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Motivated by the LHCb’s new observation of structures in the J=ψ-pair invariant mass spectrum, which
could be classified as possible ccc̄ c̄ tetraquark candidates, we systematically study 0þ fully-charmed
tetraquark states through QCD sum rules. Developing the calculation techniques to fourfold heavy hadronic
systems, four different configuration currents with 0þ are considered, and vacuum condensates up to
dimension six are included in the operator product expansion. Finally, the mass values acquired for
0þ ccc̄ c̄ tetraquark states agree well with the experimental data of the broad structure, which support that it
could be a 0þ fully-charmed tetraquark state.
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I. INTRODUCTION

The topic of the fully-charmed tetraquark state has
attracted much attention. For example, a variety of phe-
nomenological models were employed to predict the
existence of some states merely made up of four heavy
quarks [1–28]. In particular, without any light-quark
contamination, fully-charmed tetraquark states are ideal
prototypes to refine one’s understanding of heavy-quark
dynamics.
Recently, the invariant mass spectrum of double J=ψ was

researched using proton-proton collision data recorded by
the LHCb experiment, which shows a broad structure just
above twice the J=ψ mass ranging from 6.2 to 6.8 GeV
and a narrower structure around 6.9 GeV referred to as
Xð6900Þ [29]. Before long, various investigations were
presented to explain them via different approaches [30–57].
To probe a real hadron, one inevitably has to face the
sophisticated nonperturbative QCD problem. As one reli-
able way to evaluate nonperturbative effects, the QCD sum
rule [58] is firmly established on the basic theory, and it has
been widely applied to hadronic systems (for reviews, see
Refs. [59–62] and references therein). In particular, on
0þ ccc̄ c̄ tetraquark states, there are some existing works
[11,12,31,41,50] on different versions of the QCD sum
rules. By comparison, Ref. [11] used a moment QCD sum
rule method augmented by fundamental inequalities to
explore the doubly hidden-charm/bottom tetraquark states.
Working with the finite energy version of the QCD inverse

Laplace sum rules, Ref. [41] investigated doubly hidden
scalar heavy molecules and tetraquarks states. In addition,
there are some other QCD sum rule analyses of fully heavy-
tetraquark states involving condensate contributions up to
dimension four in the operator product expansion (OPE),
especially choosing the axial-vector–axial-vector configu-
ration current in Ref. [12], paying attention to the scalar’s
first radial excited states [31], or introducing a relative P
wave to the diquark operator of the tetraquark current [50].
Consumingly motivated by the exciting and significant
structures observed in the di-J=ψ mass spectrum, we follow
the previous QCD sum rule studies [63–65] of hadrons
containing one or two heavy quarks and devote ourselves
to developing the corresponding calculation techniques
to fourfold heavy hadronic systems. We then intend to
systematically study 0þ fully-charmed tetraquark states
with QCD sum rules by taking into account four possible
configuration currents and calculating condensates up to
dimension six.
The paper is organized as follows. After the Introduction,

the QCD sum rule is derived for 0þ fully-charmed
tetraquark states in Sec. II, along with numerical analysis
and discussion in Sec. III. The last part contains a brief
summary.

II. 0+ FULLY-CHARMED TETRAQUARK
STATE QCD SUM RULES

Considering a tetraquark state, its interpolating current
can be ordinarily represented by a diquark-antidiquark
configuration. Thus, the following forms of currents could
be constructed for 0þ ccc̄ c̄ tetraquark states with

j ¼ ðQT
aCγ5QbÞðQ̄aγ5CQ̄T

bÞ
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for the scalar-scalar configuration,

j ¼ ðQT
aCQbÞðQ̄aCQ̄T

bÞ

for the pseudoscalar-pseudoscalar configuration,

j ¼ ðQT
aCγμQbÞðQ̄aγ

μCQ̄T
bÞ

for the axial-vector–axial-vector (shortened to axial-axial)
configuration, and

j ¼ ðQT
aCγ5γμQbÞðQ̄aγ

μγ5CQ̄T
bÞ

for the vector-vector configuration. Here, the index T
indicates the matrix transposition, C is the charge con-
jugation matrix, Q is the heavy charm quark, and a and b
are color indices. It needs to point that these overall scalar
forms of currents are constructed as existing works mainly
taking into consideration that all of their Lorentz indices
being contracted. One should note that the situation for the
axial-axial and vector-vector could be more complicated
when characterizing a scalar state. In a general way, the
combination of two objects with spin 1 may have total spin
equal to 0, 1, and 2, and the currents for the axial-axial and
vector-vector may represent a mixture of spins. To select
the spin-0 part of these two currents, one could try to
project their correlation functions into the spin-0 state with
the help of the appropriate projection operators, which have
been introduced in Refs. [66,67].
To derive QCD sum rules, one can start with the two-

point correlator

Πðq2Þ ¼ i
Z

d4xeiq:xh0jT½jðxÞj†ð0Þ�j0i: ð1Þ

In phenomenology, it can be expressed as

Πðq2Þ ¼ λ2H
M2

H − q2
þ 1

π

Z
∞

s0

Im½ΠphenðsÞ�
s − q2

ds; ð2Þ

in which MH is the hadron’s mass, s0 denotes the
continuum threshold, and λH displays the coupling of
the current to the hadron h0jjjHi ¼ λH. Moreover, it can
theoretically be rewritten as

Πðq2Þ ¼
Z

∞

ð4mQÞ2
ρ

s − q2
ds; ð3Þ

wheremQ is the heavy charm mass, and the spectral density
ρ ¼ 1

π Im½ΠðsÞ�. After equating Eqs. (2) and (3), adopting
quark-hadron duality, and applying a Borel transform, it
yields

λ2He
−M2

H=M
2 ¼

Z
s0

ð4mQÞ2
ρe−s=M

2

ds; ð4Þ

with M2 the Borel parameter. Taking the derivative of
Eq. (4) with respect to − 1

M2 and then dividing the result by
Eq. (4) itself, one could achieve the mass sum rule

MH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ

s0

ð4mQÞ2
ρse−s=M

2

ds=
Z

s0

ð4mQÞ2
ρe−s=M

2

ds

s
: ð5Þ

In the OPE calculation, one could work in momentum
space making use of the heavy-quark propagator [68], and
then the result is dimensionally regularized at D ¼ 4 by
making an extension of the calculation techniques [63–65]
to fully heavy-tetraquark systems. The spectral density is
concretely expressed as ρ ¼ ρpert þ ρhg2G2i þ ρhg3G3i, with

ρpert ¼ −
1

210π6

Z
αmax

αmin

dα
α3

Z
βmax

βmin

dβ
β3

Z
γmax

γmin

dγ
γ3

1

H6

�
m2

Q −
ð1 − α − β − γÞs

H

�
2

× f½−3ð1 − α − β − γÞ þ 4ðγð1 − α − β − γÞ þ αβÞH − 6αβγH2�H2m4
Q

þ ð1 − α − β − γÞ½18ð1 − α − β − γÞ − 10ðγð1 − α − β − γÞ þ αβÞH�Hm2
Qs − 21ð1 − α − β − γÞ3s2g;

ρhg2G2i ¼ −
m2

Qhg2G2i
3 · 29π6

Z
αmax

αmin

dα
α3

Z
βmax

βmin

dβ
β3

Z
γmax

γmin

dγ
γ3

ð1 − α − β − γÞ2
H5

× f½−6ð1 − α − β − γÞ2 þ ð1 − α − β − γÞð6γ þ 2γð1 − α − β − γÞ þ 2αβÞH − 3αβγH2�Hm2
Q

þ 3ð1 − α − β − γÞ2½4ð1 − α − β − γÞ − 3γH�sg;

ρhg3G3i ¼ −
hg3G3i
3 · 210π6

Z
αmax

αmin

dα
α3

Z
βmax

βmin

dβ
β3

Z
γmax

γmin

dγ
γ3

ð1 − α − β − γÞ3
H5

f½−3ð1 − α − β − γÞ

− 6ð1 − α − β − γÞ2 þ 6γð1 − α − β − γÞHþ αβH�Hm2
Q þ 6ð1 − α − β − γÞ2sg;
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for the scalar-scalar current,

ρpert ¼ −
1

210π6

Z
αmax

αmin

dα
α3

Z
βmax

βmin

dβ
β3

Z
γmax

γmin

dγ
γ3

1

H6

�
m2

Q −
ð1 − α − β − γÞs

H

�
2

× f½−3ð1 − α − β − γÞ − 4ðγð1 − α − β − γÞ þ αβÞH − 6αβγH2�H2m4
Q

þ ð1 − α − β − γÞ½18ð1 − α − β − γÞ þ 10ðγð1 − α − β − γÞ þ αβÞH�Hm2
Qs − 21ð1 − α − β − γÞ3s2g;

ρhg2G2i ¼ −
m2

Qhg2G2i
3 · 29π6

Z
αmax

αmin

dα
α3

Z
βmax

βmin

dβ
β3

Z
γmax

γmin

dγ
γ3

ð1 − α − β − γÞ2
H5

× f½−6ð1 − α − β − γÞ2 − ð1 − α − β − γÞð6γ þ 2γð1 − α − β − γÞ þ 2αβÞH − 3αβγH2�Hm2
Q

þ 3ð1 − α − β − γÞ2½4ð1 − α − β − γÞ þ 3γH�sg;

ρhg3G3i ¼ −
hg3G3i
3 · 210π6

Z
αmax

αmin

dα
α3

Z
βmax

βmin

dβ
β3

Z
γmax

γmin

dγ
γ3

ð1 − α − β − γÞ3
H5

f½−3ð1 − α − β − γÞ

− 6ð1 − α − β − γÞ2 − 6γð1 − α − β − γÞH − αβH�Hm2
Q þ 6ð1 − α − β − γÞ2sg;

for the pseudoscalar-pseudoscalar current,

ρpert ¼ −
1

28π6

Z
αmax

αmin

dα
α3

Z
βmax

βmin

dβ
β3

Z
γmax

γmin

dγ
γ3

1

H6

�
m2

Q −
ð1 − α − β − γÞs

H

�
2

× f½−3ð1 − α − β − γÞ þ 2ðγð1 − α − β − γÞ þ αβÞH − 6αβγH2�H2m4
Q

þ ð1 − α − β − γÞ½18ð1 − α − β − γÞ − 5ðγð1 − α − β − γÞ þ αβÞH�Hm2
Qs − 21ð1 − α − β − γÞ3s2g;

ρhg2G2i ¼ −
m2

Qhg2G2i
3 · 28π6

Z
αmax

αmin

dα
α3

Z
βmax

βmin

dβ
β3

Z
γmax

γmin

dγ
γ3

ð1 − α − β − γÞ2
H5

× f½−12ð1 − α − β − γÞ2 þ ð1 − α − β − γÞð6γ þ 2γð1 − α − β − γÞ þ 2αβÞH − 6αβγH2�Hm2
Q

þ 3ð1 − α − β − γÞ2½8ð1 − α − β − γÞ − 3γH�sg;

ρhg3G3i ¼ −
hg3G3i
3 · 29π6

Z
αmax

αmin

dα
α3

Z
βmax

βmin

dβ
β3

Z
γmax

γmin

dγ
γ3

ð1 − α − β − γÞ3
H5

f½−6ð1 − α − β − γÞ

− 12ð1 − α − β − γÞ2 þ 6γð1 − α − β − γÞHþ αβH�Hm2
Q þ 12ð1 − α − β − γÞ2sg;

for the axial-axial current, and

ρpert ¼ −
1

28π6

Z
αmax

αmin

dα
α3

Z
βmax

βmin

dβ
β3

Z
γmax

γmin

dγ
γ3

1

H6

�
m2

Q −
ð1 − α − β − γÞs

H

�
2

× f½−3ð1 − α − β − γÞ − 2ðγð1 − α − β − γÞ þ αβÞH − 6αβγH2�H2m4
Q

þ ð1 − α − β − γÞ½18ð1 − α − β − γÞ þ 5ðγð1 − α − β − γÞ þ αβÞH�Hm2
Qs − 21ð1 − α − β − γÞ3s2g;

ρhg2G2i ¼ −
m2

Qhg2G2i
3 · 28π6

Z
αmax

αmin

dα
α3

Z
βmax

βmin

dβ
β3

Z
γmax

γmin

dγ
γ3

ð1 − α − β − γÞ2
H5

× f½−12ð1 − α − β − γÞ2 − ð1 − α − β − γÞð6γ þ 2γð1 − α − β − γÞ þ 2αβÞH − 6αβγH2�Hm2
Q

þ 3ð1 − α − β − γÞ2½8ð1 − α − β − γÞ þ 3γH�sg;

ρhg3G3i ¼ −
hg3G3i
3 · 29π6

Z
αmax

αmin

dα
α3

Z
βmax

βmin

dβ
β3

Z
γmax

γmin

dγ
γ3

ð1 − α − β − γÞ3
H5

f½−6ð1 − α − β − γÞ

− 12ð1 − α − β − γÞ2 − 6γð1 − α − β − γÞH − αβH�Hm2
Q þ 12ð1 − α − β − γÞ2sg;
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for the vector-vector current. It is defined as

H ¼ 1þ ð1 − α − β − γÞ
�
1

α
þ 1

β
þ 1

γ

�
;

αmin ¼
1

2

"�
1 −

8m2
Q

s

�
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 −

8m2
Q

s

�
2

−
4m2

Q

s

s #
;

αmax ¼
1

2

"�
1 −

8m2
Q

s

�
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 −

8m2
Q

s

�
2

−
4m2

Q

s

s #
;

βmin ¼
1

2

"�
1þ 2α −

3α2s
αs −m2

Q

�
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½αð1 − αÞs −m2

Q�½αð1 − αÞs − ð1þ 8αÞm2
Q�

ðαs −m2
QÞ2

s #
;

βmax ¼
1

2

"�
1þ 2α −

3α2s
αs −m2

Q

�
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½αð1 − αÞs −m2

Q�½αð1 − αÞs − ð1þ 8αÞm2
Q�

ðαs −m2
QÞ2

s #
;

γmin ¼
1

2

"
ð1 − α − βÞ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − α − βÞfð1 − α − βÞ½αβs − ðαþ βÞm2

Q� − 4αβm2
Qg

αβs − ðαþ βÞm2
Q

s #
;

and

γmax ¼
1

2

"
ð1 − α − βÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − α − βÞfð1 − α − βÞ½αβs − ðαþ βÞm2

Q� − 4αβm2
Qg

αβs − ðαþ βÞm2
Q

s #
:

III. NUMERICAL ANALYSIS AND DISCUSSION

In this section, the heavy mQ is taken as the running
charm mass mc ¼ 1.27� 0.02 GeV [69], and the other
input parameters are hg2G2i ¼ 0.88� 0.25 GeV4 and
hg3G3i ¼ 0.58� 0.18 GeV6 [58,62,70]. Following the
standard criterion of sum rule analysis, one could find
proper work windows for the threshold parameter

ffiffiffiffiffi
s0

p
and

the Borel parameter M2. The lower bound of M2 can be
gained in view of the OPE convergence, and the upper one
is obtained from the pole dominance. Meanwhile, the
threshold

ffiffiffiffiffi
s0

p
is around 0.4–0.6 GeV higher than the

extractedMH empirically, which describes the beginning of
continuum state.
Taking the scalar-scalar case as an example, the inputs

are kept at their central values at the start. To find the lower
bound of M2, its OPE convergence is shown by comparing
the relative contributions of various condensates from sum
rule (4) for

ffiffiffiffiffi
s0

p ¼ 7.0 GeV in Fig. 1, and one can note
that the relative contributions of two-gluon condensate
hg2G2i and three-gluon condensate hg3G3i are very small.
Numerically, it is taken as M2 ≥ 2.5 GeV2 with an eye on
the OPE convergence analysis. On the other hand, the
upper one of M2 is obtained from the pole contribution
dominance phenomenologically. Figure 2 compares the
pole and continuum contribution from sum rule (4) forffiffiffiffiffi
s0

p ¼ 7.0 GeV. The relative pole contribution is about

50% at M2 ¼ 3.0 GeV2 and decreasing with M2. Thereby,
it can satisfy the pole dominance requirement while
M2 ≤ 3.0 GeV2, and the Borel window is fixed as M2 ¼
2.5–3.0 GeV2 for

ffiffiffiffiffi
s0

p ¼ 7.0 GeV. Analogously, they are
taken as M2 ¼ 2.5–2.9 GeV2 for

ffiffiffiffiffi
s0

p ¼ 6.9 GeV, and
M2 ¼ 2.5–3.2 GeV2 for

ffiffiffiffiffi
s0

p ¼ 7.1 GeV, respectively.

2 2.5 3 3.5 4 4.5
−0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

M2(GeV2)

O
P

E

Pert.

<g2G2>

<g3G3>

FIG. 1. The OPE convergence for the 0þ fully-charmed
tetraquark state with a scalar-scalar configuration shown by
comparing the relative contributions of perturbative two-gluon
condensate hg2G2i, and three-gluon condensate hg3G3i from sum
rule (4) for

ffiffiffiffiffi
s0

p ¼ 7.0 GeV.
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The massMH dependence onM2 is shown in Fig. 3 for the
scalar-scalar case, and it is computed as 6.44� 0.13 GeV
in the chosen windows. Then, varying all the input values,
the attained mass is 6.44� 0.13þ0.02

−0.03 GeV (the first error is
from the variation of s0 andM2, and the second is from the
uncertainty of the QCD parameters) or 6.44þ0.15

−0.16 GeV in a
short form.
In a very similar analysis process, the proper work

windows for the other three cases can also be found,

and their corresponding Borel curves are, respectively,
given in Figs. 4–6. After considering the uncertainty from
both the work windows and the variation of input param-
eters, the mass values of 0þ ccc̄ c̄ tetraquark states are
gained as 6.45þ0.14

−0.16 GeV for the pseudoscalar-pseudoscalar
configuration, 6.46þ0.13

−0.17 GeV for the axial-axial configu-
ration, and 6.47þ0.12

−0.18 GeV for the vector-vector configura-
tion, respectively.

2 2.5 3 3.5 4 4.5
5.5

6

6.5

7

7.5

M2(GeV2)

M
H
(G

eV
)

6.9GeV
7.0GeV
7.1GeV

FIG. 4. The mass MH dependence on M2 for the 0þ fully-
charmed tetraquark state with a pseudoscalar-pseudoscalar
configuration from sum rule (5) is shown. The Borel windows
of M2 are 2.5–2.9 GeV2 for

ffiffiffiffiffi
s0

p ¼ 6.9 GeV, 2.5–3.0 GeV2

for
ffiffiffiffiffi
s0

p ¼ 7.0 GeV, and 2.5–3.2 GeV2 for
ffiffiffiffiffi
s0

p ¼ 7.1 GeV,
respectively.

2 2.5 3 3.5 4 4.5
5.5

6

6.5

7

7.5

M2(GeV2)

M
H
(G

eV
)

6.9GeV
7.0GeV
7.1GeV

FIG. 5. The mass MH dependence on M2 for the 0þ fully-
charmed tetraquark state with a axial-axial configuration
from sum rule (5) is shown. The Borel windows of M2

are 2.5–2.9 GeV2 for
ffiffiffiffiffi
s0

p ¼ 6.9 GeV, 2.5–3.0 GeV2 forffiffiffiffiffi
s0

p ¼ 7.0 GeV, and 2.5–3.2 GeV2 for
ffiffiffiffiffi
s0

p ¼ 7.1 GeV,
respectively.

2 2.5 3 3.5 4 4.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

M2(GeV2)

ra
ti

o

pole/total
continuum/total

FIG. 2. The phenomenological contribution in sum rule (4) forffiffiffiffiffi
s0

p ¼ 7.0 GeV for the 0þ fully-charmed tetraquark state with a
scalar-scalar configuration. The solid line is the relative pole
contribution as a function of M2, and the dashed line is the
relative continuum contribution.

2 2.5 3 3.5 4 4.5
5.5

6

6.5

7

7.5

M2(GeV2)

M
H
(G

eV
)

6.9GeV
7.0GeV
7.1GeV

FIG. 3. The mass MH dependence on M2 for the 0þ fully-
charmed tetraquark state with a scalar-scalar configuration
from sum rule (5) is shown. The Borel windows of M2

are 2.5–2.9 GeV2 for
ffiffiffiffiffi
s0

p ¼ 6.9 GeV, 2.5–3.0 GeV2 forffiffiffiffiffi
s0

p ¼ 7.0 GeV, and 2.5–3.2 GeV2 for
ffiffiffiffiffi
s0

p ¼ 7.1 GeV,
respectively.
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IV. SUMMARY

Focusing on the LHCb’s new observation in the di-J=ψ
mass spectrum, we systematically investigate 0þ fully-
charmed tetraquark states in the framework of QCD sum

rules. By developing related calculation techniques for
fourfold heavy-tetraquark states, four types of currents
with different configurations are taken into considera-
tion, and condensates up to dimension six are involved
in the OPE side. Finally, mass values of 0þ ccc̄ c̄ tetra-
quark states are calculated to be 6.44þ0.15

−0.16 GeV for the
scalar-scalar case, 6.45þ0.14

−0.16 GeV for the pseudoscalar-
pseudoscalar case, 6.46þ0.13

−0.17 GeV for the axial-axial case,
and 6.47þ0.12

−0.18 GeV for the vector-vector case, respectively.
All these results are numerically consistent with the
LHCb’s experimental data 6.2–6.8 GeV for the broad
structure, which could support its internal structure as a
0þ ccc̄ c̄ tetraquark state. In the future, it is expected that
further experimental and theoretical efforts may reveal
more about the nature of the exotic states.
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