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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
etal. [3] further investigated the strong decays of the observed
kaons, which have masses less than 2.2 GeV, where the 3Po
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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-lizuka (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 n>5*!L; 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)(1' G4) has a wide width about 710-880 MeV,
and mainly decays into K ;' (2045)7, K5 (1780)7, K p3(1690)
and Kap. The study presented in this work is helpful for
establishing the kaon family by including higher radial and
orbital excitations.

@ Springer


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
effect! 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
OZlI-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

5 5 \1/2 5 N2 -
A=(p+miy) +(PP+md) +Var@r, ()

where m, ;4 and mg are the masses of u/d and s quarks,
respectively, i.e., m, = mg = 220 MeV, my; = 419 MeV.
Ver (p, 1) = H + AP 4+ F50 is the effective potential
of the gg interaction which can be obtained from on-shell
qq 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 Veff (p, r) also consists

! 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.

@ Springer

of two main parts. The first one is a y* ® y,, 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, Vg (p, r) without tilde is
transformed into the familiar nonrelativistic potential Ve (r)
[2,40]

Ver (r) = Hconf + thp + H%® )
with
: 3
Heon — [ — Z(c+br) + O‘S(r)](F1 - Fy)
4 r
=S(r)+G(r), 3)
8 1 /38;-rS8;y-
Hhvp — _as_(r)|:_7rsl - 8,83(r) + 7(#
myams | 3 r r
—Sl~52)](F1'F2), (4)
H° = Hso(cm) + Hso(tp)’ (5)

where H°°™ is the spin-independent potential which contains
a linear confining potential S(r) = br + ¢ and the one-gluon
exchange potential G(r) = —4a,(r)/3r, H hyp and HSO are
the color-hyperfine interaction and the spin—orbit interaction,
respectively. It can be noted that F{(F;) = A (—X’z‘)/2,
where A; is the Gell-Mann matrix. For the meson, (F{-F3) =
—4/3. Additionally, the subscripts 1 and 2 denote quark and
antiquark, respectively.

In Egs. (3) and (4), the running coupling constant o ()
has the following form:

20 [T _ o
as(r) =) — e " dx, (6)
0=,

where k is from 1 to 3 and corresponding o and yj are con-
stant, 1 2.3 = 0.25,0.15,0.2 and y; 53 = 1, Y10 Y1000
[2]. For the color-hyperfine interaction H™P, 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%°©™ is the color-magnetic term and
H°(®) i the Thomas-precession term. Their expression can
be written as

Hso(cm) — _aS(r) ( 1 + i)

r3

my/d mg
S S
x( 1 +—2>~L(F1 - Fy), €
my/d mg
1 9He /' § S
o - L (—21 + —i) L. ®)
2r  or Mg M5
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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 p(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

fory = f &r'or—r) f(), ©)
with
/ (J’3 _02 N2
p(r—r):me (r—r) , (10)
2my, jgm 1 dmy, jgm 4 1
_ 2 u/d s>2+ 2| L u/dMs 4+
’ ’ <mu/d + myg 7% (2 ((mu/d+ms)2) 2 )
(11

where og = 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 (rr) = —4o(r)/(3r) and
linear confined potential S(r) = br + ¢ are changed; thus

~ Bay W o
Gr) = — . 12
) ;3ﬁr/0 e d (12)
)
§(r):br|:e
Tor

+{1+ ! 2 /w ~dx |+ (13)
202r2 ) /7 Jo ¢ * <

1

I T
yorty2

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 G(r) and the smeared hyperfine interactions (or spin—

orbit interaction) V! should be modified with the following
momentum-dependent factors:

2 1/2 2 1/2
p = p
G 1 , 15
E1E2> (V)< +E1E2) (15)

where

7 = (14)

G'(r) = (1 +

- . . 1/2+5s0(v) - . . 1/2+5s0(v)
Grow _ (im; G (2 . (16)
j EE; EiE,
. myny 1/24-¢€. G(r) mymy 1/24-€. (17)
2= E\E, E\E, ’
1246 1/2+¢
~ mimy ~ mimy
G\ = G , 18
" (E1E2> ” <E1E2> (1%
© m2 1/2+€so(s) m2 1/2+5su(x)
S = <—1) S@r) <—1> (19)
2 2 ’
El El
m2 1/2""550(3') m2 1/2+Eso(s)
S’;;(S) = <_§) S@r) <_§> i (20)
E2 E2

where E| = /mi/d + p?and E; = \/m? + p? are the ener-
gies of the quark and antiquark in the meson, and m = my /4,
my = my, € 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

. 1/2 12
H= <P2 +m5/d> + (P2 +m%)

+ﬁc0nf + ﬁhyp _{_[_}so (21)
with
a5 = G'(r) + 5(r), 22)
gso — I:Iso(v) + I:ISO(S), (23)
where
~s50(v) ~s0(v)
F5o) _ S -L aGi(f v S, L BGEZ v
2m3/dr ar Zm%r ar
Si+8S)-L13G35™
+( 1+ 2) - 12 ’ (24)
My/gms r O
—oey . S1-L ST sy L a8
ZmM/dr ar 2mir  Or
AP = A" + Hf, (26)
where
2 1
I:Ifsnwr _ S] -rSz . r/r — §Sl -Sz
My /dMs
2 139 G
X -~ A T 9
arz  ror 12
HS = 28-S v2Ge, .
12 —3mu/dms 12

For solving the Schrodinger equation, HY = E W, with
H shown in Eq. (21), the simple harmonic oscillators (SHO)

@ Springer
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wave function will be employed. In the configuration space,
the SHO wave function has the form

\IjnLML (r) = RnL(rv ﬁ)YLML (Qr)v

Vs, (P) = Rar(ps B)YLm, (2p), 27
with
2n! —r2p?
Ry(r,B)=p" | — " (Brle 2
L (r, B) = B77, | ot L Jr3/2)(ﬁf’) e
XL,L,+1/2(,321’2),
==k 7
Rur(p. B) = ¢ 262
y 2n! r\" LL¥12 P’
rmn+L+3/2\p) " B2’
(28)
where Y 7, (2) is a spherical harmonic function with orbital
angular momentum quantum number L, and Lijll / 2(x) is

an associated Laguerre polynomial, and S 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 y are

1
X00 = E(N =M,

x11 =11,
1
X10 = E(Ti +41),
xi—1 = . (29)

The space-spin wave function R, (r, B)¢rssym Wwith total
angular quantum number J can be constructed by coupling
L ® § and has the form

¢rsim = Y C(LMLSMs; JM)YLpm, () Xsms, (30)
My Mg

where C(LMpSMg; JM) is the Clebsch-Gordan coeffi-
cient. For the matrix element («| v (r, p)|B) where |a) and | 8)
are arbitrary SHO basis with quantum number {n, J, L, S}
and {n’,J’, L', S'}. Tt 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

@ Springer

@[V (r, p)IB) = (el f(p)g(r)|B)
=Y _{alf(p)n)inlg(r)]B). €2))

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 + ¢ — b—e™) + ¢, where p 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 V5 (r) in the way given in Eq. (13),

- — e
VST () = /d3r’p(r b =)

(32
By inserting the form of p(r — r’) in Eq. (11) into the above
expression and finishing this integration, the concrete expres-
sion for V5 (r) is given by

2 2
&scr(r) _ il:r_'_eiaz-i-ur,u"‘zro‘
ur

202
r02
( 1 ey, ]
x| — e X — =
N 2
_gz%*’” w—2ro?
202

L g L 33
()T Ten)) e

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) = 8*(Pg + Pc)MMiaMipMic (34)

where Pp(c) is a three-momentum of a meson B(C) in the
rest frame of a meson A. A superscript My, (i = A, B, C)
denotes an orbital magnetic momentum. The transition oper-
ator 7 is introduced to describe a quark—antiquark pair cre-
ation from vacuum, which has the quantum number J PC —
07, i.e., 7 can be expressed as

T = -3y Z(lm; 1 —m|00) / dp3dp48> (p3 + pa)
m

it it (), by @9 0a). (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 y depicts
the strength of the creation of ¢gg from vacuum; the con-
crete values of the parameter R will be discussed below. We
have Ve (p) = || Yem (p), the solid harmonics. x, ¢, and @
denote the spin, flavor, and color wave functions respectively,
which can be treated separately. Indices i and j denote the
color of a gg pair.

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

VAT QL + 1)
MIEP) = >———— LO; JMy, |JaM
®) 274 + 1 > Il aMyy)
MjgMje
X(JBMJB; JCMJC|]AMJA)MM"AM~’BM-’C i
(36)
and the general decay width reads
T IPI
F=2— Y IM'*'®P, 37)

AJL

where m 4 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 u. The parameter p 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
n 0.1 0

€s0v — 0.01700 —0.035
€c — 0.1396 —0.168
€ 0.03600 0.025
€505 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 p considering two features: The first is
when we use the same parameter set as in Ref. [2] and add
a new parameter i, the mass of the ground state of the kaon
family will be lower than the experiments. The second one
is that the value of © may be not so small like as one in Refs.
[5,6]. In fact, in bottomonium and charmonium states, Refs.
[51,52] give a u 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 u 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 A and «; for the same
reason. Since o and s are universal parameters which are
resolved by the Q Q system, we do not vary them in our fit.
The confining term br + ¢ 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 x?/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 n'L; and n3L; 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 x2/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-

@ Springer
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Table 2 The experimental

28+1 : : : :
data [1] fitted in our work. States n Ly This work GI [2] Experiment [1] Error in fitting
2 2

x° = ((Th — Exp)/Error)~, 1
where Th, Exp, and Error K 13S0 497.7 461.5 497.6 £0.013 1.3
represent the theoretical, K*(892) 1°5 896 902.8 895.8 £0.19 1.9
experimental results, and K (1430) 1¥P 1257 1234 1425 £+ 50 50
experimental error, respectively, M 3
and 1 is the number of the K73 (1430) 13P2 1431 1428 143244+ 1.3 1.3
experimental data. We select K*(1680) 1° Dy 1766 1776 1717 £27 27
some established kaon states in K;“(1780) 13D3 1781 1794 1776 £ 7
PDG [1] for our fitting. The unit « 3
of the mass is MeV K} (2045) 1°F4 2058 2108 2045 +£9

K¥(2380) 13Gs 2286 2388 2382+ 14+ 19 24

K (1460) 218, 1457 1454 1460 20

K*(1410) 238, 1548 1579 1414 £ 15 15

K (1950) 2P 1829 1890 1945 £ 10 £ 20 22

x%/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 ;k (2380) and
K5 (1950). The confirmation of K3 (2380) and K§(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 n' L, and n3L; . Usually, there exists a mixture
of the n' L, and 3L, states, i.e. [53]

[nL)\ _ [ cosBpp sinby,p n'Lp)
(|nL/>) - (—sin@nL cos@nL) <|n3LL)) ’
where |[nL) and |nL’) are two mixing physical states and 6,1
is the corresponding mixing angle. Introducing such mixing
states, we find two mass relations m(nL) < m(n'Ly) and
mmL’) > mm3Ly), which can be applied to identify these
observed kaons with the same J* 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

(38)

1. Both K{(1270) with M = (1272 + 7) MeV [1] and
K1(1400) with mass M = (1403 + 7) MeV [1] have
JP =1% quantum numbers. K1(1270) and K1(1400)
are the mixture of 11 Py and 13 P; states, i.e., K (1270)
and K1(1400) correspond to 1 P and 1P’ states, respec-
tively.

2. K>(1770) has J¥ =2~ and M = (1773 & 8) MeV [1],
while K»(1820) has J” = 2~ and M = (1816 & 13)
MeV [1]. K>(1770) and K> (1820), which correspond to

@ Springer

the 1D and 1D’ states, respectively, are the mixture of
the 1! D, and 13 D, states.

3. K1(1650) has JP = 17 and M = (1650 £ 50) MeV
[1]. Since the mass of K (1650) is smaller than that of
the 2! Py state obtained in Table 3, thus we suggest that
K1(1650) can be assigned as a 2 P state. There must exist
a partner, the 2 P’ state, which is still missing in experi-
ments.

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

5. K3(1980) with JP =2% and M = (2020 & 20) MeV
[54] is either a 23 P, state or a 13 F; state.

6. K»(2250) with J¥ = 27 and M = (2247 &+ 17) MeV
[1] is the candidate of 2D’, which is the mixture of the
21D, and 23 D, states.

7. K3(2320) has J¥ = 3T and M = (2324 4+ 24) MeV [1].
The possible assignment of K3(2320) is the 2F state,
which is the mixture of states K (2! F3) and K (23 F3). 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¥ = 4~ and M = (2490+20) MeV [1]
canbe a 2G state, while its partner K (ZG,) 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 n?StL This work GI[2] Ref. [4] Ref. [3] n®StL This work

model and comparison yvith 1P, 1364 1352 B B 31D, 2380

those from other potential

models. The unit of the mass is PPy 1377 1366 - - 3D 2385

MeV 1'D, 1778 1791 1709 - 33D, 2388
13D, 1789 1804 1824 - 33D; 2382
1'F; 2075 2131 2009 2050 3 F; 2550
1¥F, 2093 2151 1964 2050 3P 2560
1°F3 2084 2143 2080 2050 33 F; 2546
1'Gy4 2309 2422 2255 - 33Fy 2533
13G; 2336 2458 2207 - 3Gy 2673
13G4 2317 2433 2285 - 33G; 2687
2Py 1840 1897 1757 1850 33Gy 2677
2P 1861 1928 1893 1850 33Gs 2662
23p, 1870 1938 1896 1850 418, 2248
21D, 2121 2238 2066 - 438, 2287
23D, 2127 2251 2063 - 4l py 2422
23D, 2131 2254 2163 - 43p, 2424
23Ds 2121 2237 2182 - 43p 2434
21F 2340 2524 2348 - 43p, 2438
23F, 2356 2551 - - 4'p, 2570
23F3 2347 2536 - - 43D, 2573
23F,4 2328 2504 2436 - 43D, 2575
21Gy 2520 2779 2575 - 43Ds 2571
23Gs 2540 2814 - - 4'F; 2688
23Gy 2526 2789 - - 43F, 2695
23Gs 2504 2749 - - 4 F; 2691
318y 1924 2065 - 1860 43F, 2683
335 1983 2156 1950 - 41Gy 2782
3lp 2177 2164 - - 436G, 2790
33 Py 2176 2160 - - 43Gy 2785
3P 2192 2200 - - 43Gs 2776
3P, 2198 2206 - -

which can be used in the QPC model to study the strong decay
of the kaon family. The parameter y 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 y =
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 1! Sy
and 13 states in the kaon family, respectively, in this work

we do not discuss them, but we present the phenomenological
analysis of the 25 and 35 states.

4.1.1 28 states

As the candidate of the 2!Sy 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 21S, state, in which one can
find K (1460) mainly decays into K*m, Kp, and Kw. Here,
our results are larger than the experimental data for K*m,
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Table 4 The parameter y fitting in the QPC model. The unit of the Table 5 The strong decay widths of the 25 and 3 states. The unit of

width is MeV the width is MeV
Channels Experimental data Numerical result States Channels This work ~ Experiment
K* — K7 502+5 33.5 K(1460)[2'S0)]  K*m 248 ~ 109 [55]
K;(1430) — K7 267 + 36 314 Kp 161 ~ 34 [55]
K3(1430) — K 489+1.7 51.5 Ko 51.2 -
K3 (1430) - K*m 248+ 1.7 20.4 K*n 8.0 -
K3 (1430) — Kp 8.7+0.8 6.13 Total 468 ~ 260 [55]
K3(1430) — Ko 29408 1.82 K*(1410)[23S;]  K*m 81.8 -
K$(1780) — Kp 74410 20.1 Kp 474 -
K3(1780) — K*m 45+7 28.5 Ko 14.8 -
K3(1780) — K7 31.7+3.7 38.1 Kn 34.7 -
Kj;(2045) — Kn 19.6 +3.8 21.0 Kn 35.4 -
K} (2045) — K¢ 28+1.4 3.80 Total 214 232 £21[1]
x2=68,y =105 Tkz/Ttow  162% 6.6£1+0.8)%
K(1830)[3'Sy]  K*(1410)r 105 -
K*m 34.7 -
K;(1430)r  29.8 -
K p, and the total width. If we are to establish K (1460) as an Kp 22.4 _
215, state, we need to clarify these differences between our K;(1430)r  21.7 _
calculation and the experimental data. We expect an inde- K*p 17.4 -
pendent experiment to confirm the observation of K (1460). Ko 7.07 _
Especially, we suggest precise measurement of the resonance K o 6.0 _
parameters and partial decay widths of K (1460). K*n 1.26 -
In the PDG, K*(1410) is a possible candidate of the 235, Ko 0.018 3
state. However, we must fgce the following puzzling facts: Total 245 ~2501[1]
(1) the mass of K*(1410) is smaller than that of K (1460). 3 .
Usually, an 238, state has mass higher than that of an 21So 35 K*(1410)x 623 B
.. . . K*m 44.2 -
state. In addition, we also notice the theoretical results of
the mass of an 235 state [2,4] and this work gives the mass Kp 36.8 -
of an 238; state to be 1579, 1675, 1548, and 1580 MeV, Ki= 294 -
respectively, all of which are larger than the experimental K= 233 -
data, 1414 MeV, if K*(1410) is an 23S state. Thus, we need K (1460) 20.8 -
to understand why there exists such a puzzling mass relation Kn(1295) 185 B
for K*(1410) and K (1460). (2) If K*(1410) together with Kap 15.8 -
p(1450), w(1420), and ¢ (1680) forms an 23S; nonet, one K (1300) 14 -
can notice that the mass of K*(1410) as an 235 state is a bit Kn 13.1 -
small, which was also indicated in Ref. [3]. Ko 12 -
In Table 5, the obtained partial and total decay widths of Ki(1650)r  11.8 -
K*(1410) as an 23| are given, where we also compare our Kb 11.6 -
result with the experimental data. The main decay modes of nK1(1400) 7.93 -
K*(1410) include the K7, K*m, K p, and K n channels. The Kin 7.93 -
obtained total decay width of K*(1410) is consistent with the Kaj 776 _
experiment result. We also notice that the ratio I'x ; /I"Total Kf» 7.65 _
obtained in this work is a little bit larger than the experimental Kw(1420) 7.62 _
value (I'g7 /T'total = (6.6 £ 1 £ 0.8)%). The above result K f1(1420) 718 _
is gotten by assuming K*(1410) to be an 23S pure state. K*¢ 5.54 _
In fact, K*(1410) could be a mixture of the 23S, and 13D, K p(1450) 546 B
states. Thus, in the following, we further discuss such an Kh 490 _

S-D mixing effect on the ratio Ik, /Troral of K*(1410).
K*(1410) and K *(1680) as a mixture of the 23S, and 13D,
states can be expressed as
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Table 5 continued

States Channels This work Experiment
K (1400)7 3.82 -
Kim 3.82 -
K*p 3.38 -
K fi 2.92 -
K¢ 2 -
Total 393 -
sofK4i0))  LHCb
200 Total —
,STE 14 //KE
100
> 0
=3
~ 60
40 Ko
20 A|

0 ‘\
-80 =60 -40 —20 0 20 40 60 80
0 (°)

Fig. 1 The 6,4 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)) cosBsg sinbsg \ {|1°Dy)
(|K*(1680))) - (—sin@sd cos@sd) ( 12357) ) 39
where 64 denotes the mixing angle. In this scenario, we
present the decay behavior of K*(1410) dependent on 64
as shown in Fig. 1. The result shows that the experimental
total width [57] of K*(1410) can be described when 6, is
taken as ~ 90° or ~ —90°, which supports K*(1410) as
a pure 23S state. We need to emphasize that the branch-
ing ratio 'k /I'Total becomes larger when |6;4] 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
Lk /T Total-

Finally, we give a conclusion for K*(1410). The mass of
K*(1410) as a 23S 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 38 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
315y state and study its decay behavior.

In Table 5, the partial and total decay widths of K (1830) as
a 3!y state are shown. Our results show that the largest decay
width of K (1830) is given by the channel K *(1410)7 instead
of K*p given by Ref. [3]. The other main decay channels
contain K*m, K§(1430), Kp, K5(1430)7, and K*p. 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.

Atpresent, the 33 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 335 state by the MGI model
as the input. The results shown in Table 5 indicate that its
important decay modes are w K*(1410), K*m, Kp,and K57,
Km, m K(1460), Kn(1295). Additionally, Ka, 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 5‘ (1430),
and the corresponding partial and total decay widths. Here,
its dominant decay channel of K§(1430) is K, which has
decay width 314 MeV, which is comparable with the exper-
imental data (267 4= 36) MeV listed in PDG [1]. Besides,
the K5 decay channel also has a sizable contribution to the
total decay width of K (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 13 P,
assignment to K5 (1430) is suitable.

The K§(1430) together with a;(1320), f»(1270), and
£5(1525) may form a 13 P nonet. In Table 6, we give the par-
tial decay widths of K5 (1430). It dominantly decays into K7t
and K *7r, while the K p, K w, and K n modes also have sizable
contributions in which K7 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§(1430)
as a 13 P, state in the kaon family can be supported by our
study of its decays.

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

|K1(1270)> ~ COSQ[P Sin@lp |11P1) (40)
|K1(1400)) —sin®;p cosOip )\ [13P) )°
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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
K3(1430)[1°P)] K= 314 267 £ 36 [58]
Ky 2.87 -
Total 318 270 £ 80 [1]
K3(1430)[1°P,] K= 515 48.9 £ 1.7 [1,47]
K*n 20.4 24.8 £ 1.7 [1,47]
Kp 6.13 8.7+0.8[1,47]
Ko 1.82 2.9+ 0.8 [1,47,59]
Kn 0.0665 0.157037 [1]
Total 80.1 98.5+£2.9 1]
K3(1950) (23 P01 K 105 -
K*p 254 -
Km(1300) 190 -
K(1460)r 121 -
Ka 69.1 -
Kb 64.9 -

K1(1270)r 183 -
Ki1(1270)5  6.58 -
K1(1400)r  5.98 -
Total 1000 201 4 34 + 79 [58]

Tkx/Trom  10.5% (52 + 8+ 12)% [58]

where 0 p denotes the mixing angle, which leads us to discuss
the 61 p dependence of the partial and total decay widths of
K1(1270) and K (1400).

According to Fig. 2 which describes the dependence
of the mixing angle, 01 p, of the K1(1270) decay width,
we find that 6;p should be taken as either 22.5°-29° or
41.5°-48° by fitting the CNTR data of ['g+, [55], which
is fortunately in the same range when fitted with the ratio
I'(K*7) powave/ T (K*70) s-wave = 1£0.7 [55]. Here, the cen-
tral value of this mixing angle is 8 p ~ 25° or 45°.

We further investigate the decays of K1(1400). CNTR [55]
also gave I'k+r / I'rotal = (94 £ 6)% [60] for K1(1400), by
which we obtain 38° < 01 p < 68° with central value 61p =
45°, where the details can be found in Fig. 3.2 Hence, the
above analysis shows that the mixing angle 61 p favors 45°,
which agrees with the conclusion made in Refs. [3,47] but
disagrees with Refs. [61-63], in which they obtained 61 p =
34° and ~ 60°, respectively.

2 CNTR [55] gave [kon(py/ Tkon(s) = 0.04 £ 0.01 as well, which
gives the angle range —7° to0° or 70° to 78° if we fit with the ratio,
which conflicts with the previous discussion.
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Fig. 2 6,p dependence of the K;(1270) — K*r decay width

K,(1400)
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Fig. 3 6,p dependence of the partial, the total decay widths and ratio
FK*J'[(D)/ FK*]-[(S) of K1(1400)

4.2.2 2P states

As shown in Table 3, Refs. [2—4] and this work give the mass
of the 23 Py 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§(1950) is assumed to be a 23 Py state. Under the
assignment of the 23 py state to Kf)"(1950), we study the
strong decay behavior of K§(1950), which is presented in
Table 6.

Our results show that the K * p 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 23 P,
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 K3(1980), where the States Channel This work Ref. [3] Experiment
values in.bracket§ and without K3 (1980) K1 (1270)7 36.5 (55.7) 6 (79) _
brackets in the third and fourth
columns represent those for K> (1770)7 0.473 (5.67) - (61)
K3(1980) as the 13 F> and 23 P, Kb, 24.1 (36.7) 8 (50) -
states, respectively. The unit of Ka; 11.8 (10.8) 3(206) -
the widh is MeV K1(1270)n 631 (5.57) 1(22) -
Kn 0.788 (17.5) 44 (20) -
Khy 11.8 (9.00) 4 (18) -
Kp 10.6 (18.3) 44 (13) -
K*m 10.2 (16.2) 47 (13) -
Kn' 3.50 (6.51) 15 (15) -
K*n 24.6 (6.80) 26 (11) -
K3 (14257 61.3(17.4) 15 (8) -
K*p 42.1 (17.1) 78 (8) -
K f1(1282) 2.93 (2.67) 1(7) -
Kay 28.4 (11.8) 3(7) -
K f1(1426) 0.454 (0.32) —(6) -
Ko 11.1 (3.31) 12 (6) -
Kw 3.60 (6.09) 14 (4) -
K f>(1270) 12.1 (5.55) 3(3) -
K*w 22.0 (5.42) 27 (3) -
K*¢ 41.0 (0.109) —(1) -
K1(1400)7 7.56 (7.32) 11 (0) -
K*(1410)7 63.9 (2.03) 5(0) -
7 K (1460) 27.9 (4.31) 2 (0) -
K (1300) 15.0 (5.57) 0(0) -
Total 480 (278) 370 (283) 373 £33 £ 60 [64] (180 £ 70 [54])
Tkp/Tken 1.04 (1.14) 0.94 (1) 1.49 £0.24 £ 0.09 [58] (-)

(their mass of a 23 Py state is 1850 MeV). We also obtain the
branching ratio I'k  /T'Total = 6.4%, which s close to 10.5%
calculated by Ref. [3], but this is smaller than the experimen-
tal value 52%. Besides, we also confirm that K;(1270)7 has
sizable contribution to the width of K 6" (1950) [3]. It is obvi-
ous that there exists a difference between the present the-
oretical and experimental results. Until now, K§(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 Kj(1950), where
its resonance parameter and partial decay widths are crucial
information.

Then we discuss the possibility of two different assign-
ments to K (1980) from two aspects, mass and decay infor-
mation. In 1987, LASS reported a structure in the reac-
tion K=p — KO%tt7~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§(1980) listed by the PDG [1]. Barnes et al. [3] take the
viewpoint that K§(1980) is a 13F, state, and they give a

total width of 300 MeV. However, our results show that the
mass of a 13 F, state is about 2093 MeV. Thus, the mass of
K3 (1980) is a bit small if K3(1980) is a 13 F, state, which
can be supported by another fact, i.e., as an iso-vector 1° F»
state, a>(2030) is well established in Ref. [32]. In the same
13 F> 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 13 F, state in the kaon family should be
heavier than 2030 MeV.

Assuming the 13F, state assignment to K;(1980), we
illustrate its decay behavior. The present work (see Table 7)
shows that K1(1270)7 is the dominant decay channel when
we treat K§(1980) as a 13 F, state, even though the channel
is not observed in experiments. The K> (1770)x, Kby, Kay,
K, Kp, and K*m modes, among which Kp and K*m have
been reported in the experiment [1], also have sizable contri-
butions, where we take 61p = —39°. Our prediction for the
channels K (1270)z, K»(1770)7, Kby, Kay, and K7 will
be helpful for the experimental test of this assignment.
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Fig. 4 6,p dependence of the decay widths of K (1650) as a2 P state,
where the dot-dashed line is the experimental value of OMEG [65]

Besides the assignment of the 13 F; state to K73 (1980),
there exists another possibility, K5(1980) as a 23 P, state.
The analysis of the mass spectra in Refs. [2—4] and this work
shows that the mass of a 23 P, state is 1938, 1896, 1850, and
1870 MeV, respectively. Thus, the experimental mass value
of K3 (1980) is a bit larger than a 23 p, state. If K3 (1980) is
a 23 P, state, its main decay modes are K*p, K7, K*m, Kp,
K*n, Kn', and K*w. Besides the Kp and K *7 modes, one
notices that K f> has been observed in experiments, which
has a sizable contribution in theory. Hence, K§(1980) as a
23 P, state is also a possible assignment.

Just presented above, we discuss two assignments to
K3(1980), where the decay behaviors of K3 (1980) under
two assignments are different. Thus, we should combine fur-
ther experimental decay information of K (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))\ _ ( cos6rp sinbap 121 Py)
(|K1(2030))) ~ (—Sin@zp COSsz) <|23P1)) - @D

In Fig. 4, we show the partial and total decay widths of
K1(1650) depending on the mixing angle 6, p if the mass of
K1(1650) is adored to be M = 1650 + 50 MeV [1]. Since
the decays of K1(1650) into K and K ¢ were observed in
experiments [55,65-67], we can roughly conclude that 6, p
is probably less than zero as seen from Fig. 4, where Kp, K ¢
and K*7 have sizable contributions to the total decay width
of K1(1650) in our calculation.

In experiment, K (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 6,p dependence of the decay widths of K(1650) as a 2 P state
with the measured center mass of 1793 MeV from LHCDb [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 +59T153) 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*m, K*p, Kp and K5 (1430)7 are dominant decay
channels. However, we cannot give a further constraint on the
mixing angle 6, p by comparing an experimental width with
our theoretical result due to a large experimental error of the
LHCDb experimental data.

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

mil(zspl) = cos(@zp)zmél(zp/) + sin(é)zp)zmil(zp),
mél(zupl) = sin(92P)2m%<] apy + COS(GQP)zm%(l(2P)' (42)

Substituting m g, 21 p;y = 1840 MeV and mg (23 p, = 1861
MeV given in Table 3 into Eq. (42), we obtain the mass of the
K1(1650) partner, m g, 2 pry, about 2030 MeV and the 6,p ~
+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 Ohp ~ —43°. If taking the LHCb mass measurement
[66] of K{(1650) as an input, the mass of the K;(1650)
partner is estimated to be 1906 MeV. In Ref. [66], the res-
onance parameters of the K(1650) partner are given, i.e.,
M = (1968 £ 65779,) MeV and I' = (396 + 1707|172
MeV. Considering the present status, we select the experi-
mental mass (1968 MeV [66]) for the partner of K;(1650)
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Table 8 The main strong decay widths of the K (2P’) state which as
the partner of K(1650). Here, the mass of K{(2P') is taken as 1968
MeV [66]. ¢ = cosbBrp and s = sin 6, p. The unit of the width is MeV

Width

Decay channel

Total 440 ¢ +70.2 ¢ s + 385 52
K*p 166 ¢ + 11152

Kim 715¢2+5Tcs+ 11152
K ap 59¢2 +48.cs+80.8 s
K*m 754 ¢ +8.84cs+723s%
Kp 63.1c¢%+2.81cs+64.1s2
K*w 53.8 ¢2 + 3652

Kf 22.4¢2+10.5¢ s +20.8 52

when discussing the decay behavior of the K1 (2 P’) state just
shown in Table 8. Here, the calculated width of K{(2P’) is
about (440-570) MeV, which is comparable to the experi-
mental data [66]. Its main decay modes are K*p, Kjm, Kay,
K*m, Kp, K*w, and K f>.

4.3 D-wave kaons
4.3.1 1D states

K*(1680) together with p(1700) and w (1650) forms a 1°D;
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 13Dy state.

As shown in Table 9, K*(1680) as a pure 13D, state
mainly decays into final states K1(1270)7, Khy, K, and
Kn, while the K*7 and K p modes also have sizable contri-
butions. We notice that the obtained ratios of partial decay
widths of K7, K*m, and Kp in this work are comparable
with experimental data given in PDG. Since the branching
ratios of the K7, K*m, and K p decay channels given by PDG
are 38.7, 29.9, and 31.4%, we conclude that the remaining
K1(1270)r decay channel has a very small width. However,
our calculation shows that K1 (1270)7 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 6; p = 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.

K>(1770) and K, (1820) satisfy

|K2(1770)) ~ COS@[D sin@lD |11D2) (43)
|K»(1820)) ) ~ \ —sin61p cosO1p ) \ |13Dy) )

According to Fig. 6, we find that K (1770) mainly decays
to K3 (1430), K*m, K7, and K. Experiments show that
K3 (1430)7 is the dominant decay mode of K»(1770) [1],
which indicates that 6 p favors the value less than zero.

K3 (1780) together with p3(1690), w3 (1670), and ¢3(1850)
forms a 13 D3 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*p is
the dominant decay mode of K ;(1780), it is not observed in
experiments so far. The channel K *w has a sizable contribu-
tion to its total decay width, which is still missing in experi-
ment. A final state K largely contributes to the total width
and theory and experiments are consistent. The branching
ratio I"'g+, /T k agrees with the experimental data [70].

Next, let us focus on K»(1820). According to Fig. 7, one
notices that K (1820) probably decaysto K, K5 (1430)7,
K f>(1270), K*m, and K w, in which K7 comes from K p
channel. As seen from the 61p dependence of the widths
of K(1820) in Fig. 7, we notice that contributions of Kp
and K f>(1270) are large when 6;p < 0, which indicates
that it is very likely that 61 p is smaller than zero, which is
consistent with the previous analysis for K»(1770). Because
of the absence of the experimental information, we cannot
confirm the angle 61 p, while our results will be helpful for
the future experiments to study this state.

4.3.2 2D states

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

|K2(1990))\ _ ( cosérp sinbrp 121 D») 44)
|K>(2250)) —sinBp cosbhp ) \ |2°Ds) )’

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

According to Table 10, one finds that K,(2250) as
a 2D’ state mainly decays into Kap(1700), K3 (1980)m,
K3 (1780), K*(1410), and Kim. Kim and K f>(1270)
have been observed in experiments which have sizable con-
tributions to the total width. Besides, K p, which is an impor-
tant decay channel in our result, can decay into K w7, 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 6> p.

We use 1994 MeV as the mass of the partner of K»(2250)
with 6,p =~ +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*m, Kp, K;‘n, and
K3(1780)7.
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Table 9 The decay widths of

the 1Dy and 13 Ds states. Here, State Channel This work Ref. [3] Experiment
K*(1 nd K5 (1 r
assi(gn6eg(?zoab;1 thg ;uzzol);ll)j 1Dy Kx 092 » -
state and 13 D5 states, K*n 41.8 25 -
respectively. The unit of the Kp 44.7 26 -
width is MeV Ky 64.4 53 _
K*p 6.33 2 -
K*w 1.69 1 -
Khy 78 33 -
K1 (1270) 330 145 -
K1(1400) 7.86 0 -
K¢ 9.35 45 -
Total 653 348 426 + 18 +30 [58]
Tgr/Tken 1.66 1.8 2.8+ 1.1[71]
Tkp/Tkr 0.65 0.58 1.2+£041[71]
Tky/Tkn 1.07 1.04 1057047
13Ds K*p 118 42 -
Kp 20.1 10 74 £ 10 [47]
K*w 36.4 12 -
Kn 38.1 40 31.7 £ 3.7 [47]
K*rm 28.5 14 45 £+ 7 [47]
Kw 6.45 3 -
Kn 9.67 19 48 £ 21 [1],15£6[72]
K1 (1270) 1.68 1 -
K1 (1400)7 2.80 1 -
K3 (1430)m 4.18 1 < 25[72]
Total 266 145 225 £+ 60 [73]
Tkp/Tken 0.702 0.71 1.52 +£0.23 [70]
Tk*x/Tkx 0.748 0.35 1.09 £ 0.26 [70]
Ckn/Tkn 0.253 0.48 1.6 £0.7 [1]
Tk 7/ TTotal 0.143 0.28 0.188 £ 0.010 [1]
T'kp/ TTotal 7.5% 6.9% B1£9% [1]
Tk*x/ TTotal 10.7% 9.7% 20£5)% [1]
Tk y/ TTotal 3.6 % 13% BO£13)% [1]

4.4 F-wave kaons
4.4.1 1F states

In this section, we discuss possibility of different assignments
of K3 (1980) from two aspects, mass and decay information.
In 1987, LASS reported a structure in the reaction K~ p —
KOt 7~ n [64], and they obtained the resonance parameters
M = (1973 £ 8 = 25) MeV and I' = (373 £ 33 £ 60)
MeV. This is the particle called K3 (1980) listed in PDG
[1]. Barnes et al. [3] have the viewpoint that K5 (1980) is a
13 F; 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 13 F, state with a
mass of 1964 MeV. As the partner of an iso-vector of 13F2,

@ Springer

a>(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 (1980) is a bit small as a
13 F, state. References [2—4] and this work give the mass for
a2’ P, state 1938, 1896, 1850, and 1870 MeV, respectively,
and for its iso-vector partner, a>(1700) [32], the mass of
K3 (1980) is a bit larger as a 23 P, state. We should, of course,
combine the decay information of K5 (1980) to determine
which possibility for its assignment we should take.

Both Ref. [3] and this work (see Table 7) show that
K1(1270)7 is the dominant decay channel when we treat
K7 (1980) as a 13F, state, even though the channel is not
observed in experiments. K>(1770)x, Kby, Kay, Kx, Kp,
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Fig. 6 6,p dependence of the width of K»(1770), where the dot-
dashed line is the experimental value of DBC [69]
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Fig. 7 61p dependence of the decay width of K,(1820). Here a dot-
dashed line LASS with a yellow band is taken from [64]

and K*m modes, among which Kp and K*m have been
reported in the experiment [1], also have sizable contri-
butions, where we take 61p = —39°. If Ki“(1980) is a
13F2 state, our prediction for the channels K;(1270)x,
K>(1770)7, Kby, K a1, and K will be helpful for the exper-
iment to test this assignment.

Both Ref. [3] and our results show that K3 (1980) is 23p,
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*p, K7, K*m, Kp, K*n, K1/,
and K*w. Besides Kp and K*m, one notices that K f> has
been observed in experiments which has sizable contribu-
tions in theory. Hence K3 (1980) to be assigned to 23P, is
also reasonable.

Finally, let us draw a rough conclusion for K3 (1980).
According to the mass analysis, the mass of K§(1980) is a
bit small when assigned to a 13 F, state and a bit large when

assigned to a 2° P, state. According to the decay information,
K§(1980) is in favor of a 23 P, state. We still, however, need
more experimental information to test our assignment for
K73 (1980). What is more important is that we give the pre-
diction that the partial widths of K3 (1425)m, K*(1410)m,
K*w, K*p,and K*n treating K5 (1980) as 13 F, will be much
larger than those of the case of a 23 P, state. The experimen-
tal study of these decay modes combined with our predic-
tion will help us to determine the assignment of K3 (1980).
Besides the above, our prediction can help future experi-
ments to find the missing 13F, or 23 P, state. According to
Table 3, one can notice that our spectral results are consis-
tent with the mass of Kj (2045) given by PDG when we treat
it as 13 Fy state. As for the strong decay of K 1(2045), one
can notice that both the results of Ref. [3] and this work
(Table 12) show that K*p, K7, K*n, K*w, and Kp are
the main decay channels. The PDG gives two partial width
ratios: one is 'k /TTotal = (9.9 = 1.2)% and our result is
Ikrz/TTotal = 8.4%, which is consistent with the experi-
ment. Another is I'g+¢ /T otal = (1.4£0.7)% and we obtain
Ck*¢/TTota = 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 1 F state
2131, 2009, 2050, and 2075 MeV (which we call K3(2075),
and strictly speaking, this state is a pure 1! F3 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 1 F' state. We
present the 6,  dependence of the widths for these two cases
in Table 13. The total width of a 1 F 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 K3 (1780)m, K*p, K*m, Kaz, Kp and K37,

4.4.2 2F states

K3(2F) and K3(2F’) mixing satisfies

|K3(2320))\ _ ( cosbrp sinbap 121 F3) 43)
| K3(2360)) —sinbyr cosbor ) \ |2°F3) )’

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 K3(1780)m,
K*(1410)m, Kp and K*m. The total width of K3(2360) is
nearly (80-120) MeV. K3(2360) mainly decays to
K§(1780)7r, K03(1690), Kp and K*m, which are given in
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Table 10 Strong decay
information of K;,(2250)(2D’),

Decay channel

Width

Decay channel

Width

whgre K and.c represent §ine and Total 956¢2 — 267cs + 104452

cosine functions. The unit of the

width is MeV K;(1980)7 82.6c2 — 136¢s + 57.457
K*(1410)7 75.55% 4+ 55.6¢% — 97.2¢s
Kar 52.9¢% — 57cs + 55.1s2
K*m 31.3¢2 — 50.3¢cs + 21.1s2
Kp 29.7¢% — 48cs + 19.9s2
K*(1410)p 22.1¢2 + 42152
K*p 37.7¢% + 40.252
K w3(1670) 15.1¢% — 29¢s + 1452
K f5(1525) 19.9¢% — 18.1¢s + 20.152
Ko 9.85¢2 — 15.9¢s + 6.61s2
K*a 6.74c* — Tes + 14.152
K w(1420) 14.1¢% — 2.21¢s + 13.652
K*w 12.5¢% + 13.252
K*h 10.2¢? — 3.25¢s + 10.652
K*(1680)7 4.98¢2 — lles + 6.4452
K*¢ 8.35¢2 + 6.81s>

Kas(1700)
KE(1780)7
Kim

K p3(1690)
K p(1450)
K*ay
K*m(1300)
K1(1400)p
Kf>

Kjw

K*b;
Kag(1450)
K*n
K*(1410)0
K* f
K*n(1295)
K1 (1400)w

115¢2 — 188cs + 77.1s2
67.3¢2 — 135¢s + 71.452
58.9¢2 — 70.9¢s + 64.25%
33.7¢2 — 64.5¢s + 3152
42.4¢% — 23 3¢s + 37.652
9.24¢2 — 30.9¢s + 37.9s2
25.6¢2 — 40.4cs + 17.352
15.5¢2 — 42.8¢s + 16.7s2
19.9¢2 — 18.1¢cs + 20.1s2
3.49¢2 — 12.9¢s + 15.65s2
14.3¢2 — 0.4c¢s + 16.152
4.36¢2 — 13.7¢cs + 10.8s2
0.101¢2 — 0.517cs + 14.252
6.37¢2 + 12.35%

6.31¢2 — 7.46¢s + 9.3452

0.0195¢2 — 0.914cs + 10.7s2

1.26¢2 — 1.09¢s + 8.18s2

Table 11 The main strong decay widths of K7(1990) as an 2D state,
where s and ¢ represent sine and cosine functions. The unit of the width
is MeV

Decay channel Width

Total 97.9¢% — 17.3¢s + 12052
K*m 15.1¢% — 22¢s + 19.652

K p 12.5¢2 4 19.2¢s + 16.4s2
Ky 17.9¢* — 16.5¢s + 7.59s>
K3(1780) 7.16¢* — 14.4cs + 7.2657

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))\ _ ( cosOig sinbig \ [ 11'Ga) 46)
|K4(1G")) —sinfg cosbig ) \ |13Gs) ) -
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

@ Springer

Table 12 The strong decay widths of K} (2045) assigned to a 13F4
state. The unit of the width is MeV

State Channel This work Ref. [3] Experiment
K} (2045) (13Fy) K*p 84.9 29 -
Kp 16.1 7 -
K*w 27.7 9 -
Kw 5.24 2 -
K 21.0 21 -
K*m 20.5 8 -
K*(1410)r 291 0 -
Ki(1270)r 114 2 -
K1(1400)7r 6.47 2 -
K¢ 0.783 1 -
Ka; 4.17 1 -
Kay 13.5 1 -
Kby 13.0 2 -
K*¢ 3.84 3 -
K5(1430)r 159 2 -
K1(1270)y 3.13 1 -
Total 250 98 198 £+ 30
Tkn/TToa  8.40% 21% 9.9 £1.2% [58]

Tiep/Trow 1.54%  3.1%  1.440.7% [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 Kj;(2045)m, K5 (1780)m, Kp3(1690), Kap and Kjm
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)(1 F) depending on
their mixing angle, where s and
¢ represent sine and cosine
functions. The unit of the width
is MeV

Decay channel

K3(2075) as 1 F state

K3(2320) as 2F state

Total
K3(1780)7
K*(1410)7
Kp

K*m
Kay(1700)
K3 (1980)
K p3(1690)
K*(1410)p
K*p

K p(1450)
Kaw3(1670)
K*(1410)
Ko
K*m(1300)
K3 (2045)m
K (1460)p
K*(1680)m
K3p
K*(1410)w
K*w
Kap(1450)
K*ay

Ko (1420)
K*n

Kay

Kay

Kb

K3 (1945)7
K¢

Kjw

Kf>

Kim

K3n

K*

K*y
K1(1270)p
K f1(1420)
Kh

K fi

464c2 4 182cs + 53052
107¢2 4 245¢s + 14152
6.93¢% 4+ 0.975¢s + 7.07s2
38.7¢2 + 11.1cs + 40.3s2
40.5¢% + 4.03¢s + 39.952
0

0

0

0

55.7¢% + 43752

1.51¢2 + 3.33¢s + 1.99s2
0

0.0642¢2 4 0.408¢s + 0.703s2
12.8¢% +4.01cs + 13.352
0

0

0

0.248¢2 + 1.02¢s + 1.0552
0

0

18.1¢% + 14.252

1.15¢%

0

0.93¢2 + 1.94¢s + 1.21s2
0.106¢2 + 1.54cs + 15.452
50.3¢% + 54.7cs + 37.352
24.552

6.765>

0

6.29¢% + 10.4cs + 7.78s2
0

20c2 + 14.652 4+ 21.9¢s
55.5¢% 4+ 60.8cs + 40.452
8.55¢2 4 1.11cs 4 0.09765s2
3.01¢? 4 2.04s%

2.7¢% + 1.74c¢s + 0.309s2
5.65¢% 4 5.95¢s + 5.1652
2.93s2

2.8952

6.98s2

189¢2 4 21.2¢s 4 20252
24c¢2 4+ 42.4cs + 21352
20.3¢% +27.2¢s + 16.452
11¢? + 20.4c¢s + 13.952
10.4¢2 4 20.2¢s + 13.352
12.9¢% + 13.7¢s + 9.98s2
11.5¢2 4 12.3¢s + 8.81s2
8.44¢2 4 16.2¢cs + 8.19s2
13.5¢% 4+ 9.775>

12.3¢% + 8.63s2

7.87¢* 4 1.95¢s + 8.15s2
4.04¢% + 7.94¢s + 4.1352
0.163¢% +0.557¢s + 7.7s2
3.63¢% + 6.79¢s + 4.615>
3.56¢2 + 6.55¢s + 4.5152
43¢ 4 4.62cs + 1.5652
2.41¢* +5.2¢s + 3.1652
3.33¢% +4.79¢s + 1.73s>
3.96¢% + 1.4cs + 3.9452
4.14¢ 4 2.97s>

4¢? 428352

3.91¢2

2.73¢* + 0.957cs + 2.7s>
2.89¢2 + 0.472cs + 2.82s2
0.0206¢2 + 0.429¢s + 2.86s2
1.84¢2 4 2.13¢s + 0.972s2
2.33s2

2.07s2

1.66¢2

0.787¢% + 1.33cs + 0.9852
1.28¢% +0.452¢s + 1.2852
1.03¢2 4 1.05¢s 4 0.12352
0.742¢2 + 0.853c¢s + 0.366s>

0.773¢% 4 0.0199¢s + 0.000205s2

0.474¢? + 0.58552

0.429¢2 + 0.206¢s + 0.058452
0.263¢2 + 0.216¢s + 0.268s2
0.0280c2 + 0.366s2

0.198¢2 + 0.34752

0.136¢2 + 0.22552
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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

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 channel Width

Total 93¢2 + 34cs + 10152
K3*(1780) 7 28.3¢% + 54.7¢s + 30.452
K 03(1690) 16¢2 — 22.8¢s + 22.85>

Kp 15.1¢2 = 20.3¢s + 12.1s2

K*m 14.3¢2 4 20cs + 11.4s2
K4*(2045) 7 2.52¢2 4+ 11.9¢s + 11.4s2
K w3(1670) 6.88¢2 — 9.62cs + 9.62s2
K*p 9.83¢2 + 14.352

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))\ _ ( cosbag sinbag \ [ 12'Ga)
<|K4(2550))> - <—sin 026 costg) <|23G4)) > (4D
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§(1780)rr,
Kp3(1690), Kap, Kim, K;(2045)m, K*by, K;(1980)7
and K w3(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§(1780)n, Kp3(1690),
Kay, K3(2045)m, K5 (1980)7 and K*by, 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

@ Springer

Decay Width (K4(2310) Width (K4(2500)

channels assigned to 1G state) assigned to 2G state)

Total 664c2 + 31cs + 75452 222¢% 4 7.5¢s + 2475
K;(2045)7  90.2¢> +201cs + 11252 14.6¢2 4 28.7cs + 14.652
K3(1780)7  80c? + 168cs + 92.3s> 21.6¢ + 44.1cs + 24.752
Kp3(1690)  63.1¢* + 140.cs +77.6s>  19¢* + 41.6¢s + 23.35>
Kay 43.1¢% +70.4cs + 40952 17.5¢% + 34.cs +20.552
Kim 41.7¢% + 62.6c5 +38.6s>  16.7¢? + 31.7¢s + 20.25>
Kws3(1670)  24¢? + 52.8¢s +29.252 7.11c2 + 15.5¢s + 8.6952
K*by 22.2¢2 +45.2¢s +27.1s>  8.14¢% + 17.2¢s + 10.5?
K*p 29.9¢2 + 28.252 9.16¢2 + 7.28s2

K*m 19¢? + 15¢s + 17.352 7.05¢2 + 3.28¢s + 7.425>
Kf> 152¢2 +223¢s + 13352 6.22¢% 4 11.7cs + 7.08s>
K*aj 10.9¢% 4+22.5¢cs + 12952 4.18¢* 4 8.74cs + 5.152
K*hy 10.8¢2 +20.2¢s + 12952 3.74¢? 4 7.88cs + 4.652
Kp 17.5¢% +7.35¢s +16.7s>  7.76¢> + d.cs + 8.21s>
K*ay 15.4¢2 + 11.5¢s +9.1252  5.58¢% 4 3.68¢s 4 4.0152
Kip 14.9¢% + 11.2cs + 8.83s>  3.36¢? + 2.39cs + 2.9652
K3n 0.241¢ +3.62¢cs + 17.1s>  0.139¢% + 0.96¢s + 2.3552
K*(1410)7  10.2¢? +7.29cs +9.41s>  4.39¢? + 7.83¢s + 3.5152
Ka 3.07¢2 + 11.1es +9.995%  1.19¢2 + 2.63¢s + 1.465>
K* f 9.84¢% +7.37cs +5.9852  3.04c% + 1.99¢s + 2.07s2
K*o 9.79¢% 4 9.185> 3.0¢? +2.38s2

Kp(1450)  5.22¢2 +7.23¢cs +6.025>  0.95¢% 4 1.67cs + 0.7645>
Kw 5.77¢* +2.3cs +5.51s>  2.55¢% + 1.38¢s + 2.71s>
K*(1680)r  2.31c2 + 6.41cs +4.4552  0.439¢% + 0.2¢s + 0.0385s2
Kiw 4.35¢2 +3.26¢c5 +2.575%  0.01¢% + 0.724cs + 0.909s2
Kg(1430)  2.3¢% +5.12¢s +2.84s2  0.0247¢? + 0.232¢s + 0.5465>
K3(1980)  1.43¢% +3.14cs + 1.76s2  9.02¢? + 16.7cs + 9.5557
K¢ 1.92¢2 +2.0les +2.14s2  0.36¢2 + 0.771cs + 0.446s2
Kb 3.0252 0.988s2

K*¢ 2.08¢2 4 1.67s> 0.247¢? 4 0.198s2
K*(1410)n  1.4¢% 4+ 0.694cs + 0.2095>  1.82¢% +0.611cs + 0.052452
K*(1410)p  1.03¢2 + 0.79s2 6.55¢% + 6.31s%

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 238¢2 + 38cs + 21852
K:(1780)7 32.7¢% 4+ 57.5¢s + 28.3s2
K p3(1690) 31.2¢% — 55.3cs +25.7s2
K} (20457 25.1¢2 + 48.1cs + 2452
Kap 21.8¢? — 35.8¢s + 19.852
Kim 23¢? + 34.8¢cs + 19.452
K*by 15.1¢% + 25.8¢s + 12.352
K w3(1670) 10.9¢2 — 19.3¢s + 9.05s2

Kp 9.72¢? — 1.24cs 4 9.5852

K*ay 7.94¢2 —7.73¢s + 11.952
K*a 5.90¢2 + 6.60cs + 4.95s2
Kip 6.29¢2 + 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*m, Kp

K>(1990) 2D ~ 1994 K*m, Kp

K3(2075) 1F ~ 2075 K3 (1780), K*p
K3(2360) 2F ~ 2362 K3 (1780)7, K p3(1690)
K4(2310) 1G ~ 2309 K3 (2045)7, K3 (1780)
K4(2550) 2G’ ~ 2550 K3 (1780)m, K p3(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 P.(4380) and P.(4450) by analyzing
Ap — J/¥pK [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,
Bellell, and COMPASS experiments. We hope that, inspired
by this work, more experimental and theoretical studies of
high-spin states are conducted in the future.

Acknowledgements This work is supported in part by National Nat-
ural Science Foundation of China under the Grant No. 11222547 and
No. 11175073, the Fundamental Research Funds for the Central Uni-

versities, the High-End Creative Talent Thousand People Plan of Qing-
hai Province, No. 0042801 and the Applied Basic Research Project of
Qinghai Province, No. 2017-ZJ-748. Xiang Liu is also supported by the
National Program for Support of Top-notch Young Professionals.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

References

1. K.A. Olive et al., Particle Data Group. Chin. Phys. C 38, 090001
(2014)
2. S. Godfrey, N. Isgur, Phys. Rev. D 32, 189 (1985)
3. T. Barnes, N. Black, P.R. Page, Phys. Rev. D 68, 054014 (2003).
arXiv:nucl-th/0208072 [nucl-th]
4. D. Ebert, R. Faustov, V. Galkin, Phys. Rev. D 79, 114029 (2009).
arXiv:0903.5183 [hep-ph]
5. Q.-T. Song, D.-Y. Chen, X. Liu, T. Matsuki, Phys. Rev. D 91,
054031 (2015a). arXiv:1501.03575 [hep-ph]
6. Q.-T. Song, D.-Y. Chen, X. Liu, T. Matsuki, Phys. Rev. D 92,
074011 (2015b). arXiv:1503.05728 [hep-ph]
7. L. Micu, Nucl. Phys. B 10, 521 (1969)
8. A.Le Yaouanc, L. Oliver, O. Pene, J. Raynal, Phys. Rev. D 8, 2223
(1973)
9. E. van Beveren, C. Dullemond, G. Rupp, Phys. Rev. D 21, 772
(1980) [Erratum: Phys. Rev. D 22, 787 (1980)]
10. E. van Beveren, G. Rupp, T. Rijken, C. Dullemond, Phys. Rev. D
27, 1527 (1983)
11. A. Le Yaouanc, L. Oliver, O. Pene, J.C. Raynal, Hardron Transi-
tions In The Quark Model (Gordon and Breach, New York, 1988)
12. W. Robertsand, B. Silvestre-Brac, Acta Phys. Austriaca 11, 171
(1992)
13. S. Capstickand, W. Roberts, Phys. Rev. D 49, 4570 (1994).
arXiv:nucl-th/9310030 [nucl-th]
14. H.G. Blundelland, S. Godfrey, Phys. Rev. D 53, 3700 (1996).
arXiv:hep-ph/9508264 [hep-ph]
15. E. Ackleh, T. Barnes, E. Swanson, Phys. Rev. D 54, 6811 (1996).
arXiv:hep-ph/9604355 [hep-ph]
16. S. Capstickand, B. Keister. arXiv:nucl-th/9611055 [nucl-th]
17. R.Bonnaz, B. Silvestre-Brac, C. Gignoux, Eur. Phys. J. A 13, 363
(2002). arXiv:hep-ph/0101112 [hep-ph]
18. F. Closeand, E. Swanson, Phys. Rev. D 72, 094004 (2005).
arXiv:hep-ph/0505206 [hep-ph]
19. B. Zhang, X. Liu, W.-Z. Deng, S.-L. Zhu, Eur. Phys. J. C 50, 617
(2007). arXiv:hep-ph/0609013 [hep-ph]
20. J.Lu, X.-L. Chen, W.-Z. Deng, S.-L. Zhu, Phys. Rev. D 73, 054012
(2006). arXiv:hep-ph/0602167 [hep-ph]
21. Z.-F. Sunand, X. Liu, Phys. Rev. D 80, 074037 (2009).
arXiv:0909.1658 [hep-ph]
22. X.Liu, Z.-G. Luo, Z.-F. Sun, Phys. Rev. Lett. 104, 122001 (2010).
arXiv:0911.3694 [hep-ph]
23. Z.-F. Sun, J.-S. Yu, X. Liu, T. Matsuki, Phys. Rev. D 82, 111501
(2010). arXiv:1008.3120 [hep-ph]
24. T.Rijken, M. Nagels, Y. Yamamoto, Nucl. Phys. A 835, 160 (2010)
25. J.-S. Yu, Z.-F. Sun, X. Liu, Q. Zhao, Phys. Rev. D 83, 114007
(2011). arXiv:1104.3064 [hep-ph]
26. Z.-Y. Zhouand, Z. Xiao, Phys. Rev. D 84, 034023 (2011).
arXiv:1105.6025 [hep-ph]

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/nucl-th/0208072
http://arxiv.org/abs/0903.5183
http://arxiv.org/abs/1501.03575
http://arxiv.org/abs/1503.05728
http://arxiv.org/abs/nucl-th/9310030
http://arxiv.org/abs/hep-ph/9508264
http://arxiv.org/abs/hep-ph/9604355
http://arxiv.org/abs/nucl-th/9611055
http://arxiv.org/abs/hep-ph/0101112
http://arxiv.org/abs/hep-ph/0505206
http://arxiv.org/abs/hep-ph/0609013
http://arxiv.org/abs/hep-ph/0602167
http://arxiv.org/abs/0909.1658
http://arxiv.org/abs/0911.3694
http://arxiv.org/abs/1008.3120
http://arxiv.org/abs/1104.3064
http://arxiv.org/abs/1105.6025

861 Page 20 of 20

Eur. Phys. J. C (2017) 77:861

217.

28.

29.

30.

31

32.

33.

34.

35.
36.

37.
38.
39.
40.
41.
4.
43.
44,
45.
46.
47.
48.
49.

50.
51.

52.

53.

Z.-C. Ye, X. Wang, X. Liu, Q. Zhao, Phys. Rev. D 86, 054025
(2012). arXiv:1206.0097 [hep-ph]

X. Wang, Z.-F. Sun, D.-Y. Chen, X. Liu, T. Matsuki, Phys. Rev. D
85, 074024 (2012). arXiv:1202.4139 [hep-ph]

Y. Sun, X. Liu, T. Matsuki, Phys. Rev. D 88, 094020 (2013).
arXiv:1309.2203 [hep-ph]

L.-P. He, X. Wang, X. Liu, Phys. Rev. D 88, 034008 (2013).
arXiv:1306.5562 [hep-ph]

Y. Sun, Q.-T. Song, D.-Y. Chen, X. Liu, S.-L. Zhu, Phys. Rev. D
89, 054026 (2014). arXiv:1401.1595 [hep-ph]

C.-Q. Pang, L.-P. He, X. Liu, T. Matsuki, Phys. Rev. D 90, 014001
(2014). arXiv:1405.3189 [hep-ph]

B. Wang, C.-Q. Pang, X. Liu, T. Matsuki, Phys. Rev. D 91, 014025
(2015). arXiv:1410.3930 [hep-ph]

K. Chen, C.-Q. Pang, X. Liu, T. Matsuki, Phys. Rev. D 91, 074025
(2015). arXiv:1501.07766 [hep-ph]

C. Langand, C. Rebbi, Phys. Lett. B 115, 137 (1982)

S. Booth, D. Henty, A. Hulsebos, A. Irving, C. Michael, P. Stephen-
son, U. Collaboration et al., Phys. Lett. B 294, 385 (1992)

G.S. Bali, Phys. Rept. 343, 1 (2001)

T. Kawanaiand, S. Sasaki, Phy. Rev. Lett 107, 091601 (2011)

T. Kawanaiand, S. Sasaki, Prog. Part. Nuclear Phys. 67, 130 (2012)
W. Lucha, EF. Schoberl, D. Gromes, Phys. Rept. 200, 127 (1991)
A. Le Yaouanc, L. Oliver, O. Pene, J.-C. Raynal, Phys. Rev. D 9,
1415 (1974)

A. Le Yaouanc, L. Oliver, O. Pene, J. Raynal, Phys. Rev. D 11,
1272 (1975)

A. Le Yaouanc, L. Oliver, O. Pene, J. Raynal, Phys. Lett. B 72, 57
(1977a)

A. Le Yaouanc, L. Oliver, O. Pene, J.-C. Raynal, Phys. Lett. B 71,
397 (1977b)

P.R. Page, Nucl. Phys. B. 446, 189 (1995). arXiv:hep-ph/9502204
[hep-ph]

AL Titov, T.I. Gulamov, B. Kampfer, Phys. Rev. D 53,3770 (1996)
H.G. Blundell. arXiv:hep-ph/9608473 (1996)

H.Q. Zhou, R.G. Ping, B.S. Zou, Phys. Lett. B 611, 123 (2005).
arXiv:hep-ph/0412221 [hep-ph]

Z.-G. Luo, X.-L. Chen, X. Liu, Phys. Rev. D 79, 074020 (2009).
arXiv:0901.0505 [hep-ph]

M. Jacoband, G. Wick, Ann. Phys. 7, 404 (1959)

B.-Q. Liand, K.-T. Chao, Commun. Theor. Phys. 52, 653 (2009a).
arXiv:0909.1369 [hep-ph]

B.-Q. Liand, K.-T. Chao, Phys. Rev. D 79, 094004 (2009b).
arXiv:0903.5506 [hep-ph]

T. Matsuki, T. Morii, K. Seo, Prog. Theor. Phys. 124, 285 (2010).
arXiv:1001.4248 [hep-ph]

@ Springer

54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.

75.

76.
7.

G.D. Tikhomirov, I.A. Erofeev, O.N. Erofeeva, V.N. Luzin, Phys.
Atom. Nucl. 66, 828 (2003) [Yad. Fiz. 66, 860 (2003)]

C. Daum et al., ACCMOR. Nucl. Phys. B 187, 1 (1981)

G.W. Brandenburg, R.K. Carnegie, R.J. Cashmore, M. Davier,
‘W.M. Dunwoodie, T.A. Lasinski, D.W.G.S. Leith, J.A.J. Matthews,
P. Walden, S.H. Williams, Phys. Rev. Lett. 36, 1239 (1976)

R. Aaij et al, LHCb. Phys. Rev. D 93, 052018 (2016).
arXiv:1509.06628 [hep-ex]

D. Aston et al., Nucl. Phys. B 296, 493 (1988a)

D. Antreasyan et al., Crystal Ball. Z. Phys. C 48, 561 (1990)
R.K. Carnegie, R.J. Cashmore, M. Davier, W.M. Dunwoodie, T.A.
Lasinski, D.W.G.S. Leith, S.H. Williams, Nucl. Phys. B 127, 509
(1977)

H.-Y. Cheng, C.-K. Chua, C.-W. Hwang, Phys. Rev. D 69, 074025
(2004). arXiv:hep-ph/0310359 [hep-ph]
D.-M. Liand, Z. Li, Eur. Phys. .
arXiv:hep-ph/0606297 [hep-ph]

A. Tayduganov, E. Kou, A. Le Yaouanc, Phys. Rev. D 85, 074011
(2012). arXiv:1111.6307 [hep-ph]

D. Aston et al., Nucl. Phys. B 292, 693 (1987)

D. Frame, L.S. Hughes, J.G. Lynch, P.W. Minto, D.M. McFadzean,
D.T. Stewart, A.S. Thompson, R.M. Turnbull, I.T. Wilkie, Nucl.
Phys. B 276, 667 (1986)

R. Aaij et al., LHCb. Phys. Rev. Lett. 118, 022003 (2017).
arXiv:1606.07895 [hep-ex]

T. Armstrong et al., Bari-Birmingham-CERN-Milan-Paris-Pavia.
Nucl. Phys. B 221, 1 (1983a)

H.-Y. Cheng, Phys. Lett. B707, 116 (2012). arXiv:1110.2249 [hep-
ph]

A. Firestone, G. Goldhaber, D. Lissauer, G.H. Trilling, Phys. Rev.
D 5, 505 (1972)

M. Baubillier et al., Birmingham-CERN-Glasgow-Michigan State-
Paris. Z. Phys. C 26, 37 (1984)

D. Aston et al., Phys. Lett. B 149, 258 (1984)

D. Aston et al., Phys. Lett. B 201, 169 (1988b)

D. Aston et al., Phys. Lett. B 99, 502 (1981)

D. Aston et al., Phys. Lett. B. 180, 308 (1986) [Erratum: Phys.
Lett. B 183, 434 (1987)]

T. Armstrong et al., Bari-Birmingham-CERN-Milan-Paris-Pavia.
Nucl. Phys. B 227, 365 (1983b)

W.E. Cleland et al., Nucl. Phys. B 184, 1 (1981)

R. Aaij et al., LHCb. Phys. Rev. Lett. 115, 072001 (2015).
arXiv:1507.03414 [hep-ex]

A 28, 369 (2006).


http://arxiv.org/abs/1206.0097
http://arxiv.org/abs/1202.4139
http://arxiv.org/abs/1309.2203
http://arxiv.org/abs/1306.5562
http://arxiv.org/abs/1401.1595
http://arxiv.org/abs/1405.3189
http://arxiv.org/abs/1410.3930
http://arxiv.org/abs/1501.07766
http://arxiv.org/abs/hep-ph/9502204
http://arxiv.org/abs/hep-ph/9608473
http://arxiv.org/abs/hep-ph/0412221
http://arxiv.org/abs/0901.0505
http://arxiv.org/abs/0909.1369
http://arxiv.org/abs/0903.5506
http://arxiv.org/abs/1001.4248
http://arxiv.org/abs/1509.06628
http://arxiv.org/abs/hep-ph/0310359
http://arxiv.org/abs/hep-ph/0606297
http://arxiv.org/abs/1111.6307
http://arxiv.org/abs/1606.07895
http://arxiv.org/abs/1110.2249
http://arxiv.org/abs/1507.03414

	A systematic study of mass spectra and strong decay of strange mesons
	Abstract 
	1 Introduction
	2 Phenomenological quark models adopted in this work
	2.1 The modified GI model
	2.2 The QPC model

	3 Mass spectrum analysis
	4 OZI-allowed two-body strong decays
	4.1 S-wave kaons
	4.1.1 2S states
	4.1.2 3S states

	4.2 P-wave kaons
	4.2.1 1P states
	4.2.2 2P states

	4.3 D-wave kaons
	4.3.1 1D states
	4.3.2 2D states

	4.4 F-wave kaons
	4.4.1 1F states
	4.4.2 2F states

	4.5 G-wave kaons
	4.5.1 1G states
	4.5.2 2 G states


	5 Conclusions and discussion
	Acknowledgements
	References




