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Exotic hadrons:  flavor, spin, charge Quantum numbers for normal mesons

Tetraquark Molecular state Pentaquark Hybrid meson Glueball

Exotic quantum number: 0™ ~, odd™ ", even™~

Charge: meson-like with fwo electric charges, baryon-like with three electric charges



Background ,

A new hadron configuration: double-gluon hybrid meson (GGGgq) (°rD 105 (2022) 5, Los1501)

Color structure: (§ X 3)[@] ® (B8 & 8)ge =1 D 8)ge & (1 O8P8D10B 10D 27)[GG]

= (1[QQ] ® 1[GG]) D (B[QQ] X 8[66]) D (S[QQ] X 8[66]) P -

~ 7

Three color-singlets

X 2 Wewill focus on the 850 ® 8(55) structure.

e

Glueball-meson molecule Compact hybrid meson

(PLB 843, 138030 (2023)) 4



It is no doubt that one more valence gluon field will enrich the spectra of the hybrid mesons.
The heavy double-gluon hybrid mesons with J°¢ = 1=~ were studied by Tang et al (ro 105 (2022) 11,
114004) USiNg the vector interpolating currents in QCD sum rules. Su et al (pro 107 (2023) 3, 034010, PRD 107
(2023) 11, 114005, PRD 109 (2024) 1, Lo11502) investigated the light and heavy double-gluon hybrid mesons via

the current operators with even Lorentz indices.

In this talk, we will discuss the current operators for double-gluon hybrid mesons and study
the heavy double-gluon hybrid mesons with exotic quantum numbers J°¢ = 1~ * and 2* ~ using

operators distinct from the previous studies.



Current operators

Form of the color-singlet current for the double-gluon hybrid meson:

J = QUT"T*)qpQ"G" G

where Q = c¢/b represents a charm/bottom quark field, G is the gluon field strength,

T's are the generators of the SU(3) group. The Lorentz indices are ighored.

We know that

11
T'T® =5 [38ps1 + (d™ +if*)T']

So there are three kinds of configurations for double-gluon hybrid mesons:

(006G Glueball-meson molecule
J =<5 QT'Qd"s'G" G* Symmetry glueball operator
\QT*Qf™'G"G* Anti-symmetry glueball operator




Current operators

Operators P C
Q.0 + +
Q.¥5Qs — +
Q¥ Qb (D¢ -
Qa¥u¥5Qp —(—1* +
Qa0 Qp (—DH(-1)" =
L Al D*(-DF DY (-1)° +
frPaGof GhoTeh D*(-DF DY (-1)° -
aPIgBerira  —(—1D (- DF(-1)Y(-1)} 1
froageberira  —(—D(-DF(-1)Y(-1)? -

Parity and C-parity of the color octet quark-antiquark and double-gluon operators. 7



Current operators

1-+
] = 950Q; TayPQlfabCGb GvP ] = g:Q; TaYpQ]fachb GEVP
] .ng T" yﬂQ]fachb GCaB ]‘L — ggaiTgy”ystdabcEléﬁGc,aﬁ
Ju = 920iTaY,v5Q;d Gl G IS = G2QiT oy, v5Qud Gl G

among which J}, and J% were first studied by Tang et al ¢ro 105 2022) 11, 114004), but the quantum

numbers were considered incorrectly as 17 ~.

However, one can demonstrate that these six currents are not independent due to the

symmetries of the glueball operators. They have the following relations,

Ju=-T J5=js=—=J4 J3i=0



Current operators

2+~
Two Lorentz indices:  Jhv = G3QiTavsQif " ChaG™  Jiy = 93QiT4Qif *°Gha G
]uv — ng Tl]GaBQ]dachb G%v

However,  Ji, = —J5., Jiw = —Jiu- They cannot couple to the state with J = 2.

Only J;,, can couple to 2* ~, but it only contributes to the perturbative term.

Invoking Three Lorentz indices:
Jiwp = 93QiT V@A™ G} 6" , (G1, G )

Jovp = 92QiTY 0 Q;d*P° G5, G ,(GD, G )
Jvp = 92QiTSvaysQif ¢G5, 6" ,(Gh, 6" )

];pr = ggaiTZYaYSijabcaszcap(Gb Gca )



Two-point correlation function

Definition:  T(q?%) = if d*x e!*(0|T[J(x)]T(0)]|0)

Hadron side:  MPh¢(q2) = [ ds s—l;(zszie' where p(s) is the spectral density.

One-pole narrow resonance approximation: p(s) = f58(s — m%) + (s — s¢)p°°"(s)

Operator product expansion (OPE) side:

M°E(q2) = ¥, C(g%)0,, where C,'s are the Wilson coefficients, 0,'s are the condensates.

Quark-hadron duality:  1PP¢(g?) = MOPE(q?)

After Borel transform on both sides, we can extract the mass of the lowest resonance state

o 5 Ly (s9, M?
ds e MspOPE(s)sk wmb (5o, M%) = 1% f)
Lo(S0, Mp)

Luls0,M3) = fh(m})"emi/m5 |

<



QCD sum rules

Propagator for the heavy quark

10 ap l o O'”V(F+ mp) + (p’+ mgo)ot?”
- _gSTabG/,tv 5 2\
(p= —mp)

b

_F—mQ 4

Propagator for the gluon field strength G}, = 3,A} — 0,4}, + g:f"*" 4} A},

R W

() (b) (©)

_iars

i ;it,ﬁv(P) =p—2 . [g#ypapﬁ — &upPaPv + (U © @, Vv & B)]
igsfrst I por
(P2 + ie)zG PO 2pa8up(Ps8ve — Pv8pr) + PaPo(8us8vp — &uv&pp)
+ (U a Ve ﬁ)]
igsf™" oo 5
22 + ie)? G "(0)|28a0Pp(8upPv — 8uvPp) — P 8ac(8up&vp — 8uv8pp)

+(;1<—>a/,v<—>,8)], 11



QCD sum rules

Feynman diagrams for OPE

This diagram was neglected in
the previous studies. There
exists non-local divergence.

This kind of divergence cannot be
canceled out by Borel tfransform.

(e) () (©) (h)

Figure 2. The LO Feynman diagrams for the QGGQ hybrid meson systems up to dimension eight gluon
condensate. Diagrams related by symmetry are not shown.
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QCD sum rules =

Diagrammatic renormalization approach

Reference: Renormalization by Collins, Foundations of quantum chromodynamics by Muta and Phys. Rev. D 106, 114023 (2022)

SN

(@) (b) ()

Figure 3. Diagram (a) is a subgraph of figure 2(g), raising the non-local divergence exhibited in figure 2(g).
Diagram (b) with the black square represents the counter term vertex generated from the divergence of
diagram (a). Diagram (c) with the counter term vertex will eliminate the non-local divergence in figure 2(g).
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Numerical analysis

Ly(eo, MgH[GeV!"]
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Figure 4. For the charmonium hybrid system with the interpolating current J, carrying J™“ = 17*: (a)
convergence of the OPE series; (b) important contribution from the Feynman diagram figure 2(g) to the
tri-gluon condensate.
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Numerical analysis

Criterion:
6.30 T e
D=6 2 i
‘LO (OO, MB) 6.25- ____________________
Rp=6 = |—— R P R S——
Ly (o0, M) sl
LB (00, M) :
Rp-g = t(‘)otal 123 < 10%, 2 R
"[:0 (007 MB) g g [ w7267
" v 2274
.. 1 6.05? """""""""""""""""""""""""""""""""""""""""""""""""""""""""" z=1.5
total 2 ot ] i
S,M T S T I S N N S S [ S S S S T [ S S S . T
PC = LO l( 0 g) > 40% . S 6 7 8 9 5% 58 6.0 6.2 6.4 6.6 6.8
L:)O[a (OO, MB) SO/4m02 MB2[GeV2]
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Figure 5. The variations of charmonium hybrid mass my with respect to z = sy/4m? and Mlzg for J Flt with
JC =17
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Charmonium system

Currents

15

4/5/6
u

1
]uvp
2
]/,wp
3
]uvp

4
]/,wp

]PC
1-+
1-+
2%~
2%~
2%~

2+ -

Glueball operator

A

A

A

So/(4mg)

71104

9.7 £0.52

3.24 + 0.53
7.71 + 0.44
3.74 + 0.28

7.4 +0.37

ME(GeV?)

6.12~6.42

8.15~8.56

7.75~8.75
6.77~7.25
5.0~5.5

6.16~6.51

mx(GeV)

6.14 + 0.19

7.21 1+ 0.14

4.22 + 0.28
6.41 + 0.17
4.55 1+ 0.17

6.33 £ 0.17

PC

45.9%

46.8%

2.2%

46.6%

12%

44.3%

Masses for 1~ * are around 6.1 GeV and 7.2 GeV.

Masses for 21~ are around 6.3 GeV and 6.4 GeV.

A and S represent the antisymmetric and symmetric glueball operators in currents.



Bottomonium system

Currents JPe
]i/Z 1-+
]:/5/6 1-+
Juvp 2%~
Jiive 2%~
Jive 2%~
Jitvo 2%~

Glueball operator

A

A

So/(4mp)
3.38 £ 0.09
3.04 + 0.12
2.16 + 0.08
2.58 £ 0.11
1.52+0.16

288+ 0.13

M3(GeV?)
23.55~24.43
18.13~19.0
15.31~15.92
14.76~15.44
12.85~14.65

18.2~19.1

my(GeV)

14.26 £ 0.19

13.71 £ 0.2

11.67 + 0.26

12.58 + 0.16

9.85 1+ 0.43

13.31 £ 0.19

PC

45.8%

44.1%

19%

49.8%

5.3%

43.3%

Masses for 1~ * are around 13.7 GeV and 14.3 GeV.

Masses for 21~ are around 12.6 GeV and 13.3 GeV.
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T(TLS) X1 XpJ X2t

A
I 3

(a) (b)

Possible production mechanisms for the charmonium systems with J°¢ = 1~ + and 2% ~.

With copious bottomonium mesons in Belle-IT experiment, it is possible to detect
the charmonium systems via the following radiative processes,

Y(nS) = yX(1™ %), xpy = vX(277)
18



® We studied the current operators for the double-gluon hybrid meson and constructed
currents for the heavy double-gluon hybrid mesons with exotic quantum numbers J*¢ = 1-+
and 27 .

® The QCD sum rule method is applied to these currents to obtain the masses of the
corresponding states. One additional tri-gluon condensate diagram needs to be
renormalized.

® Belle-IT:  Y(nS) »yX(1™ %), xp; = vX(2* 7).

® Further investigations on the double-gluon hybrid mesons in various theoretical and

phenomenological methods are expected.



Thank you!



~ ~ 1
b 3¢V _ b oV, b

G%, = %eum 5GF G, = — % € GO
So
Gh,6%Y, = —Gb,GY5, — % 0,1 G 5GP
Then

abc b cvV __ gabcorb V.C abc b cv __

fachsz;‘;V — fachszV,llfl — _fachszf’p

Thus, we have

Ji=-J

1 ~ ~
— 2 Gupd™ GG = d*PG, G,

21



Backwp 4

Coupling relations

Operator with one Lorentz index

(017, 17(p)) = Z] e,
(O |Ju| O(_P)(p)> =Z) Py

Operator with two Lorentz indices

22



Coupling relations

Operator with three Lorentz indices

53

=L €uwp

= Zze + Zze + Zze

= L1 € Pp 2€upPv 3€vpPu >

— 72 T .0 2 T .0

= Z78HVPTE +Z gEuwTA€ P Pp +Z 9€uptl€ P Pv,

(0 |Juvp| 1P(p)> = Z1€.8vp + Zy6v8yp + 23608y + Z4€uPvPp + Zs€vPuDp + Zs €0 Pulv
) = Z0 pugvo + Z3Pv8yp + Z3Dp8uv + Z4PulvPp
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