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Why spectroscopy ?

1. The spectrum of bound states and resonances of a system reveals the underly-
ing symmetries and forces

2. Examples:
the hydrogen atom and the development of quantum mechanics
the baryon octet and decuplet ground states and SU(3)
the charmonium family of states and the potential model

3. The potential model (and other models) lead to a rich phenomenology. Not only
qq mesons should exist but also
glueballs, states without constituent glue, short-hand notation gg
hybrids should exist, qqg
multiquark states should exist, qqqq
Molecules should exist, e.g. KK

4. Question: do these exist as independent entities ? Specifically, are there 2, 3, 4,
or 5 scalar states, qq, qqg, qqqq, g9, K K ? Or just one with a (q2 dependent)
Fock space expansion ?



What is central production ?

In central production, two hadrons at a large energy scatter, keeping their identity
and loosing a small fraction of their energy. In a fixed target experiment, a hadron
hpeam Scatters off a target proton Ptarget and produces a particle or system of
particles X

hbeam P — Pfast X Dsiow (1)

Central production of a system X. The momentum
transfer is defined by ¢; = (p; — p)) where
pi,pg are the in- and outgoing momenta of the

two hadrons. w; are the energies transferred to

X.
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Most data from Barberis et al. (WA102), Phys. Lett. (1997-2001).
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The Close-Kirk glueball filter dP¢=|p¢-Q¢| phys. Lett B3o7 (1997) 333
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The azimuthal angle between two protons ¢ for various resonances.



4 production for different Pp
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However it could be not only double Pomeron exchange

Non resonant production of 2 pions Resonance production of 2 pions



1.3 Glueballs:
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2+t 23901304120 MeV
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from 1700 to 2000 MeV




Glueballs in radiative J/v) decays

1974: Extremely narrow
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Today: Data from BESIII, Gluebal

1.3-10° J/v decays
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Energy independent analysis for J/W¥ — ~7%70
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BESIII, A. P. Szczepaniak, P. Guo1 Phys. Rev. D 92 no.5, 052003 (2015)



Energy independent analysis for J/W — vKsKs
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BESIII, Phys. Rev. D 98, no.7, 072003 (2018)



3.4 Evidence for strong glue-glue interactions
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S. Ropertz, C. Hanhart and B. Kubis, Eur. Phys. J. C 78, no.12, 1000 (2018).
R. Aaij et al. [LHCb], Phys. Rev. D 89, R. Aaij et al. [LHCb], JHEP 08, 037 (2017).




2. Coupled channel analysis

A. V. Sarantsev, |. Denisenko, U. Thoma and E. Klempt,
“Scalar isoscalar mesons and the scalar glueball from radiative J /1 decays,”

Phys. Lett. B 816, 136227 (2021).
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GAMS and BNL data on pion-induced reactions
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GAMS: D. Alde et al., “Study of the 7070 system with the GAMS-4000 spectrometer at 100 GeV/c,”

Eur. Phys. J. A 3, 361 (1998).

BNL: S. J. Lindenbaum and R. S. Longacre, “Coupled channel analysis of JPC = ot and 2t isoscalar mesons

with masses below 2 GeV,” Phys. Lett. B 274, 492 (1992).
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Results and interpretation

Pole masses and widths (in MeV) of scalar mesons. The RPP values are
listed as small humbers for comparison.

Name 1£(500) f£,(1370) £ (1710) £(2020) £,(2200)
M 41020 137040 1700+18 1925+25 2200425

400—550 1200—1500 1704112 1992+16 2187414

r 480+30 390+40  255+25 320435 150130

400—700 100—500 1231418 442460 ~ 200

Name 1£,(980) f£(1500) £(1770) £(2100) f£,(2330)
M  1014+8 1483+15 1765415 2075120 234020

990420 1506 = 6 208672, ~2330

r 71+10 116112 180+20 260+25 165125

10—+100 11249 284160, 250420




(M?, n) trajectories of scalar mesons
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- and where is the scalar glueball ?



The fragmented glueball

Yields in radiative J/+ decays (in units of 10—5)

BRy/p—~ty— T ~KK ynm ynm' Ywo missing total
Y4 Yyww
fo(500) 105+20 545 443 ~0 ~0 ~0 114421
5(980) 1.3+0.2 0.84+0.3 ~0 ~0 ~0 ~0 2.14+0.4
o (1370) 38+10 13+4 3.5+1 0.940.3 ~0 1445 69112
42+15 2749
fo(1500) 9.0+1.7 341 1.1+04 1.240.5 ~0 3318 4719
109424 2.941.2 17406, 64tll 36+9
fo(1710) 612 2318 12+4 6.5+2.5 141 743 56110
fo(1770) 24148 60120 741 25+1.1 2214 65115 1811426
fo(1750) 3845 99119 24+12 2546 97418 31410
5(2020) 421410 55125 1010 (38£13) 145432
f5(2100) 2048 32420 18415 (38+13) 108125
f5(2200) 5+2 5145 0.7+0.4 (38+13) 49417
f0(2100) /5 (2200) 62:£10 100+ 8, 10765 115441
f5(2330) 412 25405 15104 813

2043
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3.5 Glueball content of scalar mesons

|fo(1770) >= cos ¢4(Ni cos o — SSsin a)vgg + sin Pgy1
|fo(1710) >= cos ¢g4(nNhsin a + SS cos a)vgg + sin gy
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Glueball content from J/ radiative production is (nearly) consistent
with glueball content from the decays of scalar mesons!



The description of the tensor states in the reaction J/W — ~y7rm:
only ground states are strongly produced.
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The comparison of the production scalar and tensor states in the reaction J/W — ~77
and J/V — vKK.
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Summary

» There is a strong indication for the existence of the scalar glueball
in the mass region 1850 MeV. The production intensities of the
scalar mesons in this region has the Breit-Wigner like distribution
with M = 1865 4+ 25712 MeV and ' = 370 & 50*3) MeV.

» The analysis reveals 10 scalar states which fall onto linear
(n, M?)-trajectories. No additional state was observed.

» Only the ground states of the tensor mesons are strongly produced.
There is some indication for the state with mass I = 2210 + 40 MeV
and I = 35575 MeV.

» The central production can provide a crucial information about
nature of the observed states due to specific production
mechanism. Especially in the channels with 4 pions or two vector
mesons in the final state.

» The Close-Kirk filter can help to extract the signal from the
gluon-reach states



