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l Traditional quark model

l Exotic hadron:  hybrid state, glueball, tetraquark, etc.

⋯⋯

l Exotic spin-parity quantum numbers

0−−, 0+−, 1−+, 2+−
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l The QCD sum rule method has been widely applied to study the 
 ��� = 1−+ hybrid states.
Nucl. Phys. B 248 (1984) 1–18.Phys.     Lett. B 485 (2000) 145–150
Eur.Phys. J. C 8 (1999) 465–471.           Z.Phys. C 34 (1987) 347. 
Phys. Rev. D 76(2007) 094001.              Nucl. Phys. B 196 (1982) 125–146.
Phys. Lett.B 675 (2009) 319–325. 

l This method has also been applied to study the ��� = 0+− and 2+− 
hybrid states.
Phys. Rev. D 98 (9) (2018) 096020.     Phys. Rev. D 108(2023), 114010 

l The light single-gluon hybrid states with other quantum numbers 
have not been well studied in the literature. Accordingly, in this 
paper we shall systematically investigate the single-gluon hybrid 
states with various (exotic) quantum numbers through the QCD 
sum rule method. 
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l In QCD sum rule analyses, we consider two-point correlation 
functions:

where J is the current which can couple to hadronic states.

l We use the dispersion relation to express  ∏1−+(�2) as

where  �1−+(�) ≡ Im ∏1−+(�)/�  is the spectral density, 
and �< = 4��

2 is the physical threshold. 
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l At the hadron level,  one pole dominance + continuum 
contribution:

l At the quark-gluon level,  operator product expansion (OPE). And 
Borel transformation at both the hadron and quark-gluon levels.
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l Two parameters：M� , �0

l Criteria： 
1. Positivity of spectral density 
2. Convergence of OPE 
3. Sufficient amount of pole contribution 
4. The dependence of mass on parameters M� , �0
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 Interpolating currents:
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The OPE of current  ��−+
�

The OPE with the quark-gluon content  ��� (� =  �/�) can be 
easily derived by replacing �� → 0, ⟨�s⟩ →  ⟨��⟩, and ⟨g�σGs⟩ 
→  ⟨g�σGq⟩. 
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l Convergence of OPE

l Sufficient amout of pole contribution

2.26GeV2 ≤ ��
2 ≤ 2.54GeV2

Note that this Borel window is 
not so wide, and it may indicate 
that the understanding of this 
state as a particle has limitations
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The dependence of mass on parameters
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Mass extracted from currents of  ���
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Mass extracted from currents of  ���(� =  �/�)
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Decay processes: normal & abnormal

three-point correlation function:
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select the isovector neutral-charged one

phenomenological side 

QCD side
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three-point correlation function:

phenomenological side 

QCD side
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lWe calculate the masses of forty-four single-gluon hybrid states with the quark-
gluon contents ��� (� =  �/�) and ���.

l Our results support the interpretations of the ��(����) and ��(����) as the 
hybrid states |���;  �−�−+⟩ and | ���;  �+�−+⟩, respectively.

l Considering the uncertainties, our results suggest that the ��(����) and 
��(����) may also be interpreted as the hybrid states |���;  �−�−+⟩ and 
|���;   �+�−+⟩, respectively.

l To differentiate these two assignments and to verify whether they are hybrid 
states or not, we propose to examine the  ��(����)� decay channel in future 
experiments.
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