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Introduction

® Traditional quark model

7 (39) EF (g99)

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

glueball hybrid tetraquark

® Exotic spin-parity quantum numbers

0O——,0", 17", 2"
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FIG. 3. The distributions of the unnormalized moments (Yf Yy (L =0, 1,2, and 4) for .J/1) — ~nn’ as functions of the nn" mass. Black
dots with error bars represent the background-subtracted data weighted with angular moments; the red solid lines represent the baseline fit
projections; and the blue dotted lines represent the projections from a fit excluding the 11 component.

M. Ablikim, et al., Observation of an Isoscalar Resonance with +6 9

’ ’ 1855) : M =1855+97] MeV
Exotic = 17" Quantum Numbers in JAy — ynn ', Phys. Y ) +;1 SV 5
Rev. Lett. 129 (19) (2022) 192002. arXiv:2202.00621, [ =188 £ 1875 MeV.
doi:10.1103/ PhysRevLett.129.192002.
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i Introduction

m (1855) : M = 1855 +91% MeV/c2,
=188 +18%3 MeV.

: M = 13564 +25 MeV,
I' =330 + 35 MeV ;

. M = 166171 MeV,
I' = 240 + 50 MeV ;

s M =2014 +£20 116 MeV ,
'=2304+324+73 MeV.
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Introduction

® The QCD sum rule method has been widely applied to study the
= 177 hybrid states.

Nucl. Phys. B 248 (1984) 1-18.Phys.  Lett. B 485 (2000) 145-150
Eur.Phys. J. C 8 (1999) 465471, 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.

® This method has also been applied to study the =0"" and 27~
hybrid states.

Phys. Rev. D 98 (9) (2018) 096020.  Phys. Rev. D 108(2023), 114010

® 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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QCD sum rules

® In QCD sum rule analyses, we consider two-point correlation
functions:
HTE + (qz) (39)

= 4 f d'ze'™ (0TIt (2)J7T, (0)]|0)

= (6" — ¢*¢"/q®) -+ (%) + (¢"¢"/q®) Tp++ (%)

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

® We use the dispersion relation to express [];-+( 2) as

anN .
.'/ \". 11 28 Pi—+ (8) d
: - f—'_' l_+(q)_ 3—q2_?:8 S,
\\ cl /J' S<
e |

where —+( ) =Im[];-+( )/ is the spectral density,
and - =4 2 is the physical threshold.
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QCD sum rules

® At the hadron level, one pole dominance + continuum
contribution:
PRI (s) X (6 — 4" /°) (42)
Zd s — M) (0T ¢ [n}(n| T |0)

= f1_+6(s — 1_+) x (¢" — ¢"q¢" /¢q*) + continuum .

® At the quark-gluon level, operator product expansion (OPE). And
Borel transformation at both the hadron and quark-gluon levels.

2 2
I, -+ (s0, Mf}) = f12—+6_M1_+/MB

= [ e PR s)as,
8«

Quark-Hadron Duality
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QCD sum rules

S0 ,—s/M% . ,OPE
M]?__{_ (SO’ MB) — -‘3;06 . XMBQSP(;;; (S)dsj
fs< e~ /M5 pQOPE(s)ds

(44)

F2  (s0, Mp) = Tj—+(so, M3) x eMi—+/Mz _(45)
® Two parameters: M , g

® Criteria.

1. Positivity of spectral density

2. Convergence of OPE

3. Sufficient amount of pole contribution

4. The dependence of mass on parameters M , g
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Numerical analyses

Interpolating currents: JE = qﬂ,hf‘fmqb gSGﬂE ,
j=0 — g0 ey
—>Tahn Tudb (jda =1, 8c) =1 —¥ M. .
2on Jofd To
j=2 —= JBX Jien
Ggﬁ — sab . < m T
(ie=1,8, ) [ Jatn Vs @ (Jaa =1, 8c) I —= J5 ;2
j=2 —e JHEE bR
I=0 = I s
—>Gokn Oy b (jda =1, 8c) =1 — 1% i
S u—lBl\“—lBl “Ulﬂl-ﬂzﬁz
_]_2 s g+ J2_+
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Numerical analyses

The OPE of current _.

so .3 3.2 (a;GG)  13{0,GG)a, = 8m, (3s)
I, (M2 _ $°0s M8 Qg s s 2 i z
1_+( - 80) fclmg (607r3 33 + s 3672 + 43273 ¥ O )

33 2 g
<gsG > . 3{a,GG) miag . 3m; (gs80Gs) QS) % e~ /MB g

_|_

3272 6473 A
o’ 3B)m? 2 ) 1l . )
((3456?1'2 — <g 167r>2m ~ 3 (asGG) mg (3s) + 97 (5s) (gs50Gs) as) ,
The OPE with the quark-gluon content = ( = / )canbe
easily derived by replacing -0, s - T~ ,and g oGs

- g oGq .
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Numerical analyses

I~ (00, M2)
CVG, = < 5%,
® Convergence of OPE : IT(co0, M)
_ I oo, M)
CVGp = (o0, 2) < 10%.
® Sufficient amout of pole contribution
H(So, M%)
PC = > 40% .
= Mooy | 2 0%

= 70%
|1 60% 2.26GeV? = 2 < 2.54GeV?
e |150%
~30%
1 20%

Note that this Borel window is
: not so wide, and it may indicate
A s eeeeanass Sl Y that the understanding of this

]
i3 19 226 25 20 32 state as a particle has limitations
Borel Mass® [GeV?]

Convergence (CVG)
Pole Contribution (PC)

Radiative decays of P-wave bottom baryons from light-cone sum rules



Numerical analyses

The dependence of mass on parameters

2.5 25 2.5 ; 1 2.5
> B
(] L5]
Q <
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FIG. 4: Mass of the single-gluon hybrid state |5sg;1~7) with respect to the threshold value so (left) and the Borel mass
Mp (right). In the left panel the dotted, solid, and dashed curves are obtained by setting Mﬁ = 9.26 GeV2, 240 GV,
and 2.54 GeV?, respectively. In the right panel the dotted, solid, and dashed curves are obtained by setting so = 5.2 GeV?,
6.2 GeV2, and 7.2 GeV?, respectively. These curves are obtained using the spectral density pfig ' (s) extracted from the current
J!"_ . with the quark-gluon content ssg.

Missgior1—+) = [[BEATGeV
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Numerical analyses

Mass extracted from currents of ~

. Working Regi
State [J7¢] Current 55" [GeV?) ki i s Pole [%] | Mass [GeV] | Decay Constant
Mg [GeV?] | sp [GeV?

|5sg; 1) JTE, 4.3 2.07-2.80 6.5 40-63 194020 0.05412-313 Qev?
|3sg; 1+7) IR 16.2 3.60-5.40 20.0 40-65 4063035 | 0.07113:333 GeV®
|5sg; 1) il 5.9 2.54-2.72 6.5 40-45 2001212 0.05015-00% GeV?
|3sg; 1) il 16.9 3.73-5.30 20.0 40-61 4121338 | 000302 Gev?
|3sg; 07 t) g 20.7 5.18-7.35 26.0 40-63 4501028 | 9.1361020 gev®
|33g:0™7) b oo 72 3.45-4.08 9.5 40-53 296103 | 0a07 T pev®
|55g; 0™7) J 21.6 5.36-7.23 26.0 40-59 £5710%2 | gagatl il eyt
|5sg:0"7) el 75 3.41-3.98 9.5 40-52 2301037 | eanrdl Rl gev®
|5ag; 1—F) I 5.1 2.26-2.54 6.2 40-49 1:8470%% | 030070003 Gev?
|Fsg; 1) JE... 14.1 3.64-4.80 17.0 40-58 R65 0T 167810220 cleye
|5ag; 17) J 3.9 1.85-2.43 6.0 40-62 1803013 0.27810-0%2 GeV*
|5sg; 1) JE 13.8 3.50—4.80 17.0 40-61 Ap4I02T 1.66219-528 Gev*
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Numerical analyses

State [JFY) Current 85" [GeV?] z Working Regions Pole [%] | Mass [GeV] | Decay Constant
M3 [GeV?] | so [GeV?
|5sg; 0" ) Joes 11.5 3.53-4.33 14.0 40-55 - iy i 3.53521 3% CeV*
|5sg;0™") ¥ 11.3 3.51-4.36 14.0 40-56 308193 | 3500100 Qe
|5ag; 1171 I 6.6 1.95-2.27 7.5 40-51 8343038 00611207 GeV?
|5sg; 1™F) I, 5.5 1.82-2.25 7.0 40-57 2083918 | 00617251 qeV®
|3ag; 1~t) 8 il 5.5 1.82-2.25 7.0 40-57 Sigians 0.06112010 Gev*®
|5sg; 1++) JoR, 6.6 1.95-2.27 7.5 40-51 234101¢ | 00611092 gev®
|Eaett] | R 9.2 3.22-3.60 10.5 4049 | 2.59%019 =
|Jagsz—ty | e 13.4 2.55-4.29 16.0 40-66 3.72+0.72 =
g 2y | Jfeals 8.1 3.04-3.72 10.5 40-56 0 511020 =
|Fsgiztty | JoEtets il8 2.36—4.47 16.0 40-78 3541048 =

M|§39;0+1—+) = 184+8%§ GeV,

fissgor1-+y = 0.300%0:053 GeV*
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Numerical analyses

Mass extracted from currentsof = ( = /)
. | Working Regi
State [J7C] Current sgH™ [GeV?] st i Pole [%] | Mass [GeV] | Decay Constant
ME [GeV? so [GeV?)
Igqg: 1—-) il 42 2.03-2.48 5.5 40-54 1.801013 | 0.05113:%% GeV?®
lggg: 117) il 16.2 3.61-4.58 18.0 40-53 4052924 | 0.0631%:029 GeV?®
lggg: 11-) - il 5.0 2.29-2.45 5.5 40-45 184191% | 00igt2 e igeV®
|Ggg; 177) Sl 16.3 3.52-4.56 18.0 40-53 4.091929 | 0.06412:92! Gev?
|gqg; 07 ) o 20.6 5.11-6.59 24.0 40-56 4451922 B124F0082 aey®
|7qg: 0~ 1) P (£ 3.58-3.81 8.5 40-45 24ttt | 0uesd s gevt
|gqg;: 0~ Jes 21.6 5.48-6.52 24.0 40-50 4491020 | g:reat O qav®
|Gqg; 0 ) JiE V.l 3.32-3.73 8.5 4019 2167018 0.10013:502 GeV?®
|Gag; 1-+) 2 48 2.19-2.28 5.2 40-43 1.67+018 | 0.24319.957 Qev4
lggg: 11+) g 13.8 3.59-4.10 15.0 4048 FH4T0IE | gpgilant iy
l7gg; 177) 7 4.6 2.10-227 5.2 40-46 16801 | pioap 008 ey
lggg:1~") I 13.7 3.57-4.10 15.0 40-49 3.53123¢ 1.366%9 155 GeV*
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Numerical analyses

State [J7¢] Current 85" [GeV?] 5 \Vorkigng Segions = Pole [%] | Mass [GeV] | Decay Constant
Mg [GeV7] sp [GeV7]
lGqg; 07 F) Tt 113 3.48-3.91 12.5 40-49 ot | oapgtlam ot
lGqg: 0™ ) By 11.1 3.47-3.92 12.5 40-49 deatil | Sgagriiee Gyt
lgqg; 11H) it 5.8 1.84-2.06 6.5 40-48 2117917 | 005610012 GeV®
l3gg; 1~ ) il 5.5 1.81-2.00 6.2 40-48 2001030 | 0.05570 007 CeV®
lGgg; 1=) F il 5.5 1.81-2.00 6.2 4048 2001313 | 00551037 Qev®
|Ggg; 1++) G jiri 5.8 1.84-2.06 6.5 40-48 2113317 | 0.05612:912 GeVv?
lgagiztt) | e 8.6 3.11-3.37 9.5 40-46 2.44+0:20 -
gagia=r) | ek 12.7 2.54-3.60 14.0 40-54 3681092 -
lgag:a=+) | Joeet 8.3 3.07-3.41 9.5 40-48 2401021 =
jag:a®t) | Sl 11.7 2.47-3.70 14.0 40-63 3.461077 -
Mgqg1-1-+) = Migeg;ot1-+) = 1'67t3:%$ GeV,

_ _ +0.057
fltfqg;l—l_+> - fltiqg;0+1_+> — 0'24341.052
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Decay behavior

Decay processes: normal & abnormal

> M,

i, M &

/M, 23

(a)

FIG. 5: Decay mechanisms of the single-gluon hybrid states through (a) the normal process with one quark-antiquark pair
excited from the valence gluon, and (b,c) the abnormal processes with the 1/n" produced by the QCD axial anomaly.

A. Normal decay process
three-point correlation function:

™1 = |qqg; 1_1”+> = PT,  T,,(pk,q) = /d‘lxd‘lyei’“‘”eiqy Y

(T[S (2)JE (y)JT, (0)]]0)
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Decay behavior

select the isovector neutral-charged one

) | _
Ty = —= (BaA®yaup — dAPypdy) g,GLP

V2

phenomenological side

Tpv(pa k:Q) = gpwepvaﬁqakﬁ

- f‘rrl fpmpf;r ’
(mz, —p?)(m7 — k?)(m3 — ¢°) g, dmtemotx (/T — e/
m% m2,
QCD side B w6y (@)66) |
3v2 9v2 T?
Tp,y(pakaQ) = % X (65)
((gqu'GQ> (3 1) _ {aq) (9:GG) (i 4 i)) Jpr = 4081?%{3)’ GeV~! .

6\/§ p2 k? 18\/§ p4 kﬁl '

B s = 2B K.
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Decay behavior

B. Abnormal decay process m = |5sg;0717F) = g,

three-point correlation function:
j — yab
T, (p,k,q) = / dhze= = (OT[IE, (O)T7 @)},  Jis = SaX 1a5095Gh’ -

phenomenological side

Jmg
T, (P, k,q) = gy kuk et ;
p nn’ Ky (m%I _p2)(m% — k2) gnnr% (e_mf]/M?g _e—mil/M:é)
mm — mn
QCD side B ZQSm%,fnr Qﬂgﬁsmf},fnfms(gs) 1
a 3 3 ME-

1., (. k,q)

Zm?],fn: 4W2mﬁ,fnrm3(§s))

— i (— _
“ 3k?2 3k6

Gy = S8 GV,

T, sope = SIS T MeW.
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Decay behavior

Chanel |7gg:1717F) |gqg; 07 177) |3sg; 07 17T)
M=167101GeV | M=1671012 GeV | M =184101 GeV

1 /m — pm 242730 2 =

m1/m — b1(1235) 15750, = =

m /m — f1(1285)w 3591530 » _

T fm — 0w 23752 = =

m/m = 5787550 = =

mi/m =o' 0.4313-39 2 -

T /m = n'w 1491182 _ ~

m1/m — a1(1260)w _ 79.5+112:4 -
m/m = ' - 0.07152 0.93+104
T /m = - 1621212 164t 50
m/m = m - 11 gtT 5.0445
mi/m — K*(892)K +c.c. 25.31547 25,3547 73.9+837
m/m — K1(1270)K + c.c. _ g 14.67198
m1/m — K*(892)K*(892) = - 0.08+0-39
Sum a0t 120t 100430
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Summary

® We calculate the masses of forty-four single-gluon hybrid states with the quark-

gluoncontents~ ( = / )and™
® Our results support the interpretations of the  ( Yand ( ) as the
hybridstates |~ ; ~ " and|~ ; * 77, respectively.
® Considering the uncertainties, our results suggest that the ( ) and
( ) may also be interpreted as the hybrid states |~ ; ~ =" and

= ; * 7", respectively.

® 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.

Thanks for your attention !
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