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|. A Brief Review of Glueball Studies

The QCD Lagrangian:
Locp = —%GzyGa’l’W -+ Zq @q(iVMDIJJ — mQ)¢q

G%, = 0,A% — 0, A% + g, foP° AD A

There exist gluon self-interactions

~4 K
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|. A Brief Review of Glueball Studies

» Color structure

\_

® Quark= fundamental representation 3
® Gluon= Adjoint representation 8

® Observable particles=color singlet 1
®Mesons 33 =18
®Baryons 3X3XR3=1PSXR8P 10

2 Glueballs{

SR R8=1DSD---

~

8R8=1PsPIDL0PI0P 27

/

Cong Feng Qiao FCPPL
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|. A Brief Review of GIuebaIIStudles

a N
» Glueballs are allowed by QCD

» No definite observation in experiment up to now
N /
/The main difficulties in observing glueballs lie in \

® lack of the knowledge about their production &
decay properties

® mixing with quark states adds difficulty to isolate

k them. /
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|. A Brief Review of Glueball Studies

» Gluon-rich processes (Taking gg as an example)

-

\_

The most prominent example

-

In ete- colliders.

~
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|. A Brief Review of Glueball Studies

» Gluon-rich processes (Taking gg as an example)

/ Very promising examples in hadron colliders. \

) D
/ = !

1”2

’nl
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|. Glueballs and Glueball Studies

» Good evidence exists for the lightest scalar \
guleball 0** , which however mixes with nearby
mesons. There are several candidates, e.g. f,(980),
f,(1500), f,(1710), but no definitive conclusions
can be drawn concerning the nature of these
states.

> Evidence for tensor 2** and pseudoscalar 0~ +
glueballs are weak

» The study of the oddballs in experiment is still in
absence

To pin down a glueball in experiment is a

challenging task
V. Crede and C.A. Meyer, Prog. Part. Nucl. Phys. 63(2009) 74-116, and refs. therein
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|. A Brief Review of Glueball Studies

KTheoreticauy: \

® Lattice QCD

® Flux tube model

® MIT bag model Constituent Models
® Coulomb gauge model

® QCD Sum Rules (QCDSR)

\ V.Mathieu, N.Kochelev&V.Vento, Int.J.Mod.Phys. E18,1(2009) /
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Morningstar & Peardon, PRD60 (1999) 034509

® Results from Lattice QCD

J Other J roma mg (MeV) 12
0FF 4.21 (11)(4) 1730 (50)(80)

ott 5.85 (2)(6) 2400 (25)(120)

0-t 6.33 (7)(6) 2590 (40)(130)

0+t 6.50 (44)(7)" 2670 (180)(130)

1% 718 (4)(7) 2940 (30)(140) 81
2 ¥ 7.55 (3)(8) 3100 (30)(150)

g 8.66 (4)(9) 3550 (40)(170) &£ 6l
gi=t 8.88 (11)(9) 3640 (60)(180) =
3tt 6,7,9 8.99 (4)(9) 3690 (40)(180) ;
1= 8,5,7 9.40 (6)(9) 3850 (50)(190)

2=T 4,5,8 9.50 (4)(9)" 3890 (40)(190) '
9= 85T 9.59 (4)(10) 3930 (40)(190) 2 7
377 6,7,9.... 10.06 (21)(10) 4130 (90)(200) -
27~ 5,7,11,... 10.10 (7)(10) 4140 (50)(200) 0
0t~ 4,6,8,... 1157 (12)(12) 4740 (70)(230)

~1 — 410+ 20 MeV

0" .
2" w3 D
2T %-_ JF 4
3 " — 5+ —
27—
| 17— 3 b
0*++ . >
0 — [0}
2M = 9
[G]
12€E
| o —
11
0
++ - +- -
PC
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|. A Brief Review of Glueball Studies

® Results of Lattice QCD

> Chen et al.,, PRD73(2006) 014516

RF€ Possible JF€¢  roMg ro Mg ——> Morningstar & Peardon,
AT GFF TI6(11)  L21(1D) PRD60 (1999) 034509
j DA oY 5.82(5)  5.85(2)
I Eo ol 5.83(4) 5.85(2)
AT 3+t 9.00(8)  8.99(4)
Tr v FET 8.87(8)  8.99(4)
7: e 0+ 6.25(6)  6.33(7)
& +- 1= 7.27(4)  7.18(3)
E‘+ Brsie 7.49(7)  7.55(3) ~N
iR ) I 7.34(11)  7.55(3) S\ +
2 g R g Mass(0--) = (5166 X 1000) MeV
Ts 3 8.80(3)  8.66(4) (Unquenched)
Az s 8.78(5)  8.66(3)
i 1= 9.34(4)  9.50(4)
o Q== 9.71(3) 9.59(4) \Gregory, etal.,, JHEP1210 (2012) 170.)
s 27~ 9.83(8) 9.59(4)
g 10.25(4)  10.06(21)
B g 10.32(7)  10.10(7)
AT~ o= 11.66(7) 11.57(12)

Cong Feng Qiao FCPPL -13-



|. A Brief Review of Glueball Studies

ﬂFlux tube model \

T Mass (GeV)
O+t 1.52
Jek= 2.25
o++ 2.75
§ Rl D e ' R | 2.79
2++ 284
2++ -z-l—-l-~ 2++ 2+-|- 2 84
1+ - 3.25
ke 3.35

K Isgur & Parton, PRD31(1985)2M

Cong Feng Qiao FCPPL -14-
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|. A Brief Review of Glueball Studies

a 3 ™
® MIT bag model e | o |
tH o
> — O
© 2t
9
@ 0
7 VO \V/
g 1. 7 0 7
- Vi)
T -
e 0+ 0+ S > 1 9+
V =Jaffe &Johnson, PLB60,201(1976).

(O =Carlson et al., PRD27 (1983)1556.
[0 =Chanowitz &Sharpe, NPB222(1983)211.

Cong Feng Qiao FCPPL -15-




» - " — = ‘
FEBAS 2K S
\'- — _," UNIVERSITY OF CHINESE ACADEMY OF SCIENCES

|. A Brief Review of Glueball Studies

® Coulomb Gauge model

Model JEC o7t 100 2700 37 577 777

color f d d d d d

S 0 1 2 3 D 3

L 0 0 0 0 2 4
H¢.. (this work) 3900 3950 4150 4150 5050 5900
H,; (this work) 3400 3490 3660 3920 5150 6140

Llances-Estrada, Bicudo &Cotanch, PRL96 (2006) 081601

Cong Feng Qiao FCPPL -16-
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|. A Brief Review of Glueball Studies

ﬁQCD Sum Rules

Two-gluon glueballs in QCDSR

~

Novikov et.al.| Forkel

Bagan et.al.|Huang et.al

O-I--I—

0.7-0.9 GeV

1.25 GeV| 1.7 GeV 1.66 GeV

0—+

2.2 GeV - -

\_

Forkel, PRD64 (2001) 034015.

Novikov et al., NPB165 (1980) 67.

Huang, Jin&Zhang, PRD59 (1999) 034026.

Bagan&Steele, PLB243 (1990) 43.

/

Cong Feng Qiao
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|. A Brief Review of Glueball Studies

ﬁQCD Sum Rules \

Tri-gluon glueballs in QCDSR

0++ 0—+ 1—+ == 2++

Latorre et. al.| 3.1 GeV = - - -
Liu et. al. |1.45 GeV - 1.87 GeV 2.4 GeV |2.0 GeV
Hao et. al. - 1.9-2.7 GeV - " -

Latorre et al., PLB191 (1987) 437.

Liu, CPL15 (1998) 784.
\ G. Hao, CFQ, A.L. Zhang, PLB642 (2006) 53. /

Cong Feng Qiao FCPPL -18-
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|. A Brief Review of Glueball Studies

(Production studies of glueballs via Lattice QCD
For example:

B Scalar glueball in radiative J/y decay on lattice,
Long-Cheng Guili, et al., (CLQCD Collaboration),
Phys. Rev. Lett. 110 (2013) 021601

B [ attice study of radiative J/yw decay to a tensor glueball,
Yi-Bong Yang, et al., (CLQCD Collaboration),
Phys. Rev. Lett. 111 (2013) 091601.

\_

~
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|. A Brief Review of Glueball Studies

KDecay analysis of glueballs \

For example:

B Comment on “Chiral Suppression of Scalar-Glueball Decay”,
Kuang-Ta Chao, Xiao-Gang He, and Jian-Ping Ma,
Phys. Rev. Lett. 98, 149103 (2007).

B On Two-Body Decays of A Scalar Glueball,
Kuang-Ta Chao, Xiao-Gang He, and Jian-Ping Ma,

\Eur. Phys. J. C55: 417-421(2008). /

Cong Feng Qiao FCPPL -20-
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I1. Gluon-pair Vacuum Coupling Vertex

-

n./M, decays to glueballs exclusively via 0** model

~

The transition amplitude writes:
(G1Ga|Tne) = g3vg(G1Gal Gty Al Gm
th anUQnAyécd??paA Aj \%) )

Inserting the completeness
1
(G1Ga|T'|ne) = Z’Yg G1G2|0cat)pe ALAG| G)
xg:(G qutzﬂu%ﬂ” o Yon A 17c)

= f > 16{G1Ga| T1|G) g2 (G| Talm).
G q

Cong Feng Qiao

FCPPL -22-
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I1. Gluon-pair Vacuum Coupling Vertex

/The 0** model

e T1211®I2®T’UCLC
I; — ldentity matrices for g;

~

T... — Gluon-pair vacuum vertex

L=0
PC _ A++ {
J =0T = P

vac

= <LML; SMS‘Jvachac> =1

. k:a — k
\Tfuac = 7 / d’ks d°ks0° (ks + k4) Voo ( 3 5 4) Yoo Ocal,(ks) aly(ky).

Cong Feng Qiao FCPPL -23-
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I1. Gluon-pair Vacuum Coupling Vertex

/The 0** model

JEC =T =07

~

|G) can be expressed as
IG) = \/2E¢ / Pk d%ks0% (K — ki — ko)

XY (LaMigSeMsg|JaMyg) Yngrony, (ki,ks) X, Oas |9195)
Mp,,.Ms,,

The normalization conditions
(G(Kg)|G(Ky)) = 2Eq0° (Ke — Ky,
(97 (ki) g5 (ky)) = 6,;0°°0° (k; — k;),
k/ d°k;1d’°k20" (K — ki — ko)va (ki, ko) e (ki, ko) = S/

Cong Feng Qiao FCPPL -24-
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I1. Gluon-pair Vacuum Coupling Vertex

"The 0** model

|G,) and |G2) can be constructed similarly, then

(GiGoITNIG) = \BEGEGEs, ve ).

My Msg My Msg Mig Msg,

13 24 12 34
X ()(SGl M 6, X S, MSGZ D(SGMSG)L/ U{})[MLG M G ,MLGZ (K)(501)560’5066bd)cof0r—0c’fef .

kS_kal).

X w;kfcl Lo, Mg, (ki. kS)w;Gz Lo, Mg, (k. l{4)1'0”6‘5(35”(1(3 (ki kz)‘yoo( 2

o

X (LaMp,S eMs | JeMj X Le, My, S 6, Ms, Vo, Mj, XLe, MLy S 6,Ms, |J6,M,)

Dyygaty , (K) = f Ek ko d ksd'ky 8 (K + k)5’ (ks + ky)o (Ko, — ki —ka)o* (Ke, - k; — ky)

~

J

Cong Feng Qiao FCPPL
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I1. Gluon-pair Vacuum Coupling Vertex

éhe 0** model A

In momentum space, the wave function in form of

harmonic oscillator

R?k*
2

Uit (K) = Nop exp (— ) Viar(k) P(K?).

The spin coupling can be expressed by winger’s 97 symbol

1
(XSo, Ms,. XS, 0s,. [ Xsans, Xoo) = (=1)72 (286, +1)(2Sg, +1)(2S¢ + 1)
1 Gh 2 Go G

S1 53 G
X Y (Sen Mg, ; SaaMsg, |SM)(SM,[SeMs,;00) S sz sa Sa, o
S, M SG 0 S

Z.G. Luo, X. L. Chen, and X. Liu, Phys. Rev. D 79, 074020 (2009).
\A. Le Yaouanc, L. Oliver, O. Pene and J. Raynal, Hadron Transitions in the Quark Model/

Cong Feng Qiao FCPPL -206-
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I1. Gluon-pair Vacuum Coupling Vertex

/The 0** model A

- N . Y4 .
Extract helicity amplitude from | |T;,can be calculated in pQCB
(G2 T1|G) = 8°(Ke, + K, —Ka) My = 89:|R(0),. |
XMMJGMJGlMJGQ T 3rm,
1 ) / \ /.
Mt = MM A ('he decay width then h
i - n
Mi" = 2§§: 3 Z;JGQ(LOJMJGUGMJG) 2 ‘K| Z ‘ MJL
X <JG1 MJGl JGzMJG2 |JMJG>M?/L]GMJG1 MJGZW e
@. Jacob and G. C. Wick, Ann. Phys.7, 404 (1959) U\ /%

Cong Feng Qiao FCPPL -27-
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I1. Gluon-pair Vacuum Coupling Vertex

4 . | N

Glueballs production in n/n, decays via the 0** model

fo(1500) and 7(1405) as the glueball candidates

(G1Go|T1|G) = Z 8y, V8EGEG Eq,
Mg, Mg,

JPC LI MIS MS’ X (1 Mo; 1 = Mo|00)
o1l 11— X (1M,;1 - M>|00)
fle L L <Xoo)( I- le)(l MDX00>]M00M2(K)
fo(1500)[{0T"|01 O |0 O
7](1405) O |1| M| 1|-M,
Z %
Cong Feng Qiao FCPPL
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I1. Gluon-pair Vacuum Coupling Vertex

_ N
In simple harmonic oscillator :
Em:(QnJrL—I—B/Q)hw, Qg:\/uw/h’ R:l/a
R and other parameters
E (GeV)|En(GeV)|w (GeV)|a (GeW)[R GeV)!| (7 ; N
G| 298 | 298 | 066 | 045 | 2.24 ]0,0,0 =041 (KG ‘KG1 —K(;g),
G, 1.53 :1.5_0 0.43. 036 | 2.79 MIE = MP = 0.1,
Go| 145 | 141 | 031 [ 031 | 326 | y
%
FCPPL -29-
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I1. Gluon-pair Vacuum Coupling Vertex

-~

Z. G. Luo, X. L. Chen, and X. Liu,
Phys. Rev. D 79, 074020 (2009),
J. Segovia, D.R. Entem, and F.

Fernandez Grupo, Phys. Lett. B 715,
322 (2012).

75/93 ~ qu—mg/rq@ ~ 0.4,
12 = 332720 GeV?.

o

7, estimated by comparing to the 3 p, model.

v = g/Qm quark-pair creation strength

~

4 (s> +u®> t*4+u*  2u?
Lgg—aa ~ 3 + T ot
9 {2 52 3st
32/ 9 +u?) t u

I'iosog ~ — | — ( ) — 4+ =] .
W39 97 452 u t

\_

Cong Feng Qiao
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I1. Gluon-pair Vacuum Coupling Vertex
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/
»The decay width

I = |M00|2’M2|2

IKI JL 2 K]
Z ‘M | = 7 AME
7’]c

2951 R(0)y[*v; K| Eq Eg, Eg, 1
37 x Wmch}C

167

» The branching ratio

=5.17793] KeV |

~

I
ne— fo(1500)n(1405) 1+1.18 —4
L Bry.— fy(1500)5(1405) = K = 1.637541 X 1077,
tota
Cong Feng Qiao FCPPL
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O Oddballs via QCDSR

o
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I1. Oddballs via QCDSR

5 Oddballs )

Oddballs: glueballs with exotic quantum numbers

JFPC :rO__,OJF_, 1_+’2+ﬂ’3_+ and so on

Physics at BESIII, Editors Kuang-Ta Chao & Yifang Wang,
Int. IMPA24,1,(2009).

Trigluon glueballs -, \1athieu, N.Kochelev&V.Vento, Int.J.Mod.Phys. E18,1(2009).

» C'= —1 —=Trigluon glueballs.

» Exotic quantum numbers =» Do not mix with gq

» 07~ oddball may be the lowest lying one.
Besides, It has the simplest Lorentz structure.

o /

Cong Feng Qiao FCPPL -33-
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I1. Oddballs via QCDSR

» It can be produced In the decay of heavy vector
guarkonium or quarkoniumlike states.

-

detected, only 7;(1400) channel
with 1-*in PDG)

< Like in football game + = ' )
/1—_ — Go-- + 177 1——'G2+_ -+ 1—+/2—+/3_+\

17~ 'Go—I—— + 1= 1__' G3_+ —+ 21—

\1—_'G1+ +07 " 1T+ = £1(1285) /xc1(3511) Y

= exotic state (not easy to be ' = unfavorable production A

Cong Feng Qiao FCPPL -34-
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I1. Oddballs via QCDSR

/>QCDSR CFQ & Liang Tang, PRL113 (2014) 221601 \

CFQ & Liang Tang, NPB904 (2016) 282

» Field strength tensor
Gy (x) = G§,, (2) + g5 2 A (2) A (2)

» In coordinate gauge

a 1 v a a
Al () ~ 5T Gy,.(0); A7(0) ~0

1
Gl () = Gg,, (0) + ngf“bcw” z7G,, (0)G5, (0)

Gopw () = 0, A (2) — 0, Al ()

G (0) = G, (0) = G, (7)

o /

Cong Feng Qiao FCPPL -35-
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I1. Oddballs via QCDSR

> Some contractions

a i dp —id™ —ip-(x—y)
GO/JJV('CU) OQB(y): (27_(_)4 p2 Flﬂlaﬁ(p)e

F,u,uaﬁ (p) — PuPadvp + PvPBAuea — PuPBYva — PrvPaldup

s d*p 6™ .
AL @G, W) = [T pagun — pagusle
m d4p _5Jm o (a
G‘(y]ﬁfy( )AM (y) = f(2ﬂ)4 p2 (pﬁgﬂf)/ — p’Y.gM,B)e p-( Y)
4 . .
~ . NI d D _j8ai _ o
OMV(:L.) Opa(y) /(27’{')4 p2 Fuupa(p)e p-(z—y)

o~

P,UJ/,OG (p) = PuPpGve + PvPofup — PpPo9vp — PvPpJuc + p2 (guagup - g,upgva)
Cong Feng Qiao FCPPL -36-
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I1. Oddballs via QCDSR

» Gluon condensates

1
D(D -1

3* (0| G, (0)G 0 (0)]0) = 7 Gpdvo = GuoGuo) (GG)

- ~ 29-D
ab a b
57 (016, (0) Gl (0)10) = 55— (Gapthor = G 8s) ()

1
D(D —1)(D —2)

Fe0|GS, (0)GY, (0)GE,5(0)[0) = T3, oap(GGG)

vpoo

3
Ihvpoaﬁ = Gup9va9ep — Gup9vBYoa — Guo9va9peB T Guo9vB9pa
~9uaGvpY9op T Gua9vo9ps T JusIvp9doa — GuB9voYpa

Cong Feng Qiao FCPPL -37-
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> Gluon condensates

Fe fer0]GL (0) G, (0)GG 5 (0)GS5(0)[0)
= A 9up9va95~985 = JupGra9os9sy — Jup9vsGor9as + GupdvB9osJay
~GupGvy 900985 + JupGuvy9osgas + Gup9vsGoadsy — GupIvsJosJar
—Guo Jvadpy 985 + JuoGva9ps9sy + Guo9ua9pr9as — GuoJvB9psdory
+9109vy9pa985 — JuoJvy9pBY9as — Guo9vs9padsy + GuocJvs9pBYday
~9puavp9or96s + JuaGup9os9sy + GpadvoGpy9ss — GuaJvedps9s~y
T9uB9vp9ory9as — GuB9vpdosGay — GupIvo9py9as + GuBGve 9psGory
+GurGvp9oa98s — GuyGvpGop9as — GuyGvo9padps + JuyIvo9psYdas
—~GusGvp9oadpy + GusGvpdosdary + 9usGvepadsy — Jus9voJpsJar }
+B(9pa9vs — 9up9va)(GoyGos — 9psGo~) — (GurGvs — 9us9uy)(Gpaos — 9ps9oa)]
(D +1)((f*Ge, G, )% = ((f*°G,Gh,)?)
(D+2)D(D —1)(D —2)(D —3)
—4((f*°Ge,GY,)%) + (D = 2)((f***GY,Gh,)%)

B = D+ 2)D(D 1D _2)(D_3)

Fobe fede(0]Ge, (0)GY, (0)GS5(0)GL45(0)|0) = b F2%(0|G,, (0)G5, (0)GS 5(0)G25(0)[0)

A:

Cong Feng Qiao FCPPL -38-
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I1. Oddballs via QCDSR

> QCDSR h
® The two-point correlation function
1) =i [ atocs=(0rdjo (@), o (0) 0,

® The QCD side of the correlation function
2

HQCD(QZ) _ CLQQ12 IHF + bOQS(aSG2>

2
+ (co + ¢q In %) Q%(g:G?) + dpQ* (s G*)? .

® The phenomenological side of the correlation function

1
—TImIIP"(s) = fEM52_6(s — MG-_) + p(s)0(s — s0) -
\_ (s) = f& ( ) + p(s)6( ) Y,

v

Cong Feng Qiao FCPPL -39-



I1. Oddballs via QCDSR
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4 ® The dispersion relation

Q) =+ [ as B+ (10) - @ o)

14// 16///
+5@U0) - (Q(0))

® The Borel transformation

) _ (=™ [ d \"
B, = |
"7 gt (n— D)I\AQZ)

&7 _1
n T

® The quark-hadron duality approximation

1 oo oo
—/ e_STImHQCD(S)dé::/ p(s)e”*"ds ,

\ v

Cong Feng Qiao FCPPL
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I1. Oddballs via QCDSR

. *@élr aﬂ%é

/ ® The moments

1 [0
Lo(T,80) = —/ e T ImIIP (s)ds
™ Jo
1 [0
Li(1,89) = —/ se*TImII“P (s)ds |
T Jo
® The mass function
; L].(Tj 30)
M _ =
0 (Ta 80) LQ(T, 30)

® Ratios to constrain the windows of
pore _ Joo € STImIIEC) (5)ds
J,° e ImIIQCP (s)ds

ppc _ Lo(7, 50)
\_ b7 Lo(ro0)
Cong Feng Qiao FCPPL
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I1. Oddballs via QCDSR

; | A

» Interpolating currents of 0~ — oddballs

® Constraints: guantum number, gauge invariance, Lorentz
Invariance and SU_(3) symmetry

Jor - (x) = g3d™ (gl s Gy (2)][0adsGY, ()]G, ()]
Jo--(x) = g2d**[g},5G5, (2)][0a05 Gy, ()]G, (2)],
Jo-- () = g3d"[ges Gl (2)][0a0s Gy, ()]G, ()]
Joe—(x) = g3d**[ge5 G, (2)][0a05 Gy, (2)][G, (2)],
where ', = gup — .0p/0° G, = 360G,

Cong Feng Qiao FCPPL -42-



I1. Oddballs via QCDSR

> Interpolating currents of 0™~ oddballs

()]

I (@) = gdd(ghsGr, (2)][0a05Gr,
JE (@) = g2d™[glsGe, (2)][0.05G"
J& (@) = g3 (gl 5 G, (2)][0a0sGY
Jp (@) = g2d(glsGL, (2)][0a0 G
> Interpolating currents of 1~ oddballs
Tha g2 F7°0,1G, ()G, ()]
Th o g2 F7°0,[G, ()]G, (2)]]
T g2 F7°9,[G, ()]G, (2)]]
Jha g2 £7°0,[G2, ()][GY,(2)]]
Cong Feng Qiao FCPPL
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I1. Oddballs via QCDSR

> Interpolating currents of 27~ oddballs

T (@) = g2d™e(Ge, (2)GY(2)Goy (2)]
T (@) = g2d™e[Ge, (2)Gh,(2)GoW0(2)] |
JE (@) = gid™°[G, (2)G, ()G, ()]
T (@) = g3d™e(Ge, ()G, ()G, ()]

» The two-point correlation function

JPC K . io-x . gPc JPC K
17708 s, (a0)ittser=O {32340 o)

Cong Feng Qiao FCPPL -44-
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IT. Oddballs via QCDSR
[ )

» Typical Feynman diagrams of trigluon glueballs

o ’ . /
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I1. Oddballs via QCDSR

» The QCD side of the correlation function

2
= ap(g®)" lnu—q—i— (b0+b1 In M—‘ﬂ (3", G?)

Hl;,PCQCD (q2)
—q?
+ (Co +c1In ?) (*)"3(gsG>)
+ do(q®)" s G*)?
where n represents the corresponding power of g2 for each oddballs.

» The phenomenological side of the correlation function
1

—ImllE(s) = (fjre)*(Mjre)™ (s = (Mjre)?)
+  plhrc(s)0(s — so) .
» The dispersion relation

1 [ ImII*
ngo(q2) _ _/ ds m JPC(S)
0

+ (H’jpo (0) + ¢*T1% £ (0)

T s — g2
1 1
b 0) 4 G T0))
Cong Feng Qiao FCPPL
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I1. Oddballs via QCDSR

> The main function

= 11587 (s)
T Jo s — ¢

(f§PC)2(M,l]€PC)2n n /OOP’}PC(S)Q(S - 30)
(M§PC)2 — q? S0 s — q*
> The Borel transformation
S ()" ( d\"
BT N qzﬁl{;},ln%oo (n - 1)! dq2 ’

—-—q“ _ 1
mn T

» The quark-hadron duality approximation

1 [ -
- / —STI Hl;PgCD( )dS ~ / p?PC (S)B_STdS ’
S0

(0 S0

ds

ds .

Cong Feng Qiao FCPPL
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I1. Oddballs via QCDSR

> The moments

1 [°°
Lire o(7,80) = ;/ e T Imll5;. 3P (s)ds |
0
L[ — k, QCD
LJPC (7,80) = W/ ImIT 57 (s)ds |
0

> The mass function

k, PC
R,

Cong Feng Qiao FCPPL -48-
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I1. Oddballs via QCDSR

» Ratio to constrain t and s, by convergence of the OPE

S0 emsTImITS 9 (5)ds
0 JrPcC

30 e=sTImITG 3P (s)ds

Jio o= ImIT Y 806 D (s)ds

I’ e—STImHIJ(PgCD( )ds

k, G
RJ —

’

k,G3
R =

» Input parameters

(s G?) = 0.06 GeV* | (g,G>) = (0.27 GeV?){a,G?) |
— 47
?) ’
11 In(rA$)

Agrgs = 300MeV , o, =

Cong Feng Qiao FCPPL -49-



I1. Oddballs via QCDSR

@Wilson coefficients of 0=~ in the QCD-side

qt — 48704? bl — _5_7Ta2 CA _@ﬁa:s
07 143 x 26 x 3377 0 36 D ’

5 4 g 2065 5 p 1075 _

Cl — _mﬂ-as s CO — _4—87Ta8 ’ 96 S
2275 2125 1045
CO —Wﬂ'@g y C?:mﬂ'ag, COD:—E’I’T&S .
25 5)
c? = —3—27Ta dJ 0, d(‘? = —§7T3a3 :

to the above four currents.

contributions, whereas they influence (g,G?) term. Since {asG?)?

where, I=A, B, C, D; j=A, B, C; with A, B, C and D corresponding

There are symmetries within Wilson coefficients af,, b}, and dj The
position and number of & do not influence the perturbatlve and (asG2)

. *@é» aﬂ%é

\ involves no loop contribution, dﬂ are governed by the number of G . /

Cong Feng Qiao FCPPL
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»Wilson coefficients of 0™~ in the QCD-side

487 as 5
A s A 2 A
— bol=— bA=0
907743 % 26 % 33« —36 s ’
325 2125
=y TS =T % B
487 s 5
B s B 2 B
907743 % 26 x 33 7 0 =367 s 1
7445 1075
CE?:ETFQ{S s cfzwwa‘z y d(')B:O ;
487 as 5
C s C 2 @
07143 x 26 x 33 ¢ ° 07 36" %> 1=
1955 775
032—72 Tal 0?2—1447ra§’ : d§'=0 ;
487 a’ 5
D s D 2 D
07743 x26x33 1 ' 0 36" %> 1=
235 25
052—72 Tal c?zg—Qﬁai’ : dy=0,

where we notice that except for c(’f and c{‘, aé‘, bX . bk and dg are equal
for case 4 to D. This situation is similar to the 0™~ oddballs.

Cong Feng Qiao FCPPL
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»>Wilson coefficients of 1~ in the QCD-side

a64=101m%§ : bél:—%wcﬂ : bA=11—27ra2 :
cézg—éwag’ : cit= %mi : dé—%ﬂ Qs ;
ag= ! oa_g’ : b§:§ﬁa§ : bB—im)zz :
10087 72 12
cgzi_jmg | ‘18—12—2787mf§ dP=ira,
agzl—;%g : bocz—%woas , b?z%ﬁas ,
cg:Z—zﬂag’ , c?:z;%m;” , d§=3may ;
3
a(’?:ﬁ% : b(‘?:%mxi : b?_%ﬂ'Odg :
c(‘?:—gmxi . cP= —6i47r053 dD—%Ti'SOéS :

where the ratios of af to b¥ are equal for case 4 to D. This implies that the
mass curves of case 4 to D will be very similar, since 1f we neglect the
(g<G?>) term which is much smaller than the (a G* ) term in mass Eq., the

Cong Feng QiaDasS of the oddball only depends on the ratio of af to b¥. 52.
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»Wilson coefficients of 27~ in the QCD-side

aél:—;—l%g , bA:?mﬁ : b‘fl:—%owag :
cé‘z%wa‘;’ , cf:—t—owag’ , d64:29—07rgoas ;
aOB:—B—;l%g : b(‘?zg%wag : b?—;—gwag :
c(‘?:ilé—;waf : c?-%wai : d{le—goﬂgas ;
§= e =2 =102,
cgz—%ﬂag : cfz%r&i’ : d§:19—07r3a5 ;
e T = )
c(‘?:;l—égwag : c?zg—gmy‘;’ , dé)—lg—owzgas ,

where af, b¥, and c¥ are equal for case B to D. This implies that the mass curves of
case B to D will be exactly equal, because they are determined by the Wilson

coefficients af, b¥, and ck.
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» Comparison with other methods, in unit of GeV.

JPC | Flux tube model Lattice QCD Holography QCD | Our results (QCDSR)
07 2.719 1] 5.166 2 2.8 [6], 3.817 [T 3.81, 4.33

0t 2.719 1] 5.45 [2], 4.74 3], 4.78 [4] X 4.57

1T X 1.68 [3] X X

A X 4,14 3], 4.23 [4] 2.786 [T 6.0
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O Hunting for Oddballs
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IT1. Hunting for Oddballs

» Proposed production channels of 0™~ oddball
G(3810)

X(3872) — v+ Go—-(3810),  Y(1S) — f1(1285) + Go--(3810),
T(15) = Xe, + Go--(3810), Xb, = J/ + Go--(3810),
Xo, — w+ Go--(3810).

» Proposed decay channels of 0™~ oddball
Go-—(3810) — v + f1(1285),
Gy (3810) — w + f1(1285).
Go--(3810) = 7 + Xes

Cong Feng Qiao FCPPL -60-
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IT1. Hunting for Oddballs

> Proposed production channels of 07~ and2*~ oddballs

J S-wave P-wave

T(18) — {f1(1285), Xels X(3872)} + Gy (4570)
0t— hy — {f1(1285), Xels X(3872)} + G+~ (4570) XbJ — {’y, w, ¢, J/1, 1/)(25)} + Go+- (4570)

hy — {n, n, nc} + Go+-(4570)

T(1S) — 12(1645) + Go+- (6060)
o+— XoL 2 — {;51(1170), hc} + Gar— (6060) T(1S) — f1(1285) 4+ Gos— (6060)

hy — {f1(1285), f2(1270), Xe1. 2, } + G+~ (6060)

» Proposed decay channels of 07~ and 27~ oddballs

JPC S-wave P-wave
Go+-(4570) — {’y, w, ¢, J/¢¥ ¢ + fo(980)
0+— Go+-(4570) — h1(1170) + f1(1285) Go+-(4570) — hq(1170) + < n, 1)/, 170}

GO** - hc + {"%77’}

2T~ | Gas— (6060) — {h1(117()), hc} + £1(1285) | Ga+-(6060) — {'y, w, ¢, J /1, w(zs)} + f1(1285)
Cong Feng Qiao FCPPL -61-
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Note: for ()7~ oddballs

A N

Compare the lighter one with Flux tube model:
Go--(3810) > 2.79 GeV

Isgur & Parton, PRD31 (1985) 2910.

» Compare the heavier one with Lattice QCD:

Go-- (4330) < (5166 + 1000) MeV

Gregory, et al., JHEP1210( 2012) 170.
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IT1. Hunting for Oddballs

» BESIII Collaboration, by ...

> Belle Collaboration, by C.P. Shen, ...

> Fermilab, Mike Albrow
» LHCDb Collaboration, Paolo Gandini.

» phys.org, “Long-searched-for glueball could soon
be detected”, by Lisa Zyga.

o /
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O Concluding remarks
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I'V. Concluding remarks

> We obtain two stable 0~ oddballs with masses
about 3.81 GeV and 4.33 GeV

» We find there might be also o= and 27~ oddballs
with masses of 4.57 GeV and 6.06 GeV respectively

» Oddballs can in principle mix with hybrids and
tetragquark states, though naively the OZlI
suppression may hinder the mixing in certain
degree.
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IV. Concluding remarks

/>We briefly analyzed the oddballs optimal production and)
decay mechanism. They are expected to be measured In
BESIII, BELLEII, Super-B, PANDA, and LHCb

experiments.

» Oddballs are looming somewhere ahead
» glueball production and decay properties are important..

> It Is time for we people to take it more seriously to pin
down the glueballs

o /
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IV. Concluding remarks
4 )

»Glueball may be scanned by diff. scattering

o /
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Thank you for your
attention!

FCPPL -68-



