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Abstract: In this work, we propose the possible assignment of the newly observed , as well as , as a
molecular state from the interaction of a baryon  and an antibaryon . With the help of effective Lagrangians, the

 interaction  is  described  within  the  one-boson-exchange  model  with , , , ,  and  exchanges  considered.
After inserting the potential kernel into the quasipotential Bethe-Salpeter equation, the bound states from the  in-
teraction can be studied by searching for the pole of the scattering amplitude. Two loosely bound states with spin par-
ities  and  appear near the threshold with almost the same parameter. The  state can
be assigned to  observed at BESIII, which is very close to the  threshold. The scalar meson  can
be interpreted as a  state from the  interaction. The annihilation effect is also discussed through a coupled-
channel calculation plus a phenomenological optical potential. It provides large widths to two bound states produced
from the  interaction. The mass of the  state is slightly larger than the mass of the  state after including the
annihilation effect, which is consistent with our assignment of these two states as  and , respectively.
The results suggest that further investigation is required to understand the structures near the  threshold, such as

, , and .
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1    Introduction
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After  the  observation of  at  Belle,  increasing
numbers of  particles have been reported at different
experimental facilities,  attracting  great  theoretical  in-
terest  [1].  Many  particles are  suggested  to  be  can-
didate  exotic  hadrons  beyond  the  conventional 
picture.  One  of  the  popular  interpretations  of  the 
particles is the molecular state, which is a loosely bound
state  composed  of  two  hadrons.  The  possible  molecular
states have  been  widely  discussed  theoretically  and  ap-
plied to explain the observed exotic hadrons. The molecu-
lar  states  from  the  interaction  of  charmed/bottomed  and
anticharmed/antibottomed  mesons  are  often  related  to

 particles, such as , , , and

Zc(10650) Pc

Σ
(∗)
c D̄(∗)

Λ(1405)
K̄N

Y(4630)
ΛcΛ̄c

 [2-8]. The recently observed  states near the
 threshold provide more confidence in the molecu-

lar  state  picture  [9-20].  In  the  light  sector,  has
also been proposed to be generated from the  interac-
tion  [21-24].  However,  the  study  of  a  molecular  state
composed of a baryon and an antibaryon is scarce in the
literature,  and  experimental  hints  regarding  such  a  state
have  also  rarely  been  reported.  In  the  charmed  sector,

 has  been  explained  as  a  bound  sate  from  the
 interaction  [25].  Theoretically,  the  interaction

between  two  baryons  is  analogous  to  that  between  two
mesons.  Moreover,  generally  speaking,  it  is  not  difficult
to  produce  a  baryon-antibaryon  pair  experimentally.
Hence, it is interesting to study the molecular state com-
posed of a baryon and an antibaryon.
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In fact, even before the proposition of the quark mod-
el,  the  possibility  of  interpreting  the  meson  as  an 
bound  state  was  discussed  by  Fermi  and  Yang  [26].
However,  this  interpretation  was  found  to  be  incorrect,
based on later studies, and it was soon abandoned. 
has  also  been  connected  to  an  bound  state  [27-29].
Recently,  the  BESIII  collaboration  reported  a  resonance
structure  by  analyzing  the  cross-section  of  the  process

 at  center-of-mass energies ranging from 
to  GeV. The structure is denoted as , which
has a mass of  MeV and a width of 

 MeV [30]. Some investigations have been per-
formed  to  interpret  [31, 32].  From  Ref.  [32],
based on the mass estimated in a relativized quark model,

 can  be  explained as  a  candidate  for  the P-wave
 tetraquark  state.  An  important  observation  about

 is that it is almost at the threshold of the  in-
teraction,  after  considering  the  experimental  uncertainty
of  the  mass.  If  we  recall  that  has  spin  parity

 and has been observed in the hidden-strange 
channel, it  is  a  good candidate  for  a  hidden-strange  mo-
lecular state composed of a baryon  and an antibaryon .
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Before the observation of , another state with
the  same  quantum  number, ,  also  denoted  as

 in the literature, was observed by the Babar Col-
laboration  in  the  initial-state-radiation  process 

 with  a  mass  of  approximately 
MeV  [33].  Since  was observed,  it  has  been  in-
vestigated in many theoretical frameworks, including the

 hybrid  [34, 35],  tetraquark  state  [36-38], ex-
cited  state  [39],  resonance  state  of  [40, 41],
and some other interesting speculations [42-44]. It is also
possible that  and  are the same state [1,
45].  However,  a  state  with  a  mass  of 
MeV and a width of  MeV has also been ob-
served in the  channel at BESIII [46]. It is more
appropriate to consider these states as two separate states
if we accept the large mass gap between these two states
as  observed  experimentally.  In  addition,  a  state  with  a
mass  of  approximately  MeV  was  observed  by  the
DM2  Collaboration  and  confirmed  at  MARK-III  in  the
radiative decays  [47, 48]. Later, the BES and
BESIII  Collaborations  also  confirmed  the  existence  of

 [49, 50]. There  are  also  a  few  theoretical  inter-
pretations of , such as a   state [51, 52].

X(2239) Y(2175)
η(2225) ΛΛ̄(3S 1) ΛΛ̄(1S 0)

ΛΛ̄

ΛΛ̄

Y(2175)
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As indicated in Ref.  [53],  which was reported before
the  observation  of  at  BESIII,  and

 can  be  interpreted  as  the  and 
molecular  states,  respectively;  this  is  the  first  attempt  to
discuss  a  possible  molecular  state  from  the  interac-
tion. However, it should be noted that the  threshold is
approximately 2231.3 MeV, while the mass of  is
approximately  MeV  lower  than  the  threshold,
making  it  too  deep  to  be  a  molecular  state.  Moreover,  a
recent  measurement  at  BESIII  indicates  that  the  mass  of

Y(2175)
ΛΛ̄
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ΛΛ̄
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ΛΛ

ΛΛ

 is  approximately  2135  MeV  [46], which  is  ap-
proximately  100  MeV below the  threshold. Regard-
ing  the  newly  observed ,  its  mass  seems  to  be
closer  to  the  threshold.  Hence,  it  is  interesting  to
study  the  possibility  of  assignment  of ,  rather
than ,  as  a  candidate  for  the  molecular
state.  There  are  also  theoretical  studies  of  the  molecular
state from the  interaction [54-56]. It  has been repor-
ted  that  in  a  lattice  calculation,  the  interaction is  at-
tractive, but it is too weak to form a molecular state [54].

Y(2175) η(2235)
ΛΛ̄

1−

0−

1−

NN̄

ΛΛ̄

From the  results  in  Ref.  [53],  the  mass  gap  between
 and  was  reproduced  from  a  calculation

with S-wave  interaction  in  the  one-boson-exchange
model by  solving  the  non-relativistic  Schrödinger  equa-
tion.  The  state  has  a  larger  binding energy than does
the  state, and the D-wave interaction only involves the

 state,  which suggests  that  inclusion of  the  relativistic
effect and S-D mixing may change the mass gap between
the  two  states.  In  the  quasipotential  Bethe-Salpeter
(qBSE) approach, such effects can be included naturally.
It is  thus  interesting to  make calculations  in  such an ap-
proach to  see  the  variation  in  the  mass  gap.  This  ap-
proach  provides  the  possibility  of  obtaining  two  bound
states both close to the threshold, which is consistent with
the molecular  state  as  a  loosely  bound state  of  two had-
rons.  Additionally,  for  the  interaction, the  annihila-
tion  effect  has  been  found  to  be  important  [57-60]  and
may affect  the  interaction.  The  theoretical  values  of
the mass will deviate from the that within the one-boson-
exchange model, and the bound state will acquire a width
after the annihilation effect is included.

ΛΛ̄

IG(JPC) =
0+(0−+) 0−(1−−)

In  the  current  work,  we adopt  the  qBSE approach to
study the  interaction. With the help of effective Lag-
rangians, the  one-boson-exchange  model  with  pseudo-
scalar, scalar,  and  vector  exchanges  is  applied  to  con-
struct the  interaction.  The  annihilation  effect  is  intro-
duced  by  the  coupled-channel  effect  plus  an  imaginary
optical potential. By inserting the potential into the qBSE,
the  molecular  states  with  quantum  numbers 

 and  can be investigated.

ΛΛ̄

ΛΛ̄

The paper is organized as follows. After the introduc-
tion,  we  present  relevant  Lagrangians  to  construct  the
meson  exchange  potential.  The  qBSE  approach  is  also
briefly introduced in Section 2.  The numerical  results  of
bound states produced from the  interaction within the
one-boson-exchange  model  are  presented  in  Subsection
3.1. We discuss the annihilation effect on the  interac-
tion, and the results with this effect are given in Subsec-
tion 3.2. The paper ends with discussion and summary.

2    Theoretical frame

ΛΛ̄First,  we describe the  interaction within the one-
boson-exchange model.  As  in  Ref.  [53],  to  construct  the
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Λ

potential,  the  Lagrangians  for  the  couplings  between the
 baryon and exchanged mesons can be written as

LηΛΛ = −igηΛΛψ̄Λγ5ψΛη, (1)

Lη′ΛΛ = −igη′ΛΛψ̄Λγ5ψΛη
′, (2)

LσΛΛ = gσΛΛψ̄ΛψΛσ, (3)

LωΛΛ = −gωΛΛψ̄ΛγµωµψΛ, (4)

LϕΛΛ = −gϕΛΛψ̄ΛγµϕµψΛ, (5)
ψΛ η η′ σ ω ϕ Λ

η η′ σ ω ϕ
gαΛΛ

me

where , , , , , and  are the fields of the  bary-
on  and , , , ,  and  mesons,  respectively.  The
coupling  constant  can  be  derived  from  the SU(3)
symmetry and considering the mixings between octet and
singlet  states  [53],  and the  masses  of  exchanged mesons

 are cited from the Review of  Particle  Physics  (PDG)
[1]; the explicit values are listed below:

g2
ηΛΛ/4π = 4.473, mη = 548.8 MeV,

g2
η′ΛΛ/4π = 9.831, mη′ = 957.7 MeV,

g2
σΛΛ/4π = 3.459, mσ = 500.0 MeV,

g2
ωΛΛ/4π = 8.889, mω = 782.6 MeV,

g2
ϕΛΛ/4π = 2.222, mϕ = 1019.5 MeV.

σ

400−550
The  mass  of  the  meson  has  a  large  uncertainty  of

 MeV [1]. Here, we choose a value of 500 MeV,
and the uncertainty will be discussed latter.

ΛΛ̄

ΛΛ

Λ̄

ΛΛ̄

ΛΛ G−1G

In  the  current  work,  we  consider  the  interaction
instead  of  the  interaction.  Hence,  the  couplings
between  the  light  mesons  and  the  antibaryon  are  also
required.  As  in  the  nucleon-antinucleon  interaction,  we
adopt the well-known G-parity rule to write the  inter-
action  from  the  interaction.  By  inserting  the 
operator  into  the  potential,  the G-parity rule  can  be  ob-
tained easily as [57, 61]

V =
∑

i

ζiViΛΛ. (6)

ζi

ω ϕ

ζω ζϕ −1 1

The G parity of the exchanged meson is left as a  factor
for  the i meson.  Because  and  mesons  carry  odd G
parity,  and  should be , and the others are still .
Finally, we obtain the following relation:

VΛΛ̄ = VηΛΛ+Vη′ΛΛ+VσΛΛ−VωΛΛ−VϕΛΛ. (7)

ΛΛNow,  we  only  need  the  potential  of  the  interac-
tion.  With  the  Lagrangians  and  the  coupling  constants
given  above,  we  can  write  the  relevant  meson  exchange
potentials with the standard Feynman rule as

iVPΛΛ = −g2
PΛΛūΛγ5uΛ

1
q2−m2

P

fi(q2)ūΛγ5uΛ,

iVVΛΛ = g2
VΛΛūΛγµuΛ

−gµν+qµqν/m2
V

q2−m2
V

fi(q2)ūΛγµuΛ,

iVσΛΛ = g2
σΛΛūΛuΛ

1
q2−m2

σ

fi(q2)ūΛuΛ, (8)

uΛ Λ mP mV
mσ

P η η′ V ω ϕ
σ

where  is  the  spinor  of  the  baryon. q, , ,  and
 are the exchanged momentum and the masses of ex-

changed pseudoscalar  (  and ),  vector  (  and ),
and scalar  mesons, respectively.

ΛΛ

Usually,  a  form  factor  needs  to  be  introduced  at  the
vertices  because  the  exchanged  mesons  are  not  point
particles  and  have  internal  structures.  Such  form  factors
are  also  used  to  ensure  the  convergence  of  the  integral
(the qBSE is an integral equation and will be given later).
There are many types of form factors in the literature. Be-
cause  of  the  absence  of  experimental  data  regarding  the

 interaction, we cannot determine which type is more
realistic.  In  the  current  work,  we  adopt  three  types  of
form factors, as in Ref. [62]:

f1(q2) =
Λ2

e −m2
e

Λ2
e −q2

, (9)

f2(q2) =
Λ4

e

(m2
e −q2)2+Λ4

e
, (10)

f3(q2) = e−(m2
e−q2)2/Λ4

e . (11)
Λe = me+

αe 0.22 me

αe

α f1
Λe = me

f (m2) = 1 Λ

r2 = 6/ f (0) d f (q2)/
dq2|q2→0

We  parameterize  the  cutoff  in  the  form  of 
 GeV,  where  is  the  mass  of  an  exchanged

meson  [16, 62-66]. Such  cutoff  parameterization  can  in-
troduce  the  effect  of  the  mass  of  an  exchanged  meson,
which  is  more  reasonable  than  the  adoption  of  the  same
cutoff for different mesons.  is taken as a free paramet-
er  close  to  1.  Considering  the  explicit  forms  of  form
factors,  the  for  should be  larger  than 0  to  avoid an
unphysical  suppression  near .  For  the  other  two
types of form factors,  a value of approximately zero can
be  chosen.  The  aforementioned  form  factors  satisfy  the
requirement  that .  The  radius  of  the  baryon
can  be  estimated  with  the  relation 

, which  leads  to  a  reasonable  value,  approxim-
ately 0.5 fm, for three choices of form factors. Hence, the
three types of form factors satisfy the basic requirements,
and we will further check whether our conclusion is sens-
itive to different choices.

ΛΛ̄

JP

Different  from Ref.  [53],  we  will  adopt  the  qBSE to
explore  possible  bound  states  from  the  interaction.
The potential kernel obtained above will be inserted into
the Bethe-Salpeter equation to obtain the scattering amp-
litude, the poles of which correspond to bound states. The
Bethe-Salpeter equation is a 4-dimensional integral equa-
tion in Minkowski space. Considering the complexity and
difficulty of directly solving such an integral equation, we
adopt a quasipotential  approximation approach to reduce
the 4-dimensional Bethe-Saltpeter equation to a 3-dimen-
sional integral equation [67-69]. Then, using partial-wave
decomposition, the  3-dimensional  equation  is  further  re-
duced to a 1-dimensional equation with fixed spin parity

 as follows [5, 70],
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iMJP

λ′λ(p′, p) =iVJP

λ′,λ(p′, p)+
∑
λ′′

∫
p′′2dp′′

(2π)3

× iVJP

λ′λ′′ (p′, p′′)G0(p′′)iMJP

λ′′λ(p′′, p), (12)

λ′′

JP = 0−

1− Λ Λ̄

JP

where the sum extends only over nonnegative helicity .
In the current case, we will consider spin parities 
and ,  which  can  couple  to  baryons  and  in  the S
wave, and are called S-wave states in the non-relativistic
calculation [53]. Since we make a decomposition on spin
parity  directly,  contributions from all  possible orbital
angular momenta L are included naturally.  Hence, in the
qBSE approach,  no  special  treatment  is  needed  to  in-
clude the D-wave contribution.

P = (W,0)

The reduced propagator with the spectator approxim-
ation  can  be  written  down  in  the  center-of-mass  frame
with  as

G0 =
δ+(p′′ 2

2 −m2
2)

p′′ 2
1 −m2

1

=
δ(p′′02 −E2(p′′))

2E2(p′′)[(W −E2(p′′))2−E2
1(p′′)]

,

(13)

δ+(p′′ 2
2 −m2

2)
p′′02 = +E2(p′′)

p′′02 = E2(p′′) =
√

m 2
2 + p′′2

p = |p|

where  is  the  Dirac  delta  function,  but  with
only .  Here,  as  required  by  the  spectator
approximation,  we  place  one  of  the  particles,  2  here,  on
the  shell,  which  satisfies .  In
the above equations, the definition  is adopted.

ΛΛ̄

The partial-wave potential  is  defined with  the  poten-
tial of the  interaction obtained above as

VJP

λ′λ(p′, p) =2π
∫

dcosθ [dJ
λλ′ (θ)Vλ′λ(p′, p)

+ηdJ
−λλ′ (θ)Vλ′−λ(p′, p)], (14)

η = PP1P2(−1)J−J1−J2

Λ Λ̄

p= (0,0,p)
p′ = (p′ sinθ,0, p′ cosθ) dJ

λλ′ (θ)

G0(p)→G0(p)[e−(k2
1−m2

1)
2/Λ4

r ]2 k1 m1

Λr
Λe Λr = me+αr 0.22

me
αr αe

where ,  with P and J being the  par-
ity  and  spin  for  the  system, ,  or  baryon.  The  initial
and final relative momenta are chosen as  and

.  is  the  Wigner d-matrix.
Since particle 1 is off-shell in the qBSE approach, a form
factor  should  also  be  introduced  to  reflect  its  internal
structure. Here, we adopt an exponential regularization by
introducing  a  form  factor  into  the  propagator  as

,  where  and  are  the
momentum and  mass  of  the  off-shell  particle,  respect-
ively.  With  such  regularization,  the  convergence  of  the
integral  equation  is  guaranteed,  even  without  the  form
factor  for  the  exchanged  meson.  The  cutoff  is para-
meterized  as  in  the  case,  that  is, 
GeV, where  is the mass of the exchanged meson and

 serves the same function as the parameter .

M = V +VG0M

M |1−V(z)G(z)| = 0
z =W + iΓ/2

With the Gauss discretization of momentum, the 1-dime-
nsional  integral  equation  in  Eq.  (12)  is  transformed  into
the  matrix  equation  [24].  The  molecular
states correspond to the poles of the scattering amplitude

 in the complex energy plane at , where
 is the system energy W at the real axis [5].

3    Numerical results

Λe,r
αe,r

αe αr
α
0− 1−

We first consider the case without the annihilation ef-
fect included. Since only one channel is considered in this
work, the bound state pole is located at the real axis. The
parameters  in  the  qBSE  approach  are  the  cutoffs 
which  have  been  parameterized  into . In  the  calcula-
tion, we choose  equivalent to , and rename them as
a  parameter ,  for  simplification.  We  consider  the  two
spin  parities  and ,  which  can  be  obtained  from S-
wave coupling.

ΛΛ̄3.1    Bound states from  interaction

EB = mth−W mth

ΛΛ̄

IG(JPC) = 0+(0−+)

α
f1(a2) α

α
η(2225)

α
η(2225)

α

α

α

0−

ΛΛ̄ η(2225)

In Fig. 1, the binding energy , where 
and W are the threshold and the position, respectively, of
the  pole  obtained  with  different  types  of  form  factors.
The  bound  state  from  the  interaction  with  quantum
numbers  is presented in the upper pan-
el of Fig. 1. The bound state can be produced from the in-
teraction with reasonable . For the monopole type of the
form factors , the bound state appears at an  of ap-
proximately 1, which is a standard value of .  In Fig. 1,
the suggested value of the mass of  in the PDG [1]
is also shown as a cyan line, which can be reproduced at
an  of  approximately  1.2.  Since  the  uncertainty  of  the
mass  of  is  approximately  10  MeV,  which  just
fills the region we considered, we do not show the uncer-
tainty in the figure. The uncertainty corresponds to  val-
ues  ranging  from  0.8  to  1.5.  For  the  other  two  types  of
form factors,  the  bound state  is  produced  at  an  of ap-
proximately zero, which corresponds to a standard cutoff
of  approximately 1 GeV. The shapes of  the three curves
for the different form factors are analogous to each other.
Considering  that  is  a  free  parameter  in  a  reasonable
range, it is clear that the different choices of form factors
do not affect the conclusion. Hence, comparing the theor-
etical  results  with  experimental  ones,  the  state  from
the  interaction can be related to .

0−(1−−)

1−

0−

f1(q2) α

α
α

α
X(2239)

2239±7.1±11.3
ΛΛ̄

X(2239)

X(2239) ΛΛ̄

X(2239)

Now, we turn to the  case, which is shown in
the lower panel of Fig. 1. Contrary to the results in [53],
the binding energies of the  state are similar to those of
the  state  with  the  same parameter.  For  the  monopole
form factor , the bound state appears at an  of ap-
proximately 0.9, increases with increasing , and reaches
a binding energy of approximately 20 MeV at an  of ap-
proximately 1.5. For the other two types of form factors,
the  bound  state  is  produced  at  an  of  approximately
zero.  The experimental  mass  of  reported  by the
BESIII Collaboration is  MeV. The cent-
ral  value  is  slightly  higher  than  the  threshold.  After
considering  the  uncertainty,  is  just  on  the
threshold. In Fig. 1, we also present the uncertainty of the
mass of  below the  threshold as a cyan band.
The  experimental  uncertainty  of  corresponds  to
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α values ranging from 0.8 to 1.2.

0− 1−

α

0−

7 ∼ 13 1−

50 ∼ 82

σ

From  the  above  results,  it  is  clear  that  the  mass  gap
between the  and  states in our model is quite small.
The two states appear almost at the same cutoff,  and the
mass gap at a certain  is only several MeV in the region
considered in Fig. 1. This is quite different from the res-
ults  in  Ref.  [53].  In  that  work,  with  reasonable  cutoffs,
they obtained a loosely bound state of  with a binding
energy of approximately  MeV, while the  state
had  a  larger  binding  energy  of  approximately 
MeV. The mass gap is  approximately 50 MeV, which is
much  larger  the  one  in  the  current  work.  Because  the
Lagrangians  and  coupling  constants  adopted  in  the  two
works are the same, the difference should arise from the
different treatments,  such  as  the  different  solution  meth-
od,  the  relativistic  effect,  and S-D mixing.  We  also
present  the  bands  from  the  uncertainties  of  the  mass  of
the  meson.  The  results  are  found  to  be  insensitive  to
this uncertainty.

η η′ ϕ ω
σ

In  our  model,  five  exchanges,  including , , , ,
and  exchanges, are considered to construct the interac-
tion  potential.  Usually,  these  exchanges  play  different
roles  in  producing  bound  states.  In  the  qBSE  approach,
the potential cannot be shown as a function of the range r

α

η η′ ϕ
ω σ

α
ω σ

as in the non-relativistic calculation [53]. We check their
roles  by  turning  on  and  off  one  or  more  exchanges  and
vary  the  parameter  from  -1  to  3  to  search  for  bound
states.  If  we only  keep one of  five  exchanges,  no bound
state  can  be  produced  from , ,  or  exchanges  while
the interaction with only the  or only  exchange is still
strong enough to  produce  a  bound state  with  a  larger .
This result suggests that the  and  exchanges play the
most  important  role  in  producing  the  bound  states.  We
provide more explicit results in Fig. 2 to show the role of
exchanges.

η η′ ϕ
ω σ

0− 1− ω
σ α

ω σ η
η′ ϕ

ω
σ
0− 1−

σ α

ω

α

We present the results after turning off the ,  and 
exchanges  and  only  keeping  the  and  exchanges  in
panels  (a)  and (b)  of Fig.  2.  As shown in  the  figure,  the
bound states with  and  can be produced from the 
and  exchanges with a slight increase in the parameter 
for all three types of form factors. We also check the case
after  removing  both  and  exchanges  but  keeping ,

, and  exchanges. No bound state can be found with a
reasonable parameter. This result suggests that the  and

 exchanges are essential to produce the bound state with
 and . In panels (c) and (d), the results after remov-

ing the  exchange are presented. Larger values of  are
required  for  the  three  types  of  form  factors  than  in  the
previous  case.  The  largest  effect  comes  from  the  ex-
change, as shown in panels (e) and (f). To reproduce the
binding energy in the full model, the parameter  should
be increased by 0.5 or more.

3.2    Annihilation effect from intermediated mesons

Λ Λ̄

NN̄

ΛΛ̄

In the  above  calculation,  we  do  not  consider  the  ef-
fect  of  the  annihilation  of  baryon  and  antibaryon .
The annihilation effect  was found to  be important  in  the
study of the  interaction [58-60]. This contribution is
often considered as the multipion intermediation in the s
channel,  which  is  usually  replaced  by  annihilation  into
two mesons,  plus  an optical  potential  [71-74]. The anni-
hilation  effect  induces  an  imaginary  potential,  which
leads  to  a  width  and  variation  of  the  mass  of  the  bound
state  [75, 76].  In  the  interaction,  such  annihilation
can also occur, which will affect the experimental observ-
ables [77, 78].

NN̄

In the literature, the two-meson intermediation part of
the annihilation effect was included by introducing a box
diagram or coupled-channel effect [75, 76, 79-81]. In the
current  work,  we  will  adopt  the  latter  treatment,  i.e.,  a
coupled-channel  calculation  in  our  qBSE  approach,
which was developed in Ref.  [62].  Explicitly,  we follow
the method in Ref. [81], which has been successfully ap-
plied  to  the  interaction  and  is  more  consistent  with
our qBSE approach.

In Ref. [81], the annihilation effect was introduced by
the two-meson  intermediation  and  an  imaginary  phe-
nomenological  optical  potential.  Regarding  the  former,

 

EB α

0− 1−

fi(q2) i = 1,2,3

σ 400 ∼ 550

η(2225)

X(2239)

Fig. 1.    (color online) Binding energy  with variation of .
The upper and lower panels  are for  bound states  with spin
parities  and ,  respectively.  The  black  square,  red
circle,  and  blue  triangle  denote  the  results  with  different
types  of  form factors  with  in  Eqs.  (9)-(11),
respectively.  The  bands  denote  the  uncertainties  from  the
uncertainties  of  mass  of  the  meson,  MeV [1].
The cyan line  in  the  upper  panel  is  the  suggested  value  of
the  mass  of  in  the  PDG [1].  The  cyan  band  in  the
lower panel denotes the experimental mass of  with
uncertainties,  where  only  the  part  below  the  threshold  is
presented [30]. More explanation is given in the text.
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NN̄
P π η η′

V ω ϕ σ

IG(JPC) = 0+(0−+) 0−(1)
VV

Pσ

PV Vσ

KK̄ 0−(1)
0+(0−+)

ΛΛ̄−m1m2 m1m2

NN̄

we still adopt the two-meson intermediation picture here,
as in the  case. As in the aforenoted calculation, only
the pseudoscalar  mesons  ( ,  and ),  vector  mesons

 (  and ),  and  scalar  meson  will  be  considered  to
avoid more uncertainties arising from the incorporation of
more Lagrangians and coupling constants.  In  the current
work,  we  focus  on  states  with  quantum  numbers

 and .  For  the  former  state,  the
possible  intermediated  two-meson  channels  include 
and , which leads to an eight-channel calculation. For
the latter  state,  the  and  channels  are  involved in
the calculation,  which  includes  twelve  channels.  Addi-
tionally, the  channel will be considered for the 
state, which is forbidden for the  state. We intro-
duce  the  interaction,  where  are  two of
the  mesons  considered.  Following  the  treatment  in  the

 case  [74],  all  interactions  between  two  mesons  and
couplings  between  different  meson  channels  are  ignored
in the calculation.

As  in  Ref.  [81], we  consider  a  two-channel  interac-
tion to provide a simple explanation about the relation of

NN̄
the standard coupled-channel approach to the well-known
forms in the study of the the annihilation  interaction
from the box diagram in Ref.  [75].  The coupled-channel
Bethe-Salpeter equation in matrix form is written as(

MBB MBm

MmB Mmm

)
=

(
Vel VBm

VmB 0

)
+

(
Vel VBm

VmB 0

)(
GBB 0

0 Gmm

)(
MBB MBm

MmB Mmm

)
, (15)

ΛΛ̄ m1m2

Vel

Vmm = 0

where B and m refer to  and  channels, respect-
ively,  and  is  the potential  given in Eq.  (7).  Here,  we
choose ,  that  is,  the  interaction  between  two
mesons is  not  considered.  Then,  we  can  obtain  the  fol-
lowing equations

MBB = Vel+VelGBBMBB+VBmGmmMmB, (16)

MmB = VmB+VmBGBBMBB. (17)
By inserting Eq. (17) into Eq. (16), we obtain

MBB = VBB+VBBGBBMBB, (18)

MmB = VmB+VmBGBBMBB, (19)
VBB = Vel+VBmGmmVmBwhere we define  as in Ref. [81].

Here,  the  second  term  is  the  annihilation  term  from  the
box  diagram.  Hence,  we  need  the  transition  potential,
which can be obtained from the Lagrangians in Eqs. (1)-
(5) as

VmB = ζgm1ΛΛgm2ΛΛūΛΓ1
̸q+mΛ
q2−m2

Λ

fi(q2)Γ2vΛ̄, (20)

gm1,2ΛΛ

uΛ vΛ̄ Λ

Λ̄ Γ1,2 1 γ5

ϵ/

gNKΛ = 13.926 0−(1−−) mΛ
Λ

fi(q2)
ζ

where  is the coupling constant given in the previ-
ous section, and  and  are the spinors for the  and

 baryons, respectively. The  has a vertex of , , or
 for scalar,  pseudoscalar  and  vector  mesons,  respect-

ively.  Here,  we  need  an  additional  coupling  constant
 for the  state [82]. q and  are the

momentum  and  mass  of  the  exchanged  baryon, re-
spectively.  is the form factor introduced in the pre-
vious  section.  has  a  sign  that  reflects  the  difference
between a  baryon and antibaryon following the G-parity
rule. It  does  not  affect  the  result  because  the  aforemen-
tioned interaction always appears in a pair.

Vel

Obviously, the  above  treatment  is  not  enough  to  in-
clude all  annihilation  effects.  A  phenomenological  treat-
ment is often introduced in the literature [73, 78, 81, 83-
87]. In the current work, we introduce an additional ima-
ginary optical  potential  into  with the following para-
meterization in coordinate space, as in Ref. [81]:

Vopt = iWe
− r2

2r2
0 . (21)

To insert  this  optical  potential  into  our  qBSE  ap-
proach, we need to transform it into momentum space us-
ing the Fourier transformation,

 

EB η,η′

ϕ σ

ω

Fig.  2.     (color  online)  Binding  energy  without  the ,
and  exchanges (a and b), without the  exchange (c and
d),  and  without  the  exchange (e  and  f).  Other  conven-
tions are the same as in Fig. 1.
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Vopt(q2) = 4π
√
π

2
iWr3

0eq2r2
0/2ūΛuΛūΛ̄uΛ̄, (22)

ΛΛ̄

NN̄ pp̄→ ΛΛ̄

W ≈ −1 r0 ≈ 0.3

W = −1 r0 = 0.4

where q is  the  four-momentum,  as  for  the  exchanged
mesons.  Because  of  a  lack  of  experimental  data  for  the

 interaction, the  parameters  are  not  as  well  determ-
ined as for the  interaction. In Ref. [78], the 
process was studied, and the parameters were determined
to be  GeV and  fm, which will  be adop-
ted in the current calculation. These values are similar to
those  in  the  nucleon-nucleon  interaction  as  adopted  in
Ref.  [81],  GeV  and  fm,  which  are  also
similar to the values adopted in Ref. [87].

α
Mth− z
ΛΛ̄

α

α

α
0− 1−

1−

0−

X(2235) η(2225)

The  positions  of  the  poles  of  the  bound  states  with
different  values  are  listed  in Table  1.  The  real  part  of

 presented in the table is the binding energy of the
 molecular states. After including the annihilation ef-

fect,  the  poles  appear  at  valules  of  approximately  1.9,
0.8,  and  0.4  for  the  respective  form  factors.  Compared
with  the  results  in Fig.  1,  a  larger  is required  to  pro-
duce  molecular  states  from  the  interaction.  This  result
suggests  that  the  attraction  of  the  interaction  becomes
weaker and requires a larger  to compensate. However,
the changes in the mass gap between the  and  states
are  slight.  For  most  cases,  the  mass  of  the  state be-
comes  even  larger  than  that  of  the  state,  with  mass
gaps of approximately 11, 8, and 5 MeV for the three re-
spective  form factors,  which  is  more  consistent  with  the
assignment  of  the  two states  as  and .  In

0− 1−

Table 1, we also present the results without the coupled-
channel effect, that is, with only the imaginary optical po-
tential. The  result  suggests  that  the  coupled-channel  ef-
fect on  the  mass  is  obvious.  The  mass  decreases  by  ap-
proximately  5  and 10 MeV for  the  and  states, re-
spectively, after including the coupled-channel effect.

Mth− z

0− 1−

X(2239) η(2225)
139.8±12.3±20.6 185+40

−20

1−

KK̄
KK̄

Another obvious variation after including the annihil-
ation  effect  is  that  the  poles  leave  the  real  axis  and  the
states  acquire  widths.  The imaginary part  of  cor-
responds  to  half  of  the  width  of  the  states.  The  current
result suggests large widths for both  and  states, ap-
proximately  200,  100,  and  60  MeV  for  the  three  form
factors, respectively.  This  is  consistent  with  the  experi-
mental observation that  and  have widths
of  MeV [30] and  MeV [1], re-
spectively. Here, we also consider the results without the
coupled-channel  effect.  It  is  clear  that  the  variations  of
the  widths  for  the  two  states  and  different  form  factors
range from several  to  approximately 10 MeV. Consider-
ing that  the  widths  are  several  dozens of  MeV, the vari-
ations of width caused by the coupled-channel effect con-
sidered here are  relatively small.  The widths  are  primar-
ily  from  the  imaginary  potential.  For  the  state,  we
present the results with and without the  channel; the
result  suggests  that  the  channel  provides  a  width
comparable with  all  the  contributions  from  other  chan-
nels.

0− 1− α Mth − z ΛΛ̄ Mth

fi α

1− KK̄

Table 1.    Position of the poles of  and  states with different .  denotes the mass of the  threshold  minus the position of the pole z,
in units of MeV.  refers to the results with different types of form factors. The first and second lines for every  are the results without and with the
coupled-channel effect. For the  state, the results with the coupled-channel effect, except for the  channel, are listed in the third line.

JP
f1 f2 f3

α Mth − z α Mth − z α Mth − z

0− 1.9 11.9+84i 0.8 8.42+38i 0.4 6.21+25i

6.35+84i 3.41+37i 3.17+22i

2.0 22.8+89i 0.9 16.8+43i 0.5 13.2+30i

17.2+91i 10.3+41i 9.58+27i

2.1 34.4+94i 1.0 25.9+48i 0.6 21.7+34i

28.6+96i 18.6+46i 16.2+31i

1− 2.0 14.5+85i 0.9 14.6+41i 0.5 12.2+27i

− − −

6.67+97i 2.41+46i 4.26+29i

2.1 25.5+90i 1.0 22.2+44i 0.6 19.3+32i

3.6+114i 1.21+55i 0.67+38i

17.4+104i 9.02+50i 9.62+35i

2.2 37.5+95i 1.1 37.7+48i 0.7 27.6+36i

8.3+132i 12.5+65i 3.1+47i

22.8+113i 26.4+58i 15.3+41i
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4    Summary and discussion

X(2239) ΛΛ̄

ΛΛ̄

The molecular state composed of a baryon and an an-
tibaryon  is  an  interesting  topic  in  the  study  of  exotic
mesons.  In  the  present  work,  we  study  the  possibility  to
assign  the  newly  observed  as  a  molecular
state  in  the  qBSE  approach.  The  potential  kernel  of  the

 interaction  is  constructed  within  the  one-boson-ex-
change model with the help of the Feynman rule, and the
annihilation  effect  is  introduced  by  introducing  the
coupled-channel effect  and  optical  potential.  After  de-
composition on spin parity, the bound state can be found
by studying the pole of the scattering amplitude.

JP = 0− 1−

ΛΛ̄

ΛΛ̄

X(2239)
Y(2175) ΛΛ̄

1−

X(2239)
K+K− ΛΛ̄

ΛΛ̄

1− KK̄
X(2239)

KK̄

1−

0− ΛΛ̄ X(2239) η(2225)

Two  bound  states  with  spin  parities  and 
are  produced  from  the  interaction. Our  results  sug-
gest that these two bound states are both close to the 
threshold. Before the observation of , there exis-
ted only one possible state, , near the  interac-
tion,  so  it  is  often  assigned  as  the  molecular  state.
However, a  binding  energy  larger  than  50  MeV  is  re-
quired  for  this  assignment.  Here,  was  observed
in the  channel, and it is just on the  threshold if
the experimental uncertainty is considered. In addition, in
Ref. [82], the study of the strong decay of the  bound
state was performed, and it  was found that the dominant
decay channel of the  state is the  channel, which is
the observation channel of  at BESIII. In the cur-
rent work, the  channel was also found to provide the
width in  all  channels  considered.  Hence,  it  is  more  suit-
able  to  assign  these  two  states  with  spin  parities  and

 from the  interaction  to  and , re-
spectively.

η η′ ϕ ω σ ω σ

We now discuss  the effect  of  each exchange on pro-
ducing the  bound  state.  Among  the  five  exchanges,  in-
cluding  the , , , ,  and  exchanges,  the  and 
exchanges, especially  the  former,  play  the  most  import-
ant role in producing two bound states. This conclusion is
consistent with the previous studies in Refs. [25, 53]. We
also  determined  the  effect  of  different  choices  of  form
factors  on  the  conclusion.  The  behaviors  of  the  results
with  three  types  of  form  factors  are  analogous  to  each
other. If we recall that the cutoff is a free parameter, the
result  suggests  that  the  same  conclusion  can  be  reached
with different choices of form factors.

NN̄In  the  interaction,  annihilation  is  an  important
topic [58-60]. In the current work, we include the annihil-
ation effect by following the procedure in Ref. [81]. The
coupled-channel effect  from  the  two-meson  intermedi-

NN̄
ΛΛ̄

pp̄→ ΛΛ̄

ation  and  an  imaginary  optical  potential  are  introduced
and  inserted  into  our  qBSE  approach.  However,  unlike
the  interaction,  experimental  information  about  the

 interaction is scarce. Hence, we choose the paramet-
ers  from  fitting  the  data  of  the  process  [78].
The  calculation  suggests  that  the  variations  of  the  poles
are very large. The cutoff should be increased to give the
molecular  states.  A  large  width  of  approximately  100
MeV  is  also  produced  from  the  annihilation,  especially
the  optical  potential.  However,  our  conclusion  from  the
single-channel  calculation  with  one-boson  exchange  is
unchanged  qualitatively  after  the  annihilation  effect  is
considered. More  exact  determination  of  this  effect  re-
quires more experimental data and theoretical analysis.

X(2239)
ΛΛ̄ 1−

ΛcΛ̄c
Y(4630)

ΛcΛ̄c
Y(4630) Y(4660)

Λ(c)Λ̄(c)

In  the  current  work,  we propose  that  the  observation
of  at  BESIII provides a more suitable candidate
for  the  molecular  state  with  spin  parity .  In  the
charmed  sector,  the  molecular  state  has  also  been
studied  theoretically,  and  it  was  assigned  as  by
some authors [25]. As in the hidden-strange sector, many
states  have  been  observed  near  the  threshold, in-
cluding , ,  and  a  structure  at  4625  MeV
observed very recently at Belle [88], which has attracted
the  attention  of  many  theorists  [89, 90]. More  compre-
hensive  investigation  of  the  interaction  in  both
theory  and  experiment  is  important  for  understanding
these structures.

X(2239) ΛΛ̄

X(2239)
ΛΛ̄

X(2239)

X(2239)
Y(2175)

e+e−→ K+K−

Y(2175)

X(2239)

The conclusion of the current work is based on the as-
sumption  that  is  below  the  threshold. Al-
though  the  experimental  mass  with  uncertainties  can
reach the region below the threshold, the nominal value is
above the threshold. If this is still true with smaller uncer-
tainties,  cannot  be  considered  as  a  molecular
state from the  interaction, as suggested in the current
work. In addition, the current work is based on the exper-
imental results regarding  released by the BESIII
Collaboration  [30].  More  experimental  data  and  careful
analysis  are  necessary  to  confirm  whether  and

 are  different  states.  In  Ref.  [45],  a  fitting of  the
experimental data points for the process  at
BESIII suggests that the structure can be reproduced with
interference between the states near 2200 MeV, which is
also much larger than the usual mass of , and the
background without a real state near 2.24 GeV. However,
the current  experimental  data are not  sufficient  to give a
confirmative conclusion. Hence, a more precise measure-
ment of the mass of  is necessary to confirm such
an assignment [91].
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