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Introduction

® Exotic hadron: multiquark, glueball, hybrid state, etc

tetraquark glueball hybrid

® Some of the hybrid states can have the exotic guantum numbers

JF¢=0",0",1",27,3".
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Introduction

® There are four candidates observed in experiments with the exotic
guantum number J°¢ =1

® %) =11":1,(1400), r,(1600), , (2015)

D. Alde, et al, Phys.Lett. B 205 (1988)
E852 Collaboration, Phys. Rev. Lett. 81 (1998)
COMPASS Collaboration, Phys. Rev. Lett. 104 (2010)

E852 Collaboration, Phys. Lett. B 595 (2004)
® |°JP°=0"1":7,(1855)

BESIII Collaboration, Phys.Rev.Lett. 129 (2022)
BESIII Collaboration, Phys.Rev.D 106 (2022)
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Introduction

® These candidates are possible single-gluon hybrid states and
have been studies using various theoretical methods and models

® MIT bag model ® Dyson-Schwinger equation
® [ux-tube model ® Lattice QCD

® Constituent gulon model ® QCD sumrules

® Ads/QCD model

M. S. Chanowitz, S. R. Sharpe, Nucl. Phys. B 228, 588 (1983)
P. R. Page, E. S. Swanson, A. P. Szczepaniak, Phys. Rev. D 59 (1999)
P. Guo, A. P. Szczepaniak, G. Galata, A. Vassallo, E. Santopinto, Phys. Rev. D 77 (2008)
S.-S. Xu, Z.-F. Cui, L. Chang, J. Papavassiliou, C. D.Roberts, H.-S. Zong, Eur. Phys. J. A55 (7) (2019)
K. J. Juge, J. Kuti, C. Morningstar, Phys. Rev. Lett. 90 (2003)

H. X. Chen, N. Su, S. L. Zhu, Chin. Phys. Lett. 39 (2022)
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Introduction

® Recently TOTEM and DO experiments announce the discovery of
C-odd three-gluon glueball

TOTEM and DO Collaborations, Phys. Rev. Lett. 127, 062003 (2021)

® Motivated by it, we want to study the double-gluon hybrid states
composed of one valence quark , one valence antiquark and two
valence gluons
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Double-gluon hybrid currents & ka %4

® Color-octet quark-antiquark fields

A | 325 |
Ta M"Y s Qa5
QCL)\%,bO_;LVQba

® Color-octet double-gluon fields
npq B yyo  gnpq o oy
d"IG G GG
® Color structure
3,03; 28,28, — 8; 28,8,

S A
— 1‘1‘199 D 161‘199 8/21
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Double-gluon hybrid currents

JD—+ — gaﬁfa)*-ibii'b d"r QEG;uéq,w : (:”
. _ = ~_2\ab n 2 i o p
® Twelve double-gluon hybrids ~ Jor = derste @ 0. G5 Car 2)
- — g.~=)\4 mpq 2 e . 3
Currents '-’TD + Ya fu‘}‘anb d QZGP qu.tu 3 ( )
JD—— — gaﬁ,r'ir}"i b fﬂpq s G;qu.;w s (4)
J&'_ﬁ _ _aﬁa)*-ib Jq"P4 .S?Gcméﬁ - . B\,
® These currents may couple e = Gt I 9.6y G — e }(_5)
to the Iowe_st-lylng double- I GursAas 7P 2GERGE — o< B},
gluon hybrid states (6)
T8 = qavsAas ' GGt Gl — {a ¢ B},
— lab i . (7)
® U.754 U has S-wave spin P~ qus e [ RCUGE o B}

parity quantum number J° =0" 3)

(
J;E'_Lflﬂ-z,ﬁz _ gaﬁfa)iibQE: dnpq S[ggcguﬂl égtgﬁg: , (9)
Jebrazfe @a“fa)\ibiIb frpd S[gfcglmé;ﬁﬁg:: (
JQ'L,'SLG:-}..'ﬂg —— --../“:g.ﬂ'b dﬂpq S EGCEL.'ELGG:Q,&Q' ( 1)
2—+ = a5, b @ [gs P q 13 . 9/21
' 1 4K 5] — y | 21392 {
TPt = g Xitay 17 S[gGH G, (12)

]
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Double-gluon hybrid currents

Jort = Qay A’y A" g2GEY G . (1)
® \We find five currents to be Jor = Gays\iay [ 92GhY G (2)
Zero '-’TD—+ — q_aﬁf&}"ﬂb d_npq G;qu,pu: (3)
Jo-— = qa fu)‘*ﬂbq e QGWGMW: (4)
. . o3 — _ yab T ap
® Some internal symmetries T = Al 7 g2GH G, — {a e ).
. \2)
between the two gluon fields N )
J FE = GusNay 7 2G5S, — {a e ).
(6)
JO—— = -+ X fnpq GSVGQ Nz Jf;'i = Qays Ay gy A" gSGﬂ“ o — o< B},
W)
__ ) ngp v
= X P GGG TP = GursA%qy fP PG GE, — {a & B}
— npq 4
_ —JO__ ' J;"_Lfl-‘ai-ﬁz _ Q’_a"fa}*ﬂb J4"Pa 3[ QG';*-'I.-'SJ.GS:Q,-'SE] 1 (9)
| Tyt — gyl £ S[g2Gy G, (10)]
T = g 47 GG TG () g 00
JQ'L-SI:-Q;?.BE — HF/\,‘ab npq g 2@@1,316112,32 192
d—— q{l .rln'_'l T qb f [gs P q ]: ( )
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QCD sum rule analyses

® In QCD sum rule analyses, we consider two-point correlation functions
Halﬁl afpr:0 B B (qz)

— i/d4xeiqx<0\T[Jg‘+/f““2ﬁZ (x)];i/ifl *“lzﬁlzﬁ{.(o)] ‘O>
— S [9(11(1’1 g[)’I/)”l gaza’zgﬁzﬁ’z]n(QZ)’

® At the hadron level: described by the dispersion relation

(¢ = /3 : pq(;) -~ ds p(s)=1Imll(s)/n
Poren(s) = Y _8(s = M3)(0|J[n) (n]J7[0)
: 12/21

= f3+8(s — M%) + continuum.
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QCD sum rule analyses

® At the quark-gluon level: evaluate via operator product

expansion(OPE)
azs’ a,(2GG)  Ta(giGG)\ ,
”"PE(“)80640;:4+( 38407 | 614407 )“
| (@9 _a (36
9 15367 )
L (2%(24)(§,90Gq) _ a(:GG)”
9 184320 )

® Perform the Borel transform, utilize quark hadron duality, finally arrive
at the sum rule equation

, ,_ *S0 ,
(sg, M3) = f%e_ﬂ"[i'/ﬂfé = / f:_SXMf?prE(s)d,‘s
. ‘-_-;<
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QCD sum rule analyses

® The mass equation:

S0 /M2
fsje Mz spopg(s)ds

fsio e=*/ME popr (s)ds

M)Q((SOJ MB) —

® Two parameters: S, M,

® Criteria:

1. The convergence of OPE
2. The pole contribution
3. The mass dependence on these two parameters

14/21
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QCD sum rule analyses

® The convergence of OPE

60% 60%
119" (00, M3 O s50% 50% $
VG = = (OOMQ B) < 5%, B 50% 50% &
(00, M) = 40% 140% 5
1°=% (00, M3? S 300 - 30% 2
ova — (o0, 2 B) < 10%. 5, 30% . 30% 2
[I{c0, M) > 20% 120% S
IT0=6 (00, M) & mmo -l _ P
CVGQ" = | — B <20%. ¥ 10% TTeIe LI = = a10% B
111 (o0, MB) 5% feeaeeeee e : '““"i;"““g““"““'—T:'_“_': 5%
O1.4 1.5 1.6l 1.70 1.78 1.9 2.00
® The pole contribution Borel Mass® [GeV?]
(s, M%) 1.61 GeV? < M% <1.78 GeV?
PC = T Ve 40% .
(00, ME) 15/21
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QCD sum rule analyses

® The mass dependence on these two parameters

40- o 4.0 40 & : : —0

> 30k L 30 S>30 3.0

L Y\ | : 5]

&\ | 8

w N — — — — — T T T v

s oo 120 200 2.0
1 Ul_ I 1 S B | 1 U 1 0_ I 1 ! K ! 1 I 4 1 U

0.7 1.0 1.3 1.611.701.78 2.0 20 30 40 50 60 70 80 90 100
Borel Mass? [GeV?] so [GeV~]

(a) (b)
M xpi-y = 226105 £0.07 £ 0.03 GeV
= 2267030 GeV, 16/21
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QCD sum rule analyses

® The QCD sum rules results

State [.JP C] Current, sg™ [GeV? Working Regions Pole [%)] Mass [GeV]
M3 [GeV?] | so [GeV?]
|Gqgg; 0FF) Jo++ 34.9 6.12-6.92 38 £8.0 40-50 5617532
\qqgg; 0~ ) Jo—+ 24.4 5.34 5.78 27+ 5.0 40 48 4251052
\Gqgg:177) T 32.1 5.51 6.31 35+£7.0 40 50 5.461033
Gqgg;177) J3E 20.0 4.60-4.91 22 4+ 4.0 40-47 3.7470:3¢
Gggg: 27Ty | Jgrvere 20.0 5.39-5.76 22 + 4.0 10-16 3.7410-27
\Gqgg:27) Jo1Pr.ezbs 6.4 1.61-1.78 742.0 4048 2.261930
Gagg:27%) | JorfreRe 16.8 4.39-4.81 19+ 4.0 40-49 3.5110.22
|5sg9; 07 T) Jo++ 35.3 6.22 7.61 41+ 8.0 40-57 5.7270°35
5599;077) Jo—+ 24.5 5.36-5.95 28 £6.0 40 50 4.34%538
|5599:177) JE 32.5 5.60-6.79 37 +£8.0 40-55 5.527032
5599517 7) JeE 20.2 4.62-5.07 23+ 5.0 40-50 3.84703)
|5sgg; 27F) | Jgpfvere 20.4 5.45-6.11 24 £ 5.0 40-51 3.917032
|5s99;2%7) Jé’;lfl 2 7.1 1.79-2.01 8420 40-50 2387019 17/21
|5599;277) Joreab 17.1 4.44-5.00 20 + 4.0 40-51 3.6110 2]
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Decay analyses

® Exciting two A0/ SS pairs from two gluons, followed by recombing
three qq/ss pairs into two- and three-mesons

A !.‘I““““‘I o+ !l'l“'.‘.‘Y
. oY . oY
Hybrid Agg,, Hybrid Mgy,
000 <00
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Decay analyses

® Possible two- and three-meson decay patterns
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Two-Meson

|qqgg;17277)

1Gqgg:07277)

155gg; 0721 7)

S-wave K3K§
him, a1, asm,bin, bin', pfo, wao by, hin, hin', pao,w fo hin.hin'
P-wave . — — —
KiK. KiK* KK, K*K;
4+ — / / - .
prpT L W, pn, pn P, Wn, wWn on., on
D-wave

K*K, K*K*, K1 K

Three-Meson

|Gqgg; 1727 7)

[qqgg;07277)

|5sgg: 0727 7)

S-wave

fiwm, a1pm

fipm, arwm

P-wave

P, w7, wn' T, pnn

wrT, pnm, pn' T, wnn

onm

TK*K.pKK. . wKK,0KK, nK*K*, pK* K, wK*K.nK*K
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Summary

® \We systematically contract twelve double-gluon hybrid currents
using the color-octet quark-antiquark fields g.4:’rsq, and the color-
octet double-gluon fields a«c¥G?°, friGYGY

® \We apply QCD sum rule to analyse these currents and extract
the masses of 3 =2 double-gluon hybrid states are
M zgggiat—y = 2.2610 32 GeV
M zeggiat—y = 2.3870 52 GeV
® \We propose to search for |Gggg; 1727 7) in the wm/pmmw---

search for |gqgg;0-27") inthe pm/wmm---
search for |ssgg;0727) in the ¢n/pKK ---

21/21
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