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We study the excited states of ω and ω3 by comparison with the ρ and ρ3 families, and discuss the
possibility of Xð2220Þ as ω excitation by analyzing the mass spectra and strong decay behaviors. In
addition, we predict the masses and widths of ωð2DÞ, ω3ð4DÞ, ρ3ð4DÞ, ρ3ð1GÞ, ω3ð2GÞ, ρ3ð2GÞ, ω3ð3GÞ,
and ρ3ð3GÞ. The abundant information of their two-body strong decays predicted in this work will be
helpful to further study of these ω and ω3 and ρ and ρ3 states in experiment and theory.
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I. INTRODUCTION

Very recently, the BESIII Collaboration announced the
observation of the Xð2220Þ state in the eþe− → ωπ0π0

process [1], which has a statistical significance larger
than 5σ. The measurement shows that the Xð2220Þ has
the mass of M ¼ 2222� 7� 2 MeV and the width of
Γ ¼ 59� 30� 6 MeV. It could be an ω excited state from
its report. The Lanzhou group indicates that the enhance-
ment structures around 2.2 GeVexisting in eþe− → ωη and
eþe− → ωπ0π0 contain the ωð4SÞ and ωð3DÞ signals [2].
The BESIII Collaboration announced Xð2220Þ could be an
excited ω resonance [3]. Present studies show that it is
reasonable to regard Xð2220Þ as an ω state. When further
checking the experimental status of light mesons, we notice
an interesting phenomenon: the states of unflavored light
meson families with 3−− are not established well. In our
previous work [4], we carried out a system investigation of
the ω mesons and studied the ω-like Xð2240Þ state
observed by BESIII Collaboration [5]. Now, we reconsider
the newly observed Xð2220Þ state and the ω and ω3, ρ and
ρ3 families.

As an important part of the meson family, the ω and ρ
and ω3 and ρ3 families have become more and more
abundant in experiment. BESIII Collaboration reported a
result that in the eþe− → ωπ0 cross section, a resonance
denoted by Yð2040Þ was observed recently. Its mass and
width are determined to be 2034� 13� 9 and 234� 30�
25 MeV [6], respectively; Ref. [7] also treated it as
ρð2000Þ. BESIII Collaboration also reported a state [we
call it Xð2239Þ] with 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
[8] by studying the cross section of the eþe− → KþK−

process. Xð2239Þ is treated as Yð2175Þ in the Ref. [9].
Reference [4] assigned Xð2239Þ as the ωð43S1Þ state and it
treated Xð2239Þ as the candidate of tetraquark states in
Refs. [10,11]. Barnes, Godfrey, and Swanson suggest that
further investigation is expected to understand the struc-
tures near the ΛΛ̄ threshold, such as Xð2239Þ, ηð2225Þ, and
Xð2175Þ. However, the properties of Xð2240Þ still remain
unclear [12].
Afonin classified light nonstrange mesons according to

the values of ðL; nÞ and indicated that ω3ð1670Þ, ω3ð2285Þ,
ρ3ð1690Þ, are D-wave mesons [13]. In 2009, Ebert calcu-
lated masses of the ground state as well as the orbital and
radial excited states of quark-antiquark mesons within the
relativistic quark model, which included the masses of ω,
ω3, ρ, and ρ3 meson families [14]. Anisovish et al. consider
the decays of ω and ρ mesons, the 3S1 qq̄ states of
constituent quark model: ρ → γπ, ω → γπ, and ρ → ππ
and give correct values for the partial widths of radiative
and hadronic decays of confined qq̄ states [15]. In 2013, the
Lanzhou group studied the ρ, ρ3 family [16], which helps to
construct the whole ρ family. Later, Wang et al. predicted
the spectroscopy behavior of ω, ρ, and ϕ mesons at the
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range of 2.4–3 GeV [17]. Feng et al. analyze the masses
and two-body strong decay widths of 3S1 vector mesons
[18]. The masses and strong decay widths of the higher
excited ρ mesons are calculated in Ref. [19]. All of the
above mentioned works refer to ω and ω3 and ρ and ρ3
mesons.
Not only are the lightest vector meson resonances, ρ, ω,

and ϕ benchmark states in understanding of the quark
substructure of hadrons [20], but also they are important
parts of the light meson family. A systematic study for the
ω, ρ, and ω3, ρ3 meson family becomes very necessary and
urgent. ω and ω3 and ρ and ρ3 mesons have same quantum
numbers (P and C), for which reason the study of them can
be borrowed from each other. We estimate the mass of the
missing states in these meson families. Similarly, we study
the strong decays of the ω and ω3 meson family comparing
with that of the ρ and ρ3 meson family.
In this work, we will study the excited states of ω, ρ, and

ω3, ρ3 mesons. By using the modified Godfrey-Isgur quark
(MGI) model and quark pair creation (QPC) model, the
mass spectra and strong decay behavior of the excited states
of these mesons are analyzed, which indicates that Xð2220Þ
is the candidate of ωð3DÞ meson with IðJPÞ ¼ 0ð1−Þ. The
spectra of the ω, ρ and ω3, ρ3 meson families are studied.
This paper is organized as follows. We first introduce the

models applied in this paper in Sec. II and analyze the mass
spectra and decay behaviors of the ω, ρ and ω3, ρ3 mesons
in Sec. III. The paper ends with a summary.

II. MODELS EMPLOYED IN THE WORK

The modified GI quark model, Regge trajectory, and the
QPC model can be used to calculate the mass spectra and
the two-body strong decays of the meson family, respec-
tively. Before discussing the results, the above models will
be introduced briefly here.

A. Regge trajectory

It is efficient to investigate a light-meson spectrum by
determining the Regge trajectory [21,22]. The following
relation is satisfied by the masses and radial quantum
numbers of the light mesons that belong to the same meson
family:

M2 ¼ M2
0 þ ðn − 1Þμ2; ð2:1Þ

where M0 represents the mass of the ground state, n is the
radial quantum number of the corresponding meson with
the mass M, and μ2 is the trajectory slope. The Regge
trajectories are a great method to help us decide the
approximate mass range of a particle and it lays a good
foundation for our next step. This method can approx-
imately hold even if it is not as strict as the Regge trajectory
as a function of the particle spin, it can still approximately
hold since at most one or two excitations are known for

each quantum number. And we will calculate the mass
spectrum using the MGI model, which obviously takes into
account spin breaking.

B. The modified GI model

Godfrey and Isgur successfully proposed the GI model in
1985 for characterizing relativistic meson spectra, particu-
larly for low-lying mesons [23]. In order to better describe
the spectrum of the highly excited states, Song et al. [24,25]
introduced the color screening effect on the basis of the
Cornell potential to modify the GI model (MGI model).
The Hamiltonian of the potential model reads

H̃ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ p2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

2 þ p2

q
þ Ṽeffðp; rÞ; ð2:2Þ

which represents the internal interactions of mesons. m1

and m2 are the mass of quark and antiquark, respectively,
the effective potential has a familiar format in the non-
relativistic limit before smeared [23,26]

VeffðrÞ ¼ Hconf þHhyp þHso; ð2:3Þ

with

Hconf ¼
�
−
3

4

�
bð1 − e−μrÞ

μ
þ c

�
þ αsðrÞ

r

�
ðF1 · F2Þ

¼ SðrÞ þ GðrÞ; ð2:4Þ

Hhyp ¼ −
αsðrÞ
m1m2

�
8π

3
S1 · S2δ3ðrÞ

þ 1

r3

�
3S1 · rS2 · r

r2
− S1 · S2

��
ðF1 · F2Þ; ð2:5Þ

Hso ¼ HsoðcmÞ þHsoðtpÞ; ð2:6Þ

where S indicates the spin of quark or antiquark and L is the
orbital momentum. For a meson, hF1 · F2i ¼ −4=3, the
running coupling constant αsðrÞ has the following form:

αsðrÞ ¼
X3

k¼1

2αkffiffiffi
π

p
Z

γkr

0

e−x
2

dx; ð2:7Þ

where α1;2;3 ¼ 0.25, 0.15, 0.2 and γ1.2.3 ¼ 1
2
;

ffiffiffiffi
10

p
2
;

ffiffiffiffiffiffiffi
1000

p
2

[23]. Hconf reflects the spin-independent interaction, and
it can divided into two parts: SðrÞ andGðrÞ.Hhyp represents
the color-hyperfine interaction. Hso is the spin-orbit inter-
action that contains the color magnetic term and the
Thomas precession term. Hso can be written as

HsoðcmÞ ¼ −αsðrÞ
r3

�
1

m1

þ 1

m2

��
S1
m1

þ S2
m2

�
· LðF1 · F2Þ;

ð2:8Þ
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HsoðtpÞ ¼ −
1

2r
∂Hconf

∂r

�
S1
m2

1

þ S2
m2

2

�
· L: ð2:9Þ

The parameters of the MGI model are defined in
Table I [27].
Through diagonalizing and solving the Hamiltonian in

Eq. (2.2) by exploiting a simple harmonic oscillator (SHO)
basis, the mass spectra and wave functions can be obtained.
The mass and wave function of the meson are applied to the
strong decay process.

C. A brief review of QPC model

The QPC model is used to calculate the hadronic strong
decays allowed by the Okubo-Zweig-Iizuka (OZI) rule.
This model was initially put up by Micu [28] and further
developed by the Orsay group [29–33]. The QPC model is
widely applied to the OZI-allowed two-body strong decays
of mesons in Refs. [16,27,34–56]. The transition operator
T describes a quark-antiquark pair (denoted by indices 3
and 4) creation from vacuum that JPC ¼ 0þþ. For the
process A → Bþ C, T can be written as [4]

T ¼ −3γ
X

m

h1m; 1 −mj00i
Z

dp3dp4δ
3ðp3 þ p4Þ

× Y1m

�
p3 − p4

2

�
χ341;−mϕ

34
0 ðω34

0 Þijb†3iðp3Þd†4jðp4Þ;

ð2:10Þ
where YlmðpÞ ¼ jpjlYlmðpÞ represents the solid harmon-
ics. χ, ϕ, and ω denote the spin, flavor, and color wave
functions, respectively. Subindices i and j are the color
index of a qq̄ pair. The amplitudeMMJA

MJB
MJC of the decay

process is defined with the transition operator T ,

hBCjT jAi ¼ δ3ðPB þ PCÞMMJA
MJB

MJC ; ð2:11Þ
P is the three-momentum in the rest frame of a meson A.
Finally, the total width can be expressed in terms of the
partial wave amplitude squared,

Γ ¼ π

4

jPj
m2

A

X

J;L

jMJLðPÞj2; ð2:12Þ

where mA is the mass of an initial state A, and the two
decay amplitudes can be related by the Jacob-Wick formula
[57] as

MJLðPÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πð2Lþ1Þp

2JAþ1

X

MJB
MJC

hL0;JMJA jJAMJAi

×hJBMJB ;JCMJC jJAMJAiMMJA
MJB

MJC : ð2:13Þ

III. NUMERICAL RESULTS AND
PHENOMENOLOGICAL ANALYSIS

We adopt the Regge trajectory and the MGI model to
calculate the mass spectrums of ω and ω3 and ρ and ρ3
mesons and employ the QPC model with the meson wave
functions obtained from the MGI model to evaluate the
meson decay widths. Following, we will give the numerical
results and phenomenological analysis.

A. Mass spectra analysis

We plot the Regge trajectory of ω and ω3, ρ and ρ3
meson families in the Fig. 1. By analyzing the Regge
trajectory, the results demonstrate that ωð782Þ, ωð1420Þ,
andωð1960Þ are 1S, 2S, and 3S states, respectively. ρð770Þ,
ρð1450Þ, ρð1900Þ, and ρð2150Þ are 1S, 2S, 3S, and 4S
states. However, the situation of ωð4SÞ is not so distinct.
ωð2330Þ, ωð2290Þ, and Xð2240Þ can be the candidates of
ωð4SÞ because of their approximate masses. The widths of
those states are different. The mass of ωð2330Þ is larger
than that of others, more details can be seen in the Fig. 1
and the numerical result in Table II. As for the D wave,
the states ρð1700Þ, ρð2000Þ, and ρð2270Þ are on the
(nþ I þ J;M2) planes. We assign Xð2220Þ and ωð2205Þ
as the 33D1 states. ω3ð1945Þ and ω3ð2285Þ are the excited
states of ω3ð1670Þ. ρ3ð1990Þ and ρ3ð2250Þ are the 2D and
3D states, which agrees well with the results in Ref. [16].
We can see the masses of ωð1650Þ and ρð1700Þ, ω3ð1670Þ
and ρ3ð1670Þ, ω3ð1945Þ and ρ3ð1990Þ are very similar.
Applying the MGI model and the parameters in Table I,

the mass spectra of S wave and D wave of ω and ρ mesons
as well as ω3 and ρ3 mesons are shown in the Table II. Jia
et al. revisited the orbital Regge spectra of the light
unflavored mesons [58]. And as we reviewed in Sec. I,
Anisovich et al. investigated the Regge trajectory [59],
Ebert et al. gave the mass spectrum of the ω and ω3 and ρ
and ρ3 mesons [14]. Our numerical results are compared
with experimental masses and their theoretical results in
Table II. As shown in Table II, Ref. [59] estimated the mass
of ω3ð1DÞ to be 1671 MeV, which is smaller than the mass
obtained with the MGI model and Ref. [14]. The mass of
ωð13S1Þ calculated in the MGI model is smaller than that in
Refs. [14,58,59]. The mass spectrum of Ref. [59] and MGI
model all indicate that the newly observed state Xð2220Þ
may be an ωð3DÞ state. Furthermore, we find that the lower

TABLE I. Parameters and their values in this work, which are
given by Ref. [27].

Parameter Value [27] Parameter Value [27]

mu (GeV) 0.163 σ0 (GeV) 1.799
md (GeV) 0.163 s (GeV) 1.497
ms (GeV) 0.387 μ (GeV) 0.0635
b (GeV2) 0.221 c (GeV) −0.240
ϵc −0.138 ϵsov 0.157
ϵsos 0.9726 ϵt 0.893
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TABLE II. The mass spectra of ω and ω3 and ρ and ρ3 mesons. The unit is MeV.

n2sþ1LJ Jia [58] Anisovish [59] Ebert [14] This work Experimental mass

ωð13S1Þ 846 778 776 773.8 782.65� 0.12 [60]
ρð13S1Þ 775 775.26� 0.25 [60]
ωð23S1Þ 1473 1486 1424.3 1410� 60 [60]
ρð23S1Þ 1465� 25 [60]
ωð33S1Þ 1763 1921 1906.1 1960� 25 [60]
ρð33S1Þ 1909� 30.2 [61]
ωð43S1Þ 2158 2195 2259.1 2330� 30, [60] 2290� 20, [60]

2239.2� 7.1� 11.3 [8]
ρð43S1Þ 2201� 19 [62]
ωð53S1Þ 2363 2542.1 � � �
ρð53S1Þ � � �
ωð13D1Þ 1701 1557 1646.2 1670� 30 [60]
ρð13D1Þ 1720� 20 [60]

ωð23D1Þ 1992 1895 2047.6 � � �
ρð23D1Þ 2000� 30 [63]
ωð33D1Þ 2212 2168 2365.0 2205� 30, [60] 2222� 7.3 [1]
ρð33D1Þ 2265� 40 [60]
ωð43D1Þ 2624.0 � � �
ρð43D1Þ � � �
ω3ð13D3Þ 1661 1671 1714 1708.2 1667� 4 [60]
ρ3ð13D3Þ 1675 1688.8� 2.1 [60]
ω3ð23D3Þ 1987 2066 2074.0 1945� 20 [60]
ρ3ð23D3Þ 1982� 14 [60]
ω3ð33D3Þ 2376 2309 2374.0 2285� 60 [60]
ρ3ð33D3Þ 2232 [60]
ω3ð43D3Þ 2705 2628.8 � � �
ρ3ð43D3Þ � � �
ω3ð13G3Þ 2252 2002 2254.8 2255� 15 [60]
ρ3ð13G3Þ � � �
ω3ð23G3Þ 2482 2267 2522.3 � � �
ρ3ð23G3Þ � � �
ω3ð33G3Þ 2746 2748.5 � � �
ρ3ð33G3Þ � � �

1 2 3 4 5 6
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6

0 2 4 6 8
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FIG. 1. The S and D waves’ Regge trajectories of ω, ω3 and ρ, ρ3 families. Here J is the angular momentum of the meson. The open
circle and the filled geometry are the theoretical and experimental values, respectively.
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energy excited states such as 1S, 2S and 1D, 2D are
consistent with experimental values [60,63].
As for ω3 and ρ3 meson families, there is too little

information to help us determine their structures. For
the states of D wave, ω3ð1670Þ and ρ3ð1690Þ are the
1D states which has been certified by many researchers
[13,14,64,65]. With respect to 2D states, we predict the
masses of ωð2DÞ and ρð2DÞ are both 2074 MeV. At the
same time, ρð2000Þ is a ρð2DÞ state [13,16], which is also
close to our theoretical prediction. With regard to the 3D
states of ω3 and ρ3, the value of the mass that we calculated
is 2376.5 MeV. Moreover, we consider ρ3ð2250Þ as the
ρ3ð3DÞ state, which agrees well with the result in Ref. [16].
Besides, we have also calculated the mass spectra of

ω3 and ρ3 of G wave. The masses of 1G, 2G, and 3G are
2254.8, 2522.3, and 2748.5 MeV, respectively. Further
discussion based on the decay behaviors will be given in the
next section. We hope that this information can help find
these resonances in experiment.

B. Decay modes and width

ω and ω3 and ρ and ρ3 mesons have the same quantum
numbers (P and C), for which reason the study of them can
be learned from each other. We estimate the masses of the
missing states in these meson families. Similarly, we study
the strong decays of ω and ω3 meson family comparing
with that of ρ and ρ3 meson family. The γ value in
Eq. (2.10) is taken by the following method. When fitting
the ρ and ρ3 meson experimental width value (with error)
using the theoretical total width, the range of γ value can be
fixed. Then we use this γ value to calculate the width of ω
and ω3 meson. Some decay channels which less than
1 MeV are omitted.

1. S wave ω and ρ mesons

By analyzing the above masses of ω and ρ states, we
know that ωð1420Þ, ωð1960Þ, ωð2330Þ, ωð2290Þ, and
Xð2240Þ are the radial excitations of ωð782Þ. ρð1450Þ,
ρð1900Þ, and ρð2150Þ are the ρð2SÞ, ρð3SÞ, and ρð4SÞ
states, respectively. We will then discuss these states.

From Table III, ωð1420Þ dominantly decay into πρ
which is consistent with experiment [66] and Ref. [67].
ηω, KK, b1π, and KK� are the important decay modes in
which b1π was observed in experiment [66]. The total
width of ωð1420Þ in our calculation has a overlap with the
experiment value [68]. ωð1420Þ is a good candidate of
ωð2SÞ which is consistent with Ref. [51].
ωð1960Þ is observed in the pp̄ → ωη, and ωππ process

[69]. As shown in Table IV, ωð1960Þ dominantly decay
into ρπ under ωð3SÞ assignment. The decay modes b1π,
KK1, and ηω make some contribution to the total width,
and b1π can decay to ωππ which is the final channel
observed in experiment [69]. According to our calcula-
tion, the total width of ωð1960Þ is 191.1� 42.5 MeV and
this is consistent with the experimental data [69]. In
addition, ηω is a sizable final channel and has been
observed in experiment [69]. Other detailed information
is demonstrated in Table IV. Our calculation indicates that
ωð1960Þ can be assigned as ωð3SÞ state, which is con-
sistent with Ref. [18].
Xð2240Þ is observed in the eþe− → KþK− process by

the BESIII Collaboration, which has the mass of 2239.2�
7.1� 11.3 MeV and the width of 139.8� 12.3�
20.6 MeV [8]. The quantum number of this resonant
structure can be assigned as JPC ¼ 1−−. Assuming that

TABLE III. The total and partial decay widths of the ωð2SÞ and ρð2SÞ, the unit of width is MeV. The γ value is 11.5–13.4.

ωð1420Þ, Γexp ¼ 880� 170 [68] ρð1450Þ, Γexp ¼ 400� 60 [66]

Channel Value Reference [67] Channel Value Reference [67]

Total 690� 105 378 Total 400 279
πρ 608 328 πω 220 122
ηω 33.3 ηρ 58.0
KK 28.3 31 KK 31.9
b1π 12.1 1 ππ 30.9 74
KK� 9.50 5 KK� 30.3

a1π 14.9 3
h1π 9.05 1

TABLE IV. The total and partial decay width of the ωð3SÞ and
ρð3SÞ, the unit of width is MeV. The γ value is 6.3–7.9.

ωð1960Þ, Γexp¼195�60 [69] ρð1900Þ, Γexp¼130�30 [67]

Channel Value Channel Value

Total 191� 42.5 Total 130
ρπ 108 a2π 31.1
b1π 32.0 πω 29.2
KK1 14.8 KK1 18.7
ηω 9.90 ππð1300Þ 16.1
KK�ð1410Þ 9.40 ππ 13.9
h1η 4.74 a1π 13.0
KK� 3.77 KK 2.60
KK 3.14 b1η 2.55
KK0

1 2.35 KK� 2.46
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it is a isospin scalar state, it may be a ωð4SÞ candidate from
our previous mass analysis. The state Xð2240Þ needs more
theoretical and experimental research to recover its struc-
ture. ωð2330Þ is firstly observed in the γp → ρ�ρ0π∓
process [70]. It has the mass of 2330� 30 MeV and the
width of 435� 75 MeV. ωð2290Þ is reported in the partial
wave analysis of the data on pp̄ → Λ̄Λ [71], which has the
mass of 2290� 20 MeV and the width of 275� 35 MeV.
ωð2330Þ, ωð2290Þ, and Xð2240Þ are the candidates of the
ωð4SÞ according to our calculation and the obtained widths
are in good agreement with experimental values. πρð1450Þ
is the primary decay mode of ωð2330Þ, Xð2240Þ, and
ωð2290Þ if assign them as ωð4SÞ states. Besides, πρ, b1π,
and a1ρ make needful contribution to the total width of
ωð4SÞ, other decay modes contribute less to the total width
as shown in Table V.
As for S wave states of the ρ family, we assign ρð1450Þ,

ρð1900Þ, and ρð2150Þ as ρð2SÞ, ρð3SÞ, and ρð4SÞ states,
which consists with the results of Refs. [13,14,16,17].
When ρð1450Þ is treated as the ρð2SÞ, πω and ηρ are
predicted to be its important decay channels. KK, ππ, and
KK� are the sizable decay modes as well. ρð1900Þ is a good
candidate of ρð3SÞ. As shown in the second column of
Table IV, the decay modes of ρð1900Þ are predicted. a2π,
πω, and KK1 are its important decay modes. ππð1300Þ, ππ,

and a1π are the sizable final states, which is consistent with
Ref. [73]. We assign ρð2150Þ as ρð4SÞ based on our
calculation. The channels πω3, a2ð1700Þπ, ππð1300Þ,
and πω are the main channels. Otherwise, a2π, h1π,
a1π, and b1ρ have sizable contributions to the total width
of ρð4SÞ.

2. D-wave ω and ρ mesons

In this section, we will give an analysis for theD-wave ω
and ρ mesons by the means of their two-body strong decay
behaviors.
ωð1650Þ is well established as a 1D state in the ω family

in theory [4,51,66], and its dominant decay channel is b1π,
whose branching ratio is about 0.8. πρ, KK, ηω, and KK�
are the important modes. ρð1700Þ is a good candidate of the
13D1 ρ meson. The analysis of ρð1700Þ → 2π; 4π [74] and
the study of eþe− → ωπ via the nonrelativistic 3P0 quark
model [75] both indicate that ρð1700Þ is a 13D1 state.
ρð1700Þ mainly decays into a1π, h1π, and ρρ with
branching ratios being about 0.38, 0.34, and 0.11, respec-
tively. More information can be seen in Table VI.
As is shown in Fig. 1 and Table II, the mass of ωð2DÞ is

predicted, which is still unobserved. ωð2DÞ has the total
width of about 212� 36.1 MeV. b1π is its dominant decay

TABLE V. The total and partial decay widths of the ωð4SÞ and ρð4SÞ, the unit of width is MeV. The γ value is 6.9–11.3.

ωð2330Þ ωð2290Þ Xð2240Þ ρð2150Þ
Channel Value Value Value Channel Value

Γexp 435� 75 [60] 275� 35 [60] 139.8� 23.99 [8] Γexp 310� 140 [72]
Total 372� 170 346� 158 306� 140 Total 310
πρð1450Þ 134 122 95.8 πω3 58.6
πρ 62.6 68.0 69.0 a2πð1700Þ 40.7
b1π 61.6 54.4 42.4 ππð1300Þ 32.1
a1ρ 37.2 39.0 37.3 πω 31.5
πρ3 19.5 17.3 12.9 a2π 23.1
KK1 8.39 8.33 6.69 h1π 14.7
f1ω 7.84 6.28 4.28 a1π 13.6
h1η 7.01 7.53 7.54 b1ρ 11.5
K�K� 5.91 5.65 4.88 ππ 11.4
ηω 4.81 3.28 1.70 a1ω 10.5
KKð1460Þ 4.81 3.45 2.00 πω 8.31
a2ρ 2.65 11.5 19.0 ρρ 7.74
KK 0.599 0.503 0.379 KK0

1 6.47
KK0

1 0.421 0.224 0.0783 f2ρ 6.19
K�K1 0.164 0.152 0.0761 ππ2 5.98
KK�ð1430Þ 0.121 0.0366 0.00138 a0ω 5.49
f2ω 0.0228 1.39 4.97 a2ω 5.34

f1ρ 4.99
K�K� 4.20

KK�ð1410Þ 2.92
b1η 1.74

KKð1460Þ 1.20
ηρ 0.99

ηρð1450Þ 0.903
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channel, whose branching ratio is 0.5. πρð1450Þ, πρ, and
a1ρ are its important decay channels and more details can
be seen in Table VII. We suggest that experimentalists
focus on these final channels. In 1994, a resonance around
1988 MeV was found in p̄p → ππ from 0.36 to 2.5 GeV
reaction [76]. Later in 2011, Anisovich et al. found a
resonance that JPC ¼ 1−− and its mass is of 2000�
30 MeV [77]. ρð2000Þ is treated as ρð2DÞ state [16,73].
a1ð1640Þπ, h1π, ρρ, and ππ2ð1670Þ have sizable contri-
butions to the total width of ρð2DÞ.
Xð2220Þ state is found in the eþe− → ωπ0π0 process [1],

which has the mass of M ¼ 2222� 7� 2 MeV and the
width of Γ ¼ 59� 30� 6 MeV. Xð2220Þ is an excellent
candidate of ωð3DÞ by Regge trajectory analysis and
according to Table VIII. When Xð2220Þ is treated as the
ωð3DÞ state, its width is close to the experiment value.
ωð2205Þ is also assigned as ωð3DÞ state based on mass
spectra analysis. b1π is the main decay mode of ωð3DÞ.
πρð1450Þ and a1ρ are the important decay channels of
ωð3DÞ, other modes like a2ρ, πρ, and πρ3, and so on also

have contribution to the total width of ωð3DÞ. We assign
ρð2270Þ as ρð3DÞ state, which is consistent with Ref. [16].
ρð2270Þ primarily decays into a2ω, ππð1300Þ, and h1π.
More details can be seen in Table VIII.

3. D-wave ω3 and ρ3 mesons

Referring to Particle Data Group (PDG), we can find
some experimental results about ω3 and ρ3, which are
ρ3ð1690Þ, ρ3ð1990Þ, ρ3ð2250Þ, ω3ð1670Þ, ω3ð1945Þ,
ω3ð2285Þ, and ω3ð2255Þ. We carry out an investigation
of the Okubo-Zweig-Iizuka allowed a two-body strong
decay of the D-wave and G-wave ω3 and ρ3 mesons.
There exists a lot of data forω3ð1670Þ from PDG. Amelin

et al. first found it in the π−p → πþπ−π0n reactions, which
has the mass of 1665.3� 5.2� 4.5 MeV [78]. And then

TABLE VI. The partial decay widths of the ωð1DÞ, ρð1DÞ, the unit of width is MeV. The γ value is 4.14–6.3.

ωð1650Þ, Γexp ¼ 315� 35 [66] ρð1700Þ, Γexp ¼ 250� 100 [66]

Channel Value Reference [67] Channel Value Reference [67]

Total 284� 113 542 Total 250 435
b1π 272 371 a1π 93.9 134
πρ 42.1 101 h1π 85.2 124
KK 9.00 35 ρρ 26.4 14
ηω 7.84 πω 14.1 35
KK� 5.29 21 KK 9.84 36

ηρ 8.76
KK� 6.69
a2π 2.64

TABLE VII. The total and partial decay widths of the ωð2DÞ
and ρð2DÞ, the unit of width is MeV. The γ value is 5.4–6.4.

ωð2DÞ ρð2000Þ, Γ ¼ 260� 45 [67]

Channel Value Channel Value

Total 212� 36.1 Total 260
b1π 110 a1ð1640Þπ 58.4
πρð1450Þ 24.7 h1π 36.6
πρ 22.7 ρρ 35.2
a1ρ 22.1 ππ2 34.1
h1η 13.2 a1π 26.3
KK�ð1410Þ 4.29 ππ 21.9
ηωð1420Þ 3.26 ππð1300Þ 19.8
ηω 2.60 πωð1420Þ 8.22
KK 2.18 πω 6.39
KK1 1.83 b1η 4.50
KK� 1.15 KK�ð1410Þ 2.54

KK 1.81
ηρ 1.70

TABLE VIII. The partial decay widths of the ωð3DÞ, ρð3DÞ,
Γexp means the experimental total width, the unit of width is MeV.
The γ value is 11.3–14.6.

ωð2205Þ Xð2220Þ ρð2270Þ
Channel Value Value Channel Value

Γexp 350�90 [60] 59�30.6 [1] Γexp 325�80 [69]
Total 147� 36.1 164� 40.4 Total 325
b1π 56.7 66.0 a2ω 67.0
πρð1450Þ 21.0 23.7 ππð1300Þ 64.3
a1ρ 23.7 22.0 h1π 42.2
a2ρ 9.08 12.2 ππ 39.4
πρ 8.32 9.78 a1π 26.1
πρ3 6.09 6.97 ππ2 23.2
f2ω 5.20 6.59 ρρ 19.5
f1ω 5.24 5.54 f2ρ 12.0
KK1 4.78 4.58 a1ω 5.81
πρð1700Þ 2.65 2.90 f1ρ 5.67
h1η 2.49 3.41 ωπ 4.51
πð1300Þρ 1.34 0.495 KK1 4.00

ρρð1450Þ 4.00
πω3 3.41
b1η 2.58

πωð1650Þ 1.5
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Baltay et al. reported the existence of a high-mass, I ¼ 0
resonant state with odd G parity, whose mass and width are
M ¼ 1.63� 0.012 GeV and Γ ¼ 0.173� 0.016 GeV [79],
respectively. At present,ω3ð1670Þ is well established to be a
13D3 state [64]. πρ is the dominant decay mode of ω3ð1DÞ,
which has thebranching ratios of 0.77.Additionally,b1π, ηω,
andKK alsomake contribution to the total width ofω3ð1DÞ.
ρ3ð1690Þ is well established to be a 13D3 state, which decays
into ρρ, ππ, πω, and πh1 as shown in Table IX and the
branching ratios are about 0.55, 0.17, 0.12, and 0.056,
respectively. These results are in good agreement with that
in Ref. [16].
ω3ð1945Þ was firstly observed in the pp̄ → ωη;ωπ0π0

[81]. It has the mass of 1945� 20 MeV and the width of
115� 22 MeV. We assign it as ω3ð2DÞ state and calcu-
lated the two-body strong decay as shown in Table X. We
see from Table X that b1π, πρ, πρð1450Þ, and πρ3 are major
decay modes of ω3ð2DÞ. ηω, h1η, K�K�, and KK� are
important channels. When treated as ρ3ð2DÞ, ρ3ð1990Þ

mainly decay into ππð1300Þ, a2π, ρρ, which branching
ratios are 0.22, 0.18, and 0.14, respectively, and this result
was certified in Ref. [16]. Besides, ρ3ð1990Þ → πa1; πh1;
πωð1420Þ are sizable. More details can be seen in Table IX.
As for ω3ð3DÞ, we consider ω3ð2285Þ is the best

candidate according to the mass spectra analysis and we
give its decay modes and values in Table XI. The total width
of ω3ð2285Þ is 226� 126 MeV if we treat ω3ð2285Þ as a
ω3ð3DÞ state, which is in great agreement with the exper-
imental width [71]. a2ρ, πρ, f2ω, and b1π make great
contribution to its total width and πρ3, πð1300Þρ, πρð1450Þ,
and so forth are also important decay channels. Meanwhile,
ρ3ð2250Þ is established to be a ρ3ð3DÞ state, which can
decay into a2ω, f2ρ, πω, ρρ as shown in Table XI.
ω3ð4DÞ and ρ3ð4DÞ are still missing in experiment. We

calculated the width of ω3ð4DÞ to be about 290 MeV and
ρ3ð4DÞ is approximately 420MeV. According to Table XII,
the main decay modes of ω3ð4DÞ are a2ρ, πð1300Þρ, b1π,
and πρ. ρ3ð4DÞ mainly decay into a4ð2040Þπ, a2ð1700Þω,
a2ð1700Þπ, and so on. These predictions can help us search
for ω3ð4DÞ and ρ3ð4DÞ states.

4. G-wave ρ3 and ω3 mesons

ω3ð2285Þ is regarded as ω3ð1GÞ in Ref. [13]. The
Ref. [69] observed ω3ð2255Þ and assigned it as ω3ð1GÞ
state. According to the mass spectra analysis and two-body
decay modes, we agree thatω3ð2255Þmay beω3ð1GÞ state.
According to Table XIII, b1π, πρ3, and h1η are predicted
to be ω3ð1GÞ’s important decay channels, which have the
branching ratios of 0.45, 0.14, and 0.1, respectively.

TABLE IX. The partial decay widths of the ω3ð1DÞ, ρ3ð1DÞ,
the unit of width is MeV. The γ value is 7.5–9.2.

ω3ð1670Þ, Γexp¼90�20 [80] ρ3ð1690Þ, Γexp¼190�40 [60]

Channel Value Channel Value

Total 81.8� 16.5 Total 190
πρ 62.8 ρρ 105
b1π 14.7 ππ 32.0
ηω 2.76 πω 23.1
KK 1.16 πh1 10.6

a2π 8.07
ηρ 3.68
a1π 3.26
KK 2.66

TABLE X. The partial decay widths of the ω3ð2DÞ, ρ3ð2DÞ, the
unit of width is MeV. The γ value is 10.4–11.8.

ω3ð1945Þ, Γexp¼115�22 [60] ρ3ð1990Þ, Γexp¼188�24 [69]

Channel Value Channel Value

Total 105� 13.2 Total 188
b1π 38.5 ππð1300Þ 40.6
πρ 22.1 a2π 34.2
πρð1450Þ 18.7 ρρ 26.9
πρ3 11.5 a1π 16.7
ηω 4.51 h1π 16.4
h1η 4.44 πωð1420Þ 15.5
K�K� 2.31 ππ2 9.19
KK� 1.28 πω3 7.80

πω 7.14
ηρ 4.58
b1η 2.63
K�K� 2.54
KK� 1.61

TABLE XI. The partial decay widths of the ω3ð3DÞ, ρ3ð3DÞ,
the unit of width is MeV. The γ value is 6.7–12.5.

ω3 ð2285Þ, Γexp¼224�50 [71] ρ3ð2250Þ, Γexp¼135�75 [82]

Channel Value Channel Value

Total 226� 126 Total 135
a2ρ 76.3 a2ω 58.5
πρ 32.6 f2ρ 33.7
f2ω 25.6 πω 12.3
b1π 24.5 ρρ 11.6
πρ3 12.9 h1π 11.0
πð1300Þρ 10.8 a2π 9.26
πρð1450Þ 5.22 a1π 8.60
a1ρ 4.37 πω3 4.32
ηω 3.78 ππ 3.68
ηωð1420Þ 3.68 ππ2 2.95
h1η 3.28 πωð1420Þ 2.70
ηð1295Þω 2.14 b1η 2.09
K�K� 1.45 KK�ð1410Þ 2.06

a1ω 1.92
ηρ 1.82

ηð1295Þρ 1.81
ηρð1450Þ 1.70
K�K� 1.69
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We suggest that experimentalists focus on these final
channels. The total width of ω3ð1GÞ is 325 MeV. The total
width of ρ3ð1GÞ is approximately 721 MeV. ππ2, b1ρ, ρρ,
and a1π are its important decay channels. Considering the
final decay channels, ππ2 will be the most important final
channels in searching for ρ3ð1GÞ state experimentally.More
details can be seen in Table XIII. These predictions can help
us search for and establish ω3ð1GÞ and ρ3ð1GÞ state.
ω3ð2GÞ, ρ3ð2GÞ, ω3ð3GÞ, and ρ3ð3GÞ are still missing,

We make predictions about their widths and decay modes.
The decay information of the ω3ð2GÞ and ρ3ð2GÞ is listed
in Table XIV. As shown in the first column of Table XIV,
the strong decay of ω3ð2GÞ is predicted, which is still
unobserved. ω3ð2GÞ has the total width of 312 MeV. b1π
is its dominant decay channel, with branching ratio 0.34.
a2ρ, π2ρ, πρ3, h1η, and πρ are the important final states.
η0ω, a1ρ, and h1η0 are small. The total width of ρ3ð2GÞ is
397 MeV. ρ3ð2GÞ → ππ2 will be the dominant decay
mode. In the calculation, h1π, a1π, and ρρð1450Þ are the
important decay channels. Other decay information can be
seen in Table XIV.
The decay information of the ω3ð3GÞ and ρ3ð3GÞ are

also predicted in this work in Table XV. The total width of

ω3ð3GÞ is approximately 181 MeV. The channels b1π, πρ,
πρ3, and f1ω have the branching ratios of 0.35, 0.07, 0.07,
and 0.06, respectively, which are the main decay modes.
π2ρ, h1η, b1πð1300Þ, and f2ω are its important decay
channels. This work suggests that experimentlists should
search for this missing state in b1π final state. Otherwise,
πð1300Þρ, a2ρ, πρð1450Þ, a0ρ, and h1ηð1295Þ have sizable
contributions to the total width of ω3ð3GÞ. ρ3ð3GÞ has the
total width of about 270 MeV from our calculation. The
main decay modes are ππ2, ρρ, h1π, a1ω, and a1π, which
branching ratios are 0.17, 0.090, 0.089, 0.086, and 0.078.
a2π, a2ð1700Þπ, f2ρ, ηð1295Þρ, and ρρð1450Þ are the
important decay modes of ρ3ð3GÞ.

IV. CONCLUSION

In this work, we have systematically studied the mass
spectra and the OZI-allowed two-body strong decay behav-
iors of the newly observedXð2220Þ state as well asω andω3

and ρ and ρ3 states. We adopt a newway to get the value of γ
in ω and ω3 system. Following is the main work.
(1) The newly observed state Xð2220Þ should be a 33D1

ω state.
(2) The ωð782Þ, ωð1420Þ, and ωð1960Þ states can be

interpreted as the ωð13S1Þ, ωð23S1Þ, and ωð33S1Þ.

TABLE XII. The partial decay widths of the ω3ð4DÞ, ρ3ð4DÞ,
the unit of width is MeV. The γ value is 11.6.

ω3ð2630Þ ρ3ð2630Þ
Channel Value Channel Value

Total 288 Total 420
a2ρ 57.2 a4ð2040Þπ 184
πð1300Þρ 40.3 a2ð1700Þω 38.7
b1π 37.3 a2ð1700Þπ 35.4
πρ 33.3 a2π 25.3
πρð1450Þ 32.8 ρρð1450Þ 22.4
πρ3 23.0 f2ρ 16.9
f2ω 17.2 h1π 14.3
ηð1295Þω 8.03 b1ρ 11.8
π2ρ 6.85 πωð1420Þ 10.2
ηωð1420Þ 6.42 πω3 8.75
K�K�ð1410Þ 5.65 ρρ 6.76
h1η 5.30 ππ2 6.65
ηω 3.46 K�K�ð1410Þ 5.65
K�K�

2 2.36 ηρð1450Þ 5.51
f2h1 1.94 ππ 4.79
η2ω 1.86 b1η 4.01
f1ω 1.66 a1ω 3.27
a2b1 1.50 K�K�

2 2.36
f1h1 1.09 π2ω 2.14
πρð1700Þ 1.01 h1a1 1.94

b1b1 1.83
KK�ð1410Þ 1.71

a2h1 1.51
η0ρð1450Þ 1.39
ππð1300Þ 1.21
h1πð1300Þ 1.04

TABLE XIII. The partial decay widths of the ω3ð1GÞ, ρ3ð1GÞ,
the unit of width is MeV. The γ value is 11.6.

ω3ð2255Þ, Γexp ¼ 175� 30 [60] ρ3ð2255Þ
Channel Value Channel Value

Total 325 Total 721
b1π 147 ππ2 296
πρ3 47.0 b1ρ 76.5
h1η 32.9 ρρ 62.6
a2ρ 23.2 a1π 57.4
ρπ 17.4 h1π 46.2
KK0

1 12.5 a2π 37.1
f2ω 11.3 b1η 31.5
πρð1450Þ 8.69 a1ω 28.9
πð1300Þρ 5.32 πω3 16.6
ηω 4.00 ππð1300Þ 14.2
πρð1700Þ 2.57 f2ρ 12.2
KK1 2.53 KK0

1 11.7
KK�

2 2.20 πω 5.86
η0ω 1.75 a2ð1700Þπ 5.02
a1ρ 1.75 ωð1420Þπ 3.01
ηω3 1.52 ππ 2.90
ηωð1420Þ 1.05 KK1 2.82
ηð1295Þω 1.04 KK�

2 2.20
KK� 1.03 f1ρ 2.201

η0ρ 1.87
πωð1650Þ 1.54

b1η0 1.27
ηð1295Þρ 1.15
KK� 1.03
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ωð2240Þ, ωð2330Þ, and ωð2290Þ can be the candi-
dates of ωð43S1Þ. ρð1450Þ, ρð1900Þ, and ρð2150Þ
are the first, second, and third excited states of
ρð770Þ as shown in Fig. 1.

(3) The mass and width of ωð2DÞ, by our prediction, are
2047.6 and 212� 36.1 MeV. ωð2205Þ and Xð2220Þ
are the ωð3DÞ states.

(4) ω3ð1945Þ, ω3ð2285Þ, and ρ3ð1990Þ, ρ3ð2250Þ are
the first and second excited states of ω3ð1670Þ
and ρ3ð1690Þ.

(5) The masses of ω3ð4DÞ and ρ3ð4DÞ are both pre-
dicted to be 2.63 GeV, the width of them are 288
and 420 MeV. We also predict the mass spectra and
decay behaviors of ω3ð1GÞ and ρ3ð1GÞ, ω3ð2GÞ and
ρ3ð2GÞ, and ω3ð3GÞ and ρ3ð3GÞ.

In addition, it is our hope and belief that more experimental
measurements will be released in the future.
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TABLE XIV. The partial decay widths of the ω3ð2GÞ, ρ3ð2GÞ,
the unit of width is MeV. The γ value is 11.6.

ω3ð2520Þ ρ3ð2520Þ
Channel Value Channel Value

Total 312 Total 397
b1π 107 ππ2 107
a2ρ 40.9 h1π 37.1
π2ρ 21.4 a1π 36.0
πρ3 19.4 ρρð1450Þ 31.4
h1η 18.9 a1ω 22.6
πρ 18.6 b1ρ 21.0
f2ω 17.5 f2ρ 18.4
KK2 15.3 b1η 16.4
f1ω 13.2 a2ð1700Þπ 16.4
a0ρ 9.88 a2π 16.04
πð1300Þρ 4.88 ρρ 9.21
η2ω 3.57 π2ω 7.03
f1h1 3.03 πω3 6.81
h1ηð1295Þ 3.16 b1b1 6.46
f2h1 3.11 a4ð2040Þπ 6.16
ηω 3.08 ππ 6.15
f1ð1420Þω 3.03 f1ρ 4.72
h1η0 2.63 h1πð1300Þ 4.35
ηω3 1.81 KK�

2 3.81
a1ρ 1.31 a2ω 3.50
η0ω 1.06 f1ð1420Þρ 3.20

ωa0 3.08
h1a1 2.52
a2h1 2.18
ηρ3 1.50

KKð1630Þ 1.42
ππð1300Þ 1.38

b1η0 1.31

TABLE XV. The partial decay widths of the ω3ð3GÞ, ρ3ð3GÞ,
the unit of width is MeV. The γ value is 11.6.

ω3ð2750Þ ρ3ð2750Þ
Channel Value Channel Value

Total 181 Total 270
b1π 63.8 ππ2 46.0
πρ 12.3 ρρ 24.3
πρ3 12.0 h1π 24.0
f1ω 11.7 a1ω 23.6
π2ρ 10.4 a1π 21.0
h1η 9.84 a2π 10.5
b1πð1300Þ 8.28 a2ð1700Þπ 9.40
f2ω 8.25 f2ρ 8.45
πð1300Þρ 7.77 ηð1295Þρ 8.17
a2ρ 5.59 ρρð1450Þ 7.91
πρð1450Þ 5.32 b1η 7.90
a0ρ 4.89 b1ρ 7.84
h1ηð1295Þ 4.21 a2ð1700Þω 7.05
η2ω 1.96 h1πð1300Þ 6.56
f1ð1420Þω 1.85 ππ 6.40
ηω 1.59 πω3 4.30
f2h1 1.59 πω 4.040
ηð1295Þω 1.55 a4ð2040Þπ 3.94
K1K1 1.50 π2ω 3.55
ηωð1420Þ 1.50 πð1300Þω 2.62
a1ρ 1.37 a1πð1300Þ 2.17
KK0

1 1.34 f1ð1420Þρ 1.96
ηω3 1.07 a1ωð1420Þ 1.86
h1η0 1.01 b1ηð1295Þ 1.84

a2ω 1.69
ηð1475Þρ 1.64
a2ð1320Þh1 1.55

b1b1 1.54
b1f1 1.51
K1K1 1.50

ηρð1450Þ 1.48
ωa0 1.48

ωð1420Þπ 1.43
h1a1 1.39

πð1300Þπð1300Þ 1.19
a2a2 1.03
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