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Inspired by the recent observation of a new structure, Xð4014Þ, in the process γγ → γψð2SÞ, we evaluate
the possibility of assigning Xð4014Þ as a D�D̄� molecular state with IðJPCÞ ¼ 0ð0þþÞ by investigating the
hidden charm decays of Xð4014Þ. The partial widths of J=ψω, ηcη and ηcη

0 channels are evaluated to be
about (0.41–5.00), (2.05–7.49) and (0.11–0.51) MeV, respectively. Considering the experimental obser-
vation and the present estimations, we proposed to search Xð4014Þ in the γγ → J=ψω process in Belle II.
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I. INTRODUCTION

Similar to the deuteron composed of a proton and a
neutron, the deuteronlike molecule states [1] composed of
other hadrons are expected to exist [2–7]. Searching for
these kinds of molecule states experimentally is an in-
triguing topic in hadron physics. The first promising
candidate is the long standing and well-established
Xð3872Þ, which was observed by the Belle Collaboration
in the year of 2003 [8], and the observed mass is very close
to the threshold of D�D̄ [6,9–14]. The IðJPCÞ quantum
numbers have been determined to be 0ð1þþÞ. Besides the
Xð3872Þ, there exist another two states near the threshold of
D�D̄=D�D, which are Zcð3900Þ [15–18] and Tccð3875Þ
[19–30], respectively. The former state Zcð3900Þ was first
observed in 2013 by the BESIII [31] and Belle [32]
Collaborations in the π�J=ψ invariant mass spectrum of
the process eþe− → πþπ−J=ψ at

ffiffiffi
s

p ¼ 4260 MeV, and
later, the authors in Ref. [33] confirmed the existence of
Zcð3900Þ by using the data sample collected by the CLEO-c
Collaboration at

ffiffiffi
s

p ¼ 4170 MeV. The IðJPÞ quantum
numbers of Z0

cð3900Þ are determined to be 1ð1þ−Þ. As
for the later state Tccð3875Þ, it was observed by the LHCb
Collaboration in the D0D0πþ invariant mass spectrum in
2021 [34,35]. Since the measured masses of Xð3872Þ,
Zcð3900Þ, and Tccð3875Þ are all close to the threshold of
D�D̄=D�D, these states have been extensively investigated

in the molecular scenario [2–7]. If Xð3872Þ, Zcð3900Þ, and
Tccð3875Þ are all molecular, it seems that the interactions
between S-wave charmed mesons are attractive and strong
enough in various channels.
Besides the states near the threshold of D�D̄, there is

another state named Zcð4020Þ [36,37] near the threshold of
D�D̄�, which could be considered as a deuteronlike molecu-
lar state composed of D�D̄�. The state Zcð4020Þ was first
observed in the π�hc invariant mass spectrum of the process
eþe− → πþπ−hc by the BESIII Collaboration at

ffiffiffi
s

p ¼
4260 MeV in 2013 [38]. Extensive investigations from
different aspects, such as mass spectrum [39–41], decay
[39,40,42,43], and production properties [15] from various
groups indicated that Zcð4020Þ could be assigned as aD�D̄�
molecular state. Similar to the case of the prosperous states
near the D�D̄ threshold, it is expected that there also exist
abundant molecular candidates near the threshold of D�D̄�.
Recently, the Belle Collaboration reported their measure-

ments of the cross section for the two-photon process γγ →
γψð2SÞ from the threshold to 4.2 GeV [44]. Two structures
were observed in the cross sections, and the one with a mass
of 3922.4� 6.5� 2.0 MeV and a width of 22� 17�
4 MeV could be considered Xð3915Þ, χc2ð3930Þ, or an
admixture of them. Besides, there exists a new state at
4014MeV, hereinafter, we named this new state as Xð4014Þ.
The mass and width of Xð4014Þ were reported to be

M ¼ ð4014.3� 4.0� 1.5Þ MeV;

Γ ¼ ð4� 11� 6Þ MeV; ð1Þ
respectively.
It is interesting to notice that the newly observed Xð4014Þ

matches none of the known charmonium or charmoniumlike
states, and, moreover, its mass is just several MeV below the
threshold ofD�D̄�, which is similar to the case of Zcð4020Þ.
Thus, one can consider Xð4014Þ as a candidate of theD�D̄�
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molecular state with positive C parity. In Ref. [45],
we investigated the molecular possibilities of Xð4014Þ in
the framework of the local hidden gauge approach [46], and
we found the most possible IðJPCÞ numbers of Xð4014Þ are
0ð0þþÞ. In the present work, we further test the molecular
possibility of Xð4014Þ by investigating the hidden charm
decay properties of Xð4014Þ in such a D�D̄� molecular
scenario with effective Lagrangian approaches [47–49]. The
predicted decay channels can be experimentally accessible
by Belle II, which could be a crucial test of the D�D̄�
molecular assignment of Xð4014Þ.
This work is organized as follows. The hadronic molecu-

lar structures of Xð4014Þ are discussed in the following
section and the hidden charm decays processes, including
Xð4014Þ → J=ψω, ηcη, and ηcη

0 are estimated in Sec. III.
The numerical results and the relevant discussions are
presented in Sec. IV, and the last section is dedicated to
a short summary.

II. HADRONIC MOLECULAR STRUCTURE

In the present work, the newly observed Xð4014Þ is
assigned as a molecular state composed of D�D̄� with
IðJPCÞ ¼ 0ð0þþÞ. The interaction between Xð4014Þ and its
components can be described by an effective Lagrangian in
the form,

LX ¼ gXffiffiffi
2

p X
Z

dyΦXðy2Þ
�
D�þ

μ

�
x −

y
2

�
D�−μ

�
xþ y

2

�

þD�0
μ

�
x −

y
2

�
D̄�0μ

�
xþ y

2

��
; ð2Þ

where ΦXðy2Þ is the correlation function, which is intro-
duced to describe the distribution of the D� and D̄� mesons
in the molecular state.
The Fourier transformation of the correlation function is

ΦXðy2Þ ¼
Z

d4p
ð2πÞ4 e

−ipyΦ̃Xð−p2Þ: ð3Þ

An appropriate Φ̃Xð−p2Þ should not only describe the
interior structure of the molecular state, but also fall fast
enough in the ultraviolet region. Here, we employ the form
factor in the Gaussian form [4,5],

Φ̃Xðp2
EÞ ¼ expð−p2

E=Λ2Þ ð4Þ
where Λ is a model parameter for parametrizing the
distribution of the components inside the molecular state.
As a composite particle, the renormalization constant of

the Xð4014Þ should be zero [50–52], which can be used to
determine the coupling constant between the molecular and
its components, i.e.,

Z ¼ 1 − Π0ðm2
XÞ ¼ 0; ð5Þ

where Π0ðm2
XÞ is the derivative of the mass operator of

the Xð4014Þ, and the concrete form of the mass operator
of the Xð4014Þ corresponding to Fig. 1 is

ΠðmX
2Þ ¼

Z
d4q
ð2πÞ4 Φ̃

2

�
−ðq −

1

2
pÞ2;Λ2

�

×
−gμν þ qμqν=m2

D�

q2 −m2
D�

×
−gμν þ ðp − qÞμðp − qÞν=m2

D�

ðp − qÞ2 −m2
D̄�

: ð6Þ

III. HIDDEN CHARM DECAY

In the present work, we estimate the hidden charm decays
of Xð4014Þ in the D�D̄� molecular scenario, where the
IðJPCÞ quantum numbers of the Xð4014Þ are considered as
0ð0þþÞ. The possible decay channels include Xð4014Þ →
J=ψω; ηcη; ηcη0. These decay processes are estimated in the

FIG. 1. The mass operator of the Xð4014Þ. Here D� and D̄�

refer to ðD�þ; D�0Þ and ðD�−; D̄�0Þ, respectively.

(a) (b)

(c (d))

(e) (f)

FIG. 2. The typical diagrams contributing to Xð4014Þ → J=ψω
[diagrams (a) and (b)], Xð4014Þ → ηcη [diagrams (c) and (d)] and
Xð4014Þ → ηcη

0 [diagrams (e) and (f)].

YUE, DUAN, LIU, CHEN, and DONG PHYS. REV. D 106, 054008 (2022)

054008-2



hadronic level, and the possible diagrams contributing to
these processes are collected in Fig. 2.

A. Effective Lagrangians

To estimate the diagrams in Fig. 2, we employ an effective
Lagrangian approach. The coupling between the molecular
state and its components has been given in Eq. (2).
Considering the heavy quark limit, one can construct the
coupling between charmonia and the charmed meson pair,
and the relevant effective Lagrangians are [53–56]

LψDð�ÞDð�Þ ¼ −igψDDψμD†
∂
μ

↔
D

þ gψD�Dϵ
μναβ

∂μψνðD�
α∂β

↔
D† −D∂β

↔
D�†

α Þ
þ igψD�D�ψμðD�

ν∂
ν

↔
D�†

μ þD�
μ∂

ν
↔
D�†

ν

−D�
ν∂μ

↔
D�ν†Þ;

LηcD�Dð�Þ ¼ −igηcD�DηcðD∂μ

↔
D�†μ þD�μ

∂μ

↔
D†Þ

þ −gηcD�D�ϵμναβ∂μηcD�
ν∂α

↔
D�†

β ; ð7Þ

where Dð�Þ† ¼ ðD̄ð�Þ0; Dð�Þ−; Dð�Þ−
s Þ and A∂μ

↔
B ¼ A∂μB−

B∂μA.
Considering the heavy quark limit and chiral symmetry,

one can construct the effective coupling between light
mesons and the charmed meson pair, which is [53–55,57,58]

LDð�ÞDð�ÞP ¼ −igD�DPðDi
∂
μPijD

�j†
μ −D�i

μ ∂μPijDj†Þ

þ 1

2
gD�D�PϵμναβD

�μ
i ∂

νPij
∂
α

↔
D�β†

j ;

LDð�ÞDð�ÞV ¼ −igDDVD
†
i ∂μ

↔
DjðVμÞij

− 2fD�DVϵμναβð∂μVνÞijðD†
i ∂

α
↔
D�β† −D�β†

i ∂
α

↔
DjÞ

þ igD�D�VD
�ν†
i ∂μ

↔
D�j

ν ðVμÞij
þ 4ifD�D�VD

�†
iμ ð∂μVν − ∂

νVμÞijD�j
ν ; ð8Þ

where V and P are the matrices forms of vector nonet and
pseudoscalar nonet, and their concrete forms are

V ¼

0
BBB@

1ffiffi
2

p ðρ0þωÞ ρþ K�þ

ρ− 1ffiffi
2

p ð−ρ0þωÞ K�0

K�− K̄�0 ϕ

1
CCCA

P¼

0
BBB@

π0ffiffi
2

p þαηþβη0 πþ Kþ

π− − π0ffiffi
2

p þαηþβη0 K0

K− K̄0 γηþδη0

1
CCCA; ð9Þ

where α, β, and δ are the parameters related to the mixing
angle by

α¼ cosθ−
ffiffiffi
2

p
sinθffiffiffi

2
p ; β¼ sinθþ ffiffiffi

2
p

cosθffiffiffi
6

p ;

γ ¼−2cosθ−
ffiffiffi
2

p
sinθffiffiffi

6
p ; δ¼−2sinθþ ffiffiffi

2
p

cosθffiffiffi
6

p ; ð10Þ

where the mixing angle θ is determined to be 19.1° [59,60].

B. Decay amplitude

With the effective Lagrangians listed above, we can get
the amplitudes for Xð4014Þðp0Þ → ½D�ðp1ÞD̄�ðp2Þ�
Dð�ÞðqÞ → J=ψðp3Þωðp4Þ corresponding to Figs. 2(a) and
2(b), which are

iMa ¼ i3
Z

d4q
2π4

½gXΦ̃Xð−p2
12;Λ2Þgϕτ�½gD�Dψϵμναβðip3Þμðiqþ ip1Þβϵθðp3Þgνθgαζ�

× ½−2fϵσωδλðip4Þσϵρðp4Þð−ip2 þ qÞδgωρgλι�−g
ϕx þ pϕ

1p
x
1=m

2
1

p2
1 −m2

1

−gτa þ pτ
2p

a
2=m

2
2

p2
2 −m2

2

1

q2 −m2
q
;

iMb ¼ i3
Z

d4q
2π4

½gXΦ̃Xð−p2
12;Λ2Þgϕτ�½igD�D�ψgμθðgμσgνιð−ip1 − iqÞν þ gνζgμιð−ip1 − iqÞν

− gνζgνιð−ip1 − iqÞμÞϵθðp3Þ�½igD�D�Vð−ip2 þ qÞρgωιgωκϵρðp4Þ þ 4ifD�D�V

× ðipσ
4g

ωρ − ipω
4 g

σρÞgσogωιϵρðp4Þ�
−gϕx þ pϕ

1p
x
1=m

2
1

p2
1 −m2

1

−gτa þ pτ
2p

a
2=m

2
2

p2
2 −m2

2

−gyb þ qyqb=m2
q

q2 −m2
q

; ð11Þ

where p12 ¼ ðp1 − p2Þ=2. ϵðp3Þ and ϵðp4Þ are the polarization vectors of J=ψ and ω mesons, respectively.
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As for the decay process Xð4014Þ → ηcη, the amplitudes corresponding to Figs. 2(c) and 2(d) are

iMc ¼ i3
Z

d4q
2π4

½gXΦ̃Xð−p2
12;Λ2Þgϕτ�½−igD�Dηcðip1−qÞμgμα�

× ½−igD�Dpðip4Þσgσι�
−gϕxþpϕ

1p
x
1=m

2
1

p2
1 −m2

1

−gτaþpτ
2p

a
2=m

2
2

p2
2 −m2

2

1

q2 −m2
q
;

iMd ¼ i3
Z

d4q
2π4

½gXΦ̃Xð−p2
12;Λ2Þgϕτ�½−gD�D�ηcϵμναβðip3Þμð−ip1−qÞα�

×

�
1

2
gD�D�Vϵσωδλðip4Þωð−iqþ ip2Þδgλκgσκ

�
−gϕxþpϕ

1p
x
1=m

2
1

p2
1−m2

1

−gτaþpτ
2p

a
2=m

2
2

p2
2−m2

2

−gybþqyqb=m2
q

q2−m2
q

: ð12Þ

The amplitudes of the decay progress Xð4014Þ → ηcη
0

can be obtained by replacing the mass and relevant
coupling constants of the η meson with those of η0, i.e.,

Me ¼ Mcjη→η0 ;

Mf ¼ Mdjη→η0 : ð13Þ

The total amplitudes of Xð4014Þ → J=ψω; ηcη; ηcη0 are

MX→J=ψω ¼ Ma þMb;

MX→J=ψη ¼ Mc þMd;

MX→J=ψηc ¼ Me þMf; ð14Þ

respectively.
With the total amplitudes defined in Eq. (14), one can

estimate the partial width of the above three decay
processes by

ΓX→… ¼ 1

8π

jp⃗j
m2

X
jMX→…j2; ð15Þ

where the overline above indicates the sum
over the spin of the final states, and jp⃗j ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

X − ðm3 þm4Þ2Þðm2
X − ðm3 −m4Þ2Þ

p
=ð2mXÞ is the

momentum of the daughter particles in the mother particle
rest frame.

IV. NUMERICAL RESULTS AND DISCUSSIONS

Before we discuss the hidden charm decay widths of
Xð4014Þ, we have to clarify the values of the relevant
coupling constants. In the heavy quark effective theory, the
coupling constants between S-wave charmonia and the
charmed meson pair can be related to a gauge coupling g1
by [53–55]

gψD�D ¼ 2g1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mD�mD=mψ

q
;

gψD�D� ¼ 2g1
ffiffiffiffiffiffiffi
mψ

p
mD� ;

gηcD�D ¼ 2g1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mDmD�mηc

p
;

gηcD�D� ¼ 2g1mD�=
ffiffiffiffiffiffiffi
mηc

p
; ð16Þ

where g1 ¼ ffiffiffiffiffiffiffimψ
p =ð2mDfψÞ and fψ ¼ 426 MeV is the

decay constant of the J=ψ meson [55]. Considering the
heavy quark limit and chiral symmetry, the coupling
constants between the light meson and charmed meson
pair have the following relationship [61–64]:

gDDV ¼ gD�D�V ¼ βgVffiffiffi
2

p ;

fD�DV ¼ fD�D�V

mD�
¼ λgVffiffiffi

2
p ;

gD�DP ¼ 2g
fπ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mDmD�

p
;

gD�D�P ¼ gD�DPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mDmD�

p ; ð17Þ

where the parameter gV ¼ mρ=fπ with fπ ¼ 132 MeV
being the pion decay constant and β ¼ 0.9 [53]. By
matching the form factor obtained from the light cone
sum rule with that calculated from lattice QCD, one obtained
the parameters λ ¼ 0.56 GeV−1 and g ¼ 0.59 [63].
As for the coupling constants gX, it can be estimated by

the compositeness condition as given in Eq. (5). In the
present work, a model parameter Λ is introduced in the
correlation function. Empirically, Λ should be of the order
of 1 GeV [4,5,65,66]. It should be clarified that the
parameter Λ cannot be determined by the first principle.
Its value, in an alternative way, is usually fixed by
comparing the theoretical estimations with the correspond-
ing experimental measurements. Unfortunately, the present
experimental data for Xð4014Þ is not abundant to determine
the accurate value of Λ. Thus in the present work, we vary
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Λ in a sizable range around 1 GeV, which is from 0.6 to
1.5 GeV. The coupling constant gX, depending on model
parameter Λ, is present in Fig. 3. From the figure one can
find that the coupling constant gX decreases with the
increasing of Λ. In particular, when Λ increases from
0.6 to 1.5 GeV, the coupling constants gX decrease from
5.51 to 4.50 GeV.
The estimated partial widths of the Xð4014Þ → J=ψω,

ηcη and ηcη
0 are presented in Fig. 4. Our estimations

indicate that the partial widths of all these hidden charm
decay processes increase with the increasing of Λ.
Particularly, in the considered parameter range, the partial
widths of the hidden charm decays are

ΓðX → J=ψωÞ ¼ ð0.41–5.00Þ MeV;

ΓðX → ηcηÞ ¼ ð2.05–7.49Þ MeV;

ΓðX → ηcη
0Þ ¼ ð0.11–0.51Þ MeV; ð18Þ

respectively. As for Xð4014Þ, the measured upper limit of
the width is about 16.5 MeV. Our estimations in the

present work indicate that the total widths of these three
channels can reach up to 13 MeV, which is still safely
below the upper limit of the width of Xð4014Þ. Moreover,
the Λ dependence of the partial widths are very similar;
thus, one can check the ratios of these widths. Here
we define the ratios as R12 ¼ ΓX→J=ψω=ΓX→ηcη, R31 ¼
ΓX→ηcη

0=ΓX→J=ψω and R32 ¼ ΓX→ηcη
0=ΓX→ηcη. In the right

panel of Fig. 4, we present the Λ dependence of these
ratios. Our estimations indicate that in the considered Λ
range, one has 0.20 < R12 < 0.67, 0.10 < R31 < 0.27,
and 0.05 < R32 < 0.07, respectively.
Considering the fact that the Xð4014Þ is observed in the

γγ → ψð2SÞγ process, and the present estimations indicate
that the width of Xð4014Þ → J=ψω is sizable, one can
expect to observe Xð4014Þ in the γγ → J=ψω process. In
the year of 2009, the Belle Collaboration reported the cross
sections for γγ → J=ψω, where a new charmoniumlike state
named Xð3915Þ was observed [67]. From the experimental
data as shown in Fig. 5, one can find there are a number of
events at

ffiffiffi
s

p ¼ 4.015 GeV, and it seems that there is
structure corresponding to Xð4014Þ, which may be checked
by further analysis with a larger data sample.

V. SUMMARY

Stimulated by the recent observation of the new structure,
named Xð4014Þ, in the process γγ → γψð2SÞ by the Belle
Collaboration, we evaluate the possibility of interpreting
Xð4014Þ as a D�D̄� molecular state. In Ref. [45], we find
the most possible IðJPCÞ quantum numbers of Xð4014Þ are
0ð0þþÞ. In the present work, we further checked such a
possibility by investigating the hidden charm decay proper-
ties of Xð4014Þ in theD�D̄� molecular scenario. Here, three
hidden charm channels are considered, which are J=ψω,
ηcη, and ηcη0, respectively. Our estimations indicates that the
partial width of ηcη is much larger than the other two
channels and the one of ηcη is also sizable in the consider
parameter range.

FIG. 3. The coupling constant gX depending on model param-
eter Λ.

FIG. 4. The Λ dependences of the hidden charm decay widths
(left panel) and their ratios (right panel).

FIG. 5. The measured cross sections (points with error) and fit
result (solid curve) for γγ → J=ψω reported by the Belle
Collaboration [67].
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Considering that Xð4014Þ is observed in the γγ collision
process, and the present estimations indicate the width of
Xð4014Þ → J=ψω is sizable, we suggest to search Xð4014Þ
in the γγ → J=ψω process, which should be accessible in
Belle II.
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