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This is the first study on the double-gluon hybrid, which consists of one valence quark and one valence
antiquark together with two valence gluons. We concentrate on the one with the exotic quantum number
JPC ¼ 2þ− that conventional q̄q mesons cannot reach. We apply the QCD sum rule method to evaluate its
mass to be 2.26þ0.20

−0.25 GeV, and study its possible decay patterns. Especially, its three-meson decay patterns
are generally not suppressed severely compared to two-meson decay patterns, so the S-wave three-meson
decay channels f1ωπ=f1ρπ can be useful in identifying its nature, which is of particular importance to the
direct test of QCD in the low energy sector.
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I. INTRODUCTION

A hybrid state consists of one valence quark and one
valence antiquark together with some valence gluons. Its
experimental confirmation is a direct test of quantum chro-
modynamics (QCD) in the low energy sector. Especially,
the hybrid states with JPC ¼ 0−−=0þ−=1−þ=2þ−= � � � are of
particular interest, since these exotic quantum numbers arise
from the manifest gluon degree of freedom and cannot be
accessed by conventional q̄qmesons. In the past half century
there have been a lot of experimental and theoretical
investigations, but their nature remains elusive [1–4].
Up to now there are three candidates observed in

experiments with the exotic quantum number IGJPC ¼
1−1−þ, i.e., the π1ð1400Þ [5], π1ð1600Þ [6,7], and π1ð2015Þ
[8]. They are possible single-gluon hybrids, which consist
of one quark-antiquark pair together with only one valence
gluon. Within the flux tube model [9–11] the gluon degree
of freedom is modeled as a semiclassical flux tube, and the
hybrid with JPC ¼ 1−þ was found to be around 1.9 GeV.
The mass calculated using the constituent gluon model is
also around1.9GeV [12], and those extracted fromquenched
lattice QCD simulations range from 1.7 GeV to 2.0 GeV
[13–19]. We refer to Refs. [20–25] for various studies on
them using QCD sum rules and Dyson-Schwinger equation.

However, the above three IGJPC ¼ 1−1−þ structures may
also be explained as tetraquark states [26–29]. It is not easy to
differentiate the hybrid and tetraquark pictures so far, and this
tough problem needs to be solved by experimentalists and
theorists together in the future.
In this paper we further investigate the double-gluon

hybrid, which consists of one quark-antiquark pair together
with two valence gluons. This is motivated by the recent
D0 and TOTEM experiments observing the evidence of a
C-odd three-gluon glueball [30], given that two-gluon
glueballs have been studied in detail but are still difficult
to be identified unambiguously [1–4]. We construct twelve
double-gluon hybrid currents and use them to perform
QCD sum rule analyses. As the first study, we concentrate
on the one with the exotic quantum number JPC ¼ 2þ−,
which makes it doubly interesting. Among the twelve
currents, we find it to be the only one with the mass
predicted to be smaller than 3.0 GeV, that is M2þ− ¼
2.26þ0.20

−0.25 GeV. This mass value is accessible in the BESIII,
GlueX, LHC, and PANDA experiments.
We study possible decay patterns of the double-

gluon hybrids with IGJPC ¼ 1þ2þ− and 0−2þ−, separately
for two- and three-meson final states. We propose to
search for the one of IGJPC ¼ 1þ2þ− in its decay
channels ρf0ð980Þ=ωπ=K�K̄=f1ωπ=ρππ= � � �, and the
one of IGJPC ¼ 0−2þ− in its decay channels ρa0ð980Þ=ρπ=
K�K̄=f1ρπ=ωππ= � � �, both of which are worthy to be
searched for in the decay process J=ψ → π=ππ=ηþ
Xð→ K�K̄�=K�K̄π=ρKK̄ → KK̄ππÞ. Especially, their
three-meson decay patterns are generally not suppressed
severely compared to two-meson decay patterns, since they
are both at the OðαsÞ order. Accordingly, the S-wave
three-meson decay channels f1ωπ=f1ρπ can be useful in
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distinguishing their nature from the tetraquark picture,
therefore, of particular importance to the direct test of
QCD in the low energy sector.

II. DOUBLE-GLUON HYBRID CURRENTS

As the first step, we use the light up/down quark field
qaðxÞ and the gluon field strength tensor Gn

μνðxÞ to
construct double-gluon hybrid currents. Here a ¼ 1…3
and n ¼ 1…8 are color indices; μ and ν are Lorentz indices.
Besides, we need the antiquark field q̄aðxÞ and the dual
gluon field strength tensor G̃n

μν ¼ Gn;ρσ × ϵμνρσ=2.
Generally speaking, one can construct many double-

gluon hybrid currents by combining the color-octet quark-
antiquark fields,

q̄aλabn qb; q̄aλabn γ5qb;

q̄aλabn γμqb; q̄aλabn γμγ5qb; q̄aλabn σμνqb; ð1Þ

and the relativistic color-octet double-gluon fields,

dnpqGαβ
p Gγδ

q ; fnpqGαβ
p Gγδ

q ; ð2Þ

with suitable Lorentz matrices Γμν���αβγδ. Here dnpq and fnpq
are totally symmetric and antisymmetric SUð3Þ structure
constants, respectively.
As the first study on the double-gluon hybrid, in the

present study we shall investigate the following double-
gluon hybrid currents:

J0−þ ¼ q̄aγ5λabn qbdnpqg2sG
μν
p Gq;μν; ð3Þ

J0−− ¼ q̄aγ5λabn qbfnpqg2sG
μν
p Gq;μν; ð4Þ

J0þþ ¼ q̄aγ5λabn qbdnpqg2sG
μν
p G̃q;μν; ð5Þ

J0þ− ¼ q̄aγ5λabn qbfnpqg2sG
μν
p G̃q;μν; ð6Þ

Jαβ
1−þ ¼ q̄aγ5λabn qbdnpqg2sG

αμ
p Gβ

q;μ − fα ↔ βg; ð7Þ

Jαβ1−− ¼ q̄aγ5λabn qbfnpqg2sG
αμ
p Gβ

q;μ − fα ↔ βg; ð8Þ

Jαβ
1þþ ¼ q̄aγ5λabn qbdnpqg2sG

αμ
p G̃β

q;μ − fα ↔ βg; ð9Þ

Jαβ
1þ− ¼ q̄aγ5λabn qbfnpqg2sG

αμ
p G̃β

q;μ − fα ↔ βg; ð10Þ

Jα1β1;α2β2
2−þ ¼ q̄aγ5λabn qbdnpqS½g2sGα1β1

p Gα2β2
q �; ð11Þ

Jα1β1;α2β22−− ¼ q̄aγ5λabn qbfnpqS½g2sGα1β1
p Gα2β2

q �; ð12Þ

Jα1β1;α2β2
2þþ ¼ q̄aγ5λabn qbdnpqS½g2sGα1β1

p G̃α2β2
q �; ð13Þ

Jα1β1;α2β2
2þ− ¼ q̄aγ5λabn qbfnpqS½g2sGα1β1

p G̃α2β2
q �; ð14Þ

where S denotes symmetrization and subtracting trace
terms in the two sets fα1α2g and fβ1β2g simultaneously.
The above double-gluon hybrid currents have very clear

Lorentz structures, simply because the color-octet quark-
antiquark field q̄aγ5λabn qb does not contain any surplus
Lorentz index. Besides, this quark-antiquark pair has
the S-wave spin-parity quantum number JP ¼ 0−, so these
currents are capable of coupling to the lowest-lying double-
gluon hybrid states.

III. QCD SUM RULE ANALYSES

The method of QCD sum rules has been widely applied
in the study of hadron phenomenology [31,32], and in this
paper we apply it to study the double-gluon hybrid currents
defined in Eqs. (3)–(14). We find that only the double-
gluon hybrid state coupled by the current Jα1β1;α2β2

2þ− has the
mass smaller than 3.0 GeV. This state has the exotic
quantum number JPC ¼ 2þ− that conventional q̄q mesons
cannot reach, making it doubly interesting. Moreover, the
current Jα1β1;α2β2

2þ− contains the double-gluon field with the
symmetric spin J ¼ 2 that cannot (easily) transform to
the single-gluon field, making this current significantly
different from the single-gluon hybrid current.
We briefly introduce how we use the method of QCD

sum rules to study the current Jα1β1;α2β2
2þ− defined in Eq. (14).

Its two-point correlation function

Πα1β1;α2β2;α01β
0
1
;α0

2
β0
2ðq2Þ

≡ i
Z

d4xeiqxh0jT½Jα1β1;α2β2
2þ− ðxÞJα01β01;α02β02†

2þ− ð0Þ�j0i

¼ S0½gα1α01gβ1β01gα2α02gβ2β02 �Πðq2Þ; ð15Þ

can be investigated at both hadron and quark-gluon levels.
Here S0 denotes antisymmetrization in the four sets
fα1β1g, fα2β2g, fα01β01g, and fα02β02g, and symmetrization
and subtracting trace terms in the four sets fα1α2g, fβ1β2g,
fα01α02g, and fβ01β02g, simultaneously.
The spectral density ρðsÞ≡ ImΠðsÞ=π can be extracted

from Eq. (15) through the dispersion relation

Πðq2Þ ¼
Z

∞

0

ρðsÞ
s − q2 − iε

ds: ð16Þ

At the hadron level we parametrize it using one pole
dominance for the possible ground state jX; 2þ−i together
with the continuum contribution:

ρphenðsÞ≡
X
n

δðs −M2
nÞh0jJjnihnjJ†j0i

¼ f2Xδðs −M2
XÞ þ continuum: ð17Þ

At the quark-gluon level we calculate Eq. (15) and extract
ρOPEðsÞ using the method of operator product expansion
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(OPE). After performing the Borel transformation to
Eq. (16) at both hadron and quark-gluon levels, we obtain

Πðs0;M2
BÞ≡ f2Xe

−M2
X=M

2
B ¼

Z
s0

0

ρOPEðsÞe−s=M2
Bds; ð18Þ

where we have approximated the continuum using the OPE
spectral density above the threshold value s0.
Finally, we calculate the mass of jX; 2þ−i through

M2
Xðs0;MBÞ ¼

R s0
0 sρOPEðsÞe−s=M2

BdsR s0
0 ρOPEðsÞe−s=M2

Bds
: ð19Þ

In the present study we take into account the Feynman
diagrams depicted in Fig. 1, and calculate ρOPEðsÞ up to the

dimension eight (D ¼ 8) condensates. The gluon field
strength tensor Gn

μν is defined as

Gn
μν ¼ ∂μAn

ν − ∂νAn
μ þ gsfnpqAp;μAq;ν; ð20Þ

so it can be naturally separated into two parts. We depict the
former two terms using the single-gluon-line, and the third
term using the double-gluon-line with a red vertex, e.g., the
diagram depicted in Fig. 1(c–3).
We calculate the spectral density from the current

Jα1β1;α2β2
2þ− to be

ρOPEðsÞ ¼
α2ss5

80640π4
þ
�
αshg2sGGi
3840π3

þ 7α2shg2sGGi
61440π4

�
s3

þ
�
α2shq̄qi2

9
−
αshg3sG3i
1536π3

�
s2

þ
�
−
2α2shq̄qihḡsqσGqi

9
−
αshg2sGGi2
18432π3

�
s; ð21Þ

where we have taken into account all the diagrams propor-
tional to α2s × g0s and α2s × g1s ; while there are so many
diagrams proportional to α2s × g2s , and we have kept only
three of them, as depicted in Fig. 1(e–i).

IV. NUMERICAL ANALYSES

We study the sum rules given in Eq. (21) numerically
using the following values for various QCD parameters at
the renormalization scale 2 GeV and the QCD scale
ΛQCD ¼ 300 MeV [1,33–37]:

αsðQ2Þ ¼ 4π

11 lnðQ2=Λ2
QCDÞ

;

hq̄qi ¼ −ð0.240� 0.010Þ3 GeV3;

hgsq̄σGqi ¼ ð0.8� 0.2Þ × hq̄qiGeV2;

hαsGGi ¼ ð6.35� 0.35Þ × 10−2 GeV4;

hg3sG3i ¼ ð8.2� 1.0Þ × hαsGGiGeV2: ð22Þ

As shown in Eq. (19), the mass of jX; 2þ−i depends on
the Borel massMB and the threshold value s0. To insure the
convergence of Eq. (21), we require a) the α2s × g2s terms to
be less than 5%, and b) the D ¼ 8 terms to be less than
10%:

CVG≡
����Π

gn¼6
s ðs0;M2

BÞ
Πðs0;M2

BÞ
���� ≤ 5%; ð23Þ

CVG0 ≡
����Π

D¼8ðs0;M2
BÞ

Πðs0;M2
BÞ

���� ≤ 10%: ð24Þ

To insure the one-pole-dominance assumption, we require
the pole contribution (PC) to be larger than 40%:

(a)

(b–1) (b–2) (b–3) (b–4)

(c–1) (c–2) (c–3) (c–4)

(d–1) (d–2) (d–3)

(d–4) (d–5) (d–6)

(e–1) (e–2) (e–3)

FIG. 1. Feynman diagrams for the double-gluon hybrid,
including the perturbative term, the quark condensate hq̄qi, the
quark-gluon mixed condensate hḡsqσGqi, the two-gluon con-
densate hg2sGGi, the three-gluon condensate hg3sG3i, and their
combinations. The diagrams (a) and (b–i) are proportional to
α2s × g0s , the diagrams (c–i) and (d–i) are proportional to α2s × g1s ,
and the diagrams (e–i) are proportional to α2s × g2s .
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PC≡
����Πðs0;M

2
BÞ

Πð∞;M2
BÞ
���� ≥ 40%: ð25Þ

Altogether we determine the Borel window to be
1.61GeV2≤M2

B≤1.78GeV2 when setting s0 ¼ 7.0 GeV2.
We redo the same procedures by changing s0, and find

that there are nonvanishing Borel windows as long as
s0 ≥ smin

0 ¼ 6.3 GeV2. Accordingly, we set s0 to be
about 10% larger, and determine our working regions to
be 5.0 GeV2 ≤ s0 ≤ 9.0 GeV2 and 1.61 GeV2 ≤ M2

B ≤
1.78 GeV2. The mass of jX; 2þ−i is evaluated to be

MjX;2þ−i ¼ 2.26þ0.19
−0.25 � 0.07� 0.03 GeV

¼ 2.26þ0.20
−0.25 GeV; ð26Þ

whose uncertainty is due to the threshold value s0, Borel
massMB, and various quark and gluon parameters listed in
Eqs. (22), respectively. We show it in Fig. 2 as a function of
the Borel mass MB and the threshold value s0. This mass
value is obtained for both isoscalar and isovector states, so
actually we cannot differentiate them in the present QCD
sum rule study.
For completeness, we also use the other eleven hybrid

currents defined in Eqs. (3)–(13) to perform QCD sum
rule analyses. We explicitly prove the four currents
J���
0−−=0þ−=1−þ=1þþ to be zero, while masses extracted from

the seven currents J���
0−þ=0þþ=1−−=1þ−=2−−=2−þ=2þþ are all larger

than 3.0 GeV. We leave their detailed discussions for our
future studies.

V. DECAY ANALYSES

The double-gluon hybrid can decay after exciting two
q̄q=s̄s (q ¼ u=d) pairs from two gluons, followed by
recombining three color-octet q̄q=s̄s pairs into two
color-singlet mesons or three mesons, as depicted in
Fig. 3. These two possible decay processes are both at
the OðαsÞ order, so three-meson decay patterns are gen-
erally not suppressed severely compared to two-meson

decay patterns, or even enhanced due to the quark-anti-
quark annihilation during the two-meson decay process.
This behavior can be useful in identifying the nature of the
double-gluon hybrid.
To investigate decay properties of the double-gluon

hybrid, we assume its final quark content to be either

ðq̄qÞ8C × ðq̄qþ s̄sÞ8C → ðq̄qÞ1Cðq̄qÞ1C þ ðq̄sÞ1Cðs̄qÞ1C ;
ð27Þ

or

ðq̄qÞ8C × ðq̄qþ s̄sÞ28C → ðq̄qÞ1Cðq̄qÞ1Cðq̄qÞ1C
þ ðq̄qÞ1Cðq̄sÞ1Cðs̄qÞ1C
þ ðs̄sÞ1Cðq̄sÞ1Cðs̄qÞ1C : ð28Þ

Accordingly, we list some possible decay patterns of the
double-gluon hybrids with the exotic quantum numbers
IGJPC ¼ 1þ2þ− and 0−2þ− in Table I, separately for two-
and three-meson decay processes. The one of IGJPC ¼
1þ2þ− may be observed in its two-meson decay channels
ρf0ð980Þ=ωπ=K�K̄= � � � and three-meson decay channels
f1ωπ=ρππ= � � �; the one of IGJPC ¼ 0−2þ− may be
observed in its two-meson decay channels ρa0ð980Þ=ρπ=
K�K̄= � � � and three-meson decay channels f1ρπ=ωππ= � � �.
Especially, both of them are worthy to be searched for in
the decay process J=ψ → π=ππ=ηþ Xð→ K�K̄�=K�K̄π=
ρKK̄ → KK̄ππÞ, and the S-wave three-meson decay chan-
nels f1ωπ=f1ρπ can be useful in identifying their nature.
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FIG. 2. Mass of the double-gluon hybrid jX; 2þ−i as a function
of the Borel mass MB (a) and the threshold value s0 (b). In the
subfigure (a) the short-dashed/solid/long-dashed curves are ob-
tained by setting s0 ¼ 5.0=7.0=9.0 GeV2, respectively. In the
subfigure (b) the short-dashed/solid/long-dashed curves are
obtained by setting M2

B ¼ 1.61=1.70=1.78 GeV2, respectively.

(a) (b)

FIG. 3. Possible decay processes of the double-gluon hybrid.

TABLE I. Some possible two- and three-meson decay patterns
of the double-gluon hybrids with the exotic quantum numbers
IGJPC ¼ 1þ2þ− and 0−2þ−.

Two-Meson 1þ2þ− 0−2þ−

S-wave K�
2K̄

�
0

P-wave h1π; a1π; a2π; b1η; ρf0 b1π; h1η; ρa0
K1K̄; K�

2K̄; K�K̄�
0

D-wave ρþρ−;ωπ; ρη; ρη0 ρπ;ωη;ωη0

K�K̄; K�K̄�

Three-Meson 1þ2þ− 0−2þ−

S-wave f1ωπ; a1ρπ f1ρπ; a1ωπ

P-wave ρππ;ωηπ; ρηη ωππ; ρηπ
K�K̄π; ρKK̄;ωKK̄
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VI. SUMMARY

As the first study on the double-gluon hybrid, we
systematically construct twelve double-gluon hybrid cur-
rents and use them to performQCD sum rule analyses. These
currents are constructed by using the S-wave color-octet
quark-antiquark field q̄aγ5λabn qb together with the relativistic
color-octet double-gluon fields. Among them, we find that
only the double-gluon hybrid state coupled by the current
Jα1β1;α2β2
2þ− has the mass smaller than 3.0 GeV, that is

MjX;2þ−i ¼ 2.26þ0.20
−0.25 GeV; ð29Þ

which is accessible in the BESIII, GlueX, LHC, and PANDA
experiments. Moreover, this state has the exotic quantum
number JPC ¼ 2þ− that conventional q̄q mesons cannot
reach, making it doubly interesting.
We study its possible decay patterns separately for two-

and three-meson final states. We propose to search for the
one of IGJPC ¼ 1þ2þ− in its decay channels ρf0ð980Þ=
ωπ=K�K̄=f1ωπ=ρππ= � � �, and the one of IGJPC ¼ 0−2þ−

in its decay channels ρa0ð980Þ=ρπ=K�K̄=f1ρπ=ωππ= � � �,
both of which are worthy to be searched for in the decay
process J=ψ → π=ππ=η þ Xð→ K�K̄�=K�K̄π=ρKK̄ →
KK̄ππÞ. Especially, their three-meson decay patterns are
generally not suppressed severely compared to two-meson
decay patterns, since they are both at the OðαsÞ order.
Accordingly, the S-wave three-meson decay channels
f1ωπ=f1ρπ can be useful in identifying their nature,
therefore, are of particular importance to the direct test
of QCD in the low energy sector.
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