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A pseudoscalar resonance structure, denoted as the Kð1690Þ, was recently discovered by the COMPASS
Collaboration in the scattering reaction K− þ p → K−π−πþ þ p. If the Kð1690Þ is a genuine state, there
are three observed pseudoscalar strange mesons, namely the Kð1460Þ, Kð1690Þ, and Kð1830Þ, in the
1.0–2.0 GeV region. However, within the conventional quark model, only the 21S0 and 31S0 strange meson
states are expected in this energy region. Therefore, at least one of these states should be interpreted as an
exotic candidate. In this work, we study the spectrum of strange mesons systematically, and find that the
Kð1460Þ and Kð1830Þ are good candidates of 21S0 and 31S0 strange mesons, respectively. A further
investigation of their strong decays also supports this assignment. Furthermore, we note that the production
mechanism of the Kð1690Þ is similar to that of the π1ð1600Þ, which has been widely regarded as a hybrid
meson candidate. We investigate the strong decays of the Kð1690Þ within a constituent gluon model by
treating it as a 0− strange hybrid meson and find that the results support the Kð1690Þ as a hybrid state.
Finally, we identify several important decay modes of the Kð1690Þ that may be used in future experiments
to test whether it contains the n1S0 (n ¼ 2 and 3) sq̄ component. We also suggest BESIII to search for the
Kð1690Þ state through the J=ψ → KKð1690Þ → KK�

0ð1430Þπ → KKππ process.

DOI: 10.1103/5rpy-vpzs

I. INTRODUCTION

Since a complete understanding of all strong-interaction
phenomena cannot yet be derived directly from quantum
chromodynamics (QCD), the phenomenological models
have long played an essential role in hadron physics.
Among them, the conventional quark model has provided
a successful framework for describing the properties of
meson and baryon systems. However, experiments over the
past two decades have observed numerous hadronic states
that cannot be readily accommodated within the conven-
tional quark model [1–7]. These states are possible candi-
dates for the exotic hadronic states.

Although many new resonances have been observed
experimentally, identifying an exotic state theoretically
remains challenging. In some cases, a resonance can be
considered exotic if it possesses unusual quantum numbers
that cannot be accommodated within the conventional
quark model. For example, the π1ð1600Þ with exotic
quantum numbers JPC ¼ 1−þ has been widely regarded
as a hybrid meson [8–11]. In other cases, when a resonance
state has the same quantum numbers as the conventional
hadrons, the identification of exotic state becomes more
complicated because it must be carefully distinguished
from the conventional hadrons. However, if the number of
observed states with a particular JPðCÞ quantum number
exceeds the expectation of the conventional quark model,
these additional states may provide relatively clear candi-
dates for the exotic hadrons.
Recently, the COMPASS Collaboration observed a

resonance structure around 1.7 GeV in the 0−0þKρð770Þ
wave [12]. In the same cascade process

K− þ p → ρ0K− þ p → πþπ−K− þ p; ð1Þ
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they also found the Kð1460Þ and Kð1830Þ states.
According to the results of quark potential model [13–16]
and Regge phenomenology [17,18], only the 21S0 and
31S0 strange mesons could appear in the mass region 1.0–
2.0 GeV. Here, the strange mesons refers specifically to the
sū, sd̄, s̄u and s̄d states. Therefore, among the Kð1460Þ,
Kð1690Þ, and Kð1830Þ states, there should exist a super-
numerary state that cannot be assigned as a strange meson.
By further comparing the measured masses with the
theoretical results, the Kð1460Þ and Kð1830Þ could be
the 21S0 and 31S0 mesons, respectively. Then the Kð1690Þ
becomes a supernumerary state in the conventional quark
model because it has no position in the strange meson
family. In fact, the Kð1690Þ has been regarded as a crypto-
exotic state by the COMPASS Collaboration [12]. The
resonance parameters of Kð1460Þ, Kð1690Þ, and Kð1830Þ
are listed in Table I.
In this work, we examine the assignments of the

Kð1460Þ and Kð1830Þ as the 21S0 and 31S0 K-meson
states, respectively. Meanwhile, we note that diffractive Kp
reactions may provide a favorable environment for pro-
ducing hybrid mesons. For instance, the 1−þ π1ð1600Þ
state, observed in the π−p → πþπ−π−p process [20–22],
has been interpreted as a hybrid meson [8–11]. Motivated
by these considerations, we investigate the possibility that
the Kð1690Þ is a hybrid state. We adopt the unified model
parameters to describe both the strange meson and the K
hybrid, following the approach of Ref. [11]. In this way, we
can not only address the puzzle of the three pseudoscalar K
states in the 1–2 GeV region, but also provide useful clues
for future experiments to further test the nature of
the Kð1690Þ.
The paper is organized as follows. In Sec. II, we examine

the assignments of the Kð1460Þ and Kð1830Þ to the 21S0
and 31S0 states, respectively, where their masses and strong
decay properties are investigated. Assuming theKð1690Þ to
be a pseudoscalar hybrid meson, we study its strong decays
within the constituent gluon model in Sec. III. Then, the
possible mixing of theKð1690Þwith the n1S0 (n ¼ 2 and 3)
sq̄ component is discussed. Finally, the paper ends with a
short summary in Sec. IV.

II. THE Kð1460Þ AND Kð1830Þ AS 21S0
AND 31S0 STATES

First, we study the spectrum of K mesons using the quark
potential model to testing the assignment of 21S0 and 31S0 of

the Kð1460Þ and Kð1830Þ, respectively. In our calculations,
the following spinless Salpeter equation is employed:

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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dependent corrections:
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This model has been applied to calculate the mass spectrum
of light flavor mesons in our previous work [11], where
the masses of 1S and 2S K mesons have been predicted.
In the present work, we extend the calculation to obtain
the complete mass spectrum of K mesons, including the
31S0 state. We adopt the same model parameters as
those in Ref. [11], i.e., α ¼ 0.64, b ¼ 0.165 GeV2,
mu;d ¼ 0.32 GeV, ms ¼ 0.45 GeV, c ¼ −0.398 GeV,
σ ¼ 0.45 GeV.
We solve Eq. (2) with potential V0 using the Gaussian

expansion method, and then the potential V 0 are treated as
perturbations to obtain the mass spectrum of K mesons.
The resulting spectrum for the K mesons is shown in
Table II, together with their experimental candidates.
Due to the mass difference of u=d and s quarks, the L · si

term will induce mixing between n1LL and n3LL states.
The mixed states, which are labeled as nLL and nL0

L, can be
expressed as

�
nLJ¼L

nL0
J¼L

�
¼

�
cos θ − sin θ
sin θ cos θ

��
n3LJ¼L

n1LJ¼L

�
: ð6Þ

The nLJ¼L state corresponds to the K meson with heavier
mass, while the nL0

J¼L refers to the K meson with lighter
mass. The mixing angles are given for the physical K
mesons with J ¼ L (J ≥ 1) in Table II.
As shown in Table II, the measured masses of most

discovered K mesons could be fairly reproduced by the
simple quark potential model. However, the masses of
some n3LJ¼L�1 K mesons seem to be underestimated by
100–200MeV. The probable reason is that the spin-orbit and
tensor interactions in V 0ðrÞ are obtained in the nonrelativistic
limit. When the relativistic effects are incorporated into the
potential model, the predicted precision for the masses

TABLE I. The measured masses and decay widths of Kð1460Þ,
Kð1690Þ, and Kð1830Þ (in units of MeV).

State Mass Width

Kð1460Þ [19] 1482.40� 3.58� 15.22 335.60� 6.20� 8.65
Kð1690Þ [12] 1687� 10þ2

−67 140� 20þ50
−50

Kð1830Þ [12] 1893� 17þ13
−39 160� 40þ60

−80
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of n3LJ¼L�1 K mesons could be improved [13,14]. Here, we
focus on the pseudoscalar K mesons in the 1.0–2.0 GeV
region, which are unaffected by the orbit and tensor
interactions. According to our result in Table II, the predic-
ted masses favor assigning the Kð1460Þ and Kð1830Þ as
the 21S0 and 31S0 states, respectively. This assignment is
also supported by the results from Refs. [13–18] where the
mass of 31S0 strange meson was predicted to be about
1.90–2.0 GeV. Thus, the observed Kð1690Þ could not be a
conventional strange meson since its mass is light for the
31S0 state, but heavy for the 21S0 state.
To further test the assignment of Kð1460Þ and Kð1830Þ

as the 21S0 and 31S0 strange mesons, respectively, we study
their strong decays within the 3P0 model [24,25]. In
this model, the transition matrix element for the process
A → Bþ C is written as hBCjT̂ QPCjAi ¼ δ3ðKB þKCÞ
MjA;jB;jCðpÞ, where the transition operator T̂ QPC reads as

T̂ QPC¼−3γ
X
m

h1;m;1;−mj0;0i
ZZ

d3kμd3kνδ
3ðkμþkνÞ

×Ym
1

�
kμ−kν

2

�
ωðμ;νÞ
0 φðμ;νÞ

0 χðμ;νÞ1;−md
†
μðkμÞd†νðkνÞ ð7Þ

in the nonrelativistic limit. Theωðμ;νÞ
0 and φðμ;νÞ

0 are the color
and flavor wave functions of the qμq̄ν pair created from the

vacuum. Explicitly, one has ωðμ;νÞ
0 ¼ ðRR̄þGḠþBB̄Þ= ffiffiffi

3
p

and φðμ;νÞ
0 ¼ ðuūþ dd̄þ ss̄Þ= ffiffiffi

3
p

, which denote the color

and flavor singlets. The χðμ;νÞ1;−m represents the pair production
in a spin triplet state. When the mock state [26] is adopted
to describe the wave function of a hadron state, the partial
wave amplitudesMLSðpÞ can be obtained by the following
formula,

MA→BþC
LS ðpÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πð2Lþ 1Þp
2JA þ 1

X
jB;jC

hL0SjAjJAjAi

× hJBjB; JCjCjSjAiMjA;jB;jCðpÞ: ð8Þ

Here, p represents the momentum of an outgoing meson in
the rest frame of a meson A. The Ji and ji (i ¼ A, B, and C)
denote the total angular momentum and its projection along
the z axis of the corresponding hadron states, respectively.
L denotes the orbital angular momenta between the final
states B and C. Finally, the partial width of A → Bþ C can
be obtained in terms of the partial wave amplitudes as

ΓðA → BCÞ ¼ 2π
EBEC

MA
p
X
L;S

jMA→BþC
LS ðpÞj2 ð9Þ

in the A rest frame. In our calculation, the spatial wave
functions of the initial and final states are approximated by
the simple harmonic oscillator (SHO) wave function. The
scale parameter β of the SHO wave function is determined
by solving the Salpeter equation. The scale parameter β of
1S, 1P, and 2S light mesons have been given in Ref. [11].
The β ¼ 0.369 is supplemented for the 31S0 K meson.
More details on the construction of the meson wave
functions can be found in our previous works [27,28].
At present, the total and partial decay widths of

K�
2ð1430Þ state have been well measured experimentally

[23]. In our calculations, the dimensionless parameter γ of
3P0 model1 is fixed by fitting the K�

2ð1430Þ decay widths.
In this way, the K�

2ð1430Þ not only serves to determine the
parameter γ, but also provides a test of 3P0 model.
The partial and total decay widths of the K�

2ð1430Þ
calculated by the 3P0 model are given in Table III, where
the experimental results are also listed for comparison.
The partial decay width of K�ππ mode has not been
calculated. This decay mode may arise from either the
direct three-body decay or the cascade process such as
K�

2ð1430Þ → K�σ → K�ππ. Since the effectiveness of the
3P0 model for depicting the three-body decay process has
never been seriously examined, we restrict our analysis to
the two-body OZI-allowed decays, as shown in Table III.
It is evident that the decay properties of K�

2ð1430Þ can be
well described by the 3P0 model. Finally, the parameter
γ ¼ 14.7 is fixed in our calculations. With the parameter γ,

TABLE II. Predicted masses of the K states (in units of GeV).
The mixing angles for the physical K mesons with J ¼ L (J ≥ 1)
are θ1P ¼ 26.6°, θ2P ¼ 20.8°, θ3P ¼ 19.3°, θ1D ¼ 30.3°,
θ2D ¼ 29.8°, θ1F ¼ 32.3°, θ2F ¼ 40.9°, and θ1G ¼ 33.7°, respec-
tively.

State Pred. Exp. [23] State Pred. Exp. [23]

11S0 0.492 Kð496Þ 13P0 1.418 K�
0ð1430Þ

13S1 0.899 K�ð892Þ 1P0
1 1.271 K1ð1270Þ

21S0 1.344 Kð1460Þ 1P1 1.483 K1ð1400Þ
23S1 1.531 K�ð1410Þ 13P2 1.384 K�

2ð1430Þ
31S0 1.871 Kð1830Þ 23P0 1.952 K�

0ð1950Þ
33S1 2.011 � � � 2P0

1 1.786 � � �
41S0 2.297 � � � 2P1 1.977 � � �
43S1 2.417 � � � 23P2 1.870 K�

2ð1980Þ
33P0 2.364 � � � 23D1 2.301 � � �
3P0

1 2.215 � � � 2D0
2 2.111 � � �

3P1 2.379 � � � 2D2 2.251 K2ð2250Þ
33P2 2.279 � � � 23D3 2.113 � � �
13D1 1.907 � � � 13F2 2.225 � � �
1D0

2 1.695 K2ð1770Þ 1F0
3 2.012 � � �

1D2 1.847 K2ð1820Þ 1F3 2.141 � � �
13D3 1.662 K�

3ð1780Þ 13F4 1.929 K�
4ð2045Þ

23F2 2.567 � � � 13G3 2.493 � � �
2F0

3 2.385 K3ð2320Þ 1G0
4 2.278 � � �

2F3 2.502 � � � 1G4 2.399 K4ð2500Þ
23F4 2.335 � � � 13G5 2.177 K�

5ð2380Þ

1The parameter γ describes the strength of the quark-antiquark
pair creation from the vacuum.

Kð1690Þ SIGNAL FROM COMPASS AS A STRANGE HYBRID … PHYS. REV. D 114, 054027 (2026)

054027-3



the decays of Kð1460Þ and Kð1830Þ are predicted by the
3P0 model. The concrete results are listed in Table IV,
where the Kð1460Þ and Kð1830Þ are assigned as the 21S0
and 31S0 states, respectively.
The Kð1460Þ has been seen in the K�π and Kρ decay

channels [23]. These observations are consistent with our
result since the K�π and Kρ are the main decay modes for
the Kð1460Þ (see Table IV). The total decay width of the
Kð1460Þ is expected to be larger than 313.7 MeV since the
three-body decay mode, i.e., the Kð1460Þ → Kππ, has
been ignored in our calculation.
As a pure 31S0 strange meson, the total decay width of

the Kð1830Þ is predicted to be larger than 253.5 MeV. Then
the relatively broad width of the Kð1830Þ could be under-
stood by our result. Furthermore, it seems more feasible for
experiments to search for the Kð1830Þ in the Kπππ final-
state since the K�ρ and K�ð1410Þπ are the main decay
channels for the Kð1830Þ state, both of which subsequently
cascade to Kπππ final state. The partial width of the
Kð1830Þ → Kρ channel is predicted to be 1 MeV, which
is not a favorable channel for observing the Kð1830Þ,
although the COMPASS experiment has observed it in this
mode. Further experimental studies of the Kð1830Þ in the
Kπππ final state are therefore suggested for future
measurements.
In summary, the main properties of the Kð1460Þ and

Kð1830Þ, including their masses and strong decays, could be
well explained by the conventional quark model when they
are assigned as the 21S0 and 31S0 K mesons, respectively.
Then the Kð1690Þ becomes a supernumerary state since it
cannot find a position in the strange meson family.

III. THE Kð1690Þ AS A HYBRID STATE

As stated before, the production process of the Kð1690Þ
is analogous to that of the πð1600Þ− state. In our previous
work, the πð1600Þ− has been explained as a hybrid meson
[11]. So it is no surprising that strange hybrid be produced
via Kp diffractive scattering process. Furthermore, the
average mass of ground K− hybrids2 has been predicted
to be 1852MeV, and the 0− K− hybrid meson is expected to
be the lightest among four ground states [29,30]. So the
predicted mass of strange hybrid is fairly close to that of
the Kð1690Þ.
In this section, we further test the 0− hybrid interpre-

tation of the Kð1690Þ by studying its strong decays. The
constituent gluon (CG) model [31] is employed to inves-
tigate the decay properties of Kð1690Þ state. Recently, we
have utilized this model to study the 1−þ, 0þ−, and 2þ−

light hybrid mesons [11,32].
In the nonrelativistic limit, the transition operator T̂ CG of

the constituent gluon model can be expressed as

T̂ CG ¼ gs
X
s;s0;λ

ZZZ
d3p3d3p4d3kgffiffiffiffiffiffiffiffi

2ωg
p ð2πÞ6 δ3ðp3 þ p4 − kÞ

×
λcg

2
ϕð34Þ
0 χ†sσχ̃s0ϵðk̂; νÞb†3ðp⃗3Þd†4ðp⃗4ÞacgkνðkÞ; ð10Þ

which describes the dissociation of a gluon into a quark-
antiquark pair. Here, λcg (cg ¼ 1; 2;…; 8) denote the Gell-
Mann matrices. The quantities χsð0Þ represent the quark
spin wave functions, and ϵμðk̂; νÞ denotes the gluon

polarization vector. The flavor wave function ϕð34Þ
0 is

ðuūþ dd̄þ ss̄Þ= ffiffiffi
3

p
. The parameter ωg, representing the

effective mass of the constituent gluon [33], is taken to be
0.80 GeV. After constructing the mock states of the initial
hybrid meson and final mesons, the transition matrix have
the form hBCjT̂ CGjHi ¼ δ3ðKB þKCÞMjH;jB;jCðpÞ.
Finally, the partial wave amplitude is given as

MH→BC
LS ðpÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πð2Lþ 1Þp
2JH þ 1

X
jB;jC

hL0JjHjJHjAi

× hJBjB; JCjCjJjHiMjH;jB;jCðpÞ; ð11Þ

and the partial width of the process H → BC is given as

TABLE III. Measured and calculated partial decay widths of the K�
2ð1430Þ state (in units of MeV).

K�
2ð1430Þ Kπ K�π Kρ Kω K�ππ Total

Expt. [23] 49.9� 1.2 24.7� 1.5 8.7� 0.8 2.9� 0.8 13.4� 2.2 ≈100.0
Pred. 49.8 24.0 11.7 3.2 � � � > 88.7

TABLE IV. Predicted strong decays of the Kð1460Þ and
Kð1830Þ (in units of MeV). Here, the Kð1460Þ and Kð1830Þ
are regarded as the 21S0 and 31S0 strange mesons, respectively.
The experimental total widths of Kð1460Þ and Kð1830Þ [23] are
listed in the bottom row for comparison.

Kð1460Þ½21S0� Kð1830Þ½31S0�
K�π 112.7 6.9 K�η0 0.0 K�

0ð1430Þπ 8.0
K�η 2.3 0.4 Kϕ 0.4 f2ð1170ÞK 2.9
Kρ 151.5 1.0 K�ρ 67.5 a2ð1320Þπ 2.6
Kω 47.2 0.3 K�ω 22.4 K�

2ð1430Þπ 15.3
Kππ � � � � � � f0ð1370ÞK 11.6 K�ð1410Þπ 114.2

Total >313.7 >253.5

335.60� 6.20� 8.65 160� 40þ60
−80

2The lowest hybrid multiplet include the 0−ðþÞ, 1−ðþÞ, 1−ð−Þ,
and 2−ðþÞ q1q̄2g states.
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ΓðH → BCÞ ¼ 2π
EBEC

MH
p
X
L;S

jMLSðpÞj2 ð12Þ

in the rest frame ofH. More details of the constituent gluon
model could be found in Refs. [31,32]. When the param-
eters are taken from Ref. [11], the partial and total decay
widths of Kð1690Þ are predicted in Table V.
The predicted total decay width of the Kð1690Þ as a

hybrid state is about 134.6 MeV, which is consistent with
the experimental measurement [12]. This agreement sup-
ports the hybrid interpretation of the Kð1690Þ. It is note-
worthy that theKρ channel is predicted to have only a small
partial width, although this is the channel in which the
Kð1690Þ has been observed by the COMPASS experiment
[12]. In our calculation, the dominant decay mode of the
Kð1690Þ is K�

0ð1430Þπ, and the K�
0ð1430Þ predominantly

decays into Kπ in an S-wave. This suggests that the
Kð1690Þ could be further investigated via the process

Kþp→ Kð1690Þ þp→ K�
0ð1430Þπþp→ ½Kπ�Sπþp:

ð13Þ

Although this reaction process was not included in the
partial-wave analysis of the COMPASS experiment [12], a
broad resonancelike signal with JP ¼ 0− in the ½Kπ�Sπ
channel was clearly seen around 1.7 GeV [34]. Further
experimental studies of the Kð1690Þ through the above
reaction chain are therefore needed.
Finally, we note that a Kð1630Þ state with an undeter-

mined JP quantum numbers is collected by the Particle
Data Group (PDG) [23]. This state has only been reported
in a single bubble-chamber experiment at CERN [35,36]
through the reaction “πp → ðK0

Sπ
þπ−Þ þ others.”

Obviously, the Kð1630Þ needs further confirmation from
other experiments.
We have shown that the Kð1460Þ and Kð1830Þ states

could be assigned as the pure 21S0 and 31S0 strange mesons,
while the Kð1690Þ could be interpreted as a pseudoscalar
hybrid meson. It is worth noting that mixing may exist
between 0− K hybrid state and usual strange meson due to
their same JP quantum numbers. At present, the mixing
between the hybrid meson and the conventional meson is
still unclear. The Kð1690Þ, Kð1460Þ and Kð1830Þ provides
a useful opportunity to study possible mixing between

hybrid and conventional mesons, which cannot occur in
hybrid with exotic quantum number such as 1−þ. Here, we
do not attempt to calculate the mixing angle by a concrete
model, but instead provide some useful clues for experi-
ments to test whether the Kð1690Þ state contains 21S0 or
31S0 sq̄ component.

(i) As a pure sq̄g state, the partial widths of decay
channels ρK and ωK are relatively small for the
Kð1690Þ state. However, the conclusion could be
changed when the Kð1690Þ contains the 21S0 sq̄
component. As shown in Table IV, the ρK and ωK
are the predominant decay channels for the 21S0
sq̄ state. Therefore, the precise measurement of
the branching ratio of the ρK and ωK may test
whether the Kð1690Þ contains the 21S0 sq̄ ad-
mixture.

(ii) The decay channels K�ρ and K�ω are forbidden for
the Kð1690Þ if it is a pure pseudoscalar hybrid
meson (see Appendix). However, these two decay
channels are predominant for the 31S0 strange
meson (see Table IV). We further check the partial
width of Kð1690Þ → ρK� process, where the
Kð1690Þ is treated as a pure 21S0 or 31S0 sq̄ state.
The partial width is obtained to be 6–13 MeV.
Therefore, future experiments may search for the
Kð1690Þ in the ρK� to examine whether it contains
the n1S0 (n ¼ 2 and 3) sq̄ component.

Finally, it is important to search for the Kð1690Þ in other
process in addition to the Kp diffractive reaction, as
discussed previously. The annihilation of the cc̄ state
provides a gluon-rich environment for searching for hybrid
meson. Recently, the BESIII Collaboration observed the
hybrid candidate η1ð1855Þ in the J=ψ → ωη1ð1855Þ →
ωηη0 [37]. The dominant production mechanism of hybrid
mesons via the annihilation decay of J=ψ is illustrated in
Fig. 1, and the similar process can also produce a strange
hybrid. So, it is promising to observe the Kð1690Þ state
through the process of J=ψ → KKð1690Þ → KKππ, which
is most feasible on the BESIII experiment.

IV. SUMMARY

A pseudoscalar signal, i.e., the Kð1690Þ, was recently
discovered by the COMPASS Collaboration in the reaction

TABLE V. The partial and total decay widths of the Kð1690Þ
state (in units of MeV). Here, the Kð1690Þ is treated as a pure 0−

hybrid meson.

K�π
14.5

K�η
1.4

ρK
0.7

ωK
0.2

ϕK
1.5

K�
0ð1430Þπ K�

2ð1430Þπ K�ð1410Þπ Total Exp. [12]
107.0 0.0 9.3 134.6 140� 20þ50

−50

FIG. 1. A schematic diagram for J=ψ decaying into a light
meson (ω=K) and a hybrid state [η1ð1855Þ=Kð1690Þ].
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K− þ p → K−π−πþ þ p [12]. The observation of the
Kð1690Þ may lead to a puzzle of pseudoscalar K states
in the mass region 1.0–2.0 GeV. Specifically, three pseu-
doscalar K states, namely the Kð1460Þ, Kð1690Þ, and
Kð1830Þ, have been observed experimentally. However,
the conventional quark model allows only the 21S0 and 31S0
strange mesons in this region. This indicate that there exist
one possible exotic candidate.
In this work, we systematically investigate the spectrum

of strange mesons. Our result is consistent with other works
[13–18], supporting the assignment of the Kð1460Þ and
Kð1830Þ as the 21S0 and 31S0 K mesons. We further test
these assignments by investigating their strong decays. We
find that the main decay properties of Kð1460Þ and
Kð1830Þ could be well described when they are regarded
as the 21S0 and 31S0 states, respectively. Thus, the Kð1690Þ
becomes a supernumerary state within the conventional
quark model.
We notice that the production of Kð1690Þ is very similar

to that of the π1ð1600Þ [20–22], which has been widely
considered being a hybrid candidate. In addition, the
measured mass of Kð1690Þ is also in agreement with the
expectation of pseudoscalar sq̄g state in our previous work
[11]. In this work, we further examine the two-body strong
decays of Kð1690Þ by a constituent gluon model. We found
that the main decay properties of Kð1690Þ could be
understood if it is regarded as a pure 0− hybrid meson.
Finally, we compare the main decay channels of

Kð1460Þ, Kð1690Þ, and Kð1830Þ states and provide
guidance for probing possible mixing between hybrid
and conventional K mesons. We noticed that the Kρ and
K�ρ are the main decay modes of Kð1460Þ and Kð1830Þ
states, respectively. In contrast, the Kρ is strongly sup-
pressed for Kð1690Þ, while the mode K�ρ is a forbidden
decay mode. Therefore, we suggest the experiments to
search for the Kð1690Þ state in the Kρ and K�ρ channels,
which can help to check whether the Kð1690Þ contains the
n1S0 (n ¼ 2 and 3) sq̄ component. In addition, we suggest
the BESIII Collaboration to search for the Kð1690Þ in
J=ψ → KKð1690Þ → KKππ process.
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APPENDIX: SELECTING RULE FOR
K�ρ AND K�ω CHANNELS

The selection rule, which state that the decay of a
pseudoscalar strange hybrid into two 3S1 vector mesons
is forbidden, can be understood as follows. When the mock
states are constructed for the initial and final states in a
decay process, the amplitude of A → BC contains a spin
wave function overlap factor

ξspin ¼ hχ14SBMSB
χ32SCMSC

jχ12SAMSA
χ341mi; ðA1Þ

where χ12SA , χ
14
SB
, and χ32SC denote the spin wave functions of

the initial state A and final states B and C, respectively.
The χ341 represents the spin wave function of the quark-
antiquark pair created from the vacuum (in the 3P0 model)
or generated through gluon dissociation (in the constituent
gluon model). The quantities SA, SB, and SC denote the
total spins of the initial and final mesons, respectively. The
spin wave function overlap factor can be expressed in
terms of the 9 − j Wigner coefficient as

ξspin ¼
X
SMS

hSBMSB;SCMSC jSMSihSAMSA;1mjSMSi

× hðs1s4ÞSB; ðs3s2ÞSC;SMSjðs1s2ÞSA; ðs3s4Þ1;SMSi
¼
X
SMS

hSBMSB;SCMSC jSMSihSAMSA;1mjSMSi

× ð−1ÞSCþ1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð2SAþ 1Þð2SBþ 1Þð2SCþ 1Þ

p

×

8<
:
s1 s2 SA
s4 s3 1

SB SC S

9=
;: ðA2Þ

The si denote the spin of ith quark. For an initial n1S0
(n ≥ 2) strange meson, SA ¼ 0. In contrast, SA ¼ 1 for an
initial 0− hybrid meson. When the final mesons B andC are
two S-wave vector mesons (SB ¼ SC ¼ 1, LB ¼ LC ¼ 0),
the decay proceeds through p-wave (LBC ¼ 1). Since
JA ¼ S ⊕ LBC, the allowed value of S is fixed to be 1.
Then the 9 − jWigner coefficient in Eq. (11) vanish for the
decay of a pseudoscalar hybrid meson into two vector
mesons. In contrast, this 9 − j Wigner coefficient is non-
zero for an excited pseudoscalar meson decaying into
two vector mesons. Thus, the selection rule for the decays
of a pseudoscalar hybrid and conventional mesons is
demonstrated.
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