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The eþe− → ωη and eþe− → ωπ0π0 processes are ideal platforms to search for higher ω states.
Focusing on the observations of two enhancement structures around 2.2 GeV existing in eþe− → ωη and
eþe− → ωπ0π0 at BESIII, we analyze how the ωð4SÞ and ωð3DÞ states play the role in the eþe− → ωη and
eþe− → ωπ0π0 processes. The present study is supported by theoretical ω mesonic spectroscopy. For
reproducing the data of the cross sections of eþe− → ωη and ωπ0π0, the intermediate ωð4SÞ and ωð3DÞ
should be introduced, which indicates that the enhancement structures around 2.2 GeVexisting in eþe− →
ωη and ωπ0π0 contain the ωð4SÞ and ωð3DÞ signals. Nonetheless, in the process eþe− → ωη, the ωð4SÞ
plays a dominant role, while the ωð4SÞ and ωð3DÞ have similar sizable contributions in the process of
eþe− → ωπ0π0, which leads to a difference in the line shape of enhancement structure in the cross sections
under the interference effect. Thus, we find a solution to alleviate the puzzling difference of resonance
parameter of two reported enhancement structures around 2.2 GeV existing in eþe− → ωη and eþe− →
ωπ0π0 at BESIII. The present study provides valuable information to construct ω meson family, which can
be accessible at future experiment like BESIII.

DOI: 10.1103/PhysRevD.106.034010

I. INTRODUCTION

Studying hadron spectroscopy may provide important
hint to understand the nonperturbative behavior of strong
interaction. With the enhancement of precision in particle
detection,more andmore newhadronic stateswere observed
in the past decades. These surprises often brought us delight.
Until now, constructing light flavor meson family with
higher states has become an interesting research issue,
especially with the accumulation of the data of eþe−

annihilation into light hadrons at
ffiffiffi
s

p
∼ 2 GeV [1–6].

Recently, the BESIII Collaboration reported the meas-
urement of the cross sections of the eþe− → ωη [2] and
eþe− → ωπ0π0 [5] at center of mass energies from 2 GeV

to 3.08 GeV. Due to the constraint from symmetry, eþe− →
ωη [2] and eþe− → ωπ0π0 [5] are suitable processes to
search for ω mesons. Here, two enhancement structures
around 2.2 GeV were observed, which has resonance
parameters listed as below M1 ¼ 2222� 7� 2; MeV,
Γ1 ¼ 59� 30� 6; MeV, M2 ¼ 2179� 21� 3; MeV,
and Γ2 ¼ 89� 28� 5: MeV. Obviously, the determined
resonance parameters (M1, Γ1) and (M2, Γ2) by BESIII via
two processes eþe− → ωη [2] and eþe− → ωπ0π0 [5],
respectively, are different.
When looking at particle listings collected by Particle

Data Group (PDG) [7], three ω states, the ωð2205Þ,
ωð2290Þ, ωð2330Þ, as further state was presented here.
In Ref. [8], Lanzhou group studied the possibility of the
ωð2290Þ and ωð2330Þ as ωð43S1Þ ¼ ωð4SÞ state, and the
ωð2205Þ as ωð33D1Þ ¼ ωð3DÞ state. But, there still exists
difference of theoretical result and experimental data of
total width when making the above assignment [8]. A main
reason is that the ωð2205Þ, ωð2290Þ, ωð2330Þ states were
not established in experiment. Their resonance parameters
can only be as reference for constructing the ωð4SÞ and
ωð3DÞ. Additionally, when putting these reported ω states
in experiments together, we can obviously find the
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difference of their resonance parameters as shown in
Fig. 1, where five ω states are accumulated in the same
energy range, which is puzzling for us. This messy situation
should be clarified by further theoretical and experimental
effort.
Focusing on the present observations of ω states at

BESIII, we propose that it is a good chance to identify the
ωð4SÞ and ωð3DÞ contributions through eþe− → ωη [2]
and eþe− → ωπ0π0 [5] since eþe− collision is high
precision experiment, which is different from the reaction
processes of reporting the ωð2205Þ, ωð2290Þ, ωð2330Þ.
In this work, we analyze the eþe− → ωη and ωπ0π0

processes with the help of the theoretical input of ω
mesonic spectroscopy. Our results show that the enhance-
ment structures around 2.2 GeVexisting in eþe− → ωη [2]
and ωπ0π0 [5] can be due to the ωð4SÞ and ωð3DÞ
contributions. Nonetheless, in process eþe− → ωη, the
ωð4SÞ plays a dominant role, while the ωð4SÞ and
ωð3DÞ have similar sizable contributions in the process
eþe− → ωπ0π0. Obviously, this scheme makes us easily
understand the puzzling difference of the measured reso-
nance parameters of two resonance structures existing in
eþe− → ωη [2] and eþe− → ωπ0π0 [5] reported by BESIII.
The present study may provide valuable information to
construct the ω meson family. With accumulation of high
precision data at future experiment, we also suggest our
experiment colleague to test such scenario proposed in
this work.
The paper is organized as follows. After the Introduction,

we illustrate how to depict the cross sections of the eþe− →
ωη and ωπ0π0 processes with the theoretical support on
mass spectrum, and decay behaviors of the ωmeson family
around 2.2 GeV in Sec. II. In Sec. III, we perform a fit on
the experimental data of the Bonn cross sections of eþe− →
ωη and ωπ0π0 measured by the BESIII Collaboration to

decipher the contributions of excited ωð4SÞ and ωð3DÞ,
which can help us understand the nature of the enhance-
ment structures around 2.2 GeV observed in these two
processes. Finally, this work ends with a discussion and
conclusion in Sec. IV.

II. DEPICTING THE CROSS SECTIONS OF THE
e+ e − → ωη AND ωπ0π0 PROCESSES

BESIII measured the cross sections of the eþe− → ωη
[2] and ωπ0π0 [5] processes at

ffiffiffi
s

p ¼ 2–3.08 GeV, by
which the event accumulation around 2.2 GeV can be
found. For depicting these enhancement structures around
2.2 GeV, in this work we consider the contribution of
higher ω mesonic states. Thus, theoretical knowledge of ω
mesons around 2.2 GeV is helpful to carry out such study.

A. Theoretical ω mesonic states around 2.2 GeV

Among these ω meson states collected in the Particle
Data Group (PDG) [7], theωð782Þ is well established as the
ground state of S-wave ω meson. And then, the ωð1420Þ
and ωð1960Þ are assigned as the first and the second radial
excitations of the ωð782Þ, respectively. As the ground state
of D-wave ω meson, the ωð1650Þ is established (see
Refs. [8–12] for more details). Here, for illustrating the
assignment to these observed ω states, we present the
Regge trajectories for the S-wave andD-wave ω states, and
make the comparison with the corresponding ρ mesonic
states, which are shown in Fig. 2, by which the readers can
learn the possible assignment [8] to these observed ω states
and their ρ partners.
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FIG. 1. A comparison of resonance parameters of these
reported ω states with masses around 2.2 GeV [2,5,7].

FIG. 2. The analysis of Regge trajectory for these reported ω
states from PDG [7], and the comparison with the ρmesonic states
[8]. In general, the masses and radial quantum numbers of the light
mesons in the same meson family should satisfy the relation
M2 ¼ M2

0 þ ðn − 1Þμ2 [13,14], whereM0 denotes the mass of the
ground state, μ2 is the trajectory slope and n is the radial quantum
number. In the diagram, I denotes the isospin of the discussed
mesons. The open circle and solid point correspond to the
theoretical and experimental values, respectively.
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According to the theoretical study on the mass spectrum
and decay behaviors of ω mesonic states [8,15], the ωð4SÞ
and ωð3DÞ were predicted with mass around 2.2 GeV. By
an unquenched potential model, Lanzhou group studied the
mass spectrum and the Okubo-Zweig-Iizuka (OZI)-allowed
two-body strong decays of light flavor vector mesons [15].
Under this theoretical framework, the OZI-allowed two-
body strong decays of the ωð4SÞ and ωð3DÞ can be
obtained. In Fig. 3, we collect these theoretical results,
which are applied to the following investigation for the
cross section of the eþe− → ωð4SÞ=ωð3DÞ → ωη and
ωπ0π0 processes.

B. The e+ e − → ωη process

For the eþe− → ωη process, there exist two possible
mechanisms, which have contribution to the cross section.
As shown in Fig. 4, eþe− may directly annihilate into
virtual photon, which couples with the final state ωη. The
eþe− → ωη process occurs via the intermediate ωð4SÞ and
ωð3DÞ for the situation discussed in this work.
When calculating these processes, we adopt effective

Lagrangian approach. Here, the effective Lagrangians
related to the eþe− → ωη process include [16–21]

LγV ¼ −em2
V

fV
VμAμ; ð1Þ

LγVP ¼ gγVPϵμναβ∂μAν
∂
αVβP; ð2Þ

LVVP ¼ gVVPϵμναβ∂μVν
∂
αVβP; ð3Þ

where V andP stand for the vector and pseudoscalar meson
fields, respectively.
The amplitudes of eþe− → ωη corresponding to the

diagrams (a) and (b) in Fig. 4 can be expressed as

Mωη
Dir ¼ gγωην̄ðk1ÞðieγμÞuðk2Þ

−gμν

s
ϵρναβqρkα3

× ε�σðk3ÞF ðsÞ; ð4Þ

Mωη ¼ gω�ωηM
ρ
eþe−→ω�ϵδραβqδkα3ε

�βðk3Þ; ð5Þ

respectively, where k1, k2, k3, and k4 are four-momentum of
eþ, e−, ω and η, respectively, and q ¼ k1 þ k2 ¼ k3 þ k4.
F ðsÞ ¼ expð−bð ffiffiffi

s
p

−
P

f mfÞÞ denotes the form factor,
where the b is free parameters, which can be determined
by fitting experimental data, and

P
f mf is the sum for

themasses of the final particles. The coupling constant gω�ωη
stands for gωð4SÞωη or gωð3DÞωη.With the values of the branch-
ing ratio of ωð4SÞ=ωð3DÞ decay to ωη shown in Fig. 3,
the gωð4SÞωη and gωð3DÞωη are estimated to be gωð4SÞωη¼
0.5GeV−1 or gωð3DÞωη¼0.3GeV−1. Furthermore,Mρ

eþe−→ω�

is the amplitude of eþe− → ω�

Mρ
eþe−→ω� ¼ ν̄ðk1ÞðieγμÞuðk2Þ

×
−gμν

s
−em2

ω�

fω�

g̃νρðp1Þ
s −m2

ω� þ imω�Γω�

with g̃μνðqÞ ¼ −gμν þ qμqν=q2, and the resonance param-
eters of ωð4SÞ and ωð3DÞ are taken from these values as
shown in Fig. 3. The parameter fω� can be related to the
dilepton decay width of ω� by

Γω�→eþe− ¼ e4mω�

12πf2ω�
: ð6Þ

Here, we adopt the Γωð4SÞ→eþe− ¼ 7 eV and Γωð4SÞ→eþe− ¼
1.8 eV [15], which are estimated according to the zero-point
behavior of their radial wave functions. Therefore, using the

FIG. 3. The mass, total width, and the branching ratios of the
OZI-allowed strong decays of the ωð4SÞ and ωð3DÞ states.

FIG. 4. The schematic diagrams depicting the reaction
eþe− → ωη. Here, diagram (a) is the virtual photon directly
coupling with final states, while diagram (b) is due to the
intermediate state ω� contribution, where ω� denotes the
ωð4SÞ=ωð3DÞ.
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Eq. (6), we obtain decay constants fωð4SÞ ¼ 264 and
fωð3DÞ ¼ 532.
With the above amplitudes, the differential cross sections

of eþe− → ωη can be calculated by

dσ ¼ 1

32πs
jk⃗3 cmj
jk⃗1 cmj

jMωη
Totalj2d cos θ; ð7Þ

where θ is the scattering angle of an outgoing ω relative to
the direction of the electron beam in the center-of-mass
frame, while k⃗1 cm and k⃗3 cm are the three-momentum of the
electron and ω in the center-of-mass frame, respectively.
The overline in jMωη

Totalj2 indicates the average over the
polarization of eþe− in the initial states and the sum over
the polarization of ωη in the final states. In addition,Mωη

Total
is the total amplitude of eþe− → ωη, which is expressed as
follows

Mωη
Total ¼ Mωη

Dir þ
X
R

Mωη
R eiϕR ; ð8Þ

where R stands for different intermediate ω� meson states,
and ϕR denotes the phase angle of amplitudes of the
direct annihilation and the intermediate excited ω meson
contribution.

C. The e + e− → ωπ0π0 process

As shown in Fig. 5, three typical reaction mechanisms
for the eþe− → ωπ0π0 process are given. Besides

continuum contribution, the intermediate states with the
ωð4SÞ and ωð3DÞ may play role in eþe− → ωπ0π0, where
the ωð4SÞ and ωð3DÞ can be coupled to the final state by
the cascade processes eþe− → ω� → π0X1 → ωπ0π0 and
eþe− → ω� → ωX2 → ωπ0π0. Supported by the study of
decay properties of the ωð4SÞ and ωð3DÞ (see Fig. 3), we
may determine the concrete particles corresponding to X1

and X2, i.e., X1 denotes ρ=ρð1450Þ=b1ð1235Þ, while X2

represents f2ð1270Þ.
The involved effective Lagrangians of eþe− → ωπ0π0

are [22–24]

LγVPP ¼ −gγVPPAμVμPP; ð9Þ

LVVP ¼ gVVPϵμναβ∂μVν
∂
αVβP; ð10Þ

LVVT ¼ gVVT VμVνT μν; ð11Þ

LT PP ¼ gT PPðP∂μ∂νP þ ∂
μ
∂
νPP − 2∂μP∂νPÞT μν; ð12Þ

LVPb1 ¼ igVPb1VμPb
μ
1; ð13Þ

where T and b1 are the tensor and b1 meson fields,
respectively.
We may further write out the amplitudes of

eþe− → ωπ0π0

Mωπ0π0
Dir ¼ −gγωπ0π0 ν̄ðk1ÞðieγμÞuðk2Þ

−gμν

s
gνσε�σðp4ÞF ðsÞ; ð14Þ

Mωπ0π0
ρ� ¼ gω�ρ�π0gρ�ωπ0M

ρ
eþe−→ω�

�
ϵθραβqθðpα

3 þ pα
4Þ

g̃βτðp3 þ p4Þ
ðp3 þ p4Þ2 −m2

ρ� þ imρ�Γρ�
ϵκτδσðpκ

3 þ pκ
4Þpδ

4

þ ϵθραβqθðpα
2 þ pα

4Þ
g̃βτðp2 þ p4Þ

ðp2 þ p4Þ2 −m2
ρ� þ imρ�Γρ�

ϵκτδσðpκ
2 þ pκ

4Þpδ
4

�
ε�σðp4Þ; ð15Þ

FIG. 5. Feynman diagrams depicting the mechanisms of the reaction eþe− → ωπ0π0. Here diagrams (a) corresponds to direct
annihilation, and diagrams (b) and (c) present the contributions from the intermediate ω� mesons via cascade decays. Here, ω� denotes
ωð4SÞ=ωð3DÞ, while X1 denotes ρ=ρð1450Þ=b1ð1235Þ and X2 represents f2ð1270Þ.
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Mωπ0π0
b1

¼ −gω�b1π0gb1ωπ0M
ρ
eþe−→ω�

�
g̃ρσðp3 þ p4Þ

ðp3 þ p4Þ2 −m2
b1
þ imb1Γb1

þ g̃ρσðp2 þ p4Þ
ðp2 þ p4Þ2 −m2

b1
þ imb1Γb1

�
ε�σðp4Þ; ð16Þ

Mωπ0π0
f2

¼ igω�ωf2gf2π0π0M
ρ
eþe−→ω�

g̃ρσαβðp3 þ p3Þ
ðp2 þ p3Þ2 −m2

f2
þ imf2Γf2

ðpα
2p

β
2 þ pα

3p
β
3 − 2pα

2p
β
3Þε�σðp4Þ; ð17Þ

where p2, p3, and p4 are four momenta of final states π0,
π0, and ω, respectively, and g̃ρσαβ ¼ 1

2
ðg̃ραg̃σβ þ g̃ρβg̃σαÞ−

1
3
g̃ρσ g̃αβ. The ρ�, b1 and f2 denote ρ=ρð1450Þ, b1ð1235Þ

and f2ð1270Þ, respectively, where their resonance param-
eters are taken from PDG [7], which are collected in
Table I. The coupling constants included in Eqs. (15)–(17)
are calculated from the branching ratios of the correspond-
ing decay modes, which are also collected in Table I. Here,
the coupling constants involved with the ωð4SÞ and ωð3DÞ
can be calculated from the branching ratios of the corre-
sponding decay modes given in Fig. 3. The branching ratio
of the ρð1450Þ decaying to ωπ0 is adopted to be 60%,
which is estimated by the values of Bðρð1450Þ → eþe−Þ ×
Bðρð1450Þ → ωπÞ ¼ 3.7 × 10−6 [7] and Bðρð1450Þ →
eþe−Þ ¼ 6.2 × 10−6 [15], and the branching ratio of the
b1ð1235Þ decay into ωπ0 is taken as 100% [25]. Besides,
the coupling constant gρωπ0 is fixed to be 16.0 GeV−1 as
estimated by the QCD sum rules [26].
The cross section of eþe− → ωπ0π0 is

dσ ¼ 1

32ð2πÞ5 ffiffiffi
s

p ffiffiffiffiffiffiffiffiffi
k1k2

p jMωπ0π0
Total j2jp⃗2jjp⃗�

3jdΩ2dΩ�
3dm34;

ð18Þ

where p⃗2 (Ω3) is the three-momentum (solid angle) of π0 in
the center-of-mass frame, p⃗�

3 (Ω�
3) stands for the three-

momentum (solid angle) of the ω in the rest frame of ω and
π0, and m34 is the invariant mass of the ω and π0 system.
Thus, the total amplitude of Mωπ0π0

Total is

Mωπ0π0
Total ¼ Mωπ0π0

Dir þ
X
R;X

Mωπ0π0
RX eiϕRX ; ð19Þ

where R and X denote the ωð4SÞ=ωð3DÞ and the inter-
mediate X1=X2 state, respectively, and ϕRX is the phase
angle among different amplitudes.

III. NUMERICAL RESULTS

In this section, we perform a fit on the experimental data
of the Bonn cross sections of eþe− → ωη and ωπ0π0

measured by the BESIII Collaboration [2,5] to decipher
the contributions of excited ωmeson states, which can help
us understand the nature of the enhancement structures
around 2.2 GeVobserved in these two processes. Based on
the theoretical studies of the spectrum and decay properties
of higher ω mesons near 2.2 GeV shown in Sec. II, we can
directly estimate the cross section sizes of eþe− →
ωð4SÞ=ωð3DÞ → ωη and ωπ0π0, where the corresponding
results are shown in Figs. 6 and 7, respectively.
As given in Fig. 6, the cross section of eþe− → ωη

occurring through the intermediate state ωð4SÞ is signifi-
cantly larger than that occurring through the ωð3DÞ, but
they are still in the same order of magnitude. In Fig. 7, we
can find that the dominant resonance contributions to
eþe− → ωπ0π0 are from the cascade processes ωð4SÞ →
ðρð1450Þ → ωπ0Þπ0, ωð4SÞ → ðb1ð1235Þ → ωπ0Þπ0 and
ωð3DÞ → ðb1ð1235Þ → ωπ0Þπ0. Here, the contributions
of these cascade processes ωð4SÞ → ðρ → ωπ0Þπ0 and
ωð3DÞ → ðρð1450Þ → ωπ0Þπ0 are secondary, while the
contributions of these cascade processes ωð4SÞ→
ðf2ð1270Þ→π0π0Þω, ωð3DÞ→ðρ→ωπ0Þπ0 and ωð3DÞ →
ðf2ð1270Þ → π0π0Þω are minor, which are one or two
orders of magnitude smaller than the others. Besides,
although the ρπ is one of the dominant decay channels
of the ωð4SÞ and the ρ can be strongly coupled to ωπ, the

TABLE I. The input parameters in our calculations. Here, these resonance parameters of the states involved in this work are adopted
the values provided by PDG [7], the coupling constants are calculated from the branching ratios of the corresponding decay modes. The
branching ratio of the ρð1450Þ decay into ωπ0 is obtained by values of Bðρð1450Þ → eþe−Þ × Bðρð1450Þ → ωπÞ ¼ 3.7 × 10−6 [7] and
Bðρð1450Þ → eþe−Þ ¼ 6.2 × 10−6 [15], and the branching ratio of the b1ð1235Þ decay into ωπ0 is taken as 100% estimated by the QPC
model [25].

Parameters Values Parameters Values Parameters Values Parameters Values

mρð1450Þ 1.465 GeV Γρð1450Þ 0.400 GeV Bðρð1450Þ → ωπ0Þ 60% gρð1450Þωπ0 8.2 GeV−1

mb1ð1235Þ 1.230 GeV Γb1ð1235Þ 0.142 GeV Bðb1ð1235Þ → ωπ0Þ 100% gb1ð1235Þωπ0 3.8 GeV
mf2ð1270Þ 1.275 GeV Γf2ð1270Þ 0.187 GeV Bðf2ð1270Þ → ππÞ 84.2% gf2ð1270Þππ 3.3 GeV−2

gωð4SÞρπ0 0.5 GeV−1 gωð4SÞρð1450Þπ0 1.4 GeV−1 gωð4SÞb1ð1235Þπ0 0.8 GeV gωð4SÞωf2ð1235Þ 0.5
gωð3DÞρπ0 0.3 GeV−1 gωð3DÞρð1450Þπ0 0.6 GeV−1 gωð3DÞb1ð1235Þπ0 1.3 GeV gωð3DÞωf2ð1235Þ 0.5
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contribution of the ωð4SÞ → ðρ → ωπ0Þπ0 cascade process
to eþe− → ωπ0π0 is suppressed by an off-shell intermediate
ρ state.
After the above preparation, we can fix the theoretical

contributions of the ωð4SÞ and ωð3DÞ to fit the exper-
imental data of the Born cross sections of eþe− → ωη and
eþe− → ωπ0π0. In the next fitting procedure, the free
parameters only include relative phase angles of the differ-
ent amplitudes, gγωη, gγωπ0π0 , be, and bp in the direct
production amplitudes.
The fitted parameters for the eþe− → ωη reaction are

collected in Table II, and the obtained χ2=n:d:f value is 1.59.
With the central values of the fitted parameters, we can
obtain the curve of the total cross sections of eþe− → ωη,
which is presented in Fig. 8 by a black solid line, where the
fitted line shape can well reproduce the experimental data.
Obviously, the ωð4SÞ plays a dominant role in the eþe− →
ωη process compared to the ωð3DÞ, especially for repro-
ducing enhancement structure around 2.2 GeV. Therefore,
the line shape of the total cross section of eþe− → ωη
mainly reflects the characteristics of the ωð4SÞ. Thus, we
understand why the resonance parameter reported by
BESIII in the process of eþe− → ωη is comparable with
the mass and width of the ωð4SÞ predicted in Ref. [15].
Both theωð4SÞ andωð3DÞ can contribute to themeasured

eþe− → ωπ0π0 process through multiple cascade processes
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FIG. 6. The calculated cross sections of eþe− → ωð4SÞ → ωη
and eþe− → ωð3DÞ → ωη.
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FIG. 7. The calculated cross sections of eþe−→ωð4SÞ→ωπ0π0

and eþe−→ωð3DÞ→ωπ0π0 through different cascade processes.
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FIG. 8. The fitted result of the experimental data of the Born
cross sections of eþe− → ωη [2].

TABLE II. The parameters obtained by fitting the experimental
data of the Born cross sections of eþe− → ωη [2], and the
χ2=n:d:f value is 1.59 for this fitting.

Parameters Values Parameters Values

gγωη (GeV−1) 0.053� 0.001 bωη (GeV−1) 1.63� 0.05
ϕωð4SÞ (rad) 2.79� 0.15 ϕωð3DÞ (rad) 6.17� 0.47
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as discussed above. In order to reduce the number of free
fitting parameters, these contributions from the cascade
processes ωð4SÞ → ðf2ð1270Þ → π0π0Þω, ωð3DÞ →
ðρ → ωπ0Þπ0, and ωð3DÞ → ðf2ð1270Þ → π0π0Þω to
eþe− → ωπ0π0 are not considered when fitting the exper-
imental data of the Born cross section of eþe− → ωπ0π0,
since these contributions are one or two orders of magnitude
smaller than the others. The fitted results for the exper-
imental data of eþe− → ωπ0π0 are presented in Table III and
Fig. 9, where the obtained χ2=n:d:f value is 1.79.Here, it can
be seen that the enhancement structure observed in eþe− →
ωπ0π0 near 2.2 GeV can also be reproduced well. The
interference between different cascade processes is crucial
to reproduce the experimental data, which results in an
enhancement structure sandwiched by the mass positions of
the ωð4SÞ and ωð3DÞ in the total cross section of the
eþe− → ωπ0π0 process. Through the above analysis, we
may draw a conclusion that the enhancement structure
observed in eþe− → ωπ0π0 near 2.2 GeV can be due to
total contribution from the ωð4SÞ and ωð3DÞ.
Based on the above analysis of the cross sections of the

eþe− → ωη and eþe− → ωπ0π0 processes supported by the
theoretical spectroscopy of higher ω mesonic states, we
find that the enhancement structures near 2.2 GeV reported

in eþe− → ωη [2] and eþe− → ωπ0π0 [5] can be repro-
duced well by introducing the contributions of the ωð4SÞ
and ωð3DÞ. Since the difference in the relative contribution
of the ωð4SÞ and ωð3DÞ in eþe− → ωη and eþe− → ωπ0π0

as well as the interference effect, it naturally explains the
difference of the resonance parameters of the enhancement
structures around 2.2 GeV reported in these two processes
[2,5]. Finally, we can see that the experimental data of
eþe− → ωη and eþe− → ωπ0π0 show the existence of the
ωð4SÞ and ωð3DÞ, which is consistent with former theo-
retical predictions for the ωð4SÞ and ωð3DÞ by an
unquenched potential model [15]. It is obvious that the
present study provides valuable information to construct
the ω meson family.

IV. DISCUSSION AND CONCLUSION

Although more and more new hadronic states were
observed in the past decades [27–30], light flavor meson
family is far from being established. How to construct
light flavor meson family with the reported experimental
phenomena becomes an intriguing research topic
[8,12,15,21,31–40]. With data accumulation of eþe− col-
lision at

ffiffiffi
s

p
∼ 2 GeV, light flavor vector enhancement

structures around 2.2 GeV were reported in eþe− → ωη [2]
and eþe− → ωπ0π0 [5], which can be related to higher ω
mesonic states.
In this work, guided by theoretical knowledge of ω

mesonic spectroscopy [15], we introduce the ωð4SÞ and
ωð3DÞ to depict the behavior of enhancement structures
observed in eþe− → ωη [2] andeþe− → ωπ0π0 [5], and find
that these two structures around 2.2 GeV are resulted from
the interference of the ωð4SÞ and ωð3DÞ signals. By this
way, the puzzling difference of the resonance parameter of
these vector enhancement structures can be explained well.
We should indicate that the present work is the first step
when establishing higherωmesonic states, which is one part
of whole constructing light flavor hadronic spectroscopy.
More theoretical and experimental efforts are encouraged.
In the future, BESIII, as main force of exploring light

flavor hadron, has good chance to carry out further
experimental exploration to identify the ωð4SÞ and
ωð3DÞ states through high precision data of eþe− → ωη
and eþe− → ωπ0π0.
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TABLE III. The parameters obtained by fitting the experimen-
tal data of the Born cross sections of eþe− → ωπ0π0 [5], and the
χ2=n:d:f value is 1.79 for this fitting.

Parameters Values Parameters Values

gγωπ0π0 4.84� 0.02 bωπ0π0 (GeV−1) 1.12� 0.01
ϕωð4SÞρ (rad) 1.82� 0.55 ϕωð4SÞρð1450Þ (rad) 0.54� 0.23
ϕωð4SÞb1ð1235Þ (rad) 4.81� 0.03 ϕωð3DÞρð1450Þ (rad) 5.34� 0.72
ϕωð3DÞb1ð1235Þ (rad) 1.79� 0.05
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FIG. 9. The fitted result of the experimental data of the Born
cross sections of eþe− → ωπ0π0 [5].
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