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The Belle Collaboration recently reported a promising candidate for the spin-2 D�D̄� partner of the
Xð3872Þ, called the X2 for short, having a mass of ð4014.3� 4.0� 1.5Þ MeV and a width of
ð4� 11� 6Þ MeV. Assuming the X2 as a pure molecule of the D�D̄�, we calculated in detail the hidden
charmonium decays of the X2 → J=ψV and X2 → ηcP via the intermediate meson loops, where V ¼ ρ0;ω
and P ¼ π0; η; η0. The results indicate that the decay widths are strongly dependent on the X2 mass.
At present center value of the mass 4014.3 MeV, the width for the X2 → J=ψρ0 is predicted to be a few tens
of keV, while it is on the order of 102−3 keV for the X2 → J=ψω; the predicted width for the X2 → ηcπ

0 is
about a few keV, while the widths for X2 → ηcη and ηcη

0 are around a few tens and tenths of keV,
respectively. We also investigated the dependence of the ratios between these widths on the X2 mass and on
the η − η0 mixing angle, which may be good quantities for experiments. We hope that the present
calculations will be checked experimentally in the future.

DOI: 10.1103/PhysRevD.109.014027

I. INTRODUCTION

Studies of exotic states have received considerable con-
sideration in 2003 when the Belle Collaboration observed a
structure in the πþπ−J=ψ invariant mass spectrum [1], the
Xð3872Þ. Those candidates for exotic states are usually
referred to collectively as XYZ states. In order to understand
the nature of the exotic states, numerous experimental and
theoretical investigations have been performed and are
ongoing or planned. Considerable effort is devoted to an
explanation of the XYZ mass, width, and quantum numbers
JPC, which, in turn, helps us to understand their internal
structures. There have been many reviews concerning this
topic, e.g., the recent comprehensive ones [2–4] from
experimental and theoretical status and perspectives.
Of the XYZ states, the Xð3872Þ is the first and most well-

studied representative. At present, the world average mass

of the Xð3872Þ is ð3871.65� 0.06Þ MeV with a narrow
full width ð1.19� 0.21Þ MeV [5]. The Xð3872Þ quantum
number JPC was eventually determined to be 1þþ in 2013
by the LHCb experiments at CERN [6,7]. The Xð3872Þ lies
extremely close to the D0D̄�0 threshold of 3871.69 MeV
and has a large decay rate toD0D̄�0 [5] so that it is naturally
considered as a loosely bound mesonic molecule.
Therefore, the molecular model becomes quite popular
and successful to interpret the properties of the Xð3872Þ
since its discovery [8–20]. Guo et al. have given a
comprehensive review on hadronic molecules [21], and a
special review on the Xð3872Þ in the molecular model has
been published recently [22].
Owing to the great achievement of the molecular model,

the Xð3872Þ has been often used a basis for predicting
possible exotic states. Under the condition that the Xð3872Þ
is a mesonic molecule of the DD̄� with JPC ¼ 1þþ, the
heavy quark spin symmetry predicts the existence of an
isoscalar 2þþ D�D̄� partner of the Xð3872Þ [23–27]
(Following early papers [13,28,29], we also call this partner
state X2 for short.). Its theoretically predicted mass is
mX2

¼ 4012 MeV with a narrow width on the same order
as that of the Xð3872Þ. Subsequently, lots of theoretical
work partly or specially studies the X2 from different points
of view [24–27,29–32]. In particular, authors in Ref. [28]
predict a small width of a few MeV based on an effective
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field theory. A very recent investigation studied the radi-
ative decays X2 → γψ (ψ ¼ J=ψ ;ψð2SÞ) and indicated that
the width ratio of the X2 → γψð2SÞ to X2 → γJ=ψ is
smaller than unity, nearly equal to the corresponding one
of the Xð3872Þ [29].
An experimental situation seems to have achieved

a possible breakthrough in 2022 when the Belle
Collaboration observed a structure in the invariant mass
distribution of the γψð2SÞ, which has a mass of ð4014.3�
4.0� 1.5Þ MeV and a width of ð4� 11� 6Þ MeV [33].
It is noted that the mass and width of the new structure
agree well with those of the X2, which, therefore, suggests
it as a good candidate for the X2 although the experiments
gave a low global significance of 2.8σ [33]. It is believed
that more and more experiments would follow up soon to
provide more detailed information about the new structure,
thereby contributing to its identification. The investigations
related to this possible spin-2 D�D̄� exotic state are urgent,
not only experimentally but also theoretically.
In this work, we systematically investigate the hidden

charmonium decays of the X2 → J=ψV (V ¼ ρ0;ω) and
X2 → ηcP (P ¼ π0; η; η0) in the molecular picture where
the X2 is assumed to be a pure mesonic molecule of the
D�D̄� pair. Based on the effective field theory, we only
considered in the calculations the contributions via the
intermediate meson loops that have been widely used in the
productions and decays of the exotic states (see, for
example, Refs. [11–19,29,34–57]). Our basic concern here
is to predict the partial decay widths of the processes
mentioned above and give possible influence factors on the
widths, such as the X2 mass and the η − η0 mixing angle.
The calculated results show that the widths of the processes
we considered depend strongly on the X2 mass, indicating
the importance of the precise mass of the X2.
The rest of the paper is organized as follows. In Sec. II,

we present the theoretical framework used in this work.
Then in Sec. III the numerical results are presented, and a
brief summary is given in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Effective interaction Lagrangians

Figure 1 shows the charmed meson loops devoted to the
hidden charmonium decay processes of the X2 that we
consider in this work. The loop amplitudes for the decays
X2 → J=ψV and X2 → ηcP can be obtained by the sum of
the corresponding diagrams.
Here we assume that the X2 is an S-wave molecular state

with quantum numbers IðJPCÞ ¼ 0ð2þþÞ given by the
superposition of the D�0D̄�0 and D�þD�− hadronic con-
figurations as

jX2i ¼
1ffiffiffi
2

p ðjD�0D̄�0i þ jD�þD�−iÞ: ð1Þ

Similar to the case for the Xð3872Þ [14], the interaction
of the X2 with a pair of charmed and anticharmed mesons
D�D̄� is described by [29]

LX2
¼ 1ffiffiffi

2
p ðχ0nrX2μνD�0†μD̄�0†ν

þ χcnrX2μνD�þ†μD�−†νÞ þ H:c: ð2Þ

Here and later the symbols with (without) a dagger index
indicate the creation (annihilation) of the corresponding
states. It is assumed that the X2 is a pureD�D̄� bound state.
In terms of such a hadronic molecule picture, the coupling
constants χnr’s are determined as [16,29,58,59]

χnr ¼
�
16π

μ

ffiffiffiffiffiffiffiffiffi
2EB

μ

s �1=2

; ð3Þ

where EB and μ are the binding energy of the X2 relative to
the D�D̄� threshold and the D�D̄� reduced mass, respec-
tively. For the case of the D�0D̄�0, χ0nr is 1.32 GeV−1=2,
whereas it is 2.36 GeV−1=2 for the D�þD�−.
In the heavy quark limit, the interactions of the S-wave

charmonia J=ψ and ηc with the D and D� mesons are
described by the Lagrangian [60]

LS ¼ igψDDψ
†
μD̄∂

↔
μD

þ gψD�Dϵμναβ∂
μψ†νðD�α

∂

↔
βD̄ −D∂

↔
βD̄�αÞ

− igψD�D�ψ†
μðD�

ν ∂
↔

νD̄�μ þD�μ
∂

↔
νD̄�

ν −D�
ν ∂
↔

μD̄�νÞ
− gηcD�D�ϵμναβ∂

μη†cD�ν
∂

↔
αD̄�β

þ igηcD�DηcðD∂

↔
μD̄�

μ þD�
μ ∂
↔

μD̄Þ þ H:c:; ð4Þ

where D ¼ ðD0; Dþ; Dþ
s Þ and D� ¼ ðD�0; D�þ; D�þ

s Þ are
the pseudoscalar and vector charmed meson triplet, respec-
tively. The D̄ð�Þ’s are the corresponding anticharmed meson
triplets. In fact, the strange charmed mesons need not be

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 1. Feynman diagrams for the processes X2 → J=ψV
[(a)–(d)] and X2→ηcP [(e)–(h)] with V¼ρ0;ω and P¼π0;η;η0
via charmed meson loops.
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considered in the present work thanks to there being no
strange component in the X2. The coupling constants
gψDð�ÞDð�Þ’s are related to the gauge coupling g1 ¼ffiffiffiffiffiffiffimψ
p =ð2mDfψÞ with the J=ψ decay constant fψ ¼
426 MeV [11,60], namely

gψDD ¼ 2g1mD
ffiffiffiffiffiffiffi
mψ

p
; ð5aÞ

gψD�D ¼ 2g1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mDmD�=mψ

q
ð5bÞ

gψD�D� ¼ 2g1mD�
ffiffiffiffiffiffiffi
mψ

p
; ð5cÞ

gηcD�D� ¼ 2g1mD�=
ffiffiffiffiffiffiffi
mηc

p ð5dÞ

gηcD�D ¼ 2g1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mηcmD�mD

p
: ð5eÞ

Based on the heavy quark limit and chiral symmetry, the
interactions between the light vector and pseudoscalar
charmed mesons read as [11,12,34]

L¼ −igDDVD
†
i ∂
↔

μDjðV†
μÞij − 2fD�DVϵμναβð∂μVν†Þij

× ðD†
i ∂
↔

αD�βj −D�β†
i ∂

↔
αDjÞ þ igD�D�VD

�ν†
i ∂

↔
μD�j

ν ðV†
μÞij

þ i4fD�D�VD
�†
iμ ð∂μVν† − ∂

νVμ†ÞijD�j
ν

− igD�DPðDi†
∂
μP†

ijD
�j
μ −D�i†

μ ∂
μP†

ijD
jÞ

þ 1

2
gD�D�PϵμναβD

�μ†
i ∂

νPij†
∂

↔
αD�β

j þH:c:; ð6Þ

where the V and P are, respectively, the nonet vector and
pseudoscalar mesons in the matrix form

V ¼

0
BBB@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K�þ

ρ− − ρ0ffiffi
2

p þ ωffiffi
2

p K�0

K�− K̄�0 ϕ

1
CCCA; ð7aÞ

P ¼

0
BBB@

π0ffiffi
2

p þ δηþγη0ffiffi
2

p πþ Kþ

π− − π0ffiffi
2

p þ δηþγη0ffiffi
2

p K0

K− K̄0 −γηþ δη0

1
CCCA: ð7bÞ

Here δ¼cosðθPþarctan
ffiffiffi
2

p Þ and γ ¼ sinðθP þ arctan
ffiffiffi
2

p Þ
with the η − η0 mixing angle θP ranging from −24.6° to
−11.5° [5,34,61–64]. The coupling constants gDð�ÞDð�ÞV’s
and gDð�ÞDð�ÞP’s could be determined using the following
relations [11]:

gDDV ¼ gD�D�V ¼ βgVffiffiffi
2

p ; ð8aÞ

fD�DV ¼ fD�D�V

mD�
¼ λgVffiffiffi

2
p ; ð8bÞ

gD�D�P ¼ gD�DPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mDmD�

p ¼ 2g
fπ

: ð8cÞ

Here β ¼ 0.9 and gV ¼ mρ=fπ with the pion decay con-
stant fπ ¼ 132 MeV [65]. Moreover, λ ¼ 0.56 GeV−1 and
g ¼ 0.59 based on the matching of the form factors
obtained from the light cone sum rule and from the lattice
QCD calculations [66].
It is recalled that the mass of the X2 is close to the

thresholds of the D�D̄�. Consequently, the two charmed
mesons D� and D̄� interacting with the X2 could be
considered to be nearly on shell. However, another
exchanged charmed meson in the loops is off shell. To
account for the off shell effect as well as the inner structure
of the exchanged meson, a monopole form factor was
included in the calculations [67,68]:

Fðq2; m2Þ ¼ m2 − Λ2

q2 − Λ2
; ð9Þ

where q and m are the momentum and mass of the
exchanged meson, respectively; Λ ¼ mþ αΛQCD with
ΛQCD ¼ 0.22 GeV. The model parameter α could not be
determined from the first principle, but its valuewas found to
be of order of unity and depends not only on the exchanged
particle but also on the external particles involved in
the strong interaction [67,68]. A search in the literature
[12,49,51,61,69–75] yields that for the decays of charmo-
nium(-like) particles through the charmed meson loops the
parameter α is commonly taken to be smaller than 2. In the
present calculations, we vary α from 0.7 to 1.4 to exhibit its
influence on the decay processes we considered.

B. Amplitudes of X2 → J=ψV and X2 → ηcP

According to the Lagrangians above, the amplitudesMV

for the case X2 → J=ψV (V ¼ ρ0;ω) and MP for X2 →
ηcP (P ¼ π0; η; η0), governed by the loops in Fig. 1, have
the form

MV ¼ 1

2
χcð0Þnr

ffiffiffiffiffiffiffiffi
mX2

p
mD�

× εμνðX2Þε�αðVÞε�βðJ=ψÞIμναβ; ð10aÞ

MP ¼ x
2
χcð0Þnr

ffiffiffiffiffiffiffiffi
mX2

p
mD�εμνðX2ÞIμν; ð10bÞ

where the mass factor ffiffiffiffiffiffiffiffimX2

p mD� results from the non-
relativistic normalization of the heavy fields involved in the
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X2 vertex. εμνðX2Þ, ε�αðVÞ, and ε�βðJ=ψÞ describe the
polarization tensor of the initial X2, the polarization vectors
of the final light vector particle ρ0 or ω, and the heavy J=ψ,
respectively. The parameter x is equal to 1, β, and γ for the
π0, η, and η0 emission, respectively [see Eq. (7b)]. The
tensor structures Iμναβ and Iμν are expressed as

IaðcÞμναβ ¼
Z

d4q
ð2πÞ4 gμρgνσ½2fD�DVϵδαηξpδ

3ðp1 þ qÞη�

× ½gψD�Dϵδβγηpδ
4ðp2 − qÞη�Sρξðp1; mD� Þ

× Sσγðp2; mD� ÞSðq;mDÞFðq2; m2
DÞ; ð11aÞ

IbðdÞμναβ ¼
Z

d4q
ð2πÞ4 gμρgνσ½4fD�D�Vðp3;ηgαξ − p3;ξgηαÞ

− gD�D�Vðp1 þ qÞαgξη�gψD�D� ½ðp2 þ qÞδgβγ
þ ðp2 þ qÞγgβδ − ðp2 þ qÞβgγδ�Sρξðp1; mD� Þ
× Sσγðp2; mD� ÞSδηðq;mDÞFðq2; m2

DÞ; ð11bÞ

IeðgÞμν ¼
Z

d4q
ð2πÞ4 gμρgνσ½gD�DPp3;ξ�½−gηcD�Dðp2 − qÞγ�

× Sρξðp1; mD�ÞSσγðp2; mD� ÞSðq;mDÞ; ð11cÞ

IfðhÞμν ¼
Z

d4q
ð2πÞ4 gμρgνσ½−gηcD�D�ϵβηλγp

β
4ðp2 − qÞλ�

×

�
1

2
gD�D�Pϵδβλξp

β
3ðp1 þ qÞλ

�
Sρξðp1; mD� Þ

× Sσγðp2; mD� ÞSδηðq;mDÞFðq2; m2
DÞ: ð11dÞ

Here S and Sμν, respectively, represent the propagators for
the charmed mesons D and D� in the following form:

Sðq;mDÞ ¼
1

q2 −m2
D þ iϵ

; ð12aÞ

Sμνðq;mD� Þ ¼ −gμν þ qμqν=m2
D�

q2 −m2
D� þ iϵ

: ð12bÞ

The processes X2 → J=ψρ0 and X2 → ηcπ
0 break iso-

spin symmetry so that their amplitudes are given by the
difference between the neutral and charged meson loops:
Mða=eÞ þMðb=fÞ −Mðc=gÞ −Mðd=hÞ. On the contrary, the
other processes we considered follow isospin conservation.
Hence, their amplitudes can be obtained by summing the
contributions from the neutral and charged meson loops:
Mða=eÞ þMðb=fÞ þMðc=gÞ þMðd=hÞ.

III. NUMERICAL RESULTS

A. Decay processes of X2 → J=ψρ0ðωÞ
In the following, we consider the decay widths of X2 →

J=ψρ0 and J=ψω. In Fig. 2 the decay widths for both
processes are shown for different X2 masses and model
parameters. We assume that the X2 mass ranges from
4.009 GeV to 4.020 GeV. Moreover, the model parameter α
is varied between 0.7 and 1.4. Within the intervals we
considered, the width ranges from ∼0.2 to 200 keV for
X2 → J=ψρ0, while for X2 → J=ψω it is between 0.1
and 1.5 MeV. For a given α the width for X2 → J=ψρ0

first increases with the X2 mass to a peak value at
mX2

¼ 4.0137 GeV, then drops until ∼4.0167 GeV, and
finally starts to increase again. However, the width for
X2 → J=ψω shows opposite variations with the X2

mass at a given α, i.e., the width exhibits a valley at
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FIG. 2. Widths of the decay processes X2 → J=ψρ0 (a) and
X2 → J=ψω (b) as a function of the X2 mass mX2

and the model
parameter α. The white dashed lines with various numbers are the
isolines of the widths. The red dash-dotted line represents the
center mass 4.0143 GeV of the X2.
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mX2
¼ 4.0137 GeV, while near mX2

¼ 4.0175 GeV it is
a peak.
The opposite variation of the widths for these two

processes with the X2 mass can be understood in view of
the fact that the process X2 → J=ψρ0 breaks isospin
symmetry, while the process X2 → J=ψω is of isospin
conservation. In the molecular state scenario, the hidden
charm decays of the X2 occur via the charmed meson loops,
where the interferences between the charged and neutral
meson loops provide an important source of the isospin
violation. Specifically, when mX2

¼ 4.0137 GeV, the cou-
pling χ0nr governing the interactions of theX2with the neutral
D�0D̄�0 pair becomes zero according to Eq. (3). Therefore,
the destructive and constructive interference between the
neutral and charged loops for the X2 → J=ψρ0 and X2 →
J=ψω both disappear. It, in turn, leads to a maximum width
for X2 → J=ψρ0 at mX2

¼ 4.0137 GeV, but a minimum
width for X2 → J=ψω.
However, near mX2

¼ 4.017 GeV the contributions from
the neutral and charged meson loops are close to equal. If
we ignore the mass difference of the neutral and charged
charmed mesons, we could predict an approximate value of
mX2

¼ 4.017 GeV in terms of the following relation:

cos

�
arccos

�
χ0nrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðχ0nrÞ2 þ ðχcnrÞ2
p

�
þ θ

�
¼ 0; ð13aÞ

sin

�
arcsin

�
χ0nrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðχ0nrÞ2 þ ðχcnrÞ2
p

�
þ θ

�
¼ 1; ð13bÞ

where θ is a phase angle describing the proportion of
neutral and charged constituents in X2. In the present work,
we fixed θ to be 45°. Owing to the mass difference of the
neutral and charged mesons, the simple prediction deviates
somewhat from the results in Fig. 2. The inconsistency
(mX2

¼ 4.0175 GeV for X2 → J=ψω and mX2
¼ 4.0167

for X2 → J=ψρ0) results from the different mass of the ρ0

and ω. These findings will be reproduced in the case of
X2 → ηcP with P ¼ π0, η, and η0, which is discussed later.
It is seen that the widths for these two processes both

increase as the model parameter α increases. Such α
dependence could be canceled or weakened if we concen-
trate on the width ratio, namely

Rω=ρ0 ¼
ΓðX2 → J=ψωÞ
ΓðX2 → J=ψρ0Þ : ð14Þ

We present the ratio Rω=ρ0 in Fig. 3 as a function of the
X2 mass and the model parameter. It clearly shows that the
ratio is rather independent of the model parameter α.
However, the X2 mass dependence of the ratio shows
two extreme values at mX2

¼ 4.0137 GeV and mX2
¼

4.0167 GeV, as a result of the foregoing results in
Fig. 2. Especially, at mX2

¼ 4.0137 GeV where the width

for X2 → J=ψρ0 shows a peak value while it is a minimum
value for X2 → J=ψω, the ratio Rω=ρ0 ≃ 3; near mX2

¼
4.0167 GeV, the ratio Rω=ρ0 is of the order of 103.
Moreover, at the center mass of the X2, i.e., mX2

¼
4.0143 GeV, the ratio Rω=ρ0 is about 15.
It is known from early experiments of BABAR [76], Belle

[77], and BESIII [78] that the width ratio of the Xð3872Þ →
J=ψπþπ−π0 to Xð3872Þ → J=ψπþπ− is around 0.8, 1.0,
and 1.43, respectively. Consequently, using the world
average branching fractions of ω → πþπ−π0 and ρ0 →
πþπ− [5], the ratio ΓðXð3872Þ → J=ψωÞ=ΓðXð3872Þ →
J=ψρ0Þ is roughly estimated to be 0.9, 1.1, and 1.60,
respectively. If the X2 decay modes are similar to those of
the Xð3872Þ, the width ratio Rω=ρ0 for the X2 should be
about unity. To get such a ratio, the X2 has to be a nearly
pure D�0D̄�0 or D�þD�− molecular state according to our
additional calculations that were performed under different
phase angles (not shown here). For example, by reproduc-
ing the data of BESIII [78], the D0D̄�0 component in
Xð3872Þ is suggested to be (83–88%) with the phase angle
θ ¼ 66°–70° [11]. However, in Ref. [79] the ratio Rω=ρ0 ≃ 1

for the case of Xð3872Þ was explained by the larger
effective phase space for the J=ψρ0 decay than for
J=ψω, due to the large width of the ρ0, which could
compensate for the suppression of the small mass differ-
ence between the neutral and charged charmed mesons. In
the present case of the X2, the influence of the ρ0 width is
found to be of minor importance because of the large mass
difference between the X2 and the J=ψ .

B. Decay processes of X2 → ηcπ0ðη;η0Þ
In this section we present the widths of the X2 decaying

to ηcP (P ¼ π0; η; η0). Figure 4 shows the width of the
process X2 → ηcπ

0. The width increases with increasing
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FIG. 3. Ratios of the widths of the X2 → J=ψω to X2 → J=ψρ0.
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logarithms of Rω=ρ0 defined as Eq. (14).
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the model parameter, i.e., for α ¼ 0.7 the width amounts to
1.24 keV, which rises by a factor of about 4 to 4.43 keV
at α ¼ 1.4.
For the processes X2 → ηcη and X2 → ηcη

0, the influence
of the η − η0 mixing angle was considered in our calcu-
lations. Figure 5 shows the widths of these two processes
X2 → ηcη and X2 → ηcη

0 for different η − η0 mixing angles
and model parameters. It is seen that these two widths both
increase with increasing the model parameter α for a given
mixing angle θP, similar to the foregoing cases of the X2 →
ηcπ

0 and X2 → J=ψρ0ðωÞ. However, their mixing angle
dependence is different, i.e., at a given model parameter the
width for X2 → ηcη decreases with increasing the mixing
angle, while it increases for X2 → ηcη

0. The reason is as
follows: The processes X2 → ηcη and X2 → ηcη

0 depend on
the β and γ, respectively. The γ is increased with the
increase of θP while β is decreased. As a result, the decay
width for the X2 → ηcη decreases with increasing the
mixing angle while it is just the opposite for the case of
the X2 → ηcη

0. It is noted that the variation of the widths
with the mixing angle is not drastic.
For the X2 → ηcη, it is seen from Fig. 5(a) that the

width ranges from ∼8 keV to 39 keV in the intervals of
the mixing angle and model parameter that we consider.
However, the width for X2 → ηcη

0 is just between
∼0.08 keV and 0.44 keV [see Fig. 5(b)], 2 (1) orders of
magnitude smaller than that for ηðπ0Þ decay.
Similar to treatment for the case of the X2 → J=ψV

(V ¼ ρ0;ω), we define the ratio of the widths of the
X2 → ηcη to X2 → ηcη

0, namely

Rη=η0 ¼
ΓðX2 → ηcηÞ
ΓðX2 → ηcη

0Þ : ð15Þ

The ratio obtained using the results in Fig. 5 is shown in
Fig. 6. It is clearly seen that this ratio Rη=η0 is of order 102

and quite independent of the model parameter. However,
it decreases as the mixing angle θP increases, i.e., at
θP ¼ −24.6° the ratio Rη=η0 ≃ 160, while it decreases at
θP ¼ −11.5° to ∼60. The ratio Rη=η0 is expected to be
measured in future, e.g., BESIII and Belle, which may help
us constrain this mixing angle.
In the following, we focus on the X2 mass dependence of

the width for the decays X2 → ηcP (P ¼ π0; η; η0). The
foregoing results indicate that the width ratio R’s are
(nearly) of model parameter α independence. Hence, we
fixed α ¼ 1 in the following calculations. Again, the X2

mass is assumed to range from 4.009 GeV to 4.020 GeV.
In Fig. 7, the width of the process X2 → ηcπ

0 is given for
different X2 masses. Figure 8 shows the widths of the two
processes X2 → ηcη and X2 → ηcη

0 for different η − η0
mixing angle θP’s and X2 masses. The outstanding result
of Figs. 7 and 8 is that the widths exhibit extreme values,

FIG. 4. Widths of the X2 → ηcπ
0 as a function of the model

parameter α. The X2 mass is taken to be 4.0143 GeV. The solid
line is merely to guide the eye.
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similar to those in Fig. 2. At mX2
¼ 4.0137 GeV, the width

for X2 → ηcπ
0 exhibits a maximum value of about 12 keV,

whereas the two decays of the X2 to ηcη and to ηcη
0 show

minimum widths.
The extreme value of the widths atmX2

¼ 4.0137 GeV is
straightforward in view of the fact that the D�0D̄�0 thresh-
old is 4.0137 GeV, thereby causing the coupling constant of
the X2 to theD�0D̄�0 pair to be χ0nr ¼ 0 according to Eq. (3).
Moreover, the decay process X2 → ηcπ

0 violates isospin
symmetry, while the other decays of the X2 to ηcη and ηcη

0
follow isospin conservation. As a result, the widths for all
the processes we considered exhibit an extreme value
at mX2

¼ 4.0137 GeV.
We can estimate the other extreme positions that are

located between mX2
¼ 4.15–4.19 GeV, as shown in

Figs. 7 and 8, using a semiquantitative analysis described
as Eq. (13). It also yields the extreme point at
mX2

≃ 4.017 GeV, being the same with the case of
X2 → J=ψρ0ðωÞ. The deviation of the estimation from
the results shown in Figs. 7 and 8 is mainly due to the
different masses of the light mesons in the final states as
well as the mass difference of the neutral and charged
charmed mesons.
Figure 9 depicts the width ratio Rη=η0 for different X2

masses, defined in Eq. (15). It is shown that this ratio
decreases monotonously with increasing the X2 mass and
the η − η0 mixing angle. The extreme features existing in
the widths (see Fig. 8) are canceled due to the fact that the
widths for the X2 → ηcη and X2 → ηcη

0 have similar
variation tendency with the X2 mass.1 The physics behind
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FIG. 7. Widths of the X2 → ηcπ
0 for different X2 masses. The

model parameter α was fixed to be 1.
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1These two widths both first decrease with the X2 mass to a
minimum value at 4.0137 GeV, then increase to a peak value near
4.017 GeV, and finally decrease.
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this finding is that these two processes both remain the
isospin symmetry.

IV. SUMMARY

In this work, we investigated in detail thewidths of theX2

decaying to J=ψV (V ¼ ρ0;ω) and to ηcP (P ¼ π0; η; η0)
using the effective Lagrangian approach. In calculations,
we assume the X2 as a molecular state of the D�0D̄�0 and
D�þD�− with equal proportion. Moreover, we only con-
sider the contributions from the triangle hadron loops made
of the charmed mesons Dð�Þ and D̄�.
The calculated results indicate that the widths are all

model-α dependent. However, the relative ratios between the
widths of different processes are nearly model-α indepen-
dent. It is found that the decays we considered are quite
sensitive to theX2 mass. This finding is straightforward since
we considered theX2 within the framework of the molecular
picture, in which the coupling strength of theX2 to theD�D̄�
depends directly on the binding energy and, in turn, on theX2

mass. In particular, nearmX2
¼ 4.0137 GeV and 4.017GeV,

the coupling strength of the X2 to the neutral D�0D̄�0
approaches zero and equals to the coupling strength between
the X2 and D�þD�− pair, respectively. Consequently, at
mX2

¼ 4.0137 GeV, the decays that violate the isospin
symmetry exhibit widths of peak values, whereas those
preserving the isospin symmetry show minimum widths.
NearmX2

¼ 4.017 GeV, the opposite happens.Accordingly,
it indicates the significance of the precisemeasurement of the
X2 mass.
At the present X2 center mass mX2

¼ 4.0143 GeV, the
width for the X2 → J=ψρ0 is a few tens of keV, while it is
on the order of 102−3 keV for the X2 → J=ψω. The
corresponding width ratio Rω=ρ0 is calculated to be about
15, 1 order of magnitude larger than that for the case of
Xð3872Þ which approaches unity.
For the other case of the X2 → ηcP (P ¼ π0; η; η0), we

additionally considered the η − η0 mixing angle in the
calculations. It is shown that the variation of decay widths
due to the mixing angle is moderate, when the mixing angle
increases from −24.6° and −11.5°. At the X2 center mass
mX2

¼ 4.0143 GeV, the width for the X2 → ηcπ
0 is about a

few keV, while the widths for X2 → ηcη and ηcη0 are around
a few tens and tenths of keV, respectively.
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