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At the turn of the millennium, a decade of interesting new results will
end with major questions being answered. We have a much cleaner picture
about the spectrum of light mesons. There are candidates for glueballs and
hybrids/multiquarks with a very detailed knowledge about their observable
quantities. But there are still many open questions, which will not be an-
swered with the existing data being acquired by the successful experiments
of the last decade.

PACS numbers: 25.10.+s, 13.75.-—n

Meson spectroscopy is still an exciting and active field in medium en-
ergy physics. The driving force behind the continued interest in meson
spectroscopy is the desire to obtain a better understanding of the following
aspects:

e The spectrum of “standard” hadrons (mesons and baryons) contains
information on their constituents and the force which keeps them to-
gether (non-perturbative QCD). But it is not yet clear how this infor-
mation can be revealed from the data.

e A spectrum of “non-standard” (exotic) hadrons is proposed different
from the conventional ggq baryons and ggq mesons. They are clas-
sified as glueballs, hybrids or multiquark states, depending on their
constituents which are only gluons (gg) or a valence gluon strongly
coupled to a meson (ggg) or an array of joined (anti)quarks.

e Theoretical attempts are made to describe and/or to predict missing
states in the hadronic spectrum via low-energy perturbative models.

* Presented at the Meson 2000, Sixth International Workshop on Production, Proper-
ties and Interaction of Mesons, Cracow, Poland, May 19-23, 2000.
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Apart from many “standard hadrons” which have been discovered in the
past, I will concentrate on what has been achieved and where are the weak
points in questions about glueballs and hybrids and how to attack them in
the future.

1. Experiments

Important experiments in the past decade for the current knowledge
about meson spectroscopy are the Crystal Barrel and Obelix experiment at
LEAR, being central detectors for nucleon—antinucleon reactions and E852
at BNL and VES in Serpkhow being forward spectrometers for charge ex-
change reactions. The typical layout for the latter ones is a forward track-
ing system and an electromagnetic calorimetry device and some detectors
around the target to measure the slow nucleons exiting the target area.
Since most nucleon—antinucleon annihilations are investigated using the elec-
tromagnetic cascade of the protonium system, most events are accumulated
with zero momentum, so to speak at rest. Therefore the detectors are central
detector consisting of tracking chambers and electromagnetic calorimetry, all
inside a magnetic field providing determination of the momenta of charged
particles. The main advantages of Crystal Barrel against Obelix are the high
statistics and the excellent electromagnetic calorimeter.

2. Glueballs and the scalar mystery

Glueballs are known to be bound state of valence gluons. An experi-
mental review of the status of the search for these is, however, biased by
the theoretical eye-glasses you are wearing. A completely unbiased view of
the spectrum of light mesons is impossible since masses and widths of these
particles are not standard model predictions. Many predictions are based on
mostly phenomenological models motivated by the static properties of glu-
ons and quarks, but their reliability is rather limited. The closest approach
to the standard model is the calculation on the lattice which still suffers from
lack of CPU power for an appropriate precision for the extrapolations for
vanishing lattice spacings, although they show promising results [14|. Thus
the only reliable features are the existence and the static properties of the
constituents of light mesons, the gluons and the quarks.

Since end of the seventies we know that gluons are not only a theoretical
assumption, but a physical particle which was observed in three jet events at
various detectors at DESY in electron positron annihilation. Two of the jets
originated from quark—antiquark production, where the third was proven to
be a remnant from gluon bremsstrahlung. About ten years later at CERN in
four jet events at LEP the gluon was also proven to have a colour degree of
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freedom. Thus gluons are able to interact with themselves and can build up
states without quark degrees of freedom. These so called glueballs have been
predicted since a very long time. A detailed discussion about the history
can be found elsewhere [9].

After more than 25 years of search for glueballs it becomes more an more
certain that the glueball cannot be observed as a pure state — having no
quarks in it. We have emerging evidence that the glueball, as other isoscalar
particles, mixes with ordinary mesons because of the finite width of them.
Therefore mixed states arise with very complicated properties, somewhere
between conventional and exotic mesons. Since glueballs are not expected
to be stable, one has to produce them in a hadronic interaction and to study
its production and decay properties. In order to enhance the rate one needs
processes with a large fraction of quark—antiquark-annihilation diagrams in
order to provide enough hard gluons to interact with each other. Such pro-
cesses are known as gluon rich. These are radiative .J/vy-decays, double
pomeron production, nucleon—antinucleon interaction and strangeness pro-
duction in non-strange charge exchange reactions. In addition to knowing
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Fig.1. Proposed production processes for glueballs

in which reactions one should investigate, one needs an idea about the static
properties of glueballs, like mass, lifetime and branching ratios. A lot of tool-
ing is around but the picture is very incoherent and therefore I will touch
only a few topics. One very important property of a pure glueball is that it
is an SU(3)-singlet. The main question is, can we trust SU(3) in this energy
domain at all. Various analysis have proven that SU(3) gives useful relation-
ships for the branching fractions of tensor, vector and axial vector mesons
without ss-suppression if one includes reasonable angular momentum bar-
rier functions and integrates properly over the allowed phasespace (including
opening thresholds) [8]. If one translates the SU(3) picture of meson decays
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into the glueball picture one gets a graph like Fig. 2(a). This decay is so
called flavour blind, that means all quark flavours are produced democrat-
ically at the gluon vertices. This idea of flavour blindness has been proven
to work for the yq9 and x.o states. But things could be more complicated.
It is nearly impossible to calculate the impact of higher orders, therefore
the contributions of graphs like Fig. 2(b) may spoil the flavour democracy
and increase nn final states quite remarkably. The best knowledge so far
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Fig.2. The naive decay of a glueball (a) should be flavour blind but the unknown
amount of reactions like (b) and the mixing with conventional mesons with other
SU(3)-coupling constants may change the picture quite dramatically.

in respect of the mass of glueballs comes from the lattice. Recent improve-
ments verify the results presented at former conferences. The scalar glueball
should be the lightest one between 1.5 and 1.7 GeV /2. The tensor glueball
is somewhat heavier with a well measured ratio of mo++/mg++ = 1.5 [14].

The experimental situation in the scalar regime has been dramatically
improved in the passed decade. The results of the nucleon—antinucleon ex-
periments verify the existence of at least three isoscalar mesons: fy(975),
f0(1370) and the f((1500) (former name G(1590) from GAMS). These could
be identified by using high sophisticated K-Matrix analyses including vari-
ous channels like 37, 271, 2nm and 5n taking unitarity into account. These
results have been verified in central production [6] and rad. J/1 decays as
far as limited statistics allows for it.

A careful look to the mw scattering wave with L = 0 exhibits some
interesting structures. There is obviously a very broad bump, which is called
f0(1300) whereas the resonant nature is not proven yet. In addition there
are several dips in this structure, where the deepness is related to its wam-
coupling. If the coupling is larger, the dip is more pronounced. FE.g. the
f0(1370) which decays dominantly into 47 appears to be a very small dip. If
in the last structure the f;(1700) appears at all is under discussion. There is
conflicting experimental evidence for this particle to be a scalar or a tensor
state. While central production prefers tensor properties the rad. J/
analysis yields a scalar resonance. A lot of effort is now put in this very
serious question which would increase the number of light scalar isoscalar
resonances to the number of five. The number of scalar isoscalars is therefore
between 3 and 5. Since the quark-model predicts only two, there is room for
an exotic particle. Having so many states — which one is the glueball? or is
there any at all? Unfortunately there is no unique answer to this question.
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The new experimental data provides us a lot of information, but it’s still
not sufficient to draw a consistent picture. There are three main scenarios
which are on the market. The first one assumes, that the f;(1700) has spin
0 and together with fo(1500) and fo(1370) they are mixed states out of two
isoscalar ¢ and a glueball. In order to work an a(1450) and K(1430) are
needed to complete this decuplet. This arrangement explains qualitatively
the branching ratios. The a((980) and the fy(975) are leftovers and being
KK molecules. A crucial test for this model would be the measurement of
the y7y-couplings which are sensitive to the ¢g admixture [6].

Another kind of arrangement appears if one allows for instanton in-
duced interactions, which apply to (pseudo)scalar mesons. Calculations have
shown, that an fy(975) is easily explained as a ¢ meson even with its low
mass. However for the a(980) there is still no place within the nonet. The
second isoscalar could then be either the f5(1370) or the fy(1500) and the
remaining ones, including the f;(1700) could be glueball candidates or two
of them could be mixed.

The third kind of scenarios arises when both, the a¢(980) and f;(980)
are both ¢gq states. Such models are the results of an relativistic unquench-
ing of the bare mesonic states which leads to a major shift in the observed
mass of these resonances. The exact placement of the more massive reso-
nances depend on the specific approach, but all allow for a glueball in the
1.5 GeV/c2.

One sees, the most important question at the moment is: what are the
ap(980) and f(975)7 are they of the same kind? is at least one of them
a meson? These questions must be answered in order to get a more com-
prehensive picture of the scalar sector. This could be done in ¢-factories by
studying the rad. ¢ decays into scalar mesons.

Most models don’t precisely predict the branching ratios for the other
well measured channels. Nevertheless it is important to measure all the sub-
dominant channels in order to have some input. Unfortunately, the main
source of information is in the process of exhausting since methodological
problems arise with the high statistics. Main areas of concern are the bad
knowledge of initial state decomposition and proper lineshapes, which be-
come important if one looks for small effects with many resonances like in
the KK final states.

From all this one can draw the conclusion that the discovery of the
fo(1500) about several years ago was an important step forward in the pro-
cess of identifying the scalar glueball. Finding this particle in conjunction
with the fo(1370) a situation arose where more states appear than neces-
sary in the ¢¢ scheme. Unfortunately none of the various scalar isoscalars
could be clearly identified so far as pure ¢ or exotic states. But we are able
to ask questions about specific particles where the answer, in contrast to
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former times, really will tell us something solid about the spectrum of light
mesons. The main questions in the scalar sector for the foreseeable future
are: Are the a((980) and the fy(975) isospin partners of the same kind, e.g.
same internal structure? Is the f((975) a ¢qq state? What is the spin of the
fj(1710)7 How strongly couples 7 to all of the scalar mesons? What is
the KK coupling of the scalar mesons? and what is the production rate in
J /v radiative decays?

3. Traces of exotic matter

Exotic quantum numbers are predicted for all types of exotic mesons, but
in the case of glueballs the expected mass is far too heavy to be accessed
by common meson spectroscopy experiments. Light mesons with exotic
quantum numbers are expected in the hybrid- or in the multiquark-sector.
Unfortunately most multiquark-states are expected to be not or very loosely
bound [3]. A common picture for light hybrids is to look at it in terms of
a qq pair as a colour octet state and gluon (gg-picture). Apart from the
decay of hybrids their production is a critical item. Reactions which may
be utilized to produce hybrids have to produce the valence gluon. It is be-
lieved that reactions with quark annihilations may produce hard gluons to
be incorporated in a final state hadron. Potential reactions are the nucleon—
antinucleon reaction and the charge exchange mechanism. The advantage of
7mp reactions is the unambiguous final state where a straight-forward energy
independent partial wave analysis can be applied, but the final states are
usually dominated by the production of conventional mesons whose produc-
tion dominated by the production of conventional mesons whose production
rate is reversal orders of magnitude higher. In the nucleon—antinucleon an-
nihilation the belief is that the production rate of exotics is much higher.
However the analysis is much more complicated and not free of ambiguities
since at least one additional particle in the final state may distort the clear
picture. We will see that these complementary methods will give the same
results supporting the existence of such particles in nature.

The first discovery of a resonance with the exotic quantum number
JPC—=1~% was made by GAMS in the charge exchange reaction 7~p — nX?,
X0 — 70 at an incident momentum of 100 GeV/c. It has been shown that
a FB asymmetry exists which could be explained by an exotic wave, the
M (1405) or better known as p(1405). However, the main contribution to
this reaction is the production of the a3(1320), a well known tensor meson.
This result was in question for a long time, especially because of ambiguities
in the analysis method. Since only some of the eight non-trivial solutions
for the momentum analysis show the exotic wave it was under strong at-
tack. Some years later the experiment E179 at KEK also presented their
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results on the similar reaction 7~p — 7~ np where all solution show an exotic
wave. However their result shows three degenerated mesons (in mass and
width) in S-wave, P-wave and D-wave with the properties of the as(1320).
This also yielded some criticism about the reliability of the knowledge of
the acceptance of their detector. This discussion together with the quest for
glueballs gave rise to several new experiments in the charge exchange and
the nucleon—antinucleon sector. Two experiments, E852 at BNL and Crystal
Barrel at LEAR have added important information to the spectroscopy of
7n systems. Nearly at the same time they published last year evidence for
an exotic wave in a complementary way so that the existence of the p(1400)
could be established. The measurement at Crystal Barrel was made using
a liquid deuterium target and looking at the reaction pd — m~m%np. The
channel 7~ 7% has isospin I = 1 and circumvents problems with dominant
scalar resonances which are forbidden in this process. The dominant reso-
nances are p(770) and a2(1320). But to describe the Dalitz plot (Fig. 3(a))
an exotic wave in 77 is needed [10]. The evidence comes mostly from the
very strong triple interference of all three resonances. The yield of the exotic
wave is 10 % which is in the order of the rate for the a3(1320) which is re-
markably high for such an object. In contrast to that channel Crystal Barrel
tried several years ago to find an exotic object in the channel pp — 77 np.
In this channel the scalars are extremely dominant and the discovery of the
p(1400) was impossible [10]. Nevertheless it has been shown that the exis-
tence also in this data set has been verified by using various data sets with
different initial state decomposition [10]. The experiment E852 at BNL fol-
lows the long history of charge exchange reactions and has investigated the
reactions 77 p — mnn and 7~p — 7 np. With much larger statistics than
GAMS and an excellent detector for neutral and charged particles they were
able to give a definite answer to the w7 channel in that domain. Assuming
unnatural parity exchange (no p-exchange!) they found an exotic wave apart
from a dominant tensor, the a2(1320) (see Fig. 3(a)). They proved the phase
motion against this well known tensor to be resonant [11]. Unfortunately
they were not able to find so far the 71’ mode as well which is needed to
identify this resonance as a hybrid, since a hybrid should have an SU(3)-like
decay pattern which is different to that of conventional mesons [10]. The
absence of a 7’ signal in the 1400 MeV /c? region does not mean that there
is no exotic activity. VES and E852 have shown that in the 71’ channel
around 1650 MeV/c? an exotic wave exists, also with JF¢=1"% [11,12].
The same experiments find the same exotic wave in the production of three
pions. The 17T pm wave shows a clear phase motion against the tensor
resonance ag(1680) which has been discovered by Crystal Barrel. There
are only a few pieces of information in the designated hybrid channels, like
fim. E818 at BNL has measured (but with low statistics) the partial wave
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Fig. 3. Left — Dalitz plot of the reaction pd — 7~ m%np measured by Crystal Barrel.
The strong diagonal band indicates the p(770). The enhancement in the middle
of the band can only be described with a triple interference of p, a2(1320) and an
exotic vector p(1400). Right — plots for the reaction #~p — 7~ np measured by
E852 at BNL. a) shows the tensor wave and a dominant a,(1320)-signal, b) shows
a bump in the P-wave. ¢) and (d) show the phases of the P-wave (4) relative to
the D-wave. d) shows the phases separately (1 = D, 2 = P, 3=prod., 4 = D — P).

decomposition of the K Kmn channel and found an exotic fim wave being
compatible with a m = 2 GeV /c? hybrid [11]. VES finds something similar
in the same channel but with very low statistics they were not able to settle
this resonance [12]. The recent experiment E852 at BNL has verified the
resonance in the channel where the f; decays to #7n and gets evidence for
this resonance around m = 1.9-2 GeV/c? as well.

At present there is a large number of candidates for mesons with exotic
quantum numbers. It was long awaited to find one, now there are three.
Are there really three hybrids. The decay pattern of the first one looks more
likely like a multiquark-state, while the signal at 1600 MeV /c? looks more
like a hybrid with its strong coupling to wp. But if the so called 71(1400) is
multiquark-state, where are its non-exotic companions. One interpretation
is that they appear as the NLO-part of a Fock-expansion of mesons. If the
first term (the meson) is JPC-forbidden, the multiquark is unobservable.
Otherwise it is suppressed due to the domination of mesonic features.

4. The future

The experimental achievements in the past years is remarkable, but nev-
ertheless only a small piece of information has been found and a lot of ques-
tions are still open. It is important to clarify the light 1~ sector and to add
information from other sectors where hybrids are expected e.g. JP¢=0%"
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or 27~ as well as in the domain of conventional quantum numbers. It has to
be verified if the level ordering from the lattice is correct. This implies the
search for a light pseudoscalar. All this could be performed in Primakoff-like
reactions where one creates a rho via VDM out of a photon and combines
this with an incident or a target meson. Such experiments could be either
made in a hadronic environment (like Compass) or in a high current elec-
tron machine (e.g. CEBAF [4]). Another rich field is the spectroscopy of
D g)-mesons, where the couplings of light scalars to ss (see Fig. 4) can be
measured very accurately at B-Factories, like BaBar, Belle and /or CLEO III.
Some results for these decays with limited statistics from former experiments
have been already presented [7].
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Fig.4. Decay graph for the production of ss-states in Dg-decays

A much more ambitious project is the concept of a high energy storage
ring (HESR) with the option of antiproton-annihilation at GSI (see Fig. 5).
This ring would be served by a 100200 Tm PS-like proton accelerator,
producing the antiprotons on an external target. The antiprotons will be
stored in a separate ring with e -cooling and in internal detector using a gas-
jet- or a thin-wire target. Thus allowing high statistics meson spectroscopy
experiments in the light- as well as in the very promising charm-meson-
sector. An antiproton storage ring is the ideal place to do high statistics
explorative studies for a large variety of topics in medium energy physics.
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Fig.5. The proposed accelerator complex for the HESR project



2510 K. PETERS

REFERENCES

[1] Letter of Intend, GSI, March 1999 and HESR-Project, Contributions to the
scientific case, GSI, March 1999.

. Klempt, Acta Phys. Pol. B31, 2587 (2000).

. Barnes, Acta Phys. Pol. B31, 2545 (2000).

. Szczepaniak, Acta Phys. Pol. B31, 2605 (2000).

. Willutzki, Acta Phys. Pol. B31, 2615 (2000).

[6] F. Close, Acta Phys. Pol. B31, 2557 (2000).

[7] R. Stefanski, Acta Phys. Pol. B31, 2521 (2000).

[8] K. Peters, E. Klempt, Phys. Lett. B352, 467 (1995)

[9] E.S Swanson, in AIP conference proceedings 432, Ed. S.U. Chung,
H.J. Willutzki, NY, p. 471.

[10] C. Amsler et al., Phys. Lett. B333, 277 (1994); C. Amsler et al., Phys. Lett.
B423, 175 (1998); C. Amsler et al., Phys. Lett. B446, 349 (1999).

[11] D.R. Thompson et al., Phys. Rev. Lett. 79, 1630 (1997); A. Ostrovidov et al.,
in ATP conference proceedings 432, Ed. S.U. Chung and H.J. Willutzki, NY,
p- 263; J.H. Lee et al., Phys. Lett. B323, 227 (1994).

[12] A. Zaitsev et al., in AIP conference proceedings 432, Ed. S.U. Chung and
H.J. Willutzki, NY, p. 461.

[13] N. Isgur, J. Paton, Phys. Rev. D31, 2910 (1985), N. Isgur, R. Kokoski,
J. Paton, Phys. Rev. Lett. 54, 869 (1985); F.E. Close, P.R. Page, Nucl. Phys.
B443, 233 (1995).

[14] C. Michael in AIP conference proceedings 432, Ed. S.U. Chung and
H.J. Willutzki, NY, p. 657 and references therein.

2]
3]
[4]
[5]

T HEOeAad



