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Abstract The mass spectrum of the kaon family is analyzed
by the modified Godfrey–Isgur model with a color screening
effect approximating the kaon as a heavy–light meson sys-
tem. This analysis gives us the structure and possible assign-
ments of the observed kaon candidates, which can be tested
by comparing the theoretical results of their two-body strong
decays with the experimental data. Additionally, prediction
of some partial decay widths is made on the kaons still miss-
ing in experiment. This study is crucial to establishing the
kaon family and searching for their higher excitations in the
future.

1 Introduction

As an important part of the meson family, the kaon sub-
family has become more and more abundant with experi-
mental progress on the observations of the kaons in the past
decades. Until now, the Particle Data Group (PDG) has col-
lected dozens of the kaons [1]. When facing so abundantly
many kaons, it is one of the main tasks of the present study of
light hadron spectroscopy to categorize them into the family
and another task is to investigate the higher radial and orbital
excitations.

Before the present work, there were some theoretical
papers related to kaons. For example, 30 years ago, Godfrey
and Isgur [2] developed a relativistic quark model, the so-
called Godfrey–Isgur (GI) model, by which they studied the
mass spectrum of hadrons including kaons. In 2002, Barnes
et al. [3] further investigated the strong decays of the observed
kaons, which have masses less than 2.2 GeV, where the 3P0
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quark model associated with a simple harmonic oscillator
(SHO) wave function was adopted in their calculation. In
2009, Ebert et al. [4] analyzed the mass spectrum and Regge
trajectories of the kaons by their relativistic quark model.

Due to the present experimental progress on kaons, it is
a suitable time to systematically carry out phenomenologi-
cal study of the kaons. In this work, we first calculate the
mass spectra of the kaon family by applying the modified
GI model [5,6], where the screening effect is taken into
account. Fitting some well-established kaon states, we fix
the parameters in the model, which are adopted when calcu-
lating the masses of other kaon states. Comparing theoret-
ical results with experimental data, we obtain the structure
information of the discussed kaons. Especially, we predict
some radial ground states of the kaon which are still missing
in experiments, e.g. K4(2310)(11G4). Using our potential
model approach, the spatial wave functions of the kaons stud-
ied can be numerically calculated, which we take as input
when studying their Okubo–Zweig–Iizuka (OZI)-allowed
two-body strong decays. For further testing the properties
of the kaons, we study their OZI-allowed two-body strong
decays, which provide valuable information of their partial
and total decay widths, where one uses the quark pair creation
(QPC) model which was proposed in Ref. [7] and extensively
applied to studies of other hadrons in Refs. [8–34]. Ana-
lyzing mass spectra and calculating strong decay behaviors,
we finally identify their n2S+1L J quantum numbers, which
reflect the inner structure of the kaons under discussion. Here,
we predict the strong decay behaviors of some kaon states,
e.g. K4(2310)(11G4) has a wide width about 710–880 MeV,
and mainly decays into K ∗

4 (2045)π , K ∗
3 (1780)π , Kρ3(1690)

and Ka2. The study presented in this work is helpful for
establishing the kaon family by including higher radial and
orbital excitations.

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-017-5434-0&domain=pdf
http://orcid.org/0000-0001-7481-4662
mailto:xiangliu@lzu.edu.cn
mailto:matsuki@tokyo-kasei.ac.jp


861 Page 2 of 20 Eur. Phys. J. C (2017) 77 :861

This paper is organized as follows. After Introduction, in
Sect. 2 we explain the modified Godfrey–Isgur model and the
QPC model. In Sect. 3, we adopt the modified Godfrey–Isgur
model by including the screening effect to study the mass
spectra of the kaon family. Making a comparison between
theoretical and experimental results, we further obtain the
structure information of the observed kaons. In Sect. 4,
we present the detailed study of the OZI-allowed two-body
strong decays of the discussed kaons. The paper ends with
conclusions and discussion.

2 Phenomenological quark models adopted in this work

In our calculation, two phenomenological quark models are
adopted, i.e., the modified GI model with the color screening
effect1 and the QPC model. The modified GI quark model is
applied to calculate the mass spectrum of the kaon family, by
which we obtain the structure information of the observed
kaon candidates. Then we further test the possible assign-
ments by comparing the theoretical results of their two-body
OZI-allowed decays with the experimental data, where the
QPC model is used to calculate their strong decays.

In the following, we will introduce these two models.

2.1 The modified GI model

First, we introduce the Godfrey–Isgur (GI) relativized quark
model and discuss how the GI model is modified by including
the color screening effect. Below we describe the detailed
procedure and equations actually done by us because those
are necessary in our work but are not familiar to the general
reader. Some are common to Godfrey and Isgur.

The interaction between quark and antiquark in the GI
model [2] is described by the Hamiltonian

H̃ =
(
p2 + m2

u/d

)1/2 +
(
p2 + m2

s

)1/2 + Ṽeff (p, r) , (1)

where mu/d and ms are the masses of u/d and s quarks,
respectively, i.e., mu = md = 220 MeV, ms = 419 MeV.
Ṽeff(p, r) = H̃ conf + H̃hyp + H̃SO is the effective potential
of the qq̄ interaction which can be obtained from on-shell
qq̄ scattering amplitudes in the center-of-mass (CM) frame
[2] and relativistic effect corrections. The quantities with tilde
will be defined later. On the other hand Ṽeff (p, r) also consists

1 When studying the mass spectrum of the mesons, there are approaches
like the Dyson–Schwinger and Bethe–Salpeter equations, which are
directly related to QCD. However, such theory-based or theory-linked
approaches still have some limitations in describing higher excitations
of the mesons. Instead of theoretical approaches, one may apply phe-
nomenological models to deal with such subjects. Here, the modified
GI model is adopted to calculate the mass spectrum of pseudoscalar
mesons.

of two main parts. The first one is a γ μ ⊗ γμ short-distance
interaction of one-gluon exchange and the second part is a
1 ⊗ 1 long-distance color confining linear interaction, which
is suggested by the lattice QCD [35–39].

In the nonrelativistic limit, Veff(p, r) without tilde is
transformed into the familiar nonrelativistic potential Veff(r)
[2,40]

Veff(r) = H conf + Hhyp + H so (2)

with

H conf =
[

− 3

4
(c + br) + αs(r)

r

]
(F1 · F2)

= S(r) + G(r), (3)

Hhyp = − αs(r)

mu/dms

[
8π

3
S1 · S2δ

3(r) + 1

r3

(
3S1 · r S2 · r

r2

− S1 · S2

)]
(F1 · F2), (4)

H so = H so(cm) + H so(tp), (5)

where H conf is the spin-independent potential which contains
a linear confining potential S(r) = br + c and the one-gluon
exchange potential G(r) = −4αs(r)/3r , Hhyp and HSO are
the color-hyperfine interaction and the spin–orbit interaction,
respectively. It can be noted that F1(F2) = λ1(−λ∗

2)/2,
where λi is the Gell-Mann matrix. For the meson, (F1·F2) =
−4/3. Additionally, the subscripts 1 and 2 denote quark and
antiquark, respectively.

In Eqs. (3) and (4), the running coupling constant αs(r)
has the following form:

αs(r) =
∑
k

2αk√
π

∫ γkr

0
e−x2

dx, (6)

where k is from 1 to 3 and corresponding αk and γk are con-

stant, α1,2,3 = 0.25, 0.15, 0.2 and γ1,2,3 = 1
2 ,

√
10
2 ,

√
1000
2

[2]. For the color-hyperfine interaction Hhyp, the first term
stands for contact interaction and second term is a typical
form of tensor interaction, here S1(S2) denotes the spin of
the quark (antiquark).

In Eq. (5), the spin–orbit interaction can be divided into
two types in which H so(cm) is the color-magnetic term and
H so(tp) is the Thomas-precession term. Their expression can
be written as

H so(cm) = −αs(r)

r3

(
1

mu/d
+ 1

ms

)

×
(

S1

mu/d
+ S2

ms

)
· L(F1 · F2), (7)

H so(tp) = − 1

2r

∂H conf

∂r

(
S1

m2
u/d

+ S2

m2
s

)
· L, (8)
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where L is the orbital momentum between quark and anti-
quark.

Noting that the above interaction potentials are obtained
in the nonrelativistic limit, and they can optimized by intro-
ducing the phenomenological relativistic effects. In the GI
model, the relativistic effects are imposed into the model
mainly by two ways. Firstly, a smearing function ρ(r − r ′)
is introduced to incorporate the effects of an internal motion
inside a meson and nonlocality of interactions between quark
and antiquark. A smearing transformation is given by

f̃ (r) =
∫

d3r ′ρ(r − r ′) f (r ′), (9)

with

ρ
(
r − r ′) = σ 3

π3/2 e
−σ 2 (

r − r ′)2
, (10)

σ =

√√√√√s2
(

2mu/dms

mu/d + ms

)
2 + σ 2

0

⎛
⎝1

2

(
4mu/dms

(mu/d + ms)2

)4

+ 1

2

⎞
⎠,

(11)

where σ0 = 1.80 GeV and s = 1.55, are the universal param-
eters in the GI model, f (r) is a arbitrary function and nota-
tion tilde stands for that the expression has been performed
smearing transformation. By the smearing transformation,
the one-gluon exchange potential G(r) = −4αs(r)/(3r) and
linear confined potential S(r) = br + c are changed; thus

G̃(r) = −
∑
k

8αk

3
√

πr

∫ τkr

0
e−x2

dx, (12)

S̃(r) = br

[
e−σ 2r2

√
πσr

+
(

1 + 1

2σ 2r2

)
2√
π

∫ σr

0
e−x2

dx

]
+ c , (13)

where

τk = 1√
1
σ 2 + 1

γ 2
k

. (14)

Secondly, a general expression of the potential should be
dependent on the CM momentum of the interacting quarks.
So the momentum-dependent effect is achieved by intro-
ducing momentum-dependent factors which will go to unity
in the nonrelativistic limit. In a semiquantitative relativis-
tic treatment, the smeared one-gluon exchange potential
term G̃(r) and the smeared hyperfine interactions (or spin–
orbit interaction) Ṽ i should be modified with the following
momentum-dependent factors:

G ′(r) =
(

1 + p2

E1E2

)1/2

G̃(r)

(
1 + p2

E1E2

)1/2

, (15)

G̃so(v)
i j =

(
mim j

Ei E j

)1/2+εso(v)

G̃(r)

(
mim j

Ei E j

)1/2+εso(v)

, (16)

G̃c
12 =

(
m1m2

E1E2

)1/2+εc

G̃(r)

(
m1m2

E1E2

)1/2+εc

, (17)

G̃t
12 =

(
m1m2

E1E2

)1/2+εt

G̃(r)

(
m1m2

E1E2

)1/2+εt

, (18)

S̃so(s)11 =
(
m2

1

E2
1

)1/2+εso(s)

S̃(r)

(
m2

1

E2
1

)1/2+εso(s)

, (19)

S̃so(s)22 =
(
m2

2

E2
2

)1/2+εso(s)

S̃(r)

(
m2

2

E2
2

)1/2+εso(s)

, (20)

where E1 =
√
m2

u/d + p2 and E2 = √
m2

s + p2 are the ener-

gies of the quark and antiquark in the meson, andm1 = mu/d ,
m2 = ms , εi is parameter for a different type of hyperfine
and spin–orbit interactions, which include the contact, ten-
sor, vector spin–orbit and scalar spin–orbit potentials. Here,
vector spin–orbit and scalar spin–orbit potentials correspond
to Eq. (5) related to one-gluon exchange and confinement
term, respectively. So the total Hamiltonian can be written as

Ĥ =
(
p2 + m2

u/d

)1/2 +
(
p2 + m2

s

)1/2

+H̃ con f + H̃ hyp + H̃ so (21)

with

H̃ con f
12 = G ′(r) + S̃(r), (22)

H̃ so = H̃ so(v) + H̃ so(s), (23)

where

H̃ so(v) = S1 · L
2m2

u/dr

∂G̃so(v)
11

∂r
+ S2 · L

2m2
s r

∂G̃so(v)
22

∂r

+ (S1 + S2) · L
mu/dms

1

r

∂G̃so(v)
12

∂r
, (24)

H̃ so(s) = − S1 · L
2m2

u/dr

∂ S̃so(s)11

∂r
− S2 · L

2m2
s r

∂ S̃so(s)22

∂r
, (25)

H̃ hyp
12 = H̃ tensor

12 + H̃ c
12, (26)

where

H̃ tensor
12 = −

(
S1 · rS2 · r/r2 − 1

3S1 · S2

mu/dms

)

×
(

∂2

∂r2 − 1

r

∂

∂r

)
G̃t

12,

H̃ c
12 = 2S1 · S2

3mu/dms
∇2G̃c

12.

For solving the Schrödinger equation, Ĥ� = E�, with
Ĥ shown in Eq. (21), the simple harmonic oscillators (SHO)
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wave function will be employed. In the configuration space,
the SHO wave function has the form

�nLML (r) = RnL(r, β)YLML (
r ),

�nLML (p) = RnL(p, β)YLML (
p), (27)

with

RnL(r, β) = β3/2

√
2n!

�(n + L + 3/2)
(βr)Le

−r2β2

2

×LL+1/2
n (β2r2),

RnL(p, β) = (−1)n(−i)L

β3/2 e
− p2

2β2

×
√

2n!
�(n + L + 3/2)

(
p

β

)L

LL+1/2
n

(
p2

β2

)
,

(28)

where YLML (
) is a spherical harmonic function with orbital

angular momentum quantum number L, and LL+1/2
n−1 (x) is

an associated Laguerre polynomial, and β is a parameter
of oscillator radial wave function. A series of SHO wave
functions with different radial quantum numbers n can be
regarded as a complete basis to expand the exact radial wave
function of the meson state, in this case, the meson mass
spectrum can be obtained by diagonalizing the Hamiltonian
matrix of Eq. (21) by the above SHO basis. The total wave
function of the meson is composed of color, flavor, spin, space
wave function, and the spin wave functions χ are

χ00 = 1√
2
(↑↓ − ↓↑),

χ11 =↑↑,

χ10 = 1√
2
(↑↓ + ↓↑),

χ1−1 =↓↓ . (29)

The space-spin wave function RnL(r, β)φLSJM with total
angular quantum number J can be constructed by coupling
L ⊗ S and has the form

φLSJM =
∑
MLMS

C(LML SMS; JM)YLML (
r )χSMS , (30)

where C(LML SMS; JM) is the Clebsch–Gordan coeffi-
cient. For the matrix element 〈α|V̂ (r, p̂)|β〉where |α〉 and |β〉
are arbitrary SHO basis with quantum number {n, J, L , S}
and {n′, J ′, L ′, S′}. It is noted that the color and flavor
wave function of the meson have no contributions for the
matrix element of Hamiltonian, and we have the general
expression

〈α|V̂ (r, p̂)|β〉 = 〈α| f (p)g(r)|β〉
=

∑
n

〈α| f (p)|n〉〈n|g(r)|β〉. (31)

After calculating each matrix element, the mass and wave
function of meson could be obtained and they also are avail-
able for the following strong decay process.

Although the GI model has achieved great success in
describing the meson spectrum, there still exists a discrep-
ancy between the predictions given by the GI model and
recent experimental observations. The previous work [5] pre-
sented a modified GI model with a screening potential whose
predictions can be well consistent with the experimental data
for the charm-strange mesons. For higher excitation states,
the authors of Ref. [5] believe that a screening effect plays a
very important role which could be introduced by the trans-
formation br + c → b(1−e−μr )

μ
+ c, where μ is a screening

parameter whose particular value is need to be fixed by the
comparisons between theory and experiment. For a modified
confinement potential one also needs to make a similar rel-
ativistic correction to the one mentioned in the GI model.
Then we further write V scr(r) in the way given in Eq. (13),

Ṽ scr(r) =
∫

d3r ′ρ(r − r ′)
b(1 − e−μr ′

)

μ
. (32)

By inserting the form of ρ(r − r ′) in Eq. (11) into the above
expression and finishing this integration, the concrete expres-
sion for Ṽ scr(r) is given by

Ṽ scr(r) = b

μr

[
r + e

μ2

4σ2 +μr μ + 2rσ 2

2σ 2

×
(

1√
π

∫ μ+2rσ2

2σ

0
e−x2

dx − 1

2

)

−e
μ2

4σ2 −μr μ − 2rσ 2

2σ 2

×
(

1√
π

∫ μ−2rσ2

2σ

0
e−x2

dx − 1

2

)]
. (33)

It is worth mentioning that after the confinement potential
is replaced with a screening potential, other treatments are
similar to the original GI model including the calculation of
matrix elements of the Hamiltonian.

2.2 The QPC model

The QPC model was first proposed by Micu [7] and further
developed by the Orsay group [8,41–44]. This model was
widely applied to the OZI-allowed two-body strong decay
of hadrons in Refs. [9,10,13,15,17,19–24,27–30,32,33,45–
49].
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For a decay process A → B + C , we can write

〈BC |T |A〉 = δ3(PB + PC )MMJA MJB MJC , (34)

where PB(C) is a three-momentum of a meson B(C) in the
rest frame of a meson A. A superscript MJi (i = A, B,C)

denotes an orbital magnetic momentum. The transition oper-
ator T is introduced to describe a quark–antiquark pair cre-
ation from vacuum, which has the quantum number J PC =
0++, i.e., T can be expressed as

T = −3γ
∑
m

〈1m; 1 − m|00〉
∫

dp3dp4δ
3(p3 + p4)

×Y1m

(
p3 − p4

2

)

×χ34
1,−mφ34

0

(
ω34

0

)
i j
b†

3i (p3)d
†
4 j (p4), (35)

which is constructed in a completely phenomenological way
to reflect the creation of a quark–antiquark pair from vac-
uum, where the quark and antiquark are denoted by indices
3 and 4, respectively. A dimensionless parameter γ depicts
the strength of the creation of qq̄ from vacuum; the con-
crete values of the parameter R will be discussed below. We
have Y�m(p) = |p|�Y�m(p), the solid harmonics. χ , φ, and ω

denote the spin, flavor, and color wave functions respectively,
which can be treated separately. Indices i and j denote the
color of a qq̄ pair.

By the Jacob–Wick formula [50], the decay amplitude is
expressed as

MJ L(P) =
√

4π(2L + 1)

2JA + 1

∑
MJB MJC

〈L0; JMJA |JAMJA 〉

×〈JBMJB ; JCMJC |JAMJA 〉MMJA MJB MJC ,

(36)

and the general decay width reads

� = π

4

|P|
m2

A

∑
J,L

|MJ L(P)|2, (37)

where mA is the mass of an initial state A. In our calcu-
lation, we need the spatial wave functions of the discussed
kaons and iso-scalar and iso-vector light mesons. These can
be numerically obtained by the modified GI model.

3 Mass spectrum analysis

Although the GI model has succeeded in describing the
ground states of the kaon family, it does not well describe
the excited states. Since unquenched effects are important
for a heavy–light system, it is better to adopt the modified
GI model (MGI) [5,6] which uses a screening potential with
a new parameter μ. The parameter μ describes the inverse

Table 1 Parameters and their values in this work and GI models

Parameter This work GI [2]

b 0.2555 0.18

c − 0.3492 − 0.253

μ 0.1 0

εsov − 0.01700 − 0.035

εc − 0.1396 − 0.168

εt 0.03600 0.025

εsos 0.06772 0.055

of the size of screening. To use the MGI model to calculate
the kaon family spectra, it is better to determine the value
of a new parameter μ considering two features: The first is
when we use the same parameter set as in Ref. [2] and add
a new parameter μ, the mass of the ground state of the kaon
family will be lower than the experiments. The second one
is that the value of μ may be not so small like as one in Refs.
[5,6]. In fact, in bottomonium and charmonium states, Refs.
[51,52] give a μ value of about 0.1 GeV, which is larger than
the one in Refs. [5,6]. Since we do not know the real value
of μ in the kaon family beforehand, we need to adjust the
parameters by fitting with the experiments data. At first, the
quark masses should be the same for all meson families. Sec-
ondly, we do not adjust the values of � and αs for the same
reason. Since σ0 and s are universal parameters which are
resolved by the QQ̄ system, we do not vary them in our fit.
The confining term br + c will be replaced by the screening
potential, so their parameters should be fitted again. The rel-
ativistic effects should be adapted to a different system with
the different quark masses. So we fix the following seven
parameters listed in Table 1 by fitting 11 experimental data
as listed in Table 2.

In Table 2, we select 11 experimental data of kaons listed
in PDG and optimize these kaon masses to determine seven
parameters in Table 1. This optimization has χ2/n = 12.6,
which is smaller than 90.2 for the GI model as shown in
Table 2. Another reason why we choose these kaons to fix
the parameters in our model is that there does not exist a
mixture between n1LL and n3LL states for these kaons. In
order to obtain the optimum values of parameters and global
and good fit of 11 data, we set “Error in fitting” in Table 2
so that the first two experimental data, corresponding to K
and K ∗, have artificial larger error values instead of the real
errors in the brackets in the fourth column. The results listed
in Table 2 show that the MGI model is better than the GI
model since the value of χ2/n of the MGI model is about 7
times smaller than that of the GI model and hence it is safely
applied to describing the masses of the selected 11 kaons.

Although the MGI model is better than the GI model to
depict 11 experimental data, we need to point out that there
may exist a ∼ O(100 MeV) deviation between experimen-
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Table 2 The experimental
data [1] fitted in our work.
χ2 = ((Th − Exp)/Error)2,
where Th, Exp, and Error
represent the theoretical,
experimental results, and
experimental error, respectively,
and n is the number of the
experimental data. We select
some established kaon states in
PDG [1] for our fitting. The unit
of the mass is MeV

States n2S+1L J This work GI [2] Experiment [1] Error in fitting

K 11S0 497.7 461.5 497.6 ± 0.013 1.3

K ∗(892) 13S1 896 902.8 895.8 ± 0.19 1.9

K ∗
0 (1430) 13P0 1257 1234 1425 ± 50 50

K ∗
2 (1430) 13P2 1431 1428 1432.4 ± 1.3 1.3

K ∗(1680) 13D1 1766 1776 1717 ± 27 27

K ∗
3 (1780) 13D3 1781 1794 1776 ± 7 7

K ∗
4 (2045) 13F4 2058 2108 2045 ± 9 9

K ∗
5 (2380) 13G5 2286 2388 2382 ± 14 ± 19 24

K (1460) 21S0 1457 1454 1460 20

K ∗(1410) 23S1 1548 1579 1414 ± 15 15

K ∗
0 (1950) 23P0 1829 1890 1945 ± 10 ± 20 22

χ2/n 12.6 90.2

tal and fitting results for several kaons, which is shown in
Table 2. Such a difference of experimental and theoretical
results may be due to the precision of the experiment. For
example, there is only one experiment [1] for K ∗

5 (2380) and
K ∗

0 (1950). The confirmation of K ∗
5 (2380) and K ∗

0 (1950) is
still absent. Thus, further experimental measurement of the
resonance parameters of these kaons will be helpful to clarify
this difference of experimental and theoretical results.

By using the parameters shown in Table 1 as input, we
further calculate the masses of other kaons, which are col-
lected in Table 3, where we do not consider the mixing of
states with n1LL and n3LL . Usually, there exists a mixture
of the n1LL and n3LL states, i.e. [53]

( |nL〉
|nL ′〉

)
≈

(
cos θnL sin θnL

− sin θnL cos θnL

)( |n1LL〉
|n3LL〉

)
, (38)

where |nL〉 and |nL ′〉 are two mixing physical states and θnL
is the corresponding mixing angle. Introducing such mixing
states, we find two mass relations m(nL) < m(n1LL) and
m(nL ′) > m(n3LL), which can be applied to identify these
observed kaons with the same J P quantum number. Thus,
we need to combine the mass relations and mass spectrum
of the kaons listed in Table 3 with the experimental data to
further shed light on the properties of other observed kaons.
We conclude that

1. Both K1(1270) with M = (1272 ± 7) MeV [1] and
K1(1400) with mass M = (1403 ± 7) MeV [1] have
J P = 1+ quantum numbers. K1(1270) and K1(1400)

are the mixture of 11P1 and 13P1 states, i.e., K1(1270)

and K1(1400) correspond to 1P and 1P ′ states, respec-
tively.

2. K2(1770) has J P = 2− and M = (1773 ± 8) MeV [1],
while K2(1820) has J P = 2− and M = (1816 ± 13)

MeV [1]. K2(1770) and K2(1820), which correspond to

the 1D and 1D′ states, respectively, are the mixture of
the 11D2 and 13D2 states.

3. K1(1650) has J P = 1+ and M = (1650 ± 50) MeV
[1]. Since the mass of K1(1650) is smaller than that of
the 21P1 state obtained in Table 3, thus we suggest that
K1(1650) can be assigned as a 2P state. There must exist
a partner, the 2P ′ state, which is still missing in experi-
ments.

4. We suggest that K (1830) is a 31S0 state. Later, we will
test this assignment by studying its decay behavior.

5. K ∗
2 (1980) with J P = 2+ and M = (2020 ± 20) MeV

[54] is either a 23P2 state or a 13F2 state.
6. K2(2250) with J P = 2− and M = (2247 ± 17) MeV

[1] is the candidate of 2D′, which is the mixture of the
21D2 and 23D2 states.

7. K3(2320) has J P = 3+ and M = (2324±24) MeV [1].
The possible assignment of K3(2320) is the 2F state,
which is the mixture of states K (21F3) and K (23F3). As
the partner of K3(2320), K (2F ′) is till absent in experi-
ments. In addition, we should mention that 1F and 1F ′
in the kaon family are still missing.

8. K4(2500) with J P = 4− and M = (2490±20) MeV [1]
can be a 2G state, while its partner K (2G

′
) and two kaons

K (1G) and K (1G ′) are still missing in experiments.

Surely, the above conclusions of possible quantum states
are only from the point of mass spectra view. If we want
to clearly study particle properties further, we also need to
investigate the decay behaviors, especially strong decays, and
a detailed study will be given in the next section.

4 OZI-allowed two-body strong decays

In the previous section, calculating the spectra of the kaon
family, we obtain kaon wave functions, too, at the same time,
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Table 3 The masses of other
kaons obtained by the MGI
model and comparison with
those from other potential
models. The unit of the mass is
MeV

n2S+1L J This work GI [2] Ref. [4] Ref. [3] n2S+1L J This work

11P1 1364 1352 – – 31D2 2380

13P1 1377 1366 – – 33D1 2385

11D2 1778 1791 1709 – 33D2 2388

13D2 1789 1804 1824 – 33D3 2382

11F3 2075 2131 2009 2050 31F3 2550

13F2 2093 2151 1964 2050 33F2 2560

13F3 2084 2143 2080 2050 33F3 2546

11G4 2309 2422 2255 – 33F4 2533

13G3 2336 2458 2207 – 31G4 2673

13G4 2317 2433 2285 – 33G3 2687

21P1 1840 1897 1757 1850 33G4 2677

23P1 1861 1928 1893 1850 33G5 2662

23P2 1870 1938 1896 1850 41S0 2248

21D2 2121 2238 2066 – 43S1 2287

23D1 2127 2251 2063 – 41P1 2422

23D2 2131 2254 2163 – 43P0 2424

23D3 2121 2237 2182 – 43P1 2434

21F3 2340 2524 2348 – 43P2 2438

23F2 2356 2551 – – 41D2 2570

23F3 2347 2536 – – 43D1 2573

23F4 2328 2504 2436 – 43D2 2575

21G4 2520 2779 2575 – 43D3 2571

23G3 2540 2814 – – 41F3 2688

23G4 2526 2789 – – 43F2 2695

23G5 2504 2749 – – 43F3 2691

31S0 1924 2065 – 1860 43F4 2683

33S1 1983 2156 1950 – 41G4 2782

31P1 2177 2164 – – 43G3 2790

33P0 2176 2160 – – 43G4 2785

33P1 2192 2200 – – 43G5 2776

33P2 2198 2206 – –

which can be used in the QPC model to study the strong decay
of the kaon family. The parameter γ in the QPC model is
determined by fitting with the experimental data [47]. Thus,
there is no free parameter in the QPC model. We obtain γ =
10.5 as shown in Table 4.

In the following, we mainly focus on the OZI-allowed
two-body strong decay behaviors of these discussed kaons,
by which we not only test these possible assignments to the
observed kaons, but also provide more abundant predictions
of higher radial and orbital excitations in the kaon family.

4.1 S-wave kaons

Since K (498) and K ∗(892) were established to be the 11S0

and 13S1 states in the kaon family, respectively, in this work

we do not discuss them, but we present the phenomenological
analysis of the 2S and 3S states.

4.1.1 2S states

As the candidate of the 21S0 state, K (1460) was listed in
PDG. If further checking the experimental data, we find that
K (1460) was only reported in Refs. [55,56]. However, in
the past 30 years, further experiment as regards K (1460)

was missing, which is the reason why K (1460) was removed
from the summary table of the PDG.

In Table 5, we give the information on the partial and total
decay widths of K (1460) as an 21S0 state, in which one can
find K (1460) mainly decays into K ∗π , Kρ, and Kω. Here,
our results are larger than the experimental data for K ∗π ,
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Table 4 The parameter γ fitting in the QPC model. The unit of the
width is MeV

Channels Experimental data Numerical result

K ∗ → Kπ 50.2 ± 5 33.5

K ∗
0 (1430) → Kπ 267 ± 36 314

K ∗
2 (1430) → Kπ 48.9 ± 1.7 51.5

K ∗
2 (1430) → K ∗π 24.8 ± 1.7 20.4

K ∗
2 (1430) → Kρ 8.7 ± 0.8 6.13

K ∗
2 (1430) → Kω 2.9 ± 0.8 1.82

K ∗
3 (1780) → Kρ 74 ± 10 20.1

K ∗
3 (1780) → K ∗π 45 ± 7 28.5

K ∗
3 (1780) → Kπ 31.7 ± 3.7 38.1

K ∗
4 (2045) → Kπ 19.6 ± 3.8 21.0

K ∗
4 (2045) → Kφ 2.8 ± 1.4 3.80

χ2 = 6.8, γ = 10.5

Kρ, and the total width. If we are to establish K (1460) as an
21S0 state, we need to clarify these differences between our
calculation and the experimental data. We expect an inde-
pendent experiment to confirm the observation of K (1460).
Especially, we suggest precise measurement of the resonance
parameters and partial decay widths of K (1460).

In the PDG, K ∗(1410) is a possible candidate of the 23S1

state. However, we must face the following puzzling facts:
(1) the mass of K ∗(1410) is smaller than that of K (1460).
Usually, an 23S1 state has mass higher than that of an 21S0

state. In addition, we also notice the theoretical results of
the mass of an 23S1 state [2,4] and this work gives the mass
of an 23S1 state to be 1579, 1675, 1548, and 1580 MeV,
respectively, all of which are larger than the experimental
data, 1414 MeV, if K ∗(1410) is an 23S1 state. Thus, we need
to understand why there exists such a puzzling mass relation
for K ∗(1410) and K (1460). (2) If K ∗(1410) together with
ρ(1450), ω(1420), and φ(1680) forms an 23S1 nonet, one
can notice that the mass of K ∗(1410) as an 23S1 state is a bit
small, which was also indicated in Ref. [3].

In Table 5, the obtained partial and total decay widths of
K ∗(1410) as an 23S1 are given, where we also compare our
result with the experimental data. The main decay modes of
K ∗(1410) include the Kπ , K ∗π , Kρ, and Kη channels. The
obtained total decay width of K ∗(1410) is consistent with the
experiment result. We also notice that the ratio �Kπ/�Total

obtained in this work is a little bit larger than the experimental
value (�Kπ/�Total = (6.6 ± 1 ± 0.8)%). The above result
is gotten by assuming K ∗(1410) to be an 23S1 pure state.
In fact, K ∗(1410) could be a mixture of the 23S1 and 13D1

states. Thus, in the following, we further discuss such an
S–D mixing effect on the ratio �Kπ/�Total of K ∗(1410).
K ∗(1410) and K ∗(1680) as a mixture of the 23S1 and 13D1

states can be expressed as

Table 5 The strong decay widths of the 2S and 3S states. The unit of
the width is MeV

States Channels This work Experiment

K (1460) [21S0)] K ∗π 248 ∼ 109 [55]

Kρ 161 ∼ 34 [55]

Kω 51.2 –

K ∗η 8.0 –

Total 468 ∼ 260 [55]

K ∗(1410) [23S1] K ∗π 81.8 –

Kρ 47.4 –

Kω 14.8 –

Kπ 34.7 –

Kη 35.4 –

Total 214 232 ± 21 [1]

�Kπ/�Total 16.2% (6.6 ± 1 ± 0.8)%

K (1830) [31S0] K ∗(1410)π 105 –

K ∗π 34.7 –

K ∗
0 (1430)π 29.8 –

Kρ 22.4 –

K ∗
2 (1430)π 21.7 –

K ∗ρ 17.4 –

Kω 7.07 –

K ∗ω 6.0 –

K ∗η 1.26 –

Kφ 0.018 –

Total 245 ∼ 250 [1]

33S1 K ∗(1410)π 62.3 –

K ∗π 44.2 –

Kρ 36.8 –

K ∗
2 π 29.4 –

Kπ 23.3 –

K (1460)π 20.8 –

Kη(1295) 18.5 –

Ka2 15.8 –

Kπ(1300) 14 –

Kη 13.1 –

Kω 12 –

K1(1650)π 11.8 –

Kb1 11.6 –

ηK1(1400) 7.93 –

K1η 7.93 –

Ka1 7.76 –

K f2 7.65 –

Kω(1420) 7.62 –

K f1(1420) 7.18 –

K ∗φ 5.54 –

Kρ(1450) 5.46 –

Kh1 4.22 –

123



Eur. Phys. J. C (2017) 77 :861 Page 9 of 20 861

Table 5 continued

States Channels This work Experiment

K1(1400)π 3.82 –

K1π 3.82 –

K ∗ρ 3.38 –

K f1 2.92 –

Kφ 2 –

Total 393 –
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Fig. 1 The θsd dependence of the total and partial decay widths of
K ∗(1410). Here, the dot-dashed line is the experimental value from
LHCb [57]

( |K ∗(1410)〉
|K ∗(1680)〉

)
=

(
cos θsd sin θsd

− sin θsd cos θsd

)( |13D1〉
|23S1〉

)
, (39)

where θsd denotes the mixing angle. In this scenario, we
present the decay behavior of K ∗(1410) dependent on θsd
as shown in Fig. 1. The result shows that the experimental
total width [57] of K ∗(1410) can be described when θsd is
taken as ∼ 90◦ or ∼ −90◦, which supports K ∗(1410) as
a pure 23S1 state. We need to emphasize that the branch-
ing ratio �Kπ/�Total becomes larger when |θsd | becomes
smaller. Thus, the S–D mixing effect on the K ∗(1410) state is
not obvious on describing the experimental data. Of course,
we must admit that there still exists a small difference
between theoretical and experimental results for the ratio
�Kπ/�Total.

Finally, we give a conclusion for K ∗(1410). The mass of
K ∗(1410) as a 23S1 state is relatively small, and there exists
some disagreement in the branching ratios with experiments.
Obviously, confirmation of this state assignment needs more
experimental information and theoretical study.

4.1.2 3S states

Although K (1830) is not listed in the summary table of the
PDG, we still select K (1830) as a possible candidate of the
31S0 state and study its decay behavior.

In Table 5, the partial and total decay widths of K (1830) as
a 31S0 state are shown. Our results show that the largest decay
width of K (1830) is given by the channel K ∗(1410)π instead
of K ∗ρ given by Ref. [3]. The other main decay channels
contain K ∗π , K ∗

0 (1430)π , Kρ, K ∗
2 (1430)π , and K ∗ρ. The

total width of the theory agrees with the experimental data.
Our prediction of the decay information on this state will be
helpful for future experimental study, since there exist only
two experimental studies on K (1830) until now.

At present, the 33S1 state in the kaon family is still absent.
Thus, in this work we predict its decay property, where we
take the predicted mass of the 33S1 state by the MGI model
as the input. The results shown in Table 5 indicate that its
important decay modes are πK ∗(1410), K ∗π , Kρ, and K ∗

2 π ,
Kπ , πK (1460), Kη(1295). Additionally, Ka2 also has a
sizable contribution to the total width. This predicted decay
information is useful to the future experimental search for
this missing state.

4.2 P-wave kaons

4.2.1 1P states

In Table 6, we show the allowed decay channels of K ∗
0 (1430),

and the corresponding partial and total decay widths. Here,
its dominant decay channel of K ∗

0 (1430) is Kπ , which has
decay width 314 MeV, which is comparable with the exper-
imental data (267 ± 36) MeV listed in PDG [1]. Besides,
the Kη decay channel also has a sizable contribution to the
total decay width of K ∗

0 (1430). In addition, the obtained total
decay width is consistent with the experimental measurement
just shown in Table 6. The above study indicates that the 13P0

assignment to K ∗
0 (1430) is suitable.

The K ∗
2 (1430) together with a2(1320), f2(1270), and

f ′
2(1525) may form a 13P2 nonet. In Table 6, we give the par-

tial decay widths of K ∗
2 (1430). It dominantly decays into Kπ

and K ∗π , while the Kρ, Kω, and Kη modes also have sizable
contributions in which Kη was already observed in experi-
ment [1]. According to Table 6, we can find that our results
are consistent with the experimental data. Thus, K ∗

2 (1430)

as a 13P2 state in the kaon family can be supported by our
study of its decays.

K1(1270) and K1(1400) as the 1P and 1P ′ states, respec-
tively, satisfy

( |K1(1270)〉
|K1(1400)〉

)
≈

(
cos θ1P sin θ1P

− sin θ1P cos θ1P

) ( |11P1〉
|13P1〉

)
, (40)
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Table 6 The decay widths of three P-wave states. The unit of the width
is MeV

States Channels This work Experiment

K ∗
0 (1430) [13P0] Kπ 314 267 ± 36 [58]

Kη 2.87 –

Total 318 270 ± 80 [1]

K ∗
2 (1430) [13P2] Kπ 51.5 48.9 ± 1.7 [1,47]

K ∗π 20.4 24.8 ± 1.7 [1,47]

Kρ 6.13 8.7 ± 0.8 [1,47]

Kω 1.82 2.9 ± 0.8 [1,47,59]

Kη 0.0665 0.15+0.37
−0.1 [1]

Total 80.1 98.5 ± 2.9 [1]

K ∗
0 (1950) [23P0] Kπ 105 –

K ∗ρ 254 –

Kπ(1300) 190 –

K (1460)π 121 –

Ka1 69.1 –

Kb1 64.9 –

K1(1270)π 183 –

K1(1270)η 6.58 –

K1(1400)π 5.98 –

Total 1000 201 ± 34 ± 79 [58]

�Kπ/�Total 10.5% (52 ± 8 ± 12)% [58]

where θ1P denotes the mixing angle, which leads us to discuss
the θ1P dependence of the partial and total decay widths of
K1(1270) and K1(1400).

According to Fig. 2 which describes the dependence
of the mixing angle, θ1P , of the K1(1270) decay width,
we find that θ1P should be taken as either 22.5◦–29◦ or
41.5◦–48◦ by fitting the CNTR data of �K ∗π [55], which
is fortunately in the same range when fitted with the ratio
�(K ∗π)D-wave/�(K ∗π)S-wave = 1±0.7 [55]. Here, the cen-
tral value of this mixing angle is θ1P ≈ 25◦ or 45◦.

We further investigate the decays of K1(1400). CNTR [55]
also gave �K ∗π/�Total = (94 ± 6)% [60] for K1(1400), by
which we obtain 38◦ < θ1P < 68◦ with central value θ1P =
45◦, where the details can be found in Fig. 3.2 Hence, the
above analysis shows that the mixing angle θ1P favors 45◦,
which agrees with the conclusion made in Refs. [3,47] but
disagrees with Refs. [61–63], in which they obtained θ1P =
34◦ and ∼ 60◦, respectively.

2 CNTR [55] gave �K ∗π(D)/�K ∗π(S) = 0.04 ± 0.01 as well, which
gives the angle range −7◦ to 0◦ or 70◦ to 78◦ if we fit with the ratio,
which conflicts with the previous discussion.
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4.2.2 2P states

As shown in Table 3, Refs. [2–4] and this work give the mass
of the 23P0 state 1.890, 1.791, 1.850, and 1.829 GeV, respec-
tively, which are all smaller than the experimental value 1945
MeV if K ∗

0 (1950) is assumed to be a 23P0 state. Under the
assignment of the 23P0 state to K ∗

0 (1950), we study the
strong decay behavior of K ∗

0 (1950), which is presented in
Table 6.

Our results show that the K ∗ρ mode is its dominant decay
channel. Its total decay width can reach up to 1000 MeV
which is 5 times larger than the experimental value 200 MeV.
We also notice the result of the total decay width of a 23P0

state given by Ref. [3], which is two times larger than the
experimental value, where they use a smaller phase space
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Table 7 The strong decay
widths of K ∗

2 (1980), where the
values in brackets and without
brackets in the third and fourth
columns represent those for
K ∗

2 (1980) as the 13F2 and 23P2
states, respectively. The unit of
the width is MeV

States Channel This work Ref. [3] Experiment

K ∗
2 (1980) K1(1270)π 36.5 (55.7) 6 (79) –

K2(1770)π 0.473 (5.67) − (61)

Kb1 24.1 (36.7) 8 (50) –

Ka1 11.8 (10.8) 3 (26) –

K1(1270)η 6.31 (5.57) 1 (22) –

Kπ 0.788 (17.5) 44 (20) –

Kh1 11.8 (9.00) 4 (18) –

Kρ 10.6 (18.3) 4 4 (13) –

K ∗π 10.2 (16.2) 47 (13) –

Kη′ 3.50 (6.51) 15 (15) –

K ∗η 24.6 (6.80) 26 (11) –

K ∗
2 (1425)π 61.3 (17.4) 15 (8) –

K ∗ρ 42.1 (17.1) 78 (8) –

K f1(1282) 2.93 (2.67) 1 (7) –

Ka2 28.4 (11.8) 3(7) –

K f1(1426) 0.454 (0.32) − (6) –

Kφ 11.1 (3.31) 12 (6) –

Kω 3.60 (6.09) 14 (4) –

K f2(1270) 12.1 (5.55) 3 (3) –

K ∗ω 22.0 (5.42) 27 (3) –

K ∗φ 41.0 (0.109) − (1) –

K1(1400)π 7.56 (7.32) 11 (0) –

K ∗(1410)π 63.9 (2.03) 5 (0) –

πK (1460) 27.9 (4.31) 2 (0) –

Kπ(1300) 15.0 (5.57) 0 (0) –

Total 480 (278) 370 (283) 373 ± 33 ± 60 [64] (180 ± 70 [54])

�Kρ/�K ∗π 1.04 (1.14) 0.94 (1) 1.49 ± 0.24 ± 0.09 [58] (–)

(their mass of a 23P0 state is 1850 MeV). We also obtain the
branching ratio �Kπ/�Total = 6.4%, which is close to 10.5%
calculated by Ref. [3], but this is smaller than the experimen-
tal value 52%. Besides, we also confirm that K1(1270)π has
sizable contribution to the width of K ∗

0 (1950) [3]. It is obvi-
ous that there exists a difference between the present the-
oretical and experimental results. Until now, K ∗

0 (1950) has
not been established in experiment since this state was omit-
ted from the summary table of PDG [1]. For clarifying it,
we suggest further experimental study of K ∗

0 (1950), where
its resonance parameter and partial decay widths are crucial
information.

Then we discuss the possibility of two different assign-
ments to K ∗

2 (1980) from two aspects, mass and decay infor-
mation. In 1987, LASS reported a structure in the reac-
tion K− p → K̄ 0π+π−n [64], and the obtained reso-
nance parameter are M = (1973 ± 8 ± 25) MeV and
� = (373 ± 33 ± 60) MeV. This is the particle called
K ∗

2 (1980) listed by the PDG [1]. Barnes et al. [3] take the
viewpoint that K ∗

2 (1980) is a 13F2 state, and they give a

total width of 300 MeV. However, our results show that the
mass of a 13F2 state is about 2093 MeV. Thus, the mass of
K ∗

2 (1980) is a bit small if K ∗
2 (1980) is a 13F2 state, which

can be supported by another fact, i.e., as an iso-vector 13F2

state, a2(2030) is well established in Ref. [32]. In the same
13F2 nonet, the meson which contains one s quark is heavier
than the mesons which only contain u/d quarks. Along this
line, the mass of the 13F2 state in the kaon family should be
heavier than 2030 MeV.

Assuming the 13F2 state assignment to K ∗
2 (1980), we

illustrate its decay behavior. The present work (see Table 7)
shows that K1(1270)π is the dominant decay channel when
we treat K ∗

2 (1980) as a 13F2 state, even though the channel
is not observed in experiments. The K2(1770)π , Kb1, Ka1,
Kπ , Kρ, and K ∗π modes, among which Kρ and K ∗π have
been reported in the experiment [1], also have sizable contri-
butions, where we take θ1D = −39◦. Our prediction for the
channels K1(1270)π , K2(1770)π , Kb1, Ka1, and Kπ will
be helpful for the experimental test of this assignment.
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Fig. 4 θ2P dependence of the decay widths of K1(1650) as a 2P state,
where the dot-dashed line is the experimental value of OMEG [65]

Besides the assignment of the 13F2 state to K ∗
2 (1980),

there exists another possibility, K ∗
2 (1980) as a 23P2 state.

The analysis of the mass spectra in Refs. [2–4] and this work
shows that the mass of a 23P2 state is 1938, 1896, 1850, and
1870 MeV, respectively. Thus, the experimental mass value
of K ∗

2 (1980) is a bit larger than a 23P2 state. If K ∗
2 (1980) is

a 23P2 state, its main decay modes are K ∗ρ, Kπ , K ∗π , Kρ,
K ∗η, Kη′, and K ∗ω. Besides the Kρ and K ∗π modes, one
notices that K f2 has been observed in experiments, which
has a sizable contribution in theory. Hence, K ∗

2 (1980) as a
23P2 state is also a possible assignment.

Just presented above, we discuss two assignments to
K ∗

2 (1980), where the decay behaviors of K ∗
2 (1980) under

two assignments are different. Thus, we should combine fur-
ther experimental decay information of K ∗

2 (1980) with our
results to determine which possibility of its assignments we
should take.

The K1(1650) and its partner K1(2P ′) satisfy

( |K1(1650)〉
|K1(2030)〉

)
≈

(
cos θ2P sin θ2P

− sin θ2P cos θ2P

) ( |21P1〉
|23P1〉

)
. (41)

In Fig. 4, we show the partial and total decay widths of
K1(1650) depending on the mixing angle θ2P if the mass of
K1(1650) is adored to be M = 1650 ± 50 MeV [1]. Since
the decays of K1(1650) into Kππ and Kφ were observed in
experiments [55,65–67], we can roughly conclude that θ2P

is probably less than zero as seen from Fig. 4, where Kρ, Kφ

and K ∗π have sizable contributions to the total decay width
of K1(1650) in our calculation.

In experiment, K1(1650) is also not well established since
this state is omitted from the summary table of the PDG [1].
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Fig. 5 θ2P dependence of the decay widths of K1(1650) as a 2P state
with the measured center mass of 1793 MeV from LHCb [66], where
the dot-dashed line is the experimental value of LHCb [66]

More experimental and theoretical efforts are necessary to
establish K1(1650). We notice new experimental information
of K1(1650) from LHCb [66], where the measured mass of
K1(1650) is (1793±59+153

−101) MeV, which is about 150 MeV
larger than the experimental data given by Ref. [1]. Taking
the LHCb mass result as an input, we investigate the strong
decay behaviors of K1(1650) again, which are shown in Fig.
5. Here, K ∗π , K ∗ρ, Kρ and K ∗

2 (1430)π are dominant decay
channels. However, we cannot give a further constraint on the
mixing angle θ2P by comparing an experimental width with
our theoretical result due to a large experimental error of the
LHCb experimental data.

In the following, we discuss the partner of K1(1650). Ref-
erence [68] gives the following equation for the mass relation
between the pure states and physical state:

m2
K1(23P1)

= cos(θ2P )2m2
K1(2P ′) + sin(θ2P )2m2

K1(2P),

m2
K1(21P1)

= sin(θ2P )2m2
K1(2P ′) + cos(θ2P )2m2

K1(2P). (42)

Substituting mK1(21P1)
= 1840 MeV and mK1(23P1)

= 1861
MeV given in Table 3 into Eq. (42), we obtain the mass of the
K1(1650) partner, mK1(2P ′), about 2030 MeV and the θ2P ≈
±43◦ if taking the mass of K1(1650) as M = (1650 ± 50)

MeV [1]. Based on the above analysis of K1(1650), we sug-
gest θ2P ≈ −43◦. If taking the LHCb mass measurement
[66] of K1(1650) as an input, the mass of the K1(1650)

partner is estimated to be 1906 MeV. In Ref. [66], the res-
onance parameters of the K1(1650) partner are given, i.e.,
M = (1968 ± 65+70

−172) MeV and � = (396 ± 170+174
−178)

MeV. Considering the present status, we select the experi-
mental mass (1968 MeV [66]) for the partner of K1(1650)
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Table 8 The main strong decay widths of the K1(2P ′) state which as
the partner of K1(1650). Here, the mass of K1(2P ′) is taken as 1968
MeV [66]. c = cos θ2P and s = sin θ2P . The unit of the width is MeV

Decay channel Width

Total 440 c2 + 70.2 c s + 385 s2

K ∗ρ 166 c2 + 111s2

K ∗
2 π 71.5 c2 + 57 c s + 111 s2

K a2 59c2 + 48. c s + 80.8 s

K ∗π 75.4 c2 + 8.84 c s + 72.3 s2

K ρ 63.1 c2 + 2.81 c s + 64.1 s2

K ∗ω 53.8 c2 + 36s2

K f2 22.4 c2 + 10.5 c s + 20.8 s2

when discussing the decay behavior of the K1(2P ′) state just
shown in Table 8. Here, the calculated width of K1(2P ′) is
about (440–570) MeV, which is comparable to the experi-
mental data [66]. Its main decay modes are K ∗ρ, K ∗

2 π , Ka2,
K ∗π , Kρ, K ∗ω, and K f2.

4.3 D-wave kaons

4.3.1 1D states

K ∗(1680) together with ρ(1700) and ω(1650) forms a 13D1

nonet. Barnes et al. [3] predicted that this state should have a
mass of 1850 MeV, but we obtain 1.766 GeV, which is closer
to the experimental value 1.717 GeV. The mass spectrum
analysis supports K ∗(1680) as a 13D1 state.

As shown in Table 9, K ∗(1680) as a pure 13D1 state
mainly decays into final states K1(1270)π , Kh1, Kπ , and
Kη, while the K ∗π and Kρ modes also have sizable contri-
butions. We notice that the obtained ratios of partial decay
widths of Kπ , K ∗π , and Kρ in this work are comparable
with experimental data given in PDG. Since the branching
ratios of the Kπ , K ∗π , and Kρ decay channels given by PDG
are 38.7, 29.9, and 31.4%, we conclude that the remaining
K1(1270)π decay channel has a very small width. However,
our calculation shows that K1(1270)π is a main contribution
to the total width which is consistent with the conclusion from
the former analysis in [3] but contradicts the present exper-
imental data. Here we and the authors of Ref. [3] adopted
the mixing angle θ1P = 45◦ [4,47] in the corresponding cal-
culations. It is obvious that we need to face this puzzle in
this channel. More experimental and theoretical efforts are
needed to clarify this point.

K2(1770) and K2(1820) satisfy

( |K2(1770)〉
|K2(1820)〉

)
≈

(
cos θ1D sin θ1D

− sin θ1D cos θ1D

) ( |11D2〉
|13D2〉

)
. (43)

According to Fig. 6, we find that K2(1770) mainly decays
to K ∗

2 (1430)π , K ∗π , Kπ , and Kω. Experiments show that
K ∗

2 (1430)π is the dominant decay mode of K2(1770) [1],
which indicates that θ1D favors the value less than zero.

K ∗
3 (1780) together withρ3(1690),ω3(1670), andφ3(1850)

forms a 13D3 nonet. We give it a mass of 1.781 GeV by the
MGI model, which is consistent with the experimental data
of 1.776 GeV. As shown in Table 9, even though K ∗ρ is
the dominant decay mode of K ∗

3 (1780), it is not observed in
experiments so far. The channel K ∗ω has a sizable contribu-
tion to its total decay width, which is still missing in experi-
ment. A final state Kπ largely contributes to the total width
and theory and experiments are consistent. The branching
ratio �K ∗π/�Kπ agrees with the experimental data [70].

Next, let us focus on K2(1820). According to Fig. 7, one
notices that K2(1820)probably decays to Kππ , K ∗

2 (1430)π ,
K f2(1270), K ∗π , and Kω, in which Kππ comes from Kρ

channel. As seen from the θ1D dependence of the widths
of K2(1820) in Fig. 7, we notice that contributions of Kρ

and K f2(1270) are large when θ1D < 0, which indicates
that it is very likely that θ1D is smaller than zero, which is
consistent with the previous analysis for K2(1770). Because
of the absence of the experimental information, we cannot
confirm the angle θ1D , while our results will be helpful for
the future experiments to study this state.

4.3.2 2D states

As one of the 2D states is missing, using the familiar program
with 2P states, we obtain

( |K2(1990)〉
|K2(2250)〉

)
≈

(
cos θ2D sin θ2D

− sin θ2D cos θ2D

) ( |21D2〉
|23D2〉

)
, (44)

where K2(1990) is obtained from an equation similar to
Eq. (42).

According to Table 10, one finds that K2(2250) as
a 2D′ state mainly decays into Ka2(1700), K ∗

2 (1980)π ,
K ∗

3 (1780)π , K ∗(1410)π , and K ∗
2 π . K ∗

2 π and K f2(1270)

have been observed in experiments which have sizable con-
tributions to the total width. Besides, Kρ, which is an impor-
tant decay channel in our result, can decay into Kππ , which
is observed in experiment. On the other hand, the theoretical
total width is larger than the experimental value 180 MeV
given in PDG. We need more experimental information to
study this 2D′ state, to test our results, and to have more
detailed decay widths to ascertain the value of θ2D .

We use 1994 MeV as the mass of the partner of K2(2250)

with θ2D ≈ ±44◦, and calculate the strong decay of this
state as shown in Table 11. According to this table, we can
find that its main decay channels are K ∗π , Kρ, K ∗

2 π , and
K ∗

3 (1780)π .
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Table 9 The decay widths of
the 13D1 and 13D3 states. Here,
K ∗(1680) and K ∗

3 (1780) are
assigned to be the pure 13D1
state and 13D3 states,
respectively. The unit of the
width is MeV

State Channel This work Ref. [3] Experiment

13D1 Kπ 69.2 45 –

K ∗π 41.8 25 –

Kρ 44.7 26 –

Kη 64.4 53 –

K ∗ρ 6.33 2 –

K ∗ω 1.69 1 –

Kh1 78 33 –

K1(1270)π 330 145 –

K1(1400)π 7.86 0 –

Kφ 9.35 45 –

Total 653 348 426 ± 18 ± 30 [58]

�Kπ/�K ∗π 1.66 1.8 2.8 ± 1.1 [71]

�Kρ/�Kπ 0.65 0.58 1.2 ± 0.4 [71]

�Kρ/�K ∗π 1.07 1.04 1.05+0.27
−0.11

13D3 K ∗ρ 118 42 –

Kρ 20.1 10 74 ± 10 [47]

K ∗ω 36.4 12 –

Kπ 38.1 40 31.7 ± 3.7 [47]

K ∗π 28.5 14 45 ± 7 [47]

Kω 6.45 3 –

Kη 9.67 19 48 ± 21 [1], 15 ± 6 [72]

K1(1270)π 1.68 1 –

K1(1400)π 2.80 1 –

K ∗
2 (1430)π 4.18 1 < 25 [72]

Total 266 145 225 ± 60 [73]

�Kρ/�K ∗π 0.702 0.71 1.52 ± 0.23 [70]

�K ∗π/�Kπ 0.748 0.35 1.09 ± 0.26 [70]

�Kη/�Kπ 0.253 0.48 1.6 ± 0.7 [1]

�Kπ/�Total 0.143 0.28 0.188 ± 0.010 [1]

�Kρ/�Total 7.5% 6.9% (31 ± 9)% [1]

�K ∗π/�Total 10.7% 9.7% (20 ± 5)% [1]

�Kη/�Total 3.6 % 13% (30 ± 13)% [1]

4.4 F-wave kaons

4.4.1 1F states

In this section, we discuss possibility of different assignments
of K ∗

2 (1980) from two aspects, mass and decay information.
In 1987, LASS reported a structure in the reaction K− p →
K̄ 0π+π−n [64], and they obtained the resonance parameters
M = (1973 ± 8 ± 25) MeV and � = (373 ± 33 ± 60)

MeV. This is the particle called K ∗
2 (1980) listed in PDG

[1]. Barnes et al. [3] have the viewpoint that K ∗
2 (1980) is a

13F2 state, and they give a total width of 300 MeV. On the
other hand, our results show that the mass of a 13F2 state is
about 2093 MeV. Ebert et al. [4] predict a 13F2 state with a
mass of 1964 MeV. As the partner of an iso-vector of 13F2,

a2(2030) is well established in Ref. [32]. In the same nonet,
the meson which contains one s quark is probably heavier
than the mesons which only contain u/d quarks. Along this
line, the mass of the 13F2 state of the kaon should be larger
than 2030 MeV, so that the mass K ∗

2 (1980) is a bit small as a
13F2 state. References [2–4] and this work give the mass for
a 23P2 state 1938, 1896, 1850, and 1870 MeV, respectively,
and for its iso-vector partner, a2(1700) [32], the mass of
K ∗

2 (1980) is a bit larger as a 23P2 state. We should, of course,
combine the decay information of K ∗

2 (1980) to determine
which possibility for its assignment we should take.

Both Ref. [3] and this work (see Table 7) show that
K1(1270)π is the dominant decay channel when we treat
K ∗

2 (1980) as a 13F2 state, even though the channel is not
observed in experiments. K2(1770)π , Kb1, Ka1, Kπ , Kρ,
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and K ∗π modes, among which Kρ and K ∗π have been
reported in the experiment [1], also have sizable contri-
butions, where we take θ1D = −39◦. If K ∗

2 (1980) is a
13F2 state, our prediction for the channels K1(1270)π ,
K2(1770)π , Kb1, Ka1, and Kπ will be helpful for the exper-
iment to test this assignment.

Both Ref. [3] and our results show that K ∗
2 (1980) is 23P2

state, where Ref. [3] takes the mass to be 1850 MeV and we
take an experimental value of 1973 MeV. For this reason, the
results between their and this work show some difference.
The main decay modes are K ∗ρ, Kπ , K ∗π , Kρ, K ∗η, Kη′,
and K ∗ω. Besides Kρ and K ∗π , one notices that K f2 has
been observed in experiments which has sizable contribu-
tions in theory. Hence K ∗

2 (1980) to be assigned to 23P2 is
also reasonable.

Finally, let us draw a rough conclusion for K ∗
2 (1980).

According to the mass analysis, the mass of K ∗
2 (1980) is a

bit small when assigned to a 13F2 state and a bit large when

assigned to a 23P2 state. According to the decay information,
K ∗

2 (1980) is in favor of a 23P2 state. We still, however, need
more experimental information to test our assignment for
K ∗

2 (1980). What is more important is that we give the pre-
diction that the partial widths of K ∗

2 (1425)π , K ∗(1410)π ,
K ∗ω, K ∗ρ, and K ∗η treating K ∗

2 (1980) as 13F2 will be much
larger than those of the case of a 23P2 state. The experimen-
tal study of these decay modes combined with our predic-
tion will help us to determine the assignment of K ∗

2 (1980).
Besides the above, our prediction can help future experi-
ments to find the missing 13F2 or 23P2 state. According to
Table 3, one can notice that our spectral results are consis-
tent with the mass of K ∗

4 (2045) given by PDG when we treat
it as 13F4 state. As for the strong decay of K ∗

4 (2045), one
can notice that both the results of Ref. [3] and this work
(Table 12) show that K ∗ρ, Kπ , K ∗π , K ∗ω, and Kρ are
the main decay channels. The PDG gives two partial width
ratios: one is �Kπ/�Total = (9.9 ± 1.2)% and our result is
�Kπ/�Total = 8.4%, which is consistent with the experi-
ment. Another is �K ∗φ/�Total = (1.4±0.7)% and we obtain
�K ∗φ/�Total = 1.54%, which is consistent with the exper-
iment as well. On the other hand, Ref. [3] obtained 21 and
3.1% for these two partial width ratios, which are differ-
ent from the experiment. These results, of course, prove the
superiority of the accurate meson wave functions we have
obtained.

References [2–4] and this work give the mass of a 1F state
2131, 2009, 2050, and 2075 MeV (which we call K3(2075),
and strictly speaking, this state is a pure 11F3 state, here we
assume the physical state 1F has this mass), respectively,
among which one notices that the last two results are almost
identical. K3(2075) is assigned to the missing 1F state. We
present the θnF dependence of the widths for these two cases
in Table 13. The total width of a 1F state with a mass of
2075 MeV is about (400–600) MeV, which means that the
predicted K3(2075) is a broad state and it is not easy to
identify K3(2075) in experiments. Its main decay channels
are K ∗

3 (1780)π , K ∗ρ, K ∗π , Ka2, Kρ and K ∗
2 π .

4.4.2 2F states

K3(2F) and K3(2F ′) mixing satisfies

( |K3(2320)〉
|K3(2360)〉

)
≈

(
cos θ2F sin θ2F

− sin θ2F cos θ2F

)( |21F3〉
|23F3〉

)
, (45)

where K3(2360) is obtained from an equation similar to
Eq. (42). The total width of K3(2320) is nearly (180–200)
MeV, which is consistent with the data of OMEG (150 ±
30) MeV [75]. K3(2320) mainly decays to K ∗

3 (1780)π ,
K ∗(1410)π , Kρ and K ∗π . The total width of K3(2360) is
nearly (80–120) MeV. K3(2360) mainly decays to
K ∗

3 (1780)π , Kρ3(1690), Kρ and K ∗π , which are given in
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Table 10 Strong decay
information of K2(2250)(2D′),
where s and c represent sine and
cosine functions. The unit of the
width is MeV

Decay channel Width Decay channel Width

Total 956c2 − 267cs + 1044s2 Ka2(1700) 115c2 − 188cs + 77.1s2

K ∗
2 (1980)π 82.6c2 − 136cs + 57.4s2 K ∗

3 (1780)π 67.3c2 − 135cs + 71.4s2

K ∗(1410)π 75.5s2 + 55.6c2 − 97.2cs K ∗
2 π 58.9c2 − 70.9cs + 64.2s2

Ka2 52.9c2 − 57cs + 55.1s2 Kρ3(1690) 33.7c2 − 64.5cs + 31s2

K ∗π 31.3c2 − 50.3cs + 21.1s2 Kρ(1450) 42.4c2 − 23.3cs + 37.6s2

Kρ 29.7c2 − 48cs + 19.9s2 K ∗a2 9.24c2 − 30.9cs + 37.9s2

K ∗(1410)ρ 22.1c2 + 42.1s2 K ∗π(1300) 25.6c2 − 40.4cs + 17.3s2

K ∗ρ 37.7c2 + 40.2s2 K1(1400)ρ 15.5c2 − 42.8cs + 16.7s2

Kω3(1670) 15.1c2 − 29cs + 14s2 K f2 19.9c2 − 18.1cs + 20.1s2

K f ′
2(1525) 19.9c2 − 18.1cs + 20.1s2 K ∗

2 ω 3.49c2 − 12.9cs + 15.6s2

Kω 9.85c2 − 15.9cs + 6.61s2 K ∗b1 14.3c2 − 0.4cs + 16.1s2

K ∗a1 6.74c2 − 7cs + 14.1s2 Ka0(1450) 4.36c2 − 13.7cs + 10.8s2

Kω(1420) 14.1c2 − 2.21cs + 13.6s2 K ∗η 0.101c2 − 0.517cs + 14.2s2

K ∗ω 12.5c2 + 13.2s2 K ∗(1410)ω 6.37c2 + 12.3s2

K ∗h1 10.2c2 − 3.25cs + 10.6s2 K ∗ f2 6.31c2 − 7.46cs + 9.34s2

K ∗(1680)π 4.98c2 − 11cs + 6.44s2 K ∗η(1295) 0.0195c2 − 0.914cs + 10.7s2

K ∗φ 8.35c2 + 6.81s2 K1(1400)ω 1.26c2 − 1.09cs + 8.18s2

Table 11 The main strong decay widths of K2(1990) as an 2D state,
where s and c represent sine and cosine functions. The unit of the width
is MeV

Decay channel Width

Total 97.9c2 − 17.3cs + 120s2

K ∗π 15.1c2 − 22cs + 19.6s2

K ρ 12.5c2 + 19.2cs + 16.4s2

K2
∗π 17.9c2 − 16.5cs + 7.59s2

K ∗
3 (1780) π 7.16c2 − 14.4cs + 7.26s2

Table 14. Although we cannot give the mixing angle of these
two states for lack of experimental information, our theoret-
ical results can be helpful for studying these two states in
future experiments.

4.5 G-wave kaons

4.5.1 1G states

K4(1G) and K4(1G ′) mixing satisfies

( |K4(2310)〉
|K4(1G ′)〉

)
≈

(
cos θ1G sin θ1G

− sin θ1G cos θ1G

)( |11G4〉
|13G4〉

)
. (46)

We assume the mass of a 1G state to be about 2309 MeV,
which we call K4(2310). The GI model [2] and Ref. [4]
give this mass values of 2422 and 2255 MeV, respectively,
while the mass of the K4 state in PDG is 2490 MeV. Accord-
ing to Table 3, K4(2500) may be a 2G state. We predict the

Table 12 The strong decay widths of K ∗
4 (2045) assigned to a 13F4

state. The unit of the width is MeV

State Channel This work Ref. [3] Experiment

K ∗
4 (2045) (13F4) K ∗ρ 84.9 29 –

Kρ 16.1 7 –

K ∗ω 27.7 9 –

Kω 5.24 2 –

Kπ 21.0 21 –

K ∗π 20.5 8 –

K ∗(1410)π 2.91 0 –

K1(1270)π 11.4 2 –

K1(1400)π 6.47 2 –

Kφ 0.783 1 –

Ka1 4.17 1 –

Ka2 13.5 1 –

Kb1 13.0 2 –

K ∗φ 3.84 3 –

K ∗
2 (1430)π 15.9 2 –

K1(1270)η 3.13 1 –

Total 250 98 198 ± 30

�Kπ/�Total 8.40% 21% 9.9 ± 1.2% [58]

�K ∗φ/�Total 1.54% 3.1% 1.4 ± 0.7% [74]

strong decay information of these two G wave states in Table
15.

As shown in Table 15, main decay modes of K4(2310)

are K ∗
4 (2045)π , K ∗

3 (1780)π , Kρ3(1690), Ka2 and K ∗
2 π

when K4(2310) is assigned to a 1G state. Its total width will
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Table 13 Strong decay
information of K3(2320) as an
2F state and (predicted)
K3(2075)(1F) depending on
their mixing angle, where s and
c represent sine and cosine
functions. The unit of the width
is MeV

Decay channel K3(2075) as 1F state K3(2320) as 2F state

Total 464c2 + 182cs + 530s2 189c2 + 21.2cs + 202s2

K ∗
3 (1780)π 107c2 + 245cs + 141s2 24c2 + 42.4cs + 21.3s2

K ∗(1410)π 6.93c2 + 0.975cs + 7.07s2 20.3c2 + 27.2cs + 16.4s2

Kρ 38.7c2 + 11.1cs + 40.3s2 11c2 + 20.4cs + 13.9s2

K ∗π 40.5c2 + 4.03cs + 39.9s2 10.4c2 + 20.2cs + 13.3s2

Ka2(1700) 0 12.9c2 + 13.7cs + 9.98s2

K ∗
2 (1980)π 0 11.5c2 + 12.3cs + 8.81s2

Kρ3(1690) 0 8.44c2 + 16.2cs + 8.19s2

K ∗(1410)ρ 0 13.5c2 + 9.77s2

K ∗ρ 55.7c2 + 43.7s2 12.3c2 + 8.63s2

Kρ(1450) 1.51c2 + 3.33cs + 1.99s2 7.87c2 + 1.95cs + 8.15s2

Kω3(1670) 0 4.04c2 + 7.94cs + 4.13s2

K ∗(1410)η 0.0642c2 + 0.408cs + 0.703s2 0.163c2 + 0.557cs + 7.7s2

Kω 12.8c2 + 4.01cs + 13.3s2 3.63c2 + 6.79cs + 4.61s2

K ∗π(1300) 0 3.56c2 + 6.55cs + 4.51s2

K ∗
4 (2045)π 0 4.3c2 + 4.62cs + 1.56s2

K (1460)ρ 0 2.41c2 + 5.2cs + 3.16s2

K ∗(1680)π 0.248c2 + 1.02cs + 1.05s2 3.33c2 + 4.79cs + 1.73s2

K ∗
2 ρ 0 3.96c2 + 1.4cs + 3.94s2

K ∗(1410)ω 0 4.14c2 + 2.97s2

K ∗ω 18.1c2 + 14.2s2 4c2 + 2.83s2

Ka0(1450) 1.15c2 3.91c2

K ∗a2 0 2.73c2 + 0.957cs + 2.7s2

Kω(1420) 0.93c2 + 1.94cs + 1.21s2 2.89c2 + 0.472cs + 2.82s2

K ∗η 0.106c2 + 1.54cs + 15.4s2 0.0206c2 + 0.429cs + 2.86s2

Ka2 50.3c2 + 54.7cs + 37.3s2 1.84c2 + 2.13cs + 0.972s2

Ka1 24.5s2 2.33s2

Kb1 6.76s2 2.07s2

K ∗
0 (1945)π 0 1.66c2

Kφ 6.29c2 + 10.4cs + 7.78s2 0.787c2 + 1.33cs + 0.98s2

K ∗
2 ω 0 1.28c2 + 0.452cs + 1.28s2

K f2 20c2 + 14.6s2 + 21.9cs 1.03c2 + 1.05cs + 0.123s2

K ∗
2 π 55.5c2 + 60.8cs + 40.4s2 0.742c2 + 0.853cs + 0.366s2

K ∗
2 η 8.55c2 + 1.11cs + 0.0976s2 0.773c2 + 0.0199cs + 0.000205s2

K ∗φ 3.01c2 + 2.04s2 0.474c2 + 0.585s2

K ∗η′ 2.7c2 + 1.74cs + 0.309s2 0.429c2 + 0.206cs + 0.0584s2

K1(1270)ρ 5.65c2 + 5.95cs + 5.16s2 0.263c2 + 0.216cs + 0.268s2

K f1(1420) 2.93s2 0.0280c2 + 0.366s2

Kh1 2.89s2 0.198c2 + 0.347s2

K f1 6.98s2 0.136c2 + 0.225s2
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Table 14 The main strong decay widths of K3(2360) assigned to an
2F ′ state, where s and c represent sine and cosine functions. The unit
of the width is MeV

Decay channel Width

Total 93c2 + 34cs + 101s2

K3
∗(1780) π 28.3c2 + 54.7cs + 30.4s2

K ρ3(1690) 16c2 − 22.8cs + 22.8s2

K ρ 15.1c2 − 20.3cs + 12.1s2

K ∗π 14.3c2 + 20cs + 11.4s2

K4
∗(2045) π 2.52c2 + 11.9cs + 11.4s2

K ω3(1670) 6.88c2 − 9.62cs + 9.62s2

K ∗ρ 9.83c2 + 14.3s2

be (710–880) MeV, which is not easy to observe in experi-
ments.

4.5.2 2G states

K4(2500) and its partner K4(2550) (predicted) satisfy

( |K4(2500)〉
|K4(2550)〉

)
≈

(
cos θ2G sin θ2G

− sin θ2G cos θ2G

) ( |21G4〉
|23G4〉

)
, (47)

where K4(2550) is obtained from an equation similar to Eq.
(42).

The total width of K4(2500) assigned to a 2G state is
about (230–290) MeV, which is consistent with the exper-
imental value ∼250 MeV [76]. According to Table 15,
the main decay channels of K4(2500) are K ∗

3 (1780)π ,
Kρ3(1690), Ka2, K ∗

2 π , K ∗
4 (2045)π , K ∗b1, K ∗

2 (1980)π

and Kω3(1670), etc. Information of these predicted decay
widths is important to study the mixing angle of this state for
future experiments.

The total width of K4(2550) assigned to a 2G ′ state is
about (230–260) MeV. According to Table 16, the main
decay channels of K4(2550) are K ∗

3 (1780)π , Kρ3(1690),
Ka2, K ∗

4 (2045)π , K ∗
2 (1980)π and K ∗b1, etc. We hope our

prediction can be helpful for the future experiment to study
these two states and their mixing angle.

5 Conclusions and discussion

In this paper, we have given the analysis of the mass spec-
tra of the kaon family via the modified Godfrey–Isgur quark
model that includes a color screening effect, and we have
obtained the structure information of the observed kaon can-
didates. Then we have further tested the possible assignments
by comparing the theoretical results of their two-body strong
decays with the experimental data. Additionally, we have also
predicted the behaviors of some partial decay widths of the

Table 15 The widths of (predicted) K4(2310) and K4(2500)depending
on their mixing angle, where s and c represent sine and cosine functions.
The unit of the width is MeV

Decay

channels

Width (K4(2310)

assigned to 1G state)

Width (K4(2500)

assigned to 2G state)

Total 664c2 + 31cs + 754s2 222c2 + 7.5cs + 247s2

K ∗
4 (2045)π 90.2c2 + 201cs + 112s2 14.6c2 + 28.7cs + 14.6s2

K ∗
3 (1780)π 80c2 + 168cs + 92.3s2 21.6c2 + 44.1cs + 24.7s2

Kρ3(1690) 63.1c2 + 140.cs + 77.6s2 19c2 + 41.6cs + 23.3s2

Ka2 43.1c2 + 70.4cs + 40.9s2 17.5c2 + 34.cs + 20.5s2

K ∗
2 π 41.7c2 + 62.6cs + 38.6s2 16.7c2 + 31.7cs + 20.2s2

Kω3(1670) 24c2 + 52.8cs + 29.2s2 7.11c2 + 15.5cs + 8.69s2

K ∗b1 22.2c2 + 45.2cs + 27.1s2 8.14c2 + 17.2cs + 10.s2

K ∗ρ 29.9c2 + 28.2s2 9.16c2 + 7.28s2

K ∗π 19c2 + 15cs + 17.3s2 7.05c2 + 3.28cs + 7.42s2

K f2 15.2c2 + 22.3cs + 13.3s2 6.22c2 + 11.7cs + 7.08s2

K ∗a1 10.9c2 + 22.5cs + 12.9s2 4.18c2 + 8.74cs + 5.1s2

K ∗h1 10.8c2 + 20.2cs + 12.9s2 3.74c2 + 7.88cs + 4.6s2

Kρ 17.5c2 + 7.35cs + 16.7s2 7.76c2 + 4.cs + 8.21s2

K ∗a2 15.4c2 + 11.5cs + 9.12s2 5.58c2 + 3.68cs + 4.01s2

K ∗
2 ρ 14.9c2 + 11.2cs + 8.83s2 3.36c2 + 2.39cs + 2.96s2

K ∗
2 η 0.241c2 + 3.62cs + 17.1s2 0.139c2 + 0.96cs + 2.35s2

K ∗(1410)π 10.2c2 + 7.29cs + 9.41s2 4.39c2 + 7.83cs + 3.51s2

Ka1 3.07c2 + 11.1cs + 9.99s2 1.19c2 + 2.63cs + 1.46s2

K ∗ f2 9.84c2 + 7.37cs + 5.98s2 3.04c2 + 1.99cs + 2.07s2

K ∗ω 9.79c2 + 9.18s2 3.0c2 + 2.38s2

Kρ(1450) 5.22c2 + 7.23cs + 6.02s2 0.95c2 + 1.67cs + 0.764s2

Kω 5.77c2 + 2.3cs + 5.51s2 2.55c2 + 1.38cs + 2.71s2

K ∗(1680)π 2.31c2 + 6.41cs + 4.45s2 0.439c2 + 0.2cs + 0.0385s2

K ∗
2 ω 4.35c2 + 3.26cs + 2.57s2 0.01c2 + 0.724cs + 0.909s2

K ∗
0 (1430)π 2.3c2 + 5.12cs + 2.84s2 0.0247c2 + 0.232cs + 0.546s2

K ∗
2 (1980)π 1.43c2 + 3.14cs + 1.76s2 9.02c2 + 16.7cs + 9.55s2

Kφ 1.92c2 + 2.01cs + 2.14s2 0.36c2 + 0.771cs + 0.446s2

Kb1 3.02s2 0.988s2

K ∗φ 2.08c2 + 1.67s2 0.247c2 + 0.198s2

K ∗(1410)η 1.4c2 + 0.694cs + 0.209s2 1.82c2 + 0.611cs + 0.0524s2

K ∗(1410)ρ 1.03c2 + 0.79s2 6.55c2 + 6.31s2

kaons, which are still missing in experiments. In Table 17, we
summarize the mass and main decay modes of these states,
by which experiment may carry out the search for them.

This study is crucial to establish the kaon family and future
search for their higher excitations. We have discussed the
possible assignments to the kaons listed in PDG. The main
task of the present work has been a calculation of the spectra
and OZI-allowed two-body strong decays of the kaon fam-
ily, which can test the possible assignments to the kaons. In
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Table 16 The strong decay widths of K4(2550) assigned to a 2G ′ state,
where s and c represent sine and cosine functions. The unit of the width
is MeV

Decay channel Width

Total 238c2 + 38cs + 218s2

K ∗
3 (1780)π 32.7c2 + 57.5cs + 28.3s2

Kρ3(1690) 31.2c2 − 55.3cs + 25.7s2

K ∗
4 (2045)π 25.1c2 + 48.1cs + 24s2

Ka2 21.8c2 − 35.8cs + 19.8s2

K ∗
2 π 23c2 + 34.8cs + 19.4s2

K ∗b1 15.1c2 + 25.8cs + 12.3s2

Kω3(1670) 10.9c2 − 19.3cs + 9.05s2

Kρ 9.72c2 − 1.24cs + 9.58s2

K ∗a2 7.94c2 − 7.73cs + 11.9s2

K ∗a1 5.90c2 + 6.60cs + 4.95s2

K ∗
2 ρ 6.29c2 + 5.64cs + 8.34s2

Table 17 The mass and the important strong decay channels for some
predicted kaon states which can be helpful in future search for them in
experiments. The units of the mass and width are MeV

State Assignment Mass Main decay channels

K1(2030) 2P ′ ∼ 2030 K ∗π, Kρ

K2(1990) 2D ∼ 1994 K ∗π, Kρ

K3(2075) 1F ∼ 2075 K ∗
3 (1780)π, K ∗ρ

K3(2360) 2F ′ ∼ 2362 K ∗
3 (1780)π, Kρ3(1690)

K4(2310) 1G ∼ 2309 K ∗
4 (2045)π, K ∗

3 (1780)π

K4(2550) 2G ′ ∼ 2550 K ∗
3 (1780)π, Kρ3(1690)

Sects. 2 and 3, we have discussed these points in detail. The
predicted decay behaviors of the discussed kaons can pro-
vide valuable information for further experimental study in
the future.

At present, experimental information on the kaons is not
abundant. Thus, we suggest to do more experimental mea-
surements of the resonance parameters and to search for the
missing main decay channels. Such an effort will be not
only helpful to establish the kaon family in experiments,
but it is also valuable to study the production of hidden-
charm pentaquarks Pc(4380) and Pc(4450) by analyzing
�b → J/ψpK [77], which has a close relation to the under-
standing of the kaon family. With experimental progress, the
exploration of the kaons will become a major issue in hadron
physics, we have been provided good platforms in the BESIII,
BelleII, and COMPASS experiments. We hope that, inspired
by this work, more experimental and theoretical studies of
high-spin states are conducted in the future.
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