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We study the nonstrange and strangeonium light hybrid mesons with JPC ¼ 2þ− by using the method of
QCD sum rules. The local hybrid interpolating currents with three Lorentz indices are constructed to couple
to such exotic quantum numbers. We calculate the correlation functions up to dimension eight condensates
at the leading order of αs. In our results, the masses of the nonstrange b2 and h2 hybrids are about 2.65 GeV,
while that of the strangeonium h02 hybrid is about 2.72 GeV. Such exotic 2þ− hybrids can be generated
through both the two-gluon and three-gluon emission processes in the radiative decays of χcJ . Moreover,
these hybrid mesons may be detectable due to their peculiar decay behaviors and small decay widths.
Using the high-statistics data samples of ψð3686Þ in BESIII and BelleII, it is possible to hunt for such
hybrid states through the partial wave analyses in the b2 → ω=a1=h1=a2π → 4π, h2 → ρπ → 3π, and
h2 → b1π → 5π processes.

DOI: 10.1103/PhysRevD.108.114010

I. INTRODUCTION

As the most successful theory of strong interaction, the
quantum chromodynamics (QCD) has predicted the exist-
ence of exotic hadron states beyond the conventional quark
model, in which hadrons are qq̄ mesons and qqq baryons.
Among the exotic hadrons, a hybrid meson (q̄gq) is
composed of a pair of quark-antiquark and a valence
gluon. Due to the existence of gluon degrees of freedom,
hybrid mesons can produce quantum numbers forbidden by
the quark model, such as JPC ¼ 0�−; 1−þ; 2þ−. In the past
several decades, the states with these exotic quantum
numbers have received extensive research interest in both
theoretical and experimental aspects [1–7].
There is no solid signal for the existence of hybrid

mesons to date. The most fascinating candidates of light
hybrid mesons are three exotic quantum number states
π1ð1400Þ [8], π1ð1600Þ [9], and π1ð2015Þ [10] with
IGJPC ¼ 1−1−þ, among which the π1ð1400Þ and π1ð1600Þ
were considered to be the same state by the coupled-
channel amplitude analysis [11] according to the
COMPASS data of the ηð0Þπ system [12]. Recently, the
BESIII Collaboration reported an isoscalar state η1ð1855Þ
with IGJPC ¼ 0þ1−þ in the decay process J=ψ →
γη1ð1855Þ → γηη0, with the mass and decay width

m ¼ 1855� 9þ6
−1 MeV and Γ ¼ 188� 18þ3

−8 MeV respec-
tively [13,14]. Since its observation, the η1ð1855Þ has been
considered as a candidate for hybrid meson [15–21],
although other interpretations cannot be excluded [22–24].
Furthermore, the η1ð1855Þ was assigned as the iso-
scalar partner of the π1ð1600Þ state in a JPC ¼ 1−þ hybrid
nonet [16,18,19,21].
In the MIT bag model [25,26], the hybrid mesons with

JPC ¼ 1−−; 0−þ; 1−þ and 2−þ were established to be the
lightest supermultiplet states, in which only 1−þ is the
exotic quantum number. The exotic quantum numbers
JPC ¼ 0þ− and 2þ− were assigned to the higher super-
multiplet, while the 0−− hybrid was much heavier with
different gluon excitation [27–29]. Such hybrid super-
multiplet structures were supported by the Coulomb gauge
QCD [30] and LQCD [31–34] calculations. Besides, the
hybrid mesons have been extensively studied by various
methods, such as the LQCD [27,31–39], the flux tube
model [40–42], Bethe-Salpeter equation [43,44] and QCD
sum rules [15,45–57].
Comparing to the 1−þ channel, the hybrid states with

exotic JPC ¼ 0þ− and 2þ− have received much less theo-
retical interest, partly because of the absence of exper-
imental signal. However, it is especially interesting to note
that the exotic 2þ− hybrids were predicted to be surpris-
ingly narrow with the decay widths less than 10 MeV in the
PSS model [58]. If this is true, such narrow states would be
detectable in the definite hybrid decay modes.
The hybrid mass is also an important parameter to

determine its decay properties. In LQCD [31,39], the
masses of the light 2þ− hybrids were predicted to be about
2.4–2.8 GeV with a heavier pion mass than the physical
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one. Considering the effect of the light quark masses, the
hybrid masses shall be slightly lighter when the pion mass
tends to the physical point [29,31].
In past several decades, QCD sum rule has been

extensively applied to study the hadron structures and
properties, such as hadron masses, coupling constants,
decay widths, magnetic moments and so on [59–61].
Based on QCD itself, the QCD sum rule formalism is to
approach the bound state problem from the asymptotic
freedom side at short distances to long distances where
confinement emerges and hadrons are formed. It has been
proven to be very successful for studying not only the
conventional hadrons but also the exotic ones [6,62,63].
The applications of QCD sum rules to hybrid mesons
are almost as early as for the conventional baryons and
mesons [45–51]. Nevertheless, there are still some meth-
odological drawbacks of traditional QCD sum rule studies,
for example, the absent of high dimension condensates and
high order αs corrections in OPE series, the small pole
contribution problem for the multiquark systems, etc. These
drawbacks will weaken the reliability and accuracy of the
QCD sum rule predictions, which shall be always kept in
mind and considered in analyses. There are some efforts
recently to discuss these problems [64–67].
In this work, we investigate the light hybrid mesons with

exotic quantum numbers JPC ¼ 2þ− within the method of
QCD sum rule.We shall construct the local hybrid inter-
polating currents without the covariant derivative operators.
The masses of the 2þ− nonstrange q̄gq and strangeonium
s̄gs hybrids can be investigated by using these three
Lorentz indices currents. Hereafter, we adopt the notation
for hybrid mesons following Ref. [68] and the Particle

Data Group (PDG) [69], so that the isovector hybrid with
JPC ¼ 2þ− is b2, the isoscalar nonstrange one is h2 while
the strangeonium one is h02. Finally, according to our
predicted masses, some experimental suggestions are
made. We propose to search for these light hybrid states
from the decays of ψð3686Þ in future experiments such as
BESIII and BelleII.

II. CURRENTS AND PROJECTORS

A hybrid current is usually built out of a q̄q pair and an
excited gluon field. As in Ref. [50], the hybrid currents with
two Lorentz indices can couple to the quantum numbers
JPC ¼ 2−þ and 2þþ. For JPC ¼ 2þ− and 2−−, we construct
the interpolating hybrid currents with three Lorentz indices.
Using the gluon field strength GαβðxÞ and Dirac matrix, the
possible hybrid currents with three Lorentz indices are

Jð1Þαβγ ¼ q̄gsγαγ5Gβγq; JPC ¼ ð0; 1; 2Þ�−;

Jð2Þαβγ ¼ q̄gsγαγ5G̃βγq; JPC ¼ ð0; 1; 2Þ�−;

Jð3Þαβγ ¼ q̄gsγαGβγq; JPC ¼ ð0; 1; 2Þ�þ;

Jð4Þαβγ ¼ q̄gsγαG̃βγq; JPC ¼ ð0; 1; 2Þ�þ; ð1Þ

where q is a quark field (u, d or s), gs is the strong coupling
constant, and G̃αβ ¼ 1

2
εαβμνGμν is the dual gluon field

strength. Thus the interpolating currents Jð2Þαβγ and J
ð4Þ
αβγ have

the opposite parity with Jð1Þαβγ and Jð3Þαβγ , respectively.
In general, a current with three Lorentz indices can

couple to various hadron states via the following relations

h0jJαβγj0ð−PÞCðpÞi ¼ Z0
1pαgβγ þ Z0

2pβgαγ þ Z0
3pγgαβ þ Z0

4pαpβpγ;

h0jJαβγj0PCðpÞi ¼ Z0
5εαβγτp

τ;

h0jJαβγj1PCðpÞi ¼ Z1
1ϵαgβγ þ Z1

2ϵβgαγ þ Z1
3ϵγgαβ þ Z1

4ϵαpβpγ þ Z1
5ϵβpαpγ þ Z1

6ϵγpαpβ;

h0jJαβγj1ð−PÞCðpÞi ¼ Z1
7εαβγτϵ

τ þ Z1
8εαβτλϵ

τpλpγ þ Z1
9εαγτλϵ

τpλpβ;

h0jJαβγj2ð−PÞCðpÞi ¼ Z2
1ϵαβpγ þ Z2

2ϵαγpβ þ Z2
3ϵβγpα;

h0jJαβγj2PCðpÞi ¼ Z2
4εαβτθϵ

τ
γpθ þ Z2

5εαγτθϵ
τ
βp

θ;

h0jJαβγj3PCðpÞi ¼ Z3
1ϵαβγ; ð2Þ

where ϵα, ϵαβ, ϵαβγ are the spin-1, spin-2 and spin-3
polarization tensors respectively. The parity in Eq. (2) is

P ¼ þ for Jð1Þαβγ and Jð4Þαβγ while P ¼ − for Jð2Þαβγ and Jð3Þαβγ .
For the interpolating currents in Eq. (1), they cannot

couple to a spin-3 state since the last two Lorentz indices in

Gβγ and G̃βγ are antisymmetric while the spin-3 polariza-

tion tensor ϵαβγ is completely symmetric. According to

Eq. (2), all these currents can couple to both positive and

negative parity states with spin-0, spin-1 and spin-2 via
different tensor structures. It is explicit that the charge

conjugation C-parities of Jð1Þαβγ and Jð2Þαβγ are negative while

those of Jð3Þαβγ and Jð4Þαβγ are positive.
The couplings between a three Lorentz indices current

and hadron states are very complicate, as shown in Eq. (2).

For the currents Jð1Þαβγ and Jð2Þαβγ , we concern the following
couplings to study the hybrid states with JPC ¼ 2þ−
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D
0jJð1Þαβγj2þ−ðpÞ

E
¼ Z2

4εαβτθϵ
τ
γpθ þ Z2

5εαγτθϵ
τ
βp

θ

¼ f−
�
εαβτθϵ

τ
γpθ − εαγτθϵ

τ
βp

θ
�
; ð3Þ

D
0jJð2Þαβγj2þ−ðpÞ

E
¼ Z2

1ϵαβpγ þ Z2
2ϵαγpβ þ Z2

3ϵβγpα

¼ f−0
�
ϵαβpγ − ϵαγpβ

�
; ð4Þ

in which f− and f−0 are the coupling constants between the
currents and the corresponding 2þ− hybrids. In accord with
the currents in Eq. (1), the tensor structures of the above
relations are rewritten as antisymmetric for the indices
fβγg, so that the symmetric part vanishes and only one 2þ−

state can be extracted from each interpolating current. Due

to these couplings, one can prove that Jð1Þαβγ and J
ð2Þ
αβγ actually

couple to the same hybrid state, by multiplying a Levi-
Civita tensor on both side of Eq. (3), and thus the Lorentz
structures for f− and f−0 are dual conjugation of each other.
To study the hybrid mesons with JPC ¼ 2þ−, we shall

investigate the interpolating current Jð1Þαβγ in this work.

III. QCD SUM RULES

The two-point correlation function of Jð1Þαβγ can be
written as

Πα1β1γ1;α2β2γ2ðp2Þ

¼ i
Z

d4xeip·x
�
0
��T�Jð1Þα1β1γ1

ðxÞJð1Þ†α2β2γ2
ð0Þ���0�; ð5Þ

which contains six Lorentz indices. To study the hybrid
state with JPC ¼ 2þ−, we decompose this correlation
function into invariant function associated with such
quantum numbers by constructing the normalized projector

Pα1;β1;γ1;α2;β2;γ2 ¼
1

80p2

X�
εα1β1τ1θ1ϵ

τ1
γ1p

θ1 − εα1γ1τ1θ1ϵ
τ1
β1
pθ1

�

×
�
εα2β2τ2θ2ϵ

τ2�
γ2 p

θ2 − εα2γ2τ2θ2ϵ
τ2�
β2
pθ2

�
: ð6Þ

The above summation over the polarization tensor is

X
ϵα1β1ϵ

�
α2β2

¼ ηα1α2ηβ1β2 þ ηα1β2ηβ1α2 −
2

3
ηα1β1ηα2β2 ; ð7Þ

where

ηαβ ¼
pαpβ

p2
− gαβ: ð8Þ

One may wonder whether there is the Lorentz structure
εβγτθϵ

τ
αpθ in Eq. (3). As a matter of fact, the projector

constructed by this structure is the same as that in Eq. (6).
In other words, there are only two independent Lorentz
structures in Eq. (3).

The invariant function Π2ðp2Þ corresponding to the
JPC ¼ 2þ− can be extracted as

Π2ðp2Þ ¼ Pα1;β1;γ1;α2;β2;γ2Πα1β1γ1;α2β2γ2ðp2Þ: ð9Þ

This correlation function is usually evaluated via the
method of operator production expansion (OPE) at the
quark-gluon level, as a function of various QCD parameters
and nonperturbative condensates.
At the hadron level, the correlation function Πðp2Þ can

be described via the dispersion relation

Πðp2Þ ¼ ðp2ÞN
π

Z
∞

0

ImΠðsÞ
sNðs − p2 − iϵÞ ds

þ
XN−1

n¼0

bnðp2Þn; ð10Þ

where bn is the subtraction constant. In QCD sum rules, the
imaginary part of the correlation function is defined as the
spectral function

ρðsÞ ¼ 1

π
ImΠðsÞ ¼ f2Xδðs −m2

XÞ þ � � � ; ð11Þ

in which the “one pole plus continuum” parametrization is
used, and “� � �” denotes the continuum and higher states.
The parameters fX and mX are the coupling constant and
mass of the lowest-lying hybrid meson, respectively.
To improve the convergence of the OPE series and

suppress the contributions from continuum and higher
states, the Borel transformation can be performed to the
correlation function in both hadron and quark-gluon levels.
The QCD sum rules are then obtained as

Πðs0;M2
BÞ ¼ f2Xe

−m2
X=M

2
B ¼

Z
s0

0

dse−s=M
2
BρðsÞ; ð12Þ

where MB is the Borel mass introduced via the Borel
transformation and s0 is the continuum threshold. Then the
mass and coupling of the lowest-lying hadron can be
extracted as

mXðs0;M2
BÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂

∂ð−1=M2
BÞ
Πðs0;M2

BÞ
Πðs0;M2

BÞ

vuut ;

fXðs0;M2
BÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Πðs0;M2

BÞem2
X=M

2
B

q
: ð13Þ

In this work, we calculate the correlation function and
spectral density at the leading order of αs up to dimen-
sion eight condensates. The corresponding Feynman

diagrams are listed in Fig. 1. For the current Jð1Þαβγ, the
correlation function for the hybrid meson with JPC ¼ 2þ−

is obtained as
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Π2ðs0;M2
BÞ ¼

Z
s0

0

ds e
− s
M2
B



αss3

28 × 32π3
þ 11αsmqs

24 × 32π
hq̄qi

þ s
24 × 32π

hαsGGi þ
139αsmq

27 × 33π
hgsq̄σGqi

þ 1

28π2
hg3sG3i

�
þ 19παs
24 × 32

hq̄qihgsq̄σGqi

−
1

27 × 32
hαsGGi2 þ

πmq

18
hq̄qihαsGGi

−
5

28 × 34
ðlnðM2

B=μ
2Þ − γEÞhαsGGi2: ð14Þ

At the leading order of αs, the four-quark condensate gives
no contribution to the correlation function since the
corresponding Feynman diagram has no loop [55]. For
the light ūgu and d̄gd hybrid systems, we do not consider
the contributions from the terms proportional to mq due
to the negligible light quark masses. For the strangeonium
s̄gs hybrid system, we take into account these ms terms up
to dimension-7. Generally speaking, the calculations for
the dimension-7 and dimension-8 condensates are very
complicated. One can consult the Refs. [64,70] for the
methods of such calculations. Considering the ignorable
contributions of these terms, we just simply calculate the
condensates hq̄qihαsGGi, hq̄qihgsq̄σGqi, and hαsGGi2 by
applying the factorization assumption, which is usually
adopted in QCD sum rules to estimate the values of the high
dimension condensates [59,60].

IV. NUMERICAL ANALYSIS

To perform the numerical analyses, we use the follow-
ing values for various QCD parameters at the renormaliza-
tion scale μ ¼ 2 GeV and the QCD scale ΛQCD ¼
300 MeV [69,71–73]:

αsðμÞ ¼
4π

9 ln ðμ2=Λ2
QCDÞ

;

ms ¼ 93þ11
−5 MeV;

hq̄qi ¼ −ð0.24� 0.01Þ3 GeV3;

hs̄si ¼ ð0.8� 0.1Þ × hq̄qi;
hgsq̄σGqi ¼ −ð0.8� 0.2Þ × hq̄qi GeV2;

hgss̄σGsi ¼ ð0.8� 0.2Þ × hgsq̄σGqi;
hαsGGi ¼ ð6.35� 0.35Þ × 10−2 GeV4;

hg3sG3i ¼ −ð8.2� 1.0Þ × hαsGGi GeV2: ð15Þ

For the light quarks, we use the so-called “current quark
masses” in a mass-independent subtraction scheme at a scale
2 GeV. The chiral limit is adopted so that mu ¼ md ¼ 0.
As shown in Eq. (13), the hadron mass and coupling are

the function of MB and s0. The working regions of these
two parameters can be determined by requiring suitable
OPE convergence and pole contribution. To guarantee the
good OPE convergence, we require that the contributions
from the D > 6 condensates be less than 2%, i.e

RD>6 ¼
����Π

D>6
2 ðMB;∞Þ
Πtot

2 ðMB;∞Þ
���� < 2%: ð16Þ

For the q̄gq light hybrid meson with JPC ¼ 2þ−, this
requirement leads to the lower bound of the Borel mass
M2

B ≥ 2.39 GeV2. We show the OPE convergence of the
correlation function in Fig. 2. To get the upper bound of
M2

B, we need to fix the value of s0 at first. In Fig. 3(a),
we show the variations of the hadron mass mX with the

FIG. 1. Feynman diagrams evaluated for 2þ− hybrid states.

FIG. 2. OPE convergence for the correlation function for the
JPC ¼ 2þ− q̄gq hybrid state.
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threshold s0 for various Borel mass M2
B. It is shown that

the variation of mX with M2
B is minimized around

s0 ∼ 10.0 GeV2, which will result in the working region
9.0 ≤ s0 ≤ 11.0 GeV2. Using this value of s0, the upper
bound of M2

B can be obtained by requiring the pole
contribution be larger than 50%, i.e

PC ¼ ΠðMB; s0Þ
ΠðMB;∞Þ > 50%: ð17Þ

Finally, the working region of the Borel parameter can be
determined to be 2.39 ≤ M2

B ≤ 2.94 GeV2. We show the
Borel curves in these regions in Fig. 3(b), from which we
can see that the sum rule is stable in the above parameter
regions. We can extract the hadron mass as

mb2=h2 ¼ 2.65� 0.09 GeV; ð18Þ

and the coupling as

fb2=h2 ¼ ð1.25� 0.18Þ × 10−1 GeV4: ð19Þ

The errors come from the continuum threshold s0, con-
densates hαsGGi, hgsq̄σGqi, and hg3sG3i. The uncertainty
from the Borel mass is small enough to be neglected.
The hadron mass extracted in Eq. (18) is degenerate for
the isoscalar and isovector q̄gq light hybrid states with
JPC ¼ 2þ−, since we do not distinguish them in our
calculations.
For the strangeonium s̄gs hybrid system, the dimension-

odd condensates proportional to ms are taken into account
for the correlation function. However, their contributions
are much smaller than those from the two- and tri-gluon
condensates, as shown in Fig. 4. Adopting the same criteria
as the above mentioned, the Borel parameter and con-
tinuum threshold can be determined to be 2.47 ≤ M2

B ≤
3.10 GeV2 and 9.7 ≤ s0 ≤ 11.7 GeV2. We show the Borel
curves in Fig. 5. The mass and coupling of this state are

mh0
2
¼ 2.72� 0.09 GeV; ð20Þ

and

fh0
2
¼ ð1.38� 0.18Þ × 10−1 GeV4: ð21Þ

Our calculations of the 2þ− hybrid masses in Eqs. (18)
and (20) are in good agreement with the LQCD predic-
tions [31,39].

V. PRODUCTION AND DECAY

Similar to the 1−þ hybrid candidate η1ð1855Þ being
observed in the radiative decays of J=ψ [13,17], a light
hybrid meson X with JPC ¼ 2þ− can be generated from the
decay of charmoniums, such as χcJ → γX. For this reason,
ψð3686Þ → γχcJ → γγX is a possible process to produce
2þ− light hybrid mesons. Analogous to the radiative decay
J=ψ → γη1ð1855Þ, the decay χcJ → γX can also occur
through the three-gluon emission processes as shown in
Fig. 6(a). In addition, the 2þ− light hybrids can be
generated through the two-gluon emission process either,
as shown in Fig. 6(b), since the χc0=2 can decay in such a
process. For this reason, the production rates of the 2þ−

hybrids in χcJ radiative decays may be larger than that of
η1ð1855Þ in J=ψ radiative decays. This advantage can be
utilized to search for these hybrid mesons from the high-
statistics samples of ψð3686Þ in BESIII and BelleII
experiments.
A hybrid meson may decay into two conventional

mesons in two ways, one of which is that a pair of q̄q

FIG. 4. OPE convergence for the correlation function for the
JPC ¼ 2þ− s̄gs hybrid state.

FIG. 3. Variations of hadron mass with s0 and M2
B for the q̄gq

light hybrid meson.

FIG. 5. Variations of hadron mass with s0 and M2
B for the s̄gs

strangeonium hybrid meson.
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or s̄s is excited from the valence gluon and then combines
with the valence quark and antiquark respectively to form
two mesons. Another way is the so-called QCD axial
anomaly [74–76]. Both mechanisms are at the order of αs,
and thus may be on the same order of magnitude.
Meanwhile, a hybrid meson can also decay into final states
containing a lighter hybrid meson plus a conventional
meson, for example, the S-wave decay processes b2 →
π1ω=η1ρ, h2 → η1ω=π1ρ.
We list some possible two-meson decay modes of 2þ−

hybrids with different IG in Table I, in which the S-wave,
P-wave, and D-wave decay channels are considered. It is
clear that all S-wave decay channels have limited phase
spaces, while P-wave channels such as a1π, b1π, h1π, a2π,
KK̄1 have larger phase spaces. It is interesting to find that

all two S-wave mesons decay channels are in D-wave, such
as ωπ, ρηð0Þ, ρπ, ωηð0Þ, KK̄�, with much larger phase spaces
than those of S-wave and P-wave channels. Such decay
behaviors may result in the small total decay width for these
2þ− hybrid mesons [58], making it possible to isolate and
detect them. Accordingly, we suggest to search for the b2
hybrid in the 4π final states via b2 → ω=a1=h1=a2π → 4π
process, while the h2 hybrid in the 3π or 5π final states
via h2 → ρπ → 3π or h2 → b1π → 5π process. The two
strange mesons channels may also be used to reproduce
these hybrid states, such as KK̄�, Kð�ÞK̄1 and so on.
Besides, these 2þ− hybrid mesons can also decay into the

πγ and ηð0Þγ final states via the electromagnetic interaction.

VI. CONCLUSION

We have investigated the masses of the light hybrid
mesons with exotic quantum number JPC ¼ 2þ− in QCD
sum rule method by constructing local interpolating cur-
rents with three Lorentz indices. To calculate the correla-
tion functions and spectral densities, we consider the
contributions of nonperturbative effect up to dimension
eight condensates at the leading order of αs.
After the numerical analyses, the extracted masses are

about 2.65 GeV for the nonstrange q̄gq hybrids (b2 and h2)
and 2.72 GeV for the s̄gs strangeonium hybrid (h02),
respectively. As discussed above, their peculiar decay beha-
viors may result in the surprising narrowness of these 2þ−

hybrids. We suggest to hunt for such hybrid states through
the partial wave analyses in the b2 → ðω=a1=h1=a2Þπ →
4π, h2 → ρπ → 3π and h2 → b1π → 5π processes in
BESIII and BelleII experiments by using the high-statistics
data samples of ψð3686Þ.
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