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The recently discovered #7,(1855) and the previously observed z;(1600) state present a valuable
opportunity for the investigation of the J”(©) = 1=(+) light hybrid nonet. In this study, we employ a

semirelativistic quark potential model to examine the masses of the J*(©) = 1=(*) light hybrid states. The
static potential, which portrays the confinement force between the quark-antiquark pair in a hybrid system,
is borrowed from the SU(3) lattice gauge theory. Additionally, we utilize a constituent gluon model to
analyze the strong decay characteristics of these light 1=+ hybrids. Our findings suggest that the 7, (1600)
and 77, (1855) states could be potential candidates for 1=+ (uit — dd)g/~/2 and s5g hybrids, respectively.
To ensure comprehensiveness, we also investigate the isospin partners of the z;(1600) and 7, (1855)
states within the 1~(*) nonet—specifically, the (u@t + dd)g/+/2 and sGg (q = u and d quarks) states. We
propose some potential decay channels which could be explored in experimental settings to detect these

undiscovered states.

DOI: 10.1103/PhysRevD.108.054034

I. INTRODUCTION

Nearly half a century has elapsed since the establishment
of quantum chromodynamics (QCD) [1-4]. However, phys-
icists are still confronted with the challenge of describing the
fundamental properties of hadrons directly from first prin-
ciples. This difficulty arises primarily from the lack of a clear
understanding of the role played by the gluonic field in the
low-energy regime of strong interactions (for a comprehen-
sive review of QCD, refer to Ref. [5]). Consequently, various
phenomenological models, incorporating key aspects of
QCD, have been employed to gain insight into the properties
of meson and baryon states [6].
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Within the framework of quark potential models, the
gluonic field in conventional hadron systems, responsible
for mediating the interaction between valence quarks,
is typically approximated by an effective adiabatic
potential [7-9]. By employing this effective potential,
the mass spectra of meson and baryon states can be
successfully reproduced. However, it is important to note
that the quark potential model has not been rigorously
examined in the context of hadrons containing an excited
gluonic field. These particular types of mesons, which
possess an excited gluonic field, are referred to as the
hybrid states and are considered to be exotic states.
Undoubtedly, conducting a comprehensive study of hybrid
states could significantly contribute to our understanding of
the role played by the gluonic field in low-energy strong
interactions. Unfortunately, as of now, none of the hybrid
states have been definitively established, which under-
scores the need for further investigation in this area.

According to the results of lattice QCD [10], the
quantum numbers JXC of the lightest hybrid mesons have
been proposed to be 0=+, 17", 27, and 17~. However, it
should be noted that identifying the 0=, 2", and 17~
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hybrid states in experiments can be challenging, as they
may mix with the conventional gg mesons in the nearby
mass region. On the other hand, the 1= states have the
potential to serve as a distinctive “smoking gun” signature
for the presence of spin-exotic states, provided that their
existence is confirmed experimentally. To date, the Particle
Data Group (PDG) has cataloged three 1T states—
specifically, the z;(1400), z;(1600), and z,(2015) [11].
Among these states, the 71 (2015) has solely been observed
by the E852 experiment in the decay modes 1 (1285)x [12]
and b;(1235)z [13]. Nevertheless, further substantial
experimental evidence is required to establish its existence
definitively.

The existence of the 7;(1400) state remains a subject of
controversy. In various processes such as z~ diffraction
[14-20] and pp/np annihilation [21-23], the x;(1400)
state has been observed with decay modes including #z and
pr. However, in the cascade process y(3686) — yy.; —
y71(1400)*72F — ynatxT involving approximately 4.48 x
10% w(3686) events, the BESII Collaboration did not
detect a clear signal for the z;(1400) [24]. Similarly, the
COMPASS Collaboration conducted a comprehensive
resonance-model analysis of the 7=z~ z" invariant mass
spectrum in the reaction 7z~ + p - x x " + Pspectator
and found no distinct resonance signal for the 7;(1400)
state [25]. Moreover, the JPAC Collaboration performed a
coupled-channel analysis of COMPASS data for diffrac-
tively produced ")z~ final states [26], revealing only one
clear resonance pole corresponding to the 7 (1600) state in
the spin-exotic wave. Consequently, it is plausible to
suggest that the structure attributed to the z;(1400) state
might be an artifact resulting from imperfections in the
analysis methodology. This conclusion finds support in
the work of Kopf er al. [27], where a sophisticated
coupled-channel analysis of data from the COMPASS
and Crystal Barrel experiments demonstrated that a single
71(1600) pole effectively describes the amplitude of the
17(171) wave.

Among the spin-exotic states, the 7, (1600) stands as the
sole experimental finding thus far. It has been detected in
various decay modes, including #'z [28-30], pz [31-34],
f1(1285)x [12], and b, (1235)x [13,35]. However, precise
measurements of the Breit-Wigner parameters and impor-
tant branching fractions for the 7;(1600) state have been
challenging due to substantial background contributions
from nonresonant processes. Detailed information regard-
ing the ;(1400), 7;(1600), and 7;(2015) states can be
found in the comprehensive reviews [5,36—39]. The avail-
able data on the z;(1600) state provide support for its
candidacy as a hybrid meson. Assuming the 7, (1600) to be
an isovector hybrid within the J”¢ = 1=+ nonet, one can
anticipate the potential experimental discovery of its iso-
spin partners.

A significant advancement was recently achieved by the
BESIII Collaboration, as they discovered the first isoscalar

1=* state, named the 7,(1855), through a partial wave
analysis of J/y — yn;(1855) — yni' [40,41]. The obser-
vation of the 7, (1855) state has spurred various theoretical
interpretations. It has been proposed as a molecular
state of KK,(1400) or a dynamically generated state in
Refs. [42-44]. In the framework of QCD sum rules, the
171 (1855) has been suggested as a tetraquark state with the
configuration [1.|s5 ® [1.],; [45]. Furthermore, investiga-
tions into the #;(1855) as a hybrid candidate have been
conducted using the flux tube model [46], QCD sum
rules [47], and the effective Lagrangian method [48]. In
addition, the production cross sections of the #;(1855) in
reactions such as K~ p — n(1855)A [49] and yp —
n1(1855) p reactions [50], as well as the branching fractions
of processes like J/w — yn;(1855) [51,52] and J/w —
7)1 (1855) [53], have been extensively studied.

As emphasized in Ref. [5], establishing the complete
SU(3)qavo; Multiplet for the 177 states is an essential
endeavor. The observations of the x;(1600) and 7, (18553)
states provide an excellent opportunity to pursue this
research. In this study, we investigate the masses of 1"
hybrid states in Sec. II, utilizing a hybrid static potential
simulated by lattice gauge theory. Furthermore, we analyze
the strong decays of the 7, (1855) and 7, (1600) states, and
their isospin partners within the 1= nonet. The decay
model is introduced in Sec. III, and the obtained results are
presented in Sec. IV. Finally, we end the paper with
discussion and conclusion in Sec. V.

II. MASSES OF 1-* HYBRID NONET

It is worth noting that the mass difference between the
171(1855) and 7, (1600) states is remarkably similar to that
between the ¢(1020) and p(770) mesons (as shown in
Fig. 1). This observation can be explained as follows: If we
consider the 7;(1600) and 7, (1855) states as 1~ hybrids,
the spin of the constituent quark-antiquark pair, denoted as
S,g- is equal to 1, which is the same as for the p(770) and
¢(1020) mesons. The primary distinction lies in the fact
that the gg pair in the p(770) and ¢(1020) systems is
associated with the lowest-lying static potential, while the
qq pair in the z;(1600) and 7,(1855) systems is formed
from the lowest excited configurations of the gluon field.
Under this assumption, the mass gaps observed between
¢#(1020)/p(770) and n,(1855)/7,(1600) can be predomi-
nantly attributed to the inherent mass difference between
the s and u/d quarks.

To further investigate the hybrid nature of the 7 (1600)
and 77 (1855) states,’ we employ a quark potential model
to calculate the masses of these lowest hybrid states.
The quark potential model, which has been validated by

'Since the 1=+ isoscalar state observed by BESIII [40,41] is
proposed to be the strange isoscalar partner of the 7, (1600) state,
we henceforth refer to it as the 7 (1855) state.
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FIG. 1. Mass differences of ¢(1020)/p(770) and

1,(1855) /7, (1600). For the light mesons, Am is defined as
my — m, where X denotes a state in the 135, nonet. For the light
hybrids, Am is defined as my —m, where X denotes a state
in the 17" nonet. The w(783), K*(893), and the unknown
171(1600)/K(1720) are also presented. The masses of the
p(770), w(783), K*(893), and ¢(1020) states are taken from
Ref. [11]. The masses of the z;(1600) and 7 (1855) states are
taken from Refs. [25,40,41].

lattice QCD simulations [54,55], has exhibited consider-
able success in describing the mass spectrum of meson
and baryon systems. Consequently, it can be extended to
incorporate hybrid masses. Notably, the interaction
between quarks, mediated by the excited gluon field, has
been simulated as “effective potentials” in lattice QCD
studies [56-59].

In the subsequent analysis, we utilize a quark potential
model to compute the masses of 177 light hybrid states,
incorporating the hybrid static potential extracted from
lattice simulations [58].2 It is worth noting that lattice QCD
not only obtains effective potentials for hybrids but also
successfully reproduces the well-established Cornell poten-
tial for conventional meson states. For the ¢g mesons, the
effective potential is

4a,
VZJ(I’):—§7+I7F+V0. (1)

The parameters «, b, and C stand for the strength of the
color Coulomb potential, the strength of linear confine-
ment, and a mass-renormalized constant, respectively. For
the lowest-energy hybrids, the effective potential is given as

A
Vi, (r) = =+ Ay’ + V1. (2)
On the other hand, the short-distance behavior of the
gluonic field IT, can be accurately described by a 17~
gluelump, as discussed in Ref. [60]. This understanding
has received further confirmation through lattice QCD

*Reference [58] provides more precise hybrid static potentials
with smaller statistical errors and finer spatial resolution for
different gluon field configurations.

computations, which have shown that the gluonic field
in the lowest-energy hybrids exhibits a significant overlap
with the chromomagnetic structure characterized by J 5 €=
17~ [10]. When considering a ¢g pair in an internal S-
wave, the permitted JPC values for the lightest hybrid
mesons are 0=, 1=, 2=, and 17~. These conclusions
align with the findings of lattice QCD calculations [10],
where the masses of the 0=, 17", 27, and 17~ hybrid
mesons were expected to be of the order of

M0—+ < M]—+ < lef < M27+. (3)

Here, we are only concerned about the masses of 1=+
hybrids. In our calculations, the following spinless Salpeter
equation3 is solved for the masses of the light mesons and
the lowest hybrid states:

[\/m% +P2 + \/m% —|—p2 + V(l’)}l//nL =Ey,. (4)

For mesons, the potential V(r) in Eq. (2) includes not only
the V- (r) in Eq. (1), but also the spin-spin contact
hyperfine interaction,

2.2
32ac3ec"

VCOQL(F) _WSQI 'SZIZ' (5)

9192

The parameters in Egs. (1) and (5) can be determined by the
measured masses of well-established gg states. Then the
parameters of the potential Vy; (r) for the lowest hybrid
states can be constrained by the following relationships:
Ay =0.0958, A, = &(b/&)?, and V| = Vi + & /b/&;.
Here, we have ¢&; =0.04749, &, =0.001599, and
&3 = 0.5385. In principle, the potential of hybrid mesons
should include the spin-spin interaction. However, due to
the current limitations in experimental data, the scarcity of
measurements restricts our ability to thoroughly discuss the
spin-spin effects of these hybrids. As a result, our primary
focus in this work centers on determining the central
masses of 07", 17+, 2=F and 17~ hybrids.

By reproducing the masses of these well-determined ¢g
mesons, as shown in Table I, we fix the parameters of the
potential model as follows: The masses of the u/d and s
quarks are taken to be 0.32 GeV and 0.45 GeV, respectively.
The parameters a, and b are set to 0.64 and 0.165 GeV? for
all light mesons. The values for ¢ and V, are assigned as
follows: 6,;, =0.47 GeV, 6,5 =0.45GeV, 6,5 =0.43 GeV,

Vi = 048 GeV, V" =—-040 GeV, and V| =
—0.33 GeV. With these parameter values, the average mass
of the I1,, hybrid multiplet is summarized in the bottom row

The spinless Salpeter equation could be regarded as an
approximate version of the relativistic Bethe-Salpeter equation
[61,62]. More details can be found in Ref. [63].
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TABLE 1. Predicted masses of n>S*1L; light mesons with the corresponding states (GeV).
gq meson ¢gs meson §§ meson

n* L) Pred. Exp. [11] Pred. Exp. [11] Pred. Exp. [11]
118, 0.139 7(140) 0.490 K(496) 0.754 17 (958)

135, 0.772 p(775) 0.897 K*(892) 1.018 $(1020)
218, 1.107 7(1300) 1.342 K(1460) 1.540 17 (1475)
238, 1.397 p(1450) 1.529 K*(1410) 1.659 P (1680)
1P, 1.072 hy(1170) 1.286 K, (1270) 1.465 hy(1415)
1’P, 1.262 a,(1260) 1.413 K (1400) 1.553 f5(1525)
1'D, 1.559 1,(1645) 1.722 K,(1770) 1.871

1°D, 1.611 p3(1690) 1.761 K(1780) 1.900 ¢3(1850)

TABLEIIL. A comparison of the predicted average masses of the assignment. To calculate the strong decays of the

I1,, hybrid multiplet with the measured masses of the z;(1600)
and 7 (1855) states (MeV).

1 (1600) K,

160074 [25]
1564 + 24 + 86 [26]
1623 £ 47732 [27]

1669 1852

7} (1855)
1855 £ 910 [41]

2023

of Table II, which also includes the newly measured masses
of the 7(1600) and 7 (1855) states for comparison.

As presented in Table II, the measured mass of the
71(1600) state is comparable to the predicted average mass
of the lowest ggg hybrids, suggesting that the z;(1600)
could indeed be a viable 1= hybrid state. In fact, our
prediction for the lowest ggg hybrids aligns well with most
theoretical predictions for the 1= ¢gg state (see Fig. 78 of
Ref. [39] for a comparison). Furthermore, several lattice
QCD calculations also support the hybrid assignment for
the 7;(1600) state, particularly when extrapolating the
pion mass in the lattice QCD simulations to the physical
value [39]. Thus, the mass of the z; (1600) state provides a
compelling evidence in favor of its hybrid nature.

Regarding the predicted average mass for the ssg states,
it is consistent with the findings of Refs. [64—66], but
approximately 150 MeV higher than the measured mass of
the 77} (1855) state. However, it is important to note that our
calculations do not account for spin-dependent interactions.
Thus, the hybrid assignment for the 7/ (1855) state remains
a plausible possibility. Swanson recently studied the flavor
mixing of hybrid states and also proposed the 7| (1855) as
the probable s3¢ partner of the 7;(1600) state [67].

Certainly, further investigation is warranted to explore
the possibility of the z;(1600) and 7/ (1855) states as two
hybrid members of the SU(3)q,,, 1~ multiplet. In the
following analysis, we will examine their strong decay
behavior under the assumption of the 17" hybrid

71(1600) and 77 (1855) states, we will employ a constituent
gluon model proposed in Ref. [68]. For the spatial wave
functions of the initial hybrid and final meson states, we
will approximate them using the simple harmonic oscillator
(SHO) wave function. By adopting this approach, we can
obtain analytical expressions for the decay amplitudes. In
our calculations, we will determine the scale parameter f of
the SHO wave function by solving the Salpeter equation.
The specific values of g for the final meson states are
collected in Table III. Additionally, we present the ﬂfjl a
values (where ¢, and ¢, represent the u, d, and s quarks) for
the lowest hybrid states in the II,, multiplet as follows:

= 0.264 GeV,
= 0.277 GeV.

= 0.271 GeV,

The predicted values of S/, and I are consistent with the
findings of the flux-tube model [65], indicating agreement
between the two approaches. However, the predicted value
of B is slightly smaller than the corresponding result from
the flux-tube model.

III. DECAY MODEL OF THE HYBRID STATE

Numerous models and methods have been proposed to
investigate the strong decays of hybrid states, including the
constituent gluon model [65,68—79], the flux-tube model
[80-83], QCD sum rules [84-89], lattice QCD [90-92],
and other approaches [48,93]. In this study, we employ the
constituent gluon model, recently developed in Ref. [68],
to calculate the strong decays of 17" light hybrid states.

TABLE III.  Values of the SHO wave function scale f (GeV).

System 1 1S0 13S1 21S0 2351 1 1P1 13PJ

qq 0669 0396 0435 0356 0446  0.339
qs 0.609 0432 0421 0371 0421 0.353
S5 0.579 0466 0417 0384 0412 0.367
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P,
(gluon)

k

FIG. 2. A connected diagram for a hybrid state H decaying into
the B and C mesons.

This model has successfully reproduced reasonable spin-
averaged ccg spectra, which are in good agreement with
lattice QCD results [94]. In the following, we will dem-
onstrate that the constituent gluon model can also capture
the main decay characteristics of the ;(1600) state
predicted by lattice QCD [92].

In the constituent gluon model, the gluon dynamics in the
lowest hybrid states is approximated by an axial gluon with
quantum numbers J¥¢ = 17~ The foundation of this model
can be understood as follows: in these lowest hybrid states,
the close proximity of the quark-antiquark pair allows the
gluon field configuration to be effectively described by the
corresponding gluelumps [60]. Consequently, a 1" hybrid
state can be simplified as a three-body system, with the
quark-antiquark pair and a transverse electric (TE) gluon
(JI€ =177) as its essential degrees of freedom.

A matrix element of the interaction Hamiltonian in the
QCD theory, which describes the annihilation of a gluon
and the creation of a quark-antiquark pair, is taken as the
coupling vertex to describe a decay process of a hybrid state
into two normal mesons. As shown in Fig. 2, the corre-
sponding Hamiltionian is given by

A

f=g [ @p@RSvEOAD (O

in the lowest order [71]. The transition operator 7 could be
derived from the above matrix element as

B pd3p 4d3k .
+ k
;/ \/Q—HT ( P3 p4 )

/12" Cy /7

x -0y lopee (kB3 (P (Pay(®)  (7)
in the nonrelativistic limit. The parameter w, could be
regarded as the effective mass of the constituent gluon [75],
which is taken to be 0.80 GeV in our calculations.
The strong coupling constant g, is constrained by the
decay width of 7z;(1600) with the 1=" hybrid assignment.
In practical application, the mock state is adopted to
describe the spatial wave function of initial and final

hadrons [95]. For the hybrid state, the wave function could
be written as

|H(JHmH[LH(Lq1q2 q)SH] (PH)>

= wppyWee / &*p & B, d*ks* (B + pr + k- 13H)

Lygmgg.Lymy 2N (2 7
X Wy, (P1» P2 )|91 (P1)%2(P2)g(k)), (8)

where wy and ¢y denote the color and flavor wave
functions, respectively, of an initial hybrid state. As a color
singlet state, the color wave functions of a hybrid state
could be represented as wy = |(¢g)s ® gg)°. The flavor
wave function of a hybrid state is the same as that of a
meson state, since the gluon is a flavor singlet. The value
Weg in Eq. (4) involves the Clebsch-Gordan coefficients,
which denote the spins and angular momentums of the
quarks and gluon coupling to the total spin (/) of a hybrid
state. Specifically, it is given as

2J,+1 T,
Wea = A D J/‘)(ﬂﬂ<LlI152mqll_12’ngg|LHmL>

1 1
X <§ my, Emz ’SHSH> (Susy, Lymy|Jymy). (9)

The value y, ; denotes the spin of a transverse gluon in the
gluon helicity basis—i.e., y,, = (14, L,0|J u)5,,. For the
1= hybrid states containing a TE gluon the factor )(ﬂ 518

always 1/4/2. The role of the rotation matrix Dm I
Eq. (5) is to convert the angular momentum projection of a
gluon to the basis of the hybrid system. As done in
Refs. [68,71,72], a simple product ansatz could be made
for the spatial wave function of the hybrid state. Namely,

LigLy o - = )
the W,,""*(p1. p». k) could be written as

qq > = q L( 9(32
W (B Bas k) = Wl (B, ™ (Ba). - (10)

With the Jacobian coordinates, j, and p;, are represented as
follows:

_,_1_, - 1m1
P =P P T,

— mMH - N -
2 k; pr=k (11)

in the rest frame of the hybrid system. The values m; and
m, refer to the masses of ¢, and g, in the hybrid state.
As mentioned before, the SHO wave function could be
used for the spatial wave function wi™(p). When the
wave functions of the final meson states in the decay
process are constructed in the same way, the momenta p
and k can be integrated by performing the partial wave

amplitude calculation. In this way, the helicity amplitude
of a decay process H — B+ C (see Fig. 2) can be

054034-5
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obtained analytically by the relation (BC|7|H) =
5 (Kg + K¢)Mimisic(p). The concrete expression of
Mnizic(p) can be found in Ref. [68].

Finally, the partial wave amplitude is given as

H—-BC _ "2L+1

MIFPC = 2527 2 (L0 jnl uia)

JBsic
x (Jpjp. Jcjclju) MImieic(p), (12)

while the partial width of the process H — BC in the H rest

frame is given by

EgEc
My

I'(H — BC) = 2x pY_IMESE(p)P. (13)
LS

IV. STRONG DECAYS OF THE 1-* NONET
A. The 7;(1~*) state

By assigning 7, (1600) as the isovector member in the
JPC = 17" nonet, we give a total decay width of 261 MeV,”
which is comparable to the average value reported in the
PDG table [11].° The dominant decay modes b, (1260)x
and f,(1280)z are predicted. This finding is consistent
with the results of the flux-tube model [81] and lattice
QCD [92], where the b;(1260)z channel was also iden-
tified to have the largest partial decay width for the
71(1600) state. The decays of z; (1600) into the b, (1260)x
and f,(1280)x channels can occur via both s-wave and
d-wave processes. However, our calculations show that the
d-wave partial widths are quite negligible (< 1 MeV) due
to the limited phase space available. This conclusion is in
agreement with the lattice QCD results [92], but it contra-
dicts the predictions of the flux-tube model [81].

In addition to the b;(1260)z and f;(1280)z channels,
the 7;(1600) state has also been observed in the p(770)x
[31-34] and #/(958)z [28-30] channels. According to the
results presented in Table IV, the partial decay width for
the pz channel is estimated to be approximately 2 MeV.
This suggests that the 7;(1600) state could be observed
in the 7;(1600) — pz decay process, given a sufficiently
large data sample. However, the isospin symmetry [96]
prohibits the decays of 7;(1600) into #z and 'z via the
mechanism shown in Fig. 2. Therefore, this conclusion
contradicts the observation of 7;(1600) — 'z reported in
previous studies [28—30]. One possible explanation for this
puzzle is that the 7 meson may have a significant gluonium

“By comparing with the average decay width of 7 (1600)
listed in the PDG table, we may find that the uncertainty of our
result is about 10% ~ 30%. The same uncertainty also exists in
the results of Tables V-VII.

*It should be noted that the pole position (or the Breit-Wigner
parameter) of the ; (1600) state currently has a large uncertainty,
and more precise measurements are required in the future.

TABLE IV. The partial and total widths of the strong decays of
the 7;(1~") state (MeV). Here, the final mesons refer to all
allowed charge conjugate pairs. For example, when we consider
1(1600)~ decaying into the K*(892) and K states, K*K denotes
the K*(892)~ + K° and K*(892)° + K~ channels. If a partial
width is predicted to be smaller than 1 MeV, we denote it as zero.

pr KK b,(1235)x f1(1285)x f>(1270)z

2 ~0 244 15 ~0
Total Exp. [11]
261 240 + 50

component.6 Consequently, the decay mechanism of
71(1600) — 'z would differ from the other decay modes
listed in Table IV. Further discussion on this point will be
provided in the next subsection.

We would like to emphasize the significance of the
[(, (1600)—b, (1235)x)
T, (1600)= , (1285)x)
insights into the nature of the ;(1600) state. When
considering the mass and SHO wave function scale
parameter 3 of the b,(1235) and f,(1285) to be equal,
the ratio B is determined to be 4, a result consistent with
the findings of the flux-tube model [98]. However, by
incorporating the differences between the b,(1235) and
f1(1285) in the calculation, the value of B increases to
approximately 16.3. This suggests that if z;(1600) is
indeed a 1" hybrid state, its partial width for z;(1600) —
b,(1235)z is expected to be significantly larger than
that for z;(1600) — f,(1285)x. Currently, only the VES
experiment has evaluated the ratio B with a large uncer-
tainty [30]. Therefore, further experimental efforts are
needed to measure this branching ratio accurately.

branching ratio B = in providing

B. The 7,(1~*) state

As the isoscalar counterpart to the z;(1600) state, it is
anticipated that the 7, (17") state will have a mass approx-
imately equal to that of the z;(1600) state [66]. However,
the decay width of the n,(1™") state is predicted to be
narrow (see Table V), which is in stark contrast to the
broader decay width of the z;(1600). The same result has
also been presented in Ref. [51], where the lighter isoscalar
hybrid was predicted to be the narrowest state in the 1"
multiplet.

Table V reveals that the dominant decay channel for the
n1(171) state is a;(1260)zx. Therefore, a promising avenue
for detecting the #,(17") signal is through the J/y —
ym(177) = y 4+ a,(1260)z process, as J/y radiative
decays are known to be rich in hybrid production.

®The KLOE Collaboration determined the gluonium content
of the #' meson through a global fit to the radiative decays of
pseudoscalar and vector mesons [97]. Their analysis indicated a
substantial gluonium component in the wave function of the #’
meson.
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TABLE V. The partial and total widths of the strong decays of
the n;(17) state (MeV).

TABLE VI. The partial and total widths of the strong decays of
the 77| (171) state (MeV).

ny’ K*K a,(1260)x a,(1320)x #(1300)z  ny' K*K K, (1270)K Total Exp. [40,41]
~0 ~0 55 ~0 5 ~0 2 157 159 188 + 1873
Total Exp.
60 ...

However, the situation is different for the zp diffraction
process at high beam energy, as this process is primarily
governed by Pomeron exchange [38]. Consequently, the
production of #;(17") in zp reactions is suppressed.

In the scenario where the #7,(17") hybrid contains a
small s5g component,7 a visible mass difference between
the #7,(17") and =,(1600) states could be expected.
However, considering the decay properties of a pure
1~" s5g state discussed in the next subsection, it is evident
that the a;(1260)z channel remains the dominant decay
mode for the #,(17") state when its mass is below
1.76 GeV. Consequently, the main partial widths predicted
and listed in Table V would not undergo significant
changes.

C. The (1~ *) state

As discussed earlier, the mass difference between the
17, (1855) and 7;(1600) states can be naturally explained
by treating the 7} (1855) state as the s5g partner of the
71(1600). In this section, we will initially consider the
17, (1855) as a pure s5¢ hybrid state and examine its strong
decays. Subsequently, we will discuss the possibility of the
i, (1855) state being a mixture of s5g and (uit + dd)g//2
components.

Treating the 7/ (1855) state as a s5¢ hybrid, the total
decay width is predicted to be approximately 160 MeV,
which agrees with experimental measurements [40,41].
However, the partial decay width of #’ is estimated to be
no more than 1 MeV, which may appear too small to be
detected in experiments. This result is analogous to the case
of 7,(1600) — #'z. The presence of gluonium content in
the 7' meson can significantly influence the 7/ (1855) — nn/
process. In other words, the decay mechanism governing
the #/(1855) — ny' channel differs from that of other
channels listed in Table VI. If the z;(1600) and 7} (1855)
states are 1~ hybrids, there should be a nearby 0~
isoscalar hybrid state. This 0~ isoscalar hybrid state can
mix with the #’ meson, resulting in the gluonic content
in the #7/. Experimental measurements of the branching ratio
B(n, (1855) — nn')/B(n (1855) - K*K) can test this
speculation in the future. Taking into account the gluonic

"The mixing between two isoscalar states in the 17" nonet is
expected to be small due to the homochiral nature [51].

content of the #/, the partial width of 7 (1855) — ny' is
comparable to or even larger than that of 7 (1855) — K*K.

It is also crucial for future experiments to search for
the 7 (1855) state in the | (1855) — K(1270)K process,
since K{(1270)K is predicted to be a dominant decay
channel for the 7] (1855) state. For the decay channels
associated with K;(1270) and K, (1400), it is necessary to
regard them as a combination of the K, ('P;) and K,(*P))
states. The mixing scheme reads as [99]

{ |K1(1270)) = cos 0|K, ('P,)) — sin0|K, (*Py)) (14)

|K,(1400)) = sin9|K('P;)) + cos 0| K, (°P})).

The mixing angle 6 is adopted as 60°, a value established
through an examination of the K; — Kzz strong
decays [100].

As an isoscalar meson, 7(1855) in principle could
contain some (uit 4 dd)g/\/2 component [67]. In the
future, experiments can check the (u@ + dd)g//2 com-
ponent of the 7} (1855) state by searching for it in the
a(1260)z channel.

D. The K,(17) state

Given the predicted decay width of 278 MeV, the K (17)
state, as the strange partner of the 7;(1600) and #'(1855)
states, is anticipated to be broad. Consequently, it may pose
a challenge for future experimental searches, as detecting
such a broad state can be more challenging compared to
the narrower resonances. Nonetheless, further investiga-
tions and experimental efforts are crucial to exploring the
properties and existence of the K;(17) state.

The K,(17) state is predicted to exhibit significant
decays into K;(1400)z and K,(1270)z, making them
the two dominant decay channels (see Table VII).

TABLE VII. The partial and total widths of the strong decays of
the K, (17) state, where the mass of the K;(17) state is taken as
1.72 GeV (MeV).

K= Kn Ky Kp Ko

1 ~0 ~0 ~0 ~0

K*n K*n K*p K*w K,(1270)x

3 1 ~0 ~0 106

K, (1400)r  K,(1430)z h(1116)K K(1460)z K*(1410)x

146 ~0 16 2 3
Total Exp.
278
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Furthermore, the decays h;(1170)K, K*(1410)z, and K*z
are also expected to be observable for the K;(17) state.
Given that the 7;(1600) state has been observed in the 'z
channel and the #|(1855) state in the #'n channel, we
propose that future experimental investigations also target
the K;(17) state in the K channel. These suggested
explorations would provide valuable insights into the
existence and properties of the K;(17) state.

V. DISCUSSION AND CONCLUSION

In the field of hadron physics, the study of exotic states
has gained significant attention. While flavor-exotic states
like the Z¥ and ZF have been extensively investigated,
spin-exotic states hold a special significance in under-
standing the nonperturbative nature of strong interactions at
low energies. Currently, there have been reports of three
1=t states: the ;(1400), ;(1600), and 7;(2015).
However, the existence of the z;(1400) and x;(2015)
states is still subject to debate, while the existence of the
71(1600) is relatively more certain. Even so, crucial
properties such as the pole position and important decay
ratios of the ;(1600) state are yet to be precisely
measured. Consequently, the establishment of the light
JP©) = 1) hybrid nonet is still a work in progress.

Recently, the discovery of the 7} (1855) state by the
BESIII Collaboration in the 71 decay channel has signifi-
cantly impacted the situation [40,41]. As both the #'(1855)
and 7;(1600) are 1~ states, their mass difference closely
matches that of the ¢ and p mesons. This observation
suggests that the #'(1855) and 7, (1600) states could be two
members of a J*(©) = 1=(+) hybrid nonet. By assuming the
1/ (1855) state to be the s3¢g partner of the z;(1600), we
conducted a study on their masses and strong decays. The
results indicate that the z;(1600) and #'(1855) states are
plausible candidates to be considered as the members of a
1= hybrid nonet.

The predicted dominant decay modes of the z;(1600)
state include b (1260)x and f,(1280)z, which is consistent
with experimental observations, since the 7;(1600) has
been detected in these two decay channels. To further
determine the nature of the ;(1600) state, future

experiments could focus on measuring the ratio of
['(7,(1600) — b;(1235)x) to I'(z;(1600) — f1(1285)x).
The predicted partial width for the pz channel is around
2 MeV, in agreement with lattice QCD results [92].
However, the 7'z channel is forbidden for the z;(1600)
state if the #' is considered a conventional gg meson.
This discrepancy seems to contradict experimental obser-
vations where the 7, (1600) state has been found in the 7'z
channel [28-30]. We have proposed that the decay mecha-
nism of z;(1600) — 7'z might be different from other
observed decay processes due to the significant gluonic
component of the #/ meson. This assumption also provides
an explanation for the observation of 7 (1855) — #'5. In
fact, decay processes involving the #/ meson in the final
states are considered as promising channels to search for
hybrid states [101]. Therefore, it is crucial to measure the
partial widths of 7, (1600) — #'z and 17| (1855) — ' more
precisely in future experiments.

Being isospin partners of the x;(1600) and 7} (1855)
states in the 17" hybrid multiplet, the K, state is expected
to have a broad decay width, which presents a challenge
for experimental searches. In contrast, the #; state could
potentially be observed in the cascade process J/y —
ym(17") = y 4+ a,(1260)z. In the future, experiments
such as BESIII [102], Belle II [103], GlueX [104,105],
PANDA [106], and COMPASS [38] will provide more
valuable data to enhance our understanding of hybrid
states. Therefore, the field of hybrids warrants increased
attention from both experimentalists and theorists.
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