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Abstract: We present an investigation of the K*(1680) 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 ¢g states with JP(© = 17 can mix with the lowest hybrid states with J7©) = 1= Qur
analysis of the K*(1680) two-body strong decays indicates that the decay pattern of K*(1680) cannot be explained
by the conventional gg scenario. Moreover, there is strong evidence for the gg-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 11.
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I. INTRODUCTION

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 (¢g), and baryons as three-
quark systems (ggq). 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
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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 ¢g scenario. For instance,
for the lowest hybrid systems with zero orbital angular
momentum, the quantum numbers J7© = (=" /1-® 2=
can be accessed, where J7© = 17* cannot be accessed by
the conventional ¢g 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 J¢ = 17+ can-
didate with isospin 1, i.e. m;(1600), through the partial
wave analysis [1]. Their analysis also clarified that the
evidence for ;(1400) seems to be caused by interference
from 7;(1600). In 2022, the BESIII Collaboration repor-
ted the first observation of the 17* isoscalar hybrid can-
didate 7;(1855) in a partial wave analysis of J/y —
yn1(1855) — ynn’ [2, 3]. The mass and total decay width
of this state are (1855+9%¢) MeV and (188 +18%3) MeV,
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 ¢gg. An immediate investiga-
tion of the hybrid nonet after the observation of 1,(1855)
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].

The possible existence of the hybrid nonet has strong
support from lattice QCD simulations [25, 26]. With
m1(1600) assigned as the isovector state and 7;(1855) as
one of the isoscalar states, two pieces are still missing
from the jigsaw puzzle. Namely, these are the isospin 1/2
partner with strangeness +1 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 1/2 partners
is that they do not have a fixed C-parity. With J* =1",
such a hybrid state has the same quantum numbers as the
qq state. Thus, it may mix with the 1~ states in the same
mass regime.

The strange 7=1/2 partner can be assigned to
K*(1680), which is the only strange vector meson found
in the vicinity of the mass region 1.6—1.9 GeV [27]. Giv-
en that m;(1600) is the isovector state of the lowest 1+
hybrid, K*(1410) is too light to be its strange partner. Ac-
tually, K*(1410) also appears to be too light for a 235,
state, taking into account its isovector partner p(1450)
[27]. In Ref. [28], it was suggested that the low mass of
K*(1410) might be due to the presence of additional hy-
brid admixtures.

It is possible to assign K*(1680) as the 1°D; vector in
the strange sector. However, the relative branching frac-
tion of K*(1680)~ to K~n and K~7° measured by the Belle
Collaboration, 0.11 +0.02(stat)*3-3(syst) + 0.54(Bppg) [29],
does not seem to be consistent with the theoretical predic-
tions (= 1) under the assumption that K*(1680) is a pure
13D, state [30, 31]. In Ref. [30], the relationship between
the K*(1410) and K*(1680) mesons and the D-wave spec-
trum were investigated, and it was also shown that
K*(1680) cannot be a pure *D, state.

The above issues leave open the possibility that
K*(1680) could be a candidate for the strange hybrid or a
mixed state between the ¢g and hybrid configurations [4].

In this work, we explore the possibility that K*(1680)
is the strange hybrid of the 17 nonet. At the same time,
it should be recognized that the hybrid K* can mix with
the conventional vector state. To clarify this, we also con-
sider the impact of gg mixing with the hybrid on the de-
cay of K*(1680). The idea is that, if K*(1680) is assumed
to be a conventional ¢g state in the quark model, its two-
body decays into different channels can be reasonably de-

scribed by the quark pair creation model (QPC) [32-37],
which is also known as the *Py (n**'L;) 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
qq scenario. It is reasonable to assume that, as the strange
hybrid of the J7© = 1= nonet, the two-body hadronic
decays of K*(1680) should differ from those of a ¢g
meson. We therefore investigate whether such a possibil-
ity exists.

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 ¢g 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 g and g 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 ¢gg subsystem. In this sense, we can
parametrize the transitions involving both the ¢g 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. 11, 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

Our strategy for studying the properties of K*(1680) is
based on the following considerations: (i) As mentioned
earlier, the two-body decays of an initial ¢g state can be
reasonably described within the QPC model. This allows
us to investigate the ¢g scenario for K*(1680) — PP and
VP as a conventional ¢g state and to establish relations
among these decay channels via SU(3) flavor symmetry.
By assigning K*(1680) as either the first radial excitation
state 23S, or the orbital excitation state 1°D,, we will ex-
amine whether it can be described within the ¢g scenario.
(i1) By introducing the hybrid scenario, we will also in-
vestigate the decay patterns of the initial hybrid
K*(1680) — PP and VP, with both the collinear and trans-
verse modes considered. (iii) We then consider K*(1680)
as a mixed state of a conventional ¢g 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 J 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:

sinapn’ +cosapn +n°

Lypp = igyppTr((PO,P—0,PP)V"], (M
1 o v

Lyyp = mfgvvpfaﬁwTr[a VEF VP, )
v

where gypp and gyyp are dimensionless coupling
strengths. Here, /" and P denote the vector and pseudo-
scalar fields of the ground-state SU(3) nonet, respect-
ively, and take the following forms

* K*
V2
P= - sinapn’ +\c/c;s apn—n° K0 i 3)
K- e cosapn —sinapn
. I " v
and IMI\:‘/%/; = mflg vvpéyﬂvaAPéfﬁfs =igyvpmalpsl. (6)
w \75)0 oK A
V= 2 w—p° ) The coupling constants defined above can receive
o NG K ' contributions from the decay of the conventional ¢gG com-
K 2 @ ponent via the QPC model and from the decay of the hy-

In the vector sector, ideal mixing between w = (uii+
dd)/V2 and ¢ = s5 is adopted. As for 5 and 7/, they can
be expressed in the quark-flavor basis as r = cosapnii—
sinapss and 1’ =sinapnin+cosapss, where ni = (ui+
dd)/ V2, and the mixing angle @p = arctan \/§+6’p, with
6, being the flavor singlet-octet mixing angle. For the
two-body hadronic decays, most of the K*(1680) — PP
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:

iM%;,ﬁ =igvrr(Ps _Pc)yfg =1igvppr2|psl, Q)

M,

K*(1680)

M,
(a)

Fig. 1.

ear mode, while panel (b) is dominated by the transverse mode.

brid component via the FT model.

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 K*(1680) — VP 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 ¢g 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

M,

K*(1680)

My
(b)

(color online) Schematic illustrations of the two-body hadronic decays of hybrid states. Panel (a) is dominated by the collin-
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the same framework.

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 ¢g 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 ¢g
decays, a process similar to that shown in Fig. 1 (b) may
also occur. However, it is usually suppressed by the Ok-
ubo-Zweig-lizuka (OZI) rule. In contrast, in the decay of
a hybrid, Fig. 1 (b) is not necessarily suppressed [50].

With the above considerations, we can define the
transition amplitude for a 1=+ hybrid of ¢gg decaying in-
to two conventional mesons, PP and VP, as follows [4]

M = (q1G0)pr(@:3)pIVela128) = 81 |psl,

M = ((q102)p(q3d)pIVr101028) = 857 s,

M = q1dn)rn @ @)ve| Velai128) = g1 ¥ 1Pl
MY = (@1 e @sqvie | Vilai @) = 85 Flpsl, (7

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

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
K*(1680) — PP and VP:

My =2g50ipsl,  PP=K'2',K*n, K",

Mip=gplpsl. VP =K’ K", ¢K", wK* . K" 1. (8)
The above relations allow a unified description of the de-
cay processes in terms of the two coupling constants g,
and g,, with which the hadronic couplings gj,,, for the
eight decay channels K**(1680) —» PP and VP can be
parameterized as

Somve = Epmyp(81) + Zrpyp(g2) - )

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

FT(C) _ L K*+n® FT(T) _ 0

gK*no - \/Egl ’ gK*no - (10)

1 . 1
gi{f) = (\/zcosap—Rsma/p) go,
g‘;gg) = ( V2cosap —Rsinap> sgkm, (11)
1 .
glg(qc,) = (—zsinap +Rcosafp) ar,
gfgg,) = ( V2sinap +Rcosap) 6gf+”/, (12)
1 *+ 0
FI(C FI(T)
= e s e w
1 + 0
FI(C) _ K FT(T) _
8xrp0 = % v 8+ = 0» (14)

FT(C) _ FT(T) _ i

8krw = %g{ﬁ s 8ktw = \/zég{(+w’ (15)

gy =Rel ', gy =Rog| ”, (16)

1 i -
Qi = (—cosa/p—Rsmap @

V2

gf;fi? = < V2cosap — Rsinap> sgk ™, (17)

where we label the decay channels in the superscripts of
g1 and g, to highlight the possible differences arising
from their distinct spatial convolutions in different decay
channels. The ratio 6=g,/g; stands for the relative
strength of the two couplings g;,. For decay channels in
which the final states contain no isoscalar mesons, g,
should vanish. For instance, in K*(1680) —» Kn, only
Fig. 1 (a) contributes. In this sense, it is difficult to distin-
guish between the ¢g and ¢gg 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.

To proceed, we employ the QPC model to extract the
transition amplitudes for the ¢g 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 J, one can evalu-
ate all the decay channels of K*(1680) — PP and VP.

The QPC amplitude for a ¢g decay can be expressed
in the following form:

QPC  _ _ ~QPC ;QPC
MPP/VP =YCopvelppvps (18)

where y is the coupling strength for creating the ¢gg pair
from the vacuum, and C}Q)}]:/CVP is a constant arising from all
the Clebsch-Gordan coefficients, spin and flavor over-
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K*(1680)

M,

(@)

My

K*(1680)

M,

0)

Fig. 2. (color online) Illustrations of the strong decays of K*(1680), treated as a gg 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.

laps, and the energy factor VE,EREc; I,?}?,CVP 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 pj. In comparison with the hadron-
level transition amplitudes in the ELA for Egs. (5) and
(6), the QPC amplitude can also be expressed as

PC PC
MSP = Q |pal,

PP = K+7T0,K+7],K+T]/
MEPC = g pl VP =K 0°K* K", wK* K™,

(19)
By matching Eq. (18) to Eq. (19), the effective coupling

constant g‘,?fifvp for each decay channel can be determ-
ined from the QPC amplitude.

B = LB T pal.
gor = yCU T (s, (20)

where the superscript "QPC" on gpp and gyp indicates
that the effective couplings are extracted from the QPC
model.

Consider the mixing of the conventional ¢g and hy-
brid components in K*(1680), characterized by the mix-
ing angle ¢,

|K*(1680)) = cos{lqg(n™*'L,,)) +sinllqgg),  (21)

where { 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

T=-3y) (Im:1-ml00)(2m)*? / & psd® psd® (ps + pa)yin (”

m

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

tot
pEIvp = COSE MPP/VP +sind My p- 22)

For ¢ =0/n, the amplitudes describe the initial state
K*(1680) as a conventional ¢ meson; for ¢ =nx/2, the
amplitudes describe K*(1680) as a pure hybrid state. The
total amplitude for each decay channel is given as fol-
lows:

5 = 2lpal [g35 cos+ (g5 + gbi™) sing]
PP=K"7",K*'n, K1,

05 = ol (855 cosg + (a5 +757) sinc].

VP = K*+n°, Kt oK wK*, K™ n. (23)

As discussed previously, the coupling strength for the
collinear mode can be approximated by the QPC coup-
ling strength, i.e., gPP/VP gPP/VP Thus, glP VP for each
decay channel can be extracted from the QPC model. At
this point, g!”/"" is a function of y ?, the constituent
quark masses (m,,m,), and the harmonic oscillator para-
meters (Bp,Bv.Bxk-aes0y) from the wave functions. After
fixing ap =42°, in principle, we are left with only two
free parameters, i.e., 0 and £, in the transition amplitude.
These parameters can be constrained by the experimental
data, and their values can provide physical information
regarding the composition of K*(1680).

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

3 — P4
2

) 180 @) by (pa)dl(p). (24)

1) We assume that the gg-hybrid mixing can be accommodated by a unitary transformation. Thus, such a mixing pattern actually predicts a partner with a wave func-
tion of |[K*') = —sin{ |qq(n23 L1y +cos £lqqg). 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 y, 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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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; p;
denotes the three-momentum of the i-th quark

1
= (uii+dd+s3)/ V3, Wy = 36,j and

x3*  are the ﬂavor-smglet, color-singlet, and spin-triplet
wave functions of the created ¢3g4 pair, respectively; the
first solid harmonic polynomial Y, (p) = |p|'Y1.(6,¢) re-
flects the P-wave momentum-space distribution of the
3G+ pair; y is a dimensional constant describing the
strength of quark-pair creation from the vacuum and can

(antiquark);

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 y should be smaller than the values used in the
conventional QPC model. In the center-of-mass (c.m.)
frame of the initial meson K*(1680), the helicity amp-
litude can be written as

MMaMMic =y BEAEEc(2m)"™ Y (LaMy,:S aMs,|JaM;, XLsMy,:S sMs | JsM,,)

X{LcMp;S cMg |Je My ){1m; 1_m|00></\,/SCMSCXSBMSBIXSAMSA/\/14m>

MLAm

|:<¢ ¢II34|¢ ¢34> MLL (pB’ml9m2’m3)

+(_1)1+SA+SR+SC<¢]

MLAm

o ¢(3)4>1MLBMLC (_PB,mz,m1,m3)} , (25)

where the symbol }" denotes the summation over M,,, Ms,, M;,, Ms,, M., Ms., and m. Meanwhile, the wave func-
tion convolution in momentum space has the following form:

MLA

MIEMIC(pB’ml’mZ’m3) /dp3l!/B

y ms
Ds P3> Y < Dz +p3> Ya(ps + P3)Yim(p3)- (26)
my +my my +msj

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

lows:

Yuim(P:B) = (=1)" (=0

n k
where Li(v) =Y (~D}Cii™ I

Laguerre polyngzr(r)lial, and Y,,(0,¢) 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 f is the HO strength parameter. The
wave function describing the c.m. motion is &*(p—p’).
The corresponding normalization conditions are

denotes the generalized

/ dp[R.(p))p* =
0

4 2m
/ / d9d¢YI*lml (07 ¢) lemz (9’ ¢) = 6l1 126m11n2 . (28)
0 0

2n! (B)l
m+I1+1/2)!\pB ,33/2

e (;2) Yin(0,9) = Ru(p)Y1n(0.9). @7)

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

_ 121 S My, MMy, |2
T 8aM2 (2J,+ 1) Do MR g

My, My My

where  |pgl = \/[m} — (mp +mcP1m3 — (mg —me)*1/(2m,)
is the three-momentum of the final-state particle in the
c.m. frame; J, is the spin of the initial state; and
s=1/(1+6pc) is a statistical factor needed when B and C
are identical particles. In the numerical studies, we will
investigate the possibility that K*(1680) can be assigned
as either the radial excitation state |gg(2°S,)) or
lgg(32S 1)), or as the D-wave state |gg(1°D,)).
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III. RESULTS AND DISCUSSIONS

Proceeding to the numerical study, we first investig-
ate the possible assignment of K*(1680) as a convention-
al gg state in the quark model. For the vector K* spec-
trum, as discussed in the Introduction, K*(1410) could be
the candidate for the first radial excitation |gg(23S,)),
though its mass is too low if one takes p(1450) as its [ = 1
partner [27]. While one may need to understand why
K*(1410) has such a low mass, alternative possibilities are
that K*(1680) could be the second radial excitation state
lgg(3*S 1)) or the D-wave state |gg(1°D,)). We will dis-
cuss these possibilities with the numerical results later.

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 K*(1680) 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 (m, = m, =
m,; =300 MeV, m;=500 MeV), harmonic oscillator
strengths (Bp =550 MeV, By =450 MeV), coupling
strength vy, for the QPC model, ap = 42° for the # and
mixing, and the SU(3) flavor symmetry breaking factor
R =m,/m, 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 ¢g-hybrid mixing can explain deviations

Table 1.

from the NRCQM expectations.

The remaining free parameters include the hybrid
couplings g; and g, and the gg-hybrid mixing angle
which will be determined by the numerical fitting. Altern-
atively, we can define g; and the relative strength
6=g>/g1 as the two independent coupling parameters,
and g; will be connected to the QPC coupling via the
parameter vy, through the relations given in Eq. (20).

In Table 1, all the parameters are listed. With the
fixed parameters, we can first calculate the partial decay
widths for K*(1680) by treating it as a conventional ¢g
state. We then introduce hybrid mixing into the wave
function to provide a possible solution.

A. Interpretation in the QPC model

In Table 2, we list the extracted effective couplings in
the QPC model by treating K*(1680) as a gg vector state,
namely, either |gg(2°S 1)), 19G(3*S 1)), or |gg(1>D,)). It can
be seen that the radial excitation |gg(3°S,)) has rather
small couplings to the PP and VP channels. As shown be-
low, this implies that K*(1680) is unlikely to be the
lgg(33S 1)) state.

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 K*(1680) to the pure |¢g(23S,)) and
lqg(33S 1)) states exhibit significant discrepancies with the
experimental data. For |¢g(23S,)) — K*x and Kp, the cal-
culated values can be considered to be in agreement with
the experimental data within the uncertainties. However,

In our numerical studies, the parameters of the QPC model are fixed, including the u/d and s quark constituent masses m/s,

the HO parameters £, the QPC coupling strength y; for the g component and y, for the hybrid collinear-mode transition, the SU(3)
breaking factor R, and the flavor singlet and octet mixing angle «, for the -5’ mixing. The mixing angle { between the conventional
gg and hybrid components within K*(1680) is fitted with the transverse-mode transition fixed at 6 =0.8, 1.0, 1.2, and -0.8, which are la-

belled by the superscripts a, b, c, and d, respectively.

My s Bp Bv Y1 Y2 R ap I Zb < 2
Value 300 MeV 500 MeV 550 MeV 450 MeV 10.4 7 mg/ms  42°  9.79°+123° 8.28°+0.93° 7.15°+0.76° 171.11°+1.18°
fixed fixed fixed fixed fixed fixed fixed fixed fitted fitted fitted fitted
Table 2. The coupling constants for the decays K*(1680) — PP and VP were extracted using the QPC model, assuming that K*(1680)

is a pure ¢g(23S 1)), 19g(33S 1)), or |gGg(13Dy)) state. Given that K*(1680) is the lowest-energy hybrid, the 45 component should be in the
ground state 135 . The corresponding coupling constants, extracted in the QPC model at the mass of K*(1680), are listed in the fifth and

sixth rows, where the subscripts "1" and "2" denote the different values y; = 10.4 and y, = 7 adopted in the calculation, respectively.

K+n® K*n Kty K**n0 K*p® K*w K*¢ K™y
g®C23s5 ) 1.18 2.16 0.14 4.62 5.32 5.35 5.64 0.93
g®C33s5) 0.02 —-0.23 —0.01 -1.16 -1.54 -1.57 -2.06 -0.27
g¥C13Dy) 2.39 3.52 0.57 -3.02 -3.25 -3.27 -2.79 -1.12
g¥C(138 ), -4.66 -7.12 0.29 -10.23 -11.26 -11.31 -0.68 -1.12
g®C13s81), -3.14 —-4.79 0.19 —-6.88 -7.58 -7.59 -7.61 -0.46
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Table 3.

The partial decay widths (in MeV) are calculated based on different scenarios for K*(1680). The experimental results are lis-

ted in the second row. The values in the third, fourth, and fifth rows are obtained by treating K*(1680) as a pure gg state. The values in
the sixth, seventh, eighth, and ninth rows are the results obtained by considering the mixing between the 13D, state and the hybrid state
lqgg). The superscripts a, b, ¢, and d on |gGg) correspond to the best-fitting results for { when o takes the different values of 0.8, 1.0, 1.2,
and —0.8, respectively. The last column shows the chi-square (x?) values for the four fitting schemes.

Modes Kn Kn Kn' K*r Kp Kw K¢ K*n Tot X

Expt. 123.8473332 4484383 - 95.687933  100.48%3501 - seen - 320+110 -
pure 93238 1)) 35.95 26.76 0.03 135.77 142.02 46.90 16.62 0.76 404.82 -
pure 145335 1)) 0.008 031 ~0 8.62 12.00 4.02 2.22 0.06 27.24 -
pure |gg(13Dy)) 147.18 70.97 0.50 57.95 53.21 17.53 4.06 1.09 352.48 -
lgg(1> D)) +1gg2)*  85.52+7.07 3.28+4.68 0.62+0.02 109.35+7.13 101.55+6.73 70.88+8.76 1346+149 198+0.13 386.63+21.85 1.12
lgg(13D)) +1gqg)* 9431+548 384=4.54 0.62+0.02 100.74+521 8343+491 69.56+7.59 12.80+1.23 2.02+0.12 377.31+18.11 0.67
lgg(13D1)) +1gg8)° 101.14£4.57 4.10£4.46 0.62+0.02 94.39+4.15 87.45+391 6826+6.99 1228+1.08 2.03+0.11 370.27+16.13 0.49
lgg(1°D1)) +1g38)! 208.67+825 7.17+4.13 0.50+0.01 23.39+3.66 21.01+339 2536+1.06 331+0.11 155+0.07 290.95+1.91 8.88

the partial widths for K*(1680) — K and Kn clearly can-
not be explained by the transitions of |¢g(2S,)) — Kn
and Kn, respectively. With the assignment of a pure
lgg(33S 1)) state, almost none of the decay channels can be
accounted for. In contrast, with the assignment of a pure
lgg(13Dy)) state, better agreement with the experimental
data can be achieved in the Kx, K*r, and Kp channels.
The results with y; = 10.4 adopted for the QPC coupling
are also consistent with those reported in Ref. [31].
However, the calculated partial width for the Kn channel
is one order of magnitude larger than the data. Moreover,
the partial widths of the K*z and Kp channels are close to
the lower bounds of the uncertainty ranges.

These results show that K*(1680) can hardly be inter-
preted as either a radial excitation state or a D-wave vec-
tor state. One may wonder whether § —D mixing can
provide a solution. This appears highly unlikely, as indic-
ated by the pure-state calculations. For the [gG(23S))—
lgg(1°D,)) 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 Kn channel and would contradict the
data. If the D-wave is dominant, destructive interference
from the S-wave would be required to satisfy the Kn
channel. However, a smaller and destructive S-wave com-
ponent would still result in a large partial decay width for
the Kn channel.

To quantify the S — D mixing effects, we consider the
physical states K*(1410) and K*(1680) as mixtures of the
13D, and 23§, states, similar to Ref. [31], i.e.,

|K*(1410))\ _ [ cosby,  sinby, \ [11°Dy) (30)
IK*(1680)) ]  \ —sind,, cosfy ) \ 1235}/’

where 0, denotes the mixing angle. The 0,; dependence
of the partial decay widths for the n, Kn, K*n, and Kp

channels of K*(1680) is presented in Fig. 3. The results
show that no reasonable value or range of the mixing
angle 6,, can simultaneously describe the experimental
data for these four channels, even considering the large
experimental uncertainties. This suggests that S — D mix-
ing is insufficient to account for the data. In Ref. [31], it
was suggested that, to explain the experimental total
width of K*(1410), the mixing angle 6,, should be either
—90° or 90°. This supports the scenario in which
K*(1410) is a pure 23S, state, and thus K*(1680) would
be a pure 1°D, state. However, the small width of the Kn
channel cannot be explained in this picture. Nevertheless,

200 . . T .
N
o i\
& =
150 & Kre %, 1
S g A
3 A Knp %
= !
~ 100
= X
=
2
=
50 %,
0 . . .
-90° -60° -30° 0° 30° 60° 90°

654 (degree)

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 K*(1680) into the final
states Kn, Kn, K*n, and Kp as functions of the mixing angle
654, respectively. The horizontal orange, gray, and blue bands
represent the experimental ranges for the decays of K*(1680)
into Kr, Kn, and K*n (Kp), respectively. Since the partial
widths of the K*n and Kp channels are very close, as shown in
Table 3, we use the experimental data for K*n for both chan-
nels to keep the figure concise.
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various pieces of evidence indicate that S —D mixing
cannot explain the decay pattern of K*(1680).

For the |¢g(33S)))-19g(1°D;)) mixing, the much
smaller coupling of |¢g(3%S)) to the PP and VP channels
means that it will be impossible to explain the small par-
tial width for the Kn decay if the other channels can be
explained. In short, one can conclude that the pure ¢g
scenario is not sufficient for interpreting the experiment-
al data, although the data still bear large uncertainties.
This makes it natural to introduce gg and hybrid mixing
as a possible solution.

B. Interpretation with the gg-hybrid mixing

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 3P, decay. This makes the
process in Fig. 1 (a) indistinguishable from that of an ini-
tial |13S1(gg)). Note that the effective coupling g, 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
[13S 1(gg@)) to PP and VV, but with the mass set to that of
the K*(1680). However, since the physical mass, i.e., the
mass of K*(1680), 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 y, defined in the QPC model (in con-
nection with the effective coupling g;) should not be lar-
ger than the ground-state gg coupling y; adopted in the
QPC model. Furthermore, the hybrid coupling in the col-
linear mode is correlated with the gg-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.,
v2, 0, and (.

To proceed, we assume that the g component in the
K*(1680) wave function is |gg(1°D;)), which mixes with
the hybrid component. With the K*(1680) wave function
|K*(1680)) = coslgg(1°>D,)) +sin/|qgg), the transition am-
plitude is described by Eq. (22), where the transition of
the |gg(1°D,)) 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 ¢g decay in the QPC model instead of to the
excited states. Therefore, when implementing the QPC
model to describe the transition |¢gg) — PP and VP via
the collinear mode, its analogue in the QPC model is the
lgg(13S 1)) configuration, which requires y, < ;.

With y; = 10.4 adopted for the QPC coupling, the par-
tial decay widths of the pure |¢g(1°D,)) state are listed in
Table 3. Actually, since the term from Fig. 1 (b) contrib-
utes only to channels containing isoscalar states, e.g., Kn,
K*n, etc., the correlation between y, and { can be invest-

igated in decay channels that do not involve isoscalar fi-
nal states, i.e., Kn, K*nr, and Kp. In principle, one can
first determine y, (< y;) and { by fitting the data for the
Krn, K*n, and Kp decay channels. Then, with y, and {
fixed, the coupling ratio J can be determined from the K7
channel.

Thus, instead of determining y, and { first, we first
restrict the range of ¢ by arguing that |§| ~ 1. Our numer-
ical study shows that the best parameter space can be ob-
tained with § ~1.2 and y, <7y,. In Fig. 4, we show the
correlation between vy, and { by fixing § = 1.2. For differ-
ent values of v, =5, 6, 7, 8, 9, the mixing angle { is de-
termined by fitting the four measured channels. Fig. 4 (a)
shows that, with increasing y,, the mixing angle { de-
creases, which reflects the correlation between v, and {
through the hybrid amplitude proportional to y,sinZ. An
obvious negative linear correlation indeed appears
between {"and y,, as shown in Fig. 4. This correlation can
be understood through Eq. (22), where, with an increased
value of y,, the amplitude M}, can remain almost un-
changed by adopting a smaller mixing angle {. As a res-
ult, the decay widths shown in Fig. 4 (b) can remain al-
most unchanged as y, and { vary in a correlated way.
This suggests that y, and { cannot be determined from the
present experimental results.

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 y, and ¢
for the fixed value of § = 1.2. Although the 6 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 { when ¢
takes the different values of 0.8, 1.0, 1.2, and —0.8, which
are labeled by the superscripts a, b, ¢, and d, respect-
ively. The fitting quality is shown by the y* value in the
last column.

As shown in Table 3, the best fit is obtained for the
case with y, =7 and § = 1.2. This shows that hybrid mix-
ing reduces the partial widths of the PP channels for the
pure |gg(13D,)) decay and enhances those of the VP chan-
nels. In particular, the Kn 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 |¢g(1°D;)) — PP and VP have different
signs arising from the spin factors. However, for the
ground-state gg(13S,), these two transitions have the
same sign. This feature turns out to be crucial for ac-
counting for the pattern of the K*(1680) — PP and VP de-
cays. Note that § — D mixing alone cannot yield as good a
fit as that from scheme "¢" in Table 3.

From Fig. 4 (a), we obtain the fitted mixing angle
£ =7.15°+0.76°, which turns out to be rather small. This
suggests that the behavior of K*(1680) is still dominated
by the conventional ¢g configuration, while the hybrid
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(color online) (a) The fitted mixing angle ¢ for different values of y»: y, =5, 6, 7, 8, and 9, with § = 1.2. (b) The partial decay

widths for the four decay modes Kr, Kn, K*x, and Kp, fitted using the mixing angle { for y, =35, 6, 7, 8, and 9 with § = 1.2.

component is quite small. However, as shown by our nu-
merical survey, such a small hybrid component is crucial
for describing the K*(1680) decay pattern.

C. Further phenomenological implication of
the gg-hybrid mixing
The extracted small mixing angle ¢=7.15°+0.76°
provides further insight into the ¢g-hybrid mixing in the

vector strange sector. More generally, we can express the
eigenvalue equation for two-configuration mixing as

o) )=+
Hy
where H, and H, are the Hamiltonians for the pure ¢g
(¥,) and pure hybrid (1) systems, respectively; H, is the
transition operator mediating transitions between ¢, and
Yy and o and S are the probability amplitudes for the
physical state to be in the pure states v, and y,, respect-
ively. The normalisation condition requires o +8% = 1.
Given the eigenvalues E, =y, |H,ly,) and E,=
(| Hylryy, and the transition amplitude A = (lpq|FIA|zph) =
(whlﬁA|¢q>, the eigenvalue equation can be written as

E, A a @
=E ,
A E, B B
whose eigenvalue is determined by setting the determin-
ant of the coefficient matrix to zero

Ay
A,

ay,
B

ay,

(31
B

(32)

1
E=3 (B, +Epe JE+EP-4EE-MD)] . (33

where we define E; and Ey as the lower ("—") and high-
er ("+") solutions, respectively. Substituting these two

solutions back into the eigenvalue equation, we obtain the
physical wave function |¥) = aly,) + Bl¥s).

In our convention, the extracted physical state is ex-
pressed as |K*(1680)) = cosZlgg(13Dy)) +sinl|qgg), where
¥, =1qq(1°Dy)) and ¥, =19Gg), with a=cos{ and S=
sin/. With £ =7.15°+0.76°, one finds that K*(1680), as
the higher-mass state Ey, satisfies this requirement. The
explicit expression for the mixing angle can be obtained
as

A Ey-E,
2Ey—(E,+Ey)’

(34

En-E,

2EH—(Eq+Eh) ’ (35)

B=sinl =

where both a and f are positive, and E; < (E,+E;)/2 <
Ey is evident.

One notices that, to satisfy the small mixing angle
£=7.15°+£0.76°, the requirement of a>>p leads to
A/(Ey—E,)>>1. This suggests that the physical state
K*(1680) has a mass close to that of the pure |gg(1°D)))
state. Meanwhile, the mass difference between the phys-
ical state and the pure |gG(1°D,)) state is much smaller
than the transition element between the pure |gg(13D)))
state and the pure hybrid state |gg2).

Following this scenario, the lower physical state in this
mixing scheme can be obtained as ¥, = -8y, +ay,, and

the eigenvalue is E.= %[(Eq +Ep)— \/(E;— Ep)* +4A%].
Recall that A/(Ey—-E,)>>1, ie, A>>(Ey—E)=
(E,—EL), and the pure |gg(1°D,)) state and the pure hy-
brid state |¢gg) are possibly close to each other [4]. We
approximate Ep = E[(EH +E;)-2A], ie., E,~Ey-2A.
This means that the lower physical state will be pulled
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down to a mass much lower than that of the pure hybrid.
Also note that, in the lower-mass region, K*(1410) 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 A ~ (Ey — E;)/2 ~ (1680 —1410)/2 = 135 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 K*(1410),
K*(1680), 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

In this work, we have carried out a study of the
K*(1680) 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 gg scenario
based on the QPC model calculations. We show qualitat-
ively that S — D mixing cannot explain the decay pattern
of the K*(1680) decays into PP and VP channels. Taking
into account the possibility that strange vector states may

mix with hybrid states with J%© =1-® we consider
K*(1680) to be a physical state of gg-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 gg-hybrid mixing mechanism.
It is interesting to find that K*(1680) has a dominant ¢g
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 K*(1410) 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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