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1. Introduction

The gluon is the fundamental particle of Yang-Mills thesrieGauge invariance forbids a
mass term in the Lagrangian. The gluon is therefore a masplaticle. However it has been
argued long time ago [1] that non-perturbative effects mliggd to a dynamical mass for the gluon
without breaking gauge invariance. This dynamically gatest mass appeared to be the cure for
the infrared slavery of non-Abelian gauge theories [2, 3].

In section 2, we review the implications of the gluon massegation. The reasons why we
do not observe a longitudinal component for the gluon is sanmad in section 3. Section 4
concerns the spectrum of pure gauge quantum chromodyné&@@is). We next turn our attention
to mixing between glueballs amgl states in scalar mesons in section 5. The inclusion of the
glueball in the chiral Lagrangien is presented in sectiorhéng predictions are given for the third
partner associated tpandn’. Section 7 summarizes the conclusions.

2. Evidencesfor dynamical mass generation

We have several reasons to believe that dynamical massagiemnenccurs in QCD.

If we believe in QCD to properly describe in the strong int#in, we should ask for its
consistency in the infrared where the theory become styooglipled. The negative sign of the
B—function first coefficienb clearly implies imaginary poles, associated with non pteigparti-
cles, for smalig? in all order in perturbation theory (infrared slavery). Tinen perturbative gen-
eration of a gluon mass solves this problem and renders #mgtitonsistent in the deep infrared,
see the discussion in section 2.2.3 of ref [2].

Recently accurate lattice studies showed an infraredat&arof the gluon propagator in the
Landau gauge, see Fig. 1. Those data are compatible with sivedike propagator, solution of
the corresponding Dyson-Schwinger equation [3, 1, 4]
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Exactly as happens with the quark constituent mass, thetefegluon mass depends non-trivially
on the momentum, vanishing in the deep ultraviolet.

Massive solutions lead naturally to the concept of non Apetiffective charge freezing in the
infrared [4]. Data from various processes at smalindeed shows hints for such a behaviour, see
Fig. 2. This saturation of the strong coupling constantge aljustification of hadronic models used
in perturbation treatments of transverse momentum depénmton distribution functions [5].
Moreover, non perturbative power corrections to eventst@guch as the Trust), reveals a common
value for the infrared averaged strong coupling constatetfifrom data [6],

2.1)

= /0 " a(Q))d@ ~ 05, 2.3)



Gluon Mass, Glueballs and Gluonic Mesons Vincent Mathieu

T
Gluon Propagator SU(3) 10 GIuonLFgoApag:mr :g(a) i
4 L=64andp=57 || @ L=64 and p=
® L=72and =57 k3 - @ L=64 and p=6.2
@ L=80and =57 4 L=80and p=6.0
——Fit 4 8 —Fit

A@)GeV ™)

T T T T T
1E-3 0,01 0,1 1 10 100 0,01 0‘1 ; 1‘0 100
qlGeV’] qlGeV’]

qiGeV’]

Figurel: Gluon propagator in the Landau gauge. Data from [8, 9, 10].

in disagreement with a would-be power law scaling of thergfrooupling constant.

The (OZI forbidden)J/y radiative decays is the typical example of glue rich proegsghich
probes gluon propagators in the infrared. Manifestatidnglwon mass was investigated in the
photon inclusivel/ — yX decays with a important improvement of the shape with thkigion
of a gluon mass [7]. Data favors a valog ~ 700 MeV in agreement with other models (for a
review of the concept of gluon mass in various model see [11])

Finally, the existence of bound states in pure Yang-Milksotties, glueballs [11], tell us that
gluon gains an effective mass due to confinement in the sarpehaf quarks have an effective
running mass in mesons and baryons. We have no reason teeb#ieg gluon mass generation
will not be also realized in QCD in the presence of sea quarks.

3. Only two degrees of freedom

The evidences summarized in the previous sections refleadhsequences of mass genera-
tion but not the causes. Our intellect requires a undersigraf this mechanism at a fundamen-
tal level. What makes the gluon massive is a non-Abelianimersf the well-known Schwinger
mechanism [13]. Mass generation without spoiling gaugariamce and without scalar fields were
investigated already back to the 70’s [14]. It is shown thsihgple ansatz for the tree-gluon vertex
leads consistently to a mass in the propagator respectin§lttvnov-Taylor identity. This ansatz
for the vertex can be guessed form a massive gauge invar@bt @here in addition to the conven-
tional Yang-Mills Lagrangian a non linear gauge sigma maglslipplied providing the appropriate
extra degrees of freedom [15].

Because, indeed, a massive vector particle requires damigitudinal component with respect
to a massless one. We then arrive to the question about tisicphyelevance of the third com-
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ponent. As it can be shown [14], this scalar pole triggeriragsngeneration through the so-called
Schwinger mechanism, decouples from on-sBelinatrix due to current conservation. Moreover,
as explained in details in [16], this third component do mgiesar neither in glueball wave func-
tions.
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Figure 2: Right, strong coupling constant at large distances, Extracted feef. [12]; left, continuum
glueball spectrum from lattice QCD [17].

4. Glueballsin Yang-Millstheories

The spectrum of pure gauge theories was investigated freimugapoints of view [11]. The
spectrum of low-lying glueballs obtained by Morningstaddeardon is presented in Fig. 2. They
restricted their study to low dimensional gluonic operatand states below four GeV. Although
they did not draw any definitive conclusion concerning'd ktate, they found a clear signal for a
vector state but above the two-glueball molecule thresHoll

It has been argue that no two-glueball vector state existginement with Yang's theorem.
This idea deserves clarification. A vector do exist for norekdn gauge group and appear in the
decomposition of the tensor built out of two gluon field sg‘éntch;Ggﬁ [18]. This is not
in contradiction with Yang’s theorem saying that a vectosorecannot decay into two massless
vector particles. One has just to keep in mind that (the noeliab part of)GﬁV involves more
than one gluon operators. At the level of constituent matis ,not possible to construct of vector
wave function out of two transverse gluons [16] and indeedvctor signal found in the lattice
study [17] is a mass gap above the two-gluon glueballs.

Constituent models teach us that only two gluonic degredseeflom are required by each
gluon in the wave function to reproduce properly the lattipectrum [16]. We learn also from this
technique that instanton contributions play an importal# in scalar and pseudoscalar correlators.
This is supported by Forkel's analysis using QCD spectral aules [19]. Another support for the
massive gluon propagator and the instanton importancectdaisoperators comes by the recent
analysis of Dudakt al. [20]. Using a massive gluon propagators fitted from lattiakewations,
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they computed the one loop gluonic operators for the lowasts (no instantons contributions in-
cluded). After some subtractions, they found masses irepeaigreement with constituent models

Mo+ =1.96 GeV, Mg+ = 2.19 GeV. (4.1)

Moreover, this is a clear indication that the fully dressedpagator can play the role of the con-
densates in the operator product expansion.

5. Scalar mesons

Three isoscalar would have been observed in central priodu&l]:
fo(1370 (1500 fo(1710 (5.1)

Although no definitive conclusion about their existence bardrawn [21], three isoscalar would
imply a mixing between the two conventiorgd andsswith a glueball §g). We call mesons with
a large glue contengluonic mesonsWith the discovery of theéy (1500, Close interpreted it as
a glueball candidate and predict a third isoscalar gluorésan to be discovered later on. With
the discovery of thefp(1710 coupling stronger t& K than to 7, Close and Kirk proposed a
mixing scheme, Fig. 3 (right), where the glueball is sharetivieen the three isoscalar [22]. In this
interpretation, the heaviest state is mainlysmeson due to its coupling K.

However, Chanowitz showed that the scalar glueball couplggwith a strength proportional
to the quark mass [23]. Using this chiral suppression argiiraad lattice inputs for the bare
masses, Chengt al proposed another scheme, Fig. 3 (left), where #§(@710 is mainly the
glueball [24].

The situation is even more obscur in view of B factories (8alhd Babar) results [21]: The
invariantK K~ mass shows a peak around 1500 MeV/c2 denoted with mass atitamiasistent
with the standard fO(1500) state. An observatiorf @f1500 — K*K ™, but no signal in the decay
to Tt 1 is inconsistent with the standard f0(1500), which is expet¢b couple more strongly to
the two-pion decay.

f(1370) f(1500) f (1710) f(1370) f(1500) f (1710)

©@O0O® Q06

Figure 3: Mixing schemes for isoscalar mesons from Chenhgl.[24] (left) and from Close and Kirk [22]
(right) ; blue:qq; red:ss; green:gg

6. Pseudoscalar mesons

The first pseudoscalar glueball candidate was observédynradiative decays by the Mark
[l collaboration [21]. Actually, they observed two resowas denoted) (1405 and n(1475).
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Only the latter was observed yry fusion, leading to a possible large glue content in the forme
The actual interpretation favorg and n’ radial excitations fom (1295 andn (1475 and leave
(1409 as the glueball candidate.

In addition to a pseudoscalar gluonic meson candidate, we indication of a possible large
glue content in the)’ wave function.J/y radiative decay is a gluon rich environnement and the
experimental branching ratio shows a large coupling forthe

. 3
rO/w—ny) (<0|Ge|n’>>2 (Mf/w - M5’> 4814077

rO/¢—ny) ~ \(0GGln) ) \ M2, —M2

It could be therefore interesting to have a theoretical &éaork to study the mixing between
the group theoretical statgg andng, and the pseudoscalar gluebgl. The chiral Lagrangian in
the largeN provides such a tools. The singlgj is included in the non linear parametrization for
the Goldstone bosons = exp(ix/in/f) with 1= 1A, (Ao = 13/+/3) and, at each order ip?,
only the leading term il is kept.

In order to investigate the mixing with glue, one has to ceupto Goldstone bosons. Such a
coupling is provided by the anomaly since the anomalousample@,wG“" interpolates the pseu-
doscalar glueball. At the effective level, we add a kinediont and a mass term foy; coupled to
No viathe anomaly [25, 26] and we obtain at leading order

f2 a 1 1
) = 5 (0,UT9HU +B(mUT+Um")) - §(no+ kng)? — =mgng + éé'“ngé'“ng. (6.1)

2
In the largeN approximation, the flavour basis is preferred [27] and thesmaatrix reads in

this basis
.+ 2a V2a V2B
Meg=| V2o 2m-mi+a B
V2B B y

This matrix can be diagonalized in term the three physicasea[26]. Adding the leading order
interacting Lagrangian for electromagnetic decays &gl decays ¢“ is theJ/y field, Q the
charge matrixV the vector meson - the free Lagrangian for vector mesonsdsratood,F,, is
field strength for the photon arw= 1/137),

Ly = OyEapuvF PO (QVY T+ TVY)) + GyEapuy 07 YPOH (VYT — %FWIE“V (QW), (6.2)
we can now test our framework on various processes (detaiks o be presented elsewhere [28]).
We have only three free parameters that can be equivalentlihd three low energy constant
(a,B,y), the three mixing angle®(¢g, ¢) or, our choice, the three physical masddg (M, M»).
Once one of the set of three parameters is given, branchiiog far various decays follow. Since
we perform a leading order analysis, we would like to repoedine two well-know) andn’ up to
10%. A possible choice for the parameters lying in this raege

M, =530 MeV M, = 1030 MeV (6.3)

The mass of the hypothetical third partmgtis left undetermined. Surprisingly, we find an overall
agreement for all decays (except thay — wn (') problematic even in the absence of glue) for
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Figure 4: Electromagnetic transitions and two photons decays.
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Figure5: J/y decays involving] andn’ mesons.

M, = 1400— 1500 MeV, see Fig. 4 for electromagnetic transitions and &ifpr J/¢y — PV
processes.

This constatation encourages us to consider the possibifitat oun” is actually the) (1405).
This possibilities is strengthened by the procésg — n”y showed in Fig.6. Nevertheless, the
lack of data for other processes involving1405 forbid us to draw definitive conclusion. How-
ever, it is still possible to predict branching ratios angdathey will be mesure in the near future.
Examples for decays involving andn” is also displayed in Fig. 6.
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Figure 6: Decays involvingn”.

7. Conclusion

In this proceedings, we briefly reviewed the phenomenoigividences for a dynamically
generated gluon mass. We explained that although the glaios g mass, it behaves like a trans-
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verse particle (with only two degrees of freedom). In theepgeiuge sector we emphasized on the
importance of instanton contributions for (pseudo)scglaeballs.

The present experimental and theoretical status of thebgluare still ambigus. Although
three isoscalar seems to be observed, no definitive coonlesin be drawn concerning the quark
and glue content of those states. In the pseudoscalar shoteever, the situation is a little bit
clearer with two well-established statgsandn’ and a glueball candidaig(1405).

We presented a model based in the chiral Lagrangian to descthen — n’—glue system.
Preliminary results favorg (1405) to be the glueball partner gf andn’. Predictions are given for
various processes involving thig'. The few data available supports th€1405) interpretation for
our n” and we hope that future measurements will confirm (or infirmul) theoretical framework.
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