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Since the present ω meson family has not been established, in this work we carry out an investigation of
the mass spectrum and Okubo-Zweig-Iizuka allowed a two-body strong decay of the S-wave and the
D-wave ω mesons, and make the comparison with the experimental data of these reported ω states and the
ω-like Xð2240Þ state observed by BESIII. By this study, we not only suggest the possible assignments to
these observed ω states under the framework of the ω meson family, but also predict three ω mesons
[ωð5SÞ, ωð2DÞ, and ωð4DÞ� which are still missing in experiment. The present study may provide valuable
information to further construct the ω meson family. Considering the present running status of BESIII, we
also suggest that BESIII should pay more attention to the issue of the ωmeson by accumulating more data.
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I. INTRODUCTION

As a well-known established meson below 1 GeV,
ωð782Þ is the ground state of the ω meson family. If
you do not carefully read Particle Data Book from Particle
Data Group (PDG) [1], you must intuitively think that the
higher states of the ω family have to be established in
experiment at least for these lower excitations. In fact, there
exists a messy situation for the ω family as shown in Fig. 1.
Checking the PDG data, we find that the inconsistency of
resonance parameters for most of the ω mesons popularly
exists in these reported experiment data from different
groups, especially for the width measurement. This prob-
lem did not attract attention from the community. In Fig. 1,
we illustrate this messy situation by listing experimental
data, which inspires our interest in further studying this
research topic.
We also notice a recent result reported by the BESIII

Collaboration. By studying the cross section of the eþe− →
KþK− process, a resonance structure exists in the KK̄

invariant mass spectrum which has the mass of M ¼
2239.2� 7.1� 11.3 MeV and the width of Γ ¼ 139.8�
12.3� 20.6 MeV [14]. In this work, we tentatively name
this structure as Xð2240Þ. Although it is treated as the
candidate of tetraquark states in Refs. [15,16], the proper-
ties of Xð2240Þ still remain unclear. Since Xð2240Þ is from
the eþe− annihilation, its JP must be 1− while its isospin
can be either 0 or 1. This experimental phenomenon also
indicates that BESIII will be a good platform to study the
higher states of the ω meson family. In this work, we will
put Xð2240Þ and the other ω states together when discus-
sing how to construct the ω meson family.
Among these light mesons, these isovector vector light

mesons form the ρ meson family while these isoscalar
vector light-mesons construct the ω meson family. In fact,
the ω meson family is similar to the ρ meson family which
is directly reflected by the fact that ωð782Þ and ρð770Þ is
approximately degenerate in mass. Thus, the ρ meson
spectrum can be a scaling point when theoretically con-
structing the ω meson spectrum. It is necessary to specify
that we assume ω mesons do not have the ss̄ component in
this work.
In 2013, the Lanzhou group systematically studied

the mass spectrum and decay behavior of these higher
excited ρ mesons [17], and found two Regge trajectories:
[ρð770Þ, ρð1450Þ, ρð1900Þ, ρð2150Þ] and [ρð1700Þ,
ρð2000Þ, ρð2270Þ], in which the former one and the later
one correspond to the S-wave and D-wave states in the ρ
meson family, respectively. In the Regge trajectory, the
radial quantum number is increasing with the mass change
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of these states. We need to explain that these ρ states are
from PDG data [1].
Because of the similarity between the ω meson family

and ρ meson family, we can give the Regge trajectories
for the discussed ω meson family by the experience of
studying the ρmeson family [17]. In Sec. II, we present the
corresponding analysis of the Regge trajectory. According
to our investigation, we may find that these reported ω-like
states can be categorized into the ω meson family when
performing a simple mass spectrum analysis. Obviously,
the mass spectrum information is limited to identifying
these possible assignments. Thus, we need to further carry
out the calculation of two-body Okubo-Zweig-Iizukan
(OZI) allowed strong decays of them, by which we can
distinguish dominant, main, and subordinate decay modes
of these discussed ω states. Getting their OZI allowed two-
body decay behavior is a key step to further clarify the
messy situation of these ω states, which will be the main
task of this work.
This paper is organized as follows. After the Introduc-

tion, we provide a Regge trajectory analysis for the
discussed ω meson family in Sec. II. And then we further
calculate the partial decay widths of these OZI allowed
two-body decays, where the quark pair creation (QPC)
model is adopted. By these obtained results, we further
select their dominant, main, and subordinate decay modes,
and some typical ratios of decays (see Sec. III). The paper
ends with a short summary in Sec. IV.

II. REGGE TRAJECTORY ANALYSIS

Finding the Regge trajectory is an effective approach to
study a light-meson spectrum [18,19]. The masses and
radial quantum numbers of the light mesons in the same
meson family satisfy the following relation:

M2 ¼ M2
0 þ ðn − 1Þμ2; ð2:1Þ

where M0 represents the mass of the ground state. In
addition, μ2 is the trajectory slope and n is the radial
quantum number of the corresponding meson with the
mass M.
Adopting Regge trajectory analysis and combining with

the ρ meson spectrum, we may construct two Regge
trajectories of the ω meson family. In Fig. 2, we plot the
Regge trajectories of the ρ meson according to the infor-
mation in Ref. [17], where μ2 ¼ 1.5 GeV2 for the S-wave
states and μ2 ¼ 1.05 GeV2 for the D-wave states. Then, by
taking ground states ωð782Þ and ωð1650Þ as input and
adopting almost the same trajectory slope as the ρmeson,we
can construe two Regge trajectories for the ωmeson family.
Then we also listed these observedω states andXð2240Þ for
comparison with these values directly from the Regge
trajectory analysis. We find

(i) ωð1420Þ and ωð1960Þ can be as the first and the
second radial excitations of ωð782Þ. There exist two
ω states [ωð2290Þ and ωð2330Þ] as the third radial
excitation of ωð782Þ. Xð2240Þ as the third radial
excitations of ωð782Þ is also possible.

(ii) ωð2205Þ as the second radial excitation of ωð1650Þ.
We notice that the first radial excitationωð2DÞ is still
missing in experiment. Its mass is predicted to be
1940 MeV which is between the values 1895 and
2179 MeV given by Ref. [20] and Ref. [21], respec-
tively. In fact, ωð1960Þ as the candidate of ωð2DÞ
cannot be excluded by analyzing the mass spectrum.
In the following, we will also discuss this point.

(iii) ωð2205Þ can be assigned as the second radial
excitation of ωð1650Þ. We notice that the first radial
excitation ωð2DÞ is still missing in experiment. Its
mass is predicted to be 1940 MeV which is between
the values 1895 and 2179 MeV given by Ref. [20]
and Ref. [21], respectively.

(iv) The analysis of Regge trajectory shows that the
masses of ωð5SÞ and ωð4DÞ are 2.42 and 2.57 GeV,

FIG. 1. The comparisons of the resonance parameters of ωð1420Þ and ωð1650Þ measured by different experiments.

PANG, WANG, HU, ZHANG, and LIU PHYS. REV. D 101, 074022 (2020)

074022-2



respectively. Here, the mass of ωð5SÞ is smaller than
that given in Ref. [21] and Ref. [20], which are
2.817and 2.472 GeV, respectively.

III. GETTING THE DECAY INFORMATION

For presenting the OZI allowed two-body decays of
these discussed ω and ω-like states, we employ the QPC
model in the concrete calculation, where we assume that all
decays are to/via two-meson channels. This model was first
proposed by Micu [22] and further developed by the Orsay
group [23–27]. Until now, the QPC model has been widely
applied to study the OZI allowed two-body strong decays
of hadrons [17,28–51]. Thus, the QPC model has become
an effective way to illustrate the decay behavior of hadronic
states. In the following, we will give a concise introduction
to this model.
For a decay process A → Bþ C, we may define the

corresponding decay amplitude by

hBCjT jAi ¼ δ3ðPB þ PCÞMMJA
MJB

MJC ; ð3:1Þ

where PBðPCÞ is the three-momentum of the meson BðCÞ
in the rest frame of the meson A. MJiði ¼ A;B; CÞ denotes
the magnetic quantum number. The transition operator T
describes a quark-antiquark pair creation from vacuum,
which has quantum number JPC ¼ 0þþ. The corresponding
operator T satisfies

T ¼−3γ
X

m

h1m;1−mj00i
Z

dp3dp4δ
3ðp3þp4Þ

×Y1m

�
p3−p4

2

�
χ341;−mϕ

34
0 ðω34

0 Þijb†3iðp3Þd†4jðp4Þ; ð3:2Þ

where the quark and antiquark are denoted by indices 3 and
4, respectively. γ depicts the strength of the creation of qq̄
from vacuum. YlmðpÞ ¼ jpjlYlmðpÞ are the solid harmon-
ics. χ, ϕ, and ω denote the spin, flavor, and color wave

functions, respectively. The subindices i and j are the color
of a qq̄ pair.
The decay width reads as

Γ ¼ π

4

jPj
m2

A

X

J;L

jMJLðPÞj2: ð3:3Þ

Here, mA is the mass of the initial state A. And the two
decay amplitudes can related by the Jacob-Wick formula
[52], i.e.,

MJLðPÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πð2Lþ1Þp

2JAþ1

X

MJB
MJC

hL0;JMJA jJAMJAi

× hJBMJB ;JCMJC jJAMJAiMMJA
MJB

MJC : ð3:4Þ

In Ref. [17], the Lanzhou group once systematically
studied the ρ meson family. Here, γ as the input parameter
of the QPC model is taken as 8.7 for uū=dd̄ pair creation,
while the strength of the ss̄ pair creation satisfies γ ¼
8.7=

ffiffiffi
3

p
[17,26,44]. In the present calculation, we still adopt

the same γ value as that suggested in Ref. [17]. An
important consideration is due to the similarity between
the discussed ω meson family and the ρ meson family.
When performing the calculation of the spatial integral

of the decay amplitude, we apply a simple harmonic
oscillator wave function ψnlmðkÞ ¼ RnlðR;kÞYnlmðkÞ
to describe the meson wave function involved in the
decays. When reproducing the root mean square radius
by solving the Schrödinger equation with the effective
potential [53], the parameter R of the final channel in the
simple harmonic oscillator wave function is determined.
For these discussed ω and ω-like states, we may set a R
range between the R values determined by the potential
model in Refs. [21,53].
With these preparations, we give the decay information

of these discussed ω and ω-like states. In the following
discussion, we use ρ and ω instead of ρð770Þ and ωð782Þ in
the final decay channels, respectively.

FIG. 2. The Regge trajectories of ω and ρ states. Here I is the isospin of mesons. The open circle and the filled geometry (circle and
triangle) are the theoretical and experimental values, respectively.
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A. The S-wave ω states

1. ωð1420Þ
In Fig. 1, we list the resonance parameter of ωð1420Þ

from different experimental groups, which explicitly shows
the inconsistence existing in the measurements of the mass
and width of this ω state.
As indicated in the Regge trajectory analysis shown in

Fig. 2, ωð1420Þ can be assigned as the second radial
excitation of ωð782Þ, which was discussed in the previous
work [45,54]. In this work, we recalculate the OZI allowed
two-body decays of ωð1420Þ, which are listed in Fig. 3.
Here, the partial and total decay widths dependent on R
value are given. When taking R ¼ ð3.5–3.8Þ GeV−1, the
obtained total width of ωð1420Þ is in the range of
ð120–200Þ MeV, which may support the PDG estimate
for the width (180–250 MeV) [1] and is a little bit larger
than the result (378 MeV) in Ref. [54]. Our result shows
that the main decay channel of ωð1420Þ is ρπ, which has
branching ratio 0.56–0.8 comparable with the RVUE’s
experiment measurement (ΓðρπÞ=Γtotal ¼ 0.699� 0.029
[7]). Then, ωð1420Þ → πb1ð1235Þ has an obvious contri-
bution to the total width as illustrated in our calculation.
Since b1ð1235Þ dominantly decays into ωπ [1], we can
understand why ωð1420Þ → πb1ð1235Þ and ωð1420Þ →
ωππ were first found in experiment [7]. In addition,
ωð1420Þ → ωη is sizable, which was reported in the
experimental analysis of the eþe− → ωη process [2,55].
As the subordinate decay mode, ωð1420Þ → KK̄ is still
missing in experiment.
Although the ωð1420Þ as the ωð2SÞ state is not in doubt,

an experimental study of ωð1420Þ with higher precision is
needed, especially for its resonance parameter and branch-
ing ratios.

2. ωð3SÞ and its candidate ωð1960Þ
First, we need to introduce the experimental status

of ωð1960Þ. Anisovich et al. performed a combined fit
to the data of the pp̄ → ωη;ωππ processes, and found the
ωð1960Þ signal with the mass of m ¼ 1960� 25 MeV and

the width of Γ ¼ 195� 60 MeV [56]. Since there only
exists one experimental result to ωð1960Þ, in PDG ωð1960Þ
is not collected into the particle list but as a further state [1].
According to the Regge trajectory analysis, it is suitable

to recommend ωð1960Þ as a ωð3SÞ state. For further
examining this assignment, we study its decay behavior
and find that the experimental width of ωð1960Þ can be
reproduced when R ¼ ð3.8–4.1Þ GeV−1 as shown in
Fig. 4. Here, ωð1960Þ may mainly decay into πρð1450Þ,
πb1ð1235Þ, and ρπ, which have branch ratios 0.68–0.75,
0.14–0.21, and 0–0.04, respectively, and almost contribute
the total width. We want to specify that πb1ð1235Þ can
decay to ωππ which is the final channel adopted in the
experiment analysis [56]. In addition, its important decay
modes are ηh1ð1170Þ, KK̄, ωη, πρð1700Þ, in which ωη has
been observed in experiment too [56]. Besides, the other
subordinate decay channels of ωð1960Þ can be found
in Fig. 4.
In Fig. 4, we set a R range to present that the result is

dependent on R. This fact reflects that the node effect from
the spatial wave function of the initial state is obvious

FIG. 3. The R dependence of the calculated partial and total
decay widths of ωð1420Þ as a ωð2SÞ state. Here, the yellow band
is the PDG estimate of the width of ωð1420Þ [1].

)(

)(

)(

)(

)(

FIG. 4. The calculated partial and total decay widths of
ωð1960Þ dependent on R. Here, ωð1960Þ is treated as a ωð3SÞ
state. We also list the experimental width of ωð1960Þ [56] for
comparisonwith our result. Here, we do not show these tinymodes
which have width below 0.1 MeV. And, b1 and h1 represent the
abbreviations of b1ð1235Þ and h1ð1170Þ, respectively.
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especially when we discuss the higher radial excitations. It
is the reason why we like to choose a R range to discuss the
partial and total decay widths instead of taking a typical
R value.
Further experimental confirmation of ωð1960Þ is crucial

to establish its observation. Besides focusing on the precise
measurement of its resonance parameter, we suggest
experiments to provide more abundant information of its
partial widths. It may stimulate a theorist to promote the
theoretical precision involved in the calculation of its decay
behavior.
We noticed that the mass of ωð1960Þ is close to the

estimatemass ofωð2DÞ. As shown in Fig. 8 that the obtained
total decay width of ωð2DÞ is a little bit larger than the
central value of the mass of ωð1960Þ (Γ ¼ 195� 60 MeV)
[56]. Thus, we cannot exclude the possibility of ωð1960Þ as
the candidate of ωð2DÞ if we are considering the exper-
imental error. Here, further experimental information of the
ratio of πb1ð1235Þ and πρð1450Þ decay widths for ωð3SÞ
andωð2DÞ can be a key point when distinguishing these two
possible assignments to ωð1960Þ.

3. ωð4SÞ and three candidates ωð2290Þ,
ωð2330Þ and Xð2240Þ

As shown in Fig. 2, there exist three possible candidates
[ωð2290Þ, ωð2330Þ, and Xð2240Þ] for the 43S1 state in the
ω meson family. ωð2290Þ was found in the partial wave
analysis of the data of pp̄ → ΛΛ̄ [57] with the resonance
parametersm ¼ 2290� 20 MeV and Γ ¼ 275� 35 MeV.
Another candidate of ωð4SÞ is ωð2330Þ, which was
observed in the process γp → ρ�ρπ∓ by the OMEG

Collaboration [58]. The mass and width of ωð2330Þ are
m ¼ 2330� 30 MeV and Γ¼ 435�75MeV, respectively.
Similar to the case of ωð1960Þ, these two ω states were
collected into the further states of PDG [1] because there
was no further experimental confirmation. In 2018, the
BESIII Collaboration reported a Xð2240Þ in the eþe− →
KþK− process, which has the mass of 2239.2� 7.1�
11.3 MeV and the width of 139.8� 12.3� 20.6 MeV
[14]. Xð2240Þ can be as the candidate of ωð4SÞ since it
is possible that JPC, the quantum number, is suitable and
the analysis of the Regge trajectory can support this
scenario. Facing this situation, it is necessary to study
the decay behaviors of ωð4SÞ, which may be applied to test
the possibility of assigning these three candidates into the ω
family. Here, we adopt the mass of ωð2290Þ as input to
investigate the strong decay of ωð4SÞ since the small mass
difference of ωð4SÞ cannot change the conclusion.
According to the numerical result listed in Fig. 5,

we may find that the width of ωð4SÞ is in the range of
(110–200) MeV, which is consistent with the width of
Xð2240Þ and much smaller than that of ωð2290Þ and
ωð2330Þ. Considering this result simply, the assignment
ωð4SÞ ¼ Xð2240Þ can be enforced. However, we still wait
for further experimental information to make a definite
conclusion. Here, the experimental measurement of its
partial decay widths is valuable.
Our result shows that ωð4SÞ mainly decays into

ρa2ð1320Þ, πρð1450Þ, and πb1ð1235Þ, which have the
branching ratios of 0.094–0.42, 0.13–0.2, and 0.057–
0.29, respectively, and almost contribute the total width
of ωð4SÞ. Because of ρπ being the dominant decay mode of
a2ð1320Þ, the three-body channel ρρπ is an important decay

*

FIG. 5. The R dependence of the calculated partial and total decay widths of ωð4SÞ. Here, we do not list these tiny decay mode
contributions whose width are below 0.2 MeV. b1, h1, a0, a1, a2, f0, f1, f2, and K1 represent b1ð1235Þ, h1ð1170Þ, a0ð1450Þ, a1ð1260Þ,
a2ð1320Þ, f0ð1370Þ, f1ð1285Þ, f2ð1270Þ, and K1ð1270Þ, respectively. The band labeled BESIII is for the Xð2240Þ [14].
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mode ofωð4SÞ. By the ρρπ channel,ωð2330Þwas observed
[58]. Besides, ρa0ð1450Þ, ηh1ð1170Þ, and KK̄ also are the
important decay modes. In experiment, Xð2240Þ was
reported in the KK̄ final state by BESIII [14]. The detailed
decay information can be found in Fig. 5. It is obvious that
establishing ωð4SÞ is still on the way.

4. The predicted ωð5SÞ
In this work, we also study the ωð5SÞ state. ωð5SÞ has

not been observed in experiment. The Regge trajectory
analysis shown in Fig. 2 indicates that ωð5SÞ has the mass
of 2.57 GeV, which is like the input when calculating the
decay of ωð5SÞ.
Here, the obtained OZI allowed two-body strong decay

of ωð5SÞ by the QPC model is presented in Fig. 6. The
predicted ωð5SÞ has the width of (74–170) MeV which
corresponds to the adopted parameter R¼ð4.3–4.7ÞGeV−1.
Its main decay modes are ρπ and πb1ð1235Þ.
Additionally, the important decay modes are ηh1ð1170Þ,
πρð1450Þ, πρð1700Þ, ρπð1300Þ, and ρπ2ð1670Þ. And, the
ρa1ð1260Þ, KK̄, ωη, and ρa2ð1320Þ modes also have
considerable contributions to the total decay width. We
hope that the predicted behavior of ωð5SÞ is helpful to the
experimental search for ωð5SÞ. The running BESIII with a
higher precision has the potential to capture the evidence
of ωð5SÞ.

B. The D-wave ω states

In this section, we focus on the analysis of theD-wave ω
mesons by combining with the experimental data of
ωð1650Þ and ωð2205Þ. We also predict two missing states:
ωð2DÞ and ωð4DÞ.

1. ωð1650Þ
Although ωð1650Þ as a D-wave ground state of the ω

meson family was suggested in the literature [1,45], the
measurement of its resonance parameter was not satisfac-
tory, as shown in Fig. 1.
In this work, we calculate the partial and total decay

widths dependent on the R value as shown in Fig. 7. The
obtained partial and total decay widths are not sensitive to

)(

)(

FIG. 6. The R dependence of the calculated partial and total decay widths of ωð5SÞ state. Here, the tiny decay modes with width
bellow 1.0 MeVare not listed. b1, h1, a0, a1, a2, f0, f1, f2, η2, π2, and K1 denote b1ð1235Þ, h1ð1170Þ, a0ð1450Þ, a1ð1260Þ, a2ð1320Þ,
f0ð1370Þ, f1ð1285Þ, f2ð1270Þ, η2ð1645Þ, π2ð1670Þ, and K1ð1270Þ, respectively.

FIG. 7. The R dependence of the calculated partial and total
decay widths of ωð1650Þ as a 1D state. Here, the yellow band is a
PDG estimated value of the width of ωð1650Þ [1].
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the R ¼ ð3.5–3.8Þ GeV−1 range. This can be understood
well since there does not exist a node effect. The total width
of ωð1DÞ is about 750 MeV, which is larger than the
estimated value of 315� 35 MeV in PDG [1]. Further
comparing this theoretical result with other concrete
experimental data, we find that our result is close to the
experimental width in Ref. [3].
Among these calculated partial decay widths, the

ωð1DÞ → πb1ð1235Þ decay width as the dominant contri-
bution to the total decay width is illustrated in our
calculation, which is confirmed by the experimental data
Γωππ=ΓTotal ¼ 0.624� 0.014 [7]. At the same time, we get
that the branching ratio of the ωð1DÞ decay into ρπ is 0.13,
which is about 3 times smaller than the experimental value
0.38� 0.014 [7]. In addition, the branching ratios of the
ωη, KK̄, and K�K̄� decay modes are sizable, which are
about 0.033, 0.02, and 0.014 respectively, in which ωη was
observed in the eþe− annihilation process [2,3].
Generally, it is suitable to explain ωð1650Þ as a ωð1DÞ

state. At present, a crucial task is to carry out the precise
measurement of the resonance parameter of ωð1650Þ for
clarifying the messy situation of the measured width
of ωð1650Þ.

2. The predicted ωð2DÞ
As shown in Fig. 2, we may construct a Regge trajectory

for the D-wave ω mesons. We need to insert a ωð2DÞ state
between ωð1650Þ and ωð2205Þ. The ωð2DÞ state missing
in experiment has the mass of 1940 MeV according to the
Regge trajectory analysis.
When further discussing the OZI allowed two-body

decays of ωð2DÞ (see Fig. 8 for more details), we may
estimate the total decay width of ωð2DÞ to be (220–
245) MeV. And the predicted main decay channels of
ωð2DÞ include πb1ð1235Þ, πρð1450Þ, and ρπ, which are
not sensitive to theR value. Since our calculation shows that
the branch ratio of πb1ð1235Þ can reach up to 0.5, a three-
body decay ωð2DÞ → ωππ is suggested to be an ideal
channel of searching for ωð2DÞ. Additionally, the decay
channels πb1ð1235Þ and ρπ have branching ratios around
0.25 and 0.1, respectively. Also, ηh1ð1170Þ,KK̄, andωη are
important decay channels for this predicted ωð2DÞ state.

3. ωð3DÞ and its candidate ωð2205Þ
In the pp̄ → ωη, ωππ process, SPEC observed the

ωð2205Þ state associated with ωð1960Þ [56]. By analyzing
the Regge trajectory of ω states, we can naturally assign
ωð2205Þ as a ωð3DÞ state. The calculated two-body strong
decay information is collected into Fig. 9. By analyzing the
Regge trajectory of the ω states, we can naturally assign
ωð2205Þ as a ωð3DÞ state. The calculated two-body strong
decay information is collected into Fig. 9.
The calculated total decay width of ωð3DÞ is (120–

140) MeV when taking R ¼ ð4.1–4.4Þ GeV−1, which is

smaller than the experimental width valueΓ¼350�90MeV
[56]. We find that πb1ð1235Þ, ρa1ð1260Þ, and πρð1450Þ are
the main decay modes of ωð3DÞ, which have the branch
ratios of 0.24–0.35, 0.069–0.3, and 0.09–0.21, respectively.
ωπ is the dominant decay mode of b1ð1235Þ [1], which can
explain that ωð2205Þ was observed in the pp̄ → ωππ
process at the SPEC experiment [56]. Since ρð1450Þ can
decay into ππ, πππ will be an important three-body final
state of exploring ωð3DÞ. Our result shows that ρa2ð1320Þ,
ηh1ð1170Þ, ρπ, ωf2ð1270Þ, ρπð1300Þ, and ωf1ð1285Þ are
its subordinate decay channels in which the branch ratio of
ρa2ð1320Þ is 0.04–0.07. Among these sizable decay chan-
nels of KK̄, ωð1420Þη, Kð1460ÞK̄ þ H:c:, and ωη, only ωη
is observed in experiment [56]. The details of other decay
channels can be found by Fig. 9.
In Sec. III A 3, we discussed the possibility of Xð2240Þ

as ωð4SÞ. In fact, Xð2240Þ as a ωð3DÞ state can be put into
the Regge trajectory of theD-waveωmesons. The obtained
total decay width of ωð3DÞ overlaps with the experimental
width of Xð2240Þ. It will be a crucial task to distinguish the
ωð4SÞ and ωð3DÞ assignments to Xð2240Þ, since the decay
behavior of ωð4SÞ is similar to that of ωð3DÞ as shown in
Figs. 5 and 9. We may notice that there exists an obvious
difference of the branching ratios of ρa2ð1320Þ and
ρa1ð1260Þ decay channels for ωð4SÞ and ωð3DÞ. Thus,

( )

( )

FIG. 8. The R dependence of the calculated partial and total
decay widths of ωð2DÞ. Here, b1, h1, K1, and K�

2 represent
b1ð1235Þ, h1ð1170Þ, K1ð1270Þ, and K�

2ð1430Þ, respectively.
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the measurements of ρa2ð1320Þ and ρa1ð1260Þ can be
applied to distinguish the above assignment to Xð2240Þ.
Obviously, the present experimental data is still not

enough to establish the ωð3DÞ state.

4. The predicted ωð4DÞ
In the following, we want to present our result of the

predicted 43D1 state in the ωmeson family. By the analysis
of Regge trajectory (see Fig. 2), we predict that ωð4DÞ

has a mass of about 2420 MeV. With such a mass
estimate for ωð4DÞ, we calculate the partial and total decay
widths of ωð4DÞ which are collected into Fig. 10 as the R
dependence.
One notices that ωð4DÞ is a narrow state with the

total decay width of around (40–60) MeV, where we
take R ¼ ð4.3–4.7Þ GeV−1. ωð4DÞ mainly decays into
πb1ð1235Þ, ρð1450Þπ, and ωð1420Þπ. The branching ratios
of these three typical decaymodes are 0.27–0.49, 0.13–0.25,

( )

( )

( )

( )

FIG. 9. The R dependence of the calculated partial and total decay widths of ωð2205Þ as ωð3DÞ. Here, the yellow band is the
experiment value from Ref. [56] and these tiny decay modes with a partial width lower than 1 MeVare not listed. b1, h1, a1, a2, f0, f1,
f2, and K1 are the abbreviations of b1ð1235Þ, h1ð1170Þ, a1ð1260Þ, a2ð1320Þ, f0ð1370Þ, f1ð1285Þ, f2ð1270Þ, and K1ð1270Þ,
respectively.

FIG. 10. The R dependence of the calculated partial and total decay widths of ωð4DÞ. Here, these partial decay widths with width
smaller than 0.2 MeV are not listed. And, b1, h1, a1, a2, f0, f1, f2, η2, and K1 represent b1ð1235Þ, h1ð1170Þ, a1ð1260Þ, a2ð1320Þ,
f1ð1285Þ, f2ð1270Þ, η2ð1645Þ, and K1ð1270Þ, respectively.
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and 0.05–0.09, respectively. ηh1ð1170Þ, ρπ, KK̄,
KK̄ð1460Þ þ H:c:, ρa1ð1260Þ, and ρa2ð1320Þ are the
important decay modes of ωð4DÞ. Here, we suggest KK̄
as an ideal channel to search for the predictedωð4DÞ state in
experiment according to the last BESIII experience of
studying light vector states in Ref. [14].
In this work, KK̄�ð1680Þ þ H:c:, ρπð1300Þ, η0h1ð1170Þ,

etc. are the subordinate decay channels. At present, we can
only provide this decay information for further experimen-
tal exploration of this higher ω state.

IV. SUMMARY

Studying light hadron spectroscopy is an interesting
research topic. When checking the experimental data of
these reported ω states, we notice two serious problems:
(1) The difference of the measured resonance parameters
for the same state from different experimental groups is
obvious. Here, ωð1420Þ and ωð1670Þ as lower states are
typical examples. (2) For the remaining higher states like
ωð1960Þ, ωð2290Þ, ωð2330Þ, and ωð2205Þ, the correspond-
ing experimental information is scarce. It means that these
ω states are collected by PDG as further states. Considering
the messy situation of measurements of these observed ω
states listed in PDG [1] and inspired by the last BESIII
observation of ω-like state Xð2240Þ in the eþe− → KþK−

process [14], we perform a systematic study of the mass
spectrum and the two-body OZI allowed strong decay of
the ω meson family.
By comparing the experimental data with our theoretical

result, we examine the possibilities of assigning these
reported ω states and the ω-like state into the ω meson
family. In addition, we predict the masses and decay
behaviors of ωð5SÞ, ωð2DÞ, and ωð4DÞ, which are still

absent in experiment. Obviously, exploring them will be a
key step to construct the whole ω meson family. Our
theoretical results can help an experimentalist to select a
suitable channel and find these missing states.
Recently, the BESIII Collaboration announced the

“White Paper on the Future Physics Programme of
BESIII” [59], where investigating the light hadron spec-
troscopy will still be one of the most important goals of the
BESIII experiment. In past years, BESIII has paid more
efforts to it. Among the direct production of light vector
states via the eþe− annihilation results in the observation of
some enhancement structures around 2 GeV [14,60–62],
Xð2240Þ discussed in this work is a typical state. Thus, for
BESIII, exploring the ω meson states produced directly
through the eþe− annihilation will be a research issue full
of opportunity. We believe that the present work is a new
starting point of studying the ω meson spectroscopy.
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