bound
states may exist, respectively. We find that ¥ (4260) could be accommodated as a D D molecule, whereas
the interpretation of Z; (4250) as a D; D molecule is disfavored. The bottom analog of ¥ (4260) may exist

but that of Z3 (4250) does not.
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I. INTRODUCTION

The charmoniumlike state Y(4260) [or named as
w(4260)] was first observed by BABAR Collaboration in
the initial-state radiation process e*e™ — y;qpJ/wn 7z~ in
2005 [1] and then immediately confirmed by CLEO [2]
and Belle [3] Collaborations in the same process. While
BESIII Collaboration observed Y(4260) afterward, it
also reported a stunning particle-Z.(3900) in ete” —
Y(4260) — J/wn"z~ process [4]. The average mass and
width of Y(4260) are M = 4230 =8 MeV and I' = 55 £+
19 MeV in PDG [5], respectively. In 2007, BESIII
Collaboration performed a precise cross section measure-
ment of eTe™ — J/yxtx~ for c.m. energies from /s =
3.77 to 4.60 GeV and observed two resonant structures, one
with a mass of (4222.0 £ 3.1 + 1.4) MeV and a width of
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(44.1 £4.3 £2.0) MeV and the other with a mass of
(4320.0 & 10.4 £ 7.0) MeV and a width of (101.47%5 +
10.2) MeV [6]. The first resonance [named as Y(4220)]
agrees with the Y(4260) resonance reported by previous
experiments. Recently, the first experimental evidence for
open-charm production (ete™ — Y(4220) — z*D°D*")
associated with the Y(4220) state was observed by
BESIII [7].

With Y(4260) being produced via e™e™ annihilation, its
JPC should be 17~. Since Y (4260) is well above the DD
threshold, it should have a large phase space to decay into
charmed meson pairs. However, unlike the charmonium
states y(4040), y(4160), and w(4415) in the same mass
range which decay predominantly into open-charm final
states, Y (4260) only show a strong coupling to z*z~J /y,
and has not been observed in any open-charm decay
channels like DD, D*D+ c.c., and D*D* [8-11].
Furthermore, Y(4260) does not fit in the conventional
charmonium spectroscopy [12]. These features suggest a
complicated substructure of ¥ (4260). In fact, ¥ (4260) has
stimulated lots of studies with different theoretical structure
assumptions, including hybrid state [13,14], tetraquark
state [15-17], charmonium and tetraquark mixing state
[18,19], hadronic molecule of y.,p° [20], y. @ [21], DyD*
[22], J/wfo(980) [23], D, D [24-30], or J/wKK [31], and
baryonium state [32]. Since the mass of Y (4260) is only
about 29 MeV below the threshold of DD which is the first

Published by the American Physical Society
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open-charm S-wave channel coupling a state with
JP€ =177, the D;D molecule is a good candidate for
the structure of ¥ (4260), which has remained controversial
until now.

Years ago Belle Collaboration observed two charged
resonancelike structures, Z; (4051) and Z3 (4250), with
the significance of more than 56 in the y.z* mass
distribution in B - K~zty,; decays [33]. Their Breit-
Wigner masses and widths are M; = 4051 + 142%? MeV,
I = 82151 MeV, and M, = 4248733715 MeV, T, =
17753573!° MeV, respectively. As both Z[(4051) and
Z3(4250) carry one unit electric charge, if these states
do exist they cannot be traditional gg quark bound states. In
2012, BABAR Collaboration searched for these resonances
in the B® - y, K~z* and BT — y, K%z" decays and did
not find any evidence of them [34]. In 2013, with more than
twice the Belle and BABAR cumulative events and using
the same analysis strategy as that of BABAR, LHCb
Collaboration did not support the evidence for the existence
of these two resonances in the B — y.,K* 7~ channel
[35]. Since z™" is an isovector meson with negative G parity
and y. is a isospin singlet with positive G parity, if
Z{(4051) and Zj(4250) exist, their quantum numbers
should be 7% = 17. In theoretical studies, Z; (4250) has
been interpreted as a D;D molecular state [36] or a
tetraquark state [37,38].

Y(4260) and Z3 (4250) provide a great opportunity for
understanding the strong interaction dynamics inside a
hadron with molecular inner structure assumptions since
their masses are close to the D;D threshold. We will
systematically study the D ;D molecular state in the Bethe-
Salpeter (BS) equation approach with three different form
factors at the interaction vertices. We will investigate the
S-wave DD systems with isospins I = 0 and 1 being both
considered. We will vary the binding energy E, = M —
Mp, —Mp (where M is the mass of the bound state) in a
wide range and search for all the possible solutions with the
cutoff parameter A in the form factor in a reasonable
interval. Through this process, we will naturally check
whether Y(4260) and Z3 (4250) may exist as an S-wave
DD molecular state. The possible B; B molecular state will
also be studied in our work.

In the rest of the paper, we will proceed as follows. In
Sec. II, we will establish the BS equation for the bound
state of an axial-vector meson (D; or B;) and a pseudo-
scalar meson (D or B). Then the numerical results for the
DD and B;B systems will be presented in Sec. IIl. In
Sec. IV, we will present a summary of our results.

II. THE BS FORMALISM FOR DD SYSTEM

As discussed in Ref. [24], the flavor wave functions of
Y(4250) and Z; (4250) are

1 _ _
|¥(4260)) = 5 [IDYD%) + |D{ D7)| = [D"DY) - [D*D7)]
(1)
and
1 _ _
|23 (4250)) = 7 [IDYD°) +|D* DY), (2)
respectively.

Based on the picture that ¥(4250) and Z3 (4250) are
composed of an axial-vector meson (D7) and a meson (D),
its BS wave function is defined as

X'(x1.5%2. P) = (0| T D} (x;) D(x) |P). (3)

where D (x;) and D(x,) are the field operators of the axial-
vector meson D; and pseudoscalar meson D at space
coordinates x; and x,, respectively, P = Mv is the total
momentum of ¥ (4250) or Z5 (4250), and v is its velocity.
Let mp and my, be the masses of the D; and D mesons,
respectively, p be the relative momentum of the two
constituents, and define 4, = mp, /(mp, + mp), 4 = mp/
(mp, 4+ mp). The BS wave function in momentum space is
defined as

4

ﬂmwﬂ—fmfé§wwmm 4)

where X = A;x; + A,x, is the coordinate of the center of
mass and x = x; — x,. The momentum of the D; meson is
p1 = 4P + p and that of the D meson is p, = ,P — p.

It can be shown that the BS wave function of the D;D
system satisfies the following BS equation [39]:

ﬁwzﬁmvg§mmnmmmmxw>

where S’g] (py) and Sp(p,) are the propagators of D, and
D, respectively, and K,;(P, p,q) is the kernel, which is
defined as the sum of all the two particle irreducible
diagrams with respect to D; and D mesons. For conven-
ience, in the following, we use the variables p;(= p - v)
and p,(=p—pv) as the longitudinal and transverse
projections of the relative momentum (p) along the bound
state momentum (P), respectively. Then the propagator of
the D; meson can be expressed as

—i(g¢” — pipy/mp,)

Sp (WP +p) = ,
o P D) = M ) ot e

(6)

and the propagator of the pseudoscalar D meson has the
form
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i
(M = p))? — @} + ie’

Sp(AP —p) = (7)

where ;) = m%@)—l-p% (we have defined p? =

—p,- p,). The momentum of p; in the numerator of
Eq. (6) is represented by p; and p, in the following:

Lppe = IppeDaDic + 9p pDaDio,

p1= (MM +p)v+p,. (8)

In the BS equation approach, the interaction between D,
and D mesons can be due to the light vector-meson (p and
) and the light scalar-meson (o) exchanges. Based on the
heavy quark symmetry and the chiral symmetry, the
relevant effective Lagrangian used in this work is shown
in the following [24]:

_ “onyt _ . Pt PT
£D1Dla = gD]DIO'DlaDlaﬂJ + gD]DlaDlaDla”G’

£DDI(; = gDDl(,D’faDj;ﬁﬂd + gDDIJD’faDZ@,o +H.c.,

£DDV = igDDV(DbaﬂDZ)Vﬁa + igDDV<Db8ﬂDZ)Vga’

Lp,p,v = igp,p,v(DY, auDT

. t
lau)V/;a + lg/DlD]V(D/llbDll/Z - DﬁlaDl{a)(aﬂVb - avvu)ba

. S . = = =t =y
+ lngDIV(levaﬂDla)VZh + lglblblv(D/thl{Z - DlllZle)(aﬂvu - avvﬂ)ab

<y
‘CDDIV = gDDIVD/ileybaDz + g/DDlV(DIfb8 Dz)(aﬂvy - auvﬂ)ba

— _ _, 2V _
+ gDDlVDIlVybaleb + g/DDlv(DI;ba DZ)(a/AVu - ayVﬂ)ba +H.c., (9)

where a and b represent the light flavor quark, V, is a 3 x 3 Hermitian matrix containing p, o, K*, and ¢,

2w + *+
atvaF K
V= - _2 L o g0 10
p Lt K (10)
K+ I_(*O ¢
The coupling constants involved in Eq. (9) are related to each other as follows [24]:
9pDs = 9D Do = —295Mps 9p,D,6 = 9D, D16 = _2meD,v
2V6 I
9pD,c = 9DD6c = —Tf_ﬂ \/Mpmp ,
= ~9ppv == o = b
9ppv = gDDV_\/E gv, 9p,Dv g ,Dlv—ﬁ 29v
/ _ ’ _ S/IZQV
ngD]V - _gD1D1V - 3\/2 mD]’
2 , , 1
9pp,v = —9Db\v = _ﬁglgV\/mDle’ 9pp,v = “9pp,v = 75/119% (11)

with

g:_gﬂ h:g_A
T/ T3

where [, = 132 MeV, g, = 3.73, and g, = 0.6 [40]. Asin
Ref. [41], we take |g.| = |g,| and |h,| = |h,| approxi-
mately when performing the numerical analysis. The

(12)

I
parameters f,gy and A,gy are given by 2g,yy and
ﬁ (gonn + fonn). tespectively, where g2y /4 = 0.84
and f,yn/g,ny = 6.10 [42]. As the two parameters ¢; and
u, are involved in the coupling constants, the information
about them is very scarce and these two parameters have
not been determined. However, in the heavy quark limit, we
can roughly assume that the coupling constants gpp v and

036008-3



WANG, QI, XU, and GUO

PHYS. REV. D 102, 036008 (2020)

9pp,v are equal o gp-py (= {gy/2mp mpo) and g,D*DoV
(=1/v/2ugy), respectively. The parameters y = 0.1 GeV~!
and { = 0.1 are taken in Ref. [43]. In our calculations, we
will vary y; from 0.05to 0.5 GeV~! and ¢, from 0.05 to 0.5
while searching for possible solutions of the D;D bound
states.

In the following, we will give the kernel for the BS
equation in the ladder approximation. There have been
some studies on the legitimacy of applying the ladder
approximation in the BS equation [44—46]. In Ref. [44], it
was shown that including only ladder graphs in the scalar-
scalar system cannot lead to the correct one-body limit, and
to solve these problems, at least crossed ladder graphs
should be included. In addition, from the naive perspective,
for a large coupling constant, the ladder approximation is
not legitimate [45]. However, there is a significant differ-
ence between our work and that studied in Refs. [45], in
which the mass of the exchanged particle (x) is very small
compared to the mass of the constituent particle (m) with
u/m = 0.15. The exchanged particles in our work are o, p,
and . In Ref. [46], the authors studied the KK bound states
|

(

K eet(P, P, qgsmg) = —(2
K™ 2

D(D) Di(Dy) Dy(Dy) D(D)
o, p,w o, p,w

D(D) Dy(Dy) D(D) Dy(Dy)
(@) (b)

FIG. 1. The direct-channel (a) and cross-channel (b) Feynman

diagrams for the DD system at the tree level.

in the BS equation; they found that when p is exchanged,
the ratio of the contribution from the crossed graph to that
from the ladder one is less than 15% and the result is almost
the same when ® is exchanged. Therefore, the ladder
approximation is a good one which should not affect our
qualitative conclusions.

Then, at the tree level, in the 7-channel the kernel for the
BS equation of DD in the ladder approximation includes
the following terms [see Figs. 1(a) and 1(b) for direct and
crossed channels, respectively]:

77)454(19/1 + Plz - D1~ pZ)CIQD,DlagDDJA(k’ my)ge,
et (PP qimy) = —(27)*8*(p} + ph — p1 — P2)ei{gp,p,vIppv(P1 + q1),(p2 + 42),9°

X A" (k,my) + gp,p,vIpov (P2 + q2), (kK7 A7 (k, my) — k? A% (k. my )]},

Kzfossed(P’ pP-4q; ma)
K(T:fossed<P’ P-4 mV) =

—(2r)*s*
—(2

(
(27)*a%(

Pl + Py = p1 = P2)cighp, Kk A(k, my),
Py + ph = p1 = p2){ghp,vAT (k, my)

+ 9pp,v9pp,v(q1 + P2) [k, A% (k, my) — kT A7 (k, my )]
+ 9pp,vIpp,v(P1 + q2) [k, A% (k, my) — kP A7 (k, my)]
+ g,DzDIV(pl + @2)7(q1 + p2)' [k, k, A% (k, my) — k,k° AT (k, my)

— Kk, A (k, my) + kKA, (k, my)]},

where my represent the masses of the exchanged light
vector mesons p and w, ¢; is the isospin coefficient: ¢ = 3,
1,1 and ¢; = -1, 1, 1 for p, ®, and o, respectively, A and
A" represent the propagators for the scalar and vector
mesons, respectively.

In order to describe the phenomena in the real world, we
should include a form factor at each interacting vertex of
hadrons to include the finite-size effects of these hadrons.
For the meson-exchange case, the form factor is assumed to
take the following form [47]:

A2, —m?

FM(k) =2 — ’

A2, — k2
(A2 —m?)?
Fpk)=-2 "/
p(k) (A} —K2)?

Fp(k) = e®=m)/AL (14)

(13)

|
where A, m, and k represent the cutoff parameter, the mass
of the exchanged meson, and the momentum of the
exchanged meson, respectively. The value of A is near
1 GeV which is the typical chiral symmetry breaking scale.

In general, for an axial-vector meson (D;) and a
pseudoscalar meson (D) bound state, the BS wave function
x»(p) has the following form:

2p(p) = fo(p)p* + f1(p)P* + f2(p)e
+f3(p)8ﬂyaﬁpap/}€w

(15)
where f;(p) (i =0, 1, 2, 3) are Lorentz-scalar functions
and e* represents the polarization vector of the bound state.
After considering the constraints imposed by parity and
Lorentz transformations, it is easy to prove that y»(p) can
be simplified as
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)/}l’(p) = f(p)gﬂyaﬂpapﬂew (16)
where the function f(p) contains all the dynamics.

In the following derivation of the BS equation, we will
apply the instantaneous approximation, in which the energy
exchanged between the constituent particles of the binding
system is neglected. In our calculation, we choose the

|

iC]

absolute value of the binding energy E;, of the DD system
(which is defined as E;,, = M — m; — m,) less than 60 MeV.
In this case, the exchange of energy between the constituent
particles can be neglected.

Substituting Egs. (6), (7), (13), and (14) into Eq. (5) and
using the covariant instantaneous approximation in the
kernel, p; = ¢,, one obtains the following expression:

f(p) =
1

(M + p))* — i + i€][(2M — p))* — w5 + ie]

e

3

2

X {gDIDIO'gDDO'
—( my

P:— %)2 - mg
1

|:(/11M +p)* = pi MM+ p)(p(MM +p) = pi-q)

(MM + p))* — p?)(p7 — q7)?

m%M Pi

3(p2 — g2)2
+ (pt Qt)

2

pt_qt)2 — my |:

(P} = @)*M (LM + p))(pi (M + p;)

—9b,b,v9DDV (

- Di q)

2

2.2
my

miymy

2.2
mymyMp;

= 3(4(LM + p))(2M — p;) + (pr + 4,)%)

_ MM + p)(pi(MM + pi) = pi - q,) (A M + pp) (M = p)) + (P + 4,)°)

m%MPI

+ (MM + p)* — pH)(4(AMM + p) (M — p)) + (p, + q,)%)

2
my

1

|

2

+d
ngD]VgDDV _( —m?

Pt — %)2
2(p, g, — qi)M(2M — Pz)}
Mp,

1

{2(19? +pi-q)M(M = p))(p (MM + p)) = p, - q,)

miMp,
1

- ngDangDa_(

(P} = pi-q,)?

2 2
PP—piq
[( — 2 +(pi —q,)*
1

Pi— %)2 - mg
(pi=a)* (MM +p)* = p;
2

2

2.,,2
—my

Pr— ‘1t>2 |: miymy

MMM + p)(pi(MM + p;) — p, - q,)
+ 2
miMp,

+ 9p,bvYp,DV =

+ 3} — 9,0vYp, DV —

+ 2

my

1
(p: = %)2

my

2
_mv

(p? = pi-q) MM + p;) + p? —p; - q,)

3 +

% [((/IIM + p1)2 - ptz)(pt - %)2
ny

(P =a)’MuM + p))(pi(aM + p1) = pi - 4,)

2
my

(Pt —pi- a)M*(pi(MM + p) — p, - q,)

m%MPI

(p: - q;,— q})M?

—2(p, —qg.)?
(Pi—q:)" + Mp,

} + dDIDVQDIDV =

- miMp,
1

pi—q,)* = my

(LM + pl)2 - ptz)(pt - %)2

8 {(p? —piq)M*(p(\M + p;) — p, - q,) N

m%MPI

(PP =P q)(MWM + p)) = PP+ P 4))

2
my

- q,)*M(MM + p)(pi(MM + p;) = pi - q,)

(P

2
ny

(p: - q; — 47)M?
Mp,

(M?> + (p,—q,)")(pi — p: - q,)

=2, = 4P| + o, =

miMp,
1
(pt - %)2 - m%/

(pe-a,—a7)(p: — q,)*M?

X p—
[ mj

Mp,
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(7 =i a)(pi = q.)*M*(p (MM + p)) = p, - q,)

(Pt2 - P q.)(p,

—q,) (MMM + p;) + pi — p, - q,)

2
my

(P =) = (pr = 4, (M2 + (pr — m] }f<q>. (17)

" miMp, *
(=g (WM +p)* = 7)) (pi=q) (Pi(AM + p1) = pi - g )M (WM + p))
mi miMp,
(Pt =pi-a)(pi - qt)z(M(z/hM +p) =P+ P qr)
nm

III. NUMERICAL RESULTS

In this section, we will solve the BS equations numeri-
cally for the DD systems with / =0 and / =1 based
on the formulas presented in Sec. II and study whether
the S-wave D;D molecular states exist. We first need to
reduce the BS equation (17) to a one-dimensional form. By
choosing the appropriate contour and performing the
integration over p; on both sides through applying the
residue theorem, we can reduce the BS equation (17) to a
three-dimensional form. The corresponding BS wave
function is in fact rotationally invariant, i.e., f(p,) (where
]‘(pt) = [dp,;f(p)) depends only on the norm of the
three momentum, |p,|. Therefore, after completing the
azimuthal integration, we can obtain the one-dimensional
BS equation.

The BS wave functions for D; D systems with / = 0 and
I =1 were solved numerically in our previous work by
discretizing the integration region (0, o) into n pieces [48]
(n is chosen to be sufficiently large and we use n-point
Gauss quadrature rule to evaluate the integrals). Then the
BS wave function can be written as an n-dimention vector.
The coupled integral BS equation becomes a matrix
equation,

i) - F(lail). (18)

F(pl,) = Allp,

ne

where A(|p;|,.|q,|,) corresponds to the coefficients in
Eq. (17). Generally, |p,| varies from 0 to +oco and f(|p,|)
will decrease to zero when |p,| — 0. To apply the Gaussian
quadrature rule, we need to convert the Gaussian integration

(b) (c)

FIG. 2. Dependence of the cutoff Ay (a), Ap (b), and Ag (c) of Y(4260) without considering o meson exchanged between the

constituents on parameters {; and ;.

0.4 04 0.4
03 0.3 03
g o2 So2 g o2
P g g
0.1 0.1 0.1
0.0 0.0 0.0
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Ipel(MeV) Ipil(MeV) Ipd(MeV)
(@) (b) ©)

FIG. 3. Numerical results of the wave function f(|p,|) for ¥(4260) without considering ¢ meson contribution in the D; D molecular
picture with (a) the monopole form factor, (b) the dipole form factor, and (c) the exponential form factor for the parameters

u=0.1GeV~!and { =0.1.
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TABLE I. The numerical results for the possible / =0 D;D molecular state without considering ¢ meson
contribution for the monopole, dipole, and exponential form factors.

E, MeV) -60 =50 -30 -20 —-10
Ay MeV) 1531-1455 1483-1414 1431-1370 1373-1321 1305-1262 1217-1184
Ap MeV) 2199-2084 2123-2019 2040-1946 1946-1864 1834-1766 1686-1635
A MeV) 1594-1507 1534-1454 1467-1396 1391-1329 1300-1248 1180-1139

nodes into the physical values for |q,|, which can be done

using the following equation:

1+t

lq,| = ¢+ wlog {l—l—y:}, (19)

where € is a parameter introduced to avoid divergence in
numerical calculations, w and y are parameters used in
controlling the slopes of wave functions and finding the
proper solutions for these functions, and ¢ varies from —1 to 1.
One can then obtain the numerical results of f(|p,|) by
requiring the eigenvalue of the eigenvalue equation to be 1.0.

It can be seen from Eq. (17) that there is only one free
parameter in our model, the cutoff A, which cannot be
uniquely determined and has various forms phenomeno-
logically. It contains the information about the nonpoint
interaction due to the structures of hadrons. The value of A
is near 1 GeV which is the typical scale of nonperturbative
QCD interaction. In this work, we shall treat the cutoff A in
the form factors as a parameter varying in a much wider
range 0.8—4.8 GeV to see if the BS equation has solutions.
We also vary the parameters {; and u; in the reasonable
range, in order to check if the results are sensitive to the
effective coupling constants.

In our calculation, we choose to work in the rest frame
of the system in which P = (M,0). We take the averaged
masses of the mesons from the PDG [5], mp =
1868.04 MeV, mp, = 2422.00 MeV, m, = 775.49 MeV,
m,, =782.65MeV, m, =600MeV, and my =938.27 MeV.
Then, we can explore whether there are bound states with
I1(J?) =0(17) and I(J?) = 1(17) for the DD system by
solving the BS equation.

(a)

A. The exchanged mesons without considering o

In this subsection, we will present the numerical results
for the ground D; D molecular state when only p and @ are
exchanged between the constituents. From our calculations,
only Y(4260) could be a D;D molecular state, while
Z3(4250) cannot. Y(4260) could be an I =0 DD
molecular state with Ay, Ap, and Ag in the range
(1373, 1321), (1946, 1865), and (1392, 1329) MeV for
different parameters {; and p,, respectively.

The three-dimensional (3D) cutoff A,;, Ap, and Ag
graphics are presented in Fig. 2. From these figures, we see
that the cutoff shows small variations with respect to the
changes in the parameters {; and y; and the cutoff A is
more sensitive to {; than ;. We can also intuitively find the
cutoff A in the dipole form factor is larger than that in the
monopole and exponential form factors while it varies in
reasonable regions. Therefore, ¥ (4260) could be a molecu-
lar state in appropriate effective coupling constants and the
cutoff.

In Fig. 3, we present the numerical results of the wave
functions for three different form factors with parameters
u=0.1 GeV~! and ¢ = 0.1. From these figures, we see
that the numerical results of the wave functions with
monopole, dipole, and exponential form factors are almost
the same. The numerical results of the wave functions
corresponding to other parameter values show the same
situation. This indicates that the different forms of the form
factor have little effect on the wave function.

In Refs. [26,27], the authors interpreted Y(4260) as
a DD bound state, but they also predicted a significantly
smaller mass of about 4.22 GeV. Soon after Y(4220)
was observed by BESII Collaboration [6]. The mass

©

FIG.4. Dependence of the cutoftf A, (a), Ap (b), and A (c) for the I = 0 DD bound state without considering ¢ meson contribution

on the parameters {; and y; with E, = —60 MeV.
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TABLE II. The numerical results for the possible / = 0 B;B molecular state without considering o meson
contribution for the monopole, dipole, and exponential form factors.

E, MeV) -60 =50 -30 -20 —-10
Ay MeV) 1220-1185 1185-1155 1148-1121 1107-1085 1060-1043 1002-990
Ap MeV) 1724-1668 1664-1614 1559-1556 1526-1490 1441-1413 1333-1313
A MeV) 1237-1193 1187-1148 1132-1098 1071-1042 998-975 903-887

of Y(4220) is about 58 MeV below the threshold for D D.
Therefore, we vary the binding energy E, in the region
from —60 to 0 MeV trying to find all the possible solutions.

From our calculations, the D;D system cannot be an
I = 1 bound state. Hence, like Z2+(4250), it cannot be an
I =1 D{D molecule. The reason for that is the exchanges
of p and w cancel each other for the quantum number / = 1.

For the I = 0 DD system, we find several regions for
the cutoffs. The results are listed in Table I, from which we
can see the cutoffs A in three difference form factors are in
reasonable ranges and all of them become smaller with the
increasing of the binding energy. We depict the 3D graphics
(see Fig. 4) showing the variation of the cutoffs with respect
to the parameters {; and p; when E;, = —60 MeV. For
other 3D graphics with different E,, the variation trend
is the same as that in Fig. 4. We can conclude that the
DD system could be a molecular state. Our result is
consistent with the meson exchange model based on the
heavy meson chiral perturbation theory [24] and the chiral
quark model in which the isoscalar channel is found to be
easier to bind than the isovector channel for the same
components [49].

The same procedure can be easily extended to study
the bottom analogs of Y (4260) and Z5 (4250), by simply
replacing the charm quark and antiquark with the bottom
quark and antiquark, respectively. The masses of the
bottom mesons are mp = 5726.0 MeV and my =
5279.4 MeV [5]. Due to the heavier mass of the bottom
meson, the kinematic term is relatively small, resulting in
the bottom system to form the molecular state more easier.
We use the same set of parameters as in the DD system.
With these parameters, the / = 0 B; B bound state always

exists with the reasonable cutoff. The numerical results for
the BB system are shown in Table II. Similar to the D;D
system, all the cutoffs Ay, Ap, and Ag become smaller
with the increase of the binding energy. The variations of
the cutoffs with respect to the parameters {; and y; when
E, = —60 MeV are presented in Fig. 5.

B. The exchanged mesons with considering ¢

In this subsection, we will consider the contributions
from o, p, and @ mesons exchange in the kernel. It is known
that the & meson is very unstable because of its large decay
width, which is 400-700 MeV (Breit-Wigner) [5]. It is very
valuable and interesting to consider the unstable character
of the exchange particles. Through our research, there
are two different distributions including the decay width of
the unstable particles, Breit-Wigner form (1/(p? — m2 +

im,I',)) [5] and Bugg model form (MT(p?)/[M? — p* —

a(p? A’;z;_xsf;z(pz) — iMT ', (s)]) [50]. However, due to the

existence of iMT" in the denominators, we cannot complete
the solution of the eigenvalues of the BS equation
[Eq. (18)]. Moreover, the particles studied in chiral per-
turbation theory are stable free particles; the structure of o
is reflected in the form factor. It is a good way to understand
the structure of hadrons by considering the unstable
character of the exchange particles. We will continue to
consider this in our future work.

From our studied, the contribution from ¢ meson
exchange has little effect on the results. Y(4260) could
be an / =0 D;D molecular state with Ay, Ap, and Ag
in the range (1362, 1312), (1930, 1852), and (1380,

()

FIG. 5.
on the parameters {; and y; with E, = —60 MeV.

(©

Dependence of the cutoff A, (a), Ap (b), and A (c) for the I = 0 BB bound state without considering ¢ meson contribution
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FIG. 6. Numerical results of the wave function f(|p,|) for ¥(4260) in the D, D molecular picture with (a) the monopole form factor,
(b) the dipole form factor, and (c) the exponential form factor for the parameters g = 0.1 GeV~! and ¢ = 0.1.

1320) MeV for different parameters {; and u;, respectively,
while Z5 (4250) also cannot. The variation trend of cutoffs
A is same as in Sec. IITA. In Fig. 6, we present the
numerical results of the wave functions for three different
form factors with parameters ¢ = 0.1 GeV~! and ¢ = 0.1.

In Table III, we give the numerical results of the
monopole, dipole, and exponential form factors for the
possible 7 =0 D;D molecular state with the binding
energy in the region (—60, 0) MeV. In the region where
the binding energy is between —60 and 0 MeV, we still have
not found the existence of the D;D molecular state with
I = 0. The numerical results for the / = 0 BB system are
shown in Table IV.

Comparing the related results in this section with
Sec. I A, we can find the values of cutoffs A become a
little smaller when considering the ¢ exchange contribution.
The contribution of ¢ exchange for the wave function can be
negligible. As studied in Ref. [51], when we enhanced the
coupling constant g, by several times, there exists [ = 1
DD molecular states. Therefore, the small coupling con-
stant g, determines that including the ¢ contribution cannot
make a substantial change to the kernel.

IV. SUMMARY

In this work, we studied whether ¥ (4260) and Z3 (4250)
could be a DD molecular state in the Bethe-Salpeter
equation approach. In our model, we applied the ladder and
instantaneous approximations to obtain the kernel contain-
ing one-particle-exchange diagrams and introduced three
different form factors (the monopole form factor, the dipole
form factor, and the exponential form factor) since the
constituent particles and the exchanged particles are not
pointlike. The cutoff A introduced in the form factors
reflects the effects of the structures of interacting particles.
Since A is controlled by nonperturbative QCD and cannot
be determined accurately, we let it vary in a reasonable
range within which we try to find possible bound states of
the DD system. Since the two effective coupling constants
w1y and £ have not been determined, we varied them in
larger ranges, i.e., [0.05,0.5] GeV~! and [0.05, 0.5],
respectively.

Our numerical results indicated that when the parameters
are within reasonable ranges the DD system can form an
I = 0 molecular state but cannot form an / = 1 molecular

TABLE III.  The numerical results for the possible DD molecular state with / = 0 for the monopole, dipole, and
exponential form factors.

E, (MeV) —60 =50 =30 -20 —-10
Ay MeV) 1514-1443 1468-1403 1418-1360 1362-1312 1295-1254 1209-1178
Ap MeV) 2176-2067 2103-2003 2022-1932 1930-1852 1820-1755 1676-1626
A (MeV) 1578-1495 1519-1443 1454-1386 1380-1320 1291-1240 1172-1133

TABLE IV. The numerical results for the possible / = 0 B;B molecular state for the monopole, dipole, and

exponential form factors.

E, (MeV) —60 -50 -30 -20 -10
Ay (MeV) 1211-1178 1177-1148 1141-1116 1100-1080 1055-1038 997-986
Ap (MeV) 1712-1658 1653-1606 1589-1548 1518-1483 1434-1407 1328-1308
Ag (MeV) 1229-1186 11801142 1126-1093 1065-1037 993-971 900884
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state because the contribution of ¢ meson exchange is
small. In other words, Y(4260) could be accommodated
as a D;D molecule. However, the existence of Z; (4250)
as a molecule requires that the coupling constant g, be
enhanced by several times. Consequently, the interpretation
of Z3(4250) as a DD molecule is disfavored. Its structure
should be studied further.

The bottom analogs of ¥ (4260) and Z3 (4250) were also
studied. Similar to the DD system, the BB system with
I = 0 also can form a molecular state but cannot for / = 1.

We expect forthcoming experimental measurements to test
our model for the D;D and BB systems.
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