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From quarks and gluons to hadrons

Glueball’s masses 

Experiments searching glueball

Glueballs below 2.6 GeV.

The vector glueball

The pseudotensor glueball

Summary
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Find t glueball/1

Inspire: find t Glueball: 1393 papers (on 31/5/2016)
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Find t glueball/2

Inspire: find t Glueball: 1410 papers (on 12/11/2016)
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Find t glueball /3

Inspire: find t Glueball: 1434 papers (on 6/5//2017)
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Review papers

Int.J.Mod.Phys. E18 (2009) 1-49

Inspire: f t glueball after 28/2/2013: 93 articles. ‘Soon’ a new review will be needed. 

Previous reviews:
Int.J.Mod.Phys. E18 (2009) 1-49
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From QCD Lagrangian to baryons and mesons

10 April 1813 (aged 77)
Paris

Died

Giuseppe Lodovico Lagrangia
25 January 1736
Turin

Born
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Quark Gluon

Gluon-quark-antiquark 
vertex

3-gluon vertex 4-gluon vertex

Feynman diagrams of QCD

Gluon-quark-antiquark 
vertex

QuarkQuark

GluonQuark

Already here one may ask: what about bound states of gluons???
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SU(3)color: exact. Confinement: you never see color, but only white states.

Dilatation invariance: holds only at a classical level and in the chiral limit. 

Broken by quantum fluctuations (trace anomaly)

and by quark masses.

SU(3)RxSU(3)L: holds in the chiral limit, but is broken by nonzero quark 

masses. Moreover, it is spontaneously broken to U(3)V=R+L

U(1)A=R-L: holds at a classical level, but is also broken by quantum 

fluctuations (axial anomaly)

Symmetries of QCD and breakings
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Hadrons

The QCD Lagrangian contains ‘colored’ quarks and 
gluons. However, no ‚colored‘ state has been seen.

Confinement: physical states are white and are called 
hadrons.

Hadrons can be:

Mesons: bosonic hadrons

Baryons: fermionic hadrons

A meson is not necessarily a quark-antiquark state.
A quark-antiquark state is a conventional meson.
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Rho-meson

Pion

MeV 7≈+
du

mm

MeV 775=+ρ
m

MeV 139=+π
m

Example of conventional quark-antiquark states: 
the ρ and the π mesons

Mass generation in QCD
is a nonpert. penomenon
based on SSB 
(mentioned previusly).
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Quark model(s) and their QFT extensions

QCD phenomenology based on a chiral effective Lagrangian
Tetsuo Hatsuda, Teiji Kunihiro
Phys.Rept. 247 (1994) 221-367

The Infrared behavior of QCD Green's functions: Confinement dynamical symmetry breaking, 
and hadrons as relativistic bound states
Reinhard Alkofer, Lorenz von Smekal
Phys.Rept. 353 (2001) 281

Baryons as relativistic three-quark bound states
G. Eichmann, H.~ Sanchis-Alepuz, R. Williams, R. Alkofer and C. S. Fischer, 
Progr. Part. Nucl. Phys. 91 (2016) 1

Mesons in a Relativized Quark Model with Chromodynamics
S. Godfrey, Nathan Isgur
Published in Phys.Rev. D32 (1985) 189-231

Mesonic loops e.g. included into
A Low Lying Scalar Meson Nonet in a Unitarized Meson Model 
E. van Beveren, T. A. Rijken, K. Metzger, C.~Dullemond, G.~Rupp and J. E.~Ribeiro,
Z. Phys.  C 30 (1986) 615 

Meson spectroscopy: too much excitement and too few excitations 
G. Rupp, S. Coito and E. van Beveren,
Acta Phys. Polon. Supp. 5 (2012) 1007 

NJL: quark-based model with
chiral symmetry and SSB
chiral condensate
Effective quark mass
Mesons as quarkonia (pion: ok)

DS: 
quarks and gluons propagators 
from QCD
Condensates
Effective quark and gluon masses
Spectra of mesons as quarkonia
(pion: ok) and baryons as qqq states
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1) Glueballs                                    2) Hybrids

3) Four-quark states

Non-conventional mesons:  
theoretical expectations

Compact diquark-antidiquark states

Molecular states (a type of dynamical generation)

Companion poles (another type of dynamical generation)
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Masses of glueballs
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Glueball masses: bag models

1 GeV
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Lattice

Quoted by the PDG in the ‘Quark Model’ review.

See also: Gregory et al, JHEP 1210 (2012) 170
Towards the glueball spectrum from unquenched lattice QCD
Conclusions and future prospects: “The most conservative interpretation of our results is that the masses in terms of 

lattice representations are broadly consistent with results from quenched QCD. We do not see any evidence for large 

unquenching effects, however a definitive calculation requires a continuum extrapolation, and the inclusion of 
fermionic operators.”
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Experiments searching glueballs
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Glueball production and decays: 

Glueballs should be find in gluon-rich processes

(such as J/ψ decays, proton-antiproton fusion, …)

Glueballs should couple to all quark flavors with similar 

strenght

Moreover, glueballs should have a suppressed (but 

nonzero!) decay into photons.
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Hadronic experiments

Proton-proton

(WA79,WA102,LHC,RHIC)

Electron-positron (with strange-antistrange,

charm-anticharm or bottom-antibottom formation)

(Belle, Belle II, Babar, 

BES, KLOE, KLOEII,...) G
J/ψ c

c
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Photoproduction: Compass at CERN (also with pion instead of the photons) 
GlueX AND CLAS12 at JLab (start soon)
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Proton-antiproton

(Lear,Fermilab, and in the future: PANDA)

PANDA mass range: from 2.5 to 4.5 GeV
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The scalar glueball
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Mixing pattern

Above 1 GeV one has two 

quark-antiquark states and a 

bare glueball. 

They mix to form the 3 resonances

on the right. 

0 0f (980)    f (500))800(k)980(0a

Note:

are regarded as non-quarkonium objects 
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G in the extended Linear Sigma Model (eLSM)

Hadronic model based on the symmetries of QCD: scalar 

glueball G built in from the very beginning (trace anomaly)

D. Parganlija, P. Kovacs, G. Wolf, F. G., D. H. Rischke, 
Phys. Rev. D 87 (2013) no.1, 014011
[arXiv:1208.0585 [hep-ph]]. 
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Error from PDG or 5% of exp. 
Scalar-isoscalar sector not 
included.

arXiv:1208.0585

eLSM: fit (11 parameters, 21 exp. quantities)

2 1.2=redχ
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Scalar glueball in the eLSM

Unique assignment is found:

Clear outcome: f0(1710) is predominantly gluonic
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Lattice result on J/Psi decay into glueball

From the PDG (decay of the j/ψ): the radiative decays into f0(1710) are larger than into f0(1500).

G
J/ψ c

c
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Decays of the scalar glueball in holography

f0(1710) fits well into

the picture.

Total width calculated to be 

about 100 MeV. 

Alternative direction to study 

glueballs.
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Summary: scalar glueball - where do we stay?

• Various scenarios exist

• Lattice’s help concerning the width of the scalar glueball is 
expected.

• Decays into gamma-gamma of f0(1500) and f0(1710) (both not seen 
yet). Clarification of  f0(1370)->γγ and a0(1450)->γγ (seen but no 
branching ration yet).

• In general, an improvement of the experimental knowledge (such as 
a0(1450)->ωππ) is welcome
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Tensor glueball
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Tensor glueball

Candidate: fJ(2220)
It is not on the Regge trajectories

V. V. Anisovich, JETP Lett. 80, 715 (2004) [Pisma Zh. Eksp. Teor. Fiz. 80, 845 (2004)] [arXiv:hep-ph/0412093];
V. V. Anisovich, M. A. Matveev, J. Nyiri and A. V. Sarantsev, arXiv:hep-ph/0506133.

No decay into photon-photon
Two-pion/two-kaon ratio in agreement with flavor blindness.

Details and further refs. in: 
C. Amsler and N. A. Tornqvist, Phys. Rept. 389, 61 (2004).

F. G, T.Gutsche, V. E. Lyubovitskij and A.~Faessler, 
``Decays of tensor mesons and the tensor glueball in an effective field approach,''

Phys. Rev. D 72 (2005) 114021 [hep-ph/0511171]. 
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Tensor glueball
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Pseudoscalar glueball
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Pseudoscalar glueball
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Pseudoscalar glueball

The bare states

mix and form the 3 resonances.
Usually, in such studies the glueball turns
out to sit mostly in the eta(1405) state.

Conflict with Lattice!
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Future experimental search, e.g. at BES and PANDA

Details in: 

W. Eshraim, S. Janowski, F.G., D. Rischke, Phys.Rev. D87 (2013) 054036. arxiv: 1208.6474 .

0~ =Γ
→πππG

The pseudoscalar glueball: 
predictions from the eLSM

MG = 2.6 GeV from lattice as been used as an input.

X(2370) found at BESIII is a possible candidate.
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The pseudoscalar glueball from the eLSM/2

W. Eschraim, S. Janowski, K. Neuschwander, A. Peters, F.G., Acta Phys. Pol. B, Prc. Suppl. 5/4, arxiv: 1209.3976

Coupling to baryons
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Heavier glueballs: vector and pseudotensor

vector, pseudotensor,... glueballs. 

Oddballs. 

My personal plan: make predictions for decays of various glueballs (9 to do) 
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Vector glueball

From arXiv:1607.03640 [hep-ph], to appear in PRD,

Decays of the vector glueball by F.G, J. Sammet, S. Janowski

We predict that the vector glueball decays mostly into:

The lattice mass of 3.8 GeV has been used; Tables of ratios are in the preprint. 
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Fields: new entry 

ArXiv: 1607.03640
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Vector glueball into pseudoscalar-pseudovector

ArXiv: 1607.03640
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Vector glueball into VPP

ArXiv: 1607.03640
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Vector glueball into VP

ArXiv: 1607.03640
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Pseudotensor glueball

ArXiv: 1608.8777 

Still hypothetical states. Need of experiment (PANDA in first place).
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Pseudotensor meson: suprising large mixing?

ArXiv: 1608.8777
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Concluding remarks

• We did not find glueballs yet. 
• We have some good candidates for the scalar sector and less good

candidates for the tensor and pseudoscalar sector.
• Vector and pseudotensor glueballs: predictions
• Are (at least some) glueballs narrow enough? This is a crucial question. 

Large-Nc tells so. Help from Lattice would be very welcome!
• Other glueballs can be studied; oddballs and glueballs with J=3 are on my 

to-do list
• Ongoing and future experiments: 

BESIII
COMPASS@CERN - LHCb@CERN
CLAS12@JLAB, GLUEX@JLAB
BELLE2
RHIC/STAR 
PANDA@FAIR is very well suited for the search of glueballs.
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Concluding remarks

The search for glueballs is an active field. 

Expected other 1000 publications in the next  20 years. 

Hopefully with conclusive results!

Thank You
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Back-up slides
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0=
i

m

Y M 2 5 0  M e VΛ ≈

Chiral limit:

is a classical symmetry, which is how broken
by quantum fluctuations (trace anomaly)

Dimensional transmutation

Trace anomaly: the emergence of a dimension

2

S

g (Q)
( Q)

4
α µ = =

π

a a,G G 0µν

µν ≠Gluon condensate:

In Yang-Mills (QCD without quarks) it is:
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The trace anomaly: addendum

YM 250 MeVΛ ≈

„Effective“ gluon „mass“ (better: ‚dressing‘ of the propagator)

Gluon condensate:
a a,G G 0µν

µν ≠

Analytic Structure of the Landau-Gauge Gluon Propagator
Stefan Strauss, Christian S. Fischer, and Christian Kellermann
Phys. Rev. Lett. 109, 252001 – Published 19 December 2012

„Moreover, the gluon is certainly not a massive particle in the usual sense. 
Within the present accuracy we find 600 MeV < mg < 700 MeV.“

Emergence of a low-energy scale: 
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Flavor symmetry

jiji
qUq →

Gluon-quark-antiquark vertex.

The gluon is democratic! It couples to each flavor with the same strength.

VU U (3) U U 1 +∈ → =

iq

i
q
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Chiral symmetry

In the chiral limit (mi=0) chiral symmetry is exact.

i , Rq

i , R
q

LRLRLRLR
SUSUUUUU )3()3()1()1()3()3( ×××=×

−+

i , Lq

i , L
q

R L
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Even more: the gluon couples with the same strength to quarks with different chiralities. 
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LRLRLRLR SUSUUUUU )3()3()1()1()3()3( ×××=× −+

R L V R LSSB :  SU(3) SU(3) SU(3)  = +× →

0
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≠+=
RiLiLiRiii

qqqqqq

Spontaneous breaking of chiral symmetry

*

u dm m m 5 MeV m 300 MeV≈ ≈ ≈ → ≈

Chiral symmetry � Flavor symmetry

*

meson

*

proton

m 2m

m 3m

ρ− ≈

≈
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See also:
All-order equation of the effective gluon mass

D. Binosi, D. Ibañez, and J. Papavassiliou
Phys. Rev. D 86, 085033 (2012)

Off diagonal gluon mass generation and infrared Abelian dominance in the maximally Abelian gauge in lattice QCD
Kazuhisa Amemiya, Hideo Suganuma
Published in Phys.Rev. D60 (1999) 114509

A Dynamical gluon mass solution in a coupled system of the Schwinger-Dyson equations
A.C. Aguilar, A.A. Natale
Published in JHEP 0408 (2004) 057

Many other works:
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Definition(s):

1) A meson is a strongly interacting particle with
integer spin.

2) A meson is a strongly interacting particle with
zero baryon number.

Meson

A meson is not necessarily a quark-antiquark state.
A quark-antiquark state is a conventional meson.
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Quark-antiquark states: the large-Nc limit

As Isgur-Godfrey have shown, the quark model works. 
Theoretical justification relies on the large-Nc  expansion. 

For comprehensive reviews on Nc:
Baryons in the 1/n Expansion
Edward Witten
Published in Nucl.Phys. B160 (1979) 57

Mesons beyond q-qbar: the first term in the first expansion is of non-quarkonium type
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Other approaches/1

QCD Sum rules
H. G. Dosch and S. Narison, Nucl. Phys. Proc. Suppl. 

121 (2003) 114 [arXiv:hep-ph/0208271].

H. Forkel, Phys. Rev. D 71, 054008 (2005)

[arXiv:hep-ph/0312049].

Hamiltonian QCD
A.P. Szczepaniak, E.S. Swanson, Phys. Lett. B577 

(2003) 61. hep-ph/0308268.
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Masses: summary

Agreement of different methods.

Lightest state: a scalar glueball between 1- 2 GeV

Next: tensor and pseudoscalar glueballs.

Glueballs with exotic quantum numbers (oddballs)

are also predicted to exist.
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Ellis-Lanik warning (1984)

Physics Letters 150 B, 1984

Dilaton Lagrangian which mimics the trace anomaly: very large glueball is found.
Decay into pion reads: 

J. Schechter et al, 
Phys. Rev. D 24, 2545 (1981)

M. Migdal and Shifman, 
Phys. Lett. 114B, 445 (1982)

For a glueball of about 1.5 GeV in mass,
one gets a width of about 4.5 GeV!

Disagreement with the large-Nc expectation 
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Other approaches/2

• Flux-tube models

• Bethe-Salpeter approach

• ADS/QCD

Sanchis-Alepuz et al, 
Phys. Rev. D 92, 034001 (2015)

N. Isgur, J.E. Paton, 
Phys. Lett. B124 (1983) 247
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The light scalar mesons

0 0f (980)    f (500))800(k)980(0a

PCJ 0+ +=

We saw that they are not quark-antiquark states:  
(in our approach this is achieved by exclusion, 
but this result is common to many others in low-energy QCD)!!!
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Close-Amsler (1995 and 1996)

Decuplet: nonet+glueball. 
3P0 model for decay.
Flavour symmetry.
Fit to data on decays.
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Lee and Weingarten (1999)

One of the first lattice studies. 

Coupling of the glueball to 

pions and kaons (via mixing)
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My PhD time (2005)

Starting point: Lagrangian (with both derivative and 
non-derivative terms is in agreement with ChPt; nonlinear real. of 
chiral symmetry)

Flavour symmetry is crucial.
Fit to all available PDG data.
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My PhD time (2005)/2

But we found also an alternative solution:
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At the hadronic level, we describe these properties as:

ΛG dimensionful param that breaks dilatation inv!

In Yang-Mills (QCD wo quarks) it is:

Scalar glueball: often described as a dilaton

J. Schechter et al, 
Phys. Rev. D 24, 2545 (1981)

M. Migdal and Shifman, 
Phys. Lett. 114B, 445 (1982)

J. Schechter et al, 
Phys. Rev. D 24, 2545 (1981)

M. Migdal and Shifman, 
Phys. Lett. 114B, 445 (1982)
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D. Parganlija, P. Kovacs, G. Wolf , F. Giacosa, D. H. Rischke, Phys.Rev. D87 (2013) 014011
S. Janowski, D. Parganlija, F. Giacosa, D. H. Rischke, Phys. Rev. D84, 054007 (2011)

Model of QCD – eLSM with scalar Glueball
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Error from PDG or 5% of exp. 
Scalar-isoscalar sector not 
included.

arXiv:1208.0585

Results of the fit/1 (11 parameters, 21 exp. quantities)

2 1.2=redχ
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Overall phenomenology is good (many more quantities can be calculated)

Scalar mesons  a0(1450) and K0(1430) above 1 GeV and are quark-antiquark states.

Importance of the (axial-)vector mesons.

Large-Nc: except from G, all states scale as quark-antiquark states.

arXiv:1208.0585

Results of the fit/2 (11 parameters, 21 exp. quantities)
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χ2/d.o.f. = 0.35

Λdil � C ≈ 1.8 GeV

Stanislaus  Janowski 20. November  2015 Goethe-
Universität

eLSM and scalar glueballs: details
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Universität
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Gluonium content in 

In general, one has a 3-body mixing.
Chiral anomaly important. 
However, the mixing should be suppressed
by the large glueball mass (2.6 GeV).

Results not conclusive yet... 
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Situation not clarified yet. 

According to Lattice, the pseudoscalar glueball
has a mass of about 2.6 GeV.

Mixing should be suppressed.
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Glueball decays: blindness

Flavour blindness (widely used for the scalar glueball):

Even more: chiral blindness (could be relevant for heavier 

glueballs):
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Glueball decay: Large-Nc

0

cG NM ∝

Glueball masses are Nc-indipentent for large-Nc
(just a convetional quark-antiquark mesons)

Decay amplitude of a glueball into (conventional) 

mesons scales as:

Recall that for a conventional quark-antiquark state: 

         21

2121

−

→

−

→ ∝Γ∝ cMMGcMMG NNA

         12/1

2121

−

→

−

→ ∝Γ∝ cMMGcMMM NNA M
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Glueball-quarkonium: mixing and large-Nc

The picture is complicated by mixing. 

A glueball with conventional quantum numbers mix with

nearby quark-antiquark states.

Mixing suppressed in large-Nc but phenom. relevant 

For comparison:
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Estimate of the glueball’s width/1

OZI-dominant decays of conventional 

quark-antiquark mesons:
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Estimate of the glueball’s width/2

Hence, for glueballs we guess:

OZI-suppressed decays of conventional 

quark-antiquark mesons:
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The PANDA experiment


