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Review papers on glueballs LJ (
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. Pragress in P. Physics 63 (2009) 74—
0P PUBLISHING JOURNAL OF PHYSICS G: NUCLEAR AND PARTICLE PHYSICS Progress in Particle and Nuclear Physics 65 (2009) 74-116

J. Phys. G: Nucl. Part. Phys. 40 (2013) 043001 (68pp) doi: 10.1088/0954-3899/40/4/043001

Contents lists available at ScienceDirect

TOPICAL REVIEW Progress in Particle and Nuclear Physics

journal homepage: www.elsevier.com/locate/ppnp

The status of glueballs

Review
Wolfgang Ochs The experimental status of glueballs

Max-Planck-Institut fiir Physik, Werner-Heisenberg-Institut, Fohringer Ring 6, V. Crede?, CA. Meyer b

D-80805 Miinchen, Germany * Florida State University, Tallahassee, FL 32306, USA
" Carnegie Mellon University, Pittsburgh, PA 15213, USA

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

Vincent Mathieu

Previous reviews:

laee 0o Pore ",3};‘_‘"}32:'},-,3),:}?"’3’}',1,',17"‘}3;"};ﬁff.:;,. F.E. Close, Rep. Progress Phys. 51 (1988) 833.
Rt C. Amsler, Rev. Modern Phys. 70 (1998) 1293. hep-ex/9708025.
Dikolat Rochiloy S. Godfrey, J. Napolitano, Rev. Modern Phys. 71 (1999) 1411. hep-ph/9811410.

Bogoliubov Laboratory of Theoretical Physics,

Joint Institute for Nuclear Research, C. Amsler, N.A. Tornqvist, Phys. Rep. 389 (2004) 61.

Dubna, Moscow region, 141980 Russia. 3 2 R
A. Masoni, C. Cicalo, G.L. Usai, J. Phys. G32 (2006) R293.

Vicente Vento
Departament de Fisica Teorica and Institut de Fisica Corpuscular,
Universitat de Valéncia-CSIC,
E-46100 Burjassot (Valencia), Spain.
vicente.vento@uv. es

Glueballs are particles whose valence degrees of freedom are gluons and therefore in their descrip-
tion the gauge field plays a dominant role. We review recent results in the physics of glueballs with
the aim set on phenomenology and discuss the possibility of finding them in conventional hadronic

experiments and in the Quark Gluon Plasma. In order to describe their properties we resort to a va-
riety of theoretical treatments which include, lattice QCD, constituent models, AdS/QCD methods,
and QCD sum rules. The review is supposed to be an informed guide to the literature. Therefore,
we do not discuss in detail technical developments but refer the reader to the appropriate references.

Inspire: f t glueball after 28/2/2013: 93 articles. ‘Soon’ a new review will be needed.
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Eur. Phvs. J. S Top. ( THE EUROPEAN

ur. Phys. J. Spec. Top. (2021) 230:1575-1592

https://doi.org/10.1140 /epjs/s11734-021-00143-8 PHYSICAL JOURNAL Ch:gor
SpeciaL Torics updates
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Glueballs as the Ithaca of meson spectroscopy

From simple theory to challenging detection

Felipe J. Llanes-Estrada®

F. Gross et al.,
90 Years of Quantum Chromodynamics,
[arXiv:2212.11107 [hep-ph]].

A review on Glueball hunting

Davide Vadacchino®*

Lattice review: 2305.04869

Francesco Giacosa



BESII U (

Discovery of a Glueball-like particle X(2370) @ BESIII Eersgiot

,(980)

X(2370)

Yanping Huang
Institute of High Energy Physics, CAS
(On behalf of the BESIII Collaboration)

CERN Seminar, May 21st, 2024

PHYSICAL REVIEW LETTERS 132, 181901 (2024)

Determination of Spin-Parity Quantum Numbers of X(2370) as 0~ * from J /y — yK K%/
M. Ablikim ef al.”

(BESIII Collaboration)

Francesco Giacosa



Light meson spectroscopy at BESIII

Beijiang Liu

Institute of High Energy Physics, Chinese Academy of Sciences

18th International Workshop on Meson Physics
KRAKOW, POLAND
25th - 30th June 2026

- [210]2(6]
The nature of X(2370)

« Discovered by BESIIl in J/¢ — yn'nrt in 2011

« Confirmed by BESIII in J/y - yn'nr, yn'’KK and ynKK

* Notseenin J/y — yn'nn [BESIII PRD 103 012009 (2021)]. Upper
limits of BF are well consistent with predictions of 0~*glueball

« Mass consistent with LQCD prediction for 0-* glueball

J/W - yn'KK J/W —» ynKK
BESIII EPIC 80 746(2020) BESIII PRL 115 091803(2015)

Francesco Giacosa
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The QCD Lagrangian LJ (
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Quark: u,d,s and c,b,t R,G,B .
&‘ ntiblue

/qiR\
q =|q°’ |; i=ud,s,..
\4d: /
8 type of gluons (RG BG,... N
yp g ( ) CQ(?D = th(’l’}/“D‘u — 'ITli)qi — i(;zy(;(l,}tv

i=1

A a=1,..8

u
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Feynman diagrams of QCD LJ (
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- 1 l Y Y, [
Locp = Zﬁi(m"D# —m;)q; — ZG“"G HY

i=1

> FEc8000000
Quark Gluon
Gluon-quark-antiquark 3-gluon vertex 4-gluon vertex

vertex

Already here one may ask: what about bound states of gluons???

Francesco Giacosa



Chiral transformations and axial anomaly

SU(3)L x SU(3)r x U(1)a

/2 rr
LR — T2 UL R LR

J<
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U(1)A  SU(3)rxSU(3). Chiral

Chiral or axial anomaly: the axial divergence does not vanish!

3g-

1672

~

.THL;

G oo )

Francesco Giacosa



1J<

Uniwersytet

Jona Kodwnowskiego w Ki

From quarks and gluons to hadrons d.o.f.
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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

Francesco Giacosa
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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.

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

Francesco Giacosa



the p and the 1T mesons

Example of conventional quark-antiquark states: LJ (

Rho-meson

Pion

m . = 775 MeV

m , =139 MeV

T

m, +m, =7 MeV

Francesco Giacosa
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Mass generation in QCD
is a nonpert. phenomenon
based on SSB



Non-conventional mesons: J (
theoretical expectations
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2) Hybrids

1) Glueballs

Compact diquark-antidiquark states @

3) Four-quark states Molecular states (a type of dynamical generation)

(0]

Companion poles (another type of dynamical generation)

Francesco Giacosa



Non-conventional mesons: J (
theoretical expectations
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1) Glueballs G 2) Hybrids

Compact diquark-antidiquark states @

3) Four-quark states Molecular states (a type of dynamical generation)

(0]

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

A. Chodos, et al., Phys. Rev. D 9 (1974) 3471.

R.L. Jaffe, K. Johnson, Phys. Lett. B60 (1976) 201

ANNALS OF PHYSICS 168, 344-367 (1986)

Energy

Qualitative Features of
the Glueball Spectrum*

R. L. JaFrE, K. JoHNSON, AND Z. Ryzak'

Center for Theoretical Physics, Laboratory for Nuclear Science,
and Department of Physics, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139
Received September 13, 1985

07112737340
gi’ '1_0- '10—
100' 3&‘
0-0 , 2—¢
OQQ'ZQO
— ——1iGeV
+ >t e .
dim6

dim 4

dim 5
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Theoretical approaches: BS and lattice

Bethe-Salpeter results: Huber, Fischer, Sanchis-Alepuz:
Eur.Phys.J.C 81 (2021) 12, 1083 and Eur.Phys.J.C 80 (2020) 11, 1077

MI[GeV]

JPCglueballs

« BSE
- lattice [Morningstar , Peardon, 1999]

= lattice [Athenodorou , Teper, 2020]

0"

2” 9 3II 3' 4II '—'ll

JFPCglueballs

Francesco Giacosa

1J<

Uniwersytet

Jona Kodwnowskiego w Ki



Lattice 2006 LJ (
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12 | - 1 °

0

PHYSICAL REVIEW D 73, 014516 (2006) 2+-_ 3--
Glueball spectrum and matrix elements on anisotropic lattices 10 | " — { 4
++ I
Y. Chen,'? A. Alexandru,” S.J. Dong,” T. Draper,” I. Horvith,” F. X. Lee,** K.F. Liu,> N. Mathur,>* C. Mornii 3 3""
M. Peardon.® S. Tamhankar,” B. L. Young,” and J. B. Zhang®
'Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, People’s Republic of China 8 i

: 2I)('/mrrm('m of Physics & Astronomy, University of Kentucky, Lexington, Kentucky 40506, USA 2'+_ +- 1 3

Center for Nuclear Studies, Department of Physics, George Washington University, Washington, D.C. 20052 US: 1 —

*Jefferson Lab, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA
SI)d/mrllm'nl of Physics, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
°School of Mathematics, Trinity College, Dublin, Dublin 2, Ireland
7D(’p(u'nnvm of Physics and Astronomy, lowa State University, Ames, lowa 50011, USA

8CSSM and Department of Physics, University of Adelaide, Adelaide, SA 5005, Australia
(Received 13 October 2005: published 26 January 2006) 2

ro Mg
i
Mg (GeV)

The glueball-to-vacuum matrix elements of local gluonic operators in scalar, tensor, and pseudoscalar 4 | 0 [ ]
channels are investigated numerically on several anisotropic lattices with the spatial lattice spacing
ranging from 0.1-0.2 fm. These matrix elements are needed to predict the glueball branching ratios in J /4
radiative decays which will help identify the glueball states in experiments. Two types of improved local
gluonic operators are constructed for a self-consistent check and the finite-volume effects are studied. We | 1
find that lattice spacing dependence of our results is very weak and the continuum limits are reliably 2
extrapolated, as a result of improvement of the lattice gauge action and local operators. We also give
updated glueball masses with various quantum numbers.

++ -+ +- --

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. Francesco Giacosa



Lattice: comparison

Table 2 The values of the glueball masses as given in three lattice works

11
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nJFPC M[MeV] nJPc M[MeV]
Chen etal. [51] Meyer [52] A& T[53] Chenetal. [51] Meyer [52] A& TI[53]

107 1710(50)(80) 1475(30)(65) 1653(26) 11 3830(40)(190) 3240(330)(150) 4030(70)
2007 2755(30)(120) 2842(40) 127~ 4010(45)(200) 3660(130)(170) 3920(90)
307 3370(100)(150) 22— 3740(200)(170)
40%+ 3990(210)(180) 137~ 4200(45)(200) 4330(260)(200)
127+ 2390(30)(120) 2150(30)(100) 2376(32) 107~ 4780(60)(230)
22+ 2880(100)(130) 3300(50) 117~ 2980(30)(140) 2670(65)(120) 2944(42)
137+ 3670(50)(180) 3385(90)(150) 3740(70) 21 3800(60)
147 3640(90)(160) 3690(80) 127 4230(50)(200) 4240(80)
167 4360(260)(200) 137~ 3600(40)(170) 3270(90)(150) 3530(80)
10°+ 2560(35)(120) 2250(60)(100) 2561(40) 23+t 3630(140)(160)
207" 3370(150)(150) 3540(80) 147 4380(80)
127+ 3040(40)(150) 2780(50)(130) 3070(60) 15+~ 4110(170)(190)
227+ 3480(140)(160) 3970(70)
15+ 3942(160)(180)
11 4120(80)
2177 4160(80)
3177 4200(90)

Table from 2212.03272 -

51. Y. Chen et al., Glueball spectrum and matrix elements on

anisotropic lattices. Phys. Rev. D 73, 014516 (2006). https://doi.
org/10.1103/PhysRevD.73.014516. arXiv:hep-1at/0510074

AT T
(SR

H.B. Meyer, Glueball regge trajectories. arXiv:hep-lat/0508002
A. Athenodorou, M. Teper, The glueball spectrum of SU(3) gauge

theory in 3 + | dimensions. JHEP 11, 172 (2020). https://doi.org/

10.1007/JHEP11(2020)172. arXiv:2007.06422 [hep-lat]

Francesco Giacac



https://arxiv.org/abs/2212.03272

Which masses fit better? J (
According to thermodynamics, the ‘AT’ ones

Uniwersytet

feas Uaddoss.tisas - Kiglcach
Eur. Phys. J. C (2023) 83:390 THE EUROPEAN )
https://doi.org/10.1140/epjc/s10052-023-11557-0 PHYSICAL JOURNAL C Cur}]edcetclercs:r

Regular Article - Theoretical Physics

Thermodynamics of the glueball resonance gas

I.b

. o] . s 7 e
Enrico Trotti'*(, Shahriyar Jafarzade , Francesco Giacosa!-2<

'''' Meyer
0.015
Chen et.al.
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0.010
Athenodorou and Teper
R
0.005 -
e
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Masses: summary LJ (
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Agreement of different methods. AT favored.

Lightest state: a scalar glueball between 1.5 - 1.7 GeV
Next: tensor and pseudoscalar glueballs.

Mass of the pseudoscalar glueball: 2.5 GeV

Glueballs with exotic quantum numbers (oddballs)
are also predicted to exist.

Francesco Giacosa



Pseudoscalar glueball

12

10 t

ro Mg

++ -+ +- --

Francesco Giacosa

Mg (GeV)
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Pseudoscalar glueball J (

INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS G: NUCLEAR AND PARTICLE PHYSICS Uﬂ l UJGFSL,J tet
J. Phys. G: Nucl. Part. Phys. 32 (2006) R293-R335 doi: 10.1088/0954-3899/32/9/R01 e pRen
TOPICAL REVIEW

The case of the pseudoscalar glueball

A Masoni'?, C Cicalo' and G L Usai'?

V'INEN, Sezione di Cagliari, Cagliari, Italy
? Dipartimento di Fisica, Universiti di Cagliari, Cagliari, Italy

Received 20 January 2006
Published 10 August 2006
Online at stacks.iop.org/JPhysG/32/R293

Abstract

Glueballs represent a key requirement of quantum chromodynamics as a non-
Abelian field theory. Their search provides one of the strongest motivations
for meson spectroscopy. The first glueball candidate was identified in 1980
in the J/W radiative decay. Its discovery actually dates back to 1963 and for
four decades about 30 experiments, using six different production mechanisms,
were dedicated to studying the pseudoscalar states lying in the 1.4—1.5 GeV/¢?
mass region. Today, the presence of two pseudoscalar states and an axial vector
can be considered as established (see 2004 edition of the Review of Particle
Properties). Assuming that 1(1295) is established and the nonet filled, the
lower mass pseudoscalar, 17(1405), becomes a supernumerary and shows the
properties of a non-gg state. Here, we review the experimental effort related
to this long search, which can be considered a sort of paradigm for light-quark
spectroscopy.

I TUIHIVUOUUY wiluuvou



Gluonium content in 17’ LJ (
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DO 10,110/ 10082.010-1351-1 P N AL C 19) = J5(luid) + 1dd)  |s5)
o 0} = cos via sinYp lq) + cos Yig cos Y |s5)
Physics with the KLOE-2 experiment at the upgraded DA®NE +sinyg |GG),
) = cosyrplqq) — sinyp Is3).
In general, one has a 3-body mixing. 72 = sin’¥g

Chiral anomaly important.

. . Table 12 Fit to the gluonium content in " assuming 1% error on the
However, the m|X|ng ShOUId be Suppressed n brm_lching fr‘acti_ons. The ' — yy /7" — yy constraint is used (not
by the |arge glueba” maSS (26 GeV) used) in the left (right) column

with ' = yy/n" = yy without ' = yy /7% = vy

Results not conclusive. 72 0.11+0.03 0.1140.04

Francesco Giacosa



Pseudoscalar glueball

The bare states

\/g(ﬁu +dd)
SS

Glueball: gg

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!

1J<
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n(1295) 16U = o)

See also the mini-review under 1)(1405)

1(1295) MASS

VALUE (MeV EVTS DOCUMENT ID TECN  COMMENT
129444 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below.

1(1405) 16UFE) = 0t )
A REVIEW GOES HERE - Check our WWW List of Reviews
n(1405) MASS

VALUE (MeV) DOCUMENT 1D
1408.8+1.8 OUR AVERAGE Includes data from the 2 datablocks that follow this one.

Error includes scale factor of 2.1. See the ideogram below.

n(1475) 1C(PC) = ot~ T)

See also the 7(1405).

7(1475) MASS

KK = MODE (K*(892) K dominant)
VALUE (MeV EVTS DOCUMENT ID TECN COMMENT
1476+ 4 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.

Francesco Giacosa



Pseudoscalar glueball LJ (
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Issues

The very existence of two separated pseudoscalar
resonances between 1.4-1.5 GeV is disputed.

Severe conflict with Lattice expectations!
Pseudoscalar glueball on lattice much heavier.

Francesco Giacosa



Framework for phenomenology J (
Extended Linear Sigma Model: eLSM
Uniwersytet
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eLSM: Chiral model with all previous fields + glueballs,
hybrids...

(since 2008 up to now, for spectroscopy and medium properties)
Recent review paper in. Prog.Part.Nucl.Phys. 143 (2025) 104176

Ordinary and exotic mesons in the extended Linear Sigma
Model

F.G., S. Jafarzade, P. Kovacs
arXiv: 2407.18348 [hep-ph].

Francesco Giacosa



(Pseudo)scalar mesons: heterochiral scalars U (
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Pseudoscalar mesons: {11, K, n(547), n°'(958)}
Scalar mesons: {a0(1450), KO*(1430),f0(1370),f0(1500)}

0 0
ON 1+Q + -k N+ _+ -
| TQ o K 0 | T T K
0 0
¢ =5+i1P=— o N4 0 | 4 — o= AN—Tm 0
Vol e e Vel
K, K os K K s
f0(1710) mostly glueball

See 1408.4921

o — 21y rt
LR — epaﬂ UL,,R qLR ‘ {I}' — € e E L (I]' { FIL

Francesco Giacosa



Chirally invariant terms LJ (
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We call the transformation of the matrix ® heterochiral!
We thus have heterochiral scalars or heteroscalars.

1 }TfI::)_ tr( ¢ }TfI::)Z

clearly invariant; typical terms for a chiral model.

det(D)

iInteresting, since it breaks only U(1)a axial anomaly

l TR of ofpf ' aff = af a1 I _ -
det(®) = Fs’ﬂ*e’ TR DT @I DM 5 7% det(D)
J

Francesco Giacosa



The chiral anomaly in mesons LJ (
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There are 8 but not 9 Goldstone bosons:
3 pions, 4 kaons, and one n(547) meson.

The n'(958) meson has a mass of almost 1 GeV.
2,~1/N
mn’ / C

E. Witten, Current Algebra Theorems for the U(1) Goldstone Boson,
Nucl. Phys. B 156 (1979), 269-283

G. 't Hooft, Computation of the quantum effects due to a
four-dimensional pseudoparticle, Phys. Rev. D 14, 3432 (1976).

Francesco Giacosa



Easiest chiral anomalous term U (
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Lo = =& (det @ + det ")

¢ P P

The constant csi1 can be calculated
as an overage over instanton density.

dp,

See G. ,t Hoofft,
How Instantons Solve the U(1) Problem
Phys.Rept. 142 (1986) 357-387

¢, Ppr v

iy, . .
Recent evaluation/extension:

= F.G, R. Pisarski, S. Jafarzade
o, @, @vC R Phys.Rev.D 109 (2024) 7, L071502
2309.00086

230900086 Francesco Giacosa



Axial anomaly: 2 terms LJ (
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Equ — _Lfl (det(I) - det (Di) o éﬁl(det (D)j | (dﬂt (I)*)j}

Vacuum phenomenology is possible with both.
Probably, both terms are nonzero in Nature.
They arise from Q=1 and Q=2 instantons, respectively.

Important (and peculiar) effects at nonzero temperature.

Francesco Giacosa



Columbia plot

0.015

£1=>0,8

0.01

Ehys

Crossover

0.005 -

0

0 0.05
hy /Y

0.1

0.015
£ =08 =0
£, =068 E‘f'c
0.01
f:'f_g' Crossover
%]
=
0.005
1st
u 1
0 0.05 0.1
hpy/hEY

FG, G. Kovacs, P. Kovacs, R. Pisarski, F. Rennecke

Anomalous U(1)A couplings and the Columbia plot,
PRD [arXiv:2410.08185 [hep-ph]

Chiral anomaly: From vacuum to Columbia plot
[arXiv:2601.03710 [hep-ph]].

Francesco Giacosa

phys
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L =0,5=0
0.01
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0.005
0
0 0.05 0.1
hy/hRYe



Decays of the pseudoscalar glueball LJ (
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L. = —ic,Go(det® — det d").

El

¢, P’ P L PHYSICAL REVIEW LETTERS 132, 181901 (2024)

Determination of Spin-Parity Quantum Numbers of X (2370) as 0~ * from J /w — yK3K%/'

M. Ablikim et al.”
(BESIII Collaboration)

b, P, P

u; Is this meson the pseudoscalar glueball?

T Strong coupling to n’ is promising!

Decay with of about 200 MeV also ok.
2309.00086 and 1208.6474
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Pseudoscalar glueball I J (

# Uniwersytet
Jano Kodhanowskiego w Kislcach

PHYSICAL REVIEW D 87, 054036 (2013)
Decay of the pseudoscalar glueball into scalar and pseudoscalar mesons

5 . 4 . . . . . . ¥
Walaa I. Eshraim,' Stanislaus Janowski,' Francesco Giacosa,' and Dirk H. Rischke'~

1208.6474

Quantity Mg = 2.6 GeV
Ui /T 0.049 -
| P 0.019 L. = —ic,Go(det® — detD').
L/ TS 0.016
ot \TaTh

?G—-r;r;r; Kl_l‘_‘[“m [.]'[.H.u? Chiral-anomaly

A 0.00013 driven decays!
[ /Ff“f 0.47
l“ﬁ_,?},__fl“mt 0.16 Note: here only ratios!
o/ T 0.095
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The nature of X(2370) BESIII PRL 132, 181901(2024)

pc = 0-+ with significance >9.80

= 2395 +11+26.9; MeV « Decay modes X(2370) —

= 188+18.17+124 33 MeV n'mm, KK, K2K2n,

(Jy—yX(2370))B(X(2370)—£o(980)n")B(fo(980)—KOKOs)

0w 00 0,0 L0 0
=1.31 + 0.22+285 5.4 x10°5 KeKem”, nmPm”, ap(980)m”,

TABLE I. Branching ratios for the decay of the pseudoscalar

glueball G into three pseudoscalar mesons.

Case (1): Case (11):
Quantity Mg = 2.6 GeV Mg = 2.37 GeV
Uekrn/TE 0.049 0.043
Lok /T8 0.019 0.011
| I 0.016 0.013
Loy /T8 0.0017 0.00082
Ly /TS 0.00013 0
Lomkra/TE 0.47 0.47
Uepma/ g 0.16 0.17
Lonma/TE 0.095 0.090

Francesco Giacosa
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Not only ratios U (

PHYSICAL REVIEW D 109, LO71502 (2024) Uniwersytet

Jona Kodwanowskiego w Kislaach

Anomalous interactions between mesons with nonzero spin and glueballs FG, S. Jafarzade, R. Pisarski 2309.00086

0.04}
0.03}
= 0.02f

0.01}

DOO JCF — —i{_‘gé{]{de'[cb —dE[{DIE-).

00 02 04 06 08 10 E
PN _

MS

FIG. 1. The density of instantons for N, = Ny = 3.

Thanks to dilaton instanton gas it was possible to estimate the coupling constant
cg~ 10
Then not only ratio possible, but actual widths!

Total decay width of the order of 150-200 MeV. In agreement with datal!
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1J<
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PHYSICAL REVIEW D 97, 091901(R) (2018)

How the axial anomaly controls flavor mixing among mesons

. 12.# . . -2 . 3.3
Francesco Giacosa, Adrian Koenigstein,”' and Robert D. Pisarski™

Letters in Mathematical Physics (2025) 115119
https://doi.org/10.1007/511005-025-02000-4

)

Check for
updatas

Emergence of the polydeterminantin QCD

Francesco Giacosa'2(® - Michat Zakrzewski® - Shahriyar Jafarzade®>® .

Robert D. Pisarski’ 2502.15617 [math-ph]

In mathematics: known as ‘mixed discriminant’
Alexandrov, 1939, Panov 1987, Bapak 1989,...

Francesco Giacosa


https://arxiv.org/abs/2502.15617

How to include the chiral anomaly for mesons
beyond ground-state (pseudo)scalars? U (
A novel mathematical object? Extension of det

Uniwersytet

Jona Kodwanowskiego w Kislaach

Given N complex N x N matrices Ay, Ao, ..., AN

2502.15617 [math-ph]

By choosing A=A =A)=---= Ay

€e(A.A,---,A)=det(A)

Francesco Giacosa


https://arxiv.org/abs/2502.15617

Consider two (pseudo)scalar multiplet ®1 and ®2. U (

the standard anomalous terms are:

e

&S
o c'}ﬁ’

Francesco Giacosa
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New interactions via polydeterminant: LJ (

Uniwersytet

Jona Kodwanowskiego w Kislaach

i b i
o5 03

NN

I ja ;
1 c.'JIf @y c,{;

8(@1, D1, O ) 8(@1, Do, CDz)
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Example with mesons with spin: J (
pseudovector heterochiral multiplet

Uniwersytet
Llit = a(e[®. b, "]+ cc)

Jona Kodvonowskiego w Kislcach

2309.00086

Recall the ‘standard’anomaly term:

Lo = =& (det @ + det ")

Francesco Giacosa



Isoscalar mixing angle for h1 mesons

()

(

cos Bav
—sin Bav

sin __SA V
Ccos FAv

)(

1J<
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hin = \/E{EM—F{E{I“) )

his = 5s

Angle between 0-10 degrees: between red and yellow lines

B1[Degree]

15

10

~15 |

~10¢t

Mhp, (1415)[GeV]

L f— My =170 MeV
Mj =270 MeV
o LASS
N LQCD
| BESHI1S 1 I.'
- — N Ay w—
. |~ BESIIN 18 :
N ' Crystal Barrel '
b | I I | I I | I I | I I -I- I I | I I I | I I I | I
1.36 1.38 1.40 1.42 1.44 1.46 1.48 1.50

2309.00086



Ongoing work LJ (

Uniwersytet

Jona Kodwanowskiego w Kislaach

Coupling of the pseudoscalar glueball to vector particles,
also using the polydeterminant

Calculation of additonal decays

Stay tuned!

Francesco Giacosa



Concluding remarks LJ (

Uniwersytet

Jano Kodhanowskiego w Kislcach

The search for glueballs is an active field.

Expected other 1000 publications in the next 20 years.
Hopefully with conclusive results.
The pseudoscalar glueball is very promising!

Thank You

Francesco Giacosa



Symmetries of QCD: summary LJ (

Uniwersytet

Jona Kodwnowskiego w Ki

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 (chiral anomaly)

Francesco Giacosa



Trace anomaly: the emergence of a dimension LJ (

Uniwersytet

Chiral limit: m, =0 et
N e oyv—1_ is a classical symmetry, which is how broken
L — T — £ .
by quantum fluctuations (trace anomaly)
Dimensional transmutation Ay = 250 MeV
£Q) |
0Ls(l'l = Q) =
47-[ c:y 03t
. == QCD op\(MZI) =0.1189£0.0010 ‘
1 l()Q . 100
In Yang-Mills (QCD without quarks) it is:
£ 1 L J:g(t(]) Y Ya., v
Gluon condensate: <GfWGa’“V> # 0 Ot = T = 2 GG 0

Francesco Giacosa



Flavor symmetry LJ (
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Gluon-quark-antiquark vertex.

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

g >U,q, UeURB), >UU=1

Francesco Giacosa



Chiral symmetry LJ (

Uniwersytet
Right-handed: L eft-handed: Jono Hodhenousiego u Kiekedh

9. =4, 4,

1
o =—0+y)g.
q, 2( 77)q,

1
= (U-7")g
ql,L 2( y)Qz

R
ij

4 =qig +9 2 Uj qir T UiI}qj,L

Even more: the gluon couples with the same strength to quarks with different chiralities.

UB), xUB), =U(),,, xU(1), , xSU@3), xSU@3),

R+L

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

Francesco Giacosa



Hadronic experiments LJ (

Uniwersytet

p Jona Kodwanowskiego w Ki

o250 f
Double 283
pomeron o3\
Xxchange? ©

Proton-proton
(WA79,WA102,LHC,RHIC)

WA 79, WA 102

E I e Ct rO n - p OS |tr0 n (with strange-antistrange, v
charm-anticharm or bottom-antibottom formation)

o
»

(Belle, Babar, BES, KLOE,...) 3, ¢ ﬂg@i
: N

c
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Umwersutet

Jono Kodwnowskiego w

Photoproduction: Compass at CERN (also with pion instead of the photons),
Amber

GlueX AND CLAS12 at Jlab

EIC

Francesco Giacosa



Proton-antiproton LJ (

Uniwersytet

(Lear,Fermilab, and in the future: PANDA) et 6

only selected J°C & @E

n ng s sg/c cg

p rw@ o )
m = i (i
Exoitc quantum numbers:

=0, 1,2,

Production

Formation p @E @E
ém@ § R (5 N o )

all J°C available P

Francesco Giacosa



Theoretical 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.

]\xf0++ ~ 1.3 GeV
Mo++ ~ 2.0 GeV
Mg—+ ~ 2.2 GeV

]\’f()—l-—l- ~ J_g GPV
]\JQ-H- ~ 2.4 GeV
Mo-+ ~ 2.2 GeV

Francesco Giacosa
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Theoretical approaches/2

Flux-tube models

Bethe-Salpeter approach

ADS/QCD

N. Isgur, J.E. Paton,
Phys. Lett. B124 (1983) 247

Sanchis-Alepuz et al,

1J<

Uniwersytet

Jona Kodwanowskiego w Kislaach

My++ ~ 1.5 GeV
Moty ~ 2.8 GeV
My-+ ~ 2.8 GeV

]\[0++ ~ J_() GPV

Phys. Rev. D 92, 034001 (2015) My—+ ~ 4.5 GeV

N +

4d QCD
AdS Glueball Spectrum

++

-+ +-
PC

=
10 . 27 m—3 |
2 b
3 0 m—
3
8 -
o — 3
o =
6 2“—0 @o'
)
2 E
4 | g w—
11
2
0 0
+ -+ += -
PC

R. C. Brower, S. D. Mathur and C. I. Tan, Nucl. Phys. B 587 (2000) 249 [arXiv:hep-th/0003115]
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Glueball decays: blindness ' (

-~ Uniwersytet
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Flavour blindness (widely used for the scalar glueball):

2
‘ A

2 3 4
A

G—>KK

Even more: chiral blindness (could be relevant for heavier
glueballs):

2

A

G—o>pp

=1

‘ AG—)al (1230 )a, (1230)

Francesco Giacosa



Glueball decay: Large-Nc LJ (

Uniwersytet

Jona Kodwnowskiego w Ki

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

M, <N’

Decay amplitude of a glueball into (conventional)
mesons scales as:

-1 —2
AG—)Mle = Nc 1_1G—>M1M2 o8 Nc

Recall that for a conventional quark-antiquark state:

_1/2 1
AM—)MIMZ o N, Dvisaen, €N,

Francesco Giacosa



Glueball-quarkonium: mixing and large-Nc LJ (

Uniwersytet

Jano Kodhanowskiego w Ki

The picture is complicated by mixing.
A glueball with conventional quantum numbers mix with

nearby quark-antiquark states.
19) < |99)
Mixing suppressed in large-Nc but phenom. relevant ‘ qq> gg
Ac-m C)Cj\fc_l/2 >
For comparison: -

—1
A\/g(ﬁujtc_id)-gs x N,

Francesco Giacosa



"Rough’ estimate of the glueball’s width/1 LJ (
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OZI-dominant decays of conventional
quark-antiquark mesons:

n
1
- exp - .
T pmr . and Tp_tmr = 148 MNeV.
° u
I. ,O+ J u
rf?“??"])—.\rr?r > ’\'—T and rj;?l??(}}—wr?r = 157 NeV d
LV
T y 1T5S7 = 65 MeV :
£5(1525) = KK OC = 8N L gi(1505) kK = 09 M€ -
4 C -
L'y L anaTe® = 87 MeV
e
_ 1 _
Tollarnr e o ~ 2nd Tollarsr s ~ 100 MeV.
Ve

Francesco Giacosa



Estimate of the glueball's width/2 LJ (

Uniwersytet

Jona Kodwanowskiego w Kislaach

OZl-suppressed decays of conventional
quark-antiquark mesons:

1 ox .
Ffé(lg,gg,)_m.ﬁ x N and Ff;aa%)_)m_ = 0.6 MeV
1 eXp r
Fj;’:ﬂ_‘)—»hadrons x ﬁ and rj/?,‘)—»hadrons = 0.08 MeV
OZl-suppressed 1 . OZl-suppressed - . 7
| D YSY! N3 and L'z "\ rr < 1 Me\
s
Hence, for glueballs we ,guess”™
1 -51u ressec I' J' I' y T
g o N 1 MeV ~ ngz_':Mﬂ? ssed V3 < Tg—mm x e < ~ > rng_liiyﬁw ~ 100 MeV.

Te_ymm ~ 10 NMeV.,

Francesco Giacosa



Meson phenomenology - literature

1) Nf =2 (with frozen glueball): parganiija FG DHR PRDS2 (2010) 054024 ' J

2) Nf = 2 (with glueball): Janowski Parganiija FG DHR PRD84 (2011) 054007 et

3) Nf= 3 (with frozen glueball): parganiija Kovacs Wolf FG DHR PRD87 (2013) 014011

4) Nf = 3 (with glueball): Janowski FG DHR PRD90 (2014) 114005
5) Pseudoscalar glueball: Eshraim Janowski FG DHR PRD87 (2013) 054036 Eshraim Schramm PRD95 (2017) 014028
6) Nf =4: Eshraim FG DHR EPJ.A51 (2015) no.9, Eshraim Fischer 112 EPJ A54 (2018) 139

/) Vector glueball: sammet Janowski FG PRD95 (2017) no.11, 114004
8) Excited (pseudo)scalar mesons: Parganlijia FG Eur.Phys.J. C77 (2017) 450
9) Consistency with ChPT: Divotgey Kovacs FG DHR Eur.Phys.J. A54 (2018) 5

10) fo(500) as a four-quark in the vacuum: Lakaschus Mauldin FG DHR arxiv: 1807.03735

11) Hybrid mesons Eshraim et al., EPJ+135 (2020) no.12, 945 arXiv:2001.06106

12) Tensor mesons and tensor glueballs vereijken et al, PRD108 (2023) no.1, 014023 arXiv:2304.05225
SJafarzade et al. PRD106 (2022) no.3, 036008 [arXiv:2203.16585
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Baryon phenomenology - literature l J (

Uniwersytet

Hodhanowski w Kislcach

1) Baryonic eLSM for Nf = 2: callas FG DHR PRD82 (2010) 014004, Gallas FG IJMP.A29 (2014) 1450098

2) Nucleon-nucleon scattering: Teiiab Deinet FG DHR Phys.Rev. C94 (2016) 044001

N

3) Nf= 3 (with four multiplets): oibrich zetenyi FG DHR Phys.Rev. D93 (2016) 034021

4) Nf = 3 and axial-anomaly for baryons: olbrich Zetenyi FG DHR Phys.Rev. D97 (2018) no.1, 014007

9) Nuclear matter: Gallas Pagliara FG Nucl.Phys. A872 (2011) 13-24
6) Inhomogenous condensation in nuclear matter: Heinz FG DHR Nucl.Phys. A933 (2015) 34-42

7) Ni= 3 olbrich et al, PRDI3 (2016) no.3, 034021 ;PRD97 (2018) no.1, 014007

Nonzero temperature and density (and critical endpoint) - literature

Kovacs et al., PRD93 (2016) no.11, 114014 ; PRD106 (2022) no.11, 116016
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New development: glueball-glueball scattering LJ (
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Eur. Phys. J. C (2022) 82:487 THE EUROPEAN ()

https://doi.org/10.1140/epjc/s10052-022-10403-z PHYSICAL JOURNAL C iRt
Regular Article - Theoretical Physics

Glueball-glueball scattering and the glueballonium

Francesco Giacosa %, Alessandro Pillorli3"4, Enrico Trotti'?
V [GeV?]

: 1 |
L4 = ;(BHG)Q — V(G), 003

—-0.01F

G* f_
N T) ) —0.035-

A A Migdal and M. A. shifman, “Dilaton Effective Lagrangian In Gluodynamics,” Phys. Lett.Bns, 445 (1082)

G

Ag

2
| mg
/ 2
JrAG

V(G) = -—& (64 In
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The pseudoscalar glueball:
predictions from the eLSM

1J<

Uniwersytet
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Mc = 2.6 GeV from lattice as been used as an input.

o Mg

12

10

Mg (GeV)

X(2370) found at BESIII is a possible candidate.

it i/ B i
Lo s = CapG (detCD detd )
Quantity Value
Tot
FG—>KK77/F(”§ 0.049 -
FG%KKW’/F?t 0.019 Quantltyf t Value
R Tot F(?—)I{J(S/Fg 0.059
FG—H?????/F(‘ 0.016 o
L'e /FtTOt 0.0017 F(;'ﬁ(mﬂ'/rg;% 0.083
/ - : ﬁ ot
F?—mvm /Fgot 500013 Gosnon /L | 0.028
G/~ G : T~ JT9 [0.012
T rnn/ T 040 S
G—)KKW/ t('jt : FG*TI’JN/F@“ 0.019
F@%m/r(g 0.16
7ot
FG_H?,?W/F(g 0.094
5—)71'71'71'

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