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Abstract: We present an investigation of the  state in its strong decays into two-body final states within
the flux-tube model and quark pair creation model. Since charge conjugation parity is not conserved in the strange
sector, the conventional  states with  can mix with the lowest hybrid states with . Our
analysis of the  two-body strong decays indicates that the decay pattern of  cannot be explained
by  the  conventional  scenario.  Moreover,  there  is  strong  evidence  for  the -hybrid  mixing  mechanism  in  the
strange sector. The phenomenological consequences of such mixing are also discussed. Our study can provide guid-
ance for future searches for hybrid multiplets in experiments at BESIII, LHCb, and Belle II.
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I.  INTRODUCTION

qq̄

The  conventional  quark  model  provides  a  useful
framework for classifying hadrons made of quarks and/or
antiquarks, in which mesons are described as bound states
of  a  quark  and  an  antiquark  ( ),  and  baryons  as  three-
quark  systems  (qqq).  This  model,  though  conceptually
simple,  has  achieved  remarkable  success  in  explaining
the properties  and  spectrum  of  hadrons,  leveraging  con-
stituent  quark  dynamics  to  capture  essential  features  of
hadron  structure.  Quantum chromodynamics  (QCD),  the
foundational  theory  of  strong  interactions,  also  predicts
the  existence  of  "so-called"  exotic  hadrons  with  more
complicated constituent  structures  beyond  the  conven-
tional  quark  model.  These  exotic  states  can  provide  rich
information  about  the  non-perturbative  aspects  of  QCD
and serve  as  valuable  probes  for  understanding  its  com-
plex phenomena.

Among  the  various  exotic  candidates,  hadrons  with
quantum numbers that defy the conventional quark mod-
el  are  considered  strong  evidence  for  the  existence  of

qq̄
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1−+

η1(1855) J/ψ→
γη1(1855)→ γηη′

(1855±9+6
−1) MeV (188±18+3

−8) MeV

exotic  hadrons.  Specifically,  a  hybrid  state  is  composed
of a constituent quark and antiquark, together with a con-
stituent gluon,  and  can  naturally  exhibit  quantum  num-
bers  beyond  the  conventional  scenario.  For  instance,
for  the  lowest  hybrid  systems  with  zero  orbital  angular
momentum, the quantum numbers 
can be accessed,  where  cannot  be  accessed by
the conventional  configuration. This particular class of
hadrons has  attracted  significant  attention  from both  ex-
periment  and  theory,  driving  continued  explorations  of
hadron structures and the underlying dynamics.  In 2009,
the COMPASS Collaboration reported the  can-
didate  with  isospin  1, i.e. ,  through  the  partial
wave  analysis  [1].  Their  analysis  also  clarified  that  the
evidence for  seems to be caused by interference
from . In  2022,  the  BESIII  Collaboration  repor-
ted  the  first  observation  of  the  isoscalar hybrid  can-
didate  in  a  partial  wave  analysis  of 

 [2, 3].  The mass and total decay width
of  this  state  are  and ,
respectively. This  breakthrough  provides  a  valuable  op-
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portunity  to  gain  deeper  insight  into  these  mysterious
hadron species and has stimulated considerable theoretic-
al  interest  [4−16]. In  fact,  an  immediate  question  con-
cerning hybrid  states  is  that  of  their  partners.  For  in-
stance, in the light quark sector, one would expect the ex-
istence  of  a  flavor  nonet . An  immediate  investiga-
tion of the hybrid nonet after the observation of 
can  be  found  in  Ref.  [4]. Historically,  experimental  ef-
forts in the search for hybrid states can be found in the lit-
erature  [17−22].  Comprehensive  reviews  of  the  relevant
issues can be found in Refs. [23, 24].

π1(1600) η1(1855)

1/2
±1

η′1

1/2
JP = 1−

qq̄ 1−

The possible existence of the hybrid nonet has strong
support  from  lattice  QCD  simulations  [25, 26].  With

 assigned  as  the  isovector  state  and  as
one  of  the  isoscalar  states,  two  pieces  are  still  missing
from the jigsaw puzzle. Namely, these are the isospin 
partner  with  strangeness  and the other  isoscalar  state

. In Ref. [4], possible solutions for the nonet spectrum
based  on  the  Gell-Mann–Okubo mass  relation  were  dis-
cussed. An interesting feature of the isospin  partners
is  that  they  do  not  have  a  fixed C-parity.  With ,
such a hybrid state has the same quantum numbers as the

 state. Thus, it may mix with the  states in the same
mass regime.

I = 1/2
K∗(1680)
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π1(1600) 1−+
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ρ(1450)
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The  strange  partner  can  be  assigned  to
,  which  is  the  only  strange  vector  meson  found

in the vicinity of the mass region  GeV [27]. Giv-
en  that  is  the  isovector  state  of  the  lowest 
hybrid,  is too light to be its strange partner. Ac-
tually,  also  appears  to  be  too  light  for  a 
state,  taking  into  account  its  isovector  partner 
[27].  In Ref.  [28],  it  was suggested that  the low mass of

 might be  due to  the  presence  of  additional  hy-
brid admixtures.

K∗(1680) 13D1

K∗(1680)− K−η K−π0

0.11±0.02(stat)+0.06
−0.04(syst)±0.54(BPDG)

(≈ 1) K∗(1680)
13D1

K∗(1410) K∗(1680)

K∗(1680) 3D1

It is possible to assign  as the  vector in
the strange sector.  However,  the  relative  branching frac-
tion of  to  and  measured by the Belle
Collaboration,  [29],
does not seem to be consistent with the theoretical predic-
tions  under  the  assumption that  is  a  pure

 state [30, 31]. In Ref. [30], the relationship between
the  and  mesons and the D-wave spec-
trum  were  investigated,  and  it  was  also  shown  that

 cannot be a pure  state.

K∗(1680)
qq̄

The  above  issues  leave  open  the  possibility  that
 could be a candidate for the strange hybrid or a

mixed state between the  and hybrid configurations [4].
K∗(1680)

1−(+)

K∗

qq̄
K∗(1680) K∗(1680)
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In this work, we explore the possibility that 
is the strange hybrid of the  nonet. At the same time,
it  should be recognized that  the hybrid  can mix with
the conventional vector state. To clarify this, we also con-
sider the impact of  mixing with the hybrid on the de-
cay of . The idea is that, if  is assumed
to be a conventional  state in the quark model, its two-
body decays into different channels can be reasonably de-

3P0 n2S+1LJ

qq̄
JP(C) = 1−(+)

K∗(1680) qq̄

scribed by the quark pair creation model (QPC) [32−37],
which is also known as the  ( ) model. Since the
QPC  model  has  been  broadly  applied  to  various  decay
processes and has proven successful  [38−44],  significant
deviations from the  QPC model  expectations  may indic-
ate nontrivial mechanisms or structures different from the

 scenario. It is reasonable to assume that, as the strange
hybrid  of  the  nonet,  the  two-body  hadronic
decays  of  should  differ  from  those  of  a 
meson. We therefore investigate whether such a possibil-
ity exists.

qq̄

q̄

qq̄
qq̄

While  there  have  been  various  phenomenological
studies of hybrid states in the literature [45−48], the flux-
tube  (FT)  model  [49]  provides  a  dynamical  connection
between the decay mechanism of  a  hybrid state  and that
of a  meson in the QPC model. For the decay of a hy-
brid  in  the  FT  model,  the  collinear  mode  describing  the
motion  of  the  constituent  gluon  along  the  direction
between q and  can  be  regarded  as  equivalent  to  the
QPC model if multi-soft-gluon exchanges are included in
the decay. In contrast, the transverse mode of gluon mo-
tion should manifest itself as a mechanism different from
the QPC  model,  since  contributions  from  the  gluon  de-
grees of freedom can affect the quantum numbers in addi-
tion  to  those  of  the  subsystem.  In  this  sense,  we  can
parametrize the transitions involving both the  and hy-
brid configurations and examine whether  the present  ex-
perimental data provide evidence for the hybrid configur-
ation.

The remainder of the paper is organized as follows: In
Sec. II, we present our theoretical framework. In Sec. III,
numerical results  are given.  Comparisons with the avail-
able experimental data and discussions of the underlying
mechanisms  are  presented.  A  brief  summary  is  given  in
Sec. IV. 

II.  THEORETICAL FRAMEWORK

K∗(1680)

qq̄

qq̄ K∗(1680)→ PP
qq̄

K∗(1680)
23S 1 13D1

qq̄

K∗(1680)→ PP
K∗(1680)

qq̄

Our strategy for studying the properties of  is
based  on  the  following  considerations:  (i)  As  mentioned
earlier,  the two-body decays of an initial  state can be
reasonably described within the QPC model. This allows
us to  investigate  the  scenario  for  and
VP as  a  conventional  state  and  to  establish  relations
among these decay channels via SU(3) flavor symmetry.
By assigning  as either the first radial excitation
state  or the orbital excitation state , we will ex-
amine whether it can be described within the  scenario.
(ii) By  introducing  the  hybrid  scenario,  we  will  also  in-
vestigate  the  decay  patterns  of  the  initial  hybrid

 and VP, with both the collinear and trans-
verse modes considered. (iii) We then consider 
as a mixed state of a conventional  state and a hybrid.
The mixing  angle  will  be  fitted  through  an  overall  de-
scription  of  all  the  two-body  decay  channels  of
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K∗(1680)→ PP and VP.
At  the  hadronic  level,  the  decay  of  an  initial  vector

meson into PP and VP can be described by effective Lag-
rangians.  With V and P denoting the ground-state vector
and pseudoscalar mesons, respectively, SU(3) flavor sym-
metry  allows  us  to  establish  connections  among  all  the
PP and VP decay channels. The following effective Lag-
rangians are adopted:
 

LVPP = igVPPTr[(P∂µP−∂µPP)Vµ], (1)

 

LVVP =
1

mV
gVVPϵαβµνTr[∂αVµ∂βVνP], (2)

gVPP gVVPwhere  and  are  dimensionless  coupling
strengths.  Here, V and P denote the  vector  and  pseudo-
scalar  fields  of  the  ground-state SU(3) nonet,  respect-
ively, and take the following forms

 

P =

à sinαPη
′+ cosαPη+π

0

√
2

π+ K+

π−
sinαPη

′+ cosαPη−π0

√
2

K0

K− K̄0 cosαPη
′− sinαPη

í
, (3)

and
 

V =

à
ω+ρ0

√
2

ρ+ K∗+

ρ−
ω−ρ0

√
2

K∗0

K∗− K̄∗0 ϕ

í
. (4)

ω = (uū+
dd̄)/
√

2 ϕ = ss̄ η′

η = cosαPnn̄−
sinαPss̄ η′ = sinαPnn̄+ cosαPss̄ nn̄ ≡ (uū+
dd̄)/
√

2 αP ≡ arctan
√

2+ θp

θp

K∗(1680)→ PP

In  the  vector  sector,  ideal  mixing  between 
 and  is  adopted.  As for η and ,  they can

be  expressed  in  the  quark-flavor  basis  as 
 and ,  where 
,  and  the  mixing  angle ,  with

 being  the  flavor  singlet-octet  mixing  angle.  For  the
two-body  hadronic  decays,  most  of  the 
and VP decay channels are kinematically allowed. We fo-
cus  on  the PP and VP decay channels,  taking  into  ac-
count  the  experimental  situation.  The  hadronic-level
transition amplitudes  in  the  effective  Lagrangian  ap-
proach (ELA) are as follows:
 

iMELA
VPP = igVPP(pB− pC)µϵ

µ
A = igVPP2|pB|, (5)

 

iMELA
VVP =

1
mA

igVVPϵαβµνpαA pβBϵ
µ
Aϵ

ν
B
∗ = igVVPmA|pB|. (6)

qq̄
The  coupling  constants  defined  above  can  receive

contributions from the decay of the conventional  com-
ponent via the QPC model and from the decay of the hy-
brid component via the FT model.

K∗(1680)→ VP

qq̄

As  discussed  earlier,  the  FT  model  actually  contains
the QPC model. Its collinear mode shares dynamics sim-
ilar  to  those  of  the  QPC  model  in  the  decay.  Since  we
consider  only  the  decays  of  a  fixed  set  of  processes,
namely  and PP, we assume that  the col-
linear mode can be described by the QPC model.  Mean-
while, the transverse mode is driven by a different mech-
anism. These  are  two  independent  mechanisms  for  hy-
brid  decays  and  are  illustrated  in Fig.  1 (a) and  (b),  re-
spectively.  At  the  quark  level, Fig.  1 (a)  dominates  the
collinear  mode  and  describes  the  breaking  of  the  flux-
tube  string  through  the  creation  of  a  pair that  com-
bines  with  the  initial  quark  and  antiquark.  With  multi-
gluon exchanges during hadronization, Fig. 1 (a) behaves
similarly to  the  QPC transition.  This  allows us  to  evalu-
ate  the  coupling  of  the  collinear-mode  decay  using  the
QPC  model  and  to  unify  these  two  mechanisms  within

 

Fig. 1.    (color online) Schematic illustrations of the two-body hadronic decays of hybrid states. Panel (a) is dominated by the collin-
ear mode, while panel (b) is dominated by the transverse mode.
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the same framework.

qq̄

qq̄

The hybrid decay via the transverse mode dominates
the process shown in Fig. 1 (b). The quark pair created by
the  transverse  mode  causes  the  initial  quark-antiquark
pair  to  recoil  through  the  transverse  flux  motion.  Then,
with  a  soft  gluon  exchange  that  neutralizes  the  color  of
the recoiled  pair, the process shown in Fig. 1 (b) plays
a crucial and unique role in decay channels involving the
production of flavor-singlet hadrons. For conventional 
decays, a process similar to that shown in Fig. 1 (b) may
also occur. However, it  is usually suppressed by the Ok-
ubo-Zweig-Iizuka (OZI) rule. In contrast, in the decay of
a hybrid, Fig. 1 (b) is not necessarily suppressed [50].

1−+ qq̄g̃
With  the  above  considerations,  we  can  define  the

transition amplitude for a  hybrid of  decaying in-
to two conventional mesons, PP and VP, as follows [4] 

MVPP
a = ⟨(q1q̄4)P(q3q̄2)P|V̂C |q1q̄2g̃⟩ ≡ gVPP

1 |pB|,

MVPP
b = ⟨(q1q̄2)P(q3q̄4)P|V̂T |q1q̄2g̃⟩ ≡ gVPP

2 |pB|,

MVVP
a = ⟨(q1q̄4)P(V)(q3q̄2)V(P)|V̂C |q1q̄2g̃⟩ ≡ gVVP

1 |pB|,

MVVP
b = ⟨(q1q̄2)P(V)(q3q̄4)V(P)|V̂T |q1q̄2g̃⟩ ≡ gVVP

2 |pB|, (7)

Ma Mb

V̂C V̂T

|pB|

where  and  are  the  amplitudes  corresponding  to
the collinear and transverse flux excitations, respectively,
and  and  are the  corresponding  interaction  poten-
tials.  is the three-momentum of the final-state meson
in the c.m. frame of the initial hybrid.

K∗(1680)→ PP

By matching  the  transition  amplitudes  defined  at  the
quark level to those defined at the hadronic level, we ob-
tain  the  following  relations  for  the  hybrid-state  decays

 and VP: 

MFT
PP = 2gFT

PP|pB|, PP = K+π0,K+η,K+η′,

MFT
VP = gFT

VP|pB|, VP = K∗+π0,ρ0K+,ϕK+,ωK+,K∗+η . (8)

g1

g2 gFT
PP/VP

K∗+(1680)→ PP

The above relations allow a unified description of the de-
cay  processes  in  terms  of  the  two  coupling  constants 
and , with which the hadronic couplings  for the
eight  decay  channels  and VP can  be
parameterized as 

gFT
PP/VP = gFT(C)

PP/VP(g1)+gFT(T)
PP/VP(g2) . (9)

The specific expression for each channel can be obtained
as follows: 

gFT(C)
K+π0 =

1√
2

gK+π0

1 , gFT(T)
K+π0 = 0, (10)

 

gFT(C)
K+η =

Å
1√
2

cosαP−RsinαP

ã
gK+η

1 ,

gFT(T)
K+η =

Ä√
2cosαP−RsinαP

ä
δgK+η

1 , (11)

 

gFT(C)
K+η′ =

Å
1√
2

sinαP+RcosαP

ã
gK+η′

1 ,

gFT(T)
K+η′ =

Ä√
2sinαP+RcosαP

ä
δgK+η′

1 , (12)

 

gFT(C)
K∗+π0 =

1√
2

gK∗+π0

1 , gFT(T)
K∗+π0 = 0 (13)

 

gFT(C)
K+ρ0 =

1√
2

gK+ρ0

1 , gFT(T)
K+ρ0 = 0, (14)

 

gFT(C)
K+ω =

1√
2

gK+ω
1 , gFT(T)

K+ω =
2√
2
δgK+ω

1 , (15)

 

gFT(C)
K+ϕ = RgK+ϕ

1 , gFT(T)
K+ϕ = RδgK+ϕ

1 , (16)

 

gFT(C)
K∗+η =

Å
1√
2

cosαP−RsinαP

ã
gK∗+η

1 ,

gFT(T)
K∗+η =

Ä√
2cosαP−RsinαP

ä
δgK∗+η

1 , (17)

g1 g2

δ ≡ g2/g1

g1,2

g2

K∗(1680)→ Kπ

qq̄ qq̄g̃

where we label the decay channels in the superscripts of
 and  to  highlight  the  possible  differences  arising

from their distinct spatial convolutions in different decay
channels.  The  ratio  stands  for  the  relative
strength of the two couplings . For decay channels in
which  the  final  states  contain  no  isoscalar  mesons, 
should  vanish.  For  instance,  in ,  only
Fig. 1 (a) contributes. In this sense, it is difficult to distin-
guish between the  and  scenarios.

The assumption  that  the  collinear  mode  can  be  de-
scribed by the  QPC model  makes  it  possible  to  quantify
this amplitude through explicit calculations.

qq̄

K∗(1680)→ PP

To proceed, we employ the QPC model to extract the
transition  amplitudes  for  the  scenario  (see Fig.  2).
These amplitudes  can  provide  an  estimate  of  the  collin-
ear-mode amplitudes for the hybrid scenario. Then, by in-
troducing the relative coupling strength δ, one can evalu-
ate all the decay channels of  and VP.

qq̄The QPC amplitude for a  decay can be expressed
in the following form: 

MQPC
PP/VP = γCQPC

PP/VPIQPC
PP/VP, (18)

qq̄
CQPC

PP/VP

where γ is  the  coupling  strength  for  creating  the  pair
from the vacuum, and  is a constant arising from all
the  Clebsch-Gordan coefficients,  spin  and  flavor  over-
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√
EAEBEC IQPC

PP/VP

pB

laps,  and  the  energy  factor ;  is the  spa-
tial  integral  obtained from the convolution of  the  initial-
and  final-state  wave  functions  and  is  a  function  of  the
outgoing momentum . In comparison with the hadron-
level  transition  amplitudes  in  the  ELA  for  Eqs.  (5)  and
(6), the QPC amplitude can also be expressed as 

MQPC
PP = 2gQPC

PP |pB|, PP = K+π0,K+η,K+η′

MQPC
VP = gQPC

VP |pB|, VP = K∗+π0,ρ0K+,ϕK+,ωK+,K∗+η.

(19)

gQPC
PP/VP

By matching Eq. (18) to Eq. (19),  the effective coupling
constant  for each  decay  channel  can  be  determ-
ined from the QPC amplitude. 

gQPC
PP =

γ

2
CQPC

PP ĨQPC
PP (|pB|),

gQPC
VP = γCQPC

VP ĨQPC
VP (|pB|), (20)

gPP gVPwhere  the  superscript  "QPC"  on  and  indicates
that  the  effective  couplings  are  extracted  from  the  QPC
model.

qq̄
K∗(1680)

Consider  the  mixing  of  the  conventional  and hy-
brid  components  in , characterized  by  the  mix-
ing angle ζ, 

|K∗(1680)⟩ = cosζ |qq̄(n2S+1LJ=1)⟩+ sinζ |qq̄g̃⟩ , (21)

where ζ is  the  mixing  angle; n, L, S,  and J are, respect-
ively, the radial quantum number, the relative orbital an-
gular  momentum  between  the  quark  and  antiquark,  the

qq̄total spin, and the total angular momentum of the  sys-
tem 1). The total amplitudes can then be expressed as 

Mtot
PP/VP = cosζMQPC

PP/VP+ sinζMFT
PP/VP. (22)

ζ = 0/π
K∗(1680) qq̄ ζ = π/2

K∗(1680)

For ,  the  amplitudes  describe  the  initial  state
 as  a  conventional  meson;  for ,  the

amplitudes describe  as a pure hybrid state. The
total amplitude  for  each  decay  channel  is  given  as  fol-
lows: 

Mtot
PP = 2|pB|

[
gQPC

PP cosζ +
(
gFT(C)

PP +gFT(T)
PP

)
sinζ

]
,

PP = K+π0,K+η,K+η′,

Mtot
VP = |pB|

[
gQPC

VP cosζ +
(
gFT(C)

VP +gFT(T)
VP

)
sinζ

]
,

VP = K∗+π0,ρ0K+,ϕK+,ωK+,K∗+η. (23)

gFT(C)
PP/VP = gQPC

PP/VP gPP/VP
1

gPP/VP
1

(ms,mq)
(βP,βV ,βK∗(1680))
αP = 42◦

K∗(1680)

As discussed previously, the coupling strength for the
collinear mode  can  be  approximated  by  the  QPC  coup-
ling  strength, i.e., .  Thus,  for  each
decay channel can be extracted from the QPC model. At
this  point,  is  a  function  of γ 2),  the  constituent
quark  masses , and  the  harmonic  oscillator  para-
meters  from  the  wave  functions.  After
fixing ,  in  principle,  we  are  left  with  only  two
free parameters, i.e., δ and ζ,  in the transition amplitude.
These parameters can be constrained by the experimental
data,  and  their  values  can  provide  physical  information
regarding the composition of .

For  completeness,  we  briefly  summarize  the  QPC
model here. In the QPC model, the process of quark-pair
creation from the vacuum can be described as

 

T̂ = −3γ
∑

m

⟨1m;1−m|00⟩(2π)3/2
∫

d3 p3d3 p4δ
3(p3+ p4)y1m

( p3− p4

2

)
χ34

1−mϕ
34
0 ω

34
0 b†3i(p3)d†4 j(p4). (24)

 

K∗(1680) qq̄Fig. 2.    (color online) Illustrations of the strong decays of , treated as a  state, into PP or PV channels in the QPC model.
The collinear mode of a hybrid decay shown in Fig. 1(a) cannot be distinguished from the QPC mechanism shown here.

K∗(1680) qq̄ η1(1855)Nature of  and -hybrid mixing as the SU(3) partner of  in the strange sector Chin. Phys. C 50, 103105 (2026)

qq̄
|K∗′⟩ = −sinζ |qq̄(n2S+1LJ=1)⟩+ cosζ |qq̄g̃⟩

1) We assume that the -hybrid mixing can be accommodated by a unitary transformation. Thus, such a mixing pattern actually predicts a partner with a wave func-
tion of . Owing to the lack of experimental information, we leave the relevant discussion to be addressed later.

2) It should be noted that although the collinear mode cannot be distinguished from the QPC model, the collinear-mode hybrid-decay coupling γ, defined by analogy
with the QPC model coupling, is likely to take a smaller value than that adopted in the QPC model. We will discuss this later in Sec. III.
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pi

ϕ34
0 = (uū+dd̄+ ss̄)/

√
3 ω34

0 =
1√
3
δi j

χ34
1−m

q3q̄4

Y1m(p) ≡ |p|1Y1m(θ,ϕ)

q3q̄4

Here the momenta of the created quark and antiquark are
integrated  over  all  values,  subject  to  the  condition  that
their total momentum is zero; the subscripts i and j are the
color SU(3) indices of the created quark and antiquark; 
denotes  the  three-momentum  of  the i-th  quark

(antiquark); ,  and
 are  the  flavor-singlet,  color-singlet,  and  spin-triplet

wave functions of the created  pair, respectively; the
first  solid  harmonic  polynomial  re-
flects  the P-wave  momentum-space  distribution  of  the

 pair; γ is  a  dimensional  constant  describing  the
strength of quark-pair creation from the vacuum and can

K∗(1680)

be extracted by fitting data.  As mentioned earlier,  in  the
collinear-mode  transition  of  the  hybrid,  when  the  flux
tube  breaks,  the  multi-soft-gluon  exchanges  between  the
initial  and  final  created  light  quark-antiquark  pairs  will
erase  the  information  about  the  initial  gluelump.  This
makes the hybrid collinear-mode transition indistinguish-
able  from the  QPC model  in  two-body hadronic  decays.
Taking into account the multi-gluon-exchange effects, the
coupling γ should be smaller  than the values used in the
conventional  QPC  model.  In  the  center-of-mass  (c.m.)
frame  of  the  initial  meson , the  helicity  amp-
litude can be written as

 

MMJA MJB MJC = γ
√

8EAEBEC(2π)3/2
∑
⟨LAMLA ;S AMS A |JAMJA⟩⟨LBMLB ;S BMS B |JBMJB⟩

× ⟨LC MLC ;S C MS C |JC MJC ⟩⟨1m;1−m|00⟩⟨χ32
S C MSC

χ14
S B MS B

|χ12
S A MS A

χ34
1−m⟩

×
ï
⟨ϕ32

C ϕ
14
B |ϕ12

A ϕ
34
0 ⟩I

MLA m
MLB MLC

(pB,m1,m2,m3)

+ (−1)1+S A+S B+S C ⟨ϕ14
C ϕ

32
B |ϕ12

A ϕ
34
0 ⟩I

MLA m
MLB MLC

(−pB,m2,m1,m3)
ò
, (25)

∑
MLA MS A MLB MS B MLC MS Cwhere the symbol  denotes the summation over , , , , , , and m. Meanwhile, the wave func-

tion convolution in momentum space has the following form:
 

I
MLA m
MLB MLC

(pB,m1,m2,m3) =
∫

dp3ψ
∗
B

Å
m4

m1+m4
pB+ p3

ã
ψ∗C

Å
m3

m2+m3
pB+ p3

ã
ψA(pB+ p3)y1m(p3). (26)

which serves as the form factor defined at the hadronic level. The wave function in momentum space is expressed as fol-
lows:
 

ψnlm(p,β) = (−1)n(−i)l

 
2n!

(n+ l+1/2)!

Å
p
β

ãl 1
β3/2

e−
p2

2β2 Ll+1/2
n

Å
p2

β2

ã
Ylm(θ,ϕ) ≡ Rnl(p)Ylm(θ,ϕ), (27)

La
n(x) =

n∑
k=0

(−1)kCn−k
n+a

xk

k!
Ylm(θ,ϕ)
ψnlm

δ3(p− p′)

where  denotes  the  generalized

Laguerre  polynomial,  and  is the  spherical  har-
monic  function.  Note  that  is  the  wave  function  for
the internal motion of the quarks in the harmonic oscillat-
or  (HO)  basis,  and β is  the  HO  strength  parameter.  The
wave  function  describing  the  c.m.  motion  is .
The corresponding normalization conditions are 

∫ ∞
0

dp[Rnl(p)]2 p2 = 1,∫ π

0

∫ 2π

0
dθdϕY∗l1m1

(θ,ϕ)Yl2m2 (θ,ϕ) = δl1l2δm1m2 . (28)

Using  the  relativistic  phase-space  formalism,  the  decay
width in the c.m. frame is given by [51]
 

Γ =
|pB|

8πM2
A

s
(2JA+1)

∑
MJA ,MJB ,MJC

∣∣MMJA MJB MJC
∣∣2 , (29)

|pB| =
√

[m2
A− (mB+mC)2][m2

A− (mB−mC)2]/(2mA)

JA

s = 1/(1+δBC)

K∗(1680)
|qq̄(23S 1)⟩

|qq̄(33S 1)⟩ |qq̄(13D1)⟩

where 
is  the  three-momentum  of  the  final-state  particle  in  the
c.m.  frame;  is  the  spin  of  the  initial  state;  and

 is a statistical factor needed when B and C
are  identical  particles.  In  the  numerical  studies,  we  will
investigate  the  possibility  that  can  be  assigned
as  either  the  radial  excitation  state  or

, or as the D-wave state .
 

Samee Ullah, Ye Cao, Ming-Xiao Duan et al. Chin. Phys. C 50, 103105 (2026)
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III.  RESULTS AND DISCUSSIONS

K∗(1680)
qq̄ K∗

K∗(1410)
|qq̄(23S 1)⟩

ρ(1450) I = 1

K∗(1410)
K∗(1680)

|qq̄(33S 1)⟩ |qq̄(13D1)⟩

Proceeding to  the  numerical  study,  we  first  investig-
ate the possible assignment of  as a convention-
al  state  in  the  quark  model.  For  the  vector  spec-
trum, as discussed in the Introduction,  could be
the  candidate  for  the  first  radial  excitation ,
though its mass is too low if one takes  as its 
partner  [27].  While  one  may  need  to  understand  why

 has such a low mass, alternative possibilities are
that  could  be  the  second radial  excitation  state

 or  the D-wave  state . We  will  dis-
cuss these possibilities with the numerical results later.

K∗(1680)

mu = md =

mq = 300 ms = 500
βP = 550 βV = 450

γ1 αP = 42◦ η′

R = mq/ms

qq̄

Note that we have only five experimental data points
to fit but nine parameters in the formalism. One also no-
tices that  the  experimental  measurements  of  the  branch-
ing ratios and the total width of  bear quite large
uncertainties. Thus,  when  performing  the  numerical  cal-
culation, it is necessary to fix some of the input paramet-
ers in order to reduce the number of parameters. Among
these parameters, the constituent quark masses (

 MeV,  MeV),  harmonic  oscillator
strengths  (  MeV,  MeV),  coupling
strength  for the QPC model,  for the η and 
mixing,  and  the SU(3)  flavor  symmetry  breaking  factor

 are  fixed  in  the  calculation.  By  fixing  these
quark model parameters, we set certain limits on the pat-
terns from the NRCQM. We then examine whether some
of these patterns can be accounted for in the NRCQM and
whether  the -hybrid  mixing  can  explain  deviations

from the NRCQM expectations.

g1 g2 qq̄

g1

δ = g2/g1

g1

γ2

The  remaining  free  parameters  include  the  hybrid
couplings  and  and  the -hybrid  mixing  angle ζ,
which will be determined by the numerical fitting. Altern-
atively,  we  can  define  and  the  relative  strength

 as  the  two  independent  coupling  parameters,
and  will  be  connected  to  the  QPC  coupling  via  the
parameter  through the relations given in Eq. (20).

K∗(1680) qq̄

In Table  1,  all  the  parameters  are  listed.  With  the
fixed parameters,  we can first  calculate the partial  decay
widths  for  by  treating  it  as  a  conventional 
state.  We  then  introduce  hybrid  mixing  into  the  wave
function to provide a possible solution. 

A.    Interpretation in the QPC model

K∗(1680) qq̄
|qq̄(23S 1)⟩ |qq̄(33S 1)⟩ |qq̄(13D1)⟩

|qq̄(33S 1)⟩

K∗(1680)
|qq̄(33S 1)⟩

In Table 2, we list the extracted effective couplings in
the QPC model by treating  as a  vector state,
namely, either , , or . It can
be  seen  that  the  radial  excitation  has  rather
small couplings to the PP and VP channels. As shown be-
low,  this  implies  that  is  unlikely  to  be  the

 state.

K∗(1680) |qq̄(23S 1)⟩
|qq̄(33S 1)⟩

|qq̄(23S 1)⟩ → K∗π Kρ

More  specifically,  the  corresponding  partial  decay
widths are listed in Table 3, where they can be compared
with the experimental data. The calculated partial widths
obtained by assigning  to the pure  and

 states exhibit significant discrepancies with the
experimental data. For  and , the cal-
culated values can be considered to be in agreement with
the experimental  data  within the uncertainties.  However,

 

u/d mq/s

γ1 qq̄ γ2

αp η′

qq̄ K∗(1680) δ = 0.8, 1.0, 1.2 −0.8
a, b, c

Table 1.    In our numerical studies, the parameters of the QPC model are fixed, including the  and s quark constituent masses ,
the HO parameters β,  the QPC coupling strength  for the  component and  for the hybrid collinear-mode transition, the SU(3)
breaking factor R, and the flavor singlet and octet mixing angle  for the η-  mixing. The mixing angle ζ between the conventional

 and hybrid components within  is fitted with the transverse-mode transition fixed at , and , which are la-
belled by the superscripts , and d, respectively.

mq ms βP βV γ1 γ2 R αP ζa ζb ζc ζd

Value 300 MeV 500 MeV 550 MeV 450 MeV 10.4 7 mq/ms 42◦ 9.79◦ ±1.23◦ 8.28◦ ±0.93◦ 7.15◦ ±0.76◦ 171.11◦ ±1.18◦

fixed fixed fixed fixed fixed fixed fixed fixed fitted fitted fitted fitted

 

K∗(1680)→ PP K∗(1680)
|qq̄(23S 1)⟩ |qq̄(33S 1)⟩ |qq̄(13D1)⟩ K∗(1680) qq̄

13S 1 K∗(1680)

γ1 = 10.4 γ2 = 7

Table 2.    The coupling constants for the decays  and VP were extracted using the QPC model, assuming that 
is a pure , , or  state. Given that  is the lowest-energy hybrid, the  component should be in the
ground state . The corresponding coupling constants, extracted in the QPC model at the mass of , are listed in the fifth and
sixth rows, where the subscripts "1" and "2" denote the different values  and  adopted in the calculation, respectively.

K+π0 K+η K+η′ K∗+π0 K+ρ0 K+ω K+ϕ K∗+η

gQPC(23S 1) 1.18 2.16 0.14 4.62 5.32 5.35 5.64 0.93

gQPC(33S 1) 0.02 −0.23 −0.01 −1.16 −1.54 −1.57 −2.06 −0.27

gQPC(13D1) 2.39 3.52 0.57 −3.02 −3.25 −3.27 −2.79 −1.12

gQPC(13S 1)1 −4.66 −7.12 0.29 −10.23 −11.26 −11.31 −0.68 −1.12

gQPC(13S 1)2 −3.14 −4.79 0.19 −6.88 −7.58 −7.59 −7.61 −0.46

K∗(1680) qq̄ η1(1855)Nature of  and -hybrid mixing as the SU(3) partner of  in the strange sector Chin. Phys. C 50, 103105 (2026)
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K∗(1680)→ Kπ Kη
|qq̄(23S 1)⟩ → Kπ

Kη
|qq̄(33S 1)⟩

|qq̄(13D1)⟩
Kπ K∗π Kρ

γ1 = 10.4

Kη

K∗π Kρ

the partial widths for  and  clearly can-
not  be  explained  by  the  transitions  of 
and ,  respectively.  With  the  assignment  of  a  pure

 state, almost none of the decay channels can be
accounted for. In contrast, with the assignment of a pure

 state,  better  agreement  with  the  experimental
data  can  be  achieved  in  the , ,  and  channels.
The results with  adopted for the QPC coupling
are  also  consistent  with  those  reported  in  Ref.  [31].
However, the calculated partial width for the  channel
is one order of magnitude larger than the data. Moreover,
the partial widths of the  and  channels are close to
the lower bounds of the uncertainty ranges.

K∗(1680)

S −D

|qq̄(23S 1)⟩−
|qq̄(13D1)⟩

Kη

Kπ

Kη

These results show that  can hardly be inter-
preted as either a radial excitation state or a D-wave vec-
tor  state.  One  may  wonder  whether  mixing  can
provide a solution. This appears highly unlikely, as indic-
ated  by  the  pure-state  calculations.  For  the 

 mixing,  if  the S-wave is  dominant,  construct-
ive  interference  from  the D-wave  in  the PP channel
would be required. This would lead to an even larger par-
tial  width  for  the  channel  and  would  contradict  the
data.  If  the D-wave is  dominant,  destructive interference
from  the S-wave  would  be  required  to  satisfy  the 
channel. However, a smaller and destructive S-wave com-
ponent would still result in a large partial decay width for
the  channel.

S −D
K∗(1410) K∗(1680)

13D1 23S 1

To quantify the  mixing effects, we consider the
physical states  and  as mixtures of the

 and  states, similar to Ref. [31], i.e., (
|K∗(1410)⟩
|K∗(1680)⟩

)
=

(
cosθsd sinθsd

−sinθsd cosθsd

)(
|13D1⟩
|23S 1⟩

)
, (30)

θsd θsd

π Kη K∗π Kρ
where  denotes the mixing angle.  The  dependence
of  the  partial  decay  widths  for  the , , ,  and 

K∗(1680)

θsd

S −D

K∗(1410) θsd

−90◦ 90◦

K∗(1410) 23S 1 K∗(1680)
13D1 Kη

channels  of  is  presented  in Fig.  3.  The  results
show  that  no  reasonable  value  or  range  of  the  mixing
angle  can  simultaneously  describe  the  experimental
data  for  these  four  channels,  even  considering  the  large
experimental uncertainties. This suggests that  mix-
ing is insufficient to account for the data. In Ref. [31], it
was  suggested  that,  to  explain  the  experimental  total
width of , the mixing angle  should be either

 or .  This  supports  the  scenario  in  which
 is  a  pure  state,  and  thus  would

be a pure  state. However, the small width of the 
channel cannot be explained in this picture. Nevertheless,

 

K∗(1680)
K∗(1680) qq̄

13D1

|qq̄g̃⟩ a, b, c |qq̄g̃⟩ 0.8, 1.0, 1.2
−0.8 χ2

Table 3.    The partial decay widths (in MeV) are calculated based on different scenarios for . The experimental results are lis-
ted in the second row. The values in the third, fourth, and fifth rows are obtained by treating  as a pure  state. The values in
the sixth, seventh, eighth, and ninth rows are the results obtained by considering the mixing between the  state and the hybrid state

. The superscripts , and d on  correspond to the best-fitting results for ζ when δ takes the different values of ,
and , respectively. The last column shows the chi-square ( ) values for the four fitting schemes.

Modes Kπ Kη Kη′ K∗π Kρ Kω Kϕ K∗η Tot χ2

Expt. 123.84+53.32
−47.82 4.48+5.84

−3.22 - 95.68+42.35
−43.39 100.48+56.04

−38.95 - seen - 320±110 -

|qq̄(23S 1)⟩pure 35.95 26.76 0.03 135.77 142.02 46.90 16.62 0.76 404.82 -

|qq̄(33S 1)⟩pure 0.008 0.31 ∼ 0 8.62 12.00 4.02 2.22 0.06 27.24 -

|qq̄(13D1)⟩pure 147.18 70.97 0.50 57.95 53.21 17.53 4.06 1.09 352.48 -

|qq̄(13D1)⟩+ |qq̄g̃⟩a 85.52±7.07 3.28±4.68 0.62±0.02 109.35±7.13 101.55±6.73 70.88±8.76 13.46±1.49 1.98±0.13 386.63±21.85 1.12

|qq̄(13D1)⟩+ |qq̄g̃⟩b 94.31±5.48 3.84±4.54 0.62±0.02 100.74±5.21 83.43±4.91 69.56±7.59 12.80±1.23 2.02±0.12 377.31±18.11 0.67

|qq̄(13D1)⟩+ |qq̄g̃⟩c 101.14±4.57 4.10±4.46 0.62±0.02 94.39±4.15 87.45±3.91 68.26±6.99 12.28±1.08 2.03±0.11 370.27±16.13 0.49

|qq̄(13D1)⟩+ |qq̄g̃⟩d 208.67±8.25 7.17±4.13 0.50±0.01 23.39±3.66 21.01±3.39 25.36±1.06 3.31±0.11 1.55±0.07 290.95±1.91 8.88

 

K∗(1680)

Kπ Kη K∗π Kρ

θsd

K∗(1680)

Kπ Kη K∗π Kρ

K∗π Kρ

K∗π

Fig. 3.    (color online)  The orange solid line, gray solid line,
red  dashed  line,  and  blue  dot-dashed line  represent  the  vari-
ations  in  the  partial  decay  widths  of  into  the  final
states , , ,  and  as  functions of  the mixing angle

, respectively. The horizontal orange, gray, and blue bands
represent  the  experimental  ranges  for  the  decays  of 
into , ,  and  ( ),  respectively.  Since  the  partial
widths of the  and  channels are very close, as shown in
Table 3, we use the experimental data for  for both chan-
nels to keep the figure concise.

Samee Ullah, Ye Cao, Ming-Xiao Duan et al. Chin. Phys. C 50, 103105 (2026)
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S −D
K∗(1680)

various  pieces  of  evidence  indicate  that  mixing
cannot explain the decay pattern of .

|qq̄(33S 1)⟩− |qq̄(13D1)⟩
|qq̄(33S 1)⟩

Kη
qq̄

qq̄

For  the  mixing,  the  much
smaller coupling of  to the PP and VP channels
means that it will be impossible to explain the small par-
tial  width  for  the  decay  if  the  other  channels  can  be
explained.  In  short,  one  can  conclude  that  the  pure 
scenario is not sufficient for interpreting the experiment-
al  data,  although  the  data  still  bear  large  uncertainties.
This makes it  natural  to introduce  and hybrid mixing
as a possible solution. 

qq̄B.    Interpretation with the -hybrid mixing

3P0

|13S 1(qq̄)⟩ g1

|13S 1(qq̄)⟩ VV
K∗(1680)

K∗(1680)

γ2

g1

qq̄ γ1

qq̄

γ2

As  discussed  earlier,  the  hybrid  decays  into PP and
VP via Fig.  1 (a)  can  be  described  by  the  QPC  model,
since the quark pair created by the gluelump will involve
multiple  soft-gluon  exchanges,  which  ultimately  lead  to
behavior similar to that of the  decay. This makes the
process in Fig. 1 (a) indistinguishable from that of an ini-
tial .  Note  that  the  effective  coupling  is ex-
tracted by matching it  to  the  QPC model  and by assum-
ing that it is connected to the coupling of the ground state

 to PP and , but with the mass set to that of
the . However, since the physical mass, i.e.,  the
mass  of ,  is  far  from  that  of  the  ground-state
vector meson, this suggests that some suppression effects,
such  as  off-shell  form factors,  should  be  present.  In  this
sense, the coupling  defined in the QPC model (in con-
nection with the effective coupling ) should not be lar-
ger  than  the  ground-state  coupling  adopted  in  the
QPC model. Furthermore, the hybrid coupling in the col-
linear mode is correlated with the -hybrid mixing angle
through  the  wave  function.  Owing  to  the  lack  of  further
constraints from either experiment or theory,  we have to
survey the correlation among these three parameters, i.e.,

, δ, and ζ.
qq̄

K∗(1680) |qq̄(13D1)⟩
K∗(1680)

|K∗(1680)⟩ = cosζ |qq̄(13D1)⟩+ sinζ |qq̄g̃⟩

|qq̄(13D1)⟩

qq̄

|qq̄g̃⟩ → PP

|qq̄(13S 1)⟩ γ2 < γ1

To proceed, we assume that the  component in the
 wave function  is ,  which  mixes  with

the hybrid component.  With the  wave function
, the transition am-

plitude  is  described  by  Eq.  (22),  where  the  transition  of
the  component is described by the QPC model,
while the decay of the hybrid component is parametrized
by the FT model, as formulated earlier. It should be noted
again  that  the  collinear  mode  can  be  connected  to  the
ground-state  decay in the QPC model instead of to the
excited  states.  Therefore,  when  implementing  the  QPC
model  to  describe  the  transition  and VP via
the collinear mode, its analogue in the QPC model is the

 configuration, which requires .
γ1 = 10.4

|qq̄(13D1)⟩

Kη
K∗η γ2

With  adopted for the QPC coupling, the par-
tial decay widths of the pure  state are listed in
Table 3. Actually, since the term from Fig. 1 (b) contrib-
utes only to channels containing isoscalar states, e.g., ,

, etc., the correlation between  and ζ can be invest-

Kπ K∗π Kρ
γ2 (< γ1)

Kπ K∗π Kρ γ2

Kη

igated in decay channels that do not involve isoscalar fi-
nal  states, i.e., , ,  and .  In  principle,  one  can
first  determine  and ζ by  fitting  the  data  for  the

, ,  and  decay  channels.  Then,  with  and ζ
fixed, the coupling ratio δ can be determined from the 
channel.

γ2

|δ| ≃ 1

δ ≃ 1.2 γ2 < γ1

γ2 δ = 1.2
γ2 = 5, 6, 7, 8, 9

γ2

γ2

γ2 sinζ

γ2

γ2 MTot
PP/PV

γ2

γ2

Thus,  instead  of  determining  and ζ first,  we  first
restrict the range of δ by arguing that . Our numer-
ical study shows that the best parameter space can be ob-
tained  with  and .  In Fig.  4,  we  show  the
correlation between  and ζ by fixing . For differ-
ent  values  of ,  the  mixing angle ζ is de-
termined by fitting the four measured channels. Fig. 4 (a)
shows  that,  with  increasing ,  the  mixing  angle ζ de-
creases,  which  reflects  the  correlation  between  and ζ
through the hybrid amplitude proportional to .  An
obvious  negative  linear  correlation  indeed  appears
between ζ and , as shown in Fig. 4. This correlation can
be understood through Eq. (22), where, with an increased
value of , the amplitude  can remain almost un-
changed by adopting a smaller mixing angle ζ. As a res-
ult,  the  decay widths  shown in Fig.  4 (b) can remain al-
most  unchanged  as  and ζ vary  in  a  correlated  way.
This suggests that  and ζ cannot be determined from the
present experimental results.

γ2

δ = 1.2

0.8, 1.0, 1.2 −0.8
a, b, c

χ2

In Fig.  4 (b),  we present the partial  decay widths for
different  channels  with  the  parameter  values  shown  in
Fig. 4 (a). The results do not show significant differences,
which  again  indicates  the  correlation  between  and ζ
for  the  fixed  value  of .  Although  the δ term con-
tributes only  to  channels  involving the  isoscalar  pseudo-
scalar final state, we can also see its impact on the numer-
ical fit. In Table 3, we list the best-fit results for ζ when δ
takes the different values of , and , which
are  labeled  by  the  superscripts ,  and d, respect-
ively. The fitting quality is shown by the  value in the
last column.

γ2 = 7 δ = 1.2

|qq̄(13D1)⟩
Kη

|qq̄(13D1)⟩ → PP

qq̄(13S 1)

K∗(1680)→ PP
S −D

As shown in Table  3,  the  best  fit  is  obtained  for  the
case with  and . This shows that hybrid mix-
ing reduces the partial widths of the PP channels for the
pure  decay and enhances those of the VP chan-
nels. In particular, the  channel receives destructive in-
terference, and  the  partial  width  falls  within  the  experi-
mental  range.  It  is  interesting  to  note  that  the  transition
amplitudes  of  and VP have  different
signs  arising  from  the  spin  factors.  However,  for  the
ground-state ,  these  two  transitions  have  the
same sign.  This  feature  turns  out  to  be  crucial  for  ac-
counting for the pattern of the  and VP de-
cays. Note that  mixing alone cannot yield as good a
fit as that from scheme "c'' in Table 3.

ζ = 7.15◦±0.76◦

K∗(1680)
qq̄

From Fig.  4 (a),  we  obtain  the  fitted  mixing  angle
, which turns out to be rather small. This

suggests  that  the behavior of  is  still  dominated
by  the  conventional  configuration,  while  the  hybrid
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K∗(1680)

component is quite small. However, as shown by our nu-
merical survey, such a small hybrid component is crucial
for describing the  decay pattern. 

qq̄

C.    Further phenomenological implication of
the -hybrid mixing

ζ = 7.15◦±0.76◦

qq̄
The  extracted  small  mixing  angle 

provides further  insight  into the -hybrid mixing in the
vector strange sector. More generally, we can express the
eigenvalue equation for two-configuration mixing as (

Ĥq Ĥ∆
Ĥ∆ Ĥh

)(
αψq

βψh

)
= E

(
αψq

βψh

)
, (31)

Ĥq Ĥh qq̄
ψq ψh Ĥ∆

ψq

ψh

ψq ψh

α2+β2 = 1

where  and  are  the  Hamiltonians  for  the  pure 
( ) and pure hybrid ( ) systems, respectively;  is the
transition  operator  mediating  transitions  between  and

;  and α and β are  the  probability  amplitudes  for  the
physical state to be in the pure states  and , respect-
ively. The normalisation condition requires .

Eq ≡ ⟨ψq|Ĥq|ψq⟩ Eh ≡
⟨ψh|Ĥh|ψh⟩ ∆ ≡ ⟨ψq|Ĥ∆|ψh⟩ =
⟨ψh|Ĥ∆|ψq⟩

Given  the  eigenvalues  and 
,  and  the  transition  amplitude 
, the eigenvalue equation can be written as (

Eq ∆

∆ Eh

)(
α

β

)
= E

(
α

β

)
, (32)

whose eigenvalue is  determined by setting the determin-
ant of the coefficient matrix to zero 

E =
1
2

[
(Eq+Eh)±

»
(Eq+Eh)2−4(EqEh−∆2)

]
, (33)

EL EHwhere we define  and  as the lower ("−") and high-
er  ("+")  solutions,  respectively.  Substituting  these  two

|Ψ⟩ = α|ψq⟩+β|ψh⟩
solutions back into the eigenvalue equation, we obtain the
physical wave function .

|K∗(1680)⟩ = cosζ |qq̄(13D1)⟩+ sinζ |qq̄g̃⟩
ψq = |qq̄(13D1)⟩ ψh = |qq̄g̃⟩ α = cosζ β =

sinζ ζ = 7.15◦±0.76◦ K∗(1680)
EH

In our  convention,  the  extracted  physical  state  is  ex-
pressed  as ,  where

 and ,  with  and 
.  With ,  one  finds  that ,  as

the  higher-mass  state ,  satisfies  this  requirement.  The
explicit  expression for  the  mixing angle  can be obtained
as 

α = cosζ =
∆

EH −Eq

 
EH −Eq

2EH − (Eq+Eh)
, (34)

 

β = sinζ =

 
EH −Eq

2EH − (Eq+Eh)
, (35)

EL < (Eq+Eh)/2 <
EH

where  both α and β are  positive,  and 
 is evident.

ζ = 7.15◦±0.76◦ α >> β
∆/(EH −Eq) >> 1
K∗(1680) |qq̄(13D1)⟩

|qq̄(13D1)⟩
|qq̄(13D1)⟩

|qq̄g̃⟩

One  notices  that,  to  satisfy  the  small  mixing  angle
,  the  requirement  of  leads  to
.  This  suggests  that  the  physical  state

 has  a  mass  close  to  that  of  the  pure 
state. Meanwhile,  the mass difference between the phys-
ical  state  and  the  pure  state  is  much  smaller
than  the  transition  element  between  the  pure 
state and the pure hybrid state .

ΨL = −βψq+αψh

EL =
1
2

[(Eq+Eh)−
√

(Eq−Eh)2+4∆2]

∆/(EH −Eq) >> 1 ∆ >> (EH −Eq) =
(Eh−EL) |qq̄(13D1)⟩

|qq̄g̃⟩
EL ≃

1
2

[(EH +EL)−2∆] EL ≃ EH −2∆

Following this scenario, the lower physical state in this
mixing scheme can be  obtained as ,  and
the  eigenvalue  is .
Recall  that , i.e., 

,  and  the  pure  state and  the  pure  hy-
brid  state  are  possibly  close  to  each  other  [4].  We
approximate , i.e., .
This  means  that  the  lower  physical  state  will  be  pulled

 

γ2 γ2 = 5, 6, 7, 8, 9 δ = 1.2

Kπ Kη K∗π Kρ γ2 = 5, 6, 7, 8 9 δ = 1.2
Fig. 4.    (color online)  (a) The fitted mixing angle ζ for different values of :  and , with . (b) The partial decay
widths for the four decay modes , , , and , fitted using the mixing angle ζ for , and  with .
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K∗(1410)

∆ ≃ (EH −EL)/2 ≃ (1680−1410)/2 = 135

K∗(1410)
K∗(1680)

down to a mass much lower than that of the pure hybrid.
Also  note  that,  in  the  lower-mass  region,  has
been  observed,  which  is  very  different  from  the  quark
model expectation. If this state corresponds to the physic-
al state dominated by the hybrid component [28], we es-
timate that  MeV,
which is a typical scale for strong transitions in the non-
perturbative  regime.  This  makes  it  interesting  to  further
study  the  strange  vector  spectrum,  including ,

, and other vector states.  It  also conveys an im-
portant  message  that  the  strange  partner  of  the  hybrid
nonet may be strongly affected by the mixing mechanism.
A  combined  understanding  of  the  hybrid  states  and  the
excited vector states in the strange sector should be pur-
sued. 

IV.  SUMMARY

K∗(1680)

qq̄

S −D
K∗(1680)

In  this  work,  we  have  carried  out  a  study  of  the
 state  via  its  strong  decays  into  two-body  final

states within the FT model and QPC model. We find that
its  decay pattern cannot  be described by the  scenario
based on the QPC model calculations. We show qualitat-
ively that  mixing cannot explain the decay pattern
of the  decays into PP and VP channels. Taking
into account the possibility that strange vector states may

JP(C) = 1−(+)

K∗(1680) qq̄

qq̄
K∗(1680) qq̄

K∗(1410)

mix  with  hybrid  states  with ,  we  consider
 to be a physical state of -hybrid mixing, and

a  reasonable  description  of  the  two-body  decay  pattern
can  be  obtained.  Although  the  experimental  data  still
have  large  uncertainties,  the  numerical  study  suggests  a
crucial  role  played by the -hybrid  mixing mechanism.
It  is  interesting  to  find  that  has  a  dominant 
component but requires a relatively small hybrid compon-
ent in the wave function. We have also discussed the phe-
nomenological  consequences  of  such  a  scenario.  It  may
imply  that  contains  a  relatively  large  hybrid
component. This may explain why its mass cannot be ac-
commodated by the conventional quark model multiplets.
Further  studies  of  the  vector  spectrum  of  light  strange
mesons  are  needed.  Our  study  can  provide  guidance  for
future searches for strange hybrids at the BESIII, LHCb,
and Belle II experiments. 
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