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PAST, PRESENT AND FUTURE IN MESONSPECTROSCOPY�K. PetersRuhr-Universität Bohum, 44780 Bohum, Germany(Reeived June 26, 2000)At the turn of the millennium, a deade of interesting new results willend with major questions being answered. We have a muh leaner pitureabout the spetrum 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, whih will not be an-swered with the existing data being aquired by the suessful experimentsof the last deade.PACS numbers: 25.10.+s, 13.75.�nMeson spetrosopy is still an exiting and ative �eld in medium en-ergy physis. The driving fore behind the ontinued interest in mesonspetrosopy is the desire to obtain a better understanding of the followingaspets:� The spetrum of �standard� hadrons (mesons and baryons) ontainsinformation on their onstituents and the fore whih keeps them to-gether (non-perturbative QCD). But it is not yet lear how this infor-mation an be revealed from the data.� A spetrum 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 theironstituents whih are only gluons (gg) or a valene gluon stronglyoupled to a meson (q�qg) or an array of joined (anti)quarks.� Theoretial attempts are made to desribe and/or to predit missingstates in the hadroni spetrum via low-energy perturbative models.� Presented at the Meson 2000, Sixth International Workshop on Prodution, Proper-ties and Interation of Mesons, Craow, Poland, May 19�23, 2000.(2501)



2502 K. PetersApart from many �standard hadrons� whih have been disovered in thepast, I will onentrate on what has been ahieved and where are the weakpoints in questions about glueballs and hybrids and how to attak them inthe future. 1. ExperimentsImportant experiments in the past deade for the urrent knowledgeabout meson spetrosopy are the Crystal Barrel and Obelix experiment atLEAR, being entral detetors for nuleon�antinuleon reations and E852at BNL and VES in Serpkhow being forward spetrometers for harge ex-hange reations. The typial layout for the latter ones is a forward trak-ing system and an eletromagneti alorimetry devie and some detetorsaround the target to measure the slow nuleons exiting the target area.Sine most nuleon�antinuleon annihilations are investigated using the ele-tromagneti asade of the protonium system, most events are aumulatedwith zero momentum, so to speak at rest. Therefore the detetors are entraldetetor onsisting of traking hambers and eletromagneti alorimetry, allinside a magneti �eld providing determination of the momenta of hargedpartiles. The main advantages of Crystal Barrel against Obelix are the highstatistis and the exellent eletromagneti alorimeter.2. Glueballs and the salar mysteryGlueballs are known to be bound state of valene gluons. An experi-mental review of the status of the searh for these is, however, biased bythe theoretial eye-glasses you are wearing. A ompletely unbiased view ofthe spetrum of light mesons is impossible sine masses and widths of thesepartiles are not standard model preditions. Many preditions are based onmostly phenomenologial models motivated by the stati properties of glu-ons and quarks, but their reliability is rather limited. The losest approahto the standard model is the alulation on the lattie whih still su�ers fromlak of CPU power for an appropriate preision for the extrapolations forvanishing lattie spaings, although they show promising results [14℄. Thusthe only reliable features are the existene and the stati properties of theonstituents of light mesons, the gluons and the quarks.Sine end of the seventies we know that gluons are not only a theoretialassumption, but a physial partile whih was observed in three jet events atvarious detetors at DESY in eletron positron annihilation. Two of the jetsoriginated from quark�antiquark prodution, 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



Past, Present and Future in Meson Spetrosopy 2503freedom. Thus gluons are able to interat with themselves and an build upstates without quark degrees of freedom. These so alled glueballs have beenpredited sine a very long time. A detailed disussion about the historyan be found elsewhere [9℄.After more than 25 years of searh for glueballs it beomes more an moreertain that the glueball annot be observed as a pure state � having noquarks in it. We have emerging evidene that the glueball, as other isosalarpartiles, mixes with ordinary mesons beause of the �nite width of them.Therefore mixed states arise with very ompliated properties, somewherebetween onventional and exoti mesons. Sine glueballs are not expetedto be stable, one has to produe them in a hadroni interation and to studyits prodution and deay properties. In order to enhane the rate one needsproesses with a large fration of quark�antiquark-annihilation diagrams inorder to provide enough hard gluons to interat with eah other. Suh pro-esses are known as gluon rih. These are radiative J= -deays, doublepomeron prodution, nuleon�antinuleon interation and strangeness pro-dution in non-strange harge exhange reations. In addition to knowing
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Fig. 1. Proposed prodution proesses for glueballsin whih reations one should investigate, one needs an idea about the statiproperties of glueballs, like mass, lifetime and branhing ratios. A lot of tool-ing is around but the piture is very inoherent and therefore I will touhonly a few topis. 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 branhing frations of tensor, vetor and axial vetor mesonswithout s�s-suppression if one inludes reasonable angular momentum bar-rier funtions and integrates properly over the allowed phasespae (inludingopening thresholds) [8℄. If one translates the SU(3) piture of meson deays



2504 K. Petersinto the glueball piture one gets a graph like Fig. 2(a). This deay is soalled �avour blind, that means all quark �avours are produed demorat-ially at the gluon verties. This idea of �avour blindness has been provento work for the �0 and �2 states. But things ould be more ompliated.It is nearly impossible to alulate the impat of higher orders, thereforethe ontributions of graphs like Fig. 2(b) may spoil the �avour demorayand inrease �� �nal states quite remarkably. The best knowledge so far
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gg hh hh'gg(a) (b)Fig. 2. The naive deay of a glueball (a) should be �avour blind but the unknownamount of reations like (b) and the mixing with onventional mesons with otherSU(3)-oupling onstants may hange the piture quite dramatially.in respet of the mass of glueballs omes from the lattie. Reent improve-ments verify the results presented at former onferenes. The salar 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 salar regime has been dramatiallyimproved in the passed deade. The results of the nuleon�antinuleon ex-periments verify the existene of at least three isosalar mesons: f0(975),f0(1370) and the f0(1500) (former name G(1590) from GAMS). These ouldbe identi�ed by using high sophistiated K-Matrix analyses inluding vari-ous hannels like 3�, 2��, 2�� and 5� taking unitarity into aount. Theseresults have been veri�ed in entral prodution [6℄ and rad. J= deays asfar as limited statistis allows for it.A areful look to the �� sattering wave with L = 0 exhibits someinteresting strutures. There is obviously a very broad bump, whih is alledf0(1300) whereas the resonant nature is not proven yet. In addition thereare several dips in this struture, where the deepness is related to its ��-oupling. If the oupling is larger, the dip is more pronouned. E.g. thef0(1370) whih deays dominantly into 4� appears to be a very small dip. Ifin the last struture the fj(1700) appears at all is under disussion. There ison�iting experimental evidene for this partile to be a salar or a tensorstate. While entral prodution prefers tensor properties the rad. J= analysis yields a salar resonane. A lot of e�ort is now put in this veryserious question whih would inrease the number of light salar isosalarresonanes to the number of �ve. The number of salar isosalars is thereforebetween 3 and 5. Sine the quark-model predits only two, there is room foran exoti partile. Having so many states � whih one is the glueball? or isthere any at all? Unfortunately there is no unique answer to this question.



Past, Present and Future in Meson Spetrosopy 2505The new experimental data provides us a lot of information, but it's stillnot su�ient to draw a onsistent piture. There are three main senarioswhih 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 twoisosalar q�q and a glueball. In order to work an a0(1450) and K�0 (1430) areneeded to omplete this deuplet. This arrangement explains qualitativelythe branhing ratios. The a0(980) and the f0(975) are leftovers and beingK �K moleules. A ruial test for this model would be the measurement ofthe -ouplings whih are sensitive to the q�q admixture [6℄.Another kind of arrangement appears if one allows for instanton in-dued interations, whih apply to (pseudo)salar mesons. Calulations 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 plae within the nonet. Theseond isosalar ould then be either the f0(1370) or the f0(1500) and theremaining ones, inluding the fj(1700) ould be glueball andidates or twoof them ould be mixed.The third kind of senarios arises when both, the a0(980) and f0(980)are both q�q states. Suh models are the results of an relativisti unquenh-ing of the bare mesoni states whih leads to a major shift in the observedmass of these resonanes. The exat plaement of the more massive reso-nanes depend on the spei� approah, 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 piture of the salar setor. This ould be done in �-fatories bystudying the rad. � deays into salar mesons.Most models don't preisely predit the branhing 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 mainsoure of information is in the proess of exhausting sine methodologialproblems arise with the high statistis. Main areas of onern are the badknowledge of initial state deomposition and proper lineshapes, whih be-ome important if one looks for small e�ets with many resonanes like inthe K �K �nal states.From all this one an draw the onlusion that the disovery of thef0(1500) about several years ago was an important step forward in the pro-ess of identifying the salar glueball. Finding this partile in onjuntionwith the f0(1370) a situation arose where more states appear than nees-sary in the q�q sheme. Unfortunately none of the various salar isosalarsould be learly identi�ed so far as pure q�q or exoti states. But we are ableto ask questions about spei� partiles where the answer, in ontrast to



2506 K. Petersformer times, really will tell us something solid about the spetrum of lightmesons. The main questions in the salar setor for the foreseeable futureare: Are the a0(980) and the f0(975) isospin partners of the same kind, e.g.same internal struture? Is the f0(975) a q�q state? What is the spin of thefj(1710)? How strongly ouples  to all of the salar mesons? What isthe K �K oupling of the salar mesons? and what is the prodution rate inJ= radiative deays? 3. Traes of exoti matterExoti quantum numbers are predited for all types of exoti mesons, butin the ase of glueballs the expeted mass is far too heavy to be aessedby ommon meson spetrosopy experiments. Light mesons with exotiquantum numbers are expeted in the hybrid- or in the multiquark-setor.Unfortunately most multiquark-states are expeted to be not or very looselybound [3℄. A ommon piture for light hybrids is to look at it in terms ofa q�q pair as a olour otet state and gluon (q�q-piture). Apart from thedeay of hybrids their prodution is a ritial item. Reations whih maybe utilized to produe hybrids have to produe the valene gluon. It is be-lieved that reations with quark annihilations may produe hard gluons tobe inorporated in a �nal state hadron. Potential reations are the nuleon�antinuleon reation and the harge exhange mehanism. The advantage of�p reations is the unambiguous �nal state where a straight-forward energyindependent partial wave analysis an be applied, but the �nal states areusually dominated by the prodution of onventional mesons whose produ-tion dominated by the prodution of onventional mesons whose produtionrate is reversal orders of magnitude higher. In the nuleon�antinuleon an-nihilation the belief is that the prodution rate of exotis is muh higher.However the analysis is muh more ompliated and not free of ambiguitiessine at least one additional partile in the �nal state may distort the learpiture. We will see that these omplementary methods will give the sameresults supporting the existene of suh partiles in nature.The �rst disovery of a resonane with the exoti quantum numberJPC=1�+ was made by GAMS in the harge exhange reation ��p! nX0,X0 ! �0� at an inident momentum of 100 GeV/. It has been shown thata FB asymmetry exists whih ould be explained by an exoti wave, theM(1405) or better known as �̂(1405). However, the main ontribution tothis reation is the prodution of the a2(1320), a well known tensor meson.This result was in question for a long time, espeially beause of ambiguitiesin the analysis method. Sine only some of the eight non-trivial solutionsfor the momentum analysis show the exoti wave it was under strong at-tak. Some years later the experiment E179 at KEK also presented their



Past, Present and Future in Meson Spetrosopy 2507results on the similar reation ��p! ���p where all solution show an exotiwave. 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 ritiism about the reliability of the knowledge ofthe aeptane of their detetor. This disussion together with the quest forglueballs gave rise to several new experiments in the harge exhange andthe nuleon�antinuleon setor. Two experiments, E852 at BNL and CrystalBarrel at LEAR have added important information to the spetrosopy of�� systems. Nearly at the same time they published last year evidene foran exoti wave in a omplementary way so that the existene of the �̂(1400)ould be established. The measurement at Crystal Barrel was made usinga liquid deuterium target and looking at the reation �pd ! ���0�p. Thehannel ���0� has isospin I = 1 and irumvents problems with dominantsalar resonanes whih are forbidden in this proess. The dominant reso-nanes are �(770) and a2(1320). But to desribe the Dalitz plot (Fig. 3(a))an exoti wave in �� is needed [10℄. The evidene omes mostly from thevery strong triple interferene of all three resonanes. The yield of the exotiwave is 10 % whih is in the order of the rate for the a2(1320) whih is re-markably high for suh an objet. In ontrast to that hannel Crystal Barreltried several years ago to �nd an exoti objet in the hannel �pp! �0�0�p.In this hannel the salars are extremely dominant and the disovery of the�̂(1400) was impossible [10℄. Nevertheless it has been shown that the exis-tene also in this data set has been veri�ed by using various data sets withdi�erent initial state deomposition [10℄. The experiment E852 at BNL fol-lows the long history of harge exhange reations and has investigated thereations ��p ! �0�n and ��p! ���p. With muh larger statistis thanGAMS and an exellent detetor for neutral and harged partiles they wereable to give a de�nite answer to the �� hannel in that domain. Assumingunnatural parity exhange (no �-exhange!) 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 whih is needed toidentify this resonane as a hybrid, sine a hybrid should have an SU(3)-likedeay pattern whih is di�erent to that of onventional mesons [10℄. Theabsene of a ��' signal in the 1400 MeV/2 region does not mean that thereis no exoti ativity. 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 prodution of threepions. The 1�+ �� wave shows a lear phase motion against the tensorresonane a2(1680) whih has been disovered by Crystal Barrel. Thereare only a few piees of information in the designated hybrid hannels, likef1�. E818 at BNL has measured (but with low statistis) the partial wave
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Past, Present and Future in Meson Spetrosopy 2509or 2+� as well as in the domain of onventional quantum numbers. It has tobe veri�ed if the level ordering from the lattie is orret. This implies thesearh for a light pseudosalar. All this ould be performed in Primako�-likereations where one reates a rho via VDM out of a photon and ombinesthis with an inident or a target meson. Suh experiments ould be eithermade in a hadroni environment (like Compass) or in a high urrent ele-tron mahine (e.g. CEBAF [4℄). Another rih �eld is the spetrosopy ofD(S)-mesons, where the ouplings of light salars to s�s (see Fig. 4) an bemeasured very aurately at B-Fatories, like BaBar, Belle and/or CLEO III.Some results for these deays with limited statistis from former experimentshave been already presented [7℄.
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