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We reanalyze the problems in the assignment of 33S1 and 43S1 light mesons, which have not yet been
well established with the qq̄ quark model. Regge trajectories and the 3P0 decay model are used,
respectively, to study the mass and width of the observed states and predict the missing ones. By comparing
our calculations with the latest experiments, we suggest that the inconsistent data of ρð2150Þ may include
two similar structures, ρð43S1Þ and ωð43S1Þ. In addition, the problem of the K�ð23S1Þ assignment, with two
observed states K�ð1410Þ and K�ð1680Þ, is investigated, with several possible explanations.
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I. INTRODUCTION

The use of spectroscopy to study light mesons (con-
stituents are light quarks) and the search for missing excited
states are long-standing and meaningful topics in hadronic
physics. With the abundance of experimental information
available, various properties of these states have been
investigated, and the low-lying spectra for some sectors
have been established. For instance, the pseudoscalar nonet
up to four radial excitations has been investigated by
several works [1–7], and the assignments of low-lying
ones, such as the 11S0, 21S0, and 31S0 states, agree with
each other. Moreover, ηð0Þð6SÞ and ηð0Þð7SÞ have also been
investigated recently [8].
Unlike the case of pseudoscalar nonets, the spectra for

the light vector nonet are far from being established. Light
vector mesons include four families: the ρ meson for
isospin I ¼ 1; the kaon for I ¼ 1

2
; and the ω meson and

ϕ meson for I ¼ 0, which are made from ðuūþ dd̄Þ=2 and
ss̄, respectively. In addition to the ground states and the
ρð1450Þ, ωð1420Þ, and ϕð1680Þ resonances, the current
assignment of 33S1 and 43S1, even a part of 23S1, is
confusing, especially for the ϕ and K families due to

limited data [9]. One of the main purposes of this paper is to
examine the possibility of some related states to be
explained as qq̄ mesons with definite quantum numbers.
If the structure cannot be understood well by the qq̄ model,
it might be distinguished as exotica, including glueball,
tetraquark, and hybrid mesons, or a complex mixture of
exotica and conventional mesons.
eþe− collision experiments on Beijing Spectrometer

(BESIII) and BABAR provide data over 2.0–2.2 GeV with
high precision, which allow us to study the excitations of
the ρ, ω, and ϕ families closely [10–14]. The degeneracy
between the masses of excited ρ and ω mesons, with the
observed ϕð2170Þ, indicates that this mass region is rich in
resonance. Therefore, we also try to offer some clues from
our calculation to explain the inconsistency of observations
of a ρ-like structure with a mass around 2.1 GeV. Another
kind of experiment that is worth mentioning is the pp̄
collision of the Crystal Barrel experiment, which has led to
the discovery of several candidate excitations of the ω
meson [15,16]. However, these structures lack confirmation
by other collaborations and are listed as “Further States” by
the Particle Data Group (PDG). The kaon data are scarcer;
the properties of K� mainly come from LASS in the 1980s
and LHCb in 2017, resulting in ambiguity in the assign-
ment [17–19].
First, we find the possible candidates by comparing the

mass predicted from Regge trajectories with the mass
from experiments. Next, the widths of these states,
assumed to be qq̄, relative to all Okubo-Zweig-likua
(OZI)-allowed two-body decays are calculated with the
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3P0 model. The result should be enough to compare with
the total widths from experiments to derive some quali-
tative, or even quantitative, conclusions. If the data do not
fit our simple model well, we also provide some possible
explanations for this phenomenon, in addition to the
exotic state. Several recent works on vector meson
assignment focus mainly on one family [20–23]; there-
fore, we want to present some new insights from the
aspect of the nonet.
The organization of this paper is as follows: After we

present a brief summary of the 3P0 decay model and the
parameters we adopt in Sec. II, the ρ meson and ω family
are discussed in Sec. III, with numerical values given for
their decay widths. The following Sec. IV presents a similar
exercise for ϕ and K mesons, the conclusions regarding
which, however, are more speculative. Finally, we end with
a short summary of our major conclusions and suggest
some interesting topics for future study in Sec. V.

II. MODEL AND PARAMETERS

We use the 3P0 model to calculate the OZI-allowed two-
body strong decay widths. This model assumes that each
hadron decays in a simple way that a quark pair is created
from vacuum with quantum number 0þþð3P0Þ and combi-
nation of this quark pair with the ones from the mother
hadron constitute the daughter hadrons. The model was
proposed by Micu 50 y ago [24] and then further
developed in the 1970s by the Orsay group [25,26],
and has been extensively applied to hadron strong decay
since then, e.g., Refs. [1,2,27–31]. Admittedly, there may
be some inaccuracy for predicting the spectrum with the
nonrelativistic quark model in a general sense. However,
the 3P0 model considered here, as only one branch of the
nonrelativistic quark model, is used to calculate the
hadronic decay width, which is not directly related to
those issues. It is actually surprising that this approxi-
mated model explains experimental data with consider-
able success, as shown in the above references. There are
some potential improvements of the 3P0 model that could
be useful for the assignment of quantum number in the
future. For example, some recent works point out that

considering both 3P0 and 3S1 mechanisms together may
lead to better angular dependence and fit the data more
accurately [32–34]. More technical details of the 3P0

model can be found in Refs. [35–37].
The general idea of the model is that the initial quarks

are spectators as qq̄ is created from a vacuum. Similarly,
one quark and one antiquark combine into a meson
without affecting the other quarks. To express the sim-
plification quantitatively, the transition operator T of
decay A → Bþ C in the 3P0 model, defined only for
the decay process but avoiding the Hamiltonian, is
written as

T ¼ −3γ
X
m

h1m1 −mj00i
Z

dp3dp4δ3ðp3 þ p4Þ

× Ym
1

�
p3 − p4

2

�
χ341−mϕ

34
0 ω34

0 b†3iðp3Þd†4jðp4Þ: ð1Þ

The indices 3 and 4 denote the quark and antiquark
produced from a vacuum; b†3iðp3Þ and d†4jðp4Þ are creation
operators with SU(3)-color indices i, j; ϕ34

0 ¼ uūþdd̄þss̄ffiffi
3

p and

ω34
0 ¼ δij=

ffiffiffi
3

p
correspond to flavor and color singlets;

χ341−m denotes the spin wave function; and Ym
l ðkÞ ¼

jkjlYm
l ðθk;ϕkÞ is the solid harmonic polynomial, respec-

tively. γ is a universal dimensionless parameter reflecting
the strength of the creation of the qq̄ pair. Note that in
Ref. [38], a scale-dependent γ with the logarithm of the
reduced mass of the quark pair is proposed, and the
parameters are determined by fitting to some measured
total widths.
We can define the transition matrix in a simple form:

hBCjTjAi ¼ δðPB þ PCÞMMJA
MJB

MJC ðPBÞ; ð2Þ

where PBðCÞ is the three-momentum of meson B or C in the
rest frame of A; Ji is the total angular momentum of particle
i; and MMJA

MJB
MJC is the decay helicity amplitude. From

Eq. (1), the explicit form of the decay amplitude is

MMJA
MJB

MJC ðPÞ ¼ γ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8EAEBEC

p X
MLA

;MSA
MLB

;MSB
MLC

;MSC
;m

hLAMLA
SAMSA jJAMJAihLBMLB

SBMSB jJBMJBihLCMLC
SCMSC jJCMJCi

× h1m1 −mj00ihχ14SBMSB
χ32SCMSC

jχ12SAMSA
χ341−mi½hϕ14

B ϕ32
C jϕ12

A ϕ34
0 iIðP; m1; m2; m3Þ

þ ð−1Þ1þSAþSBþSChϕ32
B ϕ14

C jϕ12
A ϕ34

0 iIð−P; m2; m1; m3Þ�: ð3Þ

The indices in the spin and flavor wave-function overl
aps serve to identify the quarks.m1,m2,m3 are the masses
of the quarks, and we use mu ¼ md ¼ 0.33 GeV and

ms ¼ 0.55 GeV. The two terms of the last factor corre-
spond to two possible combinations, and IðP; m1; m2; m3Þ
is the integral of the space wave-function overlap:
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IðP; m1; m2; m3Þ ¼
Z

d3pψ�
NBLBMLB

�
m3

m1 þm3

Pþ p

�

× ψ�
NCLCMLC

�
−

m3

m2 þm3

P − p

�
× ψNALAMLA

ðPþ pÞYm
1 ðpÞ; ð4Þ

where in the center of mass frame P≡ PB ¼ −PC.
In this paper, we apply the simple harmonic oscillator

(SHO) wave function to describe the qq̄ meson in the
calculation. Llþ1=2

n is the associated Laguerre polynomial:

ΨnlmðpÞ ¼
ð−1Þnð−iÞl

β3=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2n!

Γðnþ lþ 3
2
Þ

s

× e
−ð p2

2β2
Þ
Llþ1=2
n ðp2=β2ÞYm

l ðp=βÞ: ð5Þ

The partial wave amplitude MLSðPÞ can be derived by
the Jacob-Wick formula [39],

MLSðPÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πð2Lþ 1Þp
2JA þ 1

X
MJB

MJC

hL0SMJA jJAMJAi

× hJBMJBJCMJC jSMJAiMMJA
MJB

MJC ðPẑÞ; ð6Þ

and in fact, P ¼ PB is chosen as along the z axis in the
calculation. As a result, the decay width is

Γ ¼ πjPj
4M2

A

X
LS

jMLSðPÞj2: ð7Þ

As one parameter of the model, we adopt γ ¼ 8.77 from
Ref. [29], which is almost the same as the value in related
works [20,40,41]. The other is the SHO wave-function
scale parameter β, which represents the effective radius of
the particle (R ∼ 1=β). Although conventionally β ¼
0.4 GeV for all decay modes, we apply varying scale
parameters for states with different quantum numbers
(1S; 1P; 1D; 2S; 3S) as in Ref. [29], where the β in the
SHO of produced particles, mainly the lower excitation
state (the principal quantum number n ≤ 3), is determined
by matching it to reproduce the root-mean-square radius
predicted by a nonrelativistic quark model with Coulombþ
linear and Gaussian-smeared hyperfine interactions. Note
that in Ref. [29], the atomic notation of nL is used, and we
adapt it as nþ 1L to be consistent with our standard
convention for mesons. On the other hand, we try to obtain
the parameter for the wave function of the highly excited
mother meson by fitting the decay width of 23S1 mesons
with the latest experimental data (Table I). The value we
obtain is R ¼ 4.34 GeV−1 or β ¼ 0.23 GeV, which is
actually very close to the value in Ref. [29] and thus might
justify our choice.

III. THE ρ AND ω MESONS

Use of the Regge trajectory is a simple and effective
approach to study the mass spectrum of mesons with
sufficient accuracy [45,46]. By applying this approach,
our calculation is much simplified, compared to some quark
models with solving Schrödinger-like equation. As a result,
the higher excited states are predicted based on the well-
established lower states from experiment. In this sense, our
consideration could be a correct but also economic one.
According to the Regge trajectories and predictions of other
works on the quark model [47,48], there are some possible
candidates for the ρ and ω meson families, with quantum
numbers of 33S1 and 43S1. We list them in Table II. The
corresponding Regge trajectories are plotted in Fig. 1.

A. ρ meson

1. ρð1900Þ
The state ρð1900Þ is a natural candidate for the second

radial excitation of the ground state ρð770Þ, determined
based on its mass. We calculated the strong two-body decay
widths shown in Table III. The theoretical total width is
approximately one σ around the BABAR experimental value
[49], which is regarded as a supporting indication of the
33S1 assignment. The main decay modes predicted are ππ,
a1π, and ωπ, which suggest a noticeable 4π mode that has
not been previously seen.
However, we have to consider the inconsistency in the

measurement of the width of ρð1900Þ. Actually, two width
values are observed in the experiments: one around
150 MeV and another below 50 MeV. This result may
be caused by the irregular behavior of the cross sections

TABLE I. Determine the parameter β of the SHO wave function
for mother mesons from the widths of 23S1 mesons by minimiz-
ing χ2 (the square difference between the numerical result of the
model and the data from the latest experiments). The final result is
β ¼ 0.23 GeV. Since the data of different experiments differ
greatly, with various peaks, we cite only the latest results. We do
not use K�ð1410Þ for the fitting due to some problems in
assigning it as the 23S1 state, as discussed later.

Particle Fit result (MeV) Experiment (MeV)

ρð1450Þ 271 280� 20 (SND 18) [42]
ωð1420Þ 135 104� 35� 10 (CMD3 17) [43]
ϕð1680Þ 77 103þ26

−24 (SND 19) [44]

TABLE II. Observed ρ and ω candidates, judged by their
masses.

33S1 43S1

I ¼ 1 ρð1900Þ ρð2150Þ
I ¼ 0 ωð1960Þ ωð2205Þ, ωð2290Þ
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near the NN̄ threshold, as suggested by the PDG [9]. In
some recent theoretical works, dips around 1900 MeV can
be explained by the influence of the NN̄ channel, the
threshold of which is 1.88 GeV [50–54]. If this is the case,
then this effect is beyond the quark pair creation model, and
it is reasonable to compare our result only with the relat
ively broader width.

2. ρð2150Þ
Although the relativized quark model of Godfrey and

Isgur predicts the 23D1 states at 2150 MeV [47], the Regge
analysis of both our model and those of others suggests that
ρð2150Þ is more preferable as a candidate of 43S1 [45,46].
Our calculation of the decay width with the 3P0 model, the
results of which are given in Table III, could support this
argument. For the experimental data, there is a large
difference between the widths measured before the
2010s, which are above 300 MeV, and the latest results
of 70–190 MeV; more details can be found in the
publication by the PDG. The result of our theoretical
prediction is 116 MeV, matching most of the latest obser
vations within one σ [9]. Moreover, the numerical result of
the partial widths can partly explain the observed modes,
which are πþπ−, KþK−, 6π, η0πþπ−, f1ð1285Þπþπ−, ωπ0,
and ωπ0η.
We have noticed that in the past 2 y there have been more

precise measurements of resonances around 2.1 GeV by
BABAR and BESIII. The first structure was observed in the
process of eþe− → KþK− by BESIII in 2019, which has a
mass of 2239.2� 7.1� 11.3 MeV and a width of
139.8� 12.3� 20.6 MeV. Possible candidates for it are
ρð2150Þ and ϕð2170Þ [10]. Later, BABAR confirmed its
existence, combining more data from other channels, and
described it by a model of ρð2230Þ with mass and width
M ¼ 2232� 8� 9 MeV and Γ ¼ 133� 14� 4 MeV,
respectively [11]. In the following year, BESIII observed
another structure, called Yð2040Þ, in the ωπ0 cross section,
with a mass of 2034� 13� 9 MeV and a width of 234�
30� 25 MeV [13]. From the latest data for eþe− → η0ππ of
BESIII in December 2020, a resonance with a mass and
width of M ¼ 2108� 46� 25 MeV and Γ ¼ 138� 36�
30 MeV was shown to match Yð2040Þ [14].
In fact, it is very difficult to conclude whether there exist

two peaks around 2.1 GeVor just one state from the data we
have. If they are confirmed to be one state, our calculation of
the total width favors the 43S1 assignment. However, the
inconsistency in their masses may be explained by the
existence of more than one structure, one with a mass of
approximately 2.1 GeV for ρð43S1Þ and another with a mass
of approximately 2.2 GeV for ωð43S1Þ, but with similar
widths [see also the subsection on ωð43S1Þ below]. We also
notice that the ρ and ω mesons have different isospins, and
thus, a combined analysis of the final states ωπ0 and ωη is
helpful to discriminate the ρ and ω families.

TABLE III. Partial widths of ρð1900Þ as 33S1 and ρð2150Þ as
43S1. The data of the total width are from Refs. [11,49]. There is
no corresponding value for the mode prohibited by the phase
space. Numbers with two decimal points are displayed as 0.

ρð1900Þ ρð2150Þ
Mode Width (MeV) Width (MeV)

ππ 70 33
πð1800Þπ 25
a1ð1260Þπ 49 14
ωð1420Þπ 22 7
b1ð1235Þρ 8
h1ð1170Þπ 10 3
ωπð1300Þ 5
ρρ 17 2
f2ð1270Þρ 4
a2ð1320Þω 3
a1ð1260Þω 2
KK 5 2
ηð1295Þρ 1
f1ð1285Þρ 1
KK1ð1270Þ 2 1
π2ð1670Þπ 4 1
K�ð1410ÞK 1
b1ð1235Þη 1 0.5
KK1ð1400Þ 0.2 0.4
η0ρ 0.7 0.3
ηρ 0.5 0.3
πð1300Þπ 0 0.3
ωð1650Þπ 0.9 0.2
ω3ð1670Þπ 0 0.2
ωπ 1 0.2
a2ð1320Þπ 0.5 0.2
ηρð1450Þ 0.1
KK� 0 0.1
K�K� 0 0
KK�

2ð1430Þ 0
Total 184 116
Experiment 160� 20 (BABAR 06) 127� 14� 4

FIG. 1. μ2 is the slope of the line. To present the two families
clearly, the horizontal axis is nþ I instead of n. The measured
masses of ρð2150Þ are inconsistent; hence, we simply adopt the
average of the central value 2176 MeV from four recent experi-
ments to perform the following calculations [9].
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B. ω meson

1. ωð1960Þ
Only one state is observed in the possible mass region of

ωð33S1Þ calculated by the Regge trajectories. ωð1960Þ has
been discovered only once by the SPEC and is therefore
listed in “Further States.” The total decay width produced by
the 3P0 model is 217 MeV, and the dominant modes are
ρð1450Þπ, b1ð1235Þπ, and ρπ, which contribute more than
90% (Table IV). The theoretical value is close to
the experimental width of 195� 60 MeV. In addition,
the resonance is clearly visible in the b1π channel in the
experiment [15], as expected from our calculation. With the
fact that it couples to 3D1, we cannot preclude the possibility
of 23D1 being assigned, as has been visualized in an explicit
calculation [21]. However, the ωη data do produce the best
determination of the 1−− resonance at 1960 MeV [15],
challenging our tiny branching fraction of the ωη model. We
look forward to new experiments capable of separating more
1−− states out around 2 GeV. The partial width information is
particularly valuable.

2. ωð43S1Þ
According to the Regge analysis, the mass of ωð43S1Þ is

approximately 2.2–2.3 GeV. Two candidates [ωð2205Þ and
ωð2290Þ] are listed in “Further States” [15,16]. We also
calculate an unobserved state ωð2319Þ, which is predicted
directly by the Regge trajectory of the first three states of
ωðn3S1Þ, to provide more information. The total decay
widths, all approximately 140 MeV, vary slightly with the
mass (Table V). The main decay modes are b1π, ρπ, and
a2π, emphasizing the importance of analyzing the data of
the ωππ and ρππ channels. In addition, theKK mode might
be measurable. As mentioned in Sec. III A 2, we noted that
the 3P0 model produced a similar width for ρð43S1Þ and
ωð43S1Þ, 116 and 140 MeV, respectively, which both agree
with the results of recent experiments to some degree of
uncertainty [10,11,13,14].

There is a large difference between our result and the two
sets of experimental data. This difference might be an
indication of exotic states, which means that more effects
beyond the qq̄ meson model need to be considered.
Alternatively, the problem might be the result of the blu
rred combination of two states in the mass region of
2110–2230 MeV, as already indicated in Ref. [15].
Moreover, this resonance should have a large 3D1 amplitude.
A partial-wave analysis is indispensable to pin it down. We
also notice that the polarized target experiment provides
more accurate polarization information for the daughter
particle, which is very advantageous as it provides access
to the interferences between partial waves; thus, the partial
wave information and the resonance parameters could be
more precisely measured [55].
Surely, another way to improve the situation is to

perform more precise measurements of the partial widths
to distinguish the states. In addition, we have to apply more
accurate models beyond 3P0 to make more reliable pre-
dictions. An explicit example is to utilize the relativistic
quark model based on the quasipotential approach [56]. In
that calculation, the relativistic structure of the decay matrix
element, relativistic contributions, and boosts of the meson

TABLE IV. Partial widths of ωð1960Þ as 33S1. The experi-
mental data are from Ref. [15]. Numbers with two decimal points
are displayed as 0.

Mode Width (MeV) Mode Width (MeV)

ρð1450Þπ 85 K�ð1410ÞK 3
b1ð1235Þπ 83 K1ð1400ÞK 2
ρπ 22 ωη0 1
KK 7 ρ3ð1690Þπ 0.6
h1ð1170Þη 6 K�K 0.1
ρð1700Þπ 6 K�K� 0.1
K1ð1270ÞK 3 ωη 0

Total 217
Experiment 195� 60

TABLE V. Partial widths of the candidates of ω43S1. The
experimental data are from Refs. [15,16]. Numbers with two
decimal points are displayed as 0.

ωð2205Þ ωð2290Þ ωð2319Þ
Mode Width (MeV) Width (MeV) Width (MeV)

b1ð1235Þπ 24 35 41
ρð1450Þπ 30 26 21
a2ð1320Þρ 40 23 10
ρπ 4 16 22
ρπð1300Þ 5 6 15
KK 2 3 4
K1ð1400ÞK 1 3 2
f1ð1285Þω 3 1 2
f2ð1270Þω 10 1 0.3
ρð1700Þπ 1 4 5
h1ð1170Þη 4 6 7
a0ð1450Þρ 0 4 0.3
a1ð1260Þρ 12 4 2
ωð1420Þη 1 4 4
K�ð1410ÞK 0.5 1 1
K1ð1270ÞK 0.6 0.9 1
f0ð1370Þω 0.5 0.8 1
ωηð1295Þ 0 0.7 0.1
ωη0 0.4 0.4 0.3
ρ3ð1690Þπ 0.8 0.3 0.1
ωη 0 0.1 0.3
K�K 0 0.1 0.1
K�K� 0 0.1 0.1
K�ð1680ÞK 0 0 0

Total 141 138 142
Experiment 350� 90 (SPEC 02) 275� 35
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wave functions are comprehensively taken into account.
Thus, it certainly extends beyond the simplified 3P0 model.
For the isospin part, a direct and clear solution is to measure
various final states with definite isospins.
Interestingly, we add a few comments here. For a specific

decay channel of the mother particles with the same
quantum number, the inputs of β (of course also including
the universal γ) are the same, and one may then naturally
expect that the mother particle with a heavier mass will
have the larger decay width due to larger phase space
available. However, it is not always so. An explicit example
is the decays ωð2205Þ, ωð2290Þ, ωð2319Þ → ρð1450Þπ in
Table V. In fact, we should also consider the dynamical
matrix element. The function of IðP; m1; m2; m3Þ in Eq. (4)
also depends on P. As a result, the decay width Γ [see
Eq. (7)] is not a monotonic function of jPj. As an explicit
example, one may refer to Fig. 4 in Ref. [23], where the
width for the channel KK1ð1400Þ drops dramatically with
increasing mass. The nodes of wave function influence the
predicted width. Additionally, we also notice the 3P0 model
and a more realistic model may lead to very different
predictions for the width of a specific channel, e.g.,
Table VI in Ref. [7], but the prediction on the total width
is generally reasonable and acceptable.

IV. THE ϕ AND K MESONS

A. ϕ meson

Unlike ρ and ω, only one state ϕð2170Þ above the first
radial excitation ϕð1680Þ has been found experimentally.
If it is the 33S1 state of the ϕmeson, the slope of the Regge
trajectory will be μ2 ¼ 1.8 GeV2, which is greater than
that of the ρ and ω families and actually is higher than that
of all nonstrange light qq̄ mesons [46]. Therefore, we
draw two trajectories in Fig. 2, one with a slope μ2 ¼
1.8 GeV2 and another with the average slope of ρ and ω,

i.e., approximately 1.5 GeV2, to predict the mass of
ϕð33S1Þ and ϕð43S1Þ.
First, we calculate the ϕð2170Þ decay width with the

3P0 model, along with that of the predicted ϕð2050Þ by the
less steep line (Table VI). As we can see, the theoretical
value is much higher than the experimental data. This
discrepancy has previously been observed by others using
the 3P0 model, which might imply the incorrectness of
assigning ϕð2170Þ as a pure qq̄ 33S1 state [2,22,23]. In
addition, we can compare the partial widths with the
latest data of BESIII [57]. The result of our calculat
ion is that ΓðK1ð1400ÞKÞ ≃ ΓðK1ð1270ÞKÞ > ΓðK�K�Þ >
ΓðKð1460ÞKÞ, which does not agree with the experimental
observation of ΓðK1ð1400ÞKÞ and ΓðKð1460ÞKÞ with
higher significance but limited significance in K�K� and
K1ð1270ÞK. In conclusion, ϕð2170Þ cannot be understood
as a pure 33S1 state, and more interactions beyond the qq̄
meson model are likely needed.
The corresponding 43S1 states predicted by the two

trajectories are 2.4 and 2.53 GeV. The partial widths are
listed in Table VII. The total width of ϕð2530Þ is too large to
be reliable, which might indicate that ϕð2400Þ with Γ ≃
240 MeV is a better prediction for ϕð43S1Þ. We expect that
the dominant modes are KK1ð1270Þ, KK, KK1ð1400Þ,
and K�K.

B. Kaon

1. Kð23S1Þ
As mentioned above, we do not assume K�ð1410Þ as the

23S1 state to fit the parameters due to some disagreements on
the 1−− state assignment. Including the most recent experi-
ment on LHCb in 2016 [19], two 1−− states heavier than the
ground stateK�ð892Þ have been discovered:K�ð1410Þ, with

FIG. 2. The straight line μ2 ¼ 1.8 GeV2 treats ϕð2170Þ as 33S1,
and the dashed line adopts the average slope of ρ and ω of
approximately 1.5 GeV2. The blue dots are the observed states,
and the gray dots are the predicted states.

TABLE VI. Partial widths of the observed ϕð2170Þ and
predicted ϕð2050Þ as 33S1. The experimental mass and width
data of ϕð2170Þ are from the PDG average [9].

ϕð2170Þ ϕð2050Þ
Mode Width (MeV) Width (MeV)

K1ð1400ÞK 120 64
K1ð1270ÞK 111 71
KK 77 51
K�K 55 14
K�K� 20 25
h1ð1415Þη 15 8
ϕη 4 0.4
K�

2ð1430ÞK 3 0
K�ð1410ÞK 3 37
Kð1460ÞK 2 6
ϕη0 0.6 0.4

Total 410 277
Experiment 125� 65
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massM ¼ 1414� 15 MeV and width Γ ¼ 232� 21 MeV,
andK�ð1680Þ, with massM ¼ 1718� 18 MeV and a wide,
uncertain average width Γ ¼ 322� 110 MeV.
It seems natural to assign the lighter K�ð1410Þ as 23S1

and the heavier K�ð1680Þ as 13D1. However, this assign-
ment would contradict the prediction of most theoretical
works, which expect the 23S1 resonance to be around
1.6 GeV. On the other hand, the mass of 13D1 is predicted to
be approximately 1.7 GeV, and therefore, K�ð1680Þ has
been regarded as 13D1 to a large extent [47,48]. However,
the ratio of the partial width ΓðK�ð1680Þ → KπÞ to
ΓðK�ð1680Þ → KηÞ disfavors K�ð1680Þ as 13D1 assign-
ment [12].
The problem can also be analyzed with respect to the

widths from the 3P0 model. The first potential explanation
for the discrepancy is that K�ð1410Þ is a mixture of 23S1
and 13D1:

jK�ð1410Þi ¼ cos θj23S1i þ sin θj13D1i:

We calculate the dependence of the total and partial widths
on the mixing angle θ in Fig. 3. Clearly, the theoretical

value is lower than the experimental value by more than 2σ.
The partial widths also differ from our calculation. The
branching fraction of the Kπ mode is only ð6.6� 1.0�
0.8Þ% [18], but it is one of the main modes predicted
theoretically. Furthermore, K�π is observed with a branch-
ing fraction of more than 40%, which contradicts our result,
except around the minimum of the total width. Therefore,
we do not assign K�ð1410Þ as the 3S1 state nor the mixture
of 23S1 and 13D1. A similar doubt regarding the 23S1
assignment has been expressed previously [2].
Inspired by some previous works, we examine the

possibility that the resonance around 1.7 GeV consists
of two peaks [58], similar to the argument made for
ρð2150Þ and ωð43S1Þ. Despite the observations not show-
ing clear inconsistency in the mass of K�ð1680Þ, the
hypothesis is still possible due to the limited data. Only
three relatively accurate measurements are made: two from
LASS in 1987 and 1988 and one from LHCb in 2017. Their
values are 1677� 10� 32 MeV, 1735� 10� 20 MeV,
and 1722� 20þ33

−109 MeV, respectively [17–19]. Therefore,
we can argue that the lower part around 1680 MeVand the
higher part around 1730 MeV correspond to two 1−− states,
K�ð23S1Þ and K�ð13D1Þ, respectively, at least in theory.
We must emphasize that this idea is only a possibility

without direct experimental evidence or indication but is
derived from the problem of assigning K�ð1410Þ as 23S1.
Theoretical preference is the main motivation for the assign-
ment. For example, compared to K�ð1410Þ, K�ð1680Þ is
closer than the results predicted by the relativistic quark
model, which are 1580–1670 MeV [47,48]; if K�ð1410Þ is
23S1, it will be lightest in the nonet with ρð1450Þ and
ωð1420Þ. In other words, the mass of K�ð1410Þ is much
lighter than the theoretical predictions of the 23S1 state of the
kaon; however, K�ð1680Þ is a little heavier.
To examine the idea more comprehensively, we calculate

the decay width of K�ð1680Þ in Table VIII and make a
comparison with experiments in Fig. 4. In the calculation,

FIG. 3. The total width ofK�ð1410Þ varies with the mixing angle
yet cannot reach the width of the experimental data. The data from
the PDG average with uncertainty �σ are presented in red [9].

TABLE VII. Partial widths of the predicted ϕð2400Þ and
ϕð2530Þ as 43S1. We do not include all possible two-body modes
for ϕð2530Þ because the rest modes have a mass close to
2530 MeV and, more importantly, the total width of ϕð2530Þ
is too wide to be reliable.

ϕð2400Þ ϕð2530Þ
Mode Width (MeV) Width (MeV)

KK1ð1270Þ 61 108
KK 49 79
KK1ð1400Þ 45 69
K�K 32 98
K�ð1410ÞK� 0.4 110
K�K1ð1270Þ 13 34
ϕη 7 27
ηh1ð1415Þ 12 23
K�

2ð1430ÞK 3 25
K�K1ð1400Þ 0 16
K�ð1680ÞK 4 12
K2ð1770ÞK 4 19
K2ð1820ÞK 2 18
K�ð1410ÞK 1 12
K�Kð1460Þ 1 12
K�K�

2ð1430Þ 0 11
K�K� 5 2
K�K�

0ð1430Þ 0 6
KKð1460Þ 0.6 3
η0h1ð1415Þ 0 3
ϕf0ð1370Þ 0 2
ϕf1ð1420Þ 1
K�

3ð1780ÞK 0 1
ϕη0 0.7 0.2

Total 241 691
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the mass of the higher state is 1730 MeV, and the mass of
the lower state is 1680 MeV. To avoid the confusion
between the name of the observed structure, K�ð1680Þ,
and our two hypothesized states, we call the hypothesized
states K�

High and K�
Low. We assume both of them to be

mixtures of 23S1 and 13D1, which might help us to compare
the two assignments:

jK�
High=Lowi ¼ cos θj23S1i þ sin θj13D1i:

Of course, the mixing angles θ for K�
High and K�

High are not
necessarily the same. The total width of K�

High can explain
the data as θ varies in most of the region, but the best-fitted
values of the mixing angle are −20° and 50°. The total
width of K�

Low remains consistent with the experiment as θ

varies from 0° to 90°, and the calculated width is close to
the central value of the data when the mixing angle is 45°.
Thus, we prefer that both K�

High and K�
Low are mixtures of

23S1 and 13D1. In addition, we plot the three fractions of the
observed modes in Figs. 5 and 6 with the values from the
experiments. In the two similar figures, the fraction ofKρ is
much lower than the experimental data, which might reflect
the fundamental limitation of the 3P0 model for some
specific channels. However, as the mixing angle θ varies
from 0° to 90°, the relative branching fractions are similar to
the experimental result that ΓðKπÞ > ΓðKρÞ ≃ ΓðK�πÞ. We
notice that some uncertainties due to β may be reduced in
predicting the relative branching fractions. From this
perspective, we also favor the concept that K�

High and
K�

Low are mixtures of 23S1 and 13D1 with a positive mixing
angle. Precise determination of the mixing angle requires
more accurate data.

TABLE VIII. Partial widths of K�
Low (M ¼ 1680 MeV) and

K�
High (M ¼ 1730 MeV) with variation in the mixing angle

(c means cosine and s means sine).

K�
Low K�

High

Mode Width (MeV) Width (MeV)

Kπ 91c2 þ 109csþ 32s2 105c02 þ 111c0s0 þ 29s02
Kη 54c2 þ 96csþ 43s2 66c02 þ 104c0s0 þ 41s02
Kρ 2c2 − 16csþ 29s2 8c02 − 28c0s0 þ 26s02
Kω 0.5c2 − 5csþ 10s2 2c02 − 9c0s0 þ 9s02
K�π 25c2 − 52csþ 26s2 39c02 − 62c0s0 þ 35s02
Kη0 0.3c2 þ 0.9csþ 0.9s2 0.4c02 þ 1c0s0 þ 1s02
K�η 0.001c2 − 0.1csþ 0.9s2 0.05c02 − 0.4c0s0 þ 1s02
Kϕ 0.2c2 − 2csþ 4s2 0.6c02 − 4c0s0 þ 6s02
Kh1ð1170Þ 10c2 þ 46csþ 54s2 8c02 þ 44c0s0 þ 62s02
K1ð1270Þπ 1c2 þ 9csþ 15s2 0.3c02 þ 3c0s0 þ 7s02
K1ð1400Þπ 7c2 − 5csþ 9s2 5c02 − 5c0sþ 8s02
K�ρ 12c2 − 6csþ 2s2 90c02 − 47c0s0 þ 18s02
K�ω 1c2 − 0.5csþ 0.2s2 26c02 − 14c0s0 þ 5s02

Total 205c2 þ 176csþ 226s2 351c02 þ 95c0s0 þ 239s02

FIG. 4. The total widths of K�
High (M ¼ 1730 MeV) and K�

Low
(M ¼ 1680 MeV) with variation in the mixing angle θ. The PDG
average for K�ð1680Þ with uncertainty �σ is shown in red [9].

FIG. 5. Three branching fraction values are measured by LASS
[17,18]. The curves represent the dependence of the branching
fractions of modes Kπ, Kρ, and K�π on the mixing angle for
K�

High. The dashed line with the same color denotes the corre-
sponding experimental value from PDG.

FIG. 6. Comparison of the fractions for K�
Low. The details are

the same as in Fig. 5.

FENG, KANG, LÜ, and ZHANG PHYS. REV. D 104, 054027 (2021)

054027-8



In conclusion, if there are two structures around 1.7 GeV,
assigning them asKð23S1Þ andKð13D1Þ is a more favorable
explanation than assigning K�ð1410Þ as 23S1, according to
their masses. The total decay widths and relative values of
the branching fraction from the 3P0 model also support the
idea that the two hypothesized states are mixtures of
Kð23S1Þ and Kð13D1Þ.

2. Kð33S1Þ
Similar to the prediction of the next unobserved 3S1 state

for the ϕ meson, we calculated the mass of Kð33S1Þ from
Regge trajectories with two slopes. If we use the average
slope of ρ and ω, which is 1.5 GeV2, the next radial
excitation is approximately 1.95 GeV. If we simply connect
the K� and K�ð1410Þ states, the next 3S1 state will be
1.78 GeV, only slightly above K�ð1680Þ, and the width
should not notably change. Alternatively, we can connect
K� and K�ð1680Þ by postulating the latter as 23S1 to
determine that 33S1 is approximately 2.23 GeV. We
calculate the total and partial decay widths of Kð33S1Þ
with a mass of 1.95 or 2.23 GeV, the results of which are
shown in Table IX. Their widths are 176 and 760 MeV,
respectively. Since a very large width such as 700 MeV is
not very plausible for a resonant structure, the mass and
width of Kð33S1Þ are more likely M ≃ 2 GeV and
Γ ≃ 200 MeV, respectively. Moreover, a previous work
suggested Kð1830Þ as a good candidate for 31S0, with a
mass around 1.87 GeV [2]. Therefore, 1950 MeV seems to
be a more reasonable prediction, which is just a little
heavier than the mass ofKð31S0Þ due to the fine structure of
the excited states. The main decay modes are Kπ, Kη, and
K1ð1270Þπ, indicating that the Kπ, Kη, and Kππ channels
might be dominant in future experiments.

V. SUMMARY

We analyze the masses of excited light 3S1 mesons with
the Regge trajectory and calculate their two-body strong
decay widths with the 3P0 model. By comparing the
theoretical values with the latest experimental data, we
provide several suggestions regarding the assignment and
some possible solutions to the current confusion.
First, the masses and widths of ρð1900Þ and ωð1960Þ

match those of the experiments, and therefore they are,
respectively, assigned to ρð33S1Þ and ωð33S1Þ.
The inconsistent mass value for the measurement around

the ρð2150Þ region might be explained by the two resonant
structures around 2.2 GeV. The ρð43S1Þ and ωð43S1Þ states
are both predicted to be around 2.2 GeV with a similar total
width of approximately 110–140 MeV, which agree with
the latest data from BABAR and BESIII.
ϕð2170Þ cannot be regarded as a pure 33S1 state due to

the discrepancy in terms of both the total and partial widths
between the experiments and calculation. The Eϕð43S1Þ

state is predicted with a mass around 2.4 GeV and a width
of 240 MeV.
Assigning K�ð1410Þ as 23S1 contradicts the theoretical

expectation of its mass and width. We try to explain the
resonance of K�ð1680Þ by two peaks: 23S1 and 13D1. The
total widths and branching fractions suggest that the two
components of K�ð1680Þ, i.e., K�

High and K�
Low, could be

mixtures of 23S1 and 13D1. This idea might be theoretically
plausible, but further evidence is needed. Kð33S1Þ is

TABLE IX. Partial widths of the predicted K�ð1950Þ and
K�ð2230Þ as 33S1.

K�ð1950Þ K�ð2230Þ
Mode Width (MeV) Width (MeV)

Kπ 40 99
Kπð1300Þ 3 9
Kð1460Þπ 0.2 9
Kη 22 69
Kη0 0.1 0.7
Kηð1295Þ 0 0.3
Kηð1475Þ 0
Kð1460Þη 0
Kρ 0.1 33
Kρð1450Þ 8
Kω 0 10
Kωð1420Þ 5 0.2
Kϕ 0 5
Kωð1680Þ 0.4
K�π 7 70
K�ð1410Þπ 1 23
K�πð1300Þ 0 25
K�η 0 0.4
K�η0 1 0
K�ð1410ηÞ 0.4
K�ρ 0.7 0.2
K�ω 0.3 0.1
K�ϕ 0 0.2
b1ð1235ÞK 9 34
h1ð1170ÞK 13 49
h1ð1415ÞK 0 0.9
K1ð1270Þπ 27 70
a1ð1245ÞK 13 38
f1ð1285ÞK 0.6 2
f1ð1420ÞK 0 26
K1ð1400Þπ 30 64
K1ð1400Þη 44
a2ð1320ÞK 1 5
f2ð1270Þη 0 2
f2ð1525Þη 0.4
K�

2ð1430Þπ 1 27
K�

2ð1430Þη 2
K2ð1770Þπ 0.4 13
K�ð1680Þπ 1 5
K2ð1820Þπ 14
K3ð1780Þπ 0 4

Total 176 760
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predicted to have a mass of 1.95 GeV and a width of
180 MeV.
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