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In this study, we analyze the cross-section data from the eþe− → γJ=ψω process to explore both short-
distance and long-distance interactions for the radiative transition Yð4200Þ → γXð3872Þ. We investigate
the short-distance effects through the E1 transition among the cc̄ components, and the long-distance effects
via hadronic loop diagrams. Our numerical analysis reveals that short-distance interactions play a
significantly larger role in the radiative transition than that of the long-distance interactions. This finding
underscores the importance of the compact cc̄ components in both the initial and the final states for
accurately understanding the cross-section σ½eþe− → γJ=ψω�. Furthermore, with the help of relative
branch ratioRwe estimate the Γ½Yð4200Þ → γXð3872Þ� implied in the experimental study. Finally, we also
discuss the possible existence of the ψð4040Þ signal within the cross-section data.
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I. INTRODUCTION

As early as 2014, the BESIII Collaboration analyzed the
eþe− → γJ=ψππ process, revealing a resonant peak around
4.2 GeVand the Xð3872Þ in its radiative decay process [1].
Thismeasurementwas the first observationof theXð3872Þ in
a radiative decay process within the J=ψππ invariant mass
spectrum, which offered an unprecedented opportunity to
probe the internal structure of the Xð3872Þ. Subsequently,
a more comprehensive analysis conducted in 2019 with
an expanded dataset [2] studied the process eþe− →
Yð4200Þ → γXð3872Þ → γωJ=ψ across the energy range
4.0076 GeV <

ffiffiffi
s

p
< 4.5995 GeV. This analysis identified

a resonant peak attributed to Yð4200Þ which was charac-
terized by a mass MYð4200Þ ¼ 4200.6þ7.9

−13.3 � 3.0 MeV and a
width ΓYð4200Þ ¼ 115þ38

−26 � 12 MeV. The Xð3872Þ in the
J=ψω invariant mass spectrum is outstanding in the radiative
decay of Yð4200Þ, which further emphasizes the eþe− →
γJ=ψω process is important for understanding exotic hadron
structures.
In addition to the radiative process, the Xð3872Þ has been

observed in a variety of production channels [1–12], with
its mass and width accurately measured at MXð3872Þ ¼
3871.65� 0.06 MeV and ΓXð3872Þ ¼ 1.19� 0.21 MeV,
respectively [13]. This positions the Xð3872Þ as a shallow

bound state, with a mass notably below the predicted value
for the χc1ð2PÞ charmonium state and very close to the
threshold of the DD̄� channel [14,15]. Such observations
challenge the identification of Xð3872Þ as a pure charmo-
nium state, but support the hypothesis of a DD̄� molecular
structure [16–18]. According to Weinberg’s compositeness
theorem, the Xð3872Þ could be a hybrid of loosely bound
DD̄� pairs and a compact cc̄ core [19]. This compositeness
scheme of the Xð3872Þ is supported by the significant
production rates of Xð3872Þ in B meson decays and pp
collisions [20–22]. Theoretical studies, including coupled
channel analyses and lattice QCD calculations, suggest that
to understand the experimental data of the Xð3872Þ, it is
necessary to consider both the cc̄ and theDD̄� components
[14,15,23–29]. For example, an analysis of LHC data
within the nonrelativistic QCD framework estimates the
cc̄ core’s contribution to the Xð3872Þ structure is from 28%
to 44% [30]. Additionally, analysis of the Xð3872Þ’s line
shape in the DD̄� invariant mass spectrum from the B →
KXð3872Þ → KDD̄� process suggests a cc̄ component of
0.19� 0.29 [31]. These findings reveal the significant role
of the cc̄ component in understanding the nature of
the Xð3872Þ.
Following the measurement of Xð3872Þ in eþe− →

γXð3872Þ in 2013, theorists analyzed the radiative decay
width of Yð4260Þ → Xð3872Þγ using hadronic loops within
the compositeness framework, and can explain the data
available at that time [32,33]. Nonetheless, the emergence
of new experimental data in 2019, including the refined
resonance parameters for the vector structure Yð4200Þ and
the cross-section measurements for eþe− → γJ=ψω, sup-
ports an updated examination of the radiative decay process
to accommodate these latest experimental data.
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In the latest experimental datasets, the Yð4200Þ structure
is observed to have a relatively wide decay width according
to experimental fits, which position it close to two vector
charmoniumlike states ψð4230Þ and ψð4160Þ [13,34]. This
proximity introduces the possibility that either or both of
these charmoniumlike states could be the original source of
the Yð4200Þ structure. To clearly depict this scenario, we
present a comparison of the resonance parameters of
ψð4160Þ, ψð4230Þ, and Yð4200Þ in Fig. 1 [35–47].
When comparing the experimental data plotted in Fig. 1,

it becomes apparent that the Yð4200Þ structure cannot be
definitively identified as either the ψð4160Þ or the ψð4230Þ
state with the current dataset. Consequently, this study will
explore both possibilities. In the framework of potential
models, ψð4160Þ and ψð4230Þ are recognized as the ψð2DÞ
and ψð4SÞ charmonium states, respectively [48–50]. This
classification indicates the presence of a compact cc̄ com-
ponent in the initial state of the Yð4200Þ → γXð3872Þ
process. Given the existence of cc̄ components in both the
initial Yð4200Þ structure and the final Xð3872Þ state, the E1
transition becomes a crucial process, especially as it is in the
leading order comparing with the long-distance interaction.
Therefore, our analysis incorporates the E1 transition from
the ψð2DÞ component within the Yð4200Þ structure to the
χc1ð2PÞ component within the Xð3872Þ. Additionally, we
also calculate the radiative transition involving long-distance
interactions. Through this comprehensive analysis, we aim to
present the decay width of Yð4200Þ → γXð3872Þ alongside
the numerical cross-section σ½eþe− → γωJ=ψ �, trying to
understand the corresponding experimental data.
The paper is organized with four parts. Following the

Introduction, the formalism is given in Sec. II to illustrate
the numerical calculations for the radiative transition in the
short-distance and long-distance interactions. Then, we
discuss the numerical results in Sec. III. Finally, a summary
in Sec. IV is shown at the end of this work.

II. FORMALISM

The Feynman diagram of the scattering process eþe− →
γJ=ψω [2] is depicted in Fig. 2. This diagram includes the
radiative transition Yð4200Þ → γXð3872Þ. As discussed in
the Introduction, current cross-section data are insufficient
to determine whether the vector structure Yð4200Þ origi-
nates from ψð4160Þ or ψð4230Þ. Therefore, we will discuss
both scenarios in the subsequent sections.
In Fig. 2, the coupling between the intermediate photon

and the vector structure Yð4200Þ is expressed by the vector
meson dominance (VMD) vertex [51]. The Lagrangian of
the VMD vertex is

LγY ¼ −
eM2

Y

fY
VμAμ; ð1Þ

where the Vμ and Aμ are the fields of the vector meson and
photon. MY and fY are the mass and decay constant of the
vector state, respectively. With the above Lagrangian,
the gauge invariance can be maintained directly [52]. In
the calculation, fY1

¼ 44 and fY2
¼ 24

1 are fixed by the
central value of Γ½ψð4160Þ → eþe−� ¼ 0.48� 0.22 keV
and Γ½ψð4230Þ → eþe−� ∼ Γ½ψð4230Þ → μþμ−� ¼ 1.53�
1.26� 0.54 keV, respectively [13]. For the interaction of
Xð3872Þ with J=ψω, the vertex is given by the effective
Lagrangian

L ¼ gXJ=ψωϵμναβ∂μXνψαωβ; ð2Þ

where Xν, ψα, and ωβ are the fields of Xð3872Þ, J=ψ ,
and ω, respectively. The coupling constant gXJ=ψω ¼ 0.135
can be determined by the experimental data directly.
The remaining unknown coupling between Yð4200Þ and
γXð3872Þ in Fig. 2 can be described by the Lagrangian, i.e.,

L ¼ iegYXγεμναβFμνYαXβ: ð3Þ

Taking into account the long-distance DD̄� component
and the short-distance χc1ð2PÞ component, the Xð3872Þ
can be written as

jXð3872Þi ¼
ffiffiffiffiffiffi
ZX

p
jχc1ð2PÞi þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ZX

p
jDD̄�i: ð4Þ

Then, the physical propagator of Xð3872Þ is [31]

PðEÞ ¼ iZX

Eþ Bþ ΣðE; ZXÞ þ i ΓX
2

; ð5Þ

where the propagator is given in the nonrelativistic limit,
since the binding energy of Xð3872Þ to the DD̄� channel is

FIG. 1. The comparisons of the measured masses and widths of
ψð4160Þ and ψð4230Þ across different channels with Yð4200Þ.

1The subscripts Y1 and Y2 correspond to ψð4160Þ and
ψð4230Þ, respectively.
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very small. ΣðE; ZXÞ is the self-energy function of
Xð3872Þ, which is expressed as [31]

ΣðE;ZXÞ¼−g2X

�
μ

2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2μE− iϵ

p
þμ

ffiffiffiffiffiffiffiffiffi
2μB

p
4πB

ðE−BÞ
�
: ð6Þ

In the equation, μ represents the reduced mass of the DD̄�
pairs, and the binding energy B is determined by
B ¼ mD þmD� −mXð3872Þ. The variable E denotes the
energy of the Xð3872Þ relative to the threshold of the
DD̄� channel.
With the above preparation, the total amplitude of

eþe− → γJ=ψω can be written as

iMtot ¼ v̄ðp2Þð−ieγμÞuðp1Þ
−igμν
q2

�
−i

eM2
V

fV

� i
�
−gνϕ þ qνqϕ

m2
Y

�
q2 −m2

Y þ i
ffiffiffi
s

p
ΓY

i

� ffiffiffiffiffiffi
ZX

p
gSYXγ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ZX

p gLYXγffiffiffiffiffiffi
ZX

p
�
εητϕωðipη

5ε
�τ
5 − ipτ

5ε
�η
5 Þ

×
i
�
−gωλ þ kωkλ

m2
X

�
ZX

Eþ Bþ ΣðE; ZXÞ þ i ΓX
2

igXJψωεαλβδð−ikαÞε�β3 ε�δ4 ; ð7Þ

where gSYXγ and gLYXγ denote the coupling constants for the
short-distance interaction among cc̄ components and the
long-distance interaction resulting from the DD̄� compo-
nent of Xð3872Þ, respectively. To estimate gSYXγ , we
compute the E1 transition between the charmonium com-
ponents from the initial Yð4200Þ structure to the final
Xð3872Þ state. Meanwhile, gLYXγ is derived from the decay
width through detailed calculations of hadronic loop
diagrams. These calculations are presented in detail in
the following subsections.

A. The E1 transition to the cc̄ component in Xð3872Þ
In this subsection, we examine the radiative production

of Xð3872Þ via short-distance interactions. In the charmo-
nium family, the vector states 33S1, 23D1, 43S1, and 33D1

are approximately around 4.2 GeV, which is close to the
Yð4200Þ. Hence, we calculate the E1 radiative decay from
these states to γXð3872Þ. The decay width, denoted as
ΓE1½ψðmSÞ=ψðnDÞ → γχc1ð2PÞ�, is determined using the
following formula [53–56], i.e.,

ΓE1ðn2Sþ1LJ → n02S0þ1L0
J0 þ γÞ ¼ 4

3
CfiδSS0e2cαjhfjrjiij2E3

γ ;

ð8Þ

where the charges of the charm quark and the fine structure
constant are ec ¼ þ 2

3
and α ¼ 1

137
, respectively. n, L, S, and

J (n0, L0, S0, and J0) are the radial quantum number, orbital
angular momentum, spin, and total angular momentum of
initial states (final states). Eγ is the energy of the final

photon. Cfi is a matrix element corresponding to the
angular momentum, which is defined as

Cfi ¼ maxðL;L0Þð2J0 þ 1Þ
	
L0 J0 S

J L 1



2

: ð9Þ

The hfjrjii is an overlap of radial wave functions of initial
and final charmonium states, which is

hfjrjii ¼
Z

∞

0

rRfðrÞRiðrÞr2dr: ð10Þ

In the overlap, RðrÞ represents the radial wave functions
of charmonium states, which can be obtained from the
potential model in Ref. [57]. We calculate the E1 transition
and list the corresponding results in Table I.

FIG. 2. The Feynman diagram of the eþe− → γXð3872Þ →
γJ=ψω scattering process.

TABLE I. The decay widths of E1 transitions in ψðmSÞ=
ψðnDÞ → γχc1ð2PÞ processes. Mψð4040Þ ¼ 4.040 GeV is em-
ployed as the mass for initial ψð3SÞ states. Γ1½ψð2DÞ →
γχc1ð2PÞ� and Γ2½ψð2DÞ → γχc1ð2PÞ� are obtained by employing
Mψð4160Þ ¼ 4.191 GeV and Mψð4230Þ ¼ 4.222 GeV as the initial
mass of the ψð2DÞ state, respectively [13]. Meanwhile, the
Mψð4230Þ ¼ 4.222 GeV is employed to estimate the mass of
the initial ψð4S=3DÞ state in the calculation.

Processes Decay width [keV]

Γ½ψð3SÞ → γχc1ð2PÞ� 62
Γ1½ψð2DÞ → γχc1ð2PÞ� 262
Γ2½ψð2DÞ → γχc1ð2PÞ� 342
Γ½ψð4SÞ → γχc1ð2PÞ� 0.08
Γ½ψð3DÞ → γχc1ð2PÞ� 0.43
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With the above results, we find that the Γ1ð2Þ½ψð2DÞ →
γχc1ð2PÞ� ¼ 262=342 keV is significantly larger than the
other channels in Table I, which suggests the ψð2DÞ →
γψð2PÞ process dominates the short-distance interaction
among the different possible E1 transitions. Consequently,
the short-distance coupling constant is determined as
gSYXγ ¼ 2.75 by the Γ1ð2Þ½ψð2DÞ → γχc1ð2PÞ�.2

B. Radiative production of Xð3872Þ through
the long-distance contributions

Since the molecular DD̄� component is included in the
Xð3872Þ, the Yð4200Þ → γXð3872Þ process can take place
through the meson loop diagrams, which represents the
long-range interaction in the radiative decay process. The
Feynman diagram of the long-range process is shown
in Fig. 3.
In the process, the vector structure Yð4200Þ couples with

a pair of Dð�ÞD̄ð�Þ, and then the Dð�ÞD̄ð�Þ pair scatters into a
photon γ and an Xð3872Þ. The vertexes depicting the vector
state Y coupling with Dð�ÞD̄ð�Þ in Fig. 3 are determined by
the effective Lagrangian [58–61], i.e.,

LYDð�ÞD̄ð�Þ ¼ þigYDD̄D∂

↔α
D†Yα

þ gYDD̄�εμναβ½D�
μ ∂
↔

νD† −D∂

↔

νD
�†
μ �∂βYα

þ igYD�D̄�Yα½D�α
∂

↔

μD�μ† þD�
μ ∂
↔μ

D�α†

−D�
μ ∂
↔α

D�μ†�; ð11Þ
where the heavy quark symmetry is considered in the
Lagrangians. From Γtot

ψð4160Þ ¼ 70 MeV, the coupling con-

stants of the above Lagrangians can be determined as
gY1DD̄ ¼ 1.66, gY1DD̄� ¼ 0.41, and gY1D�D̄� ¼ 1.79. If
Γtot
ψð4230Þ ¼ 48 MeV is employed, the coupling constants

can be evaluated as gY2DD̄ ¼ 1.17, gY2DD̄� ¼ 0.29, and
gY2D�D̄� ¼ 1.27.
The vertex of γ and Dð�ÞD̄ð�Þ is expressed by the

Lagrangians, i.e.,

LDþDþγ ¼ ieAμD−
∂

↔μ
Dþ;

LDD�γ ¼
egDþD�−γ

4
εμναβFμνD

�þ
αβD

−

þ egD0D̄�0γ

4
εμναβFμνD�0

αβD̄
0;

LD�þD�þγ ¼ ieAμ½gαβD�−
α ∂

↔μ
D�þ

β þ gμβD�−
α ∂

αD�þ
β

− gμα∂βD�−
α D�þ

β �; ð12Þ

where D�
αβ represents D�

αβ ¼ ∂αD�
β − ∂βD�

α. gD0D̄�0γ and
gDþD�−γ are estimated as [62]

gD0D̄�0γ ¼ 2.0 GeV−1; gDþD�−γ ¼ −0.5 GeV−1: ð13Þ

The probability of finding theDD̄� molecular state and a
cc̄ compact state in an Xð3872Þ are expressed as 1 − ZX
and ZX, and then the coupling between Xð3872Þ and the
DD̄� pair is expressed as [31]

g2X ¼ 2π
ffiffiffiffiffiffiffiffiffi
2μB

p
μ2

ð1 − ZXÞ: ð14Þ

In Eq. (14), B is the value of the binding energy and μ
is the reduced mass of D and D̄�. The Lagrangian
expressing the coupling between Xð3872Þ and the DD̄�
pair is

LXDD̄� ¼ 1ffiffiffi
2

p gXXμðD†D�μ −D�μ†DÞ: ð15Þ

With the above preparations, the amplitudes of Fig. 3
can be written as

Ma ¼
Z

d4q
ð2πÞ4 ð−iÞgYDD̄�εμναβpAβεAαðp1 − p2Þν

× eε�3 · ðp1 þ qÞ gXffiffiffi
2

p ε�ρ4

�
−gμρ þ

p2μp2ρ

m2
2

�

×
F 2ðq2Þ

ðp2
1 −m2

1Þðp2
2 −m2

2Þðq2 −m2
qÞ
; ð16Þ

(a) (b)

(c) (d)

FIG. 3. The long distance decay of Yð4200Þ → γXð3872Þ
through the charmed meson loops. Here, (a)–(d) show that the
DD̄�½D�, D�D̄½D��, DD̄½D��, and D�D̄�½D� intermediate mesons
are considered in the hadronic loops, respectively.

2The different decay widths between Γ1½ψð2DÞ → γχc1ð2PÞ�
and Γ2½ψð2DÞ → γχc1ð2PÞ� come from the different phase spaces
of the initial ψð4160Þ and ψð4230Þ, as a result the short-distance
coupling constant gSYXγ ¼ 2.75 is found to be same.
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Mb ¼
Z

d4q
ð2πÞ4 ð−iÞgYDD̄�εμναβpAβεAαðp1 − p2Þν

× eε�3ρ½gστðp1 þ qÞρ þ gρτpσ
1 þ gρσqτ�

×
gXffiffiffi
2

p ε�δ4

�
−gσδ þ

qσqδ
m2

q

��
−gμτ þ

p1μp1τ

m2
1

�

×
F 2ðq2Þ

ðp2
1 −m2

1Þðp2
2 −m2

2Þðq2 −m2
qÞ
; ð17Þ

Mc ¼
Z

d4q
ð2πÞ4 igYDD̄εA · ðp1 − p2Þ

egDD�γ

4
εμναβ

× ðp3μgνσ − p3νgμσÞðqαgβτ − qβgατÞ

× ε�σ3
gXffiffiffi
2

p ε�4ρ

�
−gτρ þ qτqρ

m2
q

�

×
F 2ðq2Þ

ðp2
1 −m2

1Þðp2
2 −m2

2Þðq2 −m2
qÞ
; ð18Þ

Md ¼
Z

d4q
ð2πÞ4 igYD�D̄� ½ðp1 − p2Þαgβγ þ ðp1 − p2Þβgαγ

−ðp1 − p2Þγgαβ�εγA
egDD�γ

4
εμνλκðp3μgνσ − p3νgμσÞ

× ðp1λgκτ − p1κgλτÞ
gXffiffiffi
2

p εσ3ε4ρ

�
−gατ þ pα

1p
τ
1

m2
1

�

×

�
−gβρ þ pβ

2p
ρ
2

m2
2

�
F 2ðq2Þ

ðp2
1 −m2

1Þðq2 −m2
qÞðp2

2 −m2
2Þ
:

ð19Þ
In the amplitudes, εA represents the polarized vector of

the initial Y state. The form factor F ðq2Þ is introduced to
involve the off-shell effects and the inner structures of the
exchanged mesons and also to remove the UV divergences
of the loop integrals of the triangle loop diagrams. In this
work, the monopole from the factor is employed [63]:

F ðq2Þ ¼ m2
q − Λ2

q2 − Λ2
; ð20Þ

where mq and q are the mass and momentum of exchanged
charmed meson, respectively. The cutoff Λ is parametrized
as Λ ¼ mq þ αΛQCD, where ΛQCD ¼ 220 MeV [63].
We notice that the above long-distance processes

depicted in Fig. 3 cannot ensure the gauge invariance of
the photon field. Therefore, another kind of process with
contact terms should also be involved in our calculations
[64].3 Their Feynman diagrams are shown in Fig. 4.

The Lagrangian of the contact vertexes in Fig. 4 is
written as

LYDD̄�γ ¼ −iegYDD̄�γε
μναβAν½D�

μD̄ −DD̄�
μ�∂βYα; ð21Þ

LXDD̄�γ ¼ −
iffiffiffi
2

p efXDD̄�γA
μBαðD�

μ ∂
↔

αD̄ −D∂

↔

αD̄�
μÞ: ð22Þ

With the above contact Lagrangians, the amplitudes of
the Feynman diagrams are

Me ¼
Z

d4p1

ð2πÞ4 ð−iÞegYDD̄�γε
μναβε�3νpAβεAα

×
�
−gμρ þ

p2μp2ρ

m2
2

��
gYDD̄�ffiffiffi

2
p ε�ρ4

�

×
F 2

contðp2
1Þ

ðp2
1 −m2

1Þðp2
2 −m2

2Þ
; ð23Þ

Mf ¼
Z

d4p1

ð2πÞ4 ð−iÞegYDD̄�γε
μναβε�3νpYβεYα

×

�
−gμρ þ

p1μp1ρ

m2
1

��
gYDD̄�ffiffiffi

2
p ε�ρ4

�

×
F 2

contðp2
1Þ

ðp2
1 −m2

1Þðp2
2 −m2

2Þ
; ð24Þ

Mg ¼
Z

d4p1

ð2πÞ4 ð−iÞgYDD̄�εμναβpAβεAα

× ðp1 − p2Þν
�
−gμδ þ

p2μp2δ

m2
2

�
efXDD̄�γffiffiffi

2
p ε�δ3 ε�σ4

× ðp2 − p1Þσ
F 2

contðp2
1Þ

ðp2
1 −m2

1Þðp2
2 −m2

2Þ
; ð25Þ

(e) (f)

(g) (h)

FIG. 4. The remaining contact terms for the Yð4200Þ →
γXð3872Þ process. In the subgraphs (e)–(h), the YDD̄�γ,
YD�D̄γ, XDD̄�γ, and XD�D̄γ vertexes are considered in the
contact terms, respectively.

3We also need to mention that the interaction between hadrons
and photons can be studied with the nonlocal Lagrangians. In
many studies, the finite size of a hadron is considered by
introducing the correlation function and the relative displacement
between the inner components in a nonlocal Lagrangian, where
the gauge field is introduced through the gauge field exponential.
The approach is discussed in detail in Refs. [65–68].
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Mh ¼
Z

d4p1

ð2πÞ4 ð−iÞgYDD̄�εμναβpAβεAαðp1 − p2Þν

×
�
−gμρ þ

p1μp1ρ

m2
1

�
efXDD̄�γffiffiffi

2
p ε�ρ3 ε�σ4

× ðp2 − p1Þσ
F 2

contðp2
1Þ

ðp2
1 −m2

1Þðp2
2 −m2

2Þ
: ð26Þ

In the amplitudes Mðe∼hÞ, an additional form factor
F contðp2

1Þ is introduced to guarantee the gauge invariance
of the photon field for the long-distance interaction shown in
Figs. 3 and 4. As a result, F contðp2

1Þ is not an independent
entity; it is determined by the gauge invariance condition.
The gauge invariance of the photon field is expressed

through the Ward-Takahashi identity. We have noticed that
the amplitudes Mc and Md satisfy the Ward-Takahashi
identity directly, while the Ward-Takahashi identity is

broken in the amplitudes Ma, Mb, Me, Mf, Mg, and
Mh. By summing over all the amplitudes Ma ∼Mh, the
total amplitude will satisfy the relation pμ

3M
tot
μ ¼ 0, where

Mtot
μ is the total amplitudes without the polarized vector of

the photon εμ3. After dealing with loop integrals, the Lorentz
structure of the amplitudes can be expanded as

Ma ¼ A1εμναβp
μ
3ε

ν
3ε

α
4ε

β
A þ A2εμναβp

μ
4ε

ν
3ε

α
4ε

β
A þ A3εμναβp

μ
3p

ν
4ε

α
4ε

β
Ap4 · ε3;

Mb ¼ B1εμναβp
μ
3ε

ν
3ε

α
4ε

β
A þ B2εμναβp

μ
4ε

ν
3ε

α
4ε

β
A þ B3εμναβp

μ
3p

ν
4ε

α
3ε

β
Ap3 · ε4 þ B4εμναβp

μ
3p

ν
4ε

α
4ε

β
Ap4 · ε3;

Me ¼ Mf ¼ E1εμναβp
μ
3ε

ν
3ε

α
4ε

β
A þ E2εμναβp

μ
4ε

ν
3ε

α
4ε

β
A;

Mg ¼ Mh ¼ G1εμναβp
μ
3ε

ν
3ε

α
4ε

β
A þ G2εμναβp

μ
4ε

ν
3ε

α
4ε

β
A; ð27Þ

where the parameters have the relations, i.e., A1 ¼ A2,
B1 ¼ B2, E1 ¼ E2, and G1 ¼ G2.
In the contact amplitudes (Me ∼Mh), only

E1εμναβp
μ
3ε

ν
3ε

α
4ε

β
A and G1εμναβp

μ
3ε

ν
3ε

α
4ε

β
A guarantee the gauge

invariance of the photon field. Thus, the total contribution
from the contact amplitudes in Fig. 4 can be written as

Mcont ¼ ð2E1 þ 2G1Þεμναβpμ
3ε

ν
3ε

α
4ε

β
A; ð28Þ

where the parameter 2E1 þ 2G1 can be expressed by
2E1þ2G1¼−A2−B2þA3ðp4 ·p3ÞþB4ðp4 ·p3Þ, based
on the relation pμ

3M
tot
μ ¼ 0. And only the A1εμναβ×

pμ
3ε

ν
3ε

α
4ε

β
A, B1εμναβp

μ
3ε

ν
3ε

α
4ε

β
A, and B3εμναβp

μ
3p

ν
4ε

α
3ε

β
Ap3 · ε4

terms can guarantee the gauge invariance of the photon field
in Ma and Mb. Therefore, combined with Mc and Md,
theseWard-Takahashi identities allowed terms in the triangle
diagrams of Fig. 3 to be collected as

Mtri ¼ Mc þMd þ ðA1 þ B1 þ B3ðp3 · ε4ÞÞ
× εμναβp

μ
3ε

ν
3ε

α
4ε

β
A: ð29Þ

With the above treatment, the gauge invariance of the
photon field has been guaranteed. The loop amplitude of
the Y → γXð3872Þ process shown in Figs. 3 and 4 can be
written as

Mloop ¼ Mcont þMtri: ð30Þ

Finally, with the amplitude Mloop, the corresponding
decay width can be expressed as

Γloop½Yð4200Þ → γXð3872Þ� ¼ 1

3

1

8π

jp3j
m2

A
jMloopj2: ð31Þ

The dependance of Γloop½Yð4200Þ → γXð3872Þ� on α is
shown in Table II, where the parameterZX is not determined.
The threshold of the D1D̄ channel is around 4.289 GeV

(mD ¼ 1.867 GeV and mD1
¼ 2.422 GeV), which is close

to 4.2 GeV. Meanwhile, the D1D̄ pair could form a
molecular state with JP ¼ 1− [69,70], which should be
included in the Yð4200Þ structure. The D1D̄ can naturally
couple to JPC ¼ 1−− through an S-wave interaction,
and the D1D�γ vertex is an S-wave interaction as well.
Therefore, the radiative decay process in Fig. 5 through the
D1D̄ channel ought to be significant, which should be
considered in our calculations.
The vertexes of YD1D̄ coupling and D1D�γ coupling in

Fig. 5 are depicted by the Lagrangians, i.e.,

LYDD1
¼ gYffiffiffi

2
p YμðDμ

1D̄ −DD̄μ
1Þ;

LD1D�γ ¼ iegD1D�γεμναβFμνD�α†Dβ
1: ð32Þ

TABLE II. The long-distance contribution of the radiative
decay from Ma to Mh. Here, Y1 and Y2 denote ψð4160Þ and
ψð4230Þ, respectively.
α [eV] 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Γloop ½Y1→γXð3872Þ�
1−ZX

0.7 1.1 1.6 2.3 3.2 4.5 5.7

Γloop ½Y2→γXð3872Þ�
1−ZX

0.4 0.7 1.0 1.5 1.9 2.9 3.8
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With the Lagrangian in Eq. (32), the amplitude of the
process in Fig. 5 can be expressed as

MDD̄1 ¼
Z

d4q
ð2πÞ4 ð−iÞ

gYffiffiffi
2

p εAρ

�
−gρβ þpρ

1p
β
1

m2
1

�

× egD1D�γεμναβðpμ
3ε

�ν
3 −pν

3ε
�μ
3 Þ gXffiffiffi

2
p ε�4τ

×

�
−gατ þ qαqτ

m2
q

�
F 2ðq2Þ

ðp2
1 −m2

1Þðq2 −m2
qÞðp2

2 −m2
2Þ
;

ð33Þ

where the coupling constant of the D1D�γ vertex is deter-
mined as gD1D�γ ¼ 0.875 by fitting the calculated width
ΓD1→D�γ ¼ 166 keV from Ref. [71]. gY is the physical
coupling constant for the molecular state Y with its compo-
nentD1D̄, whichwas fixed through the study on the eþe− →
Yð4260Þ → DD̄�π process in Ref. [70]; therefore, we
employed the coupling constant gY ¼ 3.94 GeV−1=2.
Finally, with the above amplitude the decay width through

the D1D̄ channel is calculated. Combining Mloop and
MD1D̄, we can get the total amplitude for the long-distance
part of the Yð4200Þ → γXð3872Þ process. We calculate the
decay widths from the total amplitude of long-distance
interactions and present them in Table III.
Since only the long-distance interaction is included

in ΓL½Y → γXð3872Þ�, the coupling constant gLYXγ
can be estimated by ΓL½Y1ð2Þ → γXð3872Þ�=ð1 − ZXÞ ¼
24.1ð29.8Þ eV. Here, by using the larger results obtained
with α ¼ 4, we artificially overestimate the decay width in

order to outstand the contribution of the long-distance
interaction sufficiently. As a result, the coupling constant is
determined as gLYXγ ¼ 0.026

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ZX

p
.4

Except for the ZX, the coupling constants of the total
amplitude in Eq. (7) are all fixed through the above
calculations. Then, the total cross section can be calculated
with the equation

dσ ¼ 1

8ð2πÞ4
1

4jkej
ffiffiffi
s

p jMtotj2dk05dk03d cos θdη; ð34Þ

where k03 and k
0
5 are the energy of the J=ψ and γ in the final

states. In the next section, we will show the numerical
results of the cross section.

III. RESULTS AND DISCUSSIONS

At this stage, the remaining undetermined variable is ZX,
defined in Eq. (4). Theoretically, the value of ZX is
restricted in the range [0, 1] to denote the fraction of the
cc̄ component in the Xð3872Þ. For numerical analysis, the
value of ZX will be deduced by comparing our calculated
results for σ½eþe− → γXð3872Þ → γωJ=ψ � with the exper-
imental data in Ref. [2]. We illustrate both the theoretical
and experimental results in Fig. 6.
Figure 6 presents data points with error bars, which are

collected from experimental data in the supplemental
material of Ref. [2]. In the experiment, the Xð3872Þ particle
is identified via the J=ψω decay channel, which enables
the measurement of the cross section for the process
eþe− → γXð3872Þ → γωJ=ψ . To determine the most accu-
rate value of ZX based on the data depicted in Fig. 6, we
employ a minimization approach, defining χ2 ¼ P

iðσexpi −
σcali Þ2 as the error function to quantify the discrepancies
between experimental and theoretical cross sections. With
this method, we can compare the numerical predictions for
various ZX values against experimental data directly.
If assigning the ψð4160Þ resonance as the source of the

Yð4200Þ structure, we yield a ZX value in the range of 0.25
to 0.28, with the minimized χ2 value at 1.2þ1.2

−0.9 . This
scenario is illustrated by the left peak highlighted with a
blue band in Fig. 6. Conversely, when the ψð4230Þ
resonance is used to describe the Yð4200Þ structure, ZX
is determined between 0.12 and 0.14, with the minimized
χ2 at 1.3þ1.0

−0.6 . This finding is illustrated by the right peak,
marked with a red band in Fig. 6. Both descriptions of the
Yð4200Þ have an obvious uncertainty of a small χ2 in the
results, which reflect the significance of the present exper-
imental errors in the eþe− → γωJ=ψ process. Meanwhile,
the small χ2 in the results also indicateψð4160Þ andψð4230Þ
are the proper explanation for the Yð4200Þ structure.

FIG. 5. The long-distance radiative decay through the D1D̄
channel.

TABLE III. The radiative decay widths from a molecular D1D̄
initial state and the total radiative decay widths ΓL in the long-
distance interaction. Here, Y1 and Y2 represent ψð4160Þ and
ψð4230Þ, respectively.
α [eV] 1.0 1.5 2.0 2.5 3.0 3.5 4.0

ΓD1D̄½Y1→γXð3872Þ�
1−ZX

4.7 6.6 8.1 9.4 10.6 11.6 12.5

ΓL½Y1→γXð3872Þ�
1−ZX

5.0 7.5 10.1 13.4 16.7 20.7 24.1

ΓD1D̄½Y2→γXð3872Þ�
1−ZX

4.9 6.8 8.4 9.7 10.8 11.9 12.8

ΓL½Y2→γXð3872Þ�
1−ZX

7.5 10.8 14.1 17.8 21.1 25.8 29.8

4The two decay widths ΓL½Y1ð2Þ → γXð3872Þ�=ð1 − ZXÞ ¼
24.1ð29.8Þ eV will give two similar gLYXγs around
0.026

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ZX

p
. Their tiny differences can be ignored in our study.
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Since the E1 decay width ΓE1½ψð2DÞ → γχc1ð2PÞ� is
significantly larger than ΓL½Yð4200Þ → γXð3872Þ�, the
short-distance coupling strength is far stronger than the
strength of the long-distance coupling. As a result, if only
the long-distance interaction is involved in the calculation,
it is difficult to explain the experimental cross-section data
in Fig. 6. By adjusting the value of ZX, the short-distance
contribution of the Yð4200Þ → γXð3872Þ process is
involved. We find the magnitudes and line shapes of our
numerical results can explain the experimental data points
of σ½eþe− → γωJ=ψ � successfully, after the short-distance
contribution is considered. In detail from the study, we
arrive at the following five conclusions:

(i) The short-distance and long-distance interactions
exist in the eþe− → γXð3872Þ process simultane-
ously. Comparing to the long-distance interaction,
the strength of the short-distance interaction induced
by the E1 transition is much larger.

(ii) Although the strength of the short-distance inter-
action is much larger in the radiative production of
Xð3872Þ, the ZX value derived from the experimen-
tal data suggests that there is only a 12% to 28%
likelihood of identifying an Xð3872Þ as a short-
distance χc1ð2PÞ state. The results imply that the
Xð3872Þ is still mainly composed of the DD̄�
molecular component.

(iii) Comparing ΓD1D̄½Y→ γXð3872Þ� and Γloop½Y→
γXð3872Þ�, we find the S-wave interaction of the
molecular D1D̄ pair will significantly enhance the
contribution to the long-distance radiative decay
process. However, the contribution remains much
smaller than that of the leading-order E1 transition.

(iv) The present analysis indicates that the Yð4200Þ
structure in the γωJ=ψ spectrum is not an indepen-
dent and novel state, but a resonance peak from the
nearby ψð4160Þ or ψð4230Þ states.

(v) Based on the numerical results, the present exper-
imental data are insufficient to clarify which state
the Yð4200Þ structure originates from: ψð4160Þ or
ψð4230Þ. Consequently, more detailed measurement
of the process is necessary.

Besides the above numerical calculations, we also carry
out some simple estimations with the remaining experimen-
tal information. In Ref. [2], the relative branch ratio R

and Γeþe−→γJ=ψππ
Yð4200Þ are measured directly, whereR is defined

as R ¼ B½Xð3872Þ → ωJ=ψ �=B½Xð3872Þ → πþπ−J=ψ �,
and Γeþe−→γJ=ψππ

Yð4200Þ ¼ Γeþe− × B½Yð4200Þ → γXð3872Þ�×
B½Xð3872Þ → πþπ−J=ψ �. With the above definitions, the
decay width of Yð4200Þ → γXð3872Þ can be estimated by

Γest½Yð4200Þ → γXð3872Þ�

¼
R · Γeþe−→γJ=ψπþπ−

Yð4200Þ · Γtot
Yð4200Þ

Γeþe−
Yð4200Þ · B½Xð3872Þ → ωJ=ψ � ; ð35Þ

where R ¼ 1.6þ0.4
−0.3 , Γeþe−→γJ=ψπþπ−

Yð4200Þ ¼ 4.5þ1.1
−0.8 × 10−2 eV,

and B½Xð3872Þ → ωJ=ψ � ¼ 4.3� 2.1% are determined
by experiments directly [13]. Here, Γeþe−

ψð4160Þ ¼
0.48� 0.22 keV, Γtot

ψð4160Þ ¼ 70� 10 MeV, and Γtot
ψð4230Þ ¼

48� 8 MeV, Γeþe−
ψð4230Þ≃Γμþμ−

ψð4230Þ ¼ 1.53�1.26�0.54 keV

are employed separately to roughly evaluate Γest½Y1ð2Þ →
γXð3872Þ�. The results can be obtained, i.e.,

Γest½Y1 → γXð3872Þ� ¼ 244þ188
−179 keV;

Γest½Y2 → γXð3872Þ� ¼ 53þ57
−56 keV: ð36Þ

Through the above estimation, the present experimental
data from either ψð4160Þ or ψð4230Þ all suggest that
Γest½Yð4200Þ → γXð3872Þ� falls within the order about
10–100 keV, which is in accordance with the E1 transition
result in Table I and far different from the decay widths
induced by the long-distance interaction shown in Tables II
and III. The above estimations also suggest that the cross-
section data of the eþe− → γXð3872Þ process are dominated
by the short-distance interaction between cc̄ components.
Besides the ψð2DÞ → χc1ð2PÞγ process listed in Table I,

the ψð3SÞ → χc1ð2PÞγ transition also exhibits a notable
decay width in the E1 radiative transition. Therefore, the
resonance signals that belong to ψð4040Þ should exist
around 4.040 GeV in the cross-section data. However, as
depicted in Fig. 6, there is only a single experimental data
point below 4.15 GeV, which is insufficient for a compre-
hensive analysis around the 4.0 GeV region. Specifically,
the solitary data point at 4.0076 GeV cannot match with the

4.0 4.1 4.2 4.3 4.4 4.5 4.6
0.0

0.5

1.0

1.5

2.0
M (4230)=4.222 GeV

 Experimental data
 results based on (4230)
 results based on (4160)

(e
+ e-

J/
) (

pb
)

s1/2 (GeV)

M (4160)=4.191 GeV

FIG. 6. The cross section of eþe− → γJ=ψω. The black dots
with error bars are the experimental data copied from Ref. [2].
The two peaks with colored bands are the numerical results when
ψð4160Þ and ψð4230Þ are assumed to be the original source
of Yð4200Þ.
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current cross-section analysis of the Yð4200Þ. But if the
ψð4040Þ is involved in the σ½eþe− → γXð3872Þ�, it could
be understood directly. Nevertheless, without additional
data collected between 4.0076 and 4.1783 GeV, we are
unable to make a further study on whether the ψð4040Þ
peak exists in the σ½eþe− → γXð3872Þ�.

IV. SUMMARY

After the Xð3872Þ is found by the Belle Collaboration,
theorists make many efforts to make clear the nature of the
Xð3872Þ. Along with the progress of the different experi-
ments, experimentalists accumulated plenty of data of the
Xð3872Þ across different processes, which support the deep
theoretical research to its structure. Focusing on the cross-
section data of the Yð4200Þ → γXð3872Þ, we study the
long-distance and short-distance interactions in this process
through calculating the E1 radiative transition and hadronic
loop diagrams.
Comparing with the experimental results, the E1 tran-

sition makes σ½eþe− → γXð3872Þ → γωJ=ψ � possible to
reach the measured cross-section data, which clearly

reveals the short-distance interaction is crucial in the
process. And the compact cc̄ components are necessary
to understand the structure of Xð3872Þ and Yð4200Þ.
Through this study, we notice that the present mass

and width for Yð4200Þ still have large uncertainties in the
experiment, which should be promoted in the future.
Besides, the missing cross section between 4.0076 GeV
and 4.1783 GeV in the experiment may be noteworthy,
since the potential presence of the ψð4040Þ peak within this
interval will help us understand the Yð4200Þ more clearly.
We hope that future experiments can obtain more com-
prehensive and precise data, which will enhance our
understanding of this process and the relative topics.
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