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Assuming Xð6900Þ is a tetraquark state, the decay width of Xð6900Þ → 2J=ψ is calculated in a covariant
quark model, with the diquark-antidiquark ½cc�½c̄c̄� picture. Two possible structures, vector-vector and
axial-vector–axial-vector coupling, are investigated. The result indicates that the axial-vector–axial-vector
coupling is consistent with the experiments. Additionally, as another application of the covariant quark
model, the decay width of Xð6900Þ → 2ηc is predicted to be 66–88 keV.
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I. INTRODUCTION

Since the experimental discovery of the first exotic
hadron state Xð3872Þ in 2003 [1], a large number of
new hadronic states have been observed [2]. These new
states usually do not conform to the simple picture of
mesons and baryons in the conventional quark model, and
they are therefore collectively known as exotic hadrons.
These states may include tetraquark states, pentaquark
states, hadronic molecule states, hybrid configurations,
and so on.
In 2020, the LHCb analyzed pp collision data at the

center-of-mass energies of
ffiffiffi
s

p ¼ 7, 8, and 13 TeV, with an
integrated luminosity of 9 fb−1, to investigate the invariant
mass spectrum of J=ψ pairs [3]. There are two notable
features that are observed. A narrow resonancelike peak,
labeled Xð6900Þ, and a broader enhancement near the
2J=ψ threshold. Both structures exhibit a statistical sig-
nificance exceeding 5σ. The Xð6900Þ signal may represent
a tetraquark state composed of four charm quarks, as
suggested by some theoretical models [4–8]. In 2023,
the ATLAS Collaboration conducted a search for possible
ccc̄c̄ tetraquark states decaying into pairs of charmonium
particles, with the final four-muon state [9]. The two decay
channels were investigated,

J=ψ þ J=ψ → 4μ; J=ψ þ ψð2SÞ → 4μ:

In 2024, the CMS Collaboration confirmed the Xð6900Þ
state in the 2J=ψ channel [10]. All of these experimental

results are listed in Table I. Recently, CMS detected the JPC

quantum number of Xð6900Þ. They exclude J ¼ 0, 1 and
give JPC ¼ 2þþ with a high degree of certainty [11].
There is another story about the fully bottom tetraquark

Xb. In 2017, CMS made the first observation of ϒð1SÞ pair
production in proton-proton collisions. The mass of Xb is
about 18.4 GeV [12]. However, these structures were not
confirmed by the later experiments [13,14].
In theory, there are various methods to study the fully

heavy tetraquarks. Before the experimental discovery of
Xð6900Þ in 2020, the masses of the fully heavy tetraquarks
bbb̄b̄ and ccc̄c̄ had already been predicted as early as 2017,
using QCD sum rules within the diquark–antidiquark
picture [4]. They have predicted the mass of the JPC ¼
2þþ particle, but its mass is inconsistent with the above
experimental results. Reference [5] used the nonrelativistic
constituent quark model to study the mass spectrum of
the S-wave fully heavy tetraquark states. It considered
that Xð6900Þ may be not a ground ccc̄c̄ tetraquark state,
but an excited state. Reference [15] considered heavy
quarks as a nonrelativistic many-body system, and used
the diffusion Monte Carlo method to calculate the mass of

TABLE I. The mass of Xð6900Þ and the Xð6900Þ → 2J=ψ
decay width from the different experiments. They are in units of
MeV.

Collaboration Model Mass Decay width

LHCb [3] No interference 6905� 11� 7 80� 19� 33
Interference 6886� 11� 11 168� 33� 69

ATLAS [9] Model A 6860� 30þ10
−20 110� 50þ20

−10
Model B 6910� 10� 10 150� 30� 10

CMS [10] Interference 6847þ44þ48
−28−20 191þ66þ25

−49−17

No interference 6927� 9� 4 122þ24
−21 � 18
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the JPC ¼ 0þþ bbb̄b̄ states. Reference [6] studied the mass
spectrum of the fully heavy tetraquark in an extended
chromomagnetic model. Lattice nonrelativistic QCD was
used to search for the existence of a bbb̄b̄ tetraquark bound
state with a mass below the lowest noninteracting botto-
monium-pair threshold [16]. The decay branch ratio of fully
heavy tetraquarks was studied through the Fierz rearrange-
ment, together with the QCD sum rule [7,8]. Reference [17]
studied the electromagnetic and hadronic decay widths of
the S-wave fully heavy tetraquark through the nonrelativ-
istic QCD. Reference [18] studied the decays of the fully
beauty tetraquark to B meson pairs using QCD sum rules.
There is also a lot of other research about fully heavy
tetraquark states [19–39]. More relevant works can be
found in Refs. [2,40].
For Xð6900Þ, it is generally regarded as a compact

tetraquark state. For example, Ref. [41] studies heavy
flavor tetraquark systems within the framework of the
quark potential model, finds that Xð6900Þ state is a
compact tetraquark state, but not a meson molecule.
Reference [42] adopts three different theoretical
approaches, which all lead to the similar conclusion that
two-meson components do not play dominant roles in the
Xð6900Þ. They consider Xð6900Þ is a compact four-charm-
quark state or another microscopic degree of freedom.
Hence, we consider Xð6900Þ as a tetraquark state but not a
molecular state in this paper.
This paper studies the fully heavy tetraquark candidate

Xð6900Þ through calculating Xð6900Þ → 2J=ψ decay
width in the covariant quark model [43–50], in order to
constrain the possible internal structure of Xð6900Þ.
Although there are many possible decay channels, only
the 2J=ψ channel is considered, because this channel
has been observed by the experiments mentioned above.
Since the quantum number of Xð6900Þ has already been
given experimentally, i.e., JPC ¼ 2þþ [11], only the spin-2
possibility is considered. For the spin-2 particle, there exist
the two most likely structures, vector-vector coupling (V-V
coupling) and axial-vector–axial-vector coupling (A-A
coupling). Assuming Xð6900Þ is a tetraquark state, both
of them will be considered, through calculating the corre-
sponding decay widths. Through comparison with the
experiments, the internal coupling structure of Xð6900Þ
will be predicted. The result tends to the A-A coupling.
This result can serve as a reference for the other research on
Xð6900Þ. It also means that the covariant quark model
works well for Xð6900Þ, and the model can further extend
to the other exotic hadron state.
The paper is organized as follows. Section II will develop

the nonlocal four-quark interpolating current for the
Xð6900Þ. It leads to a nonlocal effective Lagrangian that
describes the interactions between Xð6900Þ and its con-
stituent quarks. The coupling strength between Xð6900Þ
and its quarks is derived using the compositeness condition.

In Sec. III, the decay amplitude and decay width for the
process Xð6900Þ → 2J=ψ are calculated for different
structures. In Sec. IV, the numerical results of the decay
width X → 2J=ψ are given. Section Vapplies the covariant
quark model to Xð6900Þ → 2ηc, in order to predict its
decay width. Section VI concludes with a summary and
gives some discussions.

II. THEORETICAL FRAMEWORK

This section first gives a short introduction to the
covariant quark model, and then mainly discusses how
to calculate the decay width of Xð6900Þ → 2J=ψ . This
model is widely used to calculate hadron decays and
electromagnetic properties [43–50]. The effective interac-
tion Lagrangian is

Lint ¼ LX þ LJ=ψ : ð1Þ

For simplicity, we use the subscript X to denote Xð6900Þ
for short hereafter. LX represents the effective interaction
for the tetraquark Xð6900Þ coupling to the four-quark
current. LJ=ψ represents the effective interaction for the
vector meson J=ψ coupling to the two-quark current cc̄.
The lowest-order perturbation Feynman diagram of the

decay Xð6900Þ → 2J=ψ is shown in Figs. 1(a)–1(c). LX is
related to the left vertex in these figures, while LJ=ψ is
related to the right two vertices in these figures. Section II A
will discuss the interaction LX, and LJ=ψ will be discussed
in Sec. II C.

A. Xð6900Þ coupling to the four-quark current

Because Ref. [11] suggested JPC ¼ 2þþ, we only con-
sider JPC ¼ 2þþ in this paper. For the spin-2 Xð6900Þ
particle, the effective Lagrangian LX is

LX ¼ g0XXμνðxÞJμνX ðxÞ; ð2Þ

where g0X is the coupling constant. The current JμνX ðxÞ is the
interpolating four-quark current with Xð6900Þ,

JμνX ðxÞ ¼
Z

d4x1 � � �

×
Z

d4x4FXðx; x1; x2; x3; x4Þjμν4cðx1; x2; x3; x4Þ:

ð3Þ

The specific form of jμν4c depends on the internal structure of
Xð6900Þ. It may possess several possible structures,
including a diquark-antidiquark structure, a molecular
configuration, and so on. According to the discussion in
the Introduction, we suppose that it is a ½cc�½c̄c̄� type
tetraquark, which is also the mainstream interpretation
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supported by most literature [4–8]. The four-quark current
jμν4c is defined as

jμν4cðxÞ ¼ ½cTaðxÞCΓ1cbðxÞ�½c̄aðxÞΓ2Cc̄TbðxÞ� þ ðΓ1 ↔ Γ2Þ;
ð4Þ

where C ¼ iγ2γ0 is the charge-conjugation matrix, Γ1;2 are
the elements of the Clifford algebra, a and b are the color
indices, and the superscript T means the transpose in the
spinor space. In Ref. [4], these currents are taken to be
local. In the present work, however, the currents are
generalized to the nonlocal forms

jμν4cðx1; x2; x3; x4Þ ¼
h
cTaðx1ÞCΓ1cbðx2Þ

ih
c̄aðx3ÞΓ2Cc̄Tbðx4Þ

i
þ ðΓ1 ↔ Γ2Þ: ð5Þ

Different choices of Γ1, Γ2 lead to different currents. For the
J ¼ 2 case, there exist two possible choices, i.e., the A-A
and V-V couplings,

A-A coupling∶ Γ1 ¼ γμ; Γ2 ¼ γν; ð6Þ
V-V coupling∶ Γ1 ¼ γμγ5; Γ2 ¼ γνγ5: ð7Þ

The vertex function FX in Eq. (3) is related to the scalar
part of the Bethe-Salpeter amplitude and characterizes the
finite size of the tetraquark. It also relates to different space-
time points. This is the reason why Eq. (5) needs to be
nonlocal. The space-time translational invariance implies
that the vertex function FX satisfies

FXðxþ a; x1 þ a; x2 þ a; x3 þ a; x4 þ aÞ
¼ FXðx; x1; x2; x3; x4Þ; ð8Þ

for any given four-vector a. The specific form

FXðx; x1; x2; x3; x4Þ

¼ δð4Þ
�
x −

X4
i¼1

wixi

�
ΦX

�X
i<j

ðxi − xjÞ2
�

ð9Þ

is often adopted [46]. The weights wi need to satisfy the
normalization condition

X4
i¼1

wi ¼ 1: ð10Þ

This paper takes them to be the mass ratio of quarks

wi ¼ mi

�X4
j¼1

mj: ð11Þ

In the present case, all four (anti)charm quarks have the
same mass, so w1 ¼ w2 ¼ w3 ¼ w4 ¼ 1=4.
ΦX in Eq. (9) is a nonlocal function involving the four

quarks, but the arguments xi are not diagonal and they are
hard to be integrated. To simplify the following calculation,
ΦX needs to be diagonalized in advance. The following
linear transformation [43]

x1 ¼ xc þ
2w2þw3þw4

2
ffiffiffi
2

p · y1 −
w3 −w4

2
ffiffiffi
2

p · y2 þ
w3þw4

2
· y3;

x2 ¼ xc −
2w1 þw3 þw4

2
ffiffiffi
2

p · y1 −
w3 −w4

2
ffiffiffi
2

p · y2þ
w3þw4

2
· y3;

x3 ¼ xc −
w1 −w2

2
ffiffiffi
2

p · y1 þ
w1 þw2þ 2w4

2
ffiffiffi
2

p · y2 −
w1þw2

2
· y3;

x4 ¼ xc −
w1 −w2

2
ffiffiffi
2

p · y1 −
w1þw2þ 2w3

2
ffiffiffi
2

p · y2 −
w1 þw2

2
· y3;

ð12Þ

FIG. 1. Feynman diagrams in this paper. (a), (b), and (c) are three X → 2J=ψ Feynman diagrams. (d) and (e) are the mass operators of
Xð6900Þ (Πμν;αβ

X ) and J=ψ (Πμν
J=ψ ), respectively. The red and green dots denote the interactions from LX and LJ=ψ , respectively.
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leads to X
i<j

ðxi − xjÞ2 ¼ y21 þ y22 þ y23: ð13Þ

Hence, Eq. (3) is simplified to

JμνX ðxÞ ¼
Z

d4y1

Z
d4y2

Z
d4y3ΦXðy21 þ y22 þ y23Þjμν4c

�
xþ y1

2
ffiffiffi
2

p þ y3
4
; x −

y1
2
ffiffiffi
2

p þ y3
4
; xþ y2

2
ffiffiffi
2

p −
y3
4
; x −

y2
2
ffiffiffi
2

p −
y3
4

�
:

ð14Þ

There should be another 1=4 factor from the Jacobian in Eq. (14). This factor has been absorbed in the new coupling
constant gX ¼ g0X=4, in order to simplify the following calculation.
ΦX in the momentum space is denoted to ϕX, and

ΦXðy21 þ y22 þ y23Þ ¼
 Y3

i¼1

Z
d4ki
ð2πÞ4

!
ϕXðk21 þ k22 þ k23Þe−iðk1·y1þk2·y2þk3·y3Þ: ð15Þ

In theory, the explicit form of ϕX can be derived by solving the Bethe-Salpeter equation [20,51]. However, the strict form of
ϕX is hard to calculate, but it needs to decrease rapidly enough in the ultraviolet region in Euclidean space, in order to ensure
that the associated Feynman diagrams remain ultraviolet finite. This paper chooses the Gaussian form,

ϕXðk2Þ ¼ expðk2=Λ2
XÞ: ð16Þ

This form is also adopted in most literature [43–50]. Reference [52] studied different functional forms and found that the
observable physical quantities are insensitive to the specific form of this vertex function.
The parameterΛX, which characterizes the size of Xð6900Þ, is set around the mass of Xð6900Þ [44,45]. It is chosen within

the range of ΛX ¼ 6.8–7.2 GeV.

B. Coupling constant gX
The coupling constant g0X in Eq. (2) or gX below Eq. (14) are unknown in the covariant quark model. It can be derived by

renormalizing the mass operator ΠX. ΠX is defined by

Πμν;αβ
X ðp2Þ ¼ i

Z
d4x eip·xh0jTJμνX ðxÞJαβX ð0Þ†j0i: ð17Þ

The corresponding Feynman diagram is shown in Fig. 1(d). For the A-A coupling,

Πμν;αβ
X ðp2Þ ¼ 12i

ð2πÞ12
Y4
j¼1

Z
d4pjδ

ð4Þðpþ p1 − p2 − p3 þ p4Þϕ2
X

�1
2
ðp1 − p2 þ p3 − p4Þ2 þ ðp1 þ p2Þ2 þ ðp3 þ p4Þ2

8

�

× ftr½Sðp1ÞγμSðp2Þγα�tr½Sðp3ÞγβSðp4Þγν� þ μ ↔ νg þ α ↔ β: ð18Þ

For the V-V coupling,

Πμν;αβ
X ðp2Þ ¼ 24i

ð2πÞ12
Y4
j¼1

Z
d4pjδ

ð4Þðpþ p1 − p2 − p3 þ p4Þϕ2
X

�1
2
ðp1 − p2 þ p3 − p4Þ2 þ ðp1 þ p2Þ2 þ ðp3 þ p4Þ2

8

�

× ftr½Sðp1Þγμγ5Sðp2Þγαγ5�tr½Sðp3Þγβγ5Sðp4Þγνγ5� þ μ ↔ νg þ α ↔ β; ð19Þ

where the Feynman propagator of the charm quark is

SðpÞ ¼ i
=p −mc þ iϵ

: ð20Þ
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The coupling constant gX is obtained by the normalization condition called the compositeness condition [53]

ZX ¼ 1 − g2X
dΠ2

XðsÞ
ds

����
s¼m2

X

¼ 0; ð21Þ

where Π2
X is defined as

Πμν;αβ
X ðp2Þ ¼

�
1

2
ðGμαGνβ þGμβGναÞ − 1

3
GμνGαβ

�
Π2

Xðp2Þ þ � � � ; ð22Þ

where “…” is the other irrelevant items, and Gμν is defined as

Gμν ¼ pμpν

p2
− gμν: ð23Þ

The analytical result of gX can be obtained directly. For the A-A coupling,

1

g2X
¼ 3Λ6

X

128π6

 Y4
i¼1

Z
∞

0

dui

!
exp

�
F3

8F2

M2 − F0m2
1

�
1

F7
2

½F3
1F3M4 þ 16F2

1F2ðF1 þ F3ÞM2 þ 32F3
2F4ð2F1 þ F3Þm2

1

þ 8F1F2
2F3F4m2

1M
2 þ 32F1F2

2ð4F1 þ F3Þ þ 16F4
2F3m4

1�: ð24Þ
For the V-V coupling,

1

g2X
¼ 3Λ6

X

64π6

 Y4
i¼1

Z
∞

0

dui

!
exp

�
F3

8F2

M2 − F0m2
1

�
1

F7
2

½F3
1F3M4 þ 16F2

1F2ðF1 þ F3ÞM2 − 32F3
2F4ð2F1 þ F3Þm2

1

− 8F1F2
2F3F4m2

1M
2 þ 32F1F2

2ð4F1 þ F3Þ þ 16F4
2F3m4

1�: ð25Þ
The dimensionless mass parameter reads

M ¼ mX

ΛX
; m1 ¼

mc

ΛX
; m2 ¼

mJ=ψ

ΛX
: ð26Þ

The parameters Fi are

F0 ¼ u1 þ u2 þ u3 þ u4;

F1 ¼ ð2u1 þ 1Þð2u2 þ 1Þð2u3 þ 1Þð2u4 þ 1Þ;
F2 ¼ 4ðu1u2u3 þ u1u2u4 þ u1u4u3 þ u4u2u3Þ þ 4ðu1u2 þ u1u3 þ u1u4 þ u2u3 þ u2u4 þ u3u4Þ

þ 3ðu1 þ u2 þ u3 þ u4Þ þ 2;

F3 ¼ 32u1u2u3u4 þ 12ðu1u2u3 þ u1u2u4 þ u1u4u3 þ u4u2u3Þ
þ 4ðu1u2 þ u1u3 þ u1u4 þ u2u3 þ u2u4 þ u3u4Þ þ u1 þ u2 þ u3 þ u4;

F4 ¼ 2u1u2 þ 2u3u4 þ u1 þ u2 þ u3 þ u4 þ 1: ð27Þ

C. J=ψ coupling to the two-quark current

LJ=ψ in Eq. (1) is

LJ=ψ ¼ gJ=ψψμðxÞJμJ=ψðxÞ; ð28Þ

where gJ=ψ is the coupling constant. The current JμJ=ψðxÞ is defined as [45]

JμJ=ψ ðxÞ ¼
Z

d4x1

Z
d4x2δð4Þ

�
x −

x1 þ x2
2

�
ΦJ=ψ ½ðx1 − x2Þ2�c̄aðx1Þγμcaðx2Þ: ð29Þ

INVESTIGATING THE INTERNAL STRUCTURE OF Xð6900Þ … PHYS. REV. D 113, 094034 (2026)

094034-5



Similar to Eqs. (15) and (16), ϕJ=ψ denotes ΦJ=ψ in the
momentum space,

ΦJ=ψ ðx2Þ ¼
Z

d4k
ð2πÞ4 ϕJ=ψðk2Þe−ik·x: ð30Þ

ϕJ=ψ is also chosen as a Gaussian form,

ϕJ=ψ ðk2Þ ¼ expðk2=Λ2
J=ψÞ: ð31Þ

This paper chooses the fitted value ΛJ=ψ ¼
3.3 GeV [44,53].
gJ=ψ is also unknown. It can be obtained by a similar

method in Sec. II B. The J=ψ mass operator Πμν
J=ψ is

Πμν
J=ψðp2Þ ¼ i

Z
d4x eip·xh0jTJμJ=ψðxÞJνJ=ψ ð0Þ†j0i; ð32Þ

which is related to Fig. 1(e). It can be simplified to

Πμν
J=ψðp2Þ ¼ −

3i
16π4

Z
d4k tr½γνSðk − pÞγμSðkÞ�

× ϕ2
J=ψ ½ðp=2 − kÞ2�: ð33Þ

The coupling constant gJ=ψ is determined by the compos-
iteness condition

1 − g2J=ψ
dΠ1

J=ψðsÞ
ds

����
s¼m2

J=ψ

¼ 0: ð34Þ

Π1
J=ψðp2Þ is defined as

Πμν
J=ψðp2Þ ¼

�
pμpν

p2
− gμν

�
Π1

J=ψðp2Þ þ pμpν

p2
Π0

J=ψðp2Þ:

ð35Þ

The analytical results of gJ=ψ is

1

g2J=ψ
¼ 3

8π2

Z
∞

0

du1

Z
∞

0

du2
1

D5
1

ðD2
1D2m02

1 þD1ðD2 þ 2D3Þ þD2D3m02
2 Þ exp

�
D2

D1

m02
2

2
−m02

1 ðu1 þ u2Þ
�
; ð36Þ

where the dimensionless mass parameters are

m0
1 ¼

mc

ΛJ=ψ
; m0

2 ¼
mJ=ψ

ΛJ=ψ
; ð37Þ

and the Di parameters are

D1 ¼ u1 þ u2 þ 2;

D2 ¼ 2u1u2 þ u1 þ u2;

D3 ¼ ðu1 þ 1Þðu2 þ 1Þ: ð38Þ

III. THE DECAY WIDTH OF Xð6900Þ → 2J=ψ

The scattering amplitude of the decay XðpÞ → J=ψðq1Þ þ J=ψðq2Þ can be calculated from Figs. 1(a)–1(c). The
amplitudes corresponding to these Feynman diagrams are denoted as Ma, Mb, and Mc, respectively. All the scalar
integrals Ri, Ni defined below can be found in the Appendix.
For the A-A coupling,

M ¼ Ma þMb þMc

¼ εJ=ψμ ðq1Þ�εJ=ψν ðq2Þ�εXαβðpÞ
�
−
�
mXN1 þ

N2

mX
ðq1 · q2Þ

�
gαμgβν þ N2

mX
qα1ðqμ2gβν − qν1g

βμ − qβ2g
μνÞ
�
; ð39Þ

where εJ=ψμ and εXαβ represent the polarization of J=ψ and Xð6900Þ fields, respectively.
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Ma ¼
3

32π8
gXg2J=ψε

J=ψ
μ ðq1Þ�εJ=ψν ðq2Þ�εXαβðpÞ

Z
d4p1d4p2

× ϕJ=ψ

��
q1
2
− p1

�
2
�
ϕJ=ψ

��
q2
2
− p2

�
2
�
ϕX

�
8p2

1 − 8p1 · q1 þ 8p2
2 − 8p2 · q2 þ 3q21 − 2q1 · q2 þ 3q22

16

�
× tr½Sðp1ÞγαSðp2 − q2ÞγνSðp2ÞγβSðp1 − q1Þγμ�; ð40Þ

Mb ¼ Mc ¼ 0: ð41Þ

For the V-V coupling,

M ¼ Ma þMb þMc

¼ εJ=ψμ ðq1Þ�εJ=ψν ðq2Þ�εXαβðpÞ
�
−
�
−mXR1 þ

R2

mX
ðq1 · q2Þ

�
gαμgβν þ R2

mX
qα1
	
qμ2g

βν − qν1g
βμ − qβ2g

μν

�

; ð42Þ

Ma ¼ −
3

16π8
gXg2J=ψε

J=ψ
μ ðq1Þ�εJ=ψν ðq2Þ�εXαβðpÞ

Z
d4p1d4p2

× ϕJ=ψ

��
q1
2
− p1

�
2
�
ϕJ=ψ

��
q2
2
− p2

�
2
�
ϕX

�
8p2

1 − 8p1 · q1 þ 8p2
2 − 8p2 · q2 þ 3q21 − 2q1 · q2 þ 3q22

16

�
× tr½Sðp1Þγαγ5Sðp2 − q2ÞγνSðp2Þγβγ5Sðp1 − q1Þγμ�; ð43Þ

Mb ¼ Mc ¼ 0: ð44Þ

The two-body decay width in the center-of-mass system of Xð6900Þ → 2J=ψ is

Γ ¼ 1

2

jpJ=ψ j
8πm2

X
jM̄j2; ð45Þ

where the factor 1=2 comes from the symmetry of the identical particles, and the momentum of the final particle

jpJ=ψ j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

X=4 −m2
J=ψ

q
: ð46Þ

The decay width of the A-A coupling is

Γ ¼ ðm2
X=4 −m2

J=ψ Þ1=2
1920π

�
N2

1

�
m4

X

m4
J=ψ

þ 12m2
X

m2
J=ψ

þ 56

�
þ 80N1N2

�
1 −

m2
J=ψ

m2
X

�
þ 12N2

2

�
1 − 3

m2
J=ψ

m2
X

þ 6
m4

J=ψ

m4
X

��
: ð47Þ

For the V-V coupling,

Γ ¼ ðm2
X=4 −m2

J=ψ Þ1=2
1920π

�
R2
1

�
m4

X

m4
J=ψ

þ 12m2
X

m2
J=ψ

þ 56

�
− 80R1R2

�
1 −

m2
J=ψ

m2
X

�
þ 12R2

2

�
1 − 3

m2
J=ψ

m2
X

þ 6
m4

J=ψ

m4
X

��
: ð48Þ

IV. NUMERICAL RESULTS AND DISCUSSION

The input masses are mX¼6.905GeV, mJ=ψ ¼
3.0969GeV [54], and mc ¼ 1.67 GeV. Because Xð6900Þ
may be an excited state [5],mc here is the constituent quark
mass but not the current quark mass [43].

TABLE II. Coupling gJ=ψ for different ΛJ=ψ .

ΛJ=ψ (GeV) 3.2 3.3 3.4

gJ=ψ 3.29 3.26 3.22
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The numerical result of gJ=ψ is shown in Table II. It
indicates that gJ=ψ decreases as ΛJ=ψ increases, but the
decrease of gJ=ψ is slower than the increase of ΛJ=ψ . The
dependency relationship between ΛX and gX is shown in
Fig. 2. gX decreases as ΛX increases. The A-A coupling is a
little larger than the V-V, but the difference is small. From the
above results, it can be seen that the gJ=ψ and gX coupling
constants are weakly dependent on the input parameters
ΛJ=ψ and ΛX, i.e., the model is not very sensitive to these
inputs. This is what a good model requires.
The decay width of Xð6900Þ → 2J=ψ is shown in Fig. 3,

with both A-A and V-V couplings. To examine the
sensitivity of the decay width to the parameter ΛJ=ψ , we
introduce a deviation of �0.1 GeV around the fitted value
3.3 GeV. The result of the A-A coupling is obviously larger
than that from the V-V coupling and is consistent with the
experiments, see Table I. Figure 3 also shows that ΓX is
weakly dependent on both ΛX and ΛJ=ψ , for both cou-
plings. Unless ΛX is very small and/or ΛJ=ψ is very large,
the V-V coupling cannot be consistent with the experi-
ments. Table II and Fig. 2 have shown that the coupling
constants change very little in the different inputs. Hence,
comparing with the coupling constants, the main contri-
bution comes from the way of how the four charm quarks

couple. Xð6900Þ is more possible to have an internal
structure with A-A coupling. Table III presents a compari-
son between our result and those of others. Our result and
the others are in the same order of magnitude. Compared to
Table I, our result is better than Ref. [55], but gives a
smaller value than Ref. [17]. This may be because ΛX is
chosen too small. It needs more experiments to fit the
parameters.
Equations (39)–(44) tell us that only Fig. 1(a) has a

contribution to the decay width. Figures 1(b) and 1(c) give
zero contribution. This is because the quark loops from
different quark pairs cancel, such as cbðx2Þ; c̄aðx3Þ and
caðx1Þ; c̄bðx4Þ in Eq. (5). The distinction of the two decay
widths mainly comes from the difference in the first sign in
the second line in both Eqs. (47) and (48).

V. Xð6900Þ → 2ηc

As another application of the covariant quark model, this
section briefly discusses the decay width Xð6900Þ → 2ηc.
At present, there does not exist any experiment about this
process, but the covariant quark model can also predict its
decay width. The Feynman diagrams are similar to Fig. 1,
except changing J=ψ to ηc. The calculation in Sec. II can
almost apply to Xð6900Þ → 2ηc.

A. ηc coupling to the two-quark current

The effective interaction for the pseudoscalar meson ηc
coupling to the two-quark current c̄c is

Lηc ¼ gηcηcðxÞJηcðxÞ; ð49Þ

FIG. 2. Numerical results of gX.

FIG. 3. Decay width of Xð6900Þ → 2J=ψ .

TABLE III. A comparison between our results and those of
others.

Physical quantity Ours Others

ΓðX → 2J=ψÞ ðMeVÞ 71–93 120 [17] 56 [55]
ΓðX → 2ηcÞ=ΓðX → 2J=ψÞð10−3Þ 0.93 36 [7] 429 [55]
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where gηc is the coupling constant. The current JηcðxÞ is defined as

JηcðxÞ ¼
Z

d4x1

Z
d4x2δð4Þ

�
x −

x1 þ x2
2

�
Φηc ½ðx1 − x2Þ2�c̄aðx1Þiγ5caðx2Þ: ð50Þ

Similar to Eqs. (15) and (16), ϕηc denotes Φηc in the momentum space,

Φηcðx2Þ ¼
Z

d4k
ð2πÞ4 ϕηcðk2Þe−ik·x: ð51Þ

ϕηc is also chosen as a Gaussian form,

ϕηcðk2Þ ¼ expðk2=Λ2
ηcÞ: ð52Þ

The parameter Ληc is chosen as the fitted value 3.0 GeV [44,53].
gηc can be obtained by the compositeness condition

1 − g2ηc
dΠηcðsÞ

ds

����
s¼m2

ηc

¼ 0; ð53Þ

where the function Πηcðp2Þ is defined as

Πηcðp2Þ ¼ i
Z

d4x eip·xh0jTJηcðxÞJηcð0Þ†j0i: ð54Þ

The analytical results of gηc is

1

g2ηc
¼ 3

8π2

Z
∞

0

du1

Z
∞

0

du2
1

D5
1

ðD2
1D2m̃2

1 þ 2D1ðD2 þD3Þ þD2D3m̃2
2Þ exp

�
D2

D1

m̃2
2

2
− m̃2

1ðu1 þ u2Þ
�
; ð55Þ

where the dimensionless mass parameters are

m̃1 ¼
mc

Ληc

; m̃2 ¼
mηc

Ληc

; M̃ ¼ mX

Ληc

: ð56Þ

B. The decay width of Xð6900Þ → 2ηc
The scattering amplitude of the decay XðpÞ → ηcðq1Þ þ ηcðq2Þ can be also calculated with the same approach as

Xð6900Þ → 2J=ψ . Because the aboveXð6900Þ → 2J=ψ result suggests the A-A coupling, the following amplitudeM only
adopts this coupling,

M ¼ Ma þMb þMc ¼ εXμνðpÞqμ1qν1
I
mX

; ð57Þ

where Ma, Mb, and Mc come from the similar Figs. 1(a)–1(c) (J=ψ → ηc), respectively,

Ma ¼
3

32π8
gXg2ηcε

X
μνðpÞ

Z
d4p1d4p2ϕηc

��
q1
2
þ p1

�
2
�
ϕηc

��
q2
2
þ p2

�
2
�

ð58Þ

× ϕX

�
8p2

1 þ 8p1 · q1 þ 8p2
2 þ 8p2 · q2 þ 3q21 − 2q1 · q2 þ 3q22

16

�
ð59Þ

× tr½Sðp1Þγ5Sðp1 þ q1ÞγμSðp2Þγ5Sðp2 þ q2Þγν�; ð60Þ
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Mb ¼ Mc ¼ 0: ð61Þ

The scalar integrals I can be found in the Appendix.
The analytical decay width is

Γ ¼ I2

120π

ðm2
X=4 −m2

ηcÞ5=2
m4

X
: ð62Þ

Using a new input mηc ¼ 2.9841 GeV, the numerical
value of gηc is obtained to be 3.69 GeV, and the decay
width shows in Fig. 4. It indicates the decay width of
Xð6900Þ → 2ηc is smaller than 100 keV, which is about one
thousandth of the width of Xð6900Þ → 2J=ψ . It may be
difficult to detect by experiment. The predicted branching
fraction ΓðXð6900Þ → 2ηcÞ=ΓðXð6900Þ → 2J=ψÞ is pre-
sented in Fig. 5. Its value remains nearly constant at
approximately 0.93 × 10−3, although both ΓðXð6900Þ →
2ηcÞ and ΓðXð6900Þ → 2J=ψÞ have a little larger changes.
Table III presents a comparison between our results and

others. Our ΓðXð6900Þ → 2ηcÞ=ΓðXð6900Þ → 2J=ψÞ is
much smaller than others. To understand the significant
difference between the decay widths of ΓðX → 2ηcÞ and
ΓðX → 2J=ψÞ, a simple estimation based on Eqs. (47) and
(62) can be performed. These two equations are reformu-
lated in a more compact form,

ΓðX → 2J=ψÞ ¼ K1ðm2
X=4 −m2

J=ψÞ1=2; ð63Þ

ΓðX → 2ηcÞ ¼ K2

ðm2
X=4 −m2

ηcÞ5=2
m4

X
: ð64Þ

They lead to

ΓðX → 2ηcÞ
ΓðX → 2J=ψÞ ¼

K2

K1

ðm2
X=4 −m2

ηcÞ1=2
ðm2

X=4 −m2
J=ψÞ1=2

ðm2
X=4 −m2

ηcÞ2
m4

X
:

ð65Þ

ðm2
X=4 −m2

ηcÞ=ðm2
X=4 −m2

J=ψ Þ ≈ 1.3, and the numerical
result indicates that K1 and K2 are at the same order of
magnitude. Hence, the greatest difference comes from the
ratio ðm2

X=4 −m2
ηcÞ2=m4

X ≈ 4 × 10−3. Performing a simple
dimensional analysis, both Eqs. (39) and (60) have the
same dimension. However, integrating Eq. (60) leads to
two external momenta qμ1q

ν
1, but Eq. (39) does not have this

parameter. To give a correct dimension, the leading term
(N1 term) in Eq. (39) needs to multiply by mX, but Eq. (60)
needs to divide by mX [see also Eq. (57)]. There exists
a parameter m2

X difference between these two decay
amplitudes, i.e., a parameter m4

X difference for the decay
width. The numerator ðm2

X=4−m2
ηcÞ5=2 in Eq. (64) gives the

correct dimension. It leads to the numerator ðm2
X=4−m2

ηcÞ2
in Eq. (65). Therefore, the decay width of Xð6900Þ → 2ηc
is significantly suppressed compared to that of
Xð6900Þ → 2J=ψ .

VI. SUMMARY AND DISCUSSION

This work employs the covariant quark model to
calculate the decay width of Xð6900Þ → 2J=ψ , in order
to investigate the internal structure of Xð6900Þ. Xð6900Þ is
taken to be a tetraquark state with the diquark-antidiquark
structure ½cc�½c̄c̄�. Both A-A and V-V couplings are
considered. The model indicates that the A-A coupling
is more consistent with the experiments. The internal
structure of Xð6900Þ is more likely an A-A ½cc�½c̄c̄�
coupling. At least, if there is a mixing, the A-A coupling
accounts for the majority of the contribution. This work
provides an additional support for the diquark-antidiquark
configuration as a viable description of exotic hadrons
beyond the conventional quark model. It also verifies the
validity of the covariant quark model. This model can
reasonably extend to other exotic hadron states.
Furthermore, the decay width of Xð6900Þ → 2ηc is also

predicted in the range of 66–88 keV. Notably, the branching
fraction between Xð6900Þ → 2ηc and Xð6900Þ → 2J=ψ
decay channels is predicted about 0.93 × 10−3. It indicates
that the 2J=ψ channel remains the dominant decay channel.
Nevertheless, at present, there exists no experiment on
Xð6900Þ → 2ηc; this result needs to be verified in future
experiments.

FIG. 4. Decay width of Xð6900Þ → 2ηc.

FIG. 5. Branching fraction ΓðXð6900Þ→2ηcÞ
ΓðXð6900Þ→2J=ψÞ.
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This paper only restricts Xð6900Þ to the compact
diquark-antidiquark ½cc�½c̄c̄� configuration, considering
both V-V and A-A coupling schemes. As stated in the
Introduction, Xð6900Þ is not possible to be a meson
molecule. However, it may have other structures, such as
hybrid state or mixing between different Fock components.
A possible hybrid form would be ðccc̄c̄gÞ, where the

gluon provides an additional color-octet excitation [56].
The QCD sum rule has studied this gluonic configuration
on JPC ¼ 0þþ and 0−þ, but a complete decay calculation
for JPC ¼ 2þþ has not yet been performed.
As an example, a Fock state mixing scheme would

be jXð6900Þi ¼ αjtetraquarki þ βjhybridi (satisfying
jαj2 þ jβj2 ¼ 1). The decay width arises from these two
components as well as the potential interference terms.
Significant hybrid admixture would introduce some new
decay pathways mediated by the additional gluon, depend-
ing on the mixing coefficient β. This typically leads to a
variation in the predicted 2J=ψ partial width. Although the
study involving coupled-channel mixing or gluonic oper-
ators is beyond the scope of this work, the aforementioned
estimates suggest that as long as the compact ½cc�½c̄c̄�
structure (particularly the A-A configuration) remains the
dominant contribution, even a modest hybrid admixture

may only represent a minor correction to the current result.
To precisely quantify the mixing ratio β, we suggest that
future research should make a more detailed theoretical
investigation of gluonic degrees of freedom.
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APPENDIX: THE SCALAR INTEGRALS R1, R2, N1, N2

In the center-of-mass system, q21 ¼ q22 ¼ m2
J=ψðηcÞ, q1 · q2 ¼ m2

X=2 −m2
J=ψðηcÞ.

N1 ¼
3

4π4M
gXΛ3

Xg
2
J=ψ

Z
∞

0

du1

Z
∞

0

du2

Z
∞

0

du3

Z
∞

0

du4
ð4C2

3m
2
1 þ 8C3 þ C4m2

2Þð4C2
2m

2
1 þ 8C2 þ C5m2

2Þ
C4
2C

4
3

× exp

�
m2

2

C2C3

�
ðC1 þ 1Þλ4 þ C6λ

2 þ C7

4

�
− C1m2

1 −
M2

16

�
; ðA1Þ

N2 ¼
12

π4
Λ3
XgXg

2
J=ψm

2
1M
Z

∞

0

du1

Z
∞

0

du2

Z
∞

0

du3

Z
∞

0

du4
exp

h
m2

2

C2C3

h
ðC1 þ 1Þλ4 þ C6λ

2 þ C7

4

i
− C1m2

1 − M2

16

i
C2
2C

2
3

; ðA2Þ

I ¼ 12

π4
Λ3
XgXg

2
ηc m̃

2
1M̃
Z

∞

0

du1

Z
∞

0

du2

Z
∞

0

du3

Z
∞

0

du4
exp

h
m̃2

2

C̃2C̃3

h
ðC1 þ 1Þλ̃4 þ C6λ̃

2 þ C7

4

i
− C1m̃2

1 − M̃2

16

i
C̃2
2C̃

2
3

; ðA3Þ

where

λ ¼ ΛX

ΛJ=ψ
; λ̃ ¼ ΛX

Ληc

; ðA4Þ

C1 ¼ u1 þ u2 þ u3 þ u4; ðA5Þ

C2 ¼ 2λ2 þ 2u1 þ 2u3 þ 1; C̃2 ¼ 2λ̃2 þ 2u1 þ 2u3 þ 1; ðA6Þ

C3 ¼ 2λ2 þ 2u2 þ 2u4 þ 1; C̃3 ¼ 2λ̃2 þ 2u2 þ 2u4 þ 1; ðA7Þ

INVESTIGATING THE INTERNAL STRUCTURE OF Xð6900Þ … PHYS. REV. D 113, 094034 (2026)

094034-11



C4 ¼ ð2λ2 þ 4u2 þ 1Þð2λ2 þ 4u4 þ 1Þ; ðA8Þ

C5 ¼ ð2λ2 þ 4u1 þ 1Þð2λ2 þ 4u3 þ 1Þ; ðA9Þ

C6 ¼ 2ðu1 þ u2 þ u3 þ u4Þ þ 2ðu1u2 þ 2u1u3 þ u1u4 þ u2u3 þ 2u2u4 þ u3u4Þ þ 1; ðA10Þ

C7 ¼ 3ðu1 þ u2 þ u3 þ u4Þ þ 8ðu1u2 þ u1u3 þ u1u4 þ u2u3 þ u2u4 þ u3u4Þ ðA11Þ

þ16ðu1u2u3 þ u1u2u4 þ u1u3u4 þ u2u3u4Þ þ 1: ðA12Þ

Formally, in the center-of-mass system,

R1 ¼ 2N1; R2 ¼ 2N2; ðA13Þ

but with different gX.
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