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Abstract: Recently, the LHCb Collaboration reported their observation of the first two fully open-flavor tetraquark
states named  (2900) and  (2900) with unknown parity. Inspired by the report, we consider all the possible four-
quark candidates for X(2900), which include the molecular structure, diquark structure, and their coupling in a chiral
quark model via the Gaussian expansion method. To identify the genuine resonances, the real-scaling method (stabil-
ization  method)  was  employed.  Our  results  show  that  five  possible  resonances,    with    MeV,

 with   MeV,   with   MeV,   with   MeV,  and   with 
MeV, originate in the   system. Compared with experimental data,   with   MeV may be an optim-
al   candidate. However, none of the resonances have a similar width for  . Hence, further study is
required.
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I.  INTRODUCTION

X(3872)
cc̄

DD̄∗+D∗D̄

The study on exotic hadron states elucidates the prop-
erty  of  QCD  and  also  explores  a  new  form  of  matter.
However,  the  existence  of  exotic  states  remains  an  open
question. Most of the exotic states can be classified in the
conventional quark model, and the properties of the exot-
ic states can be explained in the framework of the quark
model  with a few improvements.  For example,  the well-
known  exotic  state  [1-4],  ,  can  be  explained  as
the  traditional    state  with  a  large  component

 in our unquenched quark model [5].
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In fact, several experimental collaborations have been
searching  for  exotic  states  for  the  past  two  decades.  In
2016,  the D0 Collaboration observed a narrow structure,
which is denoted as  ,  in the   invariant mass
spectrum with a   significance [6]. Owing to the 
decay  mode,   was  interpreted  as  the 
tetraquark state.  However,  it  is  difficult  to determine the
candidate  for    in various  approaches,  if  the   re-
quirements for ordinary hadrons can be described well in
the approaches [7]. In our chiral quark model calculation,
all  the  possible  candidates  for    are  scattering
states [8], while we predicted one shallow bound state [9,

BK̄ 6.2 IJP = 00+ bsq̄q̄

X(5568)

X0(2900) X1(2900) csq̄q̄
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10],   with   GeV, in the   system. In-
deed,  other  experimental  collaborations  did  not  find  the
existing  evidence  of    [11].  Recently,  the  LHCb
Collaboration coincidentally reported their observation of
the  first  two  fully  open-flavor  tetraquark  states  named

 and   in the   system, whose statist-
ical significance is more than   [12]. If these two states
are  confirmed  by  other  collaborations  in  the  future,  the

 could be the first exotic state with four different
flavors that cannot be quark-antiquark systems. 

MX0(2900) = 2866±7 MeV,
ΓX0(2900) = 57±3 MeV,
MX1(2900) = 2904±5 MeV,
ΓX1(2900) = 110±12 MeV.
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Owing to the report on  , several possible can-
didates  have  emerged  to  elucidate    in  different
frameworks [13-30], and most of them can be divided in-
to two categories: dimeson and diquark structures. Xue et
al.  obtained  a      resonance  that  can  elucidate  the

 in the quark delocalization color screening mod-
el [13], and via the qBSE approach, He et al. also arrived
at  the  same  conclusion  [14].  Karliner  et  al.  approxim-
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ately  estimated  the  diquark  structure  of  , and   ob-
tained a  resonance  that  can  be  assigned as  the  candidate
for    [22].  In  addition,  a  resonance  with 
of    system  with  a  mass  of    GeV was  also   pro-
posed.  In  the  framework  of  the  QCD sum rule,  Chen et
al. assigned   as a     molecular state, while

 was  assigned  as  a      diquark  state  [23].
However,  using  a  similar  method,  Zhang  regarded  both

 and   as diquark states [24]. In addition,
before the report on  , Agaev et al. [25] obtained a
resonance with   MeV in the     system. A
few studies have also disfavored these findings. Liu et al.
hypothesized that  the  two  rescattering  peaks  may   simu-
late the   without introducing genuine exotic states
[28].  Burns  et  al.  interpreted  the    as  a  triangle
cusp  effect  originating  from   and    interactions
[29].  Based  on  an  extended relativized  quark  model,  the
study reported in [30] determined four resonances,  ,

,  ,  and  MeV,  and  none  of  them  could  be
the candidate for   in the     system.
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In  fact,  both  molecular    and  diquark    con-
figurations  have  energies  approximate  to  the  mass  of

. System  dynamics  should  determine  the   pre-
ferred  structure.  Hence,  the  structure  mixing  calculation
is  required.  Owing  to  the  high  energy  of  ,  the
combinations of  the excited states  of   and   are pos-
sible. More importantly, these states will couple with the
decay channels,  ,  , and  . Do these states sur-
vive after the coupling? Owing to the finite space used in
the calculation, a stability method has to be employed to
identify  the  genuine  resonance.  In  this  study,  a  structure
mixing  calculation  of  meson-meson  and  diquark-anti-
diquark  structures  is  performed  in  the  framework  of  the
chiral  quark  model  via  the  Gaussian  expansion  method
(GEM), and the excited states of subclusters are included.
Therefore,  four  kinds  of  states  with  quantum  numbers,

 and  , are investigated. Owing to the lack of
orbital-spin  interactions  in  our  calculation,  we  adopt  the
symbol    to  denote P-wave excited  states.  Accord-
ingly,   and   may be expressed as  ,  , and  .
To  determine  the  genuine  resonance,  the  real-scaling
method [31] is adopted.

csq̄q̄

This paper is organized as follows. In Sec. II, the chir-
al  quark model,  real-scaling method, and the wave-func-
tion of   systems are presented. The numerical results
are provided in Sec.  III,  and the last  section summarizes
the study. 

II.  CHIRAL QUARK MODEL AND WAVE
FUNCTIONS

The constituent chiral quark model (ChQM) has been
successful both in describing the hadron spectra and had-
ron-hadron  interactions.  Details  on  the  model  can  be

found  in  Refs.  [32,  33].  The  Hamiltonian  of  ChQM for
the four-quark system is written as 

H =
4∑

i=1

mi+
p2

12

2µ12
+

p2
34

2µ34
+

p2
1234

2µ1234

+

4∑
i< j=1

VG
i j +VC

i j +
∑

χ=π,K,η

Vχ
i j+Vσ

i j

 , (1)

mi

µ

where    is  the  constituent  mass  of  the  i-th  quark  (anti-
quark),  and    is  the  reduced  mass  of  two  interacting
quarks or quark-clusters. 

µi j =
mim j

mi+m j
, µ1234 =

(m1+m2)(m3+m4)
m1+m2+m3+m4

,

pi j =
m j pi−mi p j

mi+m j
,

p1234 =
(m3+m4)p12− (m1+m2)p34

m1+m2+m3+m4
. (2)

The quadratic form of color confinement is used here: 

VC
i j = (−acr2

i j−∆)λc
i ·λc

j. (3)

The  effective  smeared  one-gluon  exchange  interaction
takes the form 

VG
i j =

αs

4
λc

i ·λc
j

[
1
ri j
− 2π

3mim j
σi ·σ jδ(ri j)

]
,

δ(ri j) =
e−ri j/r0(µi j)

4πri jr2
0(µi j)

, r0(µi j) =
r0

µi j
. (4)

The last piece of the potential is the Goldstone boson ex-
change,  which  originates  from  the  effects  of  the  chiral
symmetry  spontaneous  breaking  of  QCD  in  the  low-en-
ergy region, 

Vπ
i j =

g2
ch

4π
m2
π

12mim j

Λ2
π

Λ2
π−m2

π

mπvπi j

3∑
a=1

λa
i λ

a
j ,

VK
i j =

g2
ch

4π
m2

K

12mim j

Λ2
K

Λ2
K −m2

K

mKvK
i j

7∑
a=4

λa
i λ

a
j ,

Vη
i j =

g2
ch

4π

m2
η

12mim j

Λ2
η

Λ2
η −m2

η

mηv
η
i j

×
[
λ8

i λ
8
j cosθP−λ0

i λ
0
j sinθP

]
,

Vσ
i j =−

g2
ch

4π
Λ2
σ

Λ2
σ−m2

σ

mσ

[
Y(mσri j)−

Λσ

mσ
Y(Λσri j)

]
,

vχi j =

Y(mχri j)−
Λ3
χ

m3
χ

Y(Λχri j)

σi ·σ j,

Y(x) =e−x/x. (5)
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σ S U(2)
λ λc S U(3)

αs

In the above expressions,   indicates the   Pauli
matrices;    and    are  the    flavor  and  color  Gell-
Mann matrices, respectively; and  is an effective scale-
dependent running coupling, 

αs(µi j) =
α0

ln
[
(µ2

i j+µ
2
0)/Λ2

0

] . (6)

ms, s = σ,η,κ,π
Λs, s =

σ,η,κ,π

gch

πNN

The model parameters are determined by the require-
ment  that  the  model  can  accommodate  all  the  ordinary
mesons, from light to heavy, considering only a quark-an-
tiquark component.  Details  on  the  meson  spectrum   fit-
ting  process  can  be  found  in  the  work  by  Vijande et  al.
[32]. Here, we provide a brief introduction of the process.
First,  the  mass  parameters,    take their   ex-
perimental  values,  while  the  cut-off  parameters, 

,  are  fixed  at  typically  used  values  [32].  Second,
the chiral coupling constant   can be obtained from the
experimental value of the   coupling constant 

g2
ch

4π
=

9
25

g2
πNN

4π
m2

ud

m2
N

.

Finally,  our  confinement  potential  takes  the  ordinary
quadratic form, which differs from the expression used in
Ref. [32], where the effect of sea quark excitation is con-
sidered. Here, we leave the effect of sea quark excitation
to the unquenched quark model. All of the parameters are
presented in Table 1, and the masses of mesons obtained
are presented in Table 2. 

csq̄q̄A.    Wave-function of the  system
csq̄q̄

|Ri⟩
|S j⟩ |Ck⟩ |Fl⟩

The    system  has  two  structures,  meson-meson
and  diquark-antidiquark,  and  the  wave  function  of  each
structure  comprises  four  parts:  orbital,  spin,  flavor,  and
color  wave  functions.  In  addition,  the  wave  function  of
each  part  is  constructed  by  coupling  two  sub-clusters
wave  functions.  Therefore,  the  wave  function  for  each
channel  will  be  the  tensor  product  of  the  orbital  ( ),
spin ( ), color ( ) and flavor ( ) components, 

|i jkl⟩ =A|Ri⟩⊗ |S j⟩⊗ |Ck⟩⊗ |Fl⟩, (7)

A is the antisymmetrization operator. 

1.    orbital wave function

The orbital wave function comprises two sub-clusters
orbital wave functions and the relative motion wave func-
tion between two sub-clusters, 

Φ(r) =
∑

CL
l1,l2,l3
Ψl1

(r12)Ψl2
(r34)Ψl3

(r1234). (8)

l1 = 1, l2 = 0, l3 = 0 |R1⟩ l1 = 0, l2 = 1, l3 = 0
|R2⟩ l1 = 0, l2 = 0, l3 = 1 |R3⟩

l1 = 0, l2 = 0, l3 = 0 |R0⟩

The  negative  parity  requires  the  P-wave angular   mo-
mentum, and only one orbital angular momentum is set to
1. Accordingly, the following combinations are obtained:

    as  " ,"    as
" ,"  and    as  " ."  However,  for
the positive  parity  state,  we  set  all  orbital  angular   mo-
mentum to 0,   as " ."

In the GEM, the radial part of the spatial wave func-
tion is expanded by Gaussians: 

R(r) =
nmax∑
n=1

cnψ
G
nlm(r), (9)

 

ψG
nlm(r) = Nnlrle−νnr2

Ylm(r̂), (10)

Nnlwhere  , which  is  the  normalization  constant,  is   ex-
pressed as 

Nnl =

[
2l+2(2νn)l+ 3

2

√
π(2l+1)

] 1
2

. (11)

mπ = 0.7 mσ = 3.42
mη = 2.77 mK = 2.51

Table 1.    Quark Model Parameters (  fm−1, 
fm−1,   fm−1, and   fm−1).

Quark masses mu = md /MeV 313

ms /MeV 536

mc /MeV 1728

mb /MeV 5112

Goldstone bosons Λπ = Λσ
−1/fm 4.2

Λη = ΛK
−1/fm 5.2

g2
ch/(4π) 0.54

θp/(◦) −15

Confinement ac /MeV 101

∆/MeV −78.3

µc /MeV 0.7

OGE α0 3.67

Λ0
−1/fm 0.033

µ0 /MeV 36.976

r̂0 /MeV 28.17

Table 2.    Meson spectrum (unit: MeV).

D D∗ DJ D1

QM 1862.6 1980.5 2454.7 2448.1

exp 1867.7 2008.9 2420.0 2420.0

K K∗ KJ K1

QM 493.9 913.6 1423.0 1400.0

exp 495.0 892.0 1430.0 1427.0

X(2900) in a chiral quark model Chin. Phys. C 45, 093104 (2021)
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cn   are  the  variational  parameters,  which  are  determined
dynamically.  The  Gaussian  size  parameters  are  selected
according to the following geometric progression 

νn =
1
r2

n
, rn = r1an−1, a =

(
rnmax

r1

) 1
nmax−1

. (12)

The advantage of the geometric progression is that it en-
ables  the  optimization  of  the  ranges  using  just  a  small
number  of  Gaussians.  The  GEM  has  been  successfully
used in the calculation of few-body systems [34]. 

2.    spin wave function

Because  there  is  no  difference  between  the  spin  of
quark  and  antiquark,  the  wave  functions  of  the  meson-
meson structure has the same form as that of the diquark-
antidiquark structure. 

|S 1⟩ =χσ1
0 = χ

σ
00χ

σ
00,

|S 2⟩ =χσ2
0 =

√
1
3

(χσ11χ
σ
1−1−χσ10χ

σ
10+χ

σ
1−1χ

σ
11),

|S 3⟩ =χσ1
1 = χ

σ
00χ

σ
11,

|S 4⟩ =χσ2
1 = χ

σ
11χ

σ
00,

|S 5⟩ =χσ3
1 =

1
√

2
(χσ11χ

σ
10−χσ10χ

σ
11),

|S 6⟩ =χσ1
2 = χ

σ
11χ

σ
11. (13)

χσi
SWhere the subscript of " " denotes the total spin of the

tretraquark,  and  the  superscript  is  the  index  of  the  spin
function with a fixed S. 

3.    flavor wave function

The total flavor wave functions can be written as, 

|F1⟩ =
1
√

2

(
cūsd̄− cd̄sū

)
,

|F2⟩ =
1
√

2

(
csūd̄− csd̄ū

)
. (14)

|F1⟩ |F2⟩Here,   ( ) denotes the flavor wave function for the
molecular (diquark-antidiquark) structure. 

4.    color wave function

1⊗1 8⊗8 3⊗ 3̄ 6⊗ 6̄
The colorless  tetraquark system has  four  color  struc-

tures, including  ,  ,  , and  , 

|C1⟩ =χm1
1⊗1 =

1
√

9
(r̄rr̄r+ r̄rḡg+ r̄rb̄b+ ḡgr̄r+ ḡgḡg

+ ḡgb̄b+ b̄br̄r+ b̄bḡg+ b̄bb̄b),
 

|C2⟩ = χm2
8⊗8 =

√
2

12
(3b̄rr̄b+3ḡrr̄g+3b̄gḡb+3ḡbb̄g

+3r̄gḡr+3r̄bb̄r+2r̄rr̄r+2ḡgḡg+2b̄bb̄b− r̄rḡg

− ḡgr̄r− b̄bḡg− b̄br̄r− ḡgb̄b− r̄rb̄b).

|C3⟩ = χd1
3̄⊗3 =

√
3

6
(rgr̄ḡ− rgḡr̄+grḡr̄−grr̄ḡ+ rbr̄b̄,

− rbb̄r̄+brb̄r̄−brr̄b̄+gbḡb̄−gbb̄ḡ+bgb̄ḡ−bgḡb̄),

|C4⟩ = χd2
6⊗6̄ =

√
6

12
(2rrr̄r̄+2ggḡḡ+2bbb̄b̄+ rgr̄ḡ

+ rgḡr̄+grḡr̄+grr̄ḡ+ rbr̄b̄+ rbb̄r̄+brb̄r̄

+brr̄b̄+gbḡb̄+gbb̄ḡ+bgb̄ḡ+bgḡb̄).
(15)

To write  down the  wave functions  easily  for  each struc-
ture,  the  different  orders  of  particles  are  adopted.
However, when coupling the different structure, the same
order of particles should be used. 

5.    total wave function

X(2900) csq̄q̄

csq̄q̄

In  this  study,  we  investigated  all  possible  candidates
for    in  the    system.  The  antisymmetrization
operators  are  different  for  different  structures.  For  the

 system, the antisymmetrization operator becomes 

A = 1− (34) (16)

for diquark-antidiquark, and 

A = 1− (24) (17)

3
3̄ 6 6̄

for the  meson-meson  structure.  After  applying  the   anti-
symmetrization operator,  some  wave  function  will   van-
ish, which means that the states are forbidden. All of the
allowed channels are presented in Table 3. The subscript
"8"  denotes  the  color  octet  subcluster,  the  superscript  of
the diquark/antidiquark is  the spin of  the subcluster,  and
the  subscript  is  the  color  representation  of  subcluster,  ,
,    and    ,  which  denote  the  color  triplet,  anti-triplet,

sextet, and anti-sextet, respectively. 

III.  RESULT

csq̄q̄

X(2900) csq̄q̄

DK̄ DK̄∗ D∗K̄

In  this  section,  we  present  our  numerical  results.  In
the  calculation  of  the    system,  two  structures,  the
meson-meson  and  diquark-antidiquark  structures,  and
their  coupling  are  considered.  Because  the  mass  of

  is  larger  than  the  threshold  of  the    system,
the  possible  candidates  must  be  resonance  states  rather
than  bound  states.  To  verify  whether  the  states  survive
the  coupling  to  the  open  channels,  ,  ,  and  ,
the real-scaling method (RSM) is employed to test stabil-
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ity of these candidates. 

A.    Possible candidate for X(2900)
JP = 0+ csq̄q̄

2900
E1(2836) E2(2896)

In the   system, there are four channels in
the  meson-meson  structure  and  two  channels  in  the
diquark-antidiquark  structure  (see  Table  3).  The  lowest
eigen-energy  of  each  channel  is  provided  in  the  second
column of Table 4. The eigen-energies of the entire chan-
nel  coupling  are  presented  in  the  rows  that  are  marked
"c.c," and  the  percentages  in  the  table  represent  the  per-
cent of each channel in the eigen-states with correspond-
ing energies (in the last row of the table). The two lowest
eigen-energies  and  the  eigen-energies  of  approximately

 MeV are given. In the channel coupling calculation,
we  obtain  four  energy  levels,  ,  ,

E3(2906) E4(2936)
X0(2900) E2(2896)

D∗K̄∗

2894
D∗K̄∗

D∗K̄∗

E9(2906)
E1(2837) E4(2936)

X0(2900)

 and  , which could be the candidates for
.  However,  the  eigen-state  with    has

~89%  of  ,  and  the  energy  is  higher  than  its
threshold,   MeV, and the single-channel  calculation
of    indicates  that  the  state  is  unbound,  such  that  it
should be in a   scattering state rather  than a reson-
ance;  hence,    does  satisfy  this.  However,  both

  and    have  more  than  30%  of  the
diquark structure, which indicates that the two states may
be in resonance states. The stability of these states have to
be  verified  when  assigning  these  resonances  to  be  the
candidate for  .

JP = 1+ csq̄q̄

X(2900)

Due to three combinations of spin in the 
system,  more  channels  are  presented  in  Table  3.  Con-
sequently,  five  energy  levels  near  , which   in-

|i jkl⟩ i, j,k, lTable 3.    All of the allowed channels. We adopt   to donate different states. " " are indices that denote the orbital, spin, fla-
vor, and color wave functions, respectively.

csq̄q̄

|i jkl⟩ 3PJ |i jkl⟩ 1P1 |i jkl⟩ 5PJ

|1311⟩ D1K̄∗ |1111⟩ D1K̄ |1611⟩ DJ K̄∗

|1312⟩ [D1]8[K̄∗]8 |1112⟩ [D1]8[K̄]8 |1612⟩ [DJ]8[K̄∗]8

|1411⟩ DJ K̄ |1211⟩ DJ K̄∗ |2611⟩ D∗K̄J

|1412⟩ [DJ]8[K̄]8 |1212⟩ [DJ]8[K̄∗]8 |2612⟩ [D∗]8[K̄J]8

|1511⟩ DJ K̄∗ |2111⟩ DK̄1 |3611⟩ (D∗K̄∗)P

|1512⟩ [DJ]8[K̄∗]8 |2112⟩ [D]8[K̄1]8 |3612⟩ ([D∗]8[K̄∗]8)P

|2311⟩ DK̄J |2211⟩ D∗K̄J |1624⟩ [cs]1,P
6 [q̄q̄]1

6̄

|2312⟩ [D]8[K̄J]8 |2212⟩ [D∗]8[K̄J]8 |2623⟩ [cs]1
3[q̄q̄]1,P

3̄

|2411⟩ D∗K̄1 |3111⟩ (DK̄)P |3624⟩ ([cs]1
6[q̄q̄]1

6̄
)P

|2412⟩ [D∗]8[K̄1]8 |3112⟩ ([D]8[K̄]8)P |i jkl⟩ 1+

|2511⟩ D∗K̄J |3211⟩ (D∗K̄∗)P |0311⟩ DK̄∗

|2512⟩ [D∗]8[K̄J]8 |3212⟩ ([D∗]8[K̄∗]8)P |0312⟩ [D]8[K̄∗]8

|3311⟩ (DK̄∗)P |1123⟩ [cs]0,P
3 [q̄q̄]0

3̄
|0411⟩ D∗K̄

|3312⟩ ([D]8[K̄∗]8)P |1224⟩ [cs]1,P
6 [q̄q̄]1

6̄
|0412⟩ [D∗]8[K̄]8

|3411⟩ (D∗K̄)P |2124⟩ [cs]0
6[q̄q̄]1,P

6̄
|0511⟩ D∗K̄∗

|3412⟩ ([D∗]8[K̄]8)P |2223⟩ [cs]1
3[q̄q̄]1,P

3̄
|0512⟩ [D∗]8[K̄∗]8

|3511⟩ (D∗K̄∗)P |3123⟩ ([cs]0
3[q̄q̄]0

3̄
)P |0324⟩ [cs]0

6[q̄q̄]1
6̄

|3512⟩ ([D∗]8[K̄∗]8)P |1324⟩ [cs]1,P
6 [q̄q̄]1

6̄
|0423⟩ [cs]1

3[q̄q̄]0
3̄

|1324⟩ [cs]0,P
6 [q̄q̄]1

6̄
|i jkl⟩ 0+ |0524⟩ [cs]1

6[q̄q̄]1
6̄

|1423⟩ [cs]1,P
3 [q̄q̄]0

3̄ |0111⟩ DK̄

|1524⟩ [cs]1,P
6 [q̄q̄]1

6̄
|0112⟩ [D]8[K̄]8

|2323⟩ [cs]0
3[q̄q̄]1,P

3̄
|0211⟩ D∗K̄∗

|2424⟩ [cs]1
6[q̄q̄]0,P

6̄
|0212⟩ [D∗]8[K̄∗]8

|2523⟩ [cs]1
3[q̄q̄]1,P

3̄
|0123⟩ [cs]0

3[q̄q̄]0
3̄

|3324⟩ ([cs]0
6[q̄q̄]1

6̄
)P |0224⟩ [cs]1

6[q̄q̄]1
6̄

|3423⟩ ([cs]1
3[q̄q̄]0

3̄
)P

|3524⟩ ([cs]1
6[q̄q̄]1

6̄
)P

X(2900) in a chiral quark model Chin. Phys. C 45, 093104 (2021)

093104-5



E5(2857) E6(2896) E7(2904) E8(2920)
E9(2941)

JP = 0+ E6(2896) E7(2904)

E8(2920) E9(2941)

clude  ,  ,  ,  ,  and
  emerge  in  the  channel  coupling  calculation.

Similar  to  the    case,  the    and 
are  dominated  by  the  meson-meson  scattering  states.
However,  both   and   have almost  28%
of the diquark structure,  which is  beneficial  to  the exist-
ence of resonance.

csq̄q̄
1P1

3PJ (J = 0,1,2) 5PJ(J = 1,2,3)

csq̄q̄ D1K̄ (D∗K̄∗)P

X(2900) X(2900)

X(2900)

For the P-wave excited   system, the states are de-
noted as  ,  , and  . The nu-
merical  results  are  presented  in  Table  5.  The  channels
with  negligible  percentages  are  omitted.  Because  the
present  calculation  only  includes  the  central  forces,  the
states  with  the  same  spin  are  degenerate.  Consequently,
the P-wave    threshold   and    is  close to

,  and   may  be  molecular  states.  Because
every  sub-cluster  could  be  the P-wave  excited  state,  the
number  of  channels  in  this  case  is  large.  Therefore,  the
effects of the channels may play an important role in the
formation of  .

1P1

X(2900) E10(2873) E11(2897) E12(2908) E13(2932)
E14(2943)

D1K̄ (D∗K̄∗)P

E11(2897) (D∗K̄∗)P

E12(2908)

For the   system, there are five energy levels near
the  ,  ,  ,  ,  ,
and    that emerged in the channel  coupling cal-
culation. Obviously, owing to both   and   be-
ing  scattering  states,  the    with  98% 
may  be  a  scattering  state.  Furthermore,    and

E14(2943)
X(2900)

E10(2873)
X(2900) E13(2932)

  also  have  large  scattering  state  percentages;
hence,  they  are  not  possible  candidate  for  .  In
contrast,    with  40%  diquark  structure  may  be
good  candidate  for  .  Regarding  the 
state with  only  20%  diquark  structure,  it  seems   im-
possible for it to be the resonance; hence, further calcula-
tions are required.

1P1

E15(2867) E16(2897) E17(2908) E18(2928)
E19(2944) 3PJ csq̄q̄ E16(2897)
E17(2908)
(D∗K̄∗)P E18(2928) E19(2944)

X(2900)
5PJ csq̄q̄

(D∗K̄∗)P

DJ K̄∗

3370 MeV X(2900)
5PJ csq̄q̄

X(2900)

Similar  to  the    case,  there  are  five  energy  levels,
,  ,  ,    and
  in  the    system.    and
  may  be  scattering  states  that  would  decay  to

  threshold,  while    and    may
be  possible  resonances  of  .  Regarding  the

 system, the lowest single energy level is the P-
wave  , and the lowest energy level is the scatter-
ing  state.  In  contrast,  the  second  energy  level  is 
with   is significantly larger than  . Thus,
all  of  the  resonances  in  the    system may be un-
suitable for elucidating  . 

B.    Real candidate for X(2900)

X(2900)

2900

In the last subsection, we obtain several possible can-
didates  for    owing  to  the  structures  mixing.
However, the LHCb only determined two resonances ap-
proximate  to   MeV,  and  the  number  of  candidates

IJP = 0+,1+Table 4.    Results for   states ("c.c." means channel coupling).

0+ csq̄q̄

s.c. 1st 2nd − 7th 8th 9th 10th

DK̄ 2357.0 90.1% 99.4% − 61.9% 6.1% 24.0% 26.2%

[D]8[K̄]8 3098.2 0.3% 0.0% − 1.5% 0.4% 0.9% 4.2%

D∗K̄∗ 2895.8 0.5% 0.0% − 0.3% 88.8% 58.8% 28.9%

[D∗]8[K̄∗]8 2863.7 1.5% 0.1% − 2.6% 0.1% 1.5% 0.4%

[cs]0
3[q̄q̄]0

3̄ 2656.5 6.9% 0.1% − 7.3% 0.3% 10.1% 0.9%

[cs]1
6[q̄q̄]1

6̄ 2965.7 0.7% 0.4% − 26.3% 4.4% 4.9% 29.8%

c.c. 2340.1 2358.9 − 2836.3 2896.7 2906.9 2935.8

1+ csq̄q̄

s.c. 1st − 10th 11th 12th 13th 14th

DK̄∗ 2777.6 0.3% − 25.4% 0.5% 0.4% 0.2% 9.3%

[D]8[K̄∗]8 3111.8 0.4% − 3.4% 1.1% 1.2% 1.7% 0.4%

D∗K̄ 2475.3 87.4% − 34.2% 30.1% 55.2% 63.7% 54.8%

[D∗]8[K̄]8 3110.7 0.4% − 1.6% 0.6% 1.8% 1.2% 0.9%

D∗K̄∗ 2895.9 0.3% − 0.6% 52.5% 11.1% 3.7% 0.9%

[D∗]8[K̄∗]8 3005.0 1.1% − 0.9% 1.5% 2.8% 3.4% 4.6%

[cs]0
6[q̄q̄]1

6̄ 3112.3 0.1% − 0.4% 1.2% 7.3% 4.8% 19.7%

[cs]1
3[q̄q̄]0

3̄ 2690.6 9.8% − 0.5% 1.2% 0.8% 4.5% 5.5%

[cs]1
6[q̄q̄]1

6̄ 3040.4 0.1% − 16.1% 11.4% 19.4% 17.0% 3.9%

c.c. 2464.3 − 2857.1 2896.3 2904.2 2920.3 2941.7
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JP = 0−,1−Table 5.    Results for   ("c.c." represents channel coupling).
1P1 csq̄q̄

s.c. 1st − 6th 7th 8th 9th 10th
D1K̄ 2943.3 0.0% − 1.6% 0.0% 0.1% 2.1% 83.9%

[D1]8[K̄]8 3554.8 0.0% − 0.6% 0.0% 0.0% 0.4% 0.1%
DJ K̄∗ 3369.5 0.0% − 0.1% 0.0% 0.1% 0.4% 0.1%

[DJ]8[K̄∗]8 3340.5 0.0% − 1.7% 0.0% 0.0% 2.5% 0.3%
DK̄1 3264.4 0.0% − 6.2% 0.0% 1.5% 2.0% 1.3%

[D]8[K̄1]8 3544.4 0.0% − 0.5% 0.0% 0.0% 1.1% 0.0%
D∗K̄J 3404.8 0.0% − 0.1% 0.0% 0.0% 0.8% 0.0%

[D∗]8[K̄J]8 3334.2 0.0% − 0.9% 0.0% 0.0% 0.5% 0.1%
(DK̄)P 2359.8 100.0% − 48.0% 2.0% 10.0% 24.5% 6.9%

(D∗K̄∗)P 2897.5 0.0% − 0.1% 98.0% 74.0% 43.8% 0.9%
[cs]0

3[q̄q̄]0
3̄ 3030.1 0.0% − 3.3% 0.0% 0.0% 8.6% 1.2%

[cs]1
6[q̄q̄]1

6̄ 3279.4 0.0% − 29.9% 0.0% 9.8% 6.6% 4.3%
[cs]0

6[q̄q̄]1
6̄ 3483.4 0.0% − 2.1% 0.0% 0.0% 5.2% 0.4%

[cs]1
3[q̄q̄]1

3̄ 3621.6 0.0% − 4.5% 0.0% 1.5% 1.5% 0.3%
c.c. 2359.8 − 2873 2897 2908 2932 2943.1

3PJ csq̄q̄

s.c. 1st − 9th 10th 11th 12th 13th

D1K̄∗ 3363.6 0.0% − 0.9% 0.0% 0.0% 0.1% 0.2%
[D1]8[K̄∗]8 3551.3 0.0% − 1.2% 0.0% 0.9% 0.5% 2.5%

DJ K̄ 2950.0 0.0% − 0.2% 0.0% 0.1% 0.9% 3.1%
[DJ]8[K̄]8 3556.2 0.0% − 0.8% 0.0% 0.0% 2.1% 0.5%

DJ K̄∗ 3370.2 0.0% − 0.1% 0.0% 0.0% 0.1% 0.0%
[DJ]8[K̄∗]8 3448.5 0.0% − 4.4% 0.0% 0.0% 0.1% 0.3%

DK̄J 3287.4 0.0% − 5.9% 0.0% 0.1% 0.2% 0.4%
[D]8[K̄J]8 3543.9 0.0% − 0.1% 0.0% 0.1% 0.3% 0.5%

D∗K̄1 3382.8 0.0% − 0.8% 0.0% 0.4% 5.8% 5.8%
[D∗]8[K̄1]8 3539.9 0.0% − 0.2% 0.0% 0.0% 0.3% 0.3%

D∗K̄J 3405.4 0.0% − 0.1% 0.0% 0.5% 0.1% 0.9%
[D∗]8[K̄J]8 3434.9 0.0% − 0.8% 0.0% 0.0% 0.4% 0.5%

(DK̄∗)P 2779.9 0.0% − 49.8% 0.1% 0.4% 2.6% 2.9%
(D∗K̄)P 2477.8 100.0% − 6.7% 0.1% 3.1% 32.7% 39.3%
(D∗K̄∗)P 2897.9 0.0% − 0.3% 99.5% 89.0% 15.3% 3.6%

[cs]0,P
6 [q̄q̄]1

6̄
3372.1 0.0% − 12.7% 0.3% 0.2% 7.0% 0.9%

[cs]1,P
3 [q̄q̄]0

3̄
3037.3 0.0% − 5.5% 0.0% 0.6% 0.6% 2.0%

[cs]1,P
6 [q̄q̄]1

6̄
3327.4 0.0% − 3.1% 0.0% 2.7% 25.7% 30.6%

[cs]0
3[q̄q̄]1,P

3̄
3625.5 0.0% − 2.0% 0.0% 0.1% 0.8% 0.2%

[cs]1
6[q̄q̄]0,P

6̄
3477.1 0.0% − 3.3% 0.0% 0.4% 0.4% 1.2%

[cs]1
3[q̄q̄]1,P

3̄
3640.1 0.0% − 0.8% 0.0% 0.3% 3.4% 4.2%

c.c. 2477.8 − 2867 2897 2908 2928 2944

5PJ csq̄q̄

s.c. 1st 2nd 3rd − − − −

DJ K̄∗ 3370.2 0.0% 0.1% 0.1% − − − −
[DJ]8[K̄∗]8 3653.3 0.0% 0.7% 3.0% − − − −

D∗K̄J 3405.4 0.0% 0.6% 3.8% − − − −
[D∗]8[K̄J]8 3649.8 0.0% 0.1% 0.5% − − − −
(D∗K̄∗)P 2897.8 100.0% 96.5% 71.2% − − − −

[cs]1,P
6 [q̄q̄]1

6̄
3413.2 0.0% 1.7% 17.6% − − − −

[cs]1
3[q̄q̄]1,P

3̄
3675.6 0.0% 0.3% 2.9% − − − −

c.c. 2897.8 2909 2933 − − − −
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X(2900)

rn

α rn→ αrn

α

α

may be too rich for  . There are two reasons why
our model provides so many candidates. First, we simul-
taneously consider two different structures in our calcula-
tion,  which  results  in  molecular  and  diquark  energies
filling  our  energy  spectrum.  Second,  the  calculation  is
performed  in  a  finite  space,  the  behavior  of  scattering
states is similar to that of bound states. Calculations in fi-
nite spaces  always  offer  discrete  energy  levels.   Con-
sequently, to check if these states are genuine resonances,
the real-scaling method [31] is employed. In this method,
the  Gaussian  size  parameters    for  the  basis  functions
between  two  sub-clusters  for  the  color-singlet  channels
are scaled by multiplying a factor  , i.e.  . Then,
any continuum state will fall off towards its threshold. A
resonant state should not be affected by the variation of 
when it stands alone, the coupling to the continuum indic-
ates  that  the  resonance  would  act  as  an  avoid-crossing
structure,  as presented in the Fig.  1. The top line repres-
ents a  scattering state,  which would decay to  the  corres-
ponding  threshold.  However,  the  down  line,  resonance
line,  would interact with the scattering line,  which could
result  in  an  avoid-crossing  structure.  The  emergence  of
the avoid-crossing structure is because the energy of scat-
tering  states  will  get  close  to  the  energy  of  the  genuine
resonance, with an increase in the scaling factor, and the
coupling will become stronger. The avoid-crossing struc-
ture is  a  general  property  of  interacting  two-level   sys-
tems. If the avoid-crossing structure can be repeated with
the  increase  in  ,  the  avoid-crossing  structure  may  be  a
genuine  resonance,  and  the  width  can  be  determined  by
the following formula [31]: 

Γ = 4V(α)
√

(kr × kc)
|kr − kc|

. (18)

V(α) kr
kc

 is the minimal energy difference, while   indicates
the  slope  of  the  resonance  state,  and    represents  slope
of scattering state.

The real-scaling results for the positive (Table 4) and
negative parity states (Table 5) are illustrated in Figs. 2-6.

 

Fig. 1.    Resonance shape in the real-scaling method.

 

1S 0 csq̄q̄Fig. 2.    (color online) Energy spectrum of   system.

 

3S 1 csq̄q̄Fig. 3.    (color online) Energy spectrum of   system.

 

1P1 csq̄q̄Fig. 4.    (color online) Energy spectrum of   system.

 

3PJ csq̄q̄Fig. 5.    (color online) Energy spectrum of   system.

Yue Tan, Jialun Ping Chin. Phys. C 45, 093104 (2021)

093104-8



2800
3000
X(2900) D∗K̄∗

E1(2836) DK̄
E3(2906)

E4(2936) D∗K̄∗
E4(2936)

α = 2.2
R0(2914) X0(2900)

0+ E4(2936)

42 1+

E7(2904) E8(2920) E9(2941)

R1(2906) R1(2906)
29 X1(2900)

110

Here,  we  only  focus  on  the  energy  range  from    to
 MeV because we are interested in the candidates for

; only the   threshold is relevant in our calcu-
lation, which is marked with a red line. In Fig. 2, the res-
onance   rapidly falls to the lowest threshold, 
with  the  spaces  increases,  and  both    and

 would decay to the   channel. However, the
  may  combine  with  a  higher  energy  level  into

one avoid-crossing structure, and the structure will be re-
peated at  , which indicates the existence of a res-
onance  ,  a  possible  candidate  for  .  In
the   case, the   serves as a resonance level, be-
cause it  has  30%  percent  of  the  diquark  structure.   Ac-
cording to Eq. (18), we estimate its width to be approxim-
ately   MeV. In the   case (Fig. 3), there are three pos-
sible  resonances,  ,  ,  and  ,  and
they all have approximately 30% of the diquark structure.
Consequently, the shape of the figure may be very com-
plex. Based on the requirement of the repetitivenes of the
avoid-crossing structure,  we  select  one  possible   reson-
ance,  . However, the width of  , which is
  MeV,  may  be  unsuitable  for  ,  which  has  a

width of   MeV.

X(2900)

00+ cs q̄q̄
E12(2908) E13(2932)

D∗K̄∗ E14(2943)
D1K̄

Now, we consider the negative parity states presented
in  Table  5.  Owing  to  the  threshold  of  the  p-wave  D
meson  and  K  meson  close  to  ,  the  resonance
states may couple to the scattering states strongly, and the
pattern may be more complicate. Similar to the 
system,  the  lines  with  ,    fall  to  the
threshold  of  ,  and    falls  within  the
threshold  of    (see  Fig.  4).  However,  the  state

E13(2932)

R1(2912) Γ = 10
E10(2873)

X(2900)
3PJ csq̄q̄

X(2900)
3PJ csq̄q̄

RJ(2920) Γ = 9 RJ(2842)
Γ = 24 X(2900)

5PJ csq̄q̄
X(2900) D∗K̄∗

X1(2900)
X1(2900)

  state with  22% of  the  diquark  structure   indic-
ates an avoid-crossing structure, which may be a possible
resonance,    with    MeV.  Regarding  the

  state,  it  rapidly  decays  to  the  lower  threshold
and is not a possible candidate for   for the lower
energy. Because the   system has 21 channels in-
cluding  two  thresholds  near  ,  the  pattern  of  the

 system is very complex. We determine two pos-
sible candidates,   with   MeV and 
with   MeV, for   (Fig. 5). Finally, the chan-
nels  in  the    system  have  higher  energies  than

  ,  and    is  a p-wave excited scattering state.
From the figure, it can be observed that no resonance sur-
vives the coupling to the p-wave scattering state (see Fig.
6).  Although  the  energies  of  the  above  resonance  states
with negative parity are close to the mass of  , the
larger width of   prevents the formation of a con-
clusion. 

IV.  SUMMARY

csq̄q̄
X(2900)

csq̄q̄

R0(2914) Γ = 42
R1(2906) Γ = 29 R1(2912) Γ = 10
RJ(2920) Γ = 9 RJ(2842) Γ = 24

X0(2900) R0(2904)
Γ = 42

X0(2900)
X1(2900)

X(2900)

In the framework of the chiral constituent quark mod-
el, we systematically studied   states to determine the
candidates for  , which were reported by the LH-
Cb  Collaboration  recently.  Both  the  molecular  structure,
as  well  as  the  diquark-antidiquark,  with  all  the  possible
color,  flavor,  and  spin  configurations  are  considered  in
the present calculation. The obtained results indicate that
there  are  several  states  with  energies  of  approximately
2900  MeV  in  the    system  after  structure-mixing.
These superabundant resonances may be triggered by the
structure  mixing  and  finite  calculation  space.  Therefore,
the real-scaling  method,  a  stablization  method,  is   adop-
ted to identify the genuine resonances.  We obtained five
possible  resonances,    with    MeV,

 with   MeV,   with   MeV,
  with    MeV,  and    with 

MeV.  All  the  resonances  obtained  are  diquark-anti-
diquark  states.  For  ,  the  resonance, 
with   MeV, may be a good candidate. In this case,

 would  be  the  positive  parity  state.  However,  it
is possible to assign candidates for   based on en-
ergy, but the decay width prevent us from making a def-
inite  conclusion.  Hence,  more  information  on 
and further studies are required.
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