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Abstract We have used QCD sum rules to study the
newly observed charged state Zc(4025) as a hidden-charm
D∗ D̄∗ molecular state with the quantum numbers I G(J P ) =
1+(1+). Using a D∗ D̄∗ molecular interpolating current, we
have calculated the two-point correlation function and the
spectral density up to dimension eight at leading order in
αs . The extracted mass is m X = (4.04 ± 0.24)GeV. This
result is compatible with the observed mass of Zc(4025)

within the errors, which implies a possible molecule inter-
pretation of this new resonance. We also predict the mass
of the corresponding hidden-bottom B∗ B̄∗ molecular state:
m Zb = (9.98 ± 0.21)GeV.

1 Introduction

After the observation of charged charmonium-like reso-
nance Zc(3900) [1], the BESIII Collaboration recently dis-
covered another charged structure Zc(4025) in the process
e+e− → (D∗ D̄∗)±π∓ [2]. This new resonance, which has a
mass of M = (4026.3±2.6±3.7)MeV, lies very close to the
D∗ D̄∗ threshold. Its width is � = (24.8 ± 5.6 ± 5.7)MeV
[2]. To date, the experiment has not determined the quantum
numbers of the Zc(4025) resonance. Since it was observed in
both the D∗ D̄∗ and the hcπ channels, the quantum numbers
of the charged Zc(4025) was argued to be I G(J P ) = 1+(1+)

while its neutral partner carries negative C-parity [3].
Similar to the other charged charmonium-like states

Z+(4050), Z+(4250) [4], Z+(4430) [5] and Zc(3900) [1],
Zc(4025) cannot be a conventional cc̄ state due to the
charge it carries. Molecular and tetraquark configurations
have recently been used to explore its underlying structure
[3]. In Ref. [3], the authors have studied the mass spectrum
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of Zc(4025) and its pionic and radiative decays as a D∗ D̄∗
molecular state using the one-boson-exchange (OBE) model.
They have also studied the Y (4260) → (D∗ D̄∗)−π+ decay
through the initial-single-pion-emission mechanism in Ref.
[6]. Zc(4025) was also studied as a [cu][c̄d̄] tetraquark with
the quantum numbers J P = 2+ using QCD sum rules [7]. In
Ref. [8], the D∗ D̄∗ J P = 1+ molecular current with a deriva-
tive has been studied in QCD sum rules and the extracted
mass coincides with Zc(4025).

There also exist other theoretical predictions of this new
charged structure before its observation by BESIII [9–11].
Ref. [11] studied the I G(J PC ) = 1+(1+−) charmonium-
like tetraquark states, and predicted masses near the D∗ D̄∗
threshold and the possible decay patterns including the open-
charm modes DD̄∗, D∗ D̄∗ and other hidden-charm modes.
Up to now, theBESIII Collaboration has not reported the
DD̄∗ decay mode of Zc(4025). Right now, it seems that the
D∗ D̄∗ molecule interpretation is slightly more natural.

At the hadronic level, the molecular states are commonly
assumed to be bound states of two hadrons formed by the
exchange of the color-singlet mesons. This configuration is
very different from that of the tetraquark states, which are
generally bound by the QCD force at the quark–gluon level.
In this work, we study Zc(4025) as a D∗ D̄∗ molecular state
using QCD sum rules approach [12–14].

Within the framework of the QCD sum rule, all the proce-
dures such as the operator product expansion, the calculation
of the Wilson coefficient and the Borel transform are very
similar for the molecular-type current and tetraquark-type
current. In principle, if we exhaust all the possible molecular-
type of currents and all the possible tetraquark-type currents,
we can rigorously show that these two sets of interpolat-

ing currents are equivalent by using a Fierz rearrangement
[15,16].

However, there exists an important difference between
one single molecular-type current and one single tetraquark-
type current. By Fierz rearrangement, every single tetraquark-
type current can be expressed as a linear combination of
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several (sometimes up to five) independent molecular-type
currents. We can decompose the tetraquark interpolating
current into these explicit molecular-type operators. In the
single molecular-type QSR, the color flow of the correla-
tion function is quite simple and forms two closed loops.
In the tetraquark correlator, there exist additional contri-
butions from the non-diagonal correlator besides the many
diagonal correlators as in the molecular-type QSR. Now the
color flow is complicated, which is the interference and tran-
sition between different molecular structures [17]. In this
respect, one well-known example is the light scalar–isoscalar
sigma meson. The tetraquark-type current (or their combina-
tion/mixing) leads to a better mass prediction than the simple
pion–pion molecular current [15].

The paper is organized as follows. In Sect. 2, we calculate
the correlation function and spectral density using the D∗ D̄∗
molecule current. In Sect. 3, we perform a numerical analysis
and extract the mass of Zc(4025). The last section is a brief
summary.

2 QCD sum rule and spectral density

The starting point of QCD sum rules is the two-point corre-
lation function

�μν(q
2) = i

∫
d4xeiq·x 〈0|T [Jμ(x)J †

ν (0)]|0〉, (1)

where Jμ(x) is the D∗ D̄∗ molecular interpolating current
with I G(J P ) = 1+(1+)

Jμ = (q̄aγ αca)(c̄bσαμγ5qb) − (q̄aσαμγ5ca)(c̄bγ
αqb), (2)

in which a, b are color indices and q denotes an up or
down quark. In principle, the anti-symmetric tensor operator
q̄aσαμγ5ca can couple to both J P = 1+ (q̄aσ0iγ5ca com-
ponents) and J P = 1− (q̄aσi jγ5ca components) channels.
However, we can pick out the 1− piece by multiplica-
tion with the vector operator c̄bγ

αqb so that the molecular
operator (q̄aσαμγ5ca)(c̄bγ

αqb) carries the quantum numbers
J P = 1+ after contracting the Lorentz index. The molecule
current in Eq. (2) contains both the charged components with
(ūc)(c̄d) and (d̄c)(c̄u) pieces and the neutral component with
(ūc)(c̄u) and (d̄c)(c̄d) pieces. For the neutral component, it
carries negative C-parity and the quantum numbers should
be I G(J PC ) = 1+(1+−). However, we do not differentiate
between u and d quarks in our analysis, so the charged com-
ponent and the neutral component are the same in QCD sum
rules due to isospin symmetry.

The correlation function in Eq. (1) can be written as two
independent Lorentz structures since Jμ is not a conserved
current:

�μν(q
2) =

(
qμqν

q2 − gμν

)
�1(q

2) + qμqν

q2 �0(q
2), (3)

in which the invariant functions �1(q2) and �0(q2) are
related to the spin-1 and spin-0 mesons, respectively. We
focus on �1(q2) to study the 1+ channel in this work.

The correlation function in Eq. (1) can be obtained at both
the hadron level and the quark–gluon level. To determine the
correlation function at the hadron level, we use the dispersion
relation

�(q2) = (q2)N

∞∫

4m2
c

ρ(s)

s N (s − q2 − iε)
ds +

N−1∑
n=0

bn(q2)n,

(4)

where bn is the unknown subtraction constant which can be
removed by taking the Borel transform. The lower limit of
integration is the square of the sum of the masses of all current
quarks (omitting the light quark mass). ρ(s) is the spectral
function

ρ(s) ≡
∑

n

δ(s − m2
n)〈0|Jμ|n〉〈n|J †

ν |0〉

= f 2
Xδ(s − m2

X ) + continuum. (5)

Here we adopt the pole plus continuum parametrization of the
hadronic spectral density. The intermediate states |n〉 must
have the same quantum numbers as the interpolating currents
Jμ. |X〉 is the lowest lying resonance with mass m X and it
couples to the current Jμ via the coupling parameter fX ,

〈0|Jμ|X〉 = fXεμ, (6)

where εμ is the polarization vector (ε · q = 0).
At the quark–gluon level, the correlation function can be

calculated in terms of quark and gluon fields via the opera-
tor product expansion (OPE) method. We evaluate the cor-
relation function up to dimension-eight condensate contri-
butions at leading order in αs using the same technique as
in Refs. [11,18–20]. The spectral density is then obtained:
ρ(s) = 1

π
Im�(q2).

Sum rules for the hadron parameters are established by
equating the correlation functions obtained at both the hadron
level and the quark–gluon level via quark–hadron duality.
The Borel transform is applied to the correlation functions at
both levels to remove the unknown constants in Eq. (4), sup-
press the continuum contribution, and improve the conver-
gence of the OPE series. Using the spectral function defined
in Eq. (5), the sum rules can be written as

f 2
X m2k

X e−m2
X /M2

B =
s0∫

4m2
c

dse−s/M2
B ρ(s)sk

= Lk

(
s0, M2

B

)
, (7)

where s0 is the continuum threshold parameter and MB is the
Borel mass. Then m X can be extracted by the ratio
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m X =
√

L1
(
s0, M2

B

)
L0

(
s0, M2

B

) . (8)

In the following, we study the lowest lying hadron mass
m X in Eq. (8) as function of the continuum threshold s0 and
Borel mass MB . We calculate the spectral density at the
quark–gluon level including the perturbative term, quark con-
densate 〈q̄q〉, gluon condensate 〈g2

s GG〉, quark–gluon mixed
condensate 〈q̄gsσ · Gq〉, four quark condensate 〈q̄q〉2, and
the dimension-eight condensate 〈q̄q〉〈q̄gsσ · Gq〉:
ρ(s) = ρpert(s) + ρ〈q̄q〉(s) + ρ〈GG〉(s) + ρ〈q̄q〉2

(s)

+ρ〈q̄Gq〉(s) + ρ〈q̄q〉〈q̄Gq〉(s), (9)

where

ρpert(s) =
αmax∫

αmin

dα

βmax∫

βmin

dβ
[
(α + β)m2

c − αβs
]3

×(1 − α − β)

{
m2

c(α + β − 1)(5 + α + β)

512π6α3β3

+9(1 + α + β)
[
(α + β)m2

c − αβs
]

2048π6α3β3

}
,

ρ〈q̄q〉(s)=−9mc〈q̄q〉
64π4

αmax∫

αmin

dα

βmax∫

βmin

dβ(1 − α − β)

×
[
(α + β)m2

c − αβs
] [

3m2
c(α + β) − 7αβs

]
αβ2 ,

ρ〈GG〉(s)= 〈g2
s GG〉

1024π6

αmax∫

αmin

dα

βmax∫

βmin

dβ(1 − α − β)

×
{[

(α + β)m2
c − αβs

] [
m2

c(3+α+β)+2αβs
]

α2β

+ m2
c(1 − α − β)

[
3

[
m2

c(α + β) − 2αβs
]

α3

− (5 + α + β)
[
m2

c(4α + 3β) − 3αβs
]

6αβ3

− (5 + α + β)
[
m2

c(3α + 4β) − 3αβs
]

6α3β

]}
,

ρ〈q̄Gq〉(s)= mc〈q̄gsσ · Gq〉
64π4

αmax∫

αmin

dα

βmax∫

βmin

dβ

×
{

(1 − α − β)
[
3m2

c(α + β) − 4αβs
]

β2

+ (2 + 7α − 2β)
[
3m2

c(α + β) − 5αβs
]

2αβ

}
,

ρ〈q̄q〉2
(s)= 5(s + 2m2

c)〈q̄q〉2

48π2

√
1 − 4m2

c/s (10)

ρ〈q̄q〉〈q̄Gq〉(s) = 〈q̄q〉〈q̄gsσ · Gq〉
48π2

1∫

0

dα

×
{

3m4
c(3 − α)

α2(1 − α)
δ′

[
s − m2

c

α(1 − α)

]

+m2
c(3α3 − 4α2 − 3α+6)

α(1 − α)2 δ

[
s− m2

c

α(1 − α)

]

+(3 + 2α)H

[
s − m2

c

α(1 − α)

] }
,

in which αmin = 1−√
1−4m2

c/s
2 , αmax = 1+√

1−4m2
c/s

2 , βmin =
αm2

c
αs−m2

c
, βmax = 1−α, mc is the charm quark mass, and H(α)

is the Heaviside step function. As is evident from the above
expressions, our calculations are of leading order in αs . Both
the quark condensate 〈q̄q〉 and the quark–gluon mixed con-
densate 〈q̄gsσ ·Gq〉 are proportional to the charm quark mass
mc. They give important power corrections to the correlation
functions. We ignore the chirally suppressed terms propor-
tional to the light quark mass. Based on Ref. [18] the contribu-
tion of the three gluon condensate g3

s 〈 f GGG〉 is expected to
be numerically small and has not been included in this work.
The dimension-eight condensate 〈q̄q〉〈q̄gsσ · Gq〉 contains

the delta function δ
[
s − m2

c
α(1−α)

]
and its derivative. These

terms compensate for the singular behavior of the spectral
densities at the s = 4m2

c threshold.

3 Numerical analysis

The following QCD parameters are used in our analysis [21–
25]:

mc(mc) = (1.23 ± 0.09) GeV,

mb(mb) = (4.20 ± 0.07) GeV,

〈q̄q〉 = −(0.23 ± 0.03)3 GeV3,

〈q̄gsσ · Gq〉 = −M2
0 〈q̄q〉, (11)

M2
0 = (0.8 ± 0.2) GeV2,

〈g2
s GG〉 = (0.88 ± 0.14) GeV4,

where the charm and bottom quark masses are the running
mass in the M S scheme. As mentioned earlier, we set the
light quark masses mq = 0 in the analysis. The convention
for the mixed condensate is consistent with Refs. [11,18–20],
which have a sign difference from some other QCD sum rule
studies because of the definition of the coupling constant gs .

We define the pole contribution (PC) using the sum rules
established in Eq. (7),

PC(s0, M2
B) = L0

(
s0, M2

B

)
L0

(∞, M2
B

) , (12)
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Fig. 1 The convergence of the OPE series with s0 → ∞

which is the function of the continuum threshold s0 and the
Borel mass MB . PC represents the lowest lying resonance
contribution to the correlation function, which also includes
the continuum and higher state contributions with s0 → ∞.

We begin with the analysis by determining the Borel win-
dow. A good mass sum rule requires a suitable working region
of the Borel scale MB . To obtain the lower bound on M2

B ,
we let s0 → ∞ and then study the OPE convergence in
Fig. 1. One notes that the quark condensate 〈q̄q〉 contribu-
tion is much bigger than other condensates and is therefore
the dominant power correction. Besides the quark conden-
sate, the quark–gluon mixed condensate 〈q̄gsσ · Gq〉 also
gives a significant contribution to the correlation function.
From the expression for the spectral density in Eq. (10),
the quark condensate and quark–gluon mixed condensate are
proportional to the charm quark mass. The gluon condensate
〈g2

s GG〉, four quark condensate 〈q̄q〉2, and dimension-eight
condensate 〈q̄q〉〈q̄gsσ · Gq〉 are smaller. However, they also
give important corrections to the correlation function and
stabilize the mass sum rules. Requiring the quark conden-
sate contribution be less than one third of the perturbative
term contribution, while the quark–gluon mixed condensate
contribution be less than one third of the quark condensate
contribution, we obtain the lower bound on the Borel win-
dow M2

min = 4.3 GeV2. One may notice from Fig. 1 that the
power corrections are small enough in the parameter region
M2

B ≥ 4.3 GeV2 so that the OPE convergence is very good.
The continuum threshold s0 is also an important parameter

in QCD sum rules. An optimized choice of s0 is the value
minimizing the variation of the extracted hadron mass m X

with the Borel mass M2
B . This is achieved by studying the

variation of m X with s0 in Fig. 2 by varying the value of Borel
mass from its lower bound M2

min. One notes that these curves
with a different value of M2

B intersect at s0 = 19 GeV2,
around which the variation of m X with M2

B is minimum.
Then the upper bound on the Borel mass can be determined by
studying the pole contribution defined in Eq. (12). We require
that the pole contribution be larger than 10 %, which results
in the upper bound on the Borel mass M2

max = 4.9 GeV2. We
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Fig. 2 The variation of m X with the continuum threshold s0 in the
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B ≤ 4.9 GeV2
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Fig. 3 The variation of m X with the Borel mass M2
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19 and 21 GeV2

obtain the Borel window 4.3 GeV2 ≤ M2
B ≤ 4.9 GeV2 with

the threshold value s0 = 19 GeV2.
Now we can perform the QCD sum rule analysis in the

Borel window 4.3 GeV2 ≤ M2
B ≤ 4.9 GeV2. In Fig. 3,

we show the variation of the extracted mass m X with the
Borel mass M2

B using continuum thresholds s0 = 17, 19 and
21 GeV2, respectively. The mass curves are very stable in
the Borel window around these threshold values. Finally, we
extract the hadron mass:

m X = (4.04 ± 0.24) GeV, (13)

which is very well compatible with the mass of Zc(4025).
This implies the possible D∗ D̄∗ molecule interpretation of
this new resonance.

Using this value of the hadron mass, we also calculate the
coupling parameter defined in Eq. (6),

fX = (0.012 ± 0.005) GeV5. (14)

This parameter represents the strength of the coupling of the
current Jμ in Eq. (2) to the Zc(4025) resonance. The errors
of our numerical results in Eqs. (13) and (14) involve the
uncertainties in the heavy quark masses and the values of
the quark condensate, quark–gluon condensate, and gluon
condensate in Eq. (11). Other possible error sources such as

123



Eur. Phys. J. C (2014) 74:2773 Page 5 of 6 2773

85 92 99 106 113 120 127 134
9.40

9.70

10.0

10.3

10.6

10.9

s0 GeV2

m
Z

b
G
eV

MB
2 11.7 GeV2

MB
2 10.9 GeV2

MB
2 10.1 GeV2

MB
2 9.30 GeV2

Fig. 4 The variation of m Zb with the continuum threshold s0 in the
Borel window 9.3 GeV2 ≤ M2

B ≤ 11.6 GeV2

9.3 9.7 10.1 10.5 10.9 11.3 11.7
9.3

9.5

9.7

9.9

10.1

10.3

MB
2 GeV2

m
Z

b
G

eV

s0 109 GeV2

s0 107 GeV2

s0 105 GeV2

Fig. 5 The variation of m Zb with the Borel mass M2
B while s0 = 105,

107 and 109 GeV2

truncation of the OPE series, the uncertainty of the continuum
threshold value s0, and the variation of the Borel mass MB

are not taken into account.
We can extend the analysis to the hidden-bottom Zb

system, where Zb represents a B∗ B̄∗ molecular state with
I G(J P ) = 1+(1+). Using the same interpolating current in
Eq. (2), we repeat all the above analysis procedures with the
replacement mc → mb. To find a suitable working region
of the Borel scale, we use the same criteria as in the D∗ D̄∗
system to study the OPE convergence and pole contribution.
We find a Borel window 9.3 GeV2 ≤ M2

B ≤ 11.6 GeV2 for
the continuum threshold value s0 = 107 GeV2.

We show the Borel curves of the extracted Zb mass with
s0 and M2

B in Figs. 4 and 5, respectively. In Fig. 4, the
optimized value of the continuum threshold is chosen as
s0 = 107 GeV2, which minimize the variation of the Zb

mass m Zb with the Borel parameter M2
B . This result is also

shown in Fig. 5, in which the mass curve is very stable as a
function of M2

B in the obtained Borel window. Considering
the same error sources as the D∗ D̄∗ system, we predict the
mass and the coupling parameter of the Zb state to be

m Zb = (9.98 ± 0.21) GeV, (15)

fZb = (0.003 ± 0.001) GeV5. (16)

4 Summary

The BESIII Collaboration has discovered Zc(4025) in the
process e+e− → (D∗ D̄∗)±π∓ near the D∗ D̄∗ threshold.
This new structure is a charged resonance and thus cannot be
a conventional charmonium state. It is thus a candidate for
an exotic hadron state.

In Ref. [8], a D∗ D̄∗ molecular interpolating current with a
derivative operator has been used to investigate the structure
of Zc(4025) in QCD sum rules. In this paper, we use a differ-
ent hidden-charm D∗ D̄∗ current with the quantum numbers
I G(J P ) = 1+(1+). We have calculated the correlation func-
tion and the spectral density up to dimension eight at lead-
ing order in αs , including the perturbative term, quark con-
densate 〈q̄q〉, quark–gluon mixed condensate 〈q̄gsσ · Gq〉,
gluon condensate 〈g2

s GG〉 and the dimension-eight conden-
sate 〈q̄q〉〈q̄gsσ · Gq〉 contributions. The quark condensate
and the quark–gluon mixed condensate are proportional to
the charm quark mass and are a larger contribution than the
other condensates. The quark condensate is the dominant
power correction to the correlation function. Other conden-
sates are also important because they can improve the OPE
convergence and stabilize the mass sum rules.

After performing the QCD sum rule analysis, we extract
the hadron mass m X = (4.04 ± 0.24)GeV consistent with
BESIII’s result of the mass of Zc(4025). Our result supports
the Zc(4025) resonance as an axial-vector D∗ D̄∗ molecular
state. In principle, our result also contains the neutral partner
of Zc(4025) with the quantum numbers J PC = 1+−. How-
ever, it has the same mass with the charged state in QCD
sum rules due to isospin symmetry. We have also studied
the corresponding hidden-bottom B∗ B̄∗ molecular state and
predicted the mass m Zb = (9.98 ± 0.21)GeV. Hopefully
our investigation will be useful for the understanding of the
structure of the newly observed charged state Zc(4025) and
the future search of its neutral partner.
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