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We investigate the light quarkonium hybrid mesons of various spin parities in QCD. Considering
different interpolating currents made of the valence light quarks and single gluon, we calculate the mass and
current coupling of the strange and nonstrange members of light hybrid mesons by including into
computations the nonperturbative quark and gluon condensates up to ten dimensions in order to increase
the accuracy of the results. The obtained results may be useful for future experimental searches of these
hypothetical states. They can also be used in the calculations of different parameters related to the decays/
interactions of light hybrid mesons to/with other states.
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I. INTRODUCTION

As successful theory of strong interaction, the quantum
chromodynamics (QCD) together with the powerful quark
model have predicted the existence of exotic hadrons
beyond the standard mesons and baryons. The most known
categories for exotic hadrons are tetraquarks, pentaquarks,
hexaquarks, quark-gluon hybrids, and glueballs. Starting
from 2003, many tetraquark and pentaquark states have
been discovered in the experiment. Concerning the hex-
aquarks, WASA-at-COSY Collaboration has reported
observation of a six-quark candidate d�ð2380Þ with JP ¼
3þ [1], starting a wide research on the properties of
hexaquarks and dibaryons as interesting objects: a hypo-
thetical SU(3) flavor-singlet, highly symmetric, deeply
bound neutral particle termed the scalar hexaquark
S ¼ uuddss has been introduced as a potential candidate
for dark matter [2]. Although some resonances have been
introduced as potential candidates for the hybrids and
glueballs, there are no discovered particles with high
confidence level in these categories yet. It is time to
investigate the hybrid states and glueballs with a fresh
eye, though they have been searched for for a long time.

Hybrid states were predicted in 1976 [3]. There are some
states with quantum numbers JPC ¼ 0−−; 0þ−; 1−þ; 2−þ,
which cannot be explained by the qq̄ picture and are
considered as potential hybrid meson candidates [4].
Among them are π1ð1400Þ [5], π1ð1600Þ [6], π1ð2015Þ
[7], and η1ð1855Þ [8] with exotic quantum numbers JPC ¼
1−þ evidenced by some experiments. They are possible
single-gluon hybrid candidates of a quark-antiquark pair
together with a valence gluon. Designed to search for the
hybrid mesons as its primary goal, the GlueX experiment at
Jefferson Lab is expected to give crucial insights into the
existence and structure of the exotic hybrid mesons.
Investigation of the light and heavy hybrid mesons is of

great importance not only for determination of their nature
and quark-gluon organization but for gaining useful infor-
mation about the nonperturbative nature of QCD. Light
hybrid states, which are the subject of the present study,
have been intensively investigated in the framework of
different theoretical methods such as lattice QCD [9,10],
the Schwinger-Dyson formalism [11–13], the flux tube
model [14,15], the MIT bag model [16,17], and QCD
Laplace sum rules (LSRs) [18–34]. In particular, Ref. [21]
contains a comprehensive LSR analysis of the light hybrids
for J ¼ 0 and 1 with all the possible combinations for the
parity and charge quantum numbers. Analyses show that
the 0þþ, 0−−, 1þþ, and 1−− states are mainly stable, while
0þ−, 0−þ, 1þ−, and 1−þ quantum numbers lead to unstable
and controversial results. Expected to be the lightest hybrid
mesons, the ones with 1−þ have been the subject of much
additional study. In the QCD sum rules, predictions on the
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1−þ light hybrid mesons are inconsistent among different
works. For instance, the Balitsky et al. prediction of mass
for the 1−þ state is in the range 1.0–1.3 GeV [18,22],
Latorre et al. predicted the related mass to be around
2.1 GeV [24], and the obtained mass for the 1−þ state is
around 2.5 GeV in Refs. [19,35,36]. The mass of 1−þ was
reanalyzed by including the quark-gluon condensates up to
eight dimensions [34] and it was found that the mass value
increases to be in the range 1.72–2.60 GeV. The obtained
mass range did not favor the π1ð1400Þ and the π1ð1600Þ to
be pure hybrid states and suggests the π1ð2015Þ, observed
by E852, to have much of a hybrid constituent. The masses
of the light hybrid mesons with JPC ¼ 1−þ quantum
numbers have also been calculated using different theo-
retical methods other than QCD sum rules [37–40].
Concerning other quantum numbers, the masses of the

0þþ and 0−þ light hybrid mesons were calculated using
the QCD sum rule method by considering two kinds of the
interpolated currents with the same quantum numbers.
While the approximately equal mass was predicted for
the 0−þ hybrid states from the two different currents,
different masses were obtained for the 0þþ hybrid states
from the two considered different currents. The masses of
light (nonstrange and strange) quarkonium hybrid mesons
with JPC ¼ 0þ− were investigated using Gaussian sum
rules accompanied by the Hölder inequality [41]. The
obtained mass predictions of the nonstrange and strange
states were 2.60 and 3.57 GeV, respectively. Unfortunately,
the predictions for the masses of the light hybrid mesons
with various spin and parity are inconsistent with each
other. Thus, further theoretical studies for the light hybrid
states with all possible quantum numbers are necessary.
In this article, inspired by this situation, we will compute

the mass and current coupling of the light quarkonium
hybrid mesons with different quantum numbers. We will
utilize the Borel QCD sum rule method to carry out the
calculations. This method is recognized as a powerful and
predictive nonperturbative approach in the field of hadron
physics [42–45]. It has demonstrated good success not only
in analyzing the properties of conventional hadrons, but
also in examining the exotic particles (see, for instance,
Refs. [46–60]). The results obtained through this approach
have effectively confirmed the existing experimental data.
We construct different currents to interpolate the light
quarkonium hybrid mesons with various possible spin
parities. The aim is to explore the spectroscopic character-
istics of various types of light hybrid mesons. Note that the
scalar and vector states, and pseudoscalar and axial-vector
states, couple simultaneously to the same currents. We
isolate the contributions of different states by choosing
appropriate Lorentz structures entering the calculations.
In Sec. II, the sum rules for the mass and current

coupling of the light strange and nonstrange hybrid mesons
of different spin parities are derived. In Sec. III, the
obtained sum rules are numerically analyzed. The last

section is dedicated to the summary of the calculations and
conclusions. We move the expressions for the contributions
of different perturbative and nonperturbative operators to
the Appendix.

II. FORMALISM

The sum rules for the mass and current coupling of the
light hybrid mesons can be extracted from analysis of the
following two-point correlation function:

ΠμνðqÞ¼ i
Z

d4xeiqxh0jT fJμðxÞJ†νð0Þgj0i

¼qμqν
q2

ΠSðPSÞðq2Þþ
�
qμqν
q2

−gμν

�
ΠVðAVÞðq2Þ; ð1Þ

where JμðxÞ is the current representing the vector (V) and
axial-vector (AV) light hybrid states coupling to the scalar
(S) and pseudoscalar (PS) states as well. Possible inter-
polating currents with different valence quark-gluon
contents and quantum numbers to be considered in the
present study are given in Table I. Here gs is the strong
coupling constant, a; b ¼ 1; 2; 3 are color indices, λn with
n ¼ 1; 2;…; 8 are the Gell-Mann matrices, G̃n

μθðxÞ ¼
ϵμθαβGn

αβðxÞ=2 is the dual field strength of Gn
μθðxÞ, and

q ¼ u, d, s are the light quark fields. In Table I, one can see
the states with different quantum numbers that couple to
each current, simultaneously. This situation causes some
pollution that should be removed to calculate the physical
quantities of the desired states.
To obtain the sum rules for the mass and current coupling

of different states, we need to relate these hadronic
quantities to the fundamental QCD parameters like the
quark masses, quark-gluon condensates of different non-
perturbative mass dimensions, strong coupling constants,
and some auxiliary parameters entering the calculations at
different stages based on the standard prescriptions of the
method. Therefore, we need to calculate the aforesaid
correlation function in two hadronic and QCD languages.
Matching the coefficients of different Lorentz structures
from both representations will give us the aiming sum rules.
In technique language, the hadronic representation at the
timelike region is found by inserting complete sets of
hadronic states with the same quantum properties as the
interpolating currents between the two creating and

TABLE I. The currents of the light hybrid states.

Currents JPC

J1μ ¼ gsq̄aγθγ5
λnab
2
G̃n

μθqb 0þ−; 1−−

J2μ ¼ gsq̄aγθγ5
λnab
2
Gn

μθqb
0−−; 1þ−

J3μ ¼ gsq̄aγθ
λnab
2
G̃n

μθqb 0−þ; 1þþ

J4μ ¼ gsq̄aðxÞγθ λnab
2
Gn

μθqb
0þþ; 1−þ

B. BARSBAY, K. AZIZI, and H. SUNDU PHYS. REV. D 109, 094034 (2024)

094034-2



annihilating currents in coordinate space. As an example,
for the current J1μ coupling simultaneously to the scalar 0þ−

and vector 1−− states, after performing the four integrals
over four x, we get

ΠPhys
μν ðqÞ ¼ h0jJ1μjHSðqÞihHSðqÞjJ1†ν j0i

m2
HS

− q2

þ h0jJ1μjHVðqÞihHVðqÞjJ1†ν j0i
m2

HV
− q2

þ…; ð2Þ

where ΠPhys
μν ðqÞ stands for the physical or hadronic side;

andmHS
andmHV

are the masses of the light S and V hybrid
states, respectively. To proceed, we need to define the
following matrix elements:

h0jJμjHSðqÞi ¼ qμfHS
ð3Þ

and

h0jJμjHVðqÞi ¼ mHV
fHV

εμ; ð4Þ

where εμ is the polarization vector of the V state; and fHS

and fHV
represent the corresponding current couplings. Up

to here, the function ΠPhys
μν ðqÞ takes the form

ΠPhys
μν ðqÞ ¼ f2HS

m2
HS

− q2
qμqν þ

m2
HV
f2HV

m2
HV

− q2

×

�
−gμν þ

qμqν
q2

�
þ � � � : ð5Þ

As it is clear, the function ΠPhys
μν ðqÞ contains the S and V

hybrid contributions, simultaneously. To isolate the S
contribution alone, it is enough to multiply Eq. (5) by
qμqν=q2 which results in

qμqν
q2

ΠPhys
μν ðqÞ ¼ −f2HS

þ m2
HS
f2HS

m2
HS

− q2
þ � � � : ð6Þ

The contribution of the vector state is found by choosing
the structure gμν which is free of the S hybrid state and
contains only the vector contribution,

Π0Phys
μν ðqÞ ¼ m2

HV
f2HV

m2
HV

− q2
× ð−gμνÞ þ � � � : ð7Þ

To suppress the contributions of the higher states and
continuum at each channel, we apply Borel transformation
with respect to q2. We find,

Bq2Π
0Phys
μν ðqÞ ¼ m2

HV
f2HV

e−m
2
HV

=M2ð−gμνÞ þ � � � ð8Þ

and

Bq2
qμqν
q2

ΠPhys
μν ðqÞ ¼ m2

HS
f2HS

e−m
2
HS

=M2 þ � � � ð9Þ

for the final representations of the physical contributions of
the V and S states in the Borel scheme, respectively. In
these equationsM2 is the Borel parameter to be fixed in the
next section.
On the QCD side, the correlation function is obtained in

deep Euclidean spacelike region, q2 → −∞, where the time
ordering operator of two currents are expanded in terms of
different perturbative and nonperturbative contributions
using operator product expansion (OPE). We take into
account the nonperturbative contributions up to ten dimen-
sions. In fact, to do this, we insert the explicit forms of the
currents into the correlation function and perform all the
possible contractions among the quark fields in vacuum.
The result is obtained in terms of the participating quark
propagators and vacuum expectation value of the two
valence gluons. As an example, for the current J1μ the
function ΠOPE

μν ðqÞ takes the form

ΠOPE
μν ðqÞ ¼ g2sϵμθαβϵνδα0β0

4
i
Z

d4xeiqx

× h0jGn
αβðxÞGm

α0β0 ð0Þj0itn½a; b�tm½a0; b0�
× Tr½Sa0aq ð−xÞγθγ5Sbb0q ðxÞγ5γδ�; ð10Þ

where tn ¼ λn=2 and Sabq ðxÞ is the light quark propagator,
whose expression in coordinate space is given by

Sabq ðxÞ ¼ i
=xδab
2π2x4

−
mqδab
4π2x2

−
hq̄qi
12

�
1− i

mq

4
=x

�
δab

−
x2

192
hq̄gsσGqi

�
1− i

mq

6
=x

�
δab −

=xx2g2s
7776

hq̄qi2δab

−
igsG

μν
ab

32π2x2
½=xσμν þ σμν=x�−

x4hq̄qihg2sG2i
27648

δab þ � � � :
ð11Þ

When replacing this propagator into Eq. (10), besides the
different perturbative and nonperturbative contributions of
different dimensions resulting from the multiplications of
two propagators, there appears another term from the

multiplications of − igsG
μν
ab

32π2x2 ½=xσμν þ σμν=x� from both the
propagators. This term makes another two-gluon conden-
sate in the presence of vacuum. We apply the following
shorthand notations:

Gαβ
ab ¼ Gαβ

A λAab=2; G2 ¼ GA
αβG

A
αβ; ð12Þ

in the calculations.
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Now, we proceed to discuss the matrix element
h0jGn

αβðxÞGm
α0β0 ð0Þj0i in Eq. (10). It is considered two

different ways: In the first approach, it is considered as
the full gluon propagator in coordinate space between two
points 0 and x, whose expression is given by

h0jGn
αβðxÞGm

α0β0 ð0Þjj0i ¼
δmn

2π2x4

�
gββ0

�
gαα0 −

4xαxα0

x2

�

þ ðβ; β0Þ ↔ ðα; α0Þ − β ↔ α

− β0 ↔ α0
�
: ð13Þ

This is multiplied to the two light quark propagators and all
the calculations are done. This contribution is equal to the
diagrams at which the two quarks and the valence gluon all
are full propagators. In the second approach, the matrix
element h0jGn

αβðxÞGm
α0β0 ð0Þj0i is considered as the two-

gluon condensate. To this end, the gluon field at point x is
expanded around x ¼ 0 and the first term is taken into
account. Hence, one has

h0jGn
αβð0ÞGm

α0β0 ð0Þj0i ¼
hG2i
96

δmn½gαα0gββ0 − gαβ0gα0β�: ð14Þ

The contribution coming from this approach is equivalent
to the diagrams with full quark propagators and the gluon
interacting with the QCD vacuum. By using Eqs. (13) or
(14) in Eq. (10), we make use of the following relation:

tn½a; b�tn½a0; b0� ¼ 1

2

�
δab

0
δa

0b −
1

3
δabδa

0b0
�
: ð15Þ

After putting all the elements explained above together, we
find expressions in the OPE side in terms of fundamental
QCD parameters like the quark masses, quark and gluon
condensates, strong coupling constant, etc., in coordinate
space. We apply Fourier transformation to transfer the
calculations to the momentum space. To this end, we make
use of the formula

1

ðx2Þm ¼
Z

dDk
ð2πÞD e−ik·xið−1Þmþ12D−2mπD=2

×
Γ½D=2 −m�

Γ½m�
�
−

1

k2

�
D=2−m

; ð16Þ

then perform the integral over four x. To perform the
integrals over other four parameters, we use the Feynman
parametrization and the formula

Z
d4l

ðl2Þm
ðl2 þ ΔÞn ¼

iπ2ð−1Þm−nΓ½mþ 2�Γ½n −m − 2�
Γ½2�Γ½n�ð−ΔÞn−m−2 ;

ð17Þ

where Δ depends on the parameters of the problem except
l. Finally, we use

Γ
�
D
2
− n

��
−
1

Δ

�
D=2−n

¼ ð−1Þn−1
ðn − 2Þ! ð−ΔÞ

n−2 ln½−Δ� ð18Þ

to find the imaginary parts of the resultant expressions for
the perturbative and nonperturbative contributions up to six
dimensions, which gives the spectral densities in dispersion
representation. Note that, for the contributions equal to or
greater than the six dimensions, we directly find the
contributions of the nonperturbative operators based on
the standard prescriptions of the method. The next step is
applying the Borel transformation to the OPE side the same
as the physical side. The final procedure is to apply
continuum subtraction to further suppress the contributions
of higher states and continuum. When performing this, a
threshold s0 is set to use the quark-hadron duality
assumption. The continuum threshold depends on the
energy of the first excited state and will be fixed in the
next section as well. As a result, for the OPE side we get

ΠðM2; s0Þ ¼
Z

s0

4m2
q

dsρOPEðsÞe−s=M2 þ ΓðM2Þ; ð19Þ

where ρOPEðsÞ ¼ 1
π Im½Πðq2Þ� is the two-point spectral

density calculated up to dimension six nonperturbative
contributions. The invariant amplitude ΓðM2Þ contains
nonperturbative contributions calculated directly from the
OPE side and for the nonperturbative contributions from
six to ten mass dimensions. Note that the six dimension
appears both in the ρOPEðsÞ and ΓðM2Þ. The explicit
expressions of these functions are presented in the
Appendix, as samples for the strange hybrid meson with
the quantum numbers JPC ¼ 1−−.
The last task in this section is to choose appropriate

Lorentz structures from both sides and match the invariant
coefficients. We shall say that, for our case, these structures
are gμν and I, which typify contributions of VðAVÞ and
SðPCÞ particles, respectively. For the mass mH and current
coupling fH of the hybrid states associated with the current
J1μ, we get

m2
H ¼ d=dx½ΠðM2; s0Þ�

ΠðM2; s0Þ
; ð20Þ

and

f2H ¼ em
2
H=M

2

m2
H

ΠðM2; s0Þ; ð21Þ

where x ¼ −1=M2. Similar computations are done for the
currents J2μ, J3μ, and J4μ to get sum rules for the physical
quantities of the corresponding hybrid states.
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III. NUMERICAL RESULTS

In this section, we perform numerical analysis to get the
values of the masses and current couplings. The quark
masses are taken from the Particle Data Group [4], while
for the quark-gluon condensates, we use

hq̄qi ¼ −ð0.24� 0.01Þ3 GeV3;

hs̄si ¼ 0.8hq̄qi;
hq̄gsσGqi ¼ m2

0hq̄qi; m2
0 ¼ ð0.8� 0.1Þ GeV2;

DαsG2

π

E
¼ ð0.012� 0.004Þ GeV4: ð22Þ

The higher-dimensional operators up to ten are obtained in
terms of the condensates presented above (see the
Appendix).
In addition to the above-mentioned input parameters, the

obtained sum rules in the previous section depend on two
auxiliary parameters: The Borel parameter M2 and the
continuum threshold s0. Their working windows are found
based on the standard requirements of the method. These
are the relatively weak dependence of the physical quan-
tities, dominance of pole contribution at each channel, and
convergence of the OPE. For the convergence of the OPE
series we need the perturbative part to exceed the total
nonperturbative contribution, and the higher the dimension
of the nonperturbative operator, the lower its contribution.
In technique language, we define the following formula for
the pole contribution (PC):

PC ¼ ΠðM2; s0Þ
ΠðM2;∞Þ : ð23Þ

The condition PC ≥ 0.5 sets the higher limit of the Borel
parameterM2. Its lower limit is fixed by the convergence of
the OPE series. For this, we employ the condition

RðM2
minÞ ¼

ΠDimNðM2
min; s0Þ

ΠðM2
min; s0Þ

≤ 0.05; ð24Þ

where ΠDimNðM2
min; s0Þ with DimN ¼ Dimð8þ 9þ 10Þ

denotes the contributions of the last three nonperturbative
operators. The continuum threshold s0 depends on the
energy of the first excited states at each channel and it is
fixed such that the above conditions are satisfied and we
witness the relatively weak dependence of the mass and
current coupling with respect to its variations in the
working window. The residual dependence arising from
the determination of the working intervals of theM2 and s0
appear as the uncertainties of the results. The uncertainties
coming from the auxiliary parameters constitute the main
errors in the presented values. The intervals for the M2 and

the values of PC at lower and higher values ofM2 for all the
considered channels at average values of the continuum
threshold are given in Tables II and III for the strange and
nonstrange hybrid mesons, respectively. The presented
values for PC in these tables are acceptable for the exotic
states. We will present the exact intervals of the continuum
thresholds for each channel in the following tables. As an
example, the perturbative and different nonperturbative
contributions (in units of GeV8) for the strange hybrid
meson of the JPC ¼ 1−− quantum numbers as functions of
M2 and at average s0 are depicted in Fig. 1. As it is seen, the
OPE convergence condition is nicely satisfied.
Having calculated the working intervals of the auxiliary

parameters, we depict the variations of the mass mH and
current coupling fH as functions of the Borel parameter and
continuum threshold in Figs. 2 and 3. We observe that the
physical quantities demonstrate good stability with respect
to the variations of the parameters M2 and s0 in their
working intervals. This is the case for other members and
quantum numbers as well.
Now, we proceed to present the values of the masses and

current couplings of the light hybrid mesons with the
quantum numbers 0þþ, 0þ−, 0−−, 0−þ, 1þþ, 1þ−, 1−− and

TABLE II. Values of PC and intervals of M2 for the ground
state light strange hybrid states at average value of the continuum
threshold.

JPC s0ðaverageÞ ðGeV2Þ ½M2
min;M

2
max�ðGeV2Þ PC

0þþ 19.0 [5.0, 6.0] [0.27, 0.22]
0þ− 17.0 [4.5, 5.5] [0.64, 0.48]
0−− 19.0 [5.5, 6.5] [0.22, 0.17]
0−þ 18.0 [4.5, 5.5] [0.68, 0.52]
1þþ 10.0 [4.5, 5.5] [0.08, 0.05]
1þ− 9.0 [3.0, 4.0] [0.48, 0.27]
1−− 9.0 [2.5, 3.5] [0.46, 0.25]
1−þ 9.0 [2.5, 3.5] [0.62, 0.36]

TABLE III. Values of PC and intervals of M2 for the ground
state light nonstrange hybrid states at average value of the
continuum threshold.

JPC s0ðaverageÞ ðGeV2Þ ½M2
min;M

2
max�ðGeV2Þ PC

0þþ 19.0 [5.5, 6.5] [0.23, 0.18]
0þ− 17.0 [4.5, 5.5] [0.65, 0.48]
0−− 19.0 [5.5, 6.5] [0.23, 0.18]
0−þ 17.0 [4.5, 5.5] [0.65, 0.48]
1þþ 10.0 [4.5, 5.5] [0.08, 0.05]
1þ− 9.0 [2.5, 3.5] [0.63, 0.36]
1−− 9.0 [2.5, 3.5] [0.48, 0.26]
1−þ 9.0 [2.5, 3.5] [0.63, 0.36]
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FIG. 1. The perturbative and different nonperturbative contributions (in units of GeV8) for the strange hybrid meson of the JPC ¼ 1−−

quantum numbers as functions of M2 and at average s0.
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FIG. 2. The mass of the strange hybrid meson with JPC ¼ 1−− as functions of M2 and s0.
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FIG. 3. The current coupling of the strange hybrid meson with JPC ¼ 1−− as functions of M2 and s0.
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1−þ for the strange and nonstrange members in Tables IV
and V, respectively. For completeness, we also depict the
intervals of the Borel parameter M2 and continuum thresh-
old s0 for all the channels in these tables. The uncertainties
present in the values of the masses and current couplings are
due to the uncertainties of the auxiliary parameters and errors
of other input values. The order of uncertainties in the values
of the masses are lower compared to those of the current
coupling constants. This is due the fact that the mass is the
ratio of two sum rules, whose uncertainties partly kill each
other, while the current coupling is found from one sum rule
and receives relatively more errors. The masses of the ground
state light hybrid mesons for the strange and nonstrange
members are available from different sources, as well.

However, they have been presented either without uncer-
tainties or are not available for all the members and quantum
numbers. In this view, our results calculated with a higher
accuracy can be a useful guide for the related experimental
groups at different hadron colliders in their search for these
yet unseen interesting particles. The comparison of our
results for the strange and nonstrange members with other
existing predictions in the literature are made in Tables VI
and VII, respectively. As it is seen from the tables, there is a
consistency among the presented results in some channels
within the uncertainties, but we see some serious differences
of the presented values of different sources for some other
channels. The previous studies done by QCD sum rules
method are up to five, six, or eight mass dimensions of

TABLE IV. Values of the mass and current coupling for different quantum numbers of the ground state strange
hybrid mesons.

JPC M2 � δM2 ðGeV2Þ s0 � δs0 ðGeV2Þ mH � δmH (GeV) ðfH � δfHÞ × 10 ðGeV3Þ
0þþ 5.5� 0.5 19.0� 1.0 4.58þ0.29

−0.17 0.63þ0.11
−0.11

0þ− 5.0� 0.5 17.0� 1.0 3.14þ0.14
−0.13 0.65þ0.05

−0.04
0−− 6.0� 0.5 19.0� 1.0 4.64þ0.29

−0.17 0.59þ0.09
−0.10

0−þ 5.0� 0.5 18.0� 1.0 3.20þ0.14
−0.13 0.69þ0.05

−0.05
1þþ 5.0� 0.5 10.0� 1.0 3.22þ0.13

−0.07 0.26þ0.06
−0.06

1þ− 3.5� 0.5 9.0� 1.0 2.35þ0.17
−0.16 0.38þ0.05

−0.05
1−− 3.0� 0.5 9.0� 1.0 2.55þ0.14

−0.12 0.29þ0.05
−0.04

1−þ 3.0� 0.5 9.0� 1.0 2.31þ0.18
−0.16 0.38þ0.05

−0.04

TABLE V. Values of the mass and current coupling for different quantum numbers of the ground state nonstrange
hybrid mesons.

JPC M2 � δM2 ðGeV2Þ s0 � δs0 ðGeV2Þ mH � δmH (GeV) ðfH � δfHÞ × 10 ðGeV3Þ
0þþ 6.0� 0.5 19.0� 1.0 4.53þ0.21

−0.13 0.58þ0.08
−0.09

0þ− 5.0� 0.5 17.0� 1.0 3.13þ0.14
−0.13 0.65þ0.05

−0.04
0−− 6.0� 0.5 19.0� 1.0 4.52þ0.21

−0.13 0.58þ0.08
−0.08

0−þ 5.0� 0.5 17.0� 1.0 3.14þ0.14
−0.13 0.65þ0.05

−0.04
1þþ 5.0� 0.5 10.0� 1.0 3.19þ0.11

−0.07 0.26þ0.06
−0.06

1þ− 3.0� 0.5 9.0� 1.0 2.30þ0.18
−0.17 0.38þ0.06

−0.03
1−− 3.0� 0.5 9.0� 1.0 2.51þ0.15

−0.14 0.30þ0.05
−0.04

1−þ 3.0� 0.5 9.0� 1.0 2.30þ0.18
−0.17 0.38þ0.05

−0.04

TABLE VI. The masses of the ground state strange hybrid mesons in GeV and comparison of the results with other predictions.

JPC This work Reference [21] Reference [22] Reference [24] Reference [29] Reference [41]

0þþ 4.58þ0.29
−0.17 3.5 � � � � � � � � � � � �

0þ− 3.14þ0.14
−0.13 3.4 � � � � � � � � � 3.57

0−− 4.64þ0.29
−0.17 3.7 � � � 3.8 � � � � � �

0−þ 3.20þ0.14
−0.13 3.1 � � � � � � � � � � � �

1þþ 3.22þ0.13
−0.07 2.8 � � � � � � � � � � � �

1þ− 2.35þ0.17
−0.16 2.8 � � � � � � � � � � � �

1−− 2.55þ0.14
−0.12 2.9 � � � � � � 2.54–2.62 � � �

1−þ 2.31þ0.18
−0.16 2.5 ∼1.75 ∼1.6–2.1 � � � � � �
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nonperturbative operators and do not include the uncertain-
ties. This is the case for other frameworks as well. An exact
comparison can be made, when the predictions from other
studies/approaches are available for all the strange and
nonstrange light hybrid mesons with different quantum
numbers with their uncertainties.
At the end of this section, we would like to study the

finite width effect on the parameters of the states under
study. This causes the following modification in the
hadronic side of the mass sum rule compared to the
zero-width single-pole approximation [61,62],

1

m2
H − q2

→
1

m2
H − q2 − i

ffiffiffiffiffi
q2

p
ΓH

; ð25Þ

where ΓH is the width of the hybrid state. In the Borel
scheme, the corresponding sum rule becomes

2

π
m3

Hf
2
HΓH

Z
∞

0

e−s=M
2

½s −m2
H�2 þm2

HΓ2
H
¼ ΠðM2; s0Þ: ð26Þ

To find the new mass, current coupling and width as three
unknowns, we need to have two more equations, which are
found by successive applications of the operator d

dð− 1

M2Þ
to

both sides of the above sum rule. By simultaneous numerical
solving of the resultant three equations, one finds the mH,
fH, and ΓH. We present the results of these quantities in
tables VIII and IX. From these tables, we see that the finite
width effects modify the masses and current couplings,
considerably. We hope that the results for the masses and
widths obtained in this study will help experimental groups
to identify such quarkonium hybrid mesons.

IV. SUMMARY AND CONCLUDING REMARKS

The QCD as quantum field theory of strong interaction
and the quark model as the most powerful model for the
categorizing the particles made of quarks and gluons allow
the existence of exotic states out of the usual mesons and
baryons/antibaryons. The existence of exotic states of differ-
ent quark-gluon configurations was predicted by Jaffe in the
mid-1970s [3]. However, the first observation of exotic states
was made in 2003 by the discovery of the tetraquark
Xð3872Þ by Belle Collaboration. After that, many tetraquark
and pentaquark states of charmed-anticharmed content were
observed by different collaborations. By the progresses made
in the experiments on the identification of doubly heavy
baryons, the discovery of the first doubly heavy charmed

TABLE VIII. Values of the mass, current coupling, and width
for different quantum numbers of the ground state strange hybrid
mesons after taking into account the finite width effects.

JPC
mH � δmH
(GeV) ðfH � δfHÞ × 10 ðGeV3Þ

ΓH � δΓH
(MeV)

0þþ 4.06þ0.26
−0.15 0.32þ0.05

−0.05 216þ14
−8

0þ− 3.55þ0.16
−0.15 0.40þ0.03

−0.02 405þ18
−17

0−− 4.04þ0.25
−0.15 0.48þ0.07

−0.08 252þ16
−9

0−þ 3.63þ0.16
−0.15 0.42þ0.03

−0.03 403þ18
−16

1þþ 3.54þ0.14
−0.08 0.19þ0.04

−0.04 298þ12
−6

1þ− 2.64þ0.19
−0.18 0.24þ0.03

−0.03 298þ22
−20

1−− 2.65þ0.14
−0.12 0.19þ0.03

−0.02 114þ6
−5

1−þ 2.60þ0.20
−0.18 0.23þ0.03

−0.02 304þ24
−21

TABLE IX. Values of the mass, current coupling, and width for
different quantum numbers of the ground state nonstrange hybrid
mesons after taking into account the finite width effects.

JPC
mH � δmH
(GeV) ðfH � δfHÞ × 10 ðGeV3Þ

ΓH � δΓH
(MeV)

0þþ 3.98þ0.18
−0.11 0.37þ0.05

−0.06 385þ18
−11

0þ− 3.54þ0.16
−0.15 0.40þ0.03

−0.02 423þ19
−18

0−− 4.01þ0.19
−0.12 0.42þ0.06

−0.06 297þ14
−8

0−þ 3.55þ0.16
−0.15 0.40þ0.03

−0.02 415þ18
−17

1þþ 3.52þ0.12
−0.07 0.19þ0.04

−0.04 285þ10
−6

1þ− 2.60þ0.20
−0.19 0.23þ0.04

−0.02 317þ25
−23

1−− 2.83þ0.17
−0.16 0.17þ0.03

−0.02 194þ12
−11

1−þ 2.60þ0.20
−0.19 0.23þ0.03

−0.02 317þ25
−23

TABLE VII. The masses of the ground state nonstrange hybrid mesons in GeV and comparison of the results with other predictions.

JPC This work
Reference

[20]
Reference

[22]
Reference

[23]
Reference

[25]
Reference

[27]
Reference

[29]
Reference

[30]
Reference

[31]
Reference

[32]
Reference

[41]

0þþ 4.53þ0.21
−0.13 � � � � � � � � � 2.35–3.4 1.75–2.00 � � � � � � >4 � � � � � �

0þ− 3.13þ0.14
−0.13 � � � � � � ∼2.1–2.5 � � � � � � � � � � � � � � � 2.60

0−− 4.52þ0.21
−0.13 3.1� 0.2 � � � � � � � � � � � � � � � � � � � � � � � � � � �

0−þ 3.14þ0.14
−0.13 � � � � � � � � � 2.3 � � � � � � � � � � � � � � � � � �

1þþ 3.19þ0.11
−0.07 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

1þ− 2.30þ0.18
−0.17 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

1−− 2.51þ0.15
−0.14 � � � � � � � � � � � � � � � 2.33–2.43 � � � � � � � � � � � �

1−þ 2.30þ0.18
−0.17 1.7� 0.1 ∼1.5 � � � � � � 1.55 � � � 1.86–2.2 1.71� 0.22 1.72–2.60 � � �
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tetraquark Tþ
ccð3875Þ was reported by the LHCb

Collaboration in 2021 that was another revolutionary dis-
covery of the exotic states. Considering these developments,
it is not surprising to see other categories of the exotic states
like hybrid mesons, glueballs, etc.
Inspired by the experimental and theoretical progress on

the exotic states, we investigated the light strange and
nonstrange hybrid mesons with quantum numbers 0þþ,
0þ−, 0−−, 0−þ, 1þþ, 1þ−, 1−−, and 1−þ in the present
study. We calculated the mass and current coupling of all the
members up to a high accuracy, nonperturbative operator of
ten dimension. We had the vector-scalar and axial-vector-
pseudoscalar mixing as they couple to the same currents:
They are separated by the techniques mentioned in Sec. II.
We found the working intervals of the auxiliary parameters
based on the standard requirements of the method to make
the physical observables like mass and current coupling
possibly independent of these helping parameters. We
obtained the stable sum rules and presented the numerical
results for the mass and current coupling of all the strange
and nonstrange members of 0þþ, 0þ−, 0−−, 0−þ, 1þþ, 1þ−,
1−−, and 1−þ quantum numbers. We also presented and
compared the previously existing predictions in the liter-
ature. We observed that the finite width effects modify the
masses and current couplings of the hybrid mesons, con-
siderably. We hope that our results obtained with a high
accuracy will help the experimental groups in their search for
the light hybrid mesons. Comparison of any future exper-
imental data on the considered states with our predictions
will shed light on the nature, quark-gluon configuration, and
inner structure of these interesting particles.
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APPENDIX: SOME EXPRESSIONS IN THE OPE
SIDE OF THE CALCULATIONS FOR THE
STRANGE HYBRID MESON OF JPC = 1− −

In this appendix, as examples, we present the explicit
expressions of the invariant functions ρOPEðsÞ and ΓðM2Þ
for the light strange hybrid meson with quantum numbers
JPC ¼ 1−−. We can write

ρOPEðsÞ ¼ ρpert:ðsÞ þ
X6
N¼3

ρDimNðsÞ;

ΓðM2Þ ¼
X10
N¼6

ΓDimNðM2Þ; ðA1Þ

where

ρDimNðsÞ ¼
Z

1

0

dαρDimNðsÞ; ðA2Þ

and

ΓDimNðM2Þ ¼
Z

1

0

dαΓDimNðM2; αÞ: ðA3Þ

The perturbative and nonperturbative components of the
spectral density are found as

ρpert:ðsÞ ¼ g2ss2ð−5m2
s þ 2sÞ

29 · 3 · 5π4
; ðA4Þ

ρDim3ðsÞ ¼ g2smshs̄sis
22 · 32π2

; ðA5Þ

ρDim4ðsÞ ¼ hαsG2=πi
�

g2ss
26 · 33π2

−
ð−9m2

s þ 2sÞ
25 · 32

�
; ðA6Þ

ρDim5ðsÞ ¼ −
g2sm2

omshs̄si
26 · 3π2

; ðA7Þ

and

ρDim6ðsÞ ¼ g4shs̄si2
24 · 34π2

: ðA8Þ

Components of the function ΓðM2Þ are

ΓDim6ðM2Þ ¼ −
g2sm2

shs̄si2
24 · 3

; ðA9Þ

ΓDim7ðM2Þ ¼ mshαsG2=πihs̄si
23 · 32

�
−g2s
22 · 3

þ 7π2
�
; ðA10Þ

ΓDim8ðM2Þ ¼ −
g2sm2

ohs̄si2
23 · 32

�
1þ m2

s

2M2

�
− 5

hαsG2=πi2π2
26 · 33

;

ðA11Þ

ΓDim9ðM2Þ ¼ mshs̄si
22 · 33M2

�
g4shs̄si2

32
−
m2

oπ
2hαsG2=πi
22

�
;

ðA12Þ

ΓDim10ðM2Þ ¼ g2shs̄si2
22 · 32M2

�
−
m4

o

23
− hαsG2=πiπ2

�
1

32
−

1

34

��
:

ðA13Þ
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