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PAST, PRESENT AND FUTURE IN MESONSPECTROSCOPY�K. PetersRuhr-Universität Bo
hum, 44780 Bo
hum, Germany(Re
eived June 26, 2000)At the turn of the millennium, a de
ade of interesting new results willend with major questions being answered. We have a mu
h 
leaner pi
tureabout the spe
trum of light mesons. There are 
andidates for glueballs andhybrids/multiquarks with a very detailed knowledge about their observablequantities. But there are still many open questions, whi
h will not be an-swered with the existing data being a
quired by the su

essful experimentsof the last de
ade.PACS numbers: 25.10.+s, 13.75.�nMeson spe
tros
opy is still an ex
iting and a
tive �eld in medium en-ergy physi
s. The driving for
e behind the 
ontinued interest in mesonspe
tros
opy is the desire to obtain a better understanding of the followingaspe
ts:� The spe
trum of �standard� hadrons (mesons and baryons) 
ontainsinformation on their 
onstituents and the for
e whi
h keeps them to-gether (non-perturbative QCD). But it is not yet 
lear how this infor-mation 
an be revealed from the data.� A spe
trum of �non-standard� (exoti
) hadrons is proposed di�erentfrom the 
onventional qqq baryons and q�q mesons. They are 
las-si�ed as glueballs, hybrids or multiquark states, depending on their
onstituents whi
h are only gluons (gg) or a valen
e gluon strongly
oupled to a meson (q�qg) or an array of joined (anti)quarks.� Theoreti
al attempts are made to des
ribe and/or to predi
t missingstates in the hadroni
 spe
trum via low-energy perturbative models.� Presented at the Meson 2000, Sixth International Workshop on Produ
tion, Proper-ties and Intera
tion of Mesons, Cra
ow, Poland, May 19�23, 2000.(2501)



2502 K. PetersApart from many �standard hadrons� whi
h have been dis
overed in thepast, I will 
on
entrate on what has been a
hieved and where are the weakpoints in questions about glueballs and hybrids and how to atta
k them inthe future. 1. ExperimentsImportant experiments in the past de
ade for the 
urrent knowledgeabout meson spe
tros
opy are the Crystal Barrel and Obelix experiment atLEAR, being 
entral dete
tors for nu
leon�antinu
leon rea
tions and E852at BNL and VES in Serpkhow being forward spe
trometers for 
harge ex-
hange rea
tions. The typi
al layout for the latter ones is a forward tra
k-ing system and an ele
tromagneti
 
alorimetry devi
e and some dete
torsaround the target to measure the slow nu
leons exiting the target area.Sin
e most nu
leon�antinu
leon annihilations are investigated using the ele
-tromagneti
 
as
ade of the protonium system, most events are a

umulatedwith zero momentum, so to speak at rest. Therefore the dete
tors are 
entraldete
tor 
onsisting of tra
king 
hambers and ele
tromagneti
 
alorimetry, allinside a magneti
 �eld providing determination of the momenta of 
hargedparti
les. The main advantages of Crystal Barrel against Obelix are the highstatisti
s and the ex
ellent ele
tromagneti
 
alorimeter.2. Glueballs and the s
alar mysteryGlueballs are known to be bound state of valen
e gluons. An experi-mental review of the status of the sear
h for these is, however, biased bythe theoreti
al eye-glasses you are wearing. A 
ompletely unbiased view ofthe spe
trum of light mesons is impossible sin
e masses and widths of theseparti
les are not standard model predi
tions. Many predi
tions are based onmostly phenomenologi
al models motivated by the stati
 properties of glu-ons and quarks, but their reliability is rather limited. The 
losest approa
hto the standard model is the 
al
ulation on the latti
e whi
h still su�ers fromla
k of CPU power for an appropriate pre
ision for the extrapolations forvanishing latti
e spa
ings, although they show promising results [14℄. Thusthe only reliable features are the existen
e and the stati
 properties of the
onstituents of light mesons, the gluons and the quarks.Sin
e end of the seventies we know that gluons are not only a theoreti
alassumption, but a physi
al parti
le whi
h was observed in three jet events atvarious dete
tors at DESY in ele
tron positron annihilation. Two of the jetsoriginated from quark�antiquark produ
tion, where the third was proven tobe a remnant from gluon bremsstrahlung. About ten years later at CERN infour jet events at LEP the gluon was also proven to have a 
olour degree of
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tros
opy 2503freedom. Thus gluons are able to intera
t with themselves and 
an build upstates without quark degrees of freedom. These so 
alled glueballs have beenpredi
ted sin
e a very long time. A detailed dis
ussion about the history
an be found elsewhere [9℄.After more than 25 years of sear
h for glueballs it be
omes more an more
ertain that the glueball 
annot be observed as a pure state � having noquarks in it. We have emerging eviden
e that the glueball, as other isos
alarparti
les, mixes with ordinary mesons be
ause of the �nite width of them.Therefore mixed states arise with very 
ompli
ated properties, somewherebetween 
onventional and exoti
 mesons. Sin
e glueballs are not expe
tedto be stable, one has to produ
e them in a hadroni
 intera
tion and to studyits produ
tion and de
ay properties. In order to enhan
e the rate one needspro
esses with a large fra
tion of quark�antiquark-annihilation diagrams inorder to provide enough hard gluons to intera
t with ea
h other. Su
h pro-
esses are known as gluon ri
h. These are radiative J= -de
ays, doublepomeron produ
tion, nu
leon�antinu
leon intera
tion and strangeness pro-du
tion in non-strange 
harge ex
hange rea
tions. In addition to knowing
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Fig. 1. Proposed produ
tion pro
esses for glueballsin whi
h rea
tions one should investigate, one needs an idea about the stati
properties of glueballs, like mass, lifetime and bran
hing ratios. A lot of tool-ing is around but the pi
ture is very in
oherent and therefore I will tou
honly a few topi
s. One very important property of a pure glueball is that itis an SU(3)-singlet. The main question is, 
an we trust SU(3) in this energydomain at all. Various analysis have proven that SU(3) gives useful relation-ships for the bran
hing fra
tions of tensor, ve
tor and axial ve
tor mesonswithout s�s-suppression if one in
ludes reasonable angular momentum bar-rier fun
tions and integrates properly over the allowed phasespa
e (in
ludingopening thresholds) [8℄. If one translates the SU(3) pi
ture of meson de
ays



2504 K. Petersinto the glueball pi
ture one gets a graph like Fig. 2(a). This de
ay is so
alled �avour blind, that means all quark �avours are produ
ed demo
rat-i
ally at the gluon verti
es. This idea of �avour blindness has been provento work for the �
0 and �
2 states. But things 
ould be more 
ompli
ated.It is nearly impossible to 
al
ulate the impa
t of higher orders, thereforethe 
ontributions of graphs like Fig. 2(b) may spoil the �avour demo
ra
yand in
rease �� �nal states quite remarkably. The best knowledge so far
M1

M2

gg hh hh'gg(a) (b)Fig. 2. The naive de
ay of a glueball (a) should be �avour blind but the unknownamount of rea
tions like (b) and the mixing with 
onventional mesons with otherSU(3)-
oupling 
onstants may 
hange the pi
ture quite dramati
ally.in respe
t of the mass of glueballs 
omes from the latti
e. Re
ent improve-ments verify the results presented at former 
onferen
es. The s
alar glueballshould be the lightest one between 1.5 and 1.7 GeV/
2. The tensor glueballis somewhat heavier with a well measured ratio of m2++=m0++ � 1:5 [14℄.The experimental situation in the s
alar regime has been dramati
allyimproved in the passed de
ade. The results of the nu
leon�antinu
leon ex-periments verify the existen
e of at least three isos
alar mesons: f0(975),f0(1370) and the f0(1500) (former name G(1590) from GAMS). These 
ouldbe identi�ed by using high sophisti
ated K-Matrix analyses in
luding vari-ous 
hannels like 3�, 2��, 2�� and 5� taking unitarity into a

ount. Theseresults have been veri�ed in 
entral produ
tion [6℄ and rad. J= de
ays asfar as limited statisti
s allows for it.A 
areful look to the �� s
attering wave with L = 0 exhibits someinteresting stru
tures. There is obviously a very broad bump, whi
h is 
alledf0(1300) whereas the resonant nature is not proven yet. In addition thereare several dips in this stru
ture, where the deepness is related to its ��-
oupling. If the 
oupling is larger, the dip is more pronoun
ed. E.g. thef0(1370) whi
h de
ays dominantly into 4� appears to be a very small dip. Ifin the last stru
ture the fj(1700) appears at all is under dis
ussion. There is
on�i
ting experimental eviden
e for this parti
le to be a s
alar or a tensorstate. While 
entral produ
tion prefers tensor properties the rad. J= analysis yields a s
alar resonan
e. A lot of e�ort is now put in this veryserious question whi
h would in
rease the number of light s
alar isos
alarresonan
es to the number of �ve. The number of s
alar isos
alars is thereforebetween 3 and 5. Sin
e the quark-model predi
ts only two, there is room foran exoti
 parti
le. Having so many states � whi
h one is the glueball? or isthere any at all? Unfortunately there is no unique answer to this question.
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tros
opy 2505The new experimental data provides us a lot of information, but it's stillnot su�
ient to draw a 
onsistent pi
ture. There are three main s
enarioswhi
h are on the market. The �rst one assumes, that the fj(1700) has spin0 and together with f0(1500) and f0(1370) they are mixed states out of twoisos
alar q�q and a glueball. In order to work an a0(1450) and K�0 (1430) areneeded to 
omplete this de
uplet. This arrangement explains qualitativelythe bran
hing ratios. The a0(980) and the f0(975) are leftovers and beingK �K mole
ules. A 
ru
ial test for this model would be the measurement ofthe 

-
ouplings whi
h are sensitive to the q�q admixture [6℄.Another kind of arrangement appears if one allows for instanton in-du
ed intera
tions, whi
h apply to (pseudo)s
alar mesons. Cal
ulations haveshown, that an f0(975) is easily explained as a q�q meson even with its lowmass. However for the a0(980) there is still no pla
e within the nonet. These
ond isos
alar 
ould then be either the f0(1370) or the f0(1500) and theremaining ones, in
luding the fj(1700) 
ould be glueball 
andidates or twoof them 
ould be mixed.The third kind of s
enarios arises when both, the a0(980) and f0(980)are both q�q states. Su
h models are the results of an relativisti
 unquen
h-ing of the bare mesoni
 states whi
h leads to a major shift in the observedmass of these resonan
es. The exa
t pla
ement of the more massive reso-nan
es depend on the spe
i�
 approa
h, but all allow for a glueball in the1.5 GeV/
2.One sees, the most important question at the moment is: what are thea0(980) and f0(975)? are they of the same kind? is at least one of thema meson? These questions must be answered in order to get a more 
om-prehensive pi
ture of the s
alar se
tor. This 
ould be done in �-fa
tories bystudying the rad. � de
ays into s
alar mesons.Most models don't pre
isely predi
t the bran
hing ratios for the otherwell measured 
hannels. Nevertheless it is important to measure all the sub-dominant 
hannels in order to have some input. Unfortunately, the mainsour
e of information is in the pro
ess of exhausting sin
e methodologi
alproblems arise with the high statisti
s. Main areas of 
on
ern are the badknowledge of initial state de
omposition and proper lineshapes, whi
h be-
ome important if one looks for small e�e
ts with many resonan
es like inthe K �K �nal states.From all this one 
an draw the 
on
lusion that the dis
overy of thef0(1500) about several years ago was an important step forward in the pro-
ess of identifying the s
alar glueball. Finding this parti
le in 
onjun
tionwith the f0(1370) a situation arose where more states appear than ne
es-sary in the q�q s
heme. Unfortunately none of the various s
alar isos
alars
ould be 
learly identi�ed so far as pure q�q or exoti
 states. But we are ableto ask questions about spe
i�
 parti
les where the answer, in 
ontrast to



2506 K. Petersformer times, really will tell us something solid about the spe
trum of lightmesons. The main questions in the s
alar se
tor for the foreseeable futureare: Are the a0(980) and the f0(975) isospin partners of the same kind, e.g.same internal stru
ture? Is the f0(975) a q�q state? What is the spin of thefj(1710)? How strongly 
ouples 

 to all of the s
alar mesons? What isthe K �K 
oupling of the s
alar mesons? and what is the produ
tion rate inJ= radiative de
ays? 3. Tra
es of exoti
 matterExoti
 quantum numbers are predi
ted for all types of exoti
 mesons, butin the 
ase of glueballs the expe
ted mass is far too heavy to be a

essedby 
ommon meson spe
tros
opy experiments. Light mesons with exoti
quantum numbers are expe
ted in the hybrid- or in the multiquark-se
tor.Unfortunately most multiquark-states are expe
ted to be not or very looselybound [3℄. A 
ommon pi
ture for light hybrids is to look at it in terms ofa q�q pair as a 
olour o
tet state and gluon (q�q-pi
ture). Apart from thede
ay of hybrids their produ
tion is a 
riti
al item. Rea
tions whi
h maybe utilized to produ
e hybrids have to produ
e the valen
e gluon. It is be-lieved that rea
tions with quark annihilations may produ
e hard gluons tobe in
orporated in a �nal state hadron. Potential rea
tions are the nu
leon�antinu
leon rea
tion and the 
harge ex
hange me
hanism. The advantage of�p rea
tions is the unambiguous �nal state where a straight-forward energyindependent partial wave analysis 
an be applied, but the �nal states areusually dominated by the produ
tion of 
onventional mesons whose produ
-tion dominated by the produ
tion of 
onventional mesons whose produ
tionrate is reversal orders of magnitude higher. In the nu
leon�antinu
leon an-nihilation the belief is that the produ
tion rate of exoti
s is mu
h higher.However the analysis is mu
h more 
ompli
ated and not free of ambiguitiessin
e at least one additional parti
le in the �nal state may distort the 
learpi
ture. We will see that these 
omplementary methods will give the sameresults supporting the existen
e of su
h parti
les in nature.The �rst dis
overy of a resonan
e with the exoti
 quantum numberJPC=1�+ was made by GAMS in the 
harge ex
hange rea
tion ��p! nX0,X0 ! �0� at an in
ident momentum of 100 GeV/
. It has been shown thata FB asymmetry exists whi
h 
ould be explained by an exoti
 wave, theM(1405) or better known as �̂(1405). However, the main 
ontribution tothis rea
tion is the produ
tion of the a2(1320), a well known tensor meson.This result was in question for a long time, espe
ially be
ause of ambiguitiesin the analysis method. Sin
e only some of the eight non-trivial solutionsfor the momentum analysis show the exoti
 wave it was under strong at-ta
k. Some years later the experiment E179 at KEK also presented their
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tros
opy 2507results on the similar rea
tion ��p! ���p where all solution show an exoti
wave. However their result shows three degenerated mesons (in mass andwidth) in S-wave, P -wave and D-wave with the properties of the a2(1320).This also yielded some 
riti
ism about the reliability of the knowledge ofthe a

eptan
e of their dete
tor. This dis
ussion together with the quest forglueballs gave rise to several new experiments in the 
harge ex
hange andthe nu
leon�antinu
leon se
tor. Two experiments, E852 at BNL and CrystalBarrel at LEAR have added important information to the spe
tros
opy of�� systems. Nearly at the same time they published last year eviden
e foran exoti
 wave in a 
omplementary way so that the existen
e of the �̂(1400)
ould be established. The measurement at Crystal Barrel was made usinga liquid deuterium target and looking at the rea
tion �pd ! ���0�p. The
hannel ���0� has isospin I = 1 and 
ir
umvents problems with dominants
alar resonan
es whi
h are forbidden in this pro
ess. The dominant reso-nan
es are �(770) and a2(1320). But to des
ribe the Dalitz plot (Fig. 3(a))an exoti
 wave in �� is needed [10℄. The eviden
e 
omes mostly from thevery strong triple interferen
e of all three resonan
es. The yield of the exoti
wave is 10 % whi
h is in the order of the rate for the a2(1320) whi
h is re-markably high for su
h an obje
t. In 
ontrast to that 
hannel Crystal Barreltried several years ago to �nd an exoti
 obje
t in the 
hannel �pp! �0�0�p.In this 
hannel the s
alars are extremely dominant and the dis
overy of the�̂(1400) was impossible [10℄. Nevertheless it has been shown that the exis-ten
e also in this data set has been veri�ed by using various data sets withdi�erent initial state de
omposition [10℄. The experiment E852 at BNL fol-lows the long history of 
harge ex
hange rea
tions and has investigated therea
tions ��p ! �0�n and ��p! ���p. With mu
h larger statisti
s thanGAMS and an ex
ellent dete
tor for neutral and 
harged parti
les they wereable to give a de�nite answer to the �� 
hannel in that domain. Assumingunnatural parity ex
hange (no �-ex
hange!) they found an exoti
 wave apartfrom a dominant tensor, the a2(1320) (see Fig. 3(a)). They proved the phasemotion against this well known tensor to be resonant [11℄. Unfortunatelythey were not able to �nd so far the ��' mode as well whi
h is needed toidentify this resonan
e as a hybrid, sin
e a hybrid should have an SU(3)-likede
ay pattern whi
h is di�erent to that of 
onventional mesons [10℄. Theabsen
e of a ��' signal in the 1400 MeV/
2 region does not mean that thereis no exoti
 a
tivity. VES and E852 have shown that in the ��' 
hannelaround 1650 MeV/
2 an exoti
 wave exists, also with JPC=1�+ [11, 12℄.The same experiments �nd the same exoti
 wave in the produ
tion of threepions. The 1�+ �� wave shows a 
lear phase motion against the tensorresonan
e a2(1680) whi
h has been dis
overed by Crystal Barrel. Thereare only a few pie
es of information in the designated hybrid 
hannels, likef1�. E818 at BNL has measured (but with low statisti
s) the partial wave
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ement in the middleof the band 
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omposition of the K �K�� 
hannel and found an exoti
 f1� wave being
ompatible with a m = 2 GeV/
2 hybrid [11℄. VES �nds something similarin the same 
hannel but with very low statisti
s they were not able to settlethis resonan
e [12℄. The re
ent experiment E852 at BNL has veri�ed theresonan
e in the 
hannel where the f1 de
ays to ��� and gets eviden
e forthis resonan
e around m = 1:9�2 GeV/
2 as well.At present there is a large number of 
andidates for mesons with exoti
quantum numbers. It was long awaited to �nd one, now there are three.Are there really three hybrids. The de
ay pattern of the �rst one looks morelikely like a multiquark-state, while the signal at 1600 MeV/
2 looks morelike a hybrid with its strong 
oupling to ��. But if the so 
alled �1(1400) ismultiquark-state, where are its non-exoti
 
ompanions. One interpretationis that they appear as the NLO-part of a Fo
k-expansion of mesons. If the�rst term (the meson) is JPC -forbidden, the multiquark is unobservable.Otherwise it is suppressed due to the domination of mesoni
 features.4. The futureThe experimental a
hievements in the past years is remarkable, but nev-ertheless only a small pie
e of information has been found and a lot of ques-tions are still open. It is important to 
larify the light 1�+ se
tor and to addinformation from other se
tors where hybrids are expe
ted e.g. JPC=0+�
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tros
opy 2509or 2+� as well as in the domain of 
onventional quantum numbers. It has tobe veri�ed if the level ordering from the latti
e is 
orre
t. This implies thesear
h for a light pseudos
alar. All this 
ould be performed in Primako�-likerea
tions where one 
reates a rho via VDM out of a photon and 
ombinesthis with an in
ident or a target meson. Su
h experiments 
ould be eithermade in a hadroni
 environment (like Compass) or in a high 
urrent ele
-tron ma
hine (e.g. CEBAF [4℄). Another ri
h �eld is the spe
tros
opy ofD(S)-mesons, where the 
ouplings of light s
alars to s�s (see Fig. 4) 
an bemeasured very a

urately at B-Fa
tories, like BaBar, Belle and/or CLEO III.Some results for these de
ays with limited statisti
s from former experimentshave been already presented [7℄.
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s in medium energy physi
s.
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