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INTRODUCTION

QCD = Gauge theory with the color group SU(3)

1 v _
Locp = _ZTYGWG " +ZQ(7#DM —m)q
Guw = OuAu—0vA, —ig[Au, Al
Quark = Fundamental representation 3
Gluon = Adjoint representation 8

= Massless spin 1 — 2 polarization states

Gluon coupling — Bound states: Glueballs
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GLUON MASS

CORNWALL [Phys. Rev. D26, 1453 (1982)]

Gluons massless in the Lagrangian

Couplings and nonperturbative effects

— Dynamical mass

m*(¢®) = mj

1n<

2
4mg
A2

2 2
q“+4m
In (7/\2 0)

)

Gluon ~ massive spin 1 — 3 polarization

states

Non relativistic models for the low-lying glueballs
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CORNWALL’S MODEL FOR TWO-GLUON GLUEBALLS

CORNWALL AND SONI [Phys. Lett. B 120, 431 (1983)]

2
o =2 +2m(1 — eir/ro).
m

Degeneracy between states with different S
— OCE with corrections of O(1/m?)

Voge =A (i + %52) Ur) — 58(r) (252 - 4)
s - L (Y0 )

with A = —3as and U(r) = exp(—mr)/r.

Every gluons on the same footing
Massive exchanged gluons

o
.
X
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CORNWALL’S MODEL FOR TWO-GLUON GLUEBALLS

CORNWALL AND SONI [Phys. Lett. B 120, 431 (1983)]

C=+and P= (-1~

2-Gluon 2-Gluon 3-Gluon
J=L+ S8 with §=0,1,2. s52r 2600
Spin-1 gluons — SU(2) i EIRE
43 2200
S : 1®%1=05P1s D 2g =
2 1 2
—Vector states 17 26k — a0
Lowest three-gluon glueball 0~ L g |
Hierarchy with OGE: | 77 —'}r,
2.8 0{'_" 1400
0++ 0*+ 2++ 1*“!’ 2*4’ L T
i J
No lattice results at that time 20 = = 1000

Other models for 2-gluon glueballs using (massive) spin-1 gluons:
Simonov (1990), Kaidalov and Simonov (2000)

Brau and Semay (2004),

Abreu and Bicudo (2007),...
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MASSIVE GLUON WITHOUT LONGITUDINAL COMPONENT

Dynamical mass but WI satisfied

o By P
E'IL (k) = o <~ A ,
w (k) =0 (rOman) = (vann) 44 Vugpgg +% TRt
Gauge invariance — transverse gluons et

with no longitudinal component

Gluon massless in the UV region

Other possibility: U [ 0zootms -a1]

Gluon with only 2 polarization states “]

even thought dynamical mass E 051
J#L+ SonlydJ Y
Same hamiltonian but 1 e
other construction for the basis e e e e e e r
10° 10 10° 10° 10 10 10°
q’[GeV’]
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BARNES’S MODEL FOR TWO-GLUON GLUEBALLS

BARNES [Z. Phys. C 10, 275 (1981)]

2
H=L 15328
m r

Transverse gluons with 2 helicities {—1,+1} = J #L+ S
Other formalism by Jacob and Wick (1959)

General geometrical construction (with A = A1 — A2)

1T, M Ay Ae) = N / dUDY A(6,0,—)R(,0,~6) [T, 1)

State with total J in term of usual (L, S) states:

2L +1]"? 25+1
[ Msh o) = 30| 557 | (LOSALTA) (sidisa = | SA) ] LJ>
L,S

Not eigenstates of the parity and of the permutation operator.

P|‘]7M;)‘17)‘2> 7717]2(_1)J|J7M§_)‘17_>‘2>7
Pl M;Arde) = (=1)77 |1 M3 2o, M),
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HEeLICITY FORMALISM FOR TWO-GLUON GLUEBALLS

Construction of symmetric states (bosons) and with a good parity — selection rules.

|S4;(2k)F) = ofF 2t 4t

|S_;2k)7) = o0 274
|Dy;2k+2)%) = 277477
|D_;(2k+3)%) = 377 57" .

Hierarchy [Barnes, 1981]:
oEt 9t gttt 4EH

States expressed in term of the usual basis (useful to compute matrix elements!)

\[\SO [PDO

S50 = PR),

2 1 1
|Dy;2%) = \@|552>+\E|5D2>+\[;|5Gz>7
5 2

|D-;37) = \E|5D3>+\E\5Gs>-

Degeneracies survive at the OGE in hyperfine splittings

|54;07)
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CouLoMB GAUGE APPROACH TO GLUEBALLS

SZCZEPANIAK, SWANSON, JI, AND COTANCH [Phys. Rev. Lett.76, 2011 (1996)]

Transverse gluons with 2 helicities {—1,+1}
Gluon mass given by gap equation

w2(k) _ k2 +m2€7k/ﬁ D_

Relativistic Hamiltonian with oo

V(r) = 2 g1 - ehry - 3% i QB Jao

4 r I

No vector state (Yang’s theorem)
Agreement with (preliminary) lattice results
without OGE R

Small gap, 250 MeV, between 07" and 0~
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LarTIicE QCD

MORNINGSTAR AND PEARDON [Phys. Rev. D60, 034509 (1999)]

Glueball spectrum (pure gluonic
operators) on a lattice

Identification of 15 glueballs below 4 GeV

M(0++) —
MO )
M(2++)

Quenched approximation (gluodynamics)

1.730 £0.130 GeV
2.590 £0.170 GeV
2.400 £ 0.145 GeV

— mixing with quarks is neglected

feMg

12

10

0" —
. 2 e
+ 2 4
o g
2 1 — 3
—
g:_ — 0 —
2
0+_
1
0

oo+ o+
PC

mg (GeV)

Lattice studies with ny = 2 exist. The lightest scalar would be sensitive to the
inclusion of sea quarks but no definitive conclusion.
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MODEL WITH MASSIVE GLUONS

BRAU AND SEMAY [Phys. Rev. D70, 014017
(2004)]

Massive gluons — J =L + S

Spin-spin and spin-orbit interactions to split
degeneracies

Hamiltonian with OGE

9 3as
H=2\/p2+107“—%+V0GE

Good agreement with lattice QCD

Gluons = spin 1 — spurious J = 1 states and
indetermination of states

For instance, 07 can be (L, S) = (0,0) or (2,2)
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o~ | (L1 (A1)
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3t (2,2)
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THREE-GLUON GLUEBALLS C' = —

I., SEMAY, AND SILVESTRE-BRAC [Phys. Rev. D77, 094009 (2008)]

Extension of the model to three-gluon systems

3 3
9
/.2 C_
H= ;:1 p; + Zaél |ri — Rem| + VocE

Same parameters (o, ag,y) as for two-gluon
glueballs

Voce = —fozs Z K + sfj) Ury) — ;(TU)(M 282 )}

i<j=1
3
9ag 1 d . e M7
— Lij-Sij——U(ri th U =
47,2 i<§j:1 J J ri; dri; (rij) wi () r

Eigenvalues found thanks to a Gaussian basis
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THREE-GLUON GLUEBALLS C' = —

V.M., SEMAY, AND SILVESTRE-BRAC [Phys. Rev. D77, 094009 (2008)]

a 4b 4c 1

Gluons with spin — J =L + S davc AL AVA,  [(88)s.8] C=-
Good results for 17~ and 37 but fabCAZAi’,A; [(88)s,8]" C =+
higher 277 « symmetry

Disagreement with lattice QCD for S S Symmetry 7PC

m
PC=+- 0 0 TA 0+
Impossible to explain the splitting ~ 2 1 0.1 1S 2MS 1
+- +- ’ )

GeV between 17~ and 0 9 1.2 2 MS 9
0t=,1t7,2%7 3%~ are L = 1 and 3 2 18 3=

degenerate in a model with spin

JTC (L,8) [ JTC (L,9)
== (01 [ 077 (L
277 (0,2) | 177 (1,1)
377 (03) [ 277 (L)
o~ (L) | 37T (1,2)

Solution: Implementation of the helicity
formalism for three transverse gluons.

Vincent Mathieu (UMons)
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THREE-GLUON GLUEBALLS C' = —

Gluons with spin - J =L + S
Good results for 17~ and 37~ but
higher 277 « symmetry

Disagreement with lattice QCD for

PC = +-

07,177,277 3%~ are L =1 and
degenerate in a model with spin

JFC (L8 | JPY (L,S)
1= (0,1 [0t  (1,1)
277 (0,2) | 1T (L,1)
377 (0,3) | 27 (L,1)
o~ (L1 | 3t (1,2)

Other models for 3-gluon glueballs with massive gluons by:

Hou and Soni (1984),
Kaidalov and Simonov (2000 and 2006),

Llanes-Estrada, Bicudo and Cotanch (2005),...

But not the same conclusion !!!

Vincent Mathieu (UMons)

S Sint Symmetry Jre
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TwoO TRANSVERSE (GLUONS

V.M., BUISSERET AND SEMAY [Phys. Rev. D 77, 114022 (2008)]
Gluons with 2 polarization states — Jacob and Wick formalism

Vs +5 P

5-507) = [*P)

VRS +2rDs + /1 re)

Application with a simple Cornell potential

H° :2\/;?—%—%07“—3%.

[$4:07)

|[D+;27)

Parameters:
o =0.185 GeV? s = 0.45

Same matrix elements (L?, 8% L - S) for 07" and 0~ !
Addition of an instanton induced interaction to split the degeneracy between 07"
and 0~

AH;=—-PZd;p0 with Z = 450 MeV.
Instanton attractive in the scalar channel and repulsive in the pseudoscalar and equal
in magnitude [Forkel, 2005]
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TwoO TRANSVERSE (GLUONS

V.M., BUISSERET AND SEMAY [Phys. Rev. D 77, 114022 (2008)]

SZCZEPANIAK AND SWANSON [Phys. Lett. B 577, 61 (2003)]

Application with a simple Cornell
potential

H® =2\/p + %0’7" - 3%
Parameters:

o =0.185 GeV?

Very good agreement without spin-dependent potential

Instanton interactions required

Extension for three-body systems ?

Vincent Mathieu (UMons)
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THREE-GLUON GLUEBALLS WITH TRANSVERSE GLUONS

BOULANGER, BUISSERET, V.M. AND SEMAY [Eur. Phys. J. A 38, 317 (2008)]
SU(2) x SU(3) decomposition for two gluons — to the lowest J:

Fj, ®Fag —

§ab (Fa
a b N (ab) (ab)
0O o) = [1J © o' @[]

Lowest J allowed for 3 gluons with helicity:

O'e0'e0 = T e

[ab]

[

Low-lying states are J =1 and J = 3 with
symmetric color function and J = 0 with an
antisymmetric color function

Low-lying states: the 177, 3%~ and the 0+

J = 0P~ are not allowed for three-gluon glueballs
— 07~ = four transverse gluons
Models with transverse gluons agrees with Lattice

What about experiments ?
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FUTURE DEVELOPMENTS

Group theory:

a b (ab) a
O e = [1J o g
(abc)

a b c abc abe
Oe0'e0° = IO e0“We...a o

Jacob and Wick formalism for 3-gluon glueballs ?

17, M; Ay, o) = N / dUDY A(6,0,~)R(6,0,~6) [T, 1)

2L +1]"? 25+1
[, M a0 h) =Y (LOSA|JA ) (s1A152 — Aa| SA ) ] LJ>

2J +1

12 0" —
Existing developments : 0 - z‘*_:—%f- 4
Giebink (1985), 8 e lss

T 2

Stadler, Gross and Frank (1997), g6 A 2%
Klink (1998),... 4ot
But still no application to glueballs for now 2 !

0 0

o+

nA
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FINITE TEMPERATURE

LEVAI AND HEINZ [Phys. Rev. C 57, 1879 (1998)]

Equations of state for Gluon Plasma
Number of effective gluonic degrees of freedom D(T')

Fitted thanks to lattice data for Py(T) and €4(T")

D(T)=145+1
Close to 8 colors x 2 helicities

e3¢
28 [
S2 [
24 |
22 L
20
18 F
16
14}
12 E
10 | I 't n Il L i1 M R Il

M(T)/T

Support the transverse gluon picture
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CONCLUSION

Spin-1 gluons Models for C = +
Agreement with lattice but with OGE and
unwanted vector states

Spin-1 gluons Models for C' = —

cannot reproduce the lattice data

Helicity-1 gluons Models for C' = +
Agreement with lattice without OGE and but
instanton interaction

helicity formalism for three transverse gluons
would solve the hierarchy problem ?

Pure gauge but what about experiments

o o
Vincent Mathieu (UMons) Gluonic dof
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CONCLUSION

How many degrees of freedom has the gluon 7
Helicity-1 particle {+1,—1} ?

Spin-1 particle {+1,0,—1} ?

G B B B e B, B i B B e

»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»
L Dynamical Mass
04 q
£ o
g
=
% 024 \
01
B R i
q’[GeV’]
A smooth function from 2 (UV) to 3 (IR) ?
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