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Abstract: In the framework of the Chiral quark model (ChQM), we investigate fully charmed and fully bottom tet-
raquarks with J?¢ = 2** by considering two structures: Q0 — QQ and QQ — Q0. The bound-state calculation shows

that there are no bound states in either the ccé¢ or bbbb systems. However, using the real-scaling method, we obtain

several resonant states. For the ccec system, when the channel coupling includes only three S-wave channels, two
resonant states are obtained: one with a mass of approximately 7002 MeV and a decay width of about 54 MeV, and
another with a mass of approximately 7227 MeV and a decay width of about 66 MeV. The former can be regarded
as a candidate for the X(6900), whereas the latter can be considered a candidate for the X(7200). After adding the
XeoXe2> XelXel» XeiXez> a0d yoxe channels, both resonant states remain. For the bbbb system, only one resonant state

is obtained, regardless of whether the four excited-meson channels are included. The mass and width of this reson-

ant state are approximately 19743 MeV and 67 MeV, respectively. We suggest that future experiments search for

this possible resonant state in the invariant mass spectrum of Y'Y’ or YY(2S).
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I. INTRODUCTION

Following the initial observation of the X(3872) by
the Belle Collaboration in 2003 [1], experiments have
identified a growing number of analogous exotic (XYZ)
states. The exploration of exotic states beyond the con-
ventional quark model has emerged as a frontier in
particle physics, challenging our understanding of
quantum chromodynamics (QCD) and the fundamental
nature of strong interactions.

Fully heavy tetraquark states provide a relatively
clean platform for studying strong interactions, as they
are not affected by long-range light-meson exchange
mechanisms. Experimentally, the exploration of fully
heavy tetraquark states can be traced back to the produc-
tion of Y pairs reported by the CMS Collaboration in
2017 [2]. In 2019, the ANDY Collaboration reported a
significant structure around 18.2 GeV in Cut+Au colli-
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sions [3]. However, in 2020, the LHCb Collaboration
found no significant signal in the Y(1S)u*u~ invariant
mass spectrum at centre-of-mass energies +/s =7,8 and
13 TeV [4]. Moreover, the updated analysis by the CMS
Collaboration also revealed no significant excess of
events compatible with a narrow resonance [5]. From a
theoretical perspective, several studies have explored the
possible existence of fully bottomed tetraquark states
[6—10]. However, the existence of fully bottomed tetra-
quark states remains to be conclusively established
through rigorous experimental investigation.

The progress in the experimental exploration of fully
charmed tetraquark states has been particularly encour-
aging. In 2020, the LHCb Collaboration discovered a new
resonant state, X(6900), with a global significance ex-
ceeding 50 in the J/yJ/y invariant mass spectrum, along
with a broad enhancement spanning 6.2—6.8 GeV and a
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preliminary indication of an additional structure around
7.2 GeV [11]. Subsequently, the CMS [12] and ATLAS
[13] Collaborations independently confirmed the exist-
ence of the X(6900) state. Furthermore, the CMS Collab-
oration reported two additional states, denoted as X(6600)
and X(7200), in the di-J/y invariant mass spectrum with
and without interference effects. In the di-J/y decay
channel, the ATLAS Collaboration not only confirmed
the X(6900) but also identified two new structures,
X(6400) and X(6600). Meanwhile, in the J/yyy(2S) decay
channel, signals of the X(6900) and a new X(7200) state
were observed.

Prior to the experimental observation of the X(6900)
by the LHCb Collaboration, fully heavy tetraquark states
had been extensively investigated in the literature
[14-32]. Following the experimental discovery of the
exotic states mentioned above, a wide range of theoretic-
al methods have been applied, including the constituent
quark model [33—46], QCD sum rules [47—59], potential
models [60—63], the Bethe-Sapeter framework [64, 65]
and other approaches [66—83]. The authors of Ref. [35]
used two constituent quark models, namely the quark de-
localization color screening model and the chiral quark
model, to study fully heavy tetraquark states. Their com-
putational results show that, for fully bottomed systems,
the chiral quark model yields no bound or resonance
states in either of the two structures considered, namely
the meson-meson and diquark-antidiquark structures.
However, the quark delocalization color screening model
suggests the possible existence of broad resonances with
masses ranging from 19.1 to 19.4 GeV and quantum
numbers J* =0, 1*, and 2*. For fully charmed tetra-
quark states, the X(6900) can be interpreted as a compact
resonance state with IJ” =00*. Zhang et al. [37] em-
ployed a nonrelativistic constituent quark model to study
the S-wave fully heavy tetraquark states. They showed
that the X(6900) may not be a ground cccc tetraquark
state, whereas the X(6600) can be interpreted as a ground
fully charmed tetraquark state with spin-parity J7¢ =0+,
Moreover, states with bbbb components could be located
around 19.2 GeV. In Ref. [38], the authors identified
promising candidates for the X(6900) and X(7200) in both
the JP€ =0 and 2** systems. In addition, for the fully
bottomed tetraquark system, they predicted several reson-
ant states in the 19.7-20.0 GeV mass range. Studies on
the decays and production of fully heavy tetraquarks can
also be found in Refs. [84—103].

In our previous work [104], we studied the ccce sys-
tem with JP¢ =0%*, because this quantum number in-
cludes more channels and thus contains richer physical
information. Four resonance states with energies around
6923, 6996, 7060 and 7159 MeV were obtained. However,
the decay width of the resonance state at 6923 MeV is
only 10.1 MeV, which is much smaller than the experi-
mental measurement. Recently, the CMS Collaboration

proposed that the quantum numbers of fully charmed tet-
raquark states tend to be J7¢ =2** [105]. Given that the
experimental data tend to favor the J7¢ = 2** assignment,
in this work we systematically investigate the ccce states
with JP€ =2** to search for candidates for the experi-
mentally reported states within the framework of the chir-
al quark model. Moreover, we extend our study to the
bbbb system with the same quantum number.

The structure of this paper is as follows. Section II
provides a brief description of the quark model and wave
functions. Section III presents the numerical results and
discussion. The summary is given in the final section.

II. MODEL AND WAVE FUNCTIONS

A. Chiral quark model (ChQM)

In this work, we use the chiral quark model (ChQM)
to investigate the QQOQ (Q=c,b) tetraquark system.
Details of the ChQM can be found in Refs. [20, 106].
Here, we present only the Hamiltonian of the model

4 2 4
H=Z(m,-+2%)—TCM+Z(VCON+VOGE)- (1
i1

! ji=1

Because the quark composition of the system under
study consists entirely of heavy quarks, the Goldstone-
boson and o-meson exchange terms are absent; therefore,
these two terms are omitted from Eq. (1). m; (i =c/b) de-
notes the constituent mass of the charm or bottom quark.
Tcw is the kinetic energy of the center of mass.

Veon 1S the confinement interaction, which includes
central (V&) and spin-orbit (V39 ) components, and can
be written as follows:

Véon = (=acri; = M)A - X, (2a)
. a.
V= — 4 A ) [((m] + m?)(l —2ay)
i1

+4mim (1 -a,))(S - L)
+((m2 —m})(1 =2a))S - D), (2b)

where a, is the confinement strength, A is a global con-
stant that fixes the energy origin, and a, determines the
ratio between the scalar and vector terms.

Voae 18 the one-gluon-exchange interaction, which in-
cludes central (VSg), spin-orbit (V53:), and tensor
(Vaqg) forces and can be expressed as follows:

ay |1 1 e
ve Z@pepl o1 oo (3a)
OGE 4 ! J rij 6m,-mjr(2) ' J r,-j ’
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VSO _ _ias"lz?'/lj‘ i_ e il <1+ rij >
OGE 16 4ml2m§ r r ro()

ij ij
[(m? +m? + 4mm )(S .. - L)
+(m2 —m)(S - D)),
(3b)

_ 1 a,S/IZA§ { 1 e*Vij/ry(lJ)( 1
OGE™ 16 4m12m3 r?j Tij ri;
+ ! +#)}S,~, (3c)
3”?(#) rijTe (1) !

where o represents the SU(2) Pauli matrices; a, denotes
the quark—gluon coupling constant (in Table 1, «,, and
ay,, denote the quark—gluon coupling constants for c¢ and
bb quark interactions, respectively); ry=#y/u, which
scales with the reduced mass as expected for a Cou-
lombic system; and r,(u) = 7,/u, which exhibits scaling
behavior similar to that of the central term.

Table 1. Quark model parameters.

mJ/MeV  m,/MeV a/MeV  A/MeV 7o/MeV #,/MeV
1650 4977 98 —-18.1 81.0 100.6
., Ay, dg
0.56 0.43 0.77

Table 2. Numerical results from the present work (with a

harmonic confinement form) and ChQM?2 (with a color-
screening confinement form) (unit: MeV).

Meson This work ChQM2 [106] EXP.(PDG) [107]
e 2980 2990 2983.9
1:(28) 3637 3627 3637.7
1.(38) 4132 - -
T/ 3100 3097 3096.9
¥(2S) 3713 3685 3686.1
Xeo 3420 3436 3414.7
Xel 3479 3494 3510.6
Xe 3523 3526 3556.1
s 9390 9454 9398.7
Y 9502 9505 9460.3
T(2S) 9971 10013 10023.2
T(3S) 10289 10335 10355.2
X50 9865 9855 9859.4
Xb1 9891 9875 9892.7
P 9908 9887 9912.2

The other symbols in the above expressions have their
usual meanings. In this work, all parameters listed in Ta-
ble 1 are determined by fitting the calculated meson spec-
trum to the experimental data. The meson masses calcu-
lated in the present work are shown in Table 2.

B. Wave function

For the fully heavy system, meson-meson and
diquark-antidiquark structures (denoted hereafter as QQ-
00 and QQ-00, respectively) are considered. The wave
function of each structure consists of four components:
orbital, flavor, spin, and color wave functions. Consider-
ing the spin-orbit coupling effect, the spin and orbital
wave functions must be coupled, whereas the flavor and
color wave functions are independent.

In the Gaussian expansion method (GEM), the radial
part of the spatial wave function is expanded in terms of
Gaussian functions [108]:

LACEDY (1), (4a)
G (X) = Nyr'e ™ Y, (#), (4b)

where the N,; are normalization constants

1+2 1+3 :
N = 27 (2v,) "2 (5)
nl .

VRQl+ 1)

The coefficients ¢, are variational parameters that are
determined dynamically. The Gaussian size parameters
are chosen according to the following geometric progres-
sion:

1

1 Iy Nmax —1
Vp=—, Fy=rad"l, a=|-"x . (6)

PR
r, ry

This procedure enables optimization of the ranges using
only a small number of Gaussians.

For the spin wave functions, no distinction is made
between quarks and antiquarks. The meson-meson struc-
ture has the same spin as the diquark-antidiquark struc-
ture. The spin wave functions of the subclusters are giv-
en as follows:

o o 1 ( ﬁ+ﬁ )
X =aa, X, = —=( @),
11 10 \/E
; (7)
X111 =8B Xo0 = ﬁ(aﬁ—ﬁa’)-

Once the orbital and spin wave functions have been ob-
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tained, the next step is to couple these two types of wave
functions. First, |y, ,m;,) is obtained by coupling the or-
bital wave function |y;,,m,,) and the spin wave function
[x§,,ms,) of the first subcluster

|¢’J|,m_rl > = |d/L1,le >® I/Yg]’msl > (8)

Similarly, the orbital wave function |,,,m;,) and spin
wave function [y ,ms,) of the second subcluster are
combined to form |y ;,,my, ):

|¢’Jz,m/2 )= |wL2,mL2 )® I/\,/gz,mSZ ). (9)

Subsequently, the wave functions of the two subclusters
are coupled to form |y ,,,,m;,,):

|lﬁl12,mhz> = |lpJ1,mjl >®|¢’J2,m/2>' (10)

In the final step, the wave function |y,,,,m;,,) is coupled
to the orbital wave function |y, m;,) describing the relat-
ive motion between the two subclusters, generating the
total orbit-spin wave function |- ):

WESY = Wiy, ) ® Wtam, ). (11)

i=[Jy,J2,J12,L3]. (12)

In this work, we focus on the 2** system and consider a
total of 5 combinations for [J;,J, /12, L3], with the inter-
cluster relative motion fixed in the S wave (L; =0), as
shown in Table 3.

For the flavor wave function, different structures are
obtained depending on the coupling sequence. For the
00-00 structure, the coupling sequence is

IF1)=010,0;0s. (13)

Table 3. Different combinations of J—J coupling.

L;=0 Ji=0 J,=2 index(i)
Li=1 S =1 L=1 S,=1 1
Ji=1 JH=1 index(i)
L =0 S, =1 L,=0 S,=1 2
Li=1 S, = L=1 Sy=1 3
Ji=1 S, =2 index(i)
Li=1 Si1=1 L,=1 S,=1 4
Ji=2 J,=2 index(i)
Li=1 S =1 Ly=1 S,=1 5

For the QQ-00 structure, the coupling sequence is

IF2) = 01050,0s. (14)

The colorless tetraquark system has four color struc-
tures: 1®1, 8®8, 3®3, and 6®6:

1 -
|Cy) :)(’f’@l)l = —(Frir+rrgg +rrbb + ggrr + gggg
Vo
+ 2gbb + bbFr + bbgg + bbbb),
2 _ _
ICo) = 22, = %(%rﬂ) +3gr7g + 3begh + 33bbg
+37ggr + 3Fbbr + 27rir + 23ggg + 2bbbb — Frgg
— ggir —bbgg — bbir — gghb — Frbb),
3 _
|C3) =X§l;;3 = %(rg?g —rggr+grgr—grrg +rbrb,
— rbb7 + brb¥ — brib + gbgb — gbbg + bgbg — bgib),
6 -
ICa) =2, = %(erf? +2gg37 +2bbbb + g3
+rggr+grgr+grrg+ rb7b + rbbr + brb7
+br7b + gbgh + gbbg + bgbg + bggh).
(15)

Here, |C;), |C5), |C3) and |C4) represent the color singlet-
singlet (1®1), color octet-octet (8 ®8), color triplet-anti-
triplet (3®3), and color sextet-antisextet (6®6) wave
functions, respectively. The state with the color wave
function |C;) corresponds to the color-singlet channel,
whereas those with |C,), |C3), or |C4) correspond to hid-
den-color channels.

Finally, the total wave function of the tetraquark sys-
tem is written as:

Wiii, = AW FCr, (16)

Here, A is the antisymmetrization operator. For the
Q000 system, A=1-P3— Py + Pi354. We then solve
the following Schrodinger equation to obtain the eigenen-
ergies of the system using the Rayleigh-Ritz variational
principle

Y, = BV, (7

where ‘P'quk, is the wave function of the four-quark states,
expressed as a linear combination of the channel wave
functions defined above.
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III. REAL-SCALING METHOD

The real-scaling method, also known as the stabiliza-
tion method [109], was developed to distinguish genuine
resonances from states with discrete energies in finite-
volume calculations. This method has been successfully
applied to tetraquark systems [110] and pentaquark sys-
tems [111, 112]. In this method, a factor « is used to scale
the finite volume. As a increases, false resonances decay
into the corresponding threshold channels, whereas genu-
ine resonances appear as avoided-crossing configurations
(as shown in Fig. 1). The avoided-crossing structure
arises because the energy of one scattering state ap-
proaches that of the resonance state as the scaling factor
increases and the coupling becomes stronger. This struc-
ture is a general property of interacting two-level sys-
tems. The details have been discussed in Refs. [104, 114,
115].

To calculate the decay widths of the resonance states,
we employ the formula from Ref. [109]:

IS IS |

I'=4\V(e)—"—,
Vol e~ o

(18)

where V(a.) represents the minimal energy difference
between the resonance state and the scattering state; S,
and S. are the slopes of the resonance and scattering
states, respectively (see Fig. 1).

IV. RESULT AND DISCUSSION

In this work, we investigate fully charmed and fully
bottomed tetraquark systems with the quantum number
JP€ =2+ within the ChQM framework. Two structures,
00-00 and QQ-00, as well as the channel coupling
between these two configurations, are considered. In ad-

s;: The slope of continuum state line

., s, The slope of resonance state line

Energy

c

Scaling factor

Fig. 1.  (color online) A schematic energy spectrum ob-
tained using the real-scaling method [113].

dition to calculating bound states, we employ the real-
scaling method to search for possible resonant states in
the system. We also conduct a comparative study of the
effects of including and excluding channels composed of
excited mesons (xgo, Xo1, X02, @ = ¢ or b) on the results.
The notation ygo12 (Q =c,b) denotes P-wave charmoni-
um/bottomonium states, where the subscripts 0, 1,2 indic-
ate the total angular momentum of the Q0 (Q=c,b)
state.

A. Fully charmed tetraquark system

The energies of the ccee tetraquark system for the cc-
c¢ and cc-c¢ structures, as well as the channel coupling
of these two structures, are listed in Table 4. Here, Ey,
represents the theoretical threshold; E,. is the energy of
each single channel; E,;; is the lowest energy of the sys-
tem obtained by coupling three S-wave channels (J/yJ/y,
[J/y1s[J/¥]s, [eclilec])); and Enixo denotes the lowest en-
ergy of the system obtained by coupling all seven chan-
nels of both configurations.

For the JP€ = 2** system, we analyze seven channels,
including five color-singlet channels and two color-exot-
ic channels (an octet-octet channel and a triplet-anti-
triplet channel). As shown in Table 4, the energies of the
five color-singlet channels are all higher than the corres-
ponding thresholds, indicating that none of them forms a
bound state. In addition, the energies of both color-exotic
channels are above that of the lowest color-singlet
(J/yJ/¥) channel. When only the coupling of the three S-
wave channels is considered, the energy E.;; is 6201
MeV, which is higher than the lowest J/y.J/y threshold.
After four channels (y.oXc2> XeiXels XelXe2s Xe2Xe2) COM-
posed of excited mesons are added and all seven chan-
nels are coupled, the lowest energy E.x, remains almost
unchanged. This indicates that, after channel coupling,
the newly added channels do not substantially contribute
to forming a bound state below the lowest threshold. This
is mainly due to the large mass gap between these four
channels and the three S-wave channels. In addition, the
numerical results for the contributions of each term in the
Hamiltonian are shown in Table 5. As shown in Table 5,

Table 4. Results of bound-state calculations for the cccé
system with J7€ = 2** (in MeV).

Channel [[LST:F ;Ci) En E, Enixi Eoio

Iy [211) 6200 6201 6201 6201
XcoXe2 [111) 6943 6946
XelXel 1311) 6958 6960
XelXe2 I511) 7002 7005
XeXe 1412) 7046 7050
/s /4s 1212) 6437
[eclifee)y [223) 6485
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Table 5. Numerical results for the contributions of each term in the Hamiltonian with J*€ = 2** in the ccéé system (unit: MeV).

Channel JIWI XcoX 2 XelXel XclXc2

XeaXe2 [J/ylslJ /¥ ]s [cclilee]y Enixi Enixa

mass 6600 6600 6600 6600

E; 682 777 754 709

VEon -15 227 230 255

Vs, 0 1 1 0

Ve ~1066 -586 -579 -559

Ve 0 -52 -61 -6

Vi 0 -21 15 6

total 6201 6946 6960 7005

6600 6600 6600 6600 6600
664 630 670 682 682

280 56 62
-2 0 0 0 0

-538 —-849 —-847

49 0 0 0 0

6485

the spin-orbit coupling effect appears only in channels
composed of excited mesons. This is because, for chan-
nels formed by ground-state mesons, the orbital angular
momentum is L =0, so the spin-orbit coupling does not
contribute. For channels composed of excited mesons, ex-
cept for the V59 term in the y.ox.o channel, which is re-
pulsive, the other channels provide attractive potentials.
The Vg termin all channels provides most of the at-
tractive potential, but it is not sufficient to lower the en-
ergy below the corresponding thresholds. After channel
coupling, because no bound state is formed, the respect-
ive contributions of each term to E,, and E., are es-
sentially identical to those in the individual J/¢J/¢ chan-
nel. Therefore, there is no bound state below the lowest
threshold (6200 MeV) in this system.

For color-excited structures, color confinement pre-
vents direct dissociation. Therefore, these structures may
form resonant states. To identify genuine resonant states
in this system, the real-scaling method is employed, and
the corresponding results are presented in Figs. 2 and 3. It
should be noted that, when a large number of channels
are coupled, avoided-crossing structures can also form
because the scattering channels descend to the threshold
line at different rates. Thus, it is necessary to calculate the
components of the resonant state to determine whether it
is a genuine resonant state.

In Fig. 2, the thresholds of J/yJ/y and J/yy(2S) are
indicated by red horizontal lines. Near the energies of
7002 and 7223 MeV, two avoided-crossing structures are
marked by red circles and denoted as R(7002) and
R(7223), respectively. In addition, the color-structure pro-
portions of R(7002) and R(7223) are 90% (45% from the
3®3 configuration) and 92% (71% from the 3®3 config-
uration), respectively. Therefore, we regard these two
structures as genuine resonance states. To calculate the
decay widths of the resonance states, we employ Eq. (18),
as described in Section III. The decay widths obtained for
R(7002) and R(7223) are 54 and 66 MeV, respectively.

Figure 3 shows that the red horizontal lines, from bot-
tom to top, represent the thresholds of J/yJ/y, J/yy(2S),

7300

R(7223)
7200

7100 [~

7000 {2 R(7002)
6900 [~ -

6800 fs--
: | Jww(28)

6700

Energy (MeV)

6600
6500
6400

6300

Jhydiy

Fig. 2.  (color online) Stabilization plots of the energies ob-
tained by including three channels (J/yJ/y, [J/W)s[J/¢]s,
[ccli[ce])) in the ccce system with JPC€ = 2%+,

Xc0Xe2s XclXels XelXc2s Xc2Xc2s and J/lﬁl//(ss), reSpeCtiVely.
At an energy of approximately 7227 MeV, three avoided-
crossing structures are marked by red circles. This sug-
gests the possible presence of a resonant state near this
energy, denoted as R(7227). The calculation shows that
the component at 7227 MeV is dominated by color con-
figurations, accounting for 82% (51% from the 3®3 con-
figuration). Therefore, the resonant state R(7227) is a
genuine resonant state rather than a spurious resonance
formed by scattering states. Furthermore, the decay width
obtained for R(7227) is 61 MeV.

In Fig. 3, the energy levels near 6980 — 7080 MeV are
too dense to directly determine the presence of a reson-
ant state. To more clearly reveal the avoided-crossing
structures in this region, we enlarge this energy range, as
shown in Fig. 4. Figure 4 clearly shows two avoided-
crossing structures (marked by red circles) near the en-
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7300

Jhpy(38)
R(7227)

7200

7100 5
XCZXCZ
aee, XDW XCZ

XetXer
XooXez

7000 Jidli

6900 |- * -

3 Jryy(2S)
i | Jyy

=3
. 6700
>
@
C 6600
LL’ -

6500

6400

6300

6200 Y Jiydhy

1 1 1
1.0 1.5 20 25 3.0
o

Fig. 3. (color online) Stabilization plots for the energies ob-

tained by including seven channels in the cccc system with
JPC =t

7080

7060

B Ao

~
=3
=
oS

~
Q
N}
=]

R(7023)

Energy (MeV

Yeikea

7000

Fig. 4. (color online) Stabilization plots of the energies ob-
tained by including seven channels in the ccée system with
JPC =2%* (energy range: 6980—7080 MeV).

ergy of 7023 MeV, denoted as R(7023). Moreover, the
dominant component of R(7023) is color configurations,
accounting for 65% (42% from the 3®3 configuration).
Therefore, it is a genuine resonant state. From Eq. (18),
its width is calculated to be 43 MeV.

The above results indicate that the two resonances
R(7223) and R(7002) in Fig. 3 persist after the inclusion
of channels consisting of excited mesons, but their ener-
gies are shifted upward because of the interaction
between the new channels and the original resonances.
Therefore, we conclude that R(7223) and R(7227) corres-
pond to the same resonance, and similarly that R(7002)

and R(7023) correspond to the same resonance. We re-
tain the former designation for each, namely R(7223) and
R(7002). The resonant state R(7002) may serve as a can-
didate for the X(6900), while R(7223) is a good candidate
for the X(7200). In addition, from the perspective of their
structural proportions, the resonance R(7002) tends to
have a molecular structure, whereas R(7223) is more
likely to have a compact tetraquark structure. In Ref.
[38], the authors suggest that, for the ccce system with
JP€ =2+ the lower resonant state with mass M =~ 7000
MeV and width T ~ 75 MeV may serve as a candidate for
the X(6900). Meanwhile, a higher resonant state with
mass M ~ 7200 MeV and width T' ~ 50 MeV could be a
candidate for the X(7200). This is consistent with the con-
clusion obtained here.

B. Fully bottomed tetraquark system

The energies of the bbbb tetraquark system with
JPC =2** are presented in Table 6. The numerical results
in Table 6 show that, for the bb-bb structures, no bound
state lies below the corresponding thresholds. In addition,
the energy of bb-bb is several hundred MeV higher than
the lowest threshold (18998 MeV). In the channel-coup-
ling calculations, no bound state is found below the low-
est threshold, regardless of whether channels composed
of excited mesons (XpoXs2> Xo1Xo15 XbiXb2> Xp2Xp2) AT€ in-
cluded. The numerical results for the contributions from
each term in the Hamiltonian are shown in Table 7. Sim-
ilar to the ccce system, the VS term provides most of
the attractive potential, but it is insufficient to produce a
bound state.

Furthermore, the real-scaling method is also used to
search for genuine resonance states in this system. The
results are shown in Figs. 5 and 6. In Fig. 5, the red hori-
zontal lines from bottom to top represent the thresholds of
TY, TT2S), and YTY(3S), respectively. Near the energy
of 19743 MeV, the avoided-crossing structures are
marked by red circles and denoted as R(19743).
Moreover, the color-structure proportion at the energy of
19743 MeV is 88% (66% from the 3®3 configuration).
Therefore, the state R(19743) is a genuine resonance

Table 6. Results of the bound-state calculations for the bbbb
system with J7¢ = 2** (in MeV).

Channel [[LS1:F;Ci) Eg E, Enixt Emi

TY [211) 19904 19005 19005 19005
Xb0X b2 [111) 19773 19774
Xb1Xb1 [311) 19782 19782
Xb1Xb2 |511) 19799 19801
Xv2X b2 [412) 19816 19818
[YIs[Y]s [212) 19284
[bb]}[BD)} [223) 19330
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Table 7. Numerical results for the contributions of each term in the Hamiltonian with J*¢ = 2** in the bbbb system (units: MeV).

Channel Y Xb0X b2 XbiXb1 XbiXn2 Xp2X02 [T1s[T]s [bb]y[bb)} Enmixi Enmixa
mass 19908 19908 19908 19908 19908 19908 19908 19908 19908
Ey 803 563 545 520 494 651 642 803 803
VEon -138 2 4 12 20 ~111 -100 -138 -138
VS 0 ~0 0.1 0 -0.1 0 0 0 0
VSax ~1568 -668 -658 -640 -623 ~1164 ~1120 ~1568 ~1568
V8Os 0 -21 -24 -2 20 0 0 0 0
Vi 0 -10 7 3 -1 0 0 0 0
total 19005 19774 19782 19801 19818 19284 19330 19005 19005
state. The decay width of R(19743) is obtained as 68 19900
MeV. In addition, avoided-crossing structures also form : ]
at an energy around 19645 MeV. However, their compos- 19800 V:;;?Z
ition is dominated by scattering channels, which account T e T RUST49)
for 64%. Therefore, we conclude that this type of 1T i
avoided-crossing structure is caused by the different rates 19600
at which the scattering channels descend to the threshold
line. Accordingly, it is a false resonant state at an energy = 1os00
around 19645 MeV. =
In Fig. 6, the red horizontal lines from bottom to top 2 19400
represent the thresholds of YY, TY(2S), xwoXs2> XpiXbls e
. 1N]
TYQ3S), xpixse, and ymxpm, respectively. At the energy of 19300
19745 MeV, two avoided-crossing structures are marked
by red circles. A resonant state may exist here, and it is 19200
denoted as R(19745). The 79% color-structure proportion
(64% from the 3®3 configuration) indicates that e
19000 A !
19900 1.0 15 2.0 25 3.0
o
19800 Fig. 6. (color online) Stabilization plots of the energies for

R(19743)
19700 |-,

19600

< 19500 o
> " a3 yrs)
3
>, 19400
<
(0]
c
Ll 19300

19200

19100

19000 rf i Y

1 1 1 1 1 1 1
1.0 1.5 20 25 3.0
a

Fig. 5. (color online) Stabilization plots of the energies for

the three channels (", [Y1s[Y]s, and [bb]i[bb]}) in the bbbb
system with JF€ = 2++.

the seven-channel calculation in the bbbb system with
]PC =2t

R(19745) is a genuine resonant state, and its decay width
is 64 MeV. The newly added channels xuoxs2, XpiXois
XviXs2, and ymxsm do not cause R(19743) in Fig. 5 to van-
ish, because the energies of these channels are all above
that of R(19743). Thus, it cannot decay through these
channels. In addition, from the perspective of their struc-
tural proportions, the resonance R(19743) is more likely
to have a compact tetraquark structure.

Using the same procedure as that for the cccc system,
we performed a detailed examination of the energy re-
gion from 19770 to 19860 MeV in Fig. 6 (as shown in
Fig. 7). The results show that the avoided-crossing struc-
tures are dominated by threshold-channel configurations,
and hence no resonance states exist.
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19860

19840 [ Tl
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£
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19780 B Kok
XDOXbZ
3.0
(o}
Fig. 7. (color online) Stabilization plots for the energies of

seven channels in the bbbb system with J7€ =2 (energy
range: 19770—-19860).

V. SUMMARY

In this work, we systematically investigate fully
charmed and fully bottomed tetraquark systems with
JFC = 2%* in the framework of the ChQM. Two structures,
00— 00 and QQ - 00, as well as the coupling between
these two configurations, are considered. A dynamical
bound-state calculation is performed to search for bound

states in the fully heavy systems. In addition, a stabiliza-
tion calculation (real-scaling method) is performed to
identify resonance states.

The bound-state calculation shows that no bound state
lies below the lowest threshold for the ccéz and bbbb sys-
tems with JP¢ =2**. However, in the ccéc system, two
resonant states, R(7002) and R(7227), are obtained using
the real-scaling method. The decay widths of these two
resonant states are 54 MeV and 66 MeV, respectively.
R(7002) can be regarded as a candidate for the X(6900),
while R(7227) corresponds to X(7200). Our results are
consistent with Ref. [38] for the JPC =2*" gystem, in
which the resonant state with mass M ~ 7000 MeV and
width T'~75 MeV may serve as a candidate for the
X(6900). In addition, a higher resonant state with mass
M ~ 7200 MeV and width T ~ 50 MeV could be a candid-
ate for the X(7200).

In the bbbb system, one resonant state is obtained at
an energy of around 19743 MeV. The decay width of this
resonant state is around 68 MeV. Moreover, in Ref. [38],
the authors also obtained a resonant state with a mass of
19788 MeV and a width of 60 MeV. We propose experi-
mentally searching for these possible resonant states with
a larger data sample in the invariant mass spectrum of T
or TY(2S).
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