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Glueballs, Hybrids, Multiquarks.Experimental fats versus QCD inspired onepts.Eberhard Klempt a and Alexander Zaitsev ba Helmholtz-Institut f�ur Strahlen- und Kernphysik der Rheinishen Friedrih-Wilhelms Universit�at,Nu�allee 14-16, D{53115 Bonn, Germanyb Institute for High-Energy Physis, Mosow Region, RU-142284 Protvino, RussiaAbstratGlueballs, hybrids and multiquark states are predited as bound states in models guided by quantum hro-modynamis, by QCD sum rules or QCD on a lattie. Estimates for the (salar) glueball ground state arein the mass range from 1000 to 1800MeV, followed by a tensor and a pseudosalar glueball at higher mass.Experiments have reported evidene for an abundane of meson resonanes with 0�+; 0++ and 2++ quantumnumbers. In partiular the setor of salar mesons is full of surprises starting from the elusive � and � mesons.The a0(980) and f0(980), disussed extensively in the literature, are reviewed with emphasis on their Janus-like appearane as K �K moleules, tetraquark states or q�q mesons. Most exiting is the possibility that thethree mesons f0(1370), f0(1500), and f0(1710) might reet the appearane of a salar glueball in the worldof quarkonia. However, the existene of f0(1370) is not beyond doubt and there is evidene that both f0(1500)and f0(1710) are avour otet states, possibly in a tetraquark omposition. We suggest a sheme in whihthe salar glueball is dissolved into the wide bakground into whih all salar avour singlet mesons ollapse.There is an abundane of meson resonanes with the quantum numbers of the �. Three states are reportedbelow 1.5GeV/2 whereas quark models expet only one, perhaps two. One of these states, �(1440), was theprime glueball andidate for a long time. We show that �(1440) is the �rst radial exitation of the � meson.Hybrids may have exoti quantum numbers whih are not aessible by q�q mesons. There are several laimsfor JPC = 1�+ exotis, some of them with properties as predited from the ux tube model interpreting thequark{antiquark binding by a gluon string. The evidene for these states depends partly on the assumptionthat meson{meson interations are dominated by s{hannel resonanes. Hybrids with non-exoti quantumnumbers should appear as additional states. Light-quark mesons exhibit a spetrum of (squared) masseswhih are proportional to the sum of orbital angular momentum and radial quantum numbers. Two statesdo not fall under this lassi�ation. They are disussed as hybrid andidates.The onept of multiquark states has reeived revived interest due to new resonanes in the spetrum ofstates with open and hidden harm. The new states are surprisingly narrow and their masses and their deaymodes often do not agree with simple quark-model expetations.Lattie gauge theories have made strong laims that glueballs and hybrids should appear in the mesonspetrum. However, the existene of a salar glueball, at least with a reasonable width, is highly questionable.It is possible that hybrids will turn up in omplex multibody �nal states even though so far, no onviningase has been made for them by experimental data. Lattie gauge theories fail to identify the nonet of salarmesons. Thus, at the present status of approximations, lattie gauge theories seem not to provide a trustworthyguide into unknown territory in meson spetrosopy.PACS: 12.38.-t; 12.39.-x; 13.25.-k; 13.75.Lb; 14.40.-a
Preprint submitted to Elsevier Siene 29 Otober 2007
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1 Introdution1.1 Highlights and perspetives1.1.1 Sope of the reviewOne of the most hallenging topis in ontemporary partile physis is the dynamis of non-Abelian gauge theories. Quantum Chromo Dynamis (QCD) is the most explored example of alass of theories in whih the bosoni �eld quanta arry the harge of the fermioni agents. QCDpredits very new e�ets like on�nement, quark and gluon ondensates, glueballs and hybrids,perhaps instantons. Some of them have been observed, others not. We start to understand howthe enigmati �(485) meson is reated but we do not know if gluons add new degrees of freedomto spetrosopy. We know that the struture of the QCD vauum plays a deisive rôle, but we areunable to link the vauum struture to the on�nement property of QCD.Spetrosopy is a unique way to aess QCD, and substantial progress has been made in reentyears. This review overs topial features in meson spetrosopy, from light quark mesons to heavyquarkonia, from glueballs and hybrids to multiquark states. We are onvined that a global viewof the whole �eld provides better insight than even a detailed disussion of separate issues wouldprovide. At present, suh a global view annot be derived from �rst priniples. A general frameneeds to be de�ned within whih detailed observations an be disussed. For this reason, webegin this report with a summary of highlights. This will allow us to disuss in the subsequentsetions important results and their rôle for the full piture. Meson spetrosopy is an ative�eld of researh whih implies that the frontier is open and that the interpretation of new resultsis often ontroversial. This review tries to give a fair aount of the di�erent views and still toemphasize our own position. We do not laim evidene for new physis when observations �ndonsistent explanations with a minimal set of assumptions: `plurality ought never be posed withoutneessity' (Oam's razor). As authors we take the privilege to present, here in the summary, ourown view in a series of lear statements with little reasoning or justi�ations. We are onvinedthat we have identi�ed questions and that we give answers that should guide further theoretialand experimental work. Readers interested in other interpretations and in the sienti� if 's andwhy's would have to read the full text. Our onlusions and suggestions for future diretions willbe presented in this setion as well.1.1.2 Reent outstanding ahievementsThere have been outstanding ahievements in reent years:(1) The long-sought h(1P ) state has been found preisely at the mass given by the entre-of-gravity of the �J(1P ) states. The � �rst radial exitation �(2S) is now established. Withthese two disoveries, all harmonium states expeted by quark models to fall below theD �D threshold are found, and no additional state. This is an important on�rmation of thequark model; the preise mass values provide stringent onstraints to model builders on thestruture of the on�ning interations.(2) Several unexpetedly narrow states, X(3872), X(3940), Y (3940), Z(3930), Y (4230), weredisovered over the last years. Their interpretation as � states, as moleules, or as hybridsis hotly debated. In the hannel e+e� ! J= plus reoil mesons, peaks due to �(1S),�(2S), and X(3940) are observed (and a onvolution of �J(1P ) states). We suggest to9



identify X(3940) with �(3S). The Z(3930) resonane is observed in  ! D �D with a heliitydistribution onsistent with a �2(2P ) interpretation. The Y (3940), observed in its J/ !deay mode, is tentatively interpreted by us as the �0(2P ) q�q state with a strong tetraquarkomponent, in analogy with the �! deay mode of f0(1760). The �1(2P ) quark model stateis identi�ed with X(3872). The state is attrated by the DD� threshold to whih it ouplesstrongly. We present reasons why we interpret Y (4260) as  (4S) quark-model state andidentify  (4415) with  (5S).(3) New mesons with open harm, those whih are found and those whih are not found, andtheir deays provide new insight into the rôle of tetraquark on�gurations. The properties ofthese mesons are often dominated by their strong aÆnity to qq�q�q. In spite of this, also thesemesons are ompatible with a q�q assignment: there are no `avour-exotis'. The q�q omponentis essential to form a resonant state.(4) In the light-quark setor, a very large number of high-mass states was suggested and awaitsfuture on�rmation. They follow a simple mass pattern ompatible with a string piture ofmesoni exitations. Contributions from exoti partial waves, with quantum numbers beyondthe quark model, have been identi�ed. Their resonant nature is ontroversially disussed.Partiular interest has been foussed on salar mesons, their properties and abundane. Agenerally aepted onsistent piture has not yet emerged.(5) J/ deays { studied at the Beijing storage ring BES { have yielded unexpeted results, inpartiular on salar mesons. Their prodution and deay pattern when reoiling against an! or � meson is a key witness of their anomalous struture.(6) Last not least, the � at � 500MeV/2, alled �(485) in this report, and � mesons at� 700MeV/2 alled �(700) seem to be �rmly established, not only beause of new databut also due to substantial advanes in the theoretial desription of low-energy �� (andK�) interations. Both partiles are now understood as onsequene of hiral symmetry andunitarity, onstraints whih an both be met only when these two partiles are introdued.1.1.3 New insightsGlueballs, hybrids, tetraquarks and their rôle in meson spetrosopy are the entral themes of thisreview.(1) A uni�ed piture of meson spetrosopy emerges from new (and old) experimental �ndingsonneting the family of � states with light-quark spetrosopy, a view emphasized often byNathan Isgur. The �rst orbital exitation energy, the mass di�erene between the �rst tensorand the �rst vetor meson (with quantum numbers JPC = 2++ and 1��, respetively), isabout 500MeV/2, independent of the quark avour. The hyper�ne splitting between the twoS-wave ground states (with quantum numbers JPC = 1�� and 0�+, respetively) sales with1=M as expeted for a magneti hyper�ne interation originating from one-gluon exhange.Only the { predited { �-�b mass di�erene breaks this simple rule. The pion plays a veryspeial rôle in meson spetrosopy due to its dual nature as q�q meson and as Goldstoneboson of QCD with massless quarks. It is extremely surprising that the 1=M dependene isobeyed by all states from the J/ -� mass di�erene down to the �-� splitting. These twoharateristi mass gaps an be identi�ed even in the baryon exitation spetrum (see Fig. 6in setion 1.2.6).(2) We do not disuss individual high orbital and radial exitations. Rather, we point out regular-ities in their mass spetrum. For suÆiently high exitations in orbital angular momentum land for small radial quantum numbers n, the squared masses of light mesons are proportional10



to l+n (see Fig. 54 in setion 6). The l+ n dependene of meson masses an be derived in astring model but not in onstituent quark models whih are lose to a l+2n behaviour. Notethat n = 0 is allowed. The ground states have N = 1, we de�ne n = N � 1.(3) The l + n dependene of meson masses leads naturally to a mass-degeneray of even- andodd-parity resonanes for all but `strethed' states (with j = l+ s). Chiral symmetry restora-tion, suggested to be responsible for the mass-degeneray, does not give an explanation whystrethed states have no parity partners. In the string model, this aspets follows automati-ally.(4) Hybrids may have exoti or non-exoti spin-parity quantum numbers. In the setor of non-exoti states, there are two outstanding observations whih do not �t into any quark-modelassignment and whih have the properties predited for hybrids. These are the resonanes�2(1880) and �2(1870). Comparatively narrow hybrids are predited in this partial wave. Onthe other hand, the 1++ setor would be an ideal ase to �nd hybrids as well; but no andidatehas been seen. One important di�erene between these two partial waves is that the 2�+wave has important S-wave ouplings to 2+++0�+ mesons while there are no strong S-wavedeays of the 1++ wave. Further areful studies of dynamial e�ets indued by thresholdsare therefore ertainly needed before the laims for �2(1880) and �2(1870) an be aeptedas resonant states of exoti nature.(5) Exoti mesons have quantum numbers whih are not aessible to q�q on�gurations. Spin-parity exoti states an have ontributions from q�qg, qq�qq, and meson-meson on�gurations;avour exotis are restrited to qq�qq and meson-meson dynamis. Sine there is no establishedevidene for avour exotis, the most likely interpretation of spin-parity exoti states wouldbe that they are hybrids.Exoti partial waves are an established phenomenon. However, there is still a ontroversy ifexoti waves show a resonant behaviour. The `best ase', the �1(1400), has deay modes whihrule out a hybrid interpretation. As �� system in a qq�qq deuplet-antideuplet on�guration,it should be aompanied by avour exoti partners like K+�+. The latter on�gurationdoes not show any phase motion. The interpretation of the �� exoti wave in terms of non-resonant meson-meson interations seems thus more likely than hybrid interpretations eventhough pratial �ts based on suh assumptions yield a worse �2. The �1(1600) is a muhmore viable hybrid andidate. But as long as the experimental evidene for �1(1400) and�1(1600) is of similar quality, doubts remain why to rejet �1(1400) on general grounds andwhy to aept �1(1600).(6) There is a long ontroversy onerning the rôle of gg, q�q, q�qg, qq�qq, and meson-meson on-�gurations in meson spetrosopy. (gg and q�qg are short-hand notations for glueballs andhybrids.) A meson wave funtion of a `normal' meson like f2(1270) may ontain ontribu-tions from all these on�gurations, at an { unknown { momentum-dependent fration. Themain emphasis is therefore laid on states beyond the quark model expetations.So far, there are no foring arguments for the existene of any multiquark states whihould not be aommodated as a q�q objet. For example, there are good arguments to inter-pret the narrow D�+s0 (2317) state as DK bound state. Sine D and K both have isospin 1/2,an isospin singlet and a triplet of states (with harges 0; 1; 2) should be expeted. Yet, onlythe singlet was found. The latter state is ompatible with a �s assignment. Thus we onje-ture that there must be a �s `seed'. Generalising this onept, the q�q seed is essential for allstates whih are seemingly of tetraquark or moleular nature. The q�q seed may dress into atetraquark on�guration if this is energetially favoured (e.g. due to diquark-diquark orre-lations). These orrelations at by merging the quark-antiquark pairs into two olour-neutralmesons. Thus, a moleular omponent develops. The frational ontributions of these threeon�gurations depend on the viinity of thresholds for hadroni deays, and an be funtions11



of the spatial separations or of the momentum transfer with whih the system is probed. Atlarge momentum transfer, in fragmentation, the q�q nature is explored and seemingly moleu-lar states are produed with the same rate as ordinary mesons. Soft proesses (like the deayhain �! f0(980); f0(980)! K �K with minimal momentum transfers) reveal the moleularharater of a state.(7) The q�q, tetraquark, and moleular omponents lead to a rih phenomenolgy, in partiularfor salar mesons. Some mesons like a0(980), �(485), f0(980), and �(700) reveal learly amoleular harater: their pole positions are very lose to their respetive thresholds and thepoles an be generated from hadroni loops of the deay produts. These arguments exludetightly bound tetraquark on�gurations. The need for hadroni loops does not imply that thefores between the onstituents are of moleular type. Two pseudosalar mesons in the 0+hannel, e.g. in the 1GeV region, may interat attratively beause at short distanes theironstitutive quarks an form diquarks with energetially favoured orrelations.The mass di�erene of the ground-state salar meson to the threshold de�ned by the massof the two related pseudosalar mesons (i.e. M�b0(1P ) - MB �B, � � � , Mf0(980) - MK �K, M�(485)- M��) is a smooth funtion of the mass of the deay produts (see Fig. 117a in setion11.6.3). The �b0(1P ) has a mass 700MeV/2 below the threshold for B �B deays. It onnetsvia �0(1P ), via D�s0(2317), via a postulated D�0(1980), via f0(980) and �(700) to the �(485).The �(485) mass is 200MeV/2 above the �� threshold. Current views mostly assume the�(485) to be a �� e�et, unrelated to q�q spetrosopy. The ontinuous transition from �b0(1P )to the �(485) does of ourse not imply similar wave funtions for these two mesons. Instead,their nature is very di�erent as evidened by the 1/N behaviour of their unitarized hiralamplitude (see Fig. 92 in setion 9.8). The by far predominant part of the �b0(1P ) wavefuntion is of b�b nature. When the quark mass is slowly redued from the b-quark mass tolight-quark masses, the �b0(1P ) state hanges ontinuously into the �(485), a predominantly�-� moleular objet. But it has a q�q seed. If a low-mass light-quark q�q pair is reated withvauum quantum numbers, the �(485) is reated with unit probability. It has a ompliatedwave funtion but it is still the 3P0 salar ground state; there is no additional light-quarksalar meson with q�q struture. It is the �(485) whih oupies the slot reserved for the 13P0ground state. QCD provides very di�erent mesoni wave funtions when a quark and anantiquark is reated out of the vauum: the wave funtion for a lean q�q meson in ase of bquarks, a highly orrelated and omplex system having the appearane of a �� interationphenomenon when light quarks are involved.(8) Likewise, �b0(2P ), �0(2P ), the disputed Selex stateD�+s (2630),D�0(2350), f0(1500),K�0 (1430),and f0(1300) may form a group of �rst radial exitations. The postulated D�0(1980) is be-low the D� threshold and an deay either via its high-mass tail (if the oupling is strongenough) or by weak interations only. Its existene would resolve the apparent puzzle withthe D�s0(2317) mass whih should not be below the D�0(2350) mass if these two mesons justdi�er by the exhange of an s quark into a d or u quark. The f0(1300) is the wide salarbakground whih was alled �(1300) for a long time.(9) In our view, the salar avour-singlet mesons are very wide and merge into one ontinuoussalar bakground. Their widths arise from their strong oupling to the QCD vauum byemission of two Goldstone bosons, i.e. of two pions. The �(485) is part of this bakground. Thewide poles at � 500;� 1300, and � 1540MeV/2 reported in the literature are very far fromthe real axis. These states are supposed to be avour-singlet mesons having 1p3 j�uu+ �dd+ �ssiand 1p3 j�uu �dd + �dd�ss + �uu�ssi omponents. One exeption is the �(485) meson. Due to itslow mass, avour SU(3) is broken and the �ss part of its wave funtion is small. The widebakground interferes with the avour-otet salar mesons, f0(980), f0(1500), f0(1760), and12



f0(2100), whih have normal hadroni widths. At present, the avour ontent of these mesonsannot be dedued experimentally like, e.g., the avour deomposition of � and �0 or of !and �. Dynamial arguments and indiret evidene need to be invoked. Any data sheddinglight on the avour wave funtions of salar mesons is therefore extremely welome.(10) We propose that the three observed meson states alled f0(1710), f0(1790), and f0(1810) orig-inate from one single meson, f0(1760), whih has a (mainly) avour-otet wave funtion witha large tetraquark omponent. The peuliar f0(1760) prodution and deay pattern observedin J/ deays into !f0(1760), �f0(1760), and f0(1760) is interpreted as dressing of the ini-tially formed q�q system into qq�q�q and its interferene with a broad avour-singlet bakgroundamplitude. The glueball andidate f0(1500) is interpreted as being mainly a avour otet me-son. All salar mesons have sizable q�q and qq�q�q omponents. Their q�q nature is revealed intheir prodution. Their deays and mass pattern require substantial qq�q�q omponents. Thereis no 'narrow' f0(1370).(11) In our view, the f0(980) resonane is a avour-otet meson, at least in its q�q omponent. Theviinity of the K �K threshold breaks SU(3) symmetry and transforms f0(980) into state witha 1p2(u�u+ d �d)s�s avour struture of largely moleular deomposition.(12) There is no evidene for a narrow salar glueball below 1.8GeV/2 in mass, or for a salardeuplet onsisting of a q�q nonet and a glueball with mixing of two isosalar 3P0 states. Thewide avour singlet bakground may ontain a glueball fration. The glueball ontent an besearhed for in the same way as a glueball fration was sought for in the wave funtion of the�0. The existene of glueballs is an unproven hypothesis.(13) Glueballs ould exist as broad objets with 1GeV widths, or even broader. For salar, pseu-dosalar and tensor quantum numbers, broad and likely avour-blind intensities have beenidenti�ed. It is, of ourse, very diÆult to establish a phase motion of suh broad states. Evenif the existene of suh a wide state is aepted, this does not imply a partiular interpre-tation: in J/ deays a very wide objet with quantum numbers of the � has been reportedwhih ould be a moleular bakground, generated by t-hannel exhange fores, a hybrid,but ertainly not a glueball.(14) The �(1295) is unlikely to be the radial exitation of the � meson; more likely it is faked byfeedthrough from the mass-degenerate f1(1285) and the Dek e�et in �-� S-wave intera-tions. The �(1440) is not split into �(1405) and �(1475); rather, the node in the �(1440) wavefuntion - expeted for a radial exitation - leads to an apparent splitting of �(1440). The�(1440), the newly suggested X(1835) (if it proves to have pseudosalar quantum numbers),the �(1375) and K(1450) form a onsistent nonet of pseudosalar radial exitations. A seondnonet of pseudosalar radial exitations is proposed but all four states require experimentalon�rmation. The exitation energies for the �rst and seond radial exitation of pseudosalarmesons derease monotonously with inreasing meson mass, when going from � to K, �, �0,and to � (see Fig. 78 in setion 8.5).1.1.4 Critique of QCD folkloreIn our view, e�orts in this �eld have too often been driven by the quest for disoveries instead ofthe searh for a deeper understanding. In this report, we review ritially some QCD folklore. Weonlude the following:(1) Central prodution in a 450GeV/ proton beam is not dominated by Pomeron-Pomeroninterations; Regge exhange is still important. The so-alled `glueball �lter' �nds a straight-forward interpretation; it does not projet out extraordinary states.13



(2) In radiative J/ deays, the dominane of initial-state radiation is often assumed but exper-imentally not proven.(3) Proton-antiproton annihilation has no large aÆnity to glue-rih states. The proess prefers(partial) rearrangement of quarks.There is no experimental evidene that one of these three proesses is a soure of glueballs.1.1.5 Suesses and limitations of lattie QCDLattie QCD is growing into a preditive theory of strong interations. Its many ahievementsinlude: aurate alulations of meson and baryon ground state masses, reliable alulations ofweak matrix elements and of hadron deays, enlightening studies of hiral symmetry breaking,instanton indued interations, and the on�nement problem. The numerial suesses of LattieQCD are most striking when they an be onneted to extrapolations using hiral perturbationtheory. There are, however, questions for whih no hiral expansion exists; the usefulness of LattieQCD for this kind of appliations needs to be tested with srutiny. We emphasize that glueballs arepredited in Yang-Mills theories, hybrids in quenhed QCD. It is an open issue if these onepts�nd their orrespondene in Nature.Many of the experimental �ndings and their interpretation suggested here are at variane with�rm preditions of Lattie QCD, other important phenomena were not predited. A large numberof Lattie QCD results were preeded by results obtained within `QCD inspired models'. In thisgeneral overview, we restrit ourselves however to a disussion of Lattie QCD and list a fewonlusions whih are based on our personal interpretation of the spetrum of salar mesons:(1) A full spetrum of glueballs is predited but not even its ground state exists as identi�ableobjet.(2) Hybrids are predited to exist. Present data give only little evidene for hybrid degrees offreedom in meson spetrosopy but do not exlude their existene.(3) Lattie alulations did not �nd that salar mesons are organised along their avour struture,into singlet and otet states.(4) Lattie alulations did not predit the large rôle of tetraquark on�gurations for salarmesons.(5) Lattie alulations missed the ontinuous transition from �b0(1P ) to the �(485) when quarkmasses are hanged from the b mass to u and d quark masses.(6) Lattie alulations seem to fail to reprodue mass gaps due to exitations with vauumquantum numbers. This is an observation outside of meson spetrosopy, but Lattie QCDprefers a mass of the Roper N(1440)P11 above and not below N(1535)S11. In this ase, ahiral extrapolation to realisti quark masses exists but has not ured the problem.Some of the most important questions in meson spetrosopy got answers from Lattie QCD(with the presently required approximations) whih turned out to be misleading. Other importantquestions are out of reah of present-day Lattie QCD. It is ertainly premature to question ifQCD as fundamental theory is valid also in the low energy domain. Intense omputing and newideas are needed to study avour-singlet mesons in tetraquark on�guration in Lattie QCD andto unquenh glueballs ready to deay into 135MeV/2 pions. It is an irony of siene that answersfrom Lattie QCD whih we believe to be in onit with experimental �ndings led to an enormousstimulation of the �eld and to a muh improved understanding of strong interations.14



1.1.6 Future optionsWe onlude this setion by de�ning open issues, by listing some spei� propositions and bygiving some general reommendations. The aim of experiments is not just to de�ne basi resonaneparameters like masses, widths and deay branhing frations but rather to learn more about thestruture of mesons. Hene it is important to use a variety of di�erent methods. Prodution ofmesons in hard reations depends on the mesoni wave funtion at the origin of the entre-of-masssystem. Di�rative prodution of light-quark resonanes o� nulei is sensitive to the spatial extentof the wave funtion, olour transpareny of harmonium states gives aess to its q2 evolution.The amplitude of radiative deays is proportional to the inverse of the quark mass m�1q . But, howdoes a onstituent quark mass hange if one onsiders high orbital exitations?(1) Physis is an open siene with ompeting ideas, also in data analysis. After publiation,data should be made publi. In baryon physis, data are aessible via internet. In mesonspetrosopy, data are private property of ollaborations also beyond publiation. This anbe hanged; look at web pagehttp://hadrondb.hiskp.uni-bonn.dewhere you �nd Dalitz plots and full data samples for multibody �nal states, both real dataand Monte Carlo data. An open-aess poliy should be enfored not only for journals butalso for data.(2) Quantum numbers and deay properties of the reently disovered states with open and hid-den harm need to be studied. The B fatories and the CLEO experiment have opened awindow to a new spetrosopy but the existene of many of the states is based on poor statis-tis. A substantial inrease of statistis (and running time) is required. Sine BaBaR { andSLAC as partile laboratory { will be losed, the hope for advanes in the immediate futurerests on BELLE. In the time of ontinuous evaluations, the itation index is an importantaspet of siene. Half of the BELLE papers with more than 100 itations report disoveriesin spetrosopy. Surprisingly, also CDF and D� are shown to be apable to make signi�antontributions to this �eld, and additional results an be hoped for from LHCb.(3) An intense antiproton soure is part of the FAIR projet at GSI, Darmstadt. The spetrosopyof open and hidden harm states is a entral issue of PANDA, a universal detetor proposedto be installed at the antiproton faility. Mass and widths of states below the � thresholdand their deay rates will be measured with high preision. Above the � threshold, there areandidates for all N = 1 and N = 2 states whih an be interpreted in the quark model as S-and P -states; the D states (exept the 3D1 states whih an be observed in e+e� annihilation)are unknown. The ompletion of the quark model and the searh for states beyond the quarkmodel are entral themes at FAIR. In this report we argue that there is no foring evidenefor states beyond the quark model. The high-mass harmonium region is likely the best plaeto searh for mesons with exoti quantum numbers, exoti in spin-parity like JPC = 1�+, orexoti in their avour struture like harged ompanions of the X; Y; Z states at 3940MeV(with avour ontent u �d�, ...).(4) Salar mesons still remain a most fasinating researh objet. In this report, a new viewis developed whih is in onit with generally aepted interpretations. Interpretationaldi�erenes manifest themselves in the avour wave funtions of salar isosalar mesons. Thebest approah to substantiate or to rejet the view are likely oupled hannel analyses of J/ deays into vetor plus salar mesons. Urgently needed are high-statistis and high-qualitydata on proesses like J/ ! ; !; � reoiling against �0�0, ��, ��0 and �0�0. Radiative deayslike f0 ! ! and f0 ! � will onstrain the avour struture. The possibility of a sizeableglueball fration in the �0 was studied in the so-alled Rosner plot (see Fig. 3 in setion15



1.2.3). A similar plot is required for f0(980); f0(1500); f0(1760), and for the region betweenthe narrow resonanes. Suh experiments will beome feasible at BESIII.A oupled-hannel partial wave analysis on J/ data on ; !; � reoiling against ��, K �K,4�, and !! should be performed on existing data. An amplitude for the broad isosalar salarbakground should be inluded in the �t. If possible, a mass independent phase shift analysisshould be made, not an isobar �t only.The two salar mesons f0(1500) and f0(1760) are interpreted here as avour otet states. Atpresent, experimental data permit the interpretation of f0(2100) as a glueball (even thoughwe believe it to be an otet meson). The most diret way to deide this alternative is tomeasure the ratio of its deay modes into �0�0 and ��0. BESIII should have good hanes tosearh for both hannels in radiative J/ deays.(5) The systemati of salar mesons suggests the existene of a (nearly) stable salar harm state,alled D�0(1980) here, with a mass below its only hadroni deay mode D�. The experimentalD� mass distribution exhibits a { statistially not signi�ant { threshold spike and widersalar bakground ontribution (see Fig. 49b in setion 5); the partial wave analysis of D��data assigns a fration of the data to two subthreshold virtual D� intermediate states. Thepossibility that this is a D�0 objet was not tested. One of these observations might be a traeof the postulated state.(6) There is the possibility that a narrow D�0 exists at about 2450MeV/2, just below the DsKthreshold, the analogue of a0(980) with open harm. It would be an isodoublet. Both thesestates an be searhed for at PANDA. If our sheme to organize salar mesons is right, it willnot be found.(7) The X(3872) is observed in its J= deay. The X(3872)!  (2S) deay mode should besearhed for. The �bJ=1;2(2P ) states have deay branhing ratios to �(2S) whih exeed thoseto the �(1S) ground state by a fator 2; for the �b0(2P ) state, this enhanement fator is 5.The relative yield of X(3872)!  (2S) should shed light on the X(3872) struture.(8) TheD�; D�s and B deays display the avour struture of isosalar salar mesons; the statistisis, however, at the lower limit for far-reahing onlusions. A Super b fatory planned atFrasati will provide 1010 B and Bs mesons; in reent years, the disovery potential of Bdeays for meson spetrosopy was demonstrated in an impressive way. An immediate remedywould be to ombine the data from BaBaR and BELLE, and forD�; D�s deays those of Fous,E687 and E791 in addition. Suh a ombined e�ort would also help to see if the thresholdspike in the D� mass distribution in B ! D�� deays is fake or real, and if its quantumnumbers are 0++ or 1��.(9) In our view, data analysis was often guided by prejudies. Of ourse, it is boring (and unne-essary) to test harge onjugation invariane in every new reation. However, it is a legitimatequestion to ask to what extend isovetor mesons are suppressed in radiative J/ deays. Forthis kind of proess, the Partile Data Group lists one entry only, J/ ! �0, whih issmall but in a very unfavourable kinematial region. Radiative yields for f2(1270) are known,for a2(1320) they are not. Likewise, radiative yields for J/ ! f4(2050) or f1(1285) andf1(1420) are large, but no upper limits exist for their isovetor ounterparts. Not onlyJ/ ! �0�0, J/ ! ��, J/ ! ��, and J/ ! !! should be studied but J/ ! �0�and J/ ! �! as well. It is unlear whether these modes have just not been published, ifthey esaped detetion so far beause nobody looked, or if the modes are suppressed.In entral prodution, isosalar �nal states were studied intensively, but isovetor stateswere not. The ollaborations foussed on detetion of glueballs in Pomeron-Pomeron fusion,hene �nal states like �� and !! were believed to be interesting, �! not. A large fration ofthe data had a forward �++ (instead of a fast proton). These data were not analysed. The16



�++ requires Regge exhanges to be produed; the �++ - proton ratio depends on frationof Regge exhange in the data. The Compass experiment at CERN is going to larify manyof the open issues.(10) There are several experiments whih will study exoti partial waves. New information an beexpeted from Pomeron-Regge (Compass) and from Pomeron-photon fusion. First evidenefor the latter proess has been reported by the STAR ollaboration at BNL. The searh forexoti mesons is also a entral topi of the Hall D projet at JLab.(11) The high-mass spetrum of light-quark mesons gives information on the on�nement region.Pioneering new results have been presented on antiproton-proton annihilation in ight. Thisproess appears to give the best aess to the full meson spetrum. By their nature, p�pformation experiments do not allow the study of exoti waves; this is however possible insubsystems. At FAIR, glueballs are hoped to show up at high energy as narrow states abovea ontinuum bakground; light meson spetrosopy is not one of the researh goals. Hegels`raft of reason' (List der Vernunft) will entail the quest for a detailed knowledge of the`bakground' of q�q mesons. Thus an improved understanding of on�nement physis willemerge from the FAIR researh. Experimentally, an extrated low-energy antiproton beamwith momenta between 400MeV/ and 2.5 to 3GeV/ is required. The extended energyrange (ompared to LEAR) gives aess to states at even higher masses. This will provideinformation on whether the linear Regge trajetories start to bend, stop, or ontinue theirlinear rise as a funtion of the squared mass. For part of the data, a polarised target shouldbe used. A soure of polarised antiprotons as foreseen by the PAX ollaboration at FAIRwould of ourse lead to very signi�ant onstraints in the partial wave analysis. The upperpart of the spetrum will be overed by the planned failities; here, the PANDA detetor isan ideal instrument. For momenta antiproton below 2GeV/, the options are not yet lear.In ase, a seond faility would be required, the asymmetri BaBaR detetor would be anideal detetor.Antiproton-proton annihilation formation experiments give aess only to non-strangemesons; mesons with hidden strangeness are formed only to the extent to whih they mix withn�n. In prodution experiments, planned to be performed with PANDA, the full meson spe-trum inluding exoti partial waves an be overed. We lak knowledge of mesons arryingstrangeness. With the intense antiproton beams available at FAIR, a strangeness exhangereation p�p! ��� will produe a soure of ��. Exploiting seondary reations should help tounderstand the spetrum of Kaon exitations.(12) Baryons { whih are not disussed here { have the potential to provide additional insightsinto strong interations whih annot be gained studying mesons alone.1.1.7 Hints for expert readersExperts in meson spetrosopy may not have time to read through this lengthy paper but mightbe interested to see new developments and interpretations.Readers interested in the history of meson spetrosopy may onsult subsetion 1.2.1. The sub-setion 1.2.5 ontains a brief disussion of the basis of string models not ommonly known toexperimental physiists. Setion 5 on heavy quark spetrosopy is rather ompat, and our per-sonal view of the newly disovered narrow states is presented along with the experimental data.For high-mass states, a remarkable mass pattern evolves whih we believe to provide very sig-ni�ant onstraints on the dynamis of quarks at large exitation energies. In subsetion 6.1, wesrutinise the onjeture of restored hiral symmetry under these onditions.17



The searh for hybrids, for mesons with exoti quantum numbers, is reviewed in setion 7.The �(1440) is a long-disussed partile and deeply onneted with the searh for glueballs amongq�q mesons. Our view is given in subsetions 8.3.4 and 8.5.An update on the existene of the �(485) and �(700) an be found in setion 9. There is afull setion on di�erent interpretations of salar mesons (11). Our interpretation ontaining newideas on the dynamial rôle of tetraquark on�gurations for salar mesons is given in setion11.1. Comments on dynamially generated resonanes and on multiquark states are presented insubsetion 11.6.2. A global view of salar mesons from heavy to light quarks is given at the endof this review, in setion 11.6.3.1.1.8 OutlineAfter the introdutory setion, the review begins with a survey of expetations based on lattiegauge alulations and QCD-inspired models (setion 2). These expetations provide a `oordinatesystem' for experiments and their interpretations. In setion 3 major experiments in this �eld areintrodued to allow the reader to appreiate better the signi�ane of results. The spetrum ofmeson resonanes seen in a partiular experiment depends ritially on the method applied. Fusionof 2 e.g. ouples to quark harges, while radiative J/ deays are a good plae to searh for glue-balls. The main experimental methods are desribed in setion 4. In this part, some experimentalresults are disussed whih are of general interest for q�q spetrosopy but unrelated to the mainissues of this report.The spetrosopy of heavy quarks { reviewed in setion 5 { reveals a very simple pattern and servesas textbook example providing evidene for Coulomb-like interations and a linear on�nementpotential between a heavy quark and an antiquark at large separations. In spite of this apparentsimpliity, surprising disoveries were made reently. Some D�s resonanes are surprisingly narrowand have masses whih fall muh below the expeted values. The X(3872) resonane has largedeay branhing ratios into both, a J/ reoiling against a � or against an ! meson. These twodeays are observed with similar strengths, hene isospin symmetry is broken violently. Higher massstates, X(3940), Y (3940), Z(3930), and X(4260), are observed whih ould need an interpretationbeyond the standard q�q senario.The disussion of light-quark spetrosopy and of searhes for glueballs and hybrids begins insetion 6 with a global survey of the meson spetrum. A statistial approah to the numerousresults exhibits striking regularities pointing at a simple struture of the on�ning interations.The regularities are very helpful in assigning spetrosopi quantum numbers to the observed statesand to identify mesons whih fall outside of the usual nonet lassi�ation of meson resonanes.These additional mesons may be glueballs, hybrids or multiquark states.In hybrids, the gluoni �elds transmitting the fores between quark and antiquark are themselvesexited. The gluon �eld may aquire an e�etive `onstituent' mass and thus hybrids are no longertwo-partile bound states; they may have quantum numbers outside of the q�q sheme. Mesonswith exoti quantum numbers have been reported but the evidene for their existene as resonantstates is not beyond doubt; their interpretation as hybrids (instead of qq�q�q tetraquark states) isnot yet based on solid experimental fats. Evidene for exoti mesons is reviewed in setion 7.Light-quark spetrosopy reeives its ontinued fasination from the QCD-based predition that18



the self-interation between gluons as mediators of strong interations should lead to new formsof hadroni matter. Glueballs were predited as mesoni bound states having no valene quarks.The �(1440) was for a long time a prime glueball andidate; its rôle is disussed in setion 8 inthe ontext of other pseudosalar mesons.Most exiting is the possibility that the three mesons f0(1370), f0(1500), and f0(1710) mightreet the intrusion of a salar glueball into the world of quarkonia. However, the existene off0(1370) is not beyond doubt, and there is no unanimous agreement if and how gluoni degrees offreedom manifest themselves in spetrosopy. The interpretation of the salar meson spetrum isa most ontroversial topi whih is disussed in setions 9 - 11.A short outlook is given in setion 12. A summary of the report and our onlusions were alreadypresented above.1.1.9 A guide to the literatureThere is an enormous number of papers related to meson spetrosopy overing a wide rangeof topis and results. It is of ourse impossible to disuss them all in depth or even just tomention them. The seletion of results presented in this review may reet personal biases andeven important ontributions may have esaped our attention. Apologies go to all authors whoseresults are missing or not properly represented here.A prime soure of information is of ourse ontained in the Review of Partile Properties whihontains most published results on meson spetrosopy. The last one whih is used for this reviewappeared in 2006 [1℄. The main review is published in even years; in odd years, additions an befound in the web edition. The Review was �rst issued by Gell-Mann and Rosenfeld in 1957 [2℄.This was the birth of series whih is indispensable for any partile physiists. This year (2007),the 50th anniversary is elebrated.The development of meson spetrosopy an be followed losely by reading the Proeedings ofspeialised Conferenes and Workshops. The series of International Conferenes on Meson Spe-trosopy was begun in 1969 and ontinued for 14 years [3{9℄; after 1985 it was held regularlyas biennial onferene on Hadron Spetrosopy [10{20℄. The last onferene of this series tookplae in Rio de Janeiro in 2005; Hadron07 will be hosted by Frasati. In some years, additionalworkshops were organised whih were often devoted to spei� topis or were born out of regionalneeds: an inomplete list omprises [21{26℄. Con�nement and other theoretial aspets were feltto require a deeper disussion in an own onferene series on Quark Con�nement and the HadronSpetrum [27{33℄.More pedagogial introdutions an be found in the Proeedings of dediated Shools. We quotehere a few letures whih may still be useful, from the CERN summer shool [34℄, the PSI sum-mer shool at Zuoz [35℄, The Advaned Shool on Quantum Chromodynamis at Benasque inSpain [36℄, the Shools at Erie, Siily [37℄, the Sottish Universities Summer Shool [38℄, and theHampton University Graduate Shool at Je�erson Lab [39, 40℄.Meson spetrosopy is part of the muh wider �eld of strong interation physis. Related areworkshops and onferene series' devoted to hiral dynamis [41℄, lattie QCD [42℄, hadron stru-ture [43℄ or to meson and nulear physis [44℄. Often, interesting results in meson spetrosopyare disussed. We give here referenes only to the most reent workshop.19



Finally, we refer to some reent reviews on meson spetrosopy. Godfrey and Napolitano [45℄provide a good introdution to the �eld; reent reviews onentrate on gluoni degrees of freedom[46{50℄. Due to the non-Abelian struture of QCD, the dynamis of quarks and gluons annotbe alulated analytially from QCD but e�etive theories provide quantitative preditions inrestrited areas. At low energies, strong interations an be expanded in terms of (low) pionmomenta and the pion mass; reviews on Chiral Perturbation Theories an be found in [51{55℄. Ifone of the quarks is very heavy, it remains stationary in the hadron rest frame and the spin remainsfrozen. This gives rise to Heavy Quark E�etive Theories [56,57℄. QCD inspired models still playa deisive rôle for understanding the phenomenology. Three papers by Barnes and olleaguespresent detailed information on meson masses and deays [58{60℄. The remarkable progress inQCD simulations on a lattie is reviewed extensively in [61,62℄. An detailed doumentation of thephysis of heavy quarkonia an be found in [63℄.
1.2 Phenomenology of q�q mesons1.2.1 The A,B,C, .. of meson spetrosopy: the naming shemePartiles have names whih go bak into the early history of partile physis. Today, a rationalsheme is used where letter and subsripts have a preise meaning. When the �rst mesons weredisovered, no sheme existed, and names were often invented to memorise the disoverer, his wifeor his hildren.The naming of mesons started with a lepton. The mesotron had a mass between proton andeletron mass and proved quikly not be the predited mediator of nulear fores. The namehanged to �-meson and to muon to avoid any onfusion with hadroni mesons. The quantum ofnulear interation proved to be the �-meson, disovered [64℄ by Ceil Frank Powell who reeivedthe Nobel prize in 1950 for this disovery. It beame onvention to use Greek symbols for newpartiles. The � followed, disovered by Ahud Pevsner [65℄, the ! [66℄, the � disovered by P.L.Connolly [67℄ (the name � was suggested by Sakurai). The � (with mass � 500MeV/2) wasintrodued to desribe nulear interations by meson exhange urrent and later understood assalar 2� orrelation e�et. It is separated in mass from the � (with mass � 1300MeV/2) by adeep valley, for some time alled S�. The strange analogue of the � is the �. The � and � partilesproved to be same partile whih was then named Kaon K. Then the habit hanged to denotenew meson resonanes by roman letters.A: The a2(1320) meson e.g. was formerly alled A meson. Later it was observed to be split into apseudovetorial state A1 and a tensor A2. The ouple Gerson and Sulamith Goldhaber disoveredjointly the resonane omplex at the Bevatron in Berkeley [68℄, and deided to all it A beauseof their son Amos. Sulamith died a year after the disovery, in 1965, at an age of 42 after havingmade remarkable ontributions to partile physis.B: None of us authors knows if A. Bondar played a leading rôle in the disovery of the b1(1235),formerly alled B meson [69℄. It used to have the nikname Buddha partile, a buddhist memberof the ollaboration suggested this name. In �pp annihilation into !��, it resides like a Buddha onthe !� bakground.C: The C meson, now alled K1(1270), was disovered by Luien Montanet and others [70℄. Its20



name reminds of its disovery at CERN.D: The D meson, or f1(1285), was disovered independently at BNL [71℄ and at CERN [72℄ 1 .The �rst author Donald H. Miller had a son Douglas Allen. The letter D is now used to denotemesons with open harm.E: The history of the E or �(1440) meson is partiularly interesting. It was �rst reported in 1965at the Sienna onferene on High Energy Physis. It was found in p�p annihilation at rest and wasthe �rst meson disovered in Europe. People at CERN were obviously very autious not to presenta wrong result, only two years later the E meson was reported in a journal publiation [73℄. Adetailed study was presented whih inluded several �nal states and a full partial wave analysisyielding pseudosalar quantum numbers. The nameE meson may stand for Europe but remembersalso Luien Montanet's daughter Elisabeth. In the same year, a seond meson was disovered whihis now alled f1(1420). It has nearly the same mass as the E meson and was alled E, too, sinethe quantum numbers in [73℄ were believed to be possibly wrong (see, however, [74℄). Now we knowthat the state produed in p�p annihilation has pseudosalar quantum numbers. But this onfusionled the MarkIII ollaboration to all a state at 1440MeV/2, disovered in radiative J/ deay [75℄,iota(1440) or �(1440) to underline the laim [76℄ that the �rst glueball was disovered (� = 1 inGreek). Indeed, the meson proved to have pseudosalar quantum numbers [77℄. The history of thismeson is not yet losed and the disussion will be resumed in this report.F: The f2(1270) was introdued by Walter Selove as f meson to memorise his wife Fay Ajzenberg[78℄. Fay herself is a well-known nulear physiist awarded with 3 dotorates honoris ausa. Shewrote the book `A Matter of Choies: Memoirs of a Female Physiist (Lives of Women in Siene)'.For some time, Ds mesons were alled F mesons.G,H: The former G-meson was disovered by Goldberg and others [79℄ (now �3(1690)), the H(laimed at 975MeV/2 ) [80℄ has beome the h1(1170). The letter G was later used to laim thedisovery of a glueball. The gs(1470) [81℄ may have been an early sighting of the glueball andidatef0(1500). Certainly the G(1590) [82℄ is losely related to it. A tensor glueball was suggested to bemixed into 3 tensor resonanes gT (2010); g0T (2300) and g00T (2340) [83℄.J: The J/ must not be missed. This narrow res-onane revolutionised physis, it was disoveredindependently in 1974 at Brookhaven NationalLaboratory (BNL) in Long Island, New York, inthe proess proton + Be! e+e� + anything [84℄.The group leader was Samuel Chao Chung Ting,the Chinese symbol for Ting reads J. At Stan-ford University, the new resonane was observedin the SPEAR storage ring in e+e� annihilationto �+��; e+e� and into hadrons [85℄. It was seenin a series  ,  0,  00. Its name is derived from the {shaped pattern in  0 deays into �+�� pairand the J/ (deaying into e + e�), see Fig. 1.The name J/ honours both disoveries. Fig. 1. Deay of a  0 into �+��J= with J/ deaying into a high{energy e+e� pair in theMARKIII experiment.K,L, ... Z: The Kaon K was already mentioned; the K2(1770) was disovered as L(1770) [86℄.The M(1405) was a preursor of the �1(1400) [87℄. The N and P are reserved for neutron/nuleonand proton, the O is void. There were two Q mesons (now K1(1270) and K1(1400)), R, S, Twere used to name enhanements in the missing mass in the reation ��p ! pX [88℄. With the1 [71℄ was submitted in May 1965 and published in June, two weeks after [72℄ was submitted.21



W as harged weak interation boson, with X as the unknown, with � as bottomonium familyand with Z as neutral weak interation boson, the alphabet was exhausted.With the inreasing number of inhabitants in the partile zoo, rules had to be invented like Carlv. Linn�e (Linnaeus, 1707 - 1778) did in biology. The system was introdued by the Partile DataGroup in 1986. New partile symbols were hosen whih are simple, onvey the quantum numbers,and are lose, whenever possible, to the traditional names listed above. Table 1 translates mesonnames into quantum numbers. Mesons are haraterised by their quantum numbers, their totalangular momentum J , their parity P and their harge onjugation parity C:P = (�1)L+1 C = (�1)L+S (1.1)where L denotes the intrinsi orbital angular momentum in the q�q meson and S the total spinof the q�q pair. The notation JPC is used not only for the neutral mesons for whih C parity is agood quantum number but also for the other omponents of a SU(3) nonet. For instane, sineC�0 = �0, we de�ne C�� = ��, and CK0 = K0, and with C�0 = ��0, we adopt C�� = ��� andCK?� = �K?�. In addition, a sign for eah avour needs to be de�ned. The onvention is usedthat the sign of a avour is the sign of its harge,  quarks have positive harm, s quarks havenegative strangeness.The up and the down quark form an isospin doublet We de�ne antiquarks by �u = C u and�d = C d. We obtain: j I = 1; I3 = 1 i = �j �du i ;j I = 1; I3 = 0 i = 1p2(j �uu i � j �dd i) ;j I = 1; I3 = �1 i = j �ud i ;j I = 0; I3 = 0 i = 1p2(j �uu i+ j �dd i) = j �nn i ;j I = 0; I3 = 0 i = j �ss i : (1.2)
The j �nn i and j �ss i states have the same quantum numbers and mix to form two physial states.With n we denote the two lightest quarks, u and d, the symbol q stands for any quark, inludingheavy quarks.The G-parity is approximately onserved in strong interations. It is de�ned as harge onjugationfollowed by a rotation in isospin spae about the y-axis,G = Cei�Iy = (�1)IC = (�1)L+S+I : (1.3)For a system of n� pions, G = (�1)n� . The G-parity plays a similar rôle as C-parity in QED wherethe relation C = (�1)n holds for e+e� ! n.The !3 is a isosalar meson with a avour wave funtion 1p2(d �d + u�u) = �nn even though it mayhave a small s�s omponent, its total angular momentum is J = 3, its intrinsi orbital angularmomentum is even (with L = 2 dominant), and it is member of the spin triplet !1; !2; !3. Onlythe !3(1670) is experimentally known. The mass is added to identify a meson. The index for Jand the mass are omitted when no onfusion an our like for the �; �, or �. The name J/ iskept. 22



Table 1Symbols of mesons with no open strangeness, harm or beautyq�q ontent 2S+1LJ = 1(L even)J 1(L odd)J 3(L even)J 3(L odd)JJPC 0�+; 2�+ � � � 1+�; 3+� � � � 1��; 2��; 3�� � � � 0++; 1++; 2++ � � �u �d; d �d� u�u; d�u � b � ad �d+ u�u; s�s �; �0 h; h0 !; � f; f 0� � h  �b�b �b hb � �bMesons with open strangeness, harm or beauty are no harge-onjugation eigenstates and the fourolumns of Table 1 ollapse into two. The normal series (1(L odd)J , 3(L odd)J) with JP = 0+; 1�; : : :is tagged by a star, the 'anomalous' series (1(L even)J , 3(L even)J) with JP = 0�; 1+; : : : isuntagged. Mesons belonging to the normal series are, e.g., K�3 and D�+s0 (2317). The latter desribesa �s state with J = 0 and positive parity. Anomalous mesons have no star, like the D+s1(2460)with J = 1 and P = +1. Bottom mesons B� have a mass of more than 5GeV/2; their deaysover the full harmonium spetrum and may even ontribute to glueball spetrosopy. The wavefuntions of the K1(1270) and K1(1400) have L even and an have intrinsi quark spin 1 or 0(and would then belong to the a1(1260) or the b1(1235) nonet, respetively). In pratie, they aremixtures of the two quark model on�gurations.Quantum numbers like JPC = 0+�; 1�+; 2+� � � � are not aessible in fermion-antifermion systems.In analogy to the � (with JPC = 0�+) and �2(1670) (with JPC = 2�+), these states are alled�1. Its isosalar ompanion would be �1. If a JPC = 1�+ exoti resonane in the harmoniumspetrum would be disovered, its name would be �1. Exoti states b0; h0; b2; h2 with 0+� and2+�, respetively, may exist as well. So far, only evidene for states with exoti quantum numbers(IG)JPC = (1�)1�+ has been reported.1.2.2 Meson nonetsSU(3) symmetry onsiderations have shown to be extremely useful in lassifying mesons andbaryons [89℄ as omposed of quarks and antiquark or of 3 quarks, respetively. Light mesons withu; d and s quarks have a avour wave funtion whih is onveniently deomposed into a avourbasis. For pseudosalar mesons, this is given by �+ = �d�u, �� = �ud, K0 = �sd, K+ = �su, �K0 = �ds,K� = �us. The quark model representation of the neutral pseudosalar mesons is �0 = 1p2(�uu� �dd),�8 = s16(�uu+ �dd� 2�ss) ; and �1 = s13(�uu+ �dd+ �ss) : (1.4)We thus have families of nine mesons with the same radial and angular-momentum struture ofthe wave funtion. For pseudosalar mesons, a nonet is shown in Fig. 2.Other nonets are formed by the ground state vetor mesons with JPC = 1��, f �; �; !, K� g, bytensor mesons with JPC = 2++, f a2(1320); f 02(1525); f2(1270); K�2(1430) g, and many others.23
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Fig. 2. The nonet of pseudosalar mesons.1.2.3 MixingMesons having idential external quantum numbers an mix even if they have di�erent inter-nal avour strutures or di�erent angular momentum on�gurations. The isosalar pseudosalarmesons are not realised as SU(3) eigenstates; the physial mass eigenstates, using the abbreviation�nn = 1p2(�uu+ �dd), an be written asj � i= os�P j �nn i � sin�P j �ss i= os �P j �8 i � sin �P j �1 ij �0 i= sin�P j �nn i+ os�P j �ss i= sin �P j �8 i+ os �P j �1 i : (1.5)Nothing forbids the wave funtions to have a � omponent. The huge mass di�erene between� and � makes, however, the mixing angle very small. The pseudosalar mixing angle is de�nedusing eigenstates of SU(3) symmetry as basis vetors. The two mixing angles are related by�P = �P ��id + �=2. The angle �id = artan(1=p2) is de�ned below.This mixing sheme is highly simpli�ed: it is assumed that the spatial wave funtions of all ground-state pseudosalar mesons are idential. Clearly, it is not to be expeted that these assumptionshold to a good preision, that the wave funtion of the pion is the same as that of the �nn omponentof the � and the �0. Further, the � and �0 ould also mix with other states, in partiular with apseudosalar glueball. This has led to speulations that the �0 (and to a lesser extend also the �)may ontain a large fration of glue. There is an abundant literature on this subjet, and we referthe reader to [90℄.In a simpli�ed form, one an extend the mixing sheme 1.5 to inlude an inert (gluoni) omponentwhih does not ouple to harges. The � and �0 wave funtions are then written asj�i = X�j�qi+ Y�j�si+ Z�jGi ;j�0i = X�0 j�qi+ Y�0 j�si+ Z�0 jGi ; (1.6)with X2�(�0) + Y 2�(�0) + Z2�(�0) = 1 and thus X2�(�0) + Y 2�(�0) � 1. A gluoni admixture implies thatZ2�(�0) = 1 � X2�(�0) � Y 2�(�0) must take on a positive value. The mixing sheme assumes isospin24
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Fig. 3. Constraints on the avour wave funtion of �0 mesons from radiative deays. A point in the plane de�nesthe non-strange (X�0) and strange (Y�0) omponent in the �0. The relation X2�(�0) + Y 2�(�0) � 1 must hold. The twosmall irles de�ne a pure singlet wave funtion (open irle) or a mixing angle of �11:1Æ in the basis of eqs. (1.4).The vertial and inlined bands show the onstraints for X�0 and Y�0 from �0 ! (�; !) and �! �0 transitions.symmetry, i.e. exludes mixing with �0, and neglets other possible admixtures from � statesand/or radial exitations. In absene of gluonium, Z�(�0) � 0, the mixing parametrisation (1.6) isredued to the sheme (1.5).The �rst analysis of this type was arried out by Rosner [91℄ and diagram 3 is often alled Rosnerplot. New data on the ratio R� = BR(� ! �0)=BR(� ! �) led the KLOE ollaboration toestimate the gluonium frational ontent of �0 meson as Z2 = 0:14� 0:04.A re-evaluation of this data and data on radiative deays of vetor to pseudosalar and to pseu-dosalar to vetor mesons by Esribano and Nadal was presented in [92℄. The radiative widthsfor �0 ! � and �0 ! ! deays are proportional to the n�n ontent of the �0 wave funtion, anda measurement of the rate onstrains X 0�. The ! meson has a small s�s omponent and the areaallowed by experiment is tilted (see Fig. 3). The � ! � and � ! �0 yields determine the s�somponents.The latter analysis is onsistent with a negligible gluoni ontent in �0 (and in �) mesons, Z2�0 =0:04 � 0:10; Z2� = 0:00 � 0:07. For a vanishing gluoni omponent, the � and �0 mixing angle isfound to be �P = (41:5� 1:2)Æ in the quark-basis sheme and �P = �(13:2� 1:2)Æ in the singlet-otet sheme. A variety of reations has been used in the past to determine the pseudosalarmixing angles. Reently, the transition form fators F�(Q2) and F�0(Q2) have been used toderive �P = 38:0Æ � 1:0Æ � 2:0Æ [93℄ where referenes to earlier work an be found.The sign in (1.5) is a onvention used only for pseudosalar mesons; for all other meson nonets,the onvention is hosen as for the vetor meson nonet:j! i = os�V j!1 i+ sin�V j!8 ij� i = � sin�V j!1 i+ os�V j!8 i (1.7)For �V = �id = artan(1=p2), the wave funtions redue to j!i = j�nni, j�i = j�ssi. This angle isalled ideal mixing angle �id. 25



A seond mixing example was already disussed: there are two nonets with JPC = 1++ and1+�, respetively, the fa1(1260); f1(1285); f1(1510); K1Ag and fb1(1235); h1(1170); h1(1380); K1Bg.K1A; K1B are de�ned as spin triplet and spin singlet states. The internal quark spin is not ameasurable quantity, the two states j11P1i and j13P1i mix forming K1(1280) and K1(1400).jK1(1280)i = +os(�)j11P1i+ sin(�)j13P1i (1.8)and jK1(1400)i = � sin(�)j11P1i+ os(�)j13P1i : (1.9)The harge onjugation operator C gives opposite phases when applied to j1P1i and j3P1i basisstates. We impose K1(1280) and �K1(1280) to have the same deomposition into j11P1i and j13P1i,then � must be �=4. This is ompatible with data on K1 deays. Likewise, there is evidene fortwo states K2(1770) and K2(1820) whih are driven by the quark model states j1D2i and j3D2i.Similar mixing phenomena an be expeted for the D and B families.1.2.4 The Zweig ruleThe Zweig or OZI rule, after Okubo, Zweig and Iizuka [94{96℄, has played an important rôle inthe development of the quark model. The �(1020) is e.g. an isosalar vetor meson like the !.But it is muh narrower, in spite of the more favourable phase-spae. It deays preferential intoK �K pairs, and rarely into three pions. The suppression of the � ! 3� deay was explained byits almost pure �ss avour funtion and the assumption that the deay proeeds mostly with thestrange quark and antiquark owing from the initial state to one of the �nal-state mesons, asseen in Fig. 4, left, while disonneted diagrams (entre) are suppressed. The deay � ! ���is attributed to the small n�n omponent whih is mixed into the dominantly �ss wave funtion.The n�n omponent deays into pions by a perfetly allowed proess (right). Vetor mesons have
K

K

s

s̄

π

π

π

s

s̄

π

π

π

q

q̄Fig. 4. Conneted (left) and disonneted (entre) ontribution to �(1020) deay. The latter ontribution to�(1020)! ��� an be desribed as an allowed deay from a small impurity in the wave funtion (right).a mixing angle of �V = 39Æ whih deviates from the ideal mixing angle �id by ÆV = 3:7Æ. Thephysial �(1020) is then writtenj� i = os ÆV j s�s i+ sin ÆV jn�n i; j! i = � sin ÆV j s�s i+ os ÆV jn�n ij f 021525 i = os ÆT j s�s i+ sin ÆT jn�n i; j f2(1270) i = � sin ÆT j s�s i+ os ÆT jn�n i (1.10)The mixing angle of tensor mesons is about ÆT = �6Æ.The OZI rule was deisive when the narrow J/ was disovered with its high mass and narrowwidth of about 90KeV/2. Its narrow width entailed { together with the OZI rule { that a newquark avour was disovered, and that J/ is a � state.26



1.2.5 Regge trajetoriesLight mesons have been observed with large angular momenta, up to J = 6. Fig. 5 shows themeson mass square as a funtion of the total angular momentum J . Spin of q�q resonanes are

Fig. 5. Spin of meson resonanes versus M2 [97℄. The squared masses of �; !, f2(1270); a2(1320), !3; �3,a4(2040); f4(2050), �5(2350), and a6(2450); f6(2510) are plotted against their total angular momentum. For allmesons shown, j = l + s. In Regge theory, non-integer spins � are allowed in exhange proesses. Partiles haveinteger spins.linearly related to their squared masses over the full range of M2 and J . The width of resonanesinreases with their available phase spae for deay; the widths are approximately given by aonstant ratio �=M ' 0:1.Regge theory relates the partile spetrum to the fores between the partiles and the high-energybehaviour of the sattering amplitude. If sattering data on the Regge trajetory are inluded(for momentum transfer q2 = t � 0), Regge trajetories require a nonlinear term. An importantquestion is related to these observations: do trajetories ontinue to arbitrarily high values of J oris there a trajetory termination point beyond whih no resonanes our? 2 Abundant literaturean be found on this topi. We refer to a few reent papers [100{102℄.An attrative interpretation of linear Regge trajetories was proposed by Nambu [103℄. He assumedthat the gluon ux between the two quarks is onentrated in a rotating ux tube or a rotatingstring with a homogeneous mass density. The veloity at the ends may be the veloity of light.Then the total mass of the string is given byM2 = 2 Z r00 �drq1� v2=2 = ��r0and the angular momentum byl = 2~2 Z r00 �rvdrq1� v2=2 = ��r202~ + onstant = M22��~ + onstant2 Amazingly, our galaxy falls onto the same Regge trajetory as mesons and baryons as Muradian disovered [98,99℄.27



where � is the string tension. We set the onstant to �12 (thus replaing l by l + 12). From theslope in Fig. 5 we �nd � = 0:182 (GeV)2=~ = 0:92GeV/fm, and diameters ofr0(�) = 0:26 fm r0(a6) = 0:86 fmMass and radius r0, and mass and width, are proportional. Hene the total width of resonanes isproportional to r0: the probability of string breaking per unit length is a onstant. The a+6 (2450) isa meson with a mass of 2450MeV/2 in whih a u quark and a �d quark are bound by the on�ningfores; both quark spins are parallel, the orbital angular momentum between u and �d is l = 5~.Quark and antiquark are separated by 1.7 fm .This is a mehanial piture of a quantum system whih was expanded by Baker and Steinke [104℄and by Baker [105℄ to a �eld theoretial approah. The origin of the string onneting quarkand antiquark is an e�et, similar to the Meissner e�et in superondutivity, whih on�nesthe olour eletri �elds to a narrow tube. For quark-antiquark separations larger than the tubesize, a linear potential develops that on�nes the quarks in hadrons. Flux tube utuations tothis quark-antiquark potential an be determined by path integral methods. Regge trajetories oflight mesons an then be alulated by attahing massless salar quarks to the ends of a rotatingstring. A path integral is then alulated around the lassial rotating straight string solution.After quantisation of the quark motion at the end of the string, energy levels of a rotating stringat large exitations are obtained: M2n(l) = 2�� �l + n+ 12� : (1.11)Eq. (1.11) ontains an important message: for large l; n and l � n2, degeneray of orbital andradial exitations is expeted. Quark spins are not inluded in the piture. Spin-spin interationsvanish with the inverse meson mass fores, see right panel of Fig. 6 and onsider M21 � M22 =(M1 �M2) � (M1 +M2) = onstant. Spin-orbit interations are known to be small even thoughthis was an unexpeted observation.This semilassial piture an be reprodued within a `5-dimensional theory holographially dualto strongly oupled QCD (AdS/QCD)'. In [106℄, the linearity of the mass square spetrum is usedas a onstraint for the infrared behaviour of the theory. Two variants have been proposed howto model on�nement: by a `hard wall' [107℄ or by a `soft wall' [106℄ whih ut o� e�etivelyAdS spae in the infrared region. The two variants lead to di�erent relations between mass andorbital and radial quantum numbers. The hard wall solutions gives Mn(l) � l + 2n, the soft wallM2n(l) � l + n.The duality between the anti-de-Sitter spae and onformal �eld theories seems to us as one ofthe most promising diretions to larify the relation between hadron properties, inluding theexitation spetrum, and their struture funtions [108℄. A very short introdution an be foundin setion 2.9.1.2.6 Flavour independene of foresMeson masses vary over a wide range; e.g. !(782) and �(9460) are both ground state vetormesons. The di�erent masses are due to di�erent quark masses, the interations are the same:gluons do not experiene any di�erene when oupling to a blue up, down or bottom quark.28



Quarks having di�erent avour ouple to gluons with their olour, irrespetive of their avour.Surprisingly, the avour independene of quark-antiquark interations an be seen in meson massspetra (Fig. 6). The spetra show a similarity of mass splittings from very light to very heavymesons implying that even the wave funtions must be similar.The left panel of Fig. 6 shows the mass gap for L = 1 exitations with quark spins aligned formesons and some baryons. An arbitrary (model) error of 30MeV/2 is assigned to the masses. Themass di�erene between the lowest-mass tensor meson and the lowest-mass vetor meson are givenfor di�erent avours. The �gure starts with the di�erene of the mean f2(1270), a2(1320) massand the mean !, � mass, and ends with the di�erene in mass of �b2(1P ) and �(1S). For baryons,the mass di�erene is given for the mean value of the orbital angular momentum L=1 exitations,�1=2�(1620) and �3=2�(1700), and the ground state �3=2+(1232), and for the orresponding �states �3=2+(1385), �1=2�(1750), and �5=2�(1775). For the omparison of baryon exitations, itis important to selet states in whih either spin or isospin wave funtions are symmetrial withrespet to exhange of two quarks. The �rst orbital angular momentum exitation of the nuleon,N1=2�(1520), would be inappropriate to use for this omparison. It has a larger exitation energywith respet to the nuleon ground state; both, nuleon mass and N1=2�(1520) mass are redued byspin-spin interations (likely indued by instantons) whih are absent for members of a deuplet.
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is similar to the one observed when the spin is ipped in mesons (like in � and �). In the languageof instanton-indued fores: there is one q�q pair in the � whih is a�eted by instantons, in the� there is none. And their is one qq pair in the nuleon a�eted by instantons and none in the�(1232). In both ases, the mass square is redued by the same amount. Adding one or two strangequarks does not introdue large hanges in the deuplet-otet mass splittings. More triky are the� states. The mass di�erene here is between avour singlet and otet states instead of otet anddeuplet. In the avour singlet states, there are 3 quark pairs whih are antisymmetri in spinand avour, in otet states there is only one. The fration of quark pairs whih are antisymmetriin spin and in avour is however redued in odd angular momentum exitations by a fator 2.In total, we expet and observe the same splitting as in the ase of the �(1232) and nuleon.The mass square splitting in Fig. 6 is proportional the fration in the wave funtion whih isantiysmmetri in spin and in avour [112℄.Orbital angular momentum exitations and the spin-spin interations lead to very similar masssplittings over a very wide range of meson masses demanding a uni�ed desription. This viewpointwas often stressed by Isgur [113℄.1.2.7 The light meson spetrum and quark model assignmentsApart from ground state mesons and those on the leading Regge trajetories, a large numberof meson resonanes is known. In the following three �gures the experimental spetrum of lightavoured mesons is displayed. Figure 7 shows isosalar mesons, Fig. 8 isovetor mesons, and Fig. 9the experimental Kaon spetrum. Inluded in the �gures are all entries in the Review of Partile
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Properties [1℄, also those whih are less well established and whih are omitted from the summarytable. The Partile Data Group has a third lassi�ation, further states, a olletion of andidateswhih are not onsidered to have a good hane to survive future experiments. In spite of thiswarning, we inlude the results based on analyses of Crystal Barrel data by the QMC-Rutherford-Gathina group [49℄ sine these are the only data providing a systemati view of the high-massregion of meson resonanes.These mesons have known spin and parity, their avour struture is however unknown. In someases, like !, �, f2(1270) and f 02(1520), the deay pattern reveals their n�n and s�s nature. Thenature of other mesons is more diÆult to establish. For the isospin quartet a�;00 (980); f0(980)numerous interpretations exist. A solid knowledge of the spetrum of q�q mesons is mandatory ifother forms of hadroni matter like glueballs, hybrids, tetraquark states, N �N bound states andresonanes, or meson-meson moleules bound by nulear fores are to be disriminated againstthe `bakground' of q�q mesons.Of ourse, these di�erent forms of hadroni matter are not realised in nature as separate identities.Mesons should rather be onsidered as omplex objets with a Fok spae expansion to whihdi�erent on�gurations make their ontribution, even though at an unknown level. So the questionarises if leading on�gurations an be identi�ed by omparing simpli�ed models with experimentaldata. From the patterns of the well established resonanes in these �gures we infer:� With the exeption of pseudosalar and salar mesons, for every isovetor resonane there existan isosalar partner almost degenerate in mass within 50MeV/2. Prominent pairs are:�(770)|!(782) a1(1260)|f1(1285) a2(1320)|f2(1270)�3(1690)|!3(1670) a4(2040)|f4(2050) a6(2450)|f6(2510) .From this one an onlude that in these setors n�n $ s�s avour mixing does not play asigni�ant rôle.� Again with the exeption of (pseudo)salars, spin-orbit splittings seem to be small, note e.g.the approximate degeneray off1(1285)|f2(1270) a1(1260)|a2(1320) K1(1400)|K�2(1430)K2(1770)|K�3(1780) K4(2500)|K�5(2380) .� Also, again with the exeption of (pseudo)salars, spin-spin splittings are not very large, seee.g. the near degeneray ofb1(1235)|a1(1260)|a2(1320) h1(1170)|f1(1285)|f2(1270)�2(1670)|�3(1690) �2(1645)|!3(1670) .� for the (pseudo)salar mesons distinguished spin-spin splitting and avour mixing is observed,the most prominent example being the � � � � �0-pattern.These regularities help to assign spetrosopi quantum numbers to the states. Of ourse, thesequantum numbers are an interpretation. The �(1700) e.g. ould be the seond � radial exitationwith spetrosopi quantum numbers 33S1 or the ground state with intrinsi orbital angular mo-mentum L = 2, 13D1. The external quantum numbers are JPC = 1�� in both ases. In general, thephysial state an be mixed. An assignment of the dominant part in an expansion of the physialstate into states with spetrosopially de�ned quantum numbers an be made by omparisonwith models, for its mass and for the deay modes.Table 2 displays the spetrum of light q�q mesons having small intrinsi orbital angular momenta32



(L = 0; 1; 2). It is surprising how many states are still unobserved; this de�ieny ertainly in-reases with inreasing mass. Even more intriguing are those states, indiated by question marksin Table 2, whih are expeted to have low masses, in the region between 1000 and 1600MeV/2,for whih andidates exist but for whih our knowledge of the meson spetrum does not suÆefor an unambiguous interpretation.Table 2The light meson spetrum. Mesons masses marked xxxx are so far unobserved, those marked with ???? will bedisussed in detail in this report.L S J n I = 1 I = 1=2 I = 0 I = 0 JPC n2s+1LJ0 0 0 1 � K � �0 0�+ 11S00 1 1 1 � K� � ! 1�� 13S10 0 0 2 �(1370) K(1460) �(????) �(????) 0�+ 21S00 1 1 2 �(1450) K�(1410) �(1680) !(1420) 1�� 23S11 0 1 1 b1(1235) K1B h1(1380) h1(1170) 1+� 11P11 1 0 1 a0(????) K�0 (1430) f0(????) f0(????) 0++ 13P01 1 1 1 a1(1260) K1A f1(1510) f1(1285) 1++ 13P11 1 2 1 a2(1320) K�2 (1430) f2(1525) f2(1270) 2++ 13P22 0 2 1 �2(1670) K2(1770) �2(1870) �2(1645) 2�+ 11D22 1 1 1 �(1700) K�(1680) �(xxxx) !(1650) 1�� 13D12 1 2 1 �2(xxxx) K2(1820) �2(xxxx) !2(xxxx) 2�� 13D22 1 3 1 �3(1690) K�3 (1780) �3(1850) !3(1670) 3�� 13D3From deep inelasti sattering we know that mesons do not have a simple q�q struture; the olouredquarks distort the QCD vauum, the quark and gluon ondensates beome polarised and themesoni wave funtion ontains further virtual q�q pairs and violent gluoni �eld on�gurations.From lattie QCD and from QCD-inspired models we expet states beyond the ordinary spetrumof q�q mesons, glueballs, hybrids, and multiquark states. These additional states may have unusualprodution and/or deay properties whih may support an identi�ation with non-q�q states. Theiridenti�ation as glueballs, hybrids, or multiquark states requires omparison between model alu-lations and experiment, and a subtle disussion of the experimental onditions under whih theyhave been observed. States whih have served as meaningful andidates for glueballs, hybrids andmultiquark states are in the fous of this review.
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2 From QCD to strong interations2.1 Quantum Chromo Dynamis2.1.1 The QCD LagrangianWhen quarks were �rst introdued by Gell-Mann and Zweig in 1964 [95,114℄, the quark model wasoften interpreted as a merely useful sheme for lassifying hadrons, and the lak of any experimentalevidene for free quarks was not onsidered to be a real problem. The absene of isolated quarksbeame an urgent issue only with the suesses of the quark-parton model and of quantum hromodynamis as a fundamental theory of strong interations [115℄. QCD provides a frame within whihexperimental �ndings in hadron physis are disussed even though the physial onsequenes ofthe theory are often not worked out. The QCD Lagrangian [116,117℄ has a struture similar to itsanalogue in QED: LQCD = �qi(i���Æij + g�aij2 Aa�� �mÆij)qj � 14F a��F a�� (2.1)with F a�� = ��Aa� � ��Aa� + gfabAb�A� : (2.2)where qi are the quark �elds with olour indies i = 1; 2; 3; � � � , �a2 are the generators of olourSU(3), A�a are the gluon �elds whih transform aording to the adjoint representation of SU(3)with a = 1; :::; 8, g is the bare oupling, m is the quark mass. As in QED, the Lagrangian anbe derived from the equation for free Dira partiles by requiring invariane under loal gaugetransformations, U(1) in ase of QED or SU(3) for QCD.Eq. (2.1) shows that quarks ouple to gluons like eletrons to photons. The eletromagneti urrente� of QED is replaed by g� �2 of QCD. t'Hooft showed in the early 1970's [118℄ that a gaugetheory with a loal SU(3) olour symmetry is renormalisable; divergenes an be absorbed by arede�nition of the parameters of the Lagrangian in all orders of perturbation theory.
Fig. 10. Interations in QCD at the tree level.In omparison to QED, QCD has important additional omponents arising from the speial stru-ture of the (non-Abelian) SU(3) group. The eletri harge is a single-valued number while quarksome in oloured triplets. Photons arry no eletri harge, gluons in QCD are olour otet states.The nonlinear terms in the �eld strength F �� give rise to trilinear and quadrati verties in thetheory so that gluons ouple to themselves in addition to interating with quarks as depited inFig. 10. This self-interation leads to important onsequenes:(1) The self-interation between gluons makes the theory nonlinear and very diÆult to solve.Nevertheless in some speial ases approximate solutions an be found.34



At low energies, an expansion in terms of the (small) pion mass and small pion momentaprovides a frame whih onnets di�erent hadroni reations. This expansion is known asChiral Perturbation Theory (�PT). The dynamis of heavy quarks an be aessed in anexpansion in powers of the inverse heavy quark mass known as Heavy Quark E�etive Theory(HQET). In other ases, a possible solution of QCD an be obtained by numerial alulationson a lattie. With inreasing omputer power and the development of appropriate funtionsfor hiral extrapolations, lattie QCD has grown to a preditive theory. However, lattie QCDoften predits numbers but does not provide intuitive understanding; the gap from QCD tointuition is bridged by so-alled `QCD-inspired models'.(2) Likely, the gluon self-interation leads to on�nement of olour. Originally, the on�nementhypothesis was invented to `explain' the absene in Nature of free quarks, i.e. of partileswith frational eletri harge. However, no fundamental priniple exludes the existene ofa salar �eld arrying olour. A bound state of a quark and the salar �eld would still havefrational harge but ould be olour-neutral. Hene a modern version of the on�nementhypothesis denies the existene of observable objets with non-vanishing olour harge: allobservable partile states are olour singlets.(3) The self-interating leads to the suggestion of the existene of new forms of hadroni matterwith exited gluoni degrees of freedom, known as glueballs and hybrids.2.1.2 Chiral symmetryIn the limit of vanishing quark masses, the QCD Lagrangian is invariant under hiral transforma-tionsq! exp(i5�ata) q;q! q exp(i5�ata); (2.3)where ta are the generators of the avour symmetry group - SU(2) for isotopi symmetry orSU(3) for symmetry of u; d; s quarks. In this limit, positive- and negative-parity states are mass-degenerate. This degeneray is not seen in the spetrum of low lying hadrons. For example, thenegative-parity ompanion of the nuleon, N(1535)S11, is separated from the nuleon by about600MeV/2.This mass shift is substantial and indiates that hiral symmetry is broken. Thespontaneous symmetry breaking is signalled by a qq vauum expetation value, the hiral onden-sate [119℄. The value of the quark ondensate density is known with high preision [120℄ from theGell-Mann-Oakes-Renner relation:h�qqi = � f 2�m2�2(mu +md) = �(240� 10MeV)3 (2.4)for whih higher-order orretions are small.Spontaneously broken hiral symmetry is assoiated with the existene of eight Goldstone bosons,of eight massless pseudosalar mesons. Pseudosalar mesons observed in Nature, ��; �0; �;K�; K0; �K0,are not massless; for small quark masses, hiral symmetry is broken expliitly leading to �nite (butstill small) masses. The �0 mass, however, is not small; the 5-invariane is broken on the quantummehanial level due to an anomaly whih implies that the divergene of the avour singlet axialvetor urrent A� = q�5q does not vanish:��A�(x) = Nfq(x); where (2.5)35



q(x) = � 132�2 �����Ga��(x)Ga��(x) (2.6)is alled topologial harge density.2.1.3 InstantonsThe QCD vauum has a nontrivial topologial struture. There are trivial vaua having vanishinglassial �elds (Aa� = 0; Ga�� = 0) with small perturbative osillations near this zero. In addition,there are in�nitely many other solutions with Ga�� = 0 whih an not be redued to Aa� = 0by a ontinuous gauge transformation [121℄. These di�erent solutions are labelled by an integernumber, alled winding number. The tunnelling transitions between di�erent vaua leads to non-perturbative �eld on�gurations [122, 123℄ alled instantons and anti-instantons. The tunnellingdereases the vauum energy making it negative.The theory of the instanton vauum is far from being ompleted. Its inferenes of any of itsonsequenes for the real world requires the use of models and of experimental data. Neverthelessit an be used as powerful approximation to evaluate nonperturbative e�ets. We refer the readerto reviews by Sh�afer and Shuryak [124℄, Forkel [125℄ and Diakonov [126℄. As a qualitative guidewe an onsider instantons as nonperturbative utuations with a very strong �eld in a relativelysmall volume (r � 1=3 fm) with average spae-time density n � 1 fm�4 whih provide a signi�antontribution to the gluon ondensate.Right-handed and left-handed quarks an propagate in this highly non-trivial vauum in zeromodes of de�nite hirality (left handed for instantons, right handed for anti-instantons). As thereis exatly one zero mode per avour, only the propagation of quark pairs of opposite hiralityare inuened by instantons. This has important onsequenes for meson spetrosopy: diretinstanton e�ets should be expeted for pseudosalar mesons and for salar mesons.Instantons inuene the dynamis of quarks in two ways: i) The quark and antiquark propagatorsget dressed and obtain a dynamial mass [126℄. ii) Quark and antiquark may satter o� instantonsleading to an e�etive quark interation. Suh proesses are desribed by non-loal 2Nf -quarkinterations known as 't Hooft verties [123℄. They generate the dominant instanton e�ets inthe light-quark setor. The 't Hooft verties manifestly break the axial UA(1) symmetry of theQCD Lagrangian with mq = 0 and thereby resolve (at least qualitatively) the UA(1) problem, i.e.they explain why the �0 meson has almost twie the mass of the � meson and why it annot beonsidered as a (quasi) Goldstone boson.2.2 Chiral Perturbation Theory �PTChiral Perturbation Theory [51{54℄ is based on the onstrution of an e�etive Lagrangian whihrespets the QCD symmetries, and ontains �;K and � mesons as elementary ingredients of thetheory. These partiles are the Goldstone bosons of spontaneous hiral symmetry breaking ofmassless QCD and are the low-energy degrees of freedom of the theory. In the hiral limit, allamplitudes vanish at zero momentum. This fat allows one to onstrut �PT as an expansion ineven powers of momenta, generially denoted as O(p2); O(p4). At eah order in p2, �PT is the sumof all terms ompatible with the symmetries, eah multiplied by a free parameter. One a set ofparameters up to a given order is determined, it desribes, to that order, any other proess involvingmesons. In the leading order, the only parameters are masses and deay onstants; 10 further36



hiral parameters are needed to desribe meson-meson interations in seond order (p4). Thenatural range within whih �PT an be applied is governed by the parameter �� � 4�f� at about1GeV/2. The low-mass salar interations an be derived from the leading order Lagrangian andunitarity, from whih the existene of a �(485) and �(700) was dedued (see setion 9). In [127{129℄,seond order orretions and oupled hannels e�ets were alulated and meson-meson rosssetion data up to 1.2GeV/2 desribed in a onsistent way. Resonanes were onstruted byextrapolation of the �PT amplitude via the Inverse Amplitude Method [130℄ whih avoids onitswith unitarity.For suÆiently light quarks, hiral perturbation theory an be used to estimate quark mass ratios[131℄. To �rst order, the squared masses of pseudosalars are proportional to the quark masses.Eletromagneti interations add to squared masses as well:m2�0 =B(mu +md)m2�+ =B(mu +md) + �emm2K0 =B(md +ms)m2K+ =B(mu +ms) + �em (2.7)Here, B and �em are unknown onstants. From these equations quark mass ratios an be deter-mined with high preision:mu=md = (2m2�0 �m2�+ +m2K+ �m2K0)=(m2K0 �m2K+ +m2�+) = 0:56 (2.8)ms=md = (m2K0 �m2�+ +m2K+)=(m2K0 �m2K+ +m2�+) = 20:1 (2.9)Higher order �PT orretions hange these ratios by � 10%. To estimate absolute values of quarkmasses we have to use soures from outside of hiral perturbation theory. As a �rst estimate wean assume that, as a result of hiral symmetry breaking, the same mass is added to all baremasses. In this approximation ms = (m� �m�)=2 � 120MeV=2: (2.10)More re�ned approahes based on sum rules [132℄ give an s-quark mass of about 100 MeV/2,with about 10% preision. Thus, u and d quarks are very light on a hadroni sale of 1GeV/2:mu � 4 MeV/2, md � 7 MeV/2. This is a justi�ation of the low mass approximation of �PT.Masses of onstituent quarks annot be determined without addressing the model in whih theyare used.2.3 Lattie QCDLattie QCD aims at simulating full QCD on a disrete Eulidean spae-time lattie and seems tobe the most promising tehnique to alulate the properties of hadrons from the QCD Lagrangian.The four dimensions of spae and time are disretised with a regular lattie of points separatedby a spaing a in a volume L3T . Anisotropi latties use more lattie points in the time diretionthan in the spae diretions. The time is hosen to be Eulidean, i.e. the metri tensor is de�nite.The reiproal spaing 1=a should be muh smaller than the masses or momenta involved inthe alulation. It ats as a ultra-violet ut-o� parameter while maintaining gauge invarianeof the theory. In the formulation de�ned by Wilson [133℄, quarks are plaed on the sites of thelattie, while the gluoni �elds are represented by links onneting neighbouring sites. Every �eldon�guration reeives a Boltzmann weight expf�Sg where S is the Eulidian ation. Expetation37



values of physial quantities are estimated from ensemble averages. Lattie QCD provides a non-perturbative regularisation of QCD and a means by whih observables an be predited. Theadvantage of this approah is that it is based on �rst priniples of QCD and that its approximationsare ontrollable. The mass of a state is e.g. extrated from the deay of a two-point orrelationfuntion C(t) = h�(t)�(0)i / e�Mt (2.11)where �(t) is a lattie operator that reates or annihilates the state of mass M at time t. Aftersome thermalisation, the orrelation funtion falls o� exponentially, the fall-o� is given by thepartile mass. Exited states fall o� muh more rapidly and are thus diÆult to extrat on thelattie. A further problem originates from the Wilson-Dira operator whih does not respet hiralsymmetry: light quarks of lattie QCD are too massive, � 50MeV/2. A remedy is the so-alledhiral extrapolation: at low momenta, the interations e.g. in ��� sattering and ��N satteringare weak and an be treated perturbatively. The results depend on the assumed quark mass whihan be made large. Hene the dependene of an observable as a funtion of the pion mass an bedetermined and a hiral expansion to the true quark masses an be performed; this limit oftenreprodues aurately physial quantities.Still, the inlusion of dynamial quarks is a major problem. In many alulations, quark loops arenegleted, the alulations are done in quenhed approximation. Unquenhing is very omputertime onsuming, additionally it su�ers very often from too large quark masses.2.3.1 Con�nementThe non-observation of free quarks has led to the general onvition that quarks (or olour soures,to be more preise) are on�ned. It is assumed but not proven that quantum hromodynamison�nes quarks due to some speial lass of gauge �eld on�gurations like Abelian monopoles orentre vorties whih are supposed to dominate the QCD vauum at large distane sales. We referthe reader to a few reviews for more detailed disussions of the ideas [134, 135℄ and the presentstatus [136, 137℄.Lattie simulations have also on�rmed properties of the stati quark potential and the string-like behaviour of the QCD ux tube. In Fig. 11, the potential energy is shown as a funtion ofthe separation between two stati quarks. The potential energy an be desribed very well bythe superposition of a Coulomb-like potential and a linearly rising (on�nement) potential. AtsuÆiently large separations, for R � 0:12 fm, the total energy suÆes to allow mesons to deayinto two (olour-neutral) mesons: spring breaking ours. Spring breaking an be simulated on alattie [139{141℄. The right panel in Fig. 11 displays the energy levels due to a q�q and a two-mesonsystem in an adiabati approximation. In a hadroni reation, the sudden approximation � wherethe system follows the straight line � is more realisti, and q�q pairs an be exited to muh higherenergies.2.3.2 GlueballsThe alulation of the glueball mass spetrum belongs to the early ahievements of lattie QCDand is still of topial interest. A onvenient way to represent the results was given by Morningstarand Peardon [143℄ who alulated a large number of spin-parity on�gurations, see Fig. 12. The38
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numerial results are reprodued here as well; for noisy states, the right JPC assignment is diÆultto extrat.There exists a large number of papers, partly using di�erent tehniques, to extrat glueball prop-erties. We refer the reader to a reent alulation [144℄ where referenes to previous work and todi�erent methods are given. Essentially all alulations agree that the lowest mass salar glueballshould have a mass between 1.6 to 1.8GeV/2, followed by a tensor glueball and a pseudosalarglueball at about 2.3 and 2.5GeV/2, respetively. It an be shown that unquenhing the lat-tie does not lead to signi�ant hanges in the glueball mass spetrum [145℄. However, in thesealulations the sea quarks still have sizable masses orresponding to m�=m� � 0:7.The lattie glueballs are ompat objets, the salar glueball has a radius of about 0.3 fm [146℄.2.3.3 Ground-state q�q mesonsA preise alulation of the light hadron spetrum in quenhed QCD, i.e. without quark loops,was arried out by the CP-PACS Collaboration. Their results are summarised in the plot shownin Fig. 13. The agreement is impressive: quenhed QCD desribes the light hadron spetrum atthe level of 10%. Still, there remain some signi�ant deviations from the experimentally observedspetrum, dynamial quarks do play a rôle even though at a surprisingly low level.The CP-PACS results in Fig. 13 do not yet show any SU(3) avour singlet meson. Pseudosalarand salar avour singlet mesons are deeply a�eted by the topologial struture or quantumutuations of the QCD vauum. The quenhed approximation thus misses the most importantaspets of the � and �0 and of their ontroversial salar ounterparts. An introdution to objetivesand methods to overome these diÆulties, at least in part, an be found in some letures notes[148℄. The masses M� = 292� 31 MeV/2; M�0 = 686� 31 MeV/2: (2.12)
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are low with respet to experimental values but yield a mass splitting that ompares well withdata. A similar study for salar isosalar mesons has not been made but alulations of the a0(980)and K�(1430) masses have been arried out [149℄.The spetrum of salar mesons is hotly debated. The glueball of lowest mass has salar quantumnumbers, and every reliable information how to organise the salar nonet is extremely welome. InTable 3 reent results on the mass of the ground-state salar isovetor meson a0 are olleted. Theresults are spread over a wide range: lattie QCD an support the identi�ation of the a0(980), ofthe Crystal Barrel a0(1475), or of the Obelix a0(1290) state as the ground state salar isovetorq�q state,.Table 3The mass of the a0 meson from lattie QCD. Group Method ma0 GeV/2Bardeen at al. [150℄ quenhed 1:34(9)Hart et al. [151℄ nf = 2, partially quenhed, 1:0� 0:2Prelovsek et al. [152℄ nf = 2, unquenhed, 1:58� 0:34Prelovsek et al. [152℄ partially quenhed 1:51� 0:19Burh et al. [153℄ quenhed � 1:45MNeile and Mihael [149℄ nf = 2, unquenhed, 1:01� 0:04This is a puzzling situation: lattie QCD predits meson and baryon masses of undisputed states,in lose agreement with experiment. When open physial questions are involved, there is often noguidane provided.Reently, masses of salar avour singlet mesons were alulated in (nf = 2) unquenhed lattieQCD [154℄ and it was shown that the mass of the lightest 0++ meson is muh lower than the massof the 0++ glueball in quenhed QCD. The lowest-mass salar avour singlet meson ould henebe identi�ed with f0(980) or even with �(485). It was stressed that for salar mesons, there is astrong dependene on lattie spaing. Strong mixing between salar glueball and salar mesonsis found, again with a signi�ant lattie-spaing dependene, demanding future alulations with�ner lattie spaing, dynamial simulations with light quarks (plus a strange quark in the sea),and large statistis. The main e�et of unquenhing the glueball is to drive its mass from 1.6GeVto 1GeV. The authors onlude that \it is not lear that a mixing sheme based on only thestates f0(1370), f0(1500), and f0(1710) is omplete enough to determine the fate of the quenhedglueball".2.3.4 HybridsHybrid mesons are mesons in whih the gluoni degrees of freedom are exited. Most fasinating isthe possibility that they may aquire spin-exoti quantum numbers whih annot be reated froma q�q state with unexited glue. However, spin-exoti mesons an also be formed by q�qq�q systemsor by meson-meson interations.The lowest-lying hybrids are expeted to have JPC = 1�+. Hybrids in the � family are predited inthe range 10.7 to 11.0GeV/2, above the �(4S) and with 20MeV/2 width. Bottomonium hybridsare expeted to deay with a width of about 100MeV/2 into one of the �b states and an isosalarsalar meson, via its oupling to its avour-singlet omponent [155{157℄. In the harmoniumfamily, hybrids are predited at 4.34GeV/2 [158{160℄ with an estimated unertainty of 100 to41



200MeV/2. The predited mass is above the Y (4260) (whih we interpret as  (4S), see setion5.2.3). Light-quark hybrids should have masses at about 2GeV/2 [161℄ but even masses as lowas 1.5GeV/2 are not exluded [162℄. Hybrid deay widths depend of ourse on the hybrid mass.For masses around 2.2GeV/2, typial partial widths are (400� 120) or (90� 60)MeV/2 for �b1and �f1 deays [163℄ and about 60MeV/2 for �a1 deays [164℄.2.4 QCD sum rulesIn the method of QCD sum rules [165℄, problems due to long-distane interations are avoided byonsidering only quarks propagating at short distanes. Hadrons are represented by their interpo-lating urrents taken at large virtualities, i.e. at large, spae-like momenta Q2 � �q2 � �2QCD. Fornormal mesons, the interpolating urrents are onstruted from q and �q. In the ase of glueballs,the urrents are given by gluoni interpolating �elds, e.g. by OS (x) = �sGa�� (x)Ga�� (x) for asalar glueball. The orrelation funtion of these urrents is introdued as�G(�q2) = i Z d4x eiqx h0jT OG (x)OG (0) j0i (2.13)and treated in the framework of the operator produt expansion where the short distane intera-tions are alulated using QCD perturbation theory. Long-distane interations are parametrisedin terms of universal vauum ondensates. The result of the QCD alulation is then mathed, viadispersion relation, to a sum over hadroni states�G �Q2� = 1� Z 10 dsIm�G (�s)s+Q2 : (2.14)The spetral funtion is usually parametrised by one or more resonanes and a step-like ontinuumIm�(ph)G (s) = Im�(pole)G (s) + Im�(ont)G (s) ; (2.15)leading to the following representation:�(q2) = q2f 2m2(m2 � q2) + q2 1Zsh0 ds �h(s)s(s� q2) + �(0) : (2.16)After a Borel transformation, a more onvenient form of the sum rule is obtained�(M2) = f 2e�m2=M2 + Z 1sh0 ds �h(s)e�s=M2 ; (2.17)where ontributions from high masses are suppressed. Shifman, Vainshtain and Zakharov [165℄related the short distane behaviour of urrent orrelation funtions to the vauum expetationvalues of gluon operators and thus dedued the magnitude [120℄ of the gluon ondensate:h�s� G2i = (0:012GeV)4 � 30% : (2.18)QCD sum rules have the advantage that they deal with fundamental parameters like urrent quarkmasses and vauum ondensate densities, ontrary to phenomenologial models whih use not sowell de�ned objets like onstituent quarks et. An impressive number of results on light quarkspetrosopy were obtained using sum rules. For a disussion of perspetives and limitations ofsum rules, we refer the reader to the review of Colangelo and Khodjamirian [120℄.Narison has alulated glueball masses and widths in the QCD sum rule approah and low-energytheorems [166℄. In the salar setor, he found a gluonium state having a mass MG = (1:5 � 0:2)42



GeV, whih should deay into the avour otet (!) ��0 hannel and into 4�0. In addition, he suggestswide gluonium states at low masses whih he identi�es with the �(485). In a more reent paper,Narison proposed that the two isosalar resonanes �(485) and f0(980) result from a maximal q�q{glueball mixing. The salar states f0(1500), f0(1710), f0(1790) are suggested to have a signi�antglueball omponent [132℄.2.5 Flux-tube modelThe ux tube approah desribes mesons in a dynamial nonrelativisti model motivated by thestrong oupling expansion of lattie QCD [167℄. In this model quarks are onneted by a string ofmassive beads, with a linear on�ning potential between the beads. By analogy with lattie QCDonly loally transverse spatial utuations of the bead positions are possible. For a string of Nmass points whih onnets a quark at site 0 to an antiquark at site N + 1 the ux tube modelHamiltonian is written as H = Hquarks +Hflux tube ; (2.19)Hquarks = � 12mq ~r2q � 12m�q ~r2�q + Vq�q ;Hfluxtube = b0R +Xn " p2n2b0a + b02a(yn � yn+1)2# ;Here mq and m�q are the quark and antiquark masses, mb is the bead mass, yn is the transversedisplaement of the nth bead, pn is its momentum, b0 is a string tension, and R = (N +1)a is theseparation between the stati quarks. The potential Vq�q is meant to desribe the olour Coulombinteration. When the ux tube is in its ground state, the exitation of q�q yields the onventionalmeson spetrum. Flux-tube exitations lead to a new kind of hadroni states alled hybrids. TheShr�odinger equation with Hamiltonian (2.19) an be solved in adiabati approximation thus givingthe masses of ordinary and of hybrid mesons. The exitations of the ux tube are haraterisedby �, the projetion of the ux tube orbital angular momentum along the q�q axis. For a singleux tube exitation, � = �1. With this additional degree of freedom the quantum numbers ofhybrid mesons with the q�q spin S = 0 are JPC = 1++; 1��; for S = 1 the quantum numbersJPC = 2+�; 2�+; 1+�; 1�+; 0+�; 0�+ are aessible. The list ontains exoti quantum numbers,JPC = 0�+; 1�+; 2+�, whih annot be generated by normal q�q states. The lightest hybrid statesare predited to have masses M � 2:0 GeV/2 [168℄.Mesons an deay via ux-tube breaking at any point along its length, produing a �qq pair inJPC = 0++ state. Hybrid states have a node along the initial q�q axis leading to a suppressionof hybrid deays into two mesons with idential spatial wave funtions: hybrid deays into twopseudosalar mesons or one pseudosalar and one vetor meson are forbidden. Instead, hybridsprefer deays into one S-wave and one P -wave meson. Typial examples are deays into �b1(1235)or �f1(1285). Hybrids an therefore be observed only in ompliated �nal states and at ratherhigh masses. These onditions make experimental searhes for them very diÆult.The deay widths an be alulated using some models for wave funtions of the mesons involvedand assuming a universal string breaking onstant for all deays [169℄. This universality is of oursea rather restritive assumption.To estimate the reliability of the ux-tube model we an ompare its results on hybrids withthose of lattie QCD. Figure 14 shows the ux tube potential for the ground state (solid line)and the �rst exited state (dotted line) [168℄. These are ompared to lattie omputations of the43



same adiabati potentials (points) [170℄. At a q�q separation of about 1 fermi, both models nearlyoinide while at smaller separations the ux tube model potential overestimates the strengthof the attrative Coulomb potential, at large separations, it underestimates the string tension.Hybrid mesons at small q�q separations an be treated as states formed by a q�q pair and a gluon.The gluon �eld arries olour, the q�q form a olour otet and thus their interation is repulsive.Apart from these details, ux-tube-model and lattie potential are rather similar, and the uxtube provides a viable model and a very onvenient language. It has signi�ant preditive powerand a suÆient number of tuneable parameters for further development.
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with ~p the relative momentum in the entre-of-mass frame. The interation is written asV = H +HSS +HLS +HAwhih ontains a entral potential { linear on�nement br+ and Coulomb potential {, a spin-spinand a spin-orbit interation, and an annihilation ontribution for avour-neutral mesons.The potential is generated from gluon exhange with a running oupling onstant for whih aparametrisation G(Q2) = �43 �s(Q2) 4�Q2is hosen where �s(Q2) = Pk �k e� Q242k , with �s(0) �nite, and ~Q = ~p0 � ~p. These potentialsare \smeared out" to avoid singularities at the origin. Relativisti e�ets are partly taken intoaount, but spin-orbit fores are suppressed; there are no spin-orbit fores in the Hamiltonian.The exuse for this suppression is the experimental observation that these are weak or absentin the data. From the theoretial side, spin-orbit fores are at least partly ompensated by theso-alled Thomas preession, a relativisti generalisation of Coriolis fores. The �-�-splitting isassigned to the magneti interation aused by one-gluon exhange.Annihilation is taken into aount by parametrising the annihilation amplitude, one for non-pseudosalar avour-neutral mesons and a di�erent one for pseudosalar mesons. All mesons areassumed to be \ideally mixed", exept the pseudosalar mesons.2.6.2 Exhange of Goldstone partilesThe model proposed by Vijande, Fernandez, and Valare [172℄ uses a quark-antiquark potentialwhih inludes a (sreened) on�nement potential in the formVon(~x) = (�� a (1� exp(��j~xj))) �()q � �()�q ; (2.21)a short range one-gluon-exhange inspired potential and Goldstone Boson exhanges in the formof modi�ed Yukawa potentials V (~x) = X�=�;�;K;� V�(~x) ; (2.22)where the isosalar (�) part ontains a entral and a spin-orbit term, and the other potentials(�;K; �) onsist of entral, spin-spin and a tensor ontribution. Flavour mixing for pseudosalarmesons is indued through the avour dependene of Goldstone boson exhange. Spetra rangefrom light quark mesons to heavy avours.2.6.3 Instanton-indued interationsIn the Bonn quark model [173, 174℄, the residual interations (in addition to a linear on�ningpotential) are indued by instantons. Meson mass spetra, wave funtions and transition matrixelements are alulated from a homogeneous, instantaneous Bethe-Salpeter equation. In this rel-ativisti model, on�nement is desribed by a linear potential with a suitable Dira struture. Inthe Bonn model, two di�erent Dira strutures were used to alulate the meson mass spetra.The �rst one has a salar and a time-like vetor struture in the form45



12(I � I� 0 � 0) (2.23)where I is the identity operator. Alternatively, a on�nement potential invariant under UA(1) wasassumed: 12(I � I� 5 � 5 � � � �): (2.24)In the limit of vanishing quark masses, this struture leads to parity doublets in the meson spe-trum. The two variants de�ne two models, alled A and B in [173, 174℄. Instanton-indued inter-ations lead to u�u ! d �d and u�u ! s�s transitions with adjustable strengths; their values weredetermined to desribe the ground state pseudosalar mesons.Instanton-indued fores have been `invented' to explain the UA(1) anomaly, the large value ofthe �0 mass [176℄. Hene it is not surprising that a model based on instanton-indued fores doeswell in desribing pseudosalar meson masses. Instantons in mesons indue oherent spin ips forquark and antiquark; suh transitions are possible only in pseudosalar mesons where spin upand spin down an be interhanged, or in salar mesons where the spins of quark and antiquarkmay ip and the orbital angular momentum hanges its diretion. Fig. 15 shows the inuene ofinstantons for pseudosalar and salar ground-states mesons [175℄. Instantons lead to substantialmass splittings; the �� splitting is now due to a shift in mass of the pseudosalar pion whih isabsent in � mesons. Partiularly interesting is the fat that salar mesons organise themselves intoa high-mass avour-otet and a low-mass avour singlet state. The predited f0(1470) is easilyidenti�ed with the known f0(1500); the K�0 (1470) is orretly reprodued. The authors in [175℄identi�ed the predited a0(1320) with the a0(1450), in spite of a larger disrepany. The preditedf0(980) was identi�ed either with the f0(980); (this assignment leads to an asymmetri treatmentof the twins a0(980) and f0(980)); alternatively, it was identi�ed with the wide salar `bakground'alled f0(1000) by Au, Morgan, and Pennington [177℄ (and niknamed 'red dragon' by Minkowskiand Ohs [178℄). Later, we will all it f0(1300).
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2.6.4 Heavy Quark SymmetryHeavy quark symmetry [179{181℄ exploits the large separation of mass sales in hadroni boundstates of a heavy quark with light onstituents (quarks, antiquarks and gluons) : the Compton wavelength of the heavy quark (�Q � 1=mQ) is muh smaller than the size of the hadron ontainingthe heavy quark (Rhad � 1=�QCD). This symmetry is widely used in the analysis of semileptonideays of heavy-light hadrons and in spetrosopy (see review [182℄ by Neubert). In the restframe of the heavy quark, relativisti e�ets suh as olour magnetism vanish as mQ ! 1 sinethe heavy-quark spin deouples from the light-quark degrees of freedom. For Nh heavy-quarkavours, there is thus an SU(2Nh) spin-avour symmetry group, under whih the e�etive stronginterations are invariant. (The avour symmetry is analogous to the fat that di�erent isotopeshave the same hemistry, sine to a good approximation the wave funtion of the eletrons isindependent of the mass of the nuleus; the nulear spin deouples in the limit me=mN ! 0).Symmetry-breaking orretions in heavy-light systems an be studied in a systemati way withinthe Heavy Quark E�etive Theory (HQET) where these e�ets depends on few phenomenologialparameters. Here we limit ourselves to spetrosopi appliations and do not touh semileptonideays, most extensively studied within HQET.In the limit mQ ! 1, the spin of the heavy quark and the total angular momentum j of thelight quark inside a hadron are separately onserved by the strong interations. Beause of heavy-quark symmetry, the dynamis is independent of the spin and mass of the heavy quark. Hadronistates an thus be lassi�ed by the quantum numbers (avour, spin, parity, et.) of the light-quark degrees of freedom. Instead of the usual LS oupling sheme, Q�q mesons are more eÆientlyharaterised in the jj oupling sheme. The total spin of a Q�q meson then deomposes into thespin ~sQ and the angular momentum ~jq = ~̀q +~sq where ~̀q and ~sq are angular momentum and spinof the light quark. The total spin-parity is then given by JP = 12� 
 jpq . In this basis, the loweststates omprise three doublets labelled by jpq = 12�, 12+, and 32+. Table 4 lists the lassi�ation ofQ�q states in the two oupling shemes.The di�erent bases impose di�erent multiplet strutures on the D spetrum. For small spin-orbitinterations, the spetrosopi LS basis has an S-wave (D,D�) doublet and a P -wave quadruplet,the (jj) sheme has three doublets. The light omponents of heavy-quark-symmetry wave funtionsdo not depend on the spin of the heavy quark. This leads to preditions [183℄ for the deay-width ratios for hadroni transitions between di�erent jj multiplets like D1 ! D + �; D1 !D� + �; D0 ! D + �; D2 ! D + �, whih are found to be in good agreement with experiment.The preditions of heavy quark e�etive �eld theory will be used as a guide to appreiate thesigni�ane of reently disovered D and Ds resonanes.Table 4Low-lying Q�q states in the LS and JJ oupling sheme.D D� D�0 D1 D01 D�2JP 0� 1� 0+ 1+ 1+ 2+(2S+1)LJ 1S0 3S1 � 3D1 3P0 3P1 � 1P1 3P1 � 1P1 3P2`q 0 0 1 1 1 1jpq 12� 12� 12+ 12+ 32+ 32+deay { { (DP )S (D�P )S (D�P )D (DP )D47



2.7 Meson deaysLattie gauge alulations have shown how hadroni deays may our: when a meson is exited,the string onneting quark and antiquark is expanded until it reahes an energy exitation fromwhih a transition to a meson-meson �nal state is allowed. It is natural to assume that the q�q pairjust reated arries the quantum numbers of the vauum.The 3P0 model of strong deays was suggested nearly 40 years ago by Miu [184℄ and furtherdeveloped by the Orsay group [185, 186℄. Extensive alulations were arried out by Barnes andollaborators [58{60℄; referenes to earlier work an be found in these papers. The results providean important auxiliary tool in the disussion of the nature of new states.Other approahes were attempted. The disovery of the harmonium system with its positronium-like level pattern motivated the use of a one-gluon-exhange potential and of the assumption thathadroni deays proeed via time-like gluons [187, 188℄. Instantons indue transitions not onlyfrom one q�q pair by a four-point interation but also transitions of type u�u! (d �ds�s). Due to theirnature, instantons beome e�etive only for deays of salars into two pseudosalar mesons andfor pseudosalar deays into a pseudosalar plus a salar meson. Results of �rst alulations werereported in [189℄. Of ourse, instanton-indued deays ould interfere with other deay mehanisms;an assignment of salar and pseudosalar mesons to avour multiplets or glueballs using argumentsbased on a partiular deay model is therefore extremely diÆult or even impossible.2.8 E�etive hiral symmetry restorationFor light-quark mesons and for suÆiently high radial or orbital exitations both, hiral symmetryand UA(1) symmetry, ould be e�etively restored as suggested by Glozman [190℄. The momentaof valene quarks ould inrease at large hadron exitation energies and ould then deouplefrom the hiral ondensates of the QCD vauum. As a onsequene, the dynamial quark massis redued. For the physis of low-lying hadrons, the hiral-symmetry-breaking ondensates areruially important. The physis of highly-exited states is suggested to be deoupled from thesehiral symmetry breaking e�ets. Asymptotially, the states may approah a regime where theirproperties are determined by the underlying unbroken hiral symmetry (i.e. by the symmetry in theWigner-Weyl mode). In this ase hadrons should gradually deouple from the Goldstone bosons[191℄ and form new multiplets. If hiral symmetry is restored, the states fall into approximatemultiplets of SU(2)L � SU(2)R [192℄. In the usual potential model lassi�ation I; JPC, hiralsymmetry restoration leads to the following mass relations:J = 0 1; 0�+ $ 0; 0++; 1; 0++ $ 0; 0�+J = 2k 0; J�� $ 0; J++; 1; J�+ $ 0; J++; 1; J++ $ 0; J�+; 1; J++ $ 1; J��J = 2k� 1 0; J++ $ 0; J��; 1; J+� $ 1; J��; 1; J�� $ 0; J+�; 1; J�� $ 1; J++The UA(1) symmetry onnets opposite-parity states of the same isospin but from di�erentSU(2)L�SU(2)R multiplets, for example 1; 0�+ $ 1; 0++. Chiral symmetry restoration requiresa doubling of some of the radial and angular Regge trajetories for J > 0. At large exitations,some of the �-mesons have a1 mesons as their hiral partners, while the other �-meson exitationsare hiral partners of h1 mesons. In setion 6, the preditions will be onfronted with experimentalresults. 48



2.9 Solvable modelsThe relation between the spetrosopy of exited hadrons in the resonane region and their par-toni degrees of freedom observed in deep inelasti sattering is one of the most hallenging tasks instrong interation physis. A promising diretion has been proposed by Maldaena [193℄ who pro-posed a onnetion between the strongly oupling limit of a onformal �eld theory (CFT) de�nedon the AdS asymptoti boundary [194, 195℄, and the propagation of weakly oupled strings in ahigher dimensional Anti-de-Sitter (AdS) spae, where physial quantities an be omputed. QCDis not a onformal theory but for an approximately onstant oupling onstant and for vanishingquark masses, QCD is similar to a strongly-oupled onformal theory. Holographi duality requiresa higher dimensional warped spae with negative urvature and a four-dimensional boundary. Theequations of motion in the AdS spae are expressed as e�etive light-front equations whih de-sribe holographi light-front eigenmodes dual to QCD bound states [108℄. The eigenvalues of thee�etive light-front equation reprodue the mass spetra of light-quark mesons and baryons, theeigensolutions their valene wavefuntions. Con�nement an be modelled by a `hard wall' uttingo� AdS spae in the infrared region [107℄ or spaetimes an be apped o� smoothly by a `softwall' [106℄.On the basis of this ADS/CDF orrespondene, a number of results on nonperturbative QCD wereobtained: from hiral symmetry breaking [196, 197℄ to the pattern of highly exited states [106,108℄, to meson deay onstants, form fators, and to exlusive sattering amplitudes [198℄. Fromthese amplitudes, valene, sea-quark and gluon distributions, and generalized parton distributionsmeasured in deeply virtual Compton sattering an be determined. A survey of the ahievementsan be found in reent papers of Brodsky and de Teramond [199, 200℄.2.10 Have we gained insight from q�q mesons?\The purpose of omputing is insight not numbers", a memorable phrase used repeatedly byHamming throughout his book on Numerial Methods for Sientists and Engineers [201℄. Quarkmodels have the intent to provide insight: to identify the leading mehanisms whih result in theobserved spetrum of hadron resonanes and their deays. However, there are three fully developedquark models; one ould try to identify the model with the best �2 for a minimum number ofparameters as mathing physis reality best, but a good �2 does not prove that the model isorret.All alulations reprodue the �����0 splitting, although the underlying dynamis di�er widely.In the relativised quark model of Godfrey and Isgur [171℄, the non-degeneray of � and � is dueto the inlusion of an extra annihilation amplitude, whereas in the other models it is attributedto an expliit avour dependene in the quark-antiquark interation. In the Bonn quark modelthese are based on instanton e�ets, whih simultaneously aounts for the �=!� �, K� �K and� � � � �0 splittings through non-vanishing u�u $ d �d, u�u $ s�s, and d �d $ s�s amplitudes. In theGoldstone-boson-exhange model these splittings are due to the expliit avour dependene ofthe various meson exhanged. The largest di�erenes turn up for the salar mesons: Whereas therelativised quark model onurs with the usual folklore to yield degenerate isosalar and isovetorstates around 1GeV/2, and the strange salar state around 1.25 GeV/2, the other models preditthat the salar spetrum show splittings similar to the pseudosalar ase but of opposite sign.All models aount very well for the position of the lowest state in eah avour setor even upto the highest masses and total angular momenta. Note however, that Vijande, Fernandez and49



Valare [172℄ only quote results for J � 3, related to their hoie of a \sreened" on�ningpotential. The two models whih inlude one-gluon exhange aount somewhat better for theobserved splittings (and mixing) of radially exited vetor meson states. The Bonn quark modelontains only the on�ning potential in this setor and has nearly no spin-orbit and/or tensorinterations. Thus the spin-singlet and spin triplet 1+ strange mesons are in fat degenerate. Noneof the models produes more than one � states between 1 and 1.5GeV/2 (where the PDG [1℄ lists3), for a disussion see setion 8.Obviously, strong interation dynamis an be based on very di�erent physial pitures, andstill give reasonable desriptions of experimental data. Lattie QCD an serve here as additionalsupport for the assumptions underlying the di�erent quark models. Instantons an be observedin lattie QCD by ooling the highly utuating �eld on�gurations [202℄. Cooling removes theperturbative part of the gauge �elds and leaves the lassial on�gurations. Likely, the rapid�eld hanges in the initial phase are aused by one-gluon exhange dynamis. The � � � andthe N � � splitting an e.g. originate from one-gluon exhange; in this ase, ooling would beexpeted to lead to a shrinkage of this mass splitting. If instantons are responsible, the splittingsshould not be e�eted by ooling. It turned out (Chu et al. [203℄) that most partile masses, inpartiular also the � and � masses, hanged very little when the gauge on�gurations were ooled.The observation suggests that the mass splittings are largely due to instantons. However, themass splitting between the nuleon and � was redued by smoothing; thus one-gluon exhangedynamis seems to be responsible for the N � � splitting. However, Chu et al. [203℄ assignedthe latter observation to a tehnial problem. We are not aware that this important question wasaddressed more reently.

50



3 Major experimentsThe importane of the development of new sienti� instruments for partile physis annot beoverestimated. New experimental methods have often opened new diretions while new demandsand new questions stimulated important tehnial ahievements. In this setion we give a shortdesription of major detetors with whih the results to be presented and disussed in this reportwere obtained. The setion is not meant to review the ahievements in detetor tehnology; ratherit should serve the reader as short referene information on experimental aspets when physisresults are disussed.3.1 Di�rative and harge exhange experiments3.1.1 The CERN-Munih experimentThe CERN-Munih spetrometer at the CERN Proton Synhrotron is desribed in detail in [204℄.The spetrometer was used to study �nal states with two harged partiles originating from theinteration of a �� beam with hydrogen and transversely-polarised butanol targets. The beampartiles were momentum analysed and tagged by a beam spetrometer and Cherenkov ounter.A 1 mm thik sintillation ounter behind the target was used to determine the harged partilemultipliity. The partile trajetories were measured, using proportional hambers and magne-torestritive spark hambers, in front and behind of a magneti spetrometer with 50 m�150 maperture. Sintillation ounters and a hodosope were used in the trigger. Partile identi�ationwas provided by two multiell threshold Cherenkov ounters. The target � suspended insidea 2.5T magneti �eld � was surrounded by a veto box of tungsten-sintillation shower ounterswhih vetoed events with �0's and harged reoil multipliities above one. A 36-element hodosopemeasured the azimuthal angle of the reoil proton to ensure, for events with jtj > 0:08 (GeV/)2,oplanarity of the reation. Most of the data were reorded at 17.2GeV/ momentum and a triggerrequiring two harged partiles in the �nal state. The results of the CERN-Munih ollaborationare published in [204{211℄. For later data, a polarised target was used (CERN-Munih-Krakowollaboration) [212, 213℄.3.1.2 The WA3 experimentThe experiment WA3 arried out by the ACCMOR ollaboration started data taking at CERNSPS in 1977. In the initial stage it used seondary beams of 60GeV/ and 93GeV/ momentatagged with Cherenkov ounters. The apparatus omprised a two-magnet forward spetrometerwith 80 magnetorestritive wire spark hamber planes and two multiellular Cherenkov detetors.The 50 m liquid-hydrogen target was surrounded with sintillator-lead sandwihes. Proportionalhambers and sintillation hodosopes were used to selet the forward harged-partile multipli-ity. Veto sandwihes around the target and in front of magnets were used to suppress events withseondaries out of aperture. Most results on meson spetrosopy are devoted to di�rative pro-dution of meson resonanes in pion and Kaon beams [214{219℄. In these studies two triggers wereused, either an unbiased trigger asking only for a preset multipliity in forward diretion, or atrigger with an additional ut on the momentum squared transfer, jtj > 0:16 (GeV/)2. In 1981this detetor was upgraded to study inlusive prodution of harmed partiles.51



3.1.3 The LASS experimentThe LASS faility was a general purpose spetrometer at SLAC designed primarily for mesonspetrosopy [220, 221℄. It had 4� geometrial aeptane with exellent angular and momen-tum resolution, full azimuthal symmetry, partile identi�ation, and high-rate data aquisitionapability. LASS ontained two magnets �lled with traking detetors. The �rst magnet was asuperonduting solenoid with a 2.24T �eld parallel to the beam diretion. This magnet wasfollowed by a 3Tm dipole magnet with a vertial �eld. The solenoid was used in measurementsof interation produts having large prodution angles and relatively low momenta. High-energyseondaries with small polar angle passed through the dipole for measurements of their traks.Partile identi�ation was provided by a Cherenkov ounter, a time-of-ight hodosope whih�lled the exit aperture of the solenoid, and by a Cherenkov ounter at the exit of the dipole spe-trometer. In addition, dE=dx ionisation energy loss was measured in a ylindrial drift hambersurrounding the liquid H2 target to separate wide-angle protons from pions at momenta below 600MeV/. LASS was situated in an RF-separated beam line delivering a 5-16GeV/ Kaon beam ofhigh purity. Cherenkov ounters were used to tag Kaons. The poor duty fator of the SLAC beamlimited the useful ux to � 250 � 500 partiles per seond. The trigger aepted all interationsin the target exept all-neutral �nal states. The total LASS Kaon program ontained 135 millionevents olleted in 1982. The results were published in [220, 222{226℄.3.1.4 The VES experimentThe detetor VES at Protvino was designed to study multipartile deays of mesoni resonanesprodued in ��N and K�N interations at beam momenta of 20 � 40GeV/ produed in the70GeV/ proton synhrotron (Fig. 16). The beam partiles were tagged with three thresholdCherenkov ounters and their oordinates measured at the entrane to the spetrometer with

Fig. 16. Experiment VES [227℄: T - target with veto ounters and lead-sintillator sandwihes, PC - proportionalhambers, DCI - inner drift hambers, DC - drift hambers, C - Cherenkov ounter, H - hodosope, GS - gammaspetrometer. 52



proportional hambers. A beryllium target of 4 m in diameter and 4 m in length was used. Onboth sides, a 3 m aluminium shield absorbed low momentum harged partiles; veto sintillationounters were used in the trigger, lead-sintillator sandwihes to tag events in whih �0 mesonswere emitted into the bakward hemisphere in the entre of mass of the reation. In forwarddiretion the required multipliity was seleted with sintillation ounters near the target andtwo oordinate sintillation hodosopes H behind the wide aperture (100 m �150 m) magnet.Traking was provided by 16 planes of proportional hambers (PC) in front of the magnet, fourplanes of minidrift hambers (DCI) inside the magnet, and nine planes of drift hambers behindthe magnet. Partiles were identi�ed with multiell Cherenkov ounters (C) whih disriminatepions and Kaons in the 4:4� 18GeV/ momentum range. Photons were registered in a multielllead glass spetrometer (in total 1200 ells). Veto sandwihes in front of the magnet and behindit made the spetrometer nearly ompletely hermetial for harged partiles and photons. Mostdata were olleted with a trigger on two or more harged partiles in forward diretion and aveto on high-momentum harged partiles in side diretion. The results on meson spetrosopyare published in [228{246℄.3.1.5 Experiment E852 at BNLThe Multi-Partile spetrometer (MPS) shown in Fig. 17 was loated at the Brookhaven Alter-nating Gradient Synhrotron. All data were obtained in a 18GeV/ �� beam. The basi elementof this detetor was a 5m long wide-aperture magnet. The apparatus [247℄ onsisted of 3 re-gions: target, traking, and downstream region. The target region was loated in the middle ofthe magnet and ontained a liquid hydrogen target, multilayer wire-hambers used to trigger onreoil protons, and a 198-element ylindrial thallium-doped aesium iodide array (CsI) apa-ble of rejeting events with wide-angle photons. Main omponents of the traking system wereloated at the downstream end of the magnet where 3 proportional wire hambers and 6 drifthamber modules with 7 planes eah were plaed. Interspersed among these were three propor-tional wire hambers for trigger purposes, a window-frame lead-sintillator photon veto ounter

Fig. 17. Experiment E 852 at BNL [247℄: TCYL: four-layer ylindrial drift hamber, CsI : aesium iodide ar-ray, DEA: lead sintillator sandwih photon veto ounter, TPX1-3: proportional wire hambers, LGD: lead glassdetetor. 53



to ensure photon hermetiity, a sintillation ounter to veto forward harged traks for neutraltriggers, and sintillation ounters to identify harged partiles entering the photon veto ounter.The downstream region ontained a 3045 element lead-glass alorimeter. For some experiments,multiell Cherenkov ounters were used for partile identi�ation of seondaries. The experimentwas mainly devoted to the study of mesoni states with exoti quantum numbers. The results anbe found in [247{262℄.
3.2 Central prodution experiments3.2.1 The WA76 and WA91 experimentsThe WA76 experiment was designed to study mesons produed entrally at the largest beammomenta available. First data were taken at 85GeV/; the majority at 300GeV/ and somedata at 450GeV/. The experiment was based on the CERN 
 spetrometer. The hadron (pions,protons) beam impinged on a 60 m long H2 target; two Cherenkov ounters identi�ed the beampartile. Exitation of the target proton was vetoed in horizontal sintillation slabs surroundingthe target. One (and only one) fast partile had to traverse the forward partile region, equippedwith multi-wire proportional hambers, but should not hit veto ounters de�ning non-interatingbeam partiles. At least two partiles were required in the two drift hambers near the target.Cherenkov ounters were used to identify pions and Kaons.The experiment was devoted to the study of meson resonanes and the searh for glueballs. Theresults an be found in [263{275℄. A few related results were published by the WA91 experiment[276{278℄ using a similar setup.

Fig. 18. Shemati view of the GAMS-4000 experiment at CERN. S: beam sintillation ounters; H : beam ho-dosope; SW and albedo: lead-sintillator sandwih ounters; AC;AH : sintillation ounters [279℄.54



3.2.2 The GAMS experimentThe GAMS experiment was designed to detet neutral mesons deaying into photons in high-energy reations. Its main omponent was a wall of lead glass ells. 2000 ells were ombined forexperiments at IHEP, Protvino, in a 40GeV/ pion beam; GAMS-4000 was built for experimentsat the CERN SPS. The latter setup is reprodued in Fig. 18. The pion beam traversed the 50 mlong liquid H2 target and was deteted in sintillation ounters and by Cherenkov light produedin H2. The opening angle of the light one was used to determine the longitudinal oordinate ofthe interation point. A range of sattering angles was allowed in forward sintillators. Targetfragmentation or exitation of the target proton was suppressed by sintillators and lead glassounters surrounding the target.The lead glass wall onsists of 4092 ells and overs an area of 5m2. A 100GeV photon wasmeasured with a preision of about 1.5GeV in energy; the impat point was loalised to 1mm2.Results from GAMS an be found in [280{291℄.3.2.3 WA102 experimentThe WA102 experiment was built as ombined e�ort of the former WA76 and GAMS ollabo-rations. The WA76 served as harged-partile traker, the GAMS-4000 detetor was installed inthe forward region to detet photons. This ombination provided the possibility to study eventswith harged and neutral partiles and thus extended the range of the WA76 and GAMS ex-periments onsiderably. The results of the experiment were reported in a series of letter publia-tions [292{314℄.3.3 Antiproton-proton annihilation3.3.1 The Asterix experimentThe Asterix experiment studied �pp annihilation from S- and P -wave orbitals by stopping antipro-tons in H2 gas at room temperature and pressure and observing the oinident X-ray spetrum.The detetor onsisted of a gas target (45 m length and 14 m in diameter), a X-ray drift hamberand seven multi-wire proportional hambers, partly with athode readout to provide spatial reso-lution along the wires. Two end-ap detetors with three wire planes and athode readout on bothsides gave large solid-angle overage. The assembly was situated in a homogeneous magneti �eldof 0.8T. The energy resolution of the detetor for 8 keV X-rays was about 20%. The momentumresolution for �pp! �+�� events at 928MeV= was 3%. Pions and Kaons ould be separated up to400MeV=. The detetor is fully desribed in [315℄. Physis results related to meson spetrosopywere published in [316{322℄.3.3.2 The Crystal Barrel experimentThe Crystal Barrel spetrometer is shown in Fig. 19. A detailed desription of the apparatus, asused for early data-taking (1989 onwards), is given in [323℄. In 1995, a mirostrip vertex detetorsurrounding the target was added [324℄. Target and vertex detetor were surrounded by a ylin-drial jet drift hamber having 30 setors with eah setor having 23 sense wires. The oordinatealong the wire was determined by harge division. A momentum resolution for pions of less than55
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1mFig. 19. Overall layout of the Crystal Barrel detetor showing (1) magnet yoke, (2) magnet oils, (3) CsI barrel, (4)jet drift hamber, (5) proportional hamber, (6) liquid hydrogen target, (7) one half of endplate. Left - longitudinalross setion; Right- transverse view.2% at 200MeV= was obtained, rising to 4.2% at 1GeV= for those traks traversing all layers of theJDC. The JDC also provided �/K separation below 500MeV= by ionisation sampling. The wholedetetor was situated in a 1.5T solenoidal magnet with the inident antiproton beam diretionalong its axis.Physis results related to meson spetrosopy are published in [325{357℄. Most Crystal Barrel dataon �pp annihilation in ight were analyzed by the QMC-Rutherford-Gathina group [358{382℄.Meson spetrosopy with the Crystal Barrel is reviewed for NN annihilation at rest by Amsler [46℄and Amsler and Tornqvist [48℄, and in ight by Bugg [49℄.3.3.3 The Obelix experimentThe Obelix spetrometer is based on the open-axial �eld magnet whih had previously been usedfor experiments at the ISR. The magnet provides a �eld of 0.5T in an open volume of about 3m3.A full desription of the detetor an be found in [383℄.The Obelix detetor onsists of an imaging vertex detetor with three-dimensional readout forharged traks and X-ray detetion, a jet drift hamber (JDC) for traking and partile identi-�ation by dE/dx measurement with 3280 wires and ash-analog-to-digital readout, a system oftwo oaxial barrels of plasti sintillators onsisting of 30 (84) slabs positioned at a distane of18 m (136 m) from the beam axis for time-of-ight (TOF) measurements, and a high-angular-resolution gamma detetor (HARGD) [384℄. The momentum resolution for monoenergeti pions(with 928MeV=) from the reation �pp ! �+�� was determined to 3.5%, �0 were reonstrutedwith a mass resolution of ��0 = 10MeV/2 and a momentum-dependent eÆieny of 15 to 25%.The detetor system was used with a liquid H2 (D2) target, a gaseous H2 target at room temper-ature and pressure, and a target at low pressures (down to 30 mbar). The wide range of targetdensities provided detailed information about the inuene of the atomi asade on the annihila-tion proess. For part of the time, a �n beam was produed by harge exhange in a liquid H2 target56



(positioned 2m upstream of the entre of the main detetor). The intensity of the ollimated beamwas about 40 �n=106 �p of whih about 30% interat in the entral target. The �n beam intensity wasmonitored by a downstream �n detetor.The Obelix Collaboration had a broad program of experiments overing atomi, nulear andpartile physis [383℄. Main results related to meson spetrosopy an be found in [385{395℄.3.3.4 Experiment E760/E835 at FNALAntiproton-proton annihilation in ight was studied by the E760/E835 experiment at Fermi-lab [396℄ (see �gure 20). Antiprotons were produed by bombarding a target with high-energy

Fig. 20. Experiment E760/E835 at FNAL [396℄.protons. The antiprotons were ooled in phase spae in a storage ring and then aelerated tostudy �pp ollisions at extremely high energies. A fration of the antiprotons were used for medium-energy physis: 8 � 1011 antiprotons irulated in the Fermilab aumulator ring with a frequenyfrev = 0:63MHz. At eah revolution, antiprotons passed through a hydrogen gas jet target, with�jet = 3 � 1014H2/m3, whih results in a luminosity L = N�pfrev�jet of 2 � 1031/m2s. The energy ofthe antiproton beam, and thus the invariant mass of the �pp system, ould be tuned very preiselyaording to ps = mp � q2(1 + E�p=mp). The observed rate R = 2 � 106/s due to the hadronibakground is related to the luminosity by R = � � L.Most data taken at this experiment were devoted to a study of the harmonium system. We givereferene to a few of them [397{402℄. E760 also produed results on light meson spetrosopy[403{405℄. 57



3.4 Eletron-positron annihilation experiments at � and � fatories3.4.1 VEPPThe ollider VEPP-2M was onstruted at BINP, Novosibirsk, in 1974 and stopped in 2000. Itsmain parameters were:2E = 0.4-1.4GeV Lmax = 4� 1030 m�2s�1total integrated luminosity � 80 pb�1 109 reorded events.For 25 years this faility was one of the main soures of information on e+e� annihilation atrelatively low energies. Preision data in this region are important not only for hadron spe-trosopy but for preision eletroweak physis as well. Indeed, this region gives the main hadroniontribution to the muon anomalous magneti moment [406℄.One of the well known ahievements of this laboratory is the method of high preision massmeasurements by resonant depolarisation. It was proposed and developed at BINP [407, 408℄and widely used by BINP and by other laboratories. Eletrons and positrons in storage rings anbeome polarised due to emission of synhrotron radiation. Spins of polarised eletrons (positrons)preess around the vertial magneti �eld with frequeny 
 whih is related to the partile energyE and the revolution frequeny !: 
 = !(1 +  � �a=�0) (3.1)where  = E=me,me is the eletron mass, �a and �0 are anomalous and normal parts of the eletronmagneti moment. The preession frequeny an be measured using resonant depolarisation. Thepolarised beam is exposed to an external eletromagneti �eld with the frequeny 
D:
� 
D = ! � n (3.2)with any integer n. The frequeny 
D is sanned. At resonane, the polarisation disappears. Thisallows them to measure the value of E =  � me with very high preision. The relative masspreision ahieved with this method is 3 � 10�5 for �(1020), 5 � 10�6 for J/ (1S) and 2 � 10�5 for�(1S).First results at VEPP-2M were obtained with the nonmagneti detetors OLYA [409℄ and ND [410℄.Later two more advaned detetors SND [411,412℄ and CMD [413℄ were ommissioned. The mainpart of the SND (Spherial Neutral Detetor, Fig. 21) was a three-layer spherial highly granulatedNaI(Tl) alorimeter, onsisting of 1632 individual rystals. The alorimeter thikness was 13.5radiation lengths, its total mass 3.6 tons. Its energy resolution for photons as a funtion of theirenergy was determined to �E=E = 4:2%=E 14[GeV℄. The inner part of the detetor was a ylindrialdrift hamber system for traking of harged partiles. The solid angle overage for the innerhamber was 96% of 4�. Outside of the alorimeter muon veto detetors were installed onsisting ofstreamer tubes and sintillation ounters. Results of this experiment related to meson spetrosopyare published in [414{434℄.The detetor CMD-2 (Cryogeni Magneti Detetor) was ommissioned at BINP in 1990. The de-tetor onsisted of a ylindrial drift hamber surrounding the ollision region, with 250� resolutionin the plane transverse to the beam axis, and a double-layer multiwire ylindrial proportionalhamber. Both hambers were plaed inside of a very thin (0.38 radiation lengths) superondut-ing solenoid with a �eld of B = 1:5T. The barrel CsI alorimeter � with a thikness of 8:1X0 �58
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0 20 40 60 80 100 cmFig. 21. Experiment SND [420℄. Side view: 1 - beam pipe, 2 - drift hambers, 3 - sintillation ounters, 4 - �berlightguides, 5 - PMTs, 6 - NaI(Tl) ounters, 7 - vauum phototriodes, 8 - iron absorber, 9 - streamer tubes, 10 -iron plates, 11 - sintillation ounters, 12 - magneti lenses, 13 - bending magnets.and a muon range detetor were plaed outside of the solenoid. The energy resolution for photonsin the energy range from 100 to 700 MeV was about 9%, the angular resolution of the order of0:02 radians. End-ap BGO alorimeters of 13:4X0 thikness were plaed inside the solenoid. Thedetetor was nearly fully hermeti for photons. Results of this experiment related to meson spe-trosopy are published in [435{455℄. In the near future, both detetors { SND and CMD-2 { willwork at the new high-luminosity e+e� ollider VEPP2000 presently being onstruted at BINP.Reently one more modern faility, KEDR, started data taking at BINP. It oupies one interationregion at the VEPP-4M - e+e� ollider. VEPP-4M will reah a maximum beam energy of E =6GeV and a luminosity of L = 1031 m�2 s�1. The main goal of the experiments at this failityare very high preision measurements of the � -meson [456℄ and of the  [457℄ and � families aswell as two-photon physis using a dediated zero-angle spetrometer for sattered eletrons andpositrons. The KEDR detetor onsists of a vertex detetor, drift hamber, time of ight systemof sintillation ounters, a partile identi�ation system based on aerogel Cherenkov ounters, aalorimeter (with liquid krypton in the barrel part and CsI rystals in the end aps), and a muontube system inside and outside of the magnet yoke.3.4.2 KLOE at DaphneDAPHNE, the Frasati � fatory, is an e+e� ollider working at 2E � m� � 1:02GeV with adesign luminosity of 5 �1032m�2s�1. � mesons are produed essentially at rest with a ross setionof � 3:2�b. The main deay modes are K+K� and K0SK0L pairs so that pure and monohromatiK0S; K0L; K+ and K� beams an be obtained. A survey of tests of CP and CPT invariane is givenin [458℄. This faility is used also to study light quark spetrosopy.The KLOE detetor onsists of a drift hamber [459℄ surrounded by an eletromagneti alorimeter59



[460℄ and a superonduting solenoid providing a 0.52 T magneti �eld. The drift hamber is ofylindrial shape, 4m diameter and 3.3m in length. This unusually big volume is needed to detetK0L deays. The momentum resolution is �p=p � 0:4%. The eletromagneti alorimeter is a lead-sintillating-�ber alorimeter onsisting of a barrel and two endaps overing 98% of the solidangle. The energy resolution is �E=E = 5:7%=pE (E in GeV). This detetor has taken data fortwo years (2001 � 2002) with a maximum luminosity of up to 7:5 � 1032 m�2s�1. An integratedluminosity of 450 pb�1, equivalent to 1:4 � 109 � deays, was ahieved. In 2004, KLOE resumeddata taking with an upgraded mahine. The KLOE results related to meson spetrosopy arepublished in [461{469℄.3.4.3 Argus, Mark3 and DM2Signi�ant progress in meson spetrosopy ame from the Argus (DESY), Mark3 (SLAC) and DM2(Orsay) detetors. They stopped operation more than 20 years ago, and often their ontributionsare now replaed by new data with higher statistis. Some results are important still today; thesewill be disussed in the appropriate setions. Detetors, their performane and their ahievementshave been reviewed by K�opke and Wermes [470℄. A report of the physis ahievements of theARGUS ollaboration an be found in [471℄.3.4.4 BESThe detetor BES is installed at the e+e� ollider BEPC at IHEP, Peking. The ollider has amaximum energy of 2E = 4:4GeV and a luminosity reahing 1031m�2s�1. It started to work in1989. A very signi�ant upgrade is planned for 2007 aiming at L = 1033m2s�1 luminosity. Up tonow this faility provided reord samples of J/ (64 � 106) and  ' (18 � 106). The detetor BESis based on a onventional solenoidal magnet. BES II is an upgraded version of the initial BES Idetetor. The layout is shown in Fig. 22. Inner traking is provided by a 12-layer vertex hamberand a main drift hamber. The vertex detetor is used in the trigger. Partile identi�ation relieson dE=dx measurements in the drift hamber (with � 8% resolution) and an array of 48 timeof ight ounters (� 200ps time resolution). Neutral partile detetion is provided by a lead-gas shower detetor with �E=E = 28%=pE (E in GeV). The iron return yoke is instrumentedwith ounters for muon identi�ation. There is a large number of papers giving preise branhingratios for J/ and  0 deays. The branhing ratios and the omparison of J/ and  0 deays isan interesting subjet; here we just mention the 12% rule. Results on meson spetrosopy arepublished in [472{512℄.3.5 Heavy-quark spetrosopy3.5.1 Experiments at FNALCharmed quarks are opiously produed in high energy hadron beams owing to the high ross se-tion, reahing a few hundreds �b at beam momenta of a few hundred GeV/. As a rule, these eventsare singled out with preision mirovertex detetors. A number of experiments were performed tostudy heavy quark physis in hadron and photon beams. Early studies at CERN [514{516℄ hadonly exploratory harater and this diretion of physis was given up. At Fermilab, importantresults were ahieved by E687 [517℄ upgraded to the FOCUS experiment [518℄, by E691 [519℄,upgraded to E791, and the SELEX experiment. Here we desribe the SELEX experiment as an60
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Fig. 22. Experiment BES [513℄.example of this approah. Experiment E760/E835 has been disussed in setion 3.3.4.The SELEX experiment used the Fermilab harged hyperon beam at 600 GeV/ to produe parti-les in a set of thin target foils of Cu or diamond. The negative beam was omposed of about 50%�� hyperons and 50% ��. The positive beam had 90% protons. The main goal of the experimentwas the study of partiles arrying harm and strangeness. The beam partiles were unambiguouslyidenti�ed with a transition radiation detetor. The trajetories of harged seondaries were reon-struted in a three-stage magneti spetrometer providing momentum resolution of �P=P < 1%for a 150GeV/ proton. A 10m long Ring-Imaging CHerenkov detetor separated � from K upto 165GeV/. Three-stage lead glass spetrometers were used for eletromagneti alorimetry. Avery high preision silion vertex detetor provided an average proper-time resolution of 20 fs forharm deays. A sintillation trigger was used to selet events with the required topology. Charmandidates were seleted using an online seondary vertex algorithm.A large variety of results was obtained. Those relevant in the ontext of this paper were publishedin [520{539℄. It may be a surprise that even the D� and CDF experiments working on �pp ollisionsat p1:96TeV have made signi�ant ontributions to meson spetrosopy [540{543℄.3.5.2 CLEOThe Cornell e+e� storage ring CESR is a symmetri ollider whih started to work in 1979. Sinethen, the CLEO ollaboration has onduted studies of b; ; � and  physis in e+e� interationsnear 10 GeV [544℄. Suessive detetor upgrades have been performed in parallel with luminosityimprovements to CESR, whih has delivered over 9fb�1 integrated luminosity. The CLEO-II dete-tor [545℄, operational sine 1989, onsisted of drift hambers for traking and dE=dxmeasurements,time-of-ight ounters, a 7800-element CsI eletromagneti alorimeter, a 1.5T superondutingsolenoid, iron for ux return and muon identi�ation, and muon hambers. A three-layer silionvertex detetor was added in 1995. The CLEO-II detetor was the �rst to ombine a large mag-neti volume with a preision rystal eletromagneti alorimeter. A major upgrade, the CLEO-III61



detetor [546,547℄, was installed in 1999. It ontained a new four-layer silion-strip vertex detetor,
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Fig. 24. Experiment BELLEpositron beam of 9GeV and 3.1GeV, respetively, resulting in a Lorentz boost of the entreof mass of � = 0:55. The maximum luminosity is � 9 � 1033 m�2s�1, the peak ross setion forformation of the �(4S)� 1 nb. Thus about 109 B mesons were reorded. The detetor BaBaR [586℄is asymmetri along the beam whih reets the asymmetry in the beam energies. The innerpart of the detetor inludes traking, partile identi�ation and eletromagneti alorimetry. Itis surrounded by a superondutive solenoid providing a magneti �eld of 1.5T. The trakingsystem is omposed of a Silion Vertex Traker (SVT) and a drift hamber. The SVT is used forpreision measurements of primary and seondary deay verties as well as for measurements oflow-momentum traks. A 40-layer drift hamber is used to measure partile momenta and theionisation loss dE=dx. Charged partiles are identi�ed with momenta up to � 700MeV/, themomentum resolution is about �pt � 0:5% at pt = 1:0GeV/ and the resolution for the trakimpat-parameter is about 25 and 40�m in the transverse plane and along the detetor axis,respetively. Separation of pions and Kaons at momenta from 0.5GeV/ to 4GeV/ is providedby a novel ring-imaging detetor based of fused silia bars. The eletromagneti alorimeter is a�nely segmented array of CsI(T l) rystals with energy resolution of �E=E � 2:3%�E�1=4+1:9% (Ein GeV). The iron return yoke is instrumented with resistive plate hambers and limited streamertubes for detetion of muons and neutral hadrons. Results related to meson spetrosopy arepublished in [586{627℄.The BELLE detetor is loated at the KEKB e+e� ollider at the KEK laboratory in Tsuuba,Japan. The KEKB storage rings have asymmetri energies: 8GeV for eletrons and 3.5GeV forpositrons, that provides to the �(4S) resonane a Lorentz boost of � = 0:425. At KEKB the worldreord in luminosity of 1:4 � 1034 m�2s�1 was ahieved. The side view of the Belle detetor [628℄is shown at Fig. 24. Traking, identi�ation and alorimetri systems are plaed inside a 1.5Tsuperonduting solenoid magnet of 1.7m radius. Preision traking and vertex measurements areprovided by a silion vertex detetor and entral drift hamber. The four-layer double-sided siliondetetor with strip pithes of 75�m(z) and 50�m surrounds the beryllium beam pipe having1.5 m radius. The entral drift hamber has 50 layers of anode wires for traking and dE=dxmeasurements. The momentum resolution of the traking system is �pt=pt = (0:30=� + 0:19pt)%,63



where pt is the transverse momentum in GeV/. The Kaon/pion separation is ahieved using theentral drift hamber, time of ight ounters with rms resolution of 0.95 ps and aerogel Cherenkovounters with refrative indies from 1.01 to 1.03, depending on polar angle. The eletromagnetialorimeter onsists of 8737 CsI(T l) rystals of projetive geometry with energy resolution forphotons of �(E)=E � 1:8% at E above 3GeV. The ux return is instrumented with 14 layersof resistive plate hambers for muon identi�ation and detetion of neutral hadrons. Results onmeson spetrosopy an be found in [629{662℄.
3.6 Meson spetrosopy at LEPThe main goal of the LEP program was the study of eletroweak physis in e+e� ollisions on andabove the Z0. The operation of the LEP ollider at CERN started in August 1989 and stopped inNovember 2000. LEP had four intersetion regions, eah surrounded by a partile detetor. Thedetetors (DELPHI, ALEPH, L3 and OPAL) were optimised di�erently to study various aspetsof physis. The initial LEP energy was hosen to be around 91GeV as to produe Z0 partiles.Sine the end of 1995, LEP has moved away from the Z0 and entered its seond phase. Its energywas doubled to study the prodution of Z0Z0 and W+W� pairs, and to searh for new partiles,in partiular the Higgs boson and/or supersymmetri partiles. Even though the main goal ofthese experiments was eletroweak physis, very signi�ant results in meson spetrosopy wereobtained by all four detetors. In the �rst data taking period, about 5 � 106 of Z0 deays wereolleted in eah of the four detetors. Owing to the high branhing ratios of Z0 deays to heavyquarks (BR(Z0 ! �) = 11:8%; BR(Z0 ! b�b) = 15:1%), onsiderable statisti was olleted withheavy quarks in the �nal state. This data is espeially fruitful to study heavy-light mesons. In theseond phase, the very high luminosity, up to 1032 m�2s�1, in ombination with the high energyprovided unique possibilities to study  interations.3.6.1 The Aleph experimentALEPH was a 4� detetor designed to give detailed information on omplex events from high-energy e+e� ollisions [663℄. A superonduting oil, 5m in diameter and 6m long, produed auniform 1.5T �eld in beam diretion. Closest to the interation point, a silion vertex detetorwas installed with 12�m resolution in r � � and r � z and apability to identify seondary ver-ties in deays of � -leptons, and of  and b quarks. The vertex detetor was surrounded, in orderof inreasing radius, by a drift hamber (Inner Traking Chamber), a Time Projetion Chamber(TPC) of 3.6m diameter and 4.4m length, and an eletromagneti alorimeter. A resolution intransverse momentum of �(pt)=pt = 0:0006 � pt + 0:005(pt in GeV/) was reahed. The eletro-magneti alorimeter, onsisting of 2mm lead sheets with proportional wire sampling, has anenergy resolution for eletromagneti showers of �E=E = 0:18=pE + 0:0009 (E in GeV). Outsideof the oil, a 1.2m thik iron return path was used as hadron alorimeter, a double layer of drifttubes provided muon identi�ation. Strong points of the detetor are preision of momentum mea-surements for harged partiles due to a high magneti �eld and a TPC, good identi�ation ofeletrons and muons, and good spatial resolution in eletron and  alorimetry. A silion-tungstenalorimeter installed in 1992 provided high preision of the luminosity measurement via Bhabhasattering. Results on meson spetrosopy are published in [664{672℄.64



3.6.2 The Delphi experimentDELPHI was a general purpose detetor o�ering 3-dimensional information on urvature andenergy deposition with �ne spatial granularity, as well as identi�ation of leptons and hadronsover most of the solid angle [673℄. A superonduting oil provided a 1.2T solenoidal �eld of highuniformity. Traking relied on a mirovertex detetor, an inner detetor (a multiwire proportionalhamber), a Time Projetion Chamber (TPC) measuring up to 16 spae points per trak, an outerdetetor with 5 layers of drift tubes, and forward drift hambers. The 3-layer silion mirovertexdetetor was used for preision measurements of the interation vertex and of deay verties ofshort-lived partiles suh as bottom and harm hadrons and � leptons. The single-hit resolution wasfound to be 9�m in z-diretion and 7:6�m in r��-diretion. A Ring Imaging Cherenkov detetor(RICH) used gaseous (C5F12) and liquid (C6F14) radiators. As a result, partile identi�ationwas ahieved at nearly all momenta: below 1GeV/ with dE=dx measurements in the TPC,from 0.7GeV/ to 8GeV/ with the liquid radiator and from 2.5GeV/ to 25GeV/ with thegaseous radiator. Eletromagneti showers were measured in the barrel with high granularity bya High Density Projetion Chamber (HPC), and in the endaps by 1 x 1 degree projetive towersomposed of lead glass. A segmented magnet yoke served for hadron alorimetry and as a �lterfor muons whih were identi�ed in two drift hamber layers. In addition, sintillator systems wereimplemented in the barrel and forward regions. A small-angle Shashlik-type alorimeter was usedto monitor the luminosity. Results on meson spetrosopy are reported in [674{679℄.3.6.3 The L3 experimentThe detetor L3 onsisted of a large-volume (� = 11:9m, L = 12m) low-�eld (0.5 T) solenoidalmagnet, a small entral traking detetor with high spatial resolution, a high-resolution eletro-magneti alorimeter enapsulating the entral detetor, a hadron alorimeter ating also as amuon �lter, and high-preision muon traking hambers [680℄. The detetor was designed to mea-sure energy and position of leptons with the highest obtainable preision allowing a mass resolutionÆ(m)=m of about 2% in di-lepton �nal states. Hadroni energy ux was deteted by a �ne-grainedalorimeter, whih also served as a muon �lter and a traking devie. The outer boundary ofthe detetor was given by the iron return yoke of a onventional magnet. The muon momentummeasurement was performed with a preision of �(p)=p � 2:5% by three sets of high preisiondrift hambers with long lever arm in the entral detetor region. A forward-bakward muon de-tetion system extended the polar angle overage to 22 degrees in the forward region. Radiallyinwards was a ombined hadron alorimeter and muon absorber. The eletromagneti energy owwas determined by approximately 11000 BGO rystals. Full eletromagneti shower ontainmentover nearly 4� solid angle overage was ahieved. The energy resolution varied from 5% at 100MeV to 1:4% at high energy. Surrounding the 10 m diameter beam pipe, a high-preision Sili-on Mirostrip Detetor and a small drift hamber operating in the time expansion mode atedas harged partile vertex detetors, providing momentum resolution �(pt)=pt = 0:021 � pt (pt inGeV/). Results on meson spetrosopy an be found in [681{693℄.3.6.4 The Opal experimentThe general purpose detetor OPAL was designed to study a wide range of unexplored physisat LEP [694℄. The traking system of the apparatus, in order of inreasing distane from theinteration point, were a silion mirovertex detetor providing single hit resolution of 5�m inr � � and 13�m in z, entral detetors onsisting of a vertex and a jet hamber, and a barrel-65



shaped hambers for preise z-measurements. The main traking with the jet hamber providedup to 159 spae points per trak. It was used for traking and for partile identi�ation usingdE=dx. The momentum resolution was �p=p = 0:0022 �p (p in GeV/). A warm ondutor solenoidprovided a uniform magneti �eld of 0.4T. A TOF sintillator barrel detetor, omplemented bya sintillating tile endap detetor allowed partile identi�ation at momenta up to 2.5GeV/.Eletromagneti showers were measured in a multi-ell 10 � 10 m2 lead glass eletromagnetialorimeter with resolution of about �(E)=E = 0:05=pE (E in GeV). Hadrons were measuredwith streamer tubes and thin-gap wire hambers. Muons were deteted in an external muonidenti�er omposed of four layers of drift hambers. The luminosity was measured via Bhabhasattering into a forward small-angle silion-tungsten alorimeter. Results on meson spetrosopyare published in [695{699℄.
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4 Experimental methodsA variety of experimental tehniques has been developed to searh for new meson resonanesand to establish properties of known states. In prodution experiments, the total energy is sharedbetween a reoil partile and a multi-meson �nal state. Angular momentum an be transferred,and the multi-meson system an ontain ontributions from several resonant partial waves withdi�erent angular momenta. The quantum numbers of the multi-meson system are restrited onlyby onservation laws; prodution of partial waves with exoti quantum numbers, i.e. of quantumnumbers whih annot be attributed to a q�q system, is allowed. In formation experiments, theiris no reoil partile, mass and quantum numbers of the �nal state are given by the initial state.Formation of mesons with exoti quantum numbers in e+e� or p�p annihilation is thus forbidden.Consider, i.e., antiproton-proton annihilation in ight. Nuleon and antinuleon provide their massand their momentum to a mesoni �nal state. When all �nal-state mesons are ombined, theirinvariant mass is determined by the invariant mass ps of the initial state. By sanning the totalenergy by variation of the antiproton momentum, the mass of the �nal state an be tuned toover the range of masses in whih meson resonanes are to be studied. The mass resolution isgiven by the preision with whih the beam energy an be kept stable. The quantum numbers ofq�q mesons whih an be formed are restrited to those of the p�p system whih ontains no exotipartial wave.Alternatively, the initial momentum an be kept �xed, antiproton-proton annihilation an e.g. bestudied at rest. Meson resonanes an now be produed reoiling against another meson, oftena pion. In ase of three pions in the �nal state, eah pion reoils against the other two pionspossibly forming a resonane. In the analysis, one has to take into aount all three possibilities.Of ourse, not their probabilities but their amplitudes have to be added. The mass of resonanesis reonstruted from the measured partile momenta in the �nal state, the mass resolution isgiven by the auray with whih the �nal-state partiles are measured.4.1 Meson resonanes in prodution experiments4.1.1 Charge exhange and strangeness exhange satteringThe model of Reggeised partile exhange was developed in the 60's of the last entury; it provideseÆient tools for the analysis of two-body hadroni reations. It was named after T. Regge whoproposed the method of omplex angular momentum in nonrelativisti quantum mehanis [700,701℄. In �eld theory this method links the two-body sattering amplitude at high energy with theamplitude in the rossed hannel. Consider the reationa + b! + d (4.1)at high energy s � m2 and �xed transfer momentum squared jtj � m2. The amplitude fort-hannel exhange of a partile with mass m and spin J an be expressed asT (s; t) = 1kg1g2 � ss0�J (m2 � t)�1 (4.2)where s0=1 GeV2 is a sale and g1, g2 are oupling onstants. For exhanges with J � 2 thisamplitude violates the Froissart limit, T (s; t) � ln2(s) for s!1, for binary reations [702℄. This67



problem appears as (4.2) gives the orret amplitude only near the m2 pole whih is very far fromthe physial region of the reation (4.1), where t is negative. At very high s and moderate t, theRegge model predits a simple funtional form for the extrapolation of the amplitude from thet-hannel resonane region to the physial region of reation (4.1) :R(s; t) � 1k �(t) ( ss0 )�i(t)�(�i(t)) (4.3)where �i(t) is a smooth funtion of t, alled Regge trajetory. J is the spin of the lightest partilein the t-hannel (0 for the � trajetory, 1 for �, 12 for N et.), �(�i(t)) = � �1+�ie�i��i(t)sin��i(t) � is asignature fator for Regge pole i with trajetory �i(t), signature �i = �1. The amplitude (4.3)represents t-hannel exhange of objets having idential avour quantum numbers (labelled byi) and all possible spins. a 
b d

Ma
bdRFig. 25. The diagram for a two-body reation with Reggeon exhange.The di�erential ross setion of the reation (4.1) an be obtained by squaring the amplitude (4.3)d�dt = f(t) ( ss0 )2�i(t)�2 : (4.4)The trajetories �i(t) are supposed to be linear near t = 0�i(t) = �i(0) + �0i(0)t : (4.5)From (4.4) we see that �i(0) determines the dependene of d�dt (t = 0) on energy while �0i(0) de-sribes the t-dependene on energy. The parameters �i(0) and �0i(0) for di�erent Regge trajetoriesare known from experiments. The extrapolation of �i(t) from small negative t (reation 4.1) topositive t (reation a + � ! �b + d) shows that �i(m2r) = J as suggested by the model (J is thespin of the resonane r). Most trajetories have almost equal slopes, �0(0) � 1 GeV�2, exeptthe trajetory with vauum quantum numbers. The interept of the Regge trajetory �i(0) anbe estimated to �i(0) = J � m2r=�0(0). It gives �(0) � 0:5 for the � trajetory and �(0) � 0for the �-trajetory. Using (4.4) we onlude that for reations with �-trajetory exhange, like��p ! �0n, the di�erential ross setion d�dt (t = 0) falls o� with energy as 1=s, for ��p ! �0n(with � and a1-trajetory exhange) the ross setion drops as 1=s2.The trajetory with vauum quantum numbers plays a very speial rôle in Regge-phenomenology.It gives the dominant ontribution to elasti sattering at asymptotially high energies. From theoptial theorem �tot = 4�k ImR(t = 0) (4.6)68



and (4.3) we derive that �(0) = 1 leads to a onstant total ross setion. This trajetory wasalled Pomeron after I.Ya. Pomeranhuk who proposed arguments in favour of asymptotiallyonstant total ross setions [703℄. At the �rst glane, the upper limit for any trajetory intereptshould be �(0) = 1 sine for �(0) > 1, the Froissart limit is violated. This assumption is howevernot supported by data showing an asymptotially rising total ross setions of hadron-hadroninterations at high energy. To desribe the total hadroni ross setions, the Pomeron annotbe represented by a simple t-hannel Regge pole; it has to be replaed by a more ompliatedobjet [704℄ with �(0) � 1:1 and �0(0) � 0:3, modi�ed by absorption and inelasti intermediatestates. It is a still debated question if suh a ompliated objet an be linked to any resonanes(possibly glueballs) in the rossed hannel. The physis of Pomerons is, e.g., highlighted in theexellent book by Donnahie, Dosh, Nahtmann and Landsho� [705℄.To get information on the funtion �(t) in (4.3) we have to rely on onsiderations beyond theRegge model. By looking at Fig. 25 it is natural to assume that the funtion �(t) in (4.3) an berepresented in fatorised form �(t) = (�t)n=2ar(t)bdr(t) (4.7)The funtions ar and bdr an be written as ar = garexp(rart)and bdr = gbdrexp(rbdrt). Here,gar and gbdr are oupling onstants, rar and rbdr are slope parameters representing formfators.At t ! 0, the amplitude an be suppressed at some power of sin� � p(�t) to provide a netheliity (�i) ip, and the extra ip to guarantee parity onservation n = j� � �aj+ j�d � �bj.4.1.2 Two-photon fusionProdution of resonanes by two-photon fusion, as well as deays of resonanes into two photons,provide important information on hadron struture. For q�q mesons the matrix element for theseproesses is proportional to �Q2i . The deay width of a neutral meson with isospin I = 1 (M =1p2(u�u� d �d)) is thus proportional to 12(Q2u�Q2d)2, for I = 0 SU3-otet mesons, it is proportionalto 13(Q2u +Q2d)2 and for SU3-singlet mesons to 16(Q2u +Q2d � 2Q2s)2. From a omparison with data,singlet-otet mixing angles an be derived. For pseudosalar mesons the mixing angle is �P � �200,for tensor mesons (f2; f 02) it is �T � 280. The latter mixing angle leads to an aidental suppressionof two-photon deays of f 02 due to an approximate anellation of the u�u+d �d and s�s ontributions.Two-photon fusion is studied at e+e� olliders (Fig. 26).
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Fig. 26. The diagram desribing meson prodution in e+e� annihilation. Here q2i = (p � p0)2 and p(p0) are themomenta of the initial (�nal) eletrons, !i are the energies of the virtual photons.69



Common sense, as well as spei� models, tell us that  deay of non-q�q mesons like glueballs, hy-brids, multiquark objets, or mesoni moleules is suppressed. The two-photon width an thereforebe used to identify non-q�q states. Prodution of glueballs an, e.g., be expeted in radiative J/ deays via two gluons J=	 ! gg, but in two-photon fusion it should be suppressed beause oftheir small  oupling. A onvenient estimator alled stikiness was proposed by Chanowitz [706℄to disriminate glueballs and q�q mesons. The stikiness of a resonane R with mass mR andtwo-photon width �R! is de�ned asSR = Nl  mRKJ!R!2l+1 �J!R�R! ; (4.8)where KJ!R is the energy of the photon in the J rest frame, l is the orbital angular momentumof the two initial photons or gluons (l = 1 for 0�), �J!R is the J radiative deay width for R,and Nl is a normalization fator hosen to give S� = 1.The gluiness (G) was introdued [707,708℄ to quantify the ratio of the two-gluon and two-photonoupling of a partile and is de�ned asG = 9 e4q2  ��s!2 �R!gg�R! ; (4.9)where eq is the relevant quark harge. �R!gg is the two-gluon width of the resonane R, alulatedfrom equation (3.4) of ref. [707℄. Stikiness is a relative measure, gluiness is a normalised quantityand is expeted to be near unity for q�q mesons.The ross setion for e+e� ! M an be related to the ross setion for  ! Me+e� in theequivalent photon approximation:d�e+e�!e+e�M = dn1dn2d�!M(W 2) (4.10)were n1;2 is number of photons with energy !1;2 and four-momentum squared q21;2dn1;2 = �� [1� !1;2E1;2 + !21;22E21;2 � m2e!21;2(�q21;2)E21;2 ℄d!1;2!1;2 d(�q21;2)�q21;2 : (4.11)The photon spetrum peaks very sharply at (�q2) ! (�q2)min = m2e!2=E(E � !). The peak ismuh narrower than any hadroni form fator, most photons are therefore nearly real (q2 � 0).After integration of (4.10) over q21;2 and !1;2, the ross setion for prodution of resonane M viatwo-photon fusion is �e+e�!e+e�M = (2J + 1)8�2�M!m3M G(s;mM ; f) (4.12)where G(s;mM ; f) is a known funtion of s, mM , and the form fator slope f . The dependene onthe form-fator slope is very weak and an be negleted in most of ases. In the equivalent photonapproximation, two-photon fusion looks like a formation experiment in a wide-band photon beamwith known spetra (dn � �� d!! d(�q2)(�q2) ).Not all positive-harge-parity states an ouple to two real photons. Consider a system of two spin-one partiles, s1 = s2 = 1. The total spin of these two partiles is omposed of spin S = 0; 1; 270



and orbital angular momentum L = 0; 1; 2; 3::::. With these S and L, one positive parity stateand one negative parity state exist for J = 0, three positive parity states and four negative paritystates for J = 1, and �ve positive parity states and four negative parity states for any J > 1. Onlyfew of these states an be realised in a system of two real photons sine real photons have onlytwo heliities (� = �1) and obey Bose symmetry. Neither Jp = 1� nor Jp = 1+ states ouple totwo real photons. This statement is alled Landau-Yang theorem: the ross setion for produtionof JPC = 1++ states like f1(1285); f1(1420) or a1(1260) in two-photon fusion with nearly realphotons is strongly suppressed. If at least one of the two photons is suÆiently virtual havingjq2j � m2h then all the three heliities are allowed (� = 1; 0;�1) and prodution of J = 1 states intwo-photon fusion is no longer suppressed. Events with larger jq2j an be seleted by applying aut on the sattering angle of the eletron or positron (single tag) or both (double-tag).Some other reations an also be used to study two-photon fusion, like prodution of mesons inCoulomb �eld of nulei Z ! MZ (Primako� reation) and prodution of mesons in peripheralinterations of nulei Z1Z2 ! Z1Z2M . In both ases, photons are seleted by requiring very smalljq2j. The �rst reation is used to study light mesons sine in �xed-target experiments, produtionof heavy mesons is suppressed by the minimal transfer-momentum squared �q2min whih inreaseswith the mass m of the produed meson: �q2min � m4=4E2beam.4.1.3 Central produtionCentral prodution is a proess similar to two-photon fusion. Two hadrons at a large energy satter,keeping their identity and loosing a small fration of their energy. In a �xed target experiment,a hadron hbeam (mostly protons were used but also pions or Kaons), satters o� a target protonptarget and produes a partile or system of partiles Xhbeam p ! hfast X pslow (4.13)where the subsripts 'fast' and 'slow' indiate the fastest and slowest partiles in the laboratoryrespetively. The fast hadron satters into forward diretion emitting a Reggeon. The fast (slow)hadron transfers a squared four-momentum t1(t2) to the entral system. (See Fig. 27 for de�ni-tions.) The entre of mass energy of the sattered partile is redued by x1. The target-proton
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Fig. 27. Central prodution of a system X. The momentum transfer is de�ned by qi = (pi� p0i) where pi; p0i are thein- and outgoing momenta of the two hadrons. !i are the energies transferred to X .is slow in the laboratory system; it emits a Reggeon and its entre of mass energy is reduedby x2. The two virtual partiles ollide produing a partile or system of partiles X with massM � qs(1� x1)(1� x2) where s is the squared entre-of-mass energy. For ps � 30GeV/2 and71



1�x1; 1�x2 in the range from 0.0 to 0.1 the available phase spae is limited to about 3.0GeV/2. In the entre of mass system, partile X arries only a small fration xF of the momenta of thesattered partiles; they are produed entrally, see Fig. 28. Sattered hadron and target protonkeep a large fration xF of their total energy. The two sattering partiles transfer a four-momentat to the entral system.At suÆiently high energy s1;2 >> 1GeV2 and moderate momentum transfer �t1;2 < 1GeV2 theamplitude for double Regge prodution of the resonane an be written as (see [709℄ and referenestherein): T �3�h�4�1�2 (s1; s2; t1; t2; �) =Xi;k g�1�3(t1)g�2�4(t2)�s1s0��i(t1) �s2s0��k(t2) �(�i(t1))�(�k(t2))g�hik (t1; t2; �) (4.14)Here, � is the angle between the transverse momenta ~p3? and ~p4? of the outgoing protons and�(�i(t)) is the signature of Regge pole i with trajetory �i(t). The vertex ouplings for di�erentheliities are the same as in single-Regge exhange (4.7). This amplitude looks as a very naturalhoie if we ompare Fig. 25 with Fig. 28 and amplitude (4.3) with (4.14).The spin struture of the entral vertex g�hik (t1; t2; �) depends on the produt of the naturalities ofpartile h and the exhanged Reggeons. With this amplitude, the ross setion for prodution ofresonanes with JPC = 0++; 0�+; 1++ an be expressed asd�(0++)dt1dt2d� � GpE2(t1)GpE2(t2)[F 21 (t1; t2; ~p3? �~p4?;M2) + pt1t2�2 os(�)� F 22 (t1; t2; ~p3?�~p4?;M2)℄2d�(0�+)dt1dt2d� � t1t2GpE2(t1)GpE2(t2) sin2(�)� F 2(t1; t2; ~p3? �~p4?;M2) (4.15)d�(1++)dt1dt2d� � GpE2(t1)GpE2(t2)[(pt1 �pt2)2 � F 23 (t1; t2; ~p3? �~p4?;M2+pt1t2 sin2(�=2)� F 24 (t1; t2; ~p3? �~p4?;M2)℄

Fig. 28. The distribution of the Feynman variable xF in the reation p p ! ps(�+��)pf . In the lab system, thesattered proton goes forward as fast proton pf . Little momentum is transferred to the target proton ps. The �+��pair is slow in the entre-of-mass system [272℄. 72



) p85 GeV/ 85GeV/ 300GeV/
Fig. 29. The �+�� invariant mass distribution using a 85GeV/ pion (a), proton (b), or a 300GeV/ protonbeam [272℄.The experimental data agrees with these preditions. It is important to note that these preditionsfollow from general rules of the Regge model and do not tell us anything on the struture ofReggeons or mesons. The physis of resonanes and their interations with Reggeons is hidden inunknown formfators F 2(t1; t2; ~p3? �~p4?;M2).Several proesses may ompete in entral prodution; sattering of two Reggeons, Pomeron-Reggeon sattering or Pomeron-Pomeron sattering. The ross setion for Pomeron-Pomeron sat-tering should be independent of s while ollisions of two Reggeons in the entral region are pre-dited to sale with 1=s and Pomeron-Reggeon sattering as 1=ps [710℄. The nature of Pomeronsis a topi of intense disussions. Here it is suÆient to reall that Pomerons have no valenequarks. It has therefore been argued that entral prodution is a good plae to searh for glue-balls [711, 712℄. Likewise, Pomeron-Reggeon exhange may be well suited for the study of hybridmesons.The suggested saling of ross setions as a funtion of ps is evidened in Fig. 29. It shows theentrally produed �+�� invariant mass using a 85GeV/ proton and �+ beam, and a 300GeV/proton beam [272℄. A low-mass enhanement is seen, followed by � prodution and a sharp drop ofintensity due to f0(980). As expeted, prodution of � disappears with inreasing ps. This is alsoseen when the pion is replaed by a proton. The very fast derease of the ross-setion with energyan be explained by a Reggeised pion-pion ontribution to � prodution whih dereases withenergy as � 1=s2. The low-mass enhanement remains as dominant feature when ps inreases.The prodution rate for �0 prodution is redued by a fator 0:72� 0:16 when going from WA92(ps = 12:7) to WA102 (ps = 29:1) [308℄. The redution fator is nearly ompatible with the pre-dited 1 for Pomeron-Pomeron fusion and inompatible with the predition of 0.2 for �� fusion 3 .A large number of entrally produed �nal states X has been studied by the WA102 ollaboration,like �; �; �0 [295℄, �� and K �K [301{303, 305℄, �� [309℄, �� [310℄, ��0 and �0�0 [306℄, 3� [298, 314℄,�+���, �, and � [296,304℄, 4� [293,307,311℄,K �K� [294℄, !! [312℄, �� [297℄,K� �K� and �! [299℄,baryon-antibaryon [300℄ and harmonium states [313℄. Earlier experiments investigated the same3 These numbers should not be stressed to muh. In [713℄, a preliminary value 0:20� 0:05 was given for ��0(ps=29:1GeV)=��0(ps=12:7 GeV) and used toargue that pseudosalar meson prodution is suppressed in double Pomeron exhange. The ratio for entral prodution ��=�! = 0:09�0:01 at ps = 29:1 GeVwas given in [295℄ and ompared to ��=�! = 0:20�0:02 at ps = 12:7GeV. From Table 5, this ratio is 0:52�0:06 at ps = 29:1GeV. The large disrepaniesdemonstrate the diÆulty of extrating absolute ross setion. The systemati errors were obviously not fully under ontrol.73



hannels but had smaller statistis. Here we disuss only the latest results and refer to earlierpubliations only when needed.At a �rst view, a lab momentum of 450GeV/ seems to guarantee that we deal with an asymptotihadron-hadron sattering situation. However, this is not automatially the ase. Let us onsiderentral prodution of events in whih both sattered hadrons are protons and loose the same energyin their entre of mass system. The two protons with four-momenta p1; p2 have a total energy ps.After sattering, the two protons have four momenta p3; p4, the entral system is desribed by themass M2X and four-momentum p5. Then s = (p1 + p2)2; s1 = (p3 + p5)2; s2 = (p4 + p5)2 wheres1; s2 are the invariant masses squared of sattered protons with partile X. When both protonssatter at zero angle, s1 = s2 = MXps + M2p whih is, for 450GeV/ lab momentum, about(5GeV)2=4 at MX = 1GeV/2, and (2.2GeV)2=4 at MX = M�GeV/2. This is a regime wherenot only Pomeron exhange but also other trajetories should make signi�ant ontributions.Hene it is not surprising that both Regge-Regge and Pomeron-Pomeron sattering ontribute toentral prodution under the experimental onditions of the WA102 experiment.A ompilation of important ross setions [714℄ is presented in Table 5. Pomerons are expetedto have positive parity and harge onjugation. Double Pomeron Exhange should thus lead toprodution of isosalar partiles X with positive G-parity; isovetor partiles require the exhangeof Reggeons. The prodution of mesons by Double Pomeron Exhange is predited to yield a fall-o� with squared momentum transfer t in the form ebt [710℄. Salar mesons (disussed in hapter10.2) show ompatibility an exponential ebt distribution but also axial vetor mesons and sometensor mesons inluding the a2(1320).Table 5Compilation of ross setions for resonane prodution at ps=29.1GeV in the WA102 ollaboration [714℄. Theerror quoted represents the statistial and systemati errors summed in quadrature.JPC Resonane � (�b) JPC Resonane � (�b)0�+ �0 22.0 � 3.3 1�� �(770) 3.1 � 0.25� 3.9 � 0.4 !(782) 7.4 � 0.6�0 1.7 � 0.2 �(1020) 0.06 � 0.020++ a0(980) 0.64 � 0.06 2++ a2(1320) 1.7 � 0.2f0(980) 5.7 � 0.5 f2(1270) 3.3 � 0.4f0(1370) 1.8 � 0.6 f2(1525) 0.07� 0.01f0(1500) 2.9 � 0.3 f2(1910) 0.53� 0.04f0(1710) 0.25 � 0.07 f2(1950) 2.8 � 0.18f0(2000) 3.1 � 0.5 f2(2150) 0.12�0.21++ a1(1260) 10.0 � 0.9 2�+ �2(1670) 1.5 � 0.15f1(1285) 6.9 � 1.3 �2(1645) 1.9 � 0.2f1(1420) 1.1 � 0.4 �2(1870) 1.9�0.2The largest ross setion is given by single �0 prodution. Its large yield is explained by the large�p sattering ontribution at small e�etive energies (ps1 � ps2 � 2:2 GeV/2). The strong yieldof f0 resonanes and the large fration of high-mass tensor mesons in vetor-vetor �nal statesare ompatible with Double Pomeron exhange. Double Pomeron Exhange is often onsideredas avour blind (even though struture funtions reveal that the nuleon ontains more �nn than�ss quarks). Prodution of f2(1525) is however strongly suppressed, by a fator � 50 ompared tof2(1270), � prodution by � 100 ompared to !: avour symmetry is badly broken. Donnahie74



and Landsho� [715℄ have suggested that there may be two Pomerons; a so-alled soft Pomeronwith y axis interept at 1.08GeV2 on the Chew-Frautshi plot and a hard Pomeron with intereptat � 1:4GeV2. The soft Pomeron should have a weaker oupling to heavier quarks, and thus SU(3)symmetry an be broken. For Regge exhange, breaking of avour symmetry is not a problem.Regge trajetories of s�s mesons have a higher interept on the Chew-Frautshi plot, and theirexhange falls o� with s faster than the exhange of normal Regge trajetories.The abundant a1(1260) prodution de�nitely requires at least one Reggeon. Apart from single�0 prodution, it provides the largest ross setion. The isovetor a1(1260) is observed in entralprodution with a larger ross setion than the isosalar f1(1285) though the two mesons havethe same JPC and about the same mass. Similarly, �2(1670) is produed with a similar rate as�2(1645). The hypothesis that entral prodution at ps = 29:1GeV is dominated by Pomeron-Pomeron ollisions annot hold true for all reations.Further information an be obtained from t distributions and from angular distributions. Theross setions fall o� with t � ebt for mesons like �, �0, f2(1270), f2(1525), �2(1645), and �2(1870)while for other mesons (all salar mesons, �, �, a1(1260), f1(1285), a2(1320)), a simple fall-o� withebt as expeted for Double Pomeron Exhange is observed. Other mesons (�0, !, �2(1645)) showa mixed behaviour, possibly indiating di�erent reation mehanisms. The WA91 ollaborationnotied that the yield of entrally produed resonanes depends on the vetor di�erene of thetransverse momentum reoil of the �nal state protons [278℄. For �xed four-momentum transfersin the transverse plane, t1 � �k2T1; t2 � �k2T2, the quantity dkT � j~kT1 � ~kT2j an vary fromon�gurations where two protons are sattered into the same diretion or into opposite diretions.Generalising this onept, an angle � (in the plane perpendiular to the beam) between slow andfast proton an be de�ned [716℄.The dkT (or �) dependene of entral prodution has been studied intensively in nearly all WA102publiations; its impliations are disussed in a series of papers by Close and ollaborators [713,716{721℄. The study revealed two surprises. First, many q�q mesons show an angular distributionas those produed in double-tag events in two-photon fusion. The exhanged partile must haveJ > 0, J = 1 is the simplest assumption. Using �� ollisions as an analogy, Close and Sh�uler [713℄alulated the � dependenies for the prodution of resonanes with di�erent quantum numbers.They have found that for a JPC = 0�+ stated3�d�dt1dt2 / t1t2sin2�: (4.16)For the JPC = 1++ states the model predits that JZ = �1 should dominate, andd3�d�dt1dt2 / (pt2 �pt1)2 +pt1t2sin2�=2 : (4.17)The WA102 data were found to be onsistent with these alulated angular distributions. IfPomeron-Pomeron sattering were the leading ontribution in entral prodution, the angulardistribution would imply a vetorial interation of Pomerons [716℄. Here we have to stress thatthese � dependenies are of merely kinematial origin in Regge phenomenology [709℄. In [722℄, theonept is generalised to exhanges of mesons with arbitrary spin with subsequent reggeisation.Absorptive e�ets are taken into aount by unitarisation of the prodution amplitudes.The angular distributions revealed a further unexpeted phenomenon. For some states, the angular75



distributions were found to be markedly di�erent from those for most well established q�q mesonshaving the same quantum numbers. It has been suggested that the angular distribution identi�esintrinsi angular momenta [717℄. Thus salar and tensor mesons in 3P0 or 3P2 q�q on�gurationswith internal orbital angular momentum L = 1 behave di�erently than glueballs or KK moleuleswhih need no intrinsi angular momentum. Thus it is suggested that a ut in dkT may at as aglueball �lter separating non-q�q objets from ordinary q�q mesons. This question will be resumedin setion 10.2 on salar mesons in entral prodution.A �nal word of aution seems appropriate on the assumption that entral prodution is dominatedby Pomeron-Pomeron fusion. This assumption relies on the evolution of � and �0 produtionwith s. While � prodution dereases with inreasing s indiating Regge exhange as produtionmehanism, �0 prodution remains approximately onstant. This is a behaviour predited forPomeron-Pomeron fusion [710℄. The large yield of isovetor mesons in entral prodution makesit however unlikely that Pomeron-Pomeron fusion is the dominant feature of entral prodution.Fusion of two Regge trajetories must play an important rôle. The sattering of two vetor mesonsan reate salar, pseudosalar or axial vetor and tensor mesons, and also �2 and �2 ouple to!! (and ��) and to �!, respetively. For JPC = 0�+, 1++, 2�+ mesons, the high yield of isovetormesons and the angular distribution make it likely that at ps = 30GeV, the dominant mehanismfor entral prodution is still fusion of two Regge trajetories. For salar mesons we notie an oneorder of magnitude redution for the a0(980) ross setion ompared to f0(980) prodution; thea0(1450) remained unobserved [309℄ while f0(1500) is seen. The t dependene of salar mesonsshows the expeted ebt behaviour. Hene salar mesons are ompatible with Pomeron-Pomeronfusion as main soure of their prodution mehanism. The rôle of tensor mesons is less lear.The a2(1320)=f2(1270) prodution ratio is about 1/2. At higher masses, little is known aboutisovetor states. Isosalar tensor mesons from entral prodution of ��, �!, !! and �! have beenreported by WA102 [297, 299, 312℄ but data on �! are missing. WA76, using a 300GeV/ protonbeam, studied the entrally produed !� and !! systems. They found 304� 50 !� events. Fromtheir distributions one an estimate 200 � 100 !! events. Sine !� requires at least one Reggetrajetory to partiipate, there is no real evidene that two entrally produed vetor mesonsoriginate from Pomeron-Pomeron fusion. Obviously, at ps = 29:1 the regime of double Pomeronexhange is not yet fully reahed and depends on the quantum numbers of the produed system:salar meson prodution is ompatible in all aspets with Pomeron-Pomeron fusion, produtionof tensor mesons seems to reeive ontributions from both, Regge and double Pomeron exhangewhile pseudosalar, vetor and axial vetor mesons are still in the regime of Reggeon exhange.4.1.4 The Dek e�etIn the study of quasi-two body reations one has to take into aount prodution of resonanesas well as nonresonant prodution of �nal states. A spei� model was proposed by Dek [723℄ todesribe nonresonant e�ets in quasi-two body reations at high energy. Consider e.g. the reation��p ! p �� in the region of the a1(1260) meson, with the �� system having IGJPC = 1�1++quantum numbers. This reation an proeed via diret a1 prodution (Fig. 30 (a)), via � exhange(Fig. 30 (b)) and via � exhange with resattering (Fig. 30 ()). The Dek model amplitude hasthe form [724℄: Ak � eiÆ � sinÆ +B � eiÆ � (osÆ + �k � sinÆ) (4.18)where A represents a1(1260) prodution and B the Dek amplitude with a pion propagator.The elasti �� phase shift Æ is given by a Breit-Wigner amplitude, k is the �� phase spae.The preditions of this model are far from being trivial. It gives the intensities and phases of76



p pR� a1 ��
(a) p p�R� ��(b) p pR� � �� a1 ��+ + ()Fig. 30. Diret resonane prodution (a)and the Dek mehanism via � exhange (b) and via � exhange andresattering ().nonresonant ontributions in di�erent �nal JPC states with di�erent isobars as well as the tdependene of all these ontributions. In partiular with inreasing squared momentum transferjtj, the nonresonant ontribution has to derease sine the nonresonant �� system has a largerspatial extension than the a1(1260). In di�rative reations, the Dek model preditions are inreasonable agreement with experimental results [214℄.4.1.5 Antiproton-proton annihilationIn N �N annihilation, a nuleon and an antinuleon undergo a transition from the baryoni worldto the quanta of strong interations, to mesons. Even for annihilation at rest, mesons of up to1.7GeV/2 an be produed. The mass of meson resonanes arrying open strangeness is restritedto about 1.4GeV/2. The OZI rule disfavours prodution of mesons with hidden strangeness eventhough in some reations, � prodution was found to surprisingly large. There is an abundantliterature on the question if the large � prodution rate signals an s�s omponent in the protonwave funtion [725℄, or the �'s are produed via resattering of Kaons in the �nal state [726,727℄.See [728℄ for a review.A large number of meson resonanes has been studied in N �N annihilation at rest [46, 48℄ andin ight [49℄. The annihilation proess and the formation of �pp atoms preeding annihilation hasbeen reviewed in some detail in [729,730℄; here we emphasize a few points relevant for the furtherdisussion.In N �N annihilation at rest in H2 or D2, annihilation is preeded by apture of an antiproton by ahydrogen or deuterium atom. Collisions between the protonium atom and surrounding moleulesindue transitions from high orbital angular momentum states via Stark mixing; and this mixingis fast enough to ensure dominant apture from S-wave orbitals when antiprotons are stoppedin liquid H2 or D2. In gas, the ollision frequeny is redued and P -wave annihilation makessigni�antly larger ontributions. In partiular at very low target pressures the P -wave frationalontribution is very large. Alternatively, rather pure samples of P -wave annihilation an also bestudied by oinident detetion of X-rays emitted in the atomi asade of the �pp system (whihfeed mostly the 2P level).Proton and antiproton both arry isospin jI; I3 >= j12 ;�12 > : The two isospins ouple to jI =0; I3 = 0 > or jI = 1; I3 = 0 > with I3 = 0. In the absene of initial state interationsbetween proton and antiproton the relation�pp = s12 (jI = 1; I3 = 0 > +jI = 0; I3 = 0 >) :77



holds. One ould expet proesses of the type �pp ! �nn in the initial state but harge exhange- whih would lead to unequal weight of the two isospin omponents - seems to be not veryimportant [731℄.The quantum numbers of the �pp system are the same as those for q�q systems; both are boundstates of fermion and anti-fermion. Sine isospin an be I = 0 or I = 1, every atomi �pp statemay have G-parity +1 or -1. Table 6 lists the quantum numbers of atomi levels from whihannihilation may our. The �pn system has always I = 1, and every atomi level has de�ned G-parity. For annihilation into spei� �nal states, seletion rules may restrit the number of initialstates. Annihilation into any number of �0 and � mesons is e.g. forbidden from all initial stateswith negative C-parity .Table 6Quantum numbers of levels of the �pp atom from whih annihilation may our.2S+1LJ IG �JPC� 2S+1LJ IG �JPC�1S0 1�(0�+) 0+(0�+) 1P1 1+(1+�) 0�(1+�)3S1 1+(1��) 0�(1��) 3P0 1�(0++) 0+(0++)3P1 1�(1++) 0+(1++)3P2 1�(2++) 0+(2++)Unlike other proesses, annihilation dynamis has no preferene of produing low-mass mesonsompared to mesons having a large mass. In entral prodution or two-photon fusion, the mesonmass spetrum falls o� with 1=M2 (withM being the meson mass); there is no similar suppressionof high masses in p�p annihilation. Rather, N �N annihilation an be desribed as if the �nal statewould be produed as `white' spetrum distributed aording to the phase spae whih thenneeds to be multiplied with a dynamial weight aounting for �nal-state interations. Experimentshows [732℄ that the angular momentum barrier (for ` = 0; 1 or 2) does not play a signi�antrôle: the ratio of !�0 to !� annihilation frequenies is about 1/2. The angular momentum in thereation is ` = 1, the linear momenta di�er by a fator 2. Hene a redution in the order of22`+1 = 8 due to phase spae and angular momentum barrier should be expeted, in addition toa fator 0.5 aounting for the larger n�n omponent of the � wave funtion (ompared to the �0wave funtion). The redution found experimentally is about 0.5, ompatible with the smaller n�nomponent of the �0 wave funtion from whih the �pp system deouples. Likewise, prodution ofa2(1320)� { requiring ` = 2 between a2(1320) and � { is as frequent as prodution of �� with` = 1.The initial N �N state ontains three onstituent quarks and three antiquarks. In annihilation intotwo mesons, two q�q pairs are going out. N �N annihilation is a superposition of quark-antiquarkannihilation and rearrangement diagrams, with an intermediate state of quarks and gluons. Onemay therefore expet N �N annihilation to be a good proess to searh for multiquark (tetraquark-or baryonium) states and for hybrids. Glueballs an be produed by their mixing with q�q mesons.4.1.6 Flavour tagging4.1.6.1 Charge and strangeness exhange sattering: In the harge exhange reation, �� +proton ! neutron + meson, harged mesons like � or b1 (unnatural parity exhange) or �=a2(natural parity exhange) are exhanged and mesons are produed with a preferred n�n avourstruture. For inident K�, the baryon in the �nal state an be neutron or a �. Under these78



experimental onditions, mesons with open (n�s) and with hidden (s�s) avour are produed dom-inantly, see Fig. 31. This method was extensively exploited by the LASS ollaboration [733, 734℄.At high energies, the inoming meson an be exited without hanging its avour struture. Suhproesses are often alled Pomeron exhange reation even though f2 exhange leads to the sameavour in the �nal state.
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a antiquark-quark pair. Now the olours have to math, the proess is olour suppressed (b).Finally, the initial �q may annihilate diretly into a virtualW+ (). The diagrams an be Cabibboallowed or suppressed. The  quark prefers to onvert into an s quark, onversion into a d quark issuppressed by the matrix element jVdj2 = (0:224� 0:012)2 of the CKM matrix. Likewise, the W+an onvert into u �d or u�s where the latter is Cabibbo suppressed, too. We estimate the relevaneof the ontributions by omparing branhing ratios of simple reations.
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ompatible with it being the �(2S). The peak was on�rmed by BaBaR [590℄ and CLEO [738℄ in fusion; the angular distributions favour 0�+ so that the interpretation of the peak as �(2S)seems to be settled.
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Fig. 35. a: e+e� hadroni ross setion (from [1℄). b: e+e� ross setion (in nb) for the reation e+e� ! �� [741℄.4.2.2 Width of the J/ Fig. 35b shows an expanded view of the J/ region for the reation e+e� ! �� [741℄. A learpeak at the J/ mass is observed. The asymmetry of the line shape is due to the loss of someenergy by initial state radiation whih is taken into aount in the �t. The width of the urve isompletely dominated by the momentum spread of the beam; the natural width of the J/ is toonarrow to be determined diretly from the san. However, the width is related to the total rosssetion observed in a spei� reation. The ross setion an be written in the form�(E) = (4�)(�2=4�2) �e+e��final=4[(E � ER) + �2=4)℄ 2J + 1(2s1 + 1)(2s2 + 1) (4.19)with �=2� = 1=p = 2=E being the de Broglie wavelength of e+ and e� in the entre-of-mass system(ms), E the ms energy, and � the total width. The �rst quotient of the right-hand side of (4.19)is the usual Breit-Wigner funtion desribing a resonant behaviour. The seond quotient sumsover the spin omponents in the �nal state and averages over the spin omponents in the initialstate. s1 = s2 = 1=2 are eletron and positron spin; J = 1 is the J/ total angular momentum.�e+e�;�final are the partial widths for the deay into the initial and �nal state, respetively.Integration over the ross setion yieldsZ 10 �(Ee+e�!e+e�;�+��;hadrons)dE = 6�2E2R��e+e��(e+e�;�+��;hadrons): (4.20)for the three �nal states e+e�; �+��, and hadrons. The total width is given by the sum of thepartial deay width � = �e+e� + ��+�� + �hadrons: (4.21)Imposing �e+e� = ��+�� yields 3 equations and thus 3 unknown widths.The J/ has a mass of 3096:87� 0:04MeV/2 and 87� 5 keV/2 width. We may ompare this tothe � mass, 770MeV, and its width 150MeV/2. Obviously the J/ is extremely narrow. This an82



be understood by assuming that the J/ is a bound state of a new kind of quarks alled harmedquarks , and that J/ = �.The Okubo-Zweig-Ishida (OZI) rule then explains why the J/ is so narrow. Historially, thedisovery of the J/ was a major breakthrough in partile physis and a �nal proof of the quarkmodel.4.2.3 Initial state radiationThe shape of J/ signal in Fig. 35 di�ers from a Breit-Wigner one (4.19) for two main reasons - theenergy spread of the e+ and e� beams and for initial state radiation. In e+e� olliders, the energyspread is driven mainly by quantum utuations of synhrotron radiation. The spread dependson the magneti �elds, a typial value is a few MeV/2. For this reason, narrow resonanes likeJ/ are signi�antly distorted; the visible peak ross setion is redued by �(J= )=Æ(Em) (whereÆ(Em) is the spread of the total energy) and the visible width is lose to Æ(Em).The e�ets of initial state radiation (ISR) an be illustrated in the reation e+ e� ! �+ ��  inthe viinity of J/ peak. The Born ross setion for J/ prodution is given byd�BornJ= (s;x)dx = W (s; x)� �0(s(1� x)) (4.22)where ps is the e+ e� invariant mass, x = 2E=ps, E is the photon energy in the CMS, and �0is the Born ross setion for e+ e� ! J= ! �+ ��. The funtionW (s; x) = 2��x � (2lnpsme � 1)� (1� x + x22 ) (4.23)desribes the probability of ISR photon emission. To �rst approximation, the Born ross setionfor e+ e� ! J= ! �+ �� is given by the Breit-Wigner formula (4.19). For a narrow resonanelike J/ we an replae the Breit-Wigner funtion by a Æ funtion, integrate over the photonenergy and �nd �BornJ= (s) = 12�2�eeB��m s �W (s; x0); x0 = 1� m2s (4.24)The asymmetry of J/ signal (tail to high s) is learly seen. Interferene of J/ resonant and QEDnonresonant amplitudes has of ourse to be aounted for. By deteting the ISR photon, one anstudy vetor �nal states with masses well below the energy of e+ e� ollider. This e�et is alledradiative return [742{744℄. The method is a new tool in meson spetrosopy, in partiular for thestudy of vetor mesons. It has been exploited in Frasati, using the Daphne detetor, to measurethe hadroni ross setion for e+e� annihilation in the region below the � mass [745℄. The BaBaRollaboration, with a ollider energy set to the �(4s), overed the mass range from low-energiesup to the bottomonium states. The dynamis of e+e� annihilation into several �nal states werestudied from �+���0 to 2(�+2��)K+K� [593, 601, 619℄.83



4.2.4 Deay of � mesonsThe vetor and axial vetor ouplings in � deays gives aess to studies of the properties of�(1450) and a1(1260) mesons. Evidene is also observed for a radial exitation at 1700MeV/2.We refer the reader to [746℄ for more detailed information. In � sattering, a1(1260) is obsuredby the Dek e�et and unstable results were obtained for a long time.4.2.5 The � states in �pp annihilationThe harmonium � states an be observed in �pp annihilation by a san of the antiproton momenta.Of ourse, � states ouple only weakly to p�p sine all 3 quarks and antiquarks in the initial statehave to annihilate into gluons before a meson with hidden harm an be produed. The � statesradiate down to the J/ ground state whih then deays into an eletron-positron or �+�� pair.Lepton pairs with having a large invariant mass are rarely produed in p�p annihilation; henehigh-mass lepton pairs an be used as very seletive trigger.The deisive advantage of this approah is the possibility to study the � states in formation. Theobserved width is determined by the spread of beam momenta, and this an be made narrow.Figure 36 shows sans of the �1(1P ) and �1(2P ) regions. The experimental resolution, given bythe preision of the beam momentum, is shown as a dashed line. The observed distributions arebroader: the natural widths of the states due to their �nite life time an be diretly determined.

Fig. 36. The number of J/ as a funtion of the �pp mass in the �1 (a) and �2 (b) mass regions [396℄.The impressive gain in auray ahieved in a formation experiment an be visualised in a ompar-ison with the � states as observed in prodution. Figure 37 shows the inlusive photon spetrumfrom the  (2S) states [747℄. A series of narrow states is seen identifying the masses of intermedi-ate states. The level sheme assigns the lines to spei� transitions as expeted from harmoniummodels. The width of the lines is given by the experimental resolution of the detetor; the har-monium states are produed. The lowest mass state, the 11S0 state, is alled �. It is the analogueof the �0-meson.4.3 Glueball rih proessesQCD, at least in its formulation on a lattie, predits the existene of glueballs, of bound statesof gluons with no onstituent quarks. The searh for these states and their possible rôle within84



Fig. 37. Radiative transitions between harmonium levels [747℄).the family of q�q mesons is one of the topial issues of this review. There is an extensive folkloreon how to hunt for glueballs [711℄ and whih distintive features should identify them as non-�qqmesons. Glueballs should, e.g., be produed preferentially in so-alled gluon-rih proesses; someare depited in Fig. 38.
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harges. So we should expet a glueball to be strongly produed in radiative J/ deays butnot in  fusion. Radial exitations might be visible only weakly in J/ deays but they shouldouple to . Further distintive features an be derived from their deays (glueballs are avoursinglets). Deays to ��0 identify a avour otet; radiative deays of glueballs are forbidden. Allthese arguments have to be taken with a grain of salt: mixing of a glueball with mesons havingthe same quantum numbers an our and would dilute any seletion rule.
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5 Heavy-quark spetrosopyThe disovery of a narrow high-mass resonane at Brookhaven National Laboratory (BNL) in theproess proton + Be! e+e� + anything [84℄ and at the Stanford University in e+e� annihilationto �+��; e+e� and into hadrons [85℄ initiated the `November revolution of partile physis'. Inthe subsequent years, several narrow harmonium states were observed. The states below the D �Dthreshold have a small available phase spae for deays mode into other harmonium states; theymay also deay into mesons with light quarks only, via gluoni intermediate states. The stronginteration �ne struture onstant �s is already suÆiently small at these momentum transfers(�s � 0:3) resulting in small strong interation widths.The quark model predits a rih spetrum of harmonium states. Fig. 39 gives a survey of observedand expeted states. Some transitions are indiated by arrows. The h(1P ) { shown as 1P1(3254) {is, for example, forbidden to deay into J/ radiatively; allowed are deays into �0J= or �(1S)(as E1 transition).
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The physis of � states has found renewed interest due to the disovery of a series of unexpetedlynarrow states, and several exellent review artiles have been written whih doument the ahieve-ments [50, 63, 748{751℄. Here, we give a short survey of the �eld. This will allow us to emphasizethe intimate relation between the spetrosopy of heavy quarks and of their light ousins.5.1 The J= states below the D �D thresholdIn e+e� annihilation, harmonium states with JPC = 1�� an be observed and their mass bedetermined with the (high) preision with whih the frequeny of the irulating beam an bedetermined (see setion 3.4.1). Positive C-parity states an be deteted via radiative transitionsfrom the  (2S) resonane but only with the (poorer) auray of the photon energy measurement[747℄. This limitation an be overome by p�p formation experiments as disussed in setion 3.3.4.Exploiting this tehnique, the E835 experiment added to our knowledge an impressive amountof high-preision data on the � system. From BES and earlier experiments, a large number ofbranhing ratios of the harmonium states is known. Their disussion will be resumed when theyprovide information on light-quark spetrosopy. A omparison of harmonium deay modes withmodel alulations is beyond the sope of this review. The two states �(2S) and h(1P ) wereobserved only reently. Their disovery will be briey disussed.5.1.1 The h(1P )The h(1P ) was searhed for intensively by the E760/835 ollaboration in the reation hainp�p ! h(1P ) ! �0J= ! �0e+e� but, at the end, no onlusive evidene was found [401℄.Stimulated by an observation of the CLEO ollaboration [575℄ disussed below, E835 studied thereation p�p! h ! �(1S)! 3 and reported a 3� signal [401℄ whih was assigned to h(1P ).Its mass was determined to M(h) = 3525:8� 0:2� 0:2MeV/2, its width �(h) < 1MeV/2.The best evidene for the h(1P ) stems from the CLEO ollaboration searhing for the isospin-violating reation  (2S)! �0h ! ()(�). The � is measured inlusively giving a larger yield,and exlusively in several hadroni deays modes. Both data sets are shown in Fig. 40. The datayield a h(1P ) with M(h) = 3524:4 � 0:6 � 0:4MeV/2. This mass an be ompared with the
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entre-of-gravity of the triplet harmonium statesDM�(3PJ)E�Mh(1P1) = +1:0� 0:6� 0:4 MeV=2 (5.1)with DM�(3PJ )E = 19 (5 �M�2 + 3 �M�1 +M�0) :With the new BES mass measurements of �J(1P ) states [504℄, the entre of gravity DM�(3PJ )E =3524:85� 0:32� 0:30MeV/2 is even loser to the h(1P ) mass.In leading order, the di�erene in Eq. (5.1) vanishes for a � entral potential omposed of avetor Coulomb (� 1=r) and a salar on�ning potential (� r). Spin-spin interations and tensorinterations are expeted to be small [752℄. The result is thus an important on�rmation of theassumptions on whih most quark models rely.5.1.2 The �(2S)The transition to �(2S) (often alled �0) was �rst reported by the Crystal Ball Collaboration [753℄,see Fig. 37 in setion 4, but the signal was later shown to be a utuation. Evidene for the �(2S)was dedued from the b-fatories, where �(2S) is now observed in three di�erent reations.The �(2S) resonane was disovered by the BELLE ollaboration as a narrow peak in theK0SK��+ mass distribution in a sample of exlusive B ! KK0SK��+ deays [737℄. Fig. 41 (left)shows the K0SK��+ mass distribution. There is a signi�ant exess of events at about 3.65GeV/2.A narrow peak is expeted only if it belongs to the harmonium family; � states an be produedin B deays via the penguin diagram (see Fig. 33d in setion 4.1.6.) The peak was also observedby the BaBaR ollaboration in the same reation [611℄.The BaBaR ollaboration reported the observation of �(2S) in two-photon fusion with two un-tagged photons (i.e. with unobserved eletrons) [590℄. It was deteted through its K0SK��+ deaymode. The relevant part of the spetrum exhibits a narrow peak shown in Fig. 41 (entre). Thefull spetrum (not shown here) ontains a large peak due to �(1S) and a smaller J/ peak. Thelatter is assigned to initial state radiation. The prodution harateristis of the J/ and �(1S)are di�erent; �(2S) prodution is ompatible with JPC = 0�+ quantum numbers. At Cornell,
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�(2S) was found in CLEOII and CLEOIII data; the two-photon width was estimated, assumingsimilar K0SK��+ branhing ratios for �(1S) and �(2S) [738℄.The third type of reation uses avour tagging [754, 755℄, see Fig. 32 in setion 4.1.6. In e+e�annihilation, two � pairs an be produed. If a J/ is observed, the reoiling system must be a� state. The virtual photon enfores negative C parity of the �nal state and hene positive Cparity for the reoiling � system. The � mass spetrum reoiling against the reonstruted J/ in inlusive e+e� ! J= X events produed in e+e� annihilation at ps = 10:6GeV/2 is shownin Fig. 41 (right). Peaks due �(1S), �J(1P ) { mostly �0(1P ) { and �(2S) an be identi�ed.Instead of reporting the results from the individual measurements, we ompare in Table 8 thePDG mean values of the most important properties of �(1S) and �(2S).Table 8Properties of �(1S) and �(2S) [1℄.� state Mass Width ��(1S) 2980:4� 1:2MeV/2 25:5� 3:4MeV/2 6:7+0:9�0:8 keV/2�(2S) 3638� 4MeV/2 14� 7 1:3� 0:6 keV/2The two-photon width measures the density of the wave funtion at the origin whih is smaller by0:19� 0:09 for �(2S) ompared to �(1S) (see last olumn, Table 8). In positronium, this fatoris 1/8. The redution of the e+e� widths of  (2S) and  (3770) harmonium and of bottomoniumvetor states { for whih reently very preise results were reported [756℄ { is muh smaller:�ee( (2S))�ee(J= (1S)) = 0:393� 0:008 �ee( (3770))�ee(J= (1S)) = 0:045� 0:006 [1℄�ee(�(2S))�ee(�(1S)) = 0:461� 0:008� 0:003 �ee(�(3S))�ee(�(1S)) = 0:318� 0:007� 0:002 [756℄_.The e+e� width �ee( (3770)) is muh smaller than expeted for a 3S level;  (3770) is (dominantly)the harmonium 13D1 state.The disovery of the h(1P ) and �(2S) resonanes marks an important step: all harmoniumstates below the D �D threshold predited by quark models have been found, and no extra state.5.1.3 The 12% rule and the �� puzzleThe largest J/ deay fration supposedly proeeds via 3-gluon intermediate states. Appelquistand Politzer [757℄ have shown that this fration dereases for  (2S). Using perturbative arguments,they �nd B 0!gggB !ggg = �e+e�( (2S)) � �tot( (1S))�e+e�( )(1S)) � �tot( (2S)) = (12:37� 0:03)% (5.2)This is the famous 12% rule: hadroni deays are expeted to be redued to 12% when  (2S)hadroni deays are ompared to J/ (= (1S)) deays. A large fration of  (2S) does not deayhadronially via three-gluon intermediate states; the largest fration goes instead into J/ plushadrons. We note in passing that the same argument an be made for the �J deays via n gluons,��!ng. The branhing frations for deays into ��� are:90



J/ �0(1P ) �1(1P ) �2(1P )  (2S) ! ���15:4� 1:9 4:4� 1:5 2:4� 1:0 2:7� 1:3 2:5� 0:7 �10�4The branhing fration for ��� deays from  (2S) is redued to (16� 5)% of the fration for J/ ;the redution is ompatible with the 12% rule. For the �J states, the mean redution is about(19� 5)% of the J/ branhing fration to ���. In all ases, the error in the individual quantitiesis large enough to over the 12% rule.In general, the 12% rule is valid only approximately. Fig. 42 gives a survey of results ompiled byBrambilla et al. [63℄. There seems to be no obvious preferene why some of these ratios are largeand some small. The suppression of �� from  (2S) is most striking, it is known as �� puzzle. Inthe report of Brambilla et al. [63℄, several interpretations of the �� suppression are disussed. For (3770), �+���0 is the only hadroni deay mode observed so far [498℄. No �� ontribution wasfound.
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mesons as states falling outside of the q�q lassi�ation. Moleular states and q�q states ould mixand form two mesons with a more omplex struture. In this ase, one of the states is still {from the quark model point of view { supernumerous. In this ase we all one state a q�q mesonwith a moleular omponent mixed in, the other state a moleule with a q�q omponent. Our mainonern is, e.g., if X(3872) adopts the position of the �1(2P ) harmonium state or do we expetan additional state to �ll that slot ?5.2.1 X(3872)5.2.1.1 Disovery and theX(3872) quantum numbers. TheX(3872) was disovered by the BELLEollaboration in the reation hain B+ ! K+X(3872), X(3872)! �+��J= [635℄. Fig. 44a showsthe �+��J= mass distribution reoiling against a K+ in B+ deays with a strong peak abovelittle bakground. It is reassuring that X(3872) is now observed, in the same deay mode, bythree other ollaborations. The BaBaR experiment on�rmed the existene of the X(3872) inthe same reation, the D� [540℄ and the CDF2 [541, 543℄ (see Fig. 44b) ollaborations reportedobservation of X(3872) in p�p ollisions at ps= 1.96 TeV. The Partile Data Group gives a meanvalue M = 3871:2� 0:5MeV/2 and a width � < 2:3MeV/2 at 90% on�dene level. Due to itsdeay into of J/ �+�� and its narrow width, it must ontain a harm and an anti-harm quark.In �pp ollisions, X(3872) and  (2S) are produed with very similar prodution patterns [540,768℄.Obviously, X(3872) is produed like a regular � meson, and we antiipate that at short distanes,X(3872) should have a � struture. Important further ontributions were made to determine itsproperties.
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The �+��J= invariant mass distribution is presented in Fig. 44. It was notied already in [635℄that a large fration of X(3872)! �+��J deays omes from high-mass �+�� pairs. The �+��pair ould be in S-wave or form a �. A harmonium deay into J/ � breaks isospin and may beunlikely, but it was shown that the �+�� invariant mass distribution enfores a � as intermediatestate [770℄. The angular momentum between J/ and � was restrited to L = 0 or 1 [543℄. Possibleinterpretations of the new state were given early [771{781℄.The BaBaR and BELLE ollaborations searhed for other X(3872) deay modes. These are ob-served with low statistis and further studies are ertainly welome. The X(3872) was seen todeay into !J= [645℄, J= [615,645℄, and D0D0�0 [769℄. The evidene for these deays is shownin Fig. 44d,e,f, respetively. The X(3872) mass is below the nominal J/ ! threshold, hene onlyvirtual ! mesons ontribute to the X(3872) ! �+���0J= deay mode. In Table 9, produtionand deay properties of X(3872) are listed. Negleting further X(3872) deay modes, we �nd atotal branhing ratio BfB+ ! K+X(3872)g = 1:30+0:20�0:34 � 10�4.The radiative X(3872) deay into J/ , the J/ � (with L = 0) and the J/ ! deay restrit theX(3872) quantum numbers to JPC = 0++; 1++, and 2++. For a JPC = 0++ or 2++ state, the deayinto D �D is allowed, and these states should be broader. Hene 1++ quantum numbers are mostlikely. This assumption is supported by the pattern of the �J(1P ) state observed by BaBaR. The�1 is the only � state produed with a signi�ant strength, see Fig. 45. The branhing ratiosfor deays into K+ and �J(1P ) states, orreted for their J deay frations, are given in thelower part of Table 9. The CDF ollaboration measured angular distributions and orrelationsof the X(3872) ! J= �+�� deay mode and onstrained the possible spin, parity, and hargeonjugation parity of the X(3872) to JPC = 1++ and 2�+ [782℄. For further disussions, we assumeJPC = 1++.The BaBaR ollaboration searhed for a harged partner of X(3872) in the deay mode X� !J= ���0 in B meson deays B0 ! X�K+ and B� ! X�K0S and determined the X(3872) isospinto I = 0 [598℄, hene the X(3872) quantum numbers orrespond to �1(3872). It remains to beseen if X(3872) an be identi�ed with the �1(2P ) harmonium state or if it requires a di�erentinterpretation.Table 9X(3872) prodution rates and deay modes in B deays in omparison to prodution rates of other harmoniumstates. B+ ! K+X(3872) X(3872) deay mode Branhing ratio RefD0D0�0 1:07� 0:31+0:19�0:33 �10�4 [769℄�+��J= (1:14� 0:20) �10�5 [1℄�+���0J= (1:1� 0:5� 0:4) �10�5 aJ= (1:8� 0:6� 0:1) �10�6 [645℄J= (3:3� 1:0� 0:3) �10�6 [615℄B+ ! K+X(3872) 1:30+0:20�0:34 �10�4B+ ! K+�0(1P ) 1:6+0:4�0:5 �10�4 [1℄B+ ! K+�1(1P ) 5:3� 0:7 �10�4 [1℄B+ ! K+�2(1P ) < 2:9 �10�5 [1℄a: using B �X(3872)! �+���0J= 	 =B fX(3872)! �+��J= g = 1:0� 0:4� 0:3 [645℄.94



)2 (GeV/cccm
3.3 3.4 3.5 3.6 3.7

)2
Si

gn
al

 E
ve

nt
s 

/ (
10

 M
eV

/c

0

100

200

300

400

c0
χ

c1
χ

c2
χ

Fig. 45. The �J states in B deays. The � states are identi�ed via their radiative deay into J/ [615℄.5.2.1.2 Moleular and tetraquark interpretations of X(3872). There is a number of reasons notto identify �1(3872) with the � state �1(2P ). The most striking feature is the strong isospinbreaking. The branhing ratios to J/ � and J/ ! are similar in magnitude; if �1(3872) is a looselybound D0D0� moleule (deoupled from D+D�� due to the mass gap), then isospin is maximallybroken. If �1(3872) is interpreted as a tetraquark state, isospin breaking an be implementedas well but harged partners of X(3872) are predited; they were searhed for by BaBaR [598℄,with negative result. Matheus, Narison, Nielsen, and Rihard [783℄ argued that B deays mayprefer deays via exited � pairs reoiling against a luster of light quarks and that prodution ofneutral states with hidden harm ould be favoured. Hene harged partners of X(3872) shouldbe searhed for in other reations, too.The seond argument is based on its low mass, ompared to quark-model alulations. The model ofBarnes, Godfrey and Swanson [60℄, e.g., reprodues very well the �J(1P ) masses (with deviationsof less than 10MeV/2) and predits 3925MeV for �1(2P ). Lattie QCD puts the state to 4010[784℄ or 4067MeV/2 [785℄. This 50-200MeV/2 mass disrepany is too large to be bridged byparameter tuning. On the other hand, the X(3872) mass is just at the DD� threshold 4 whihmakes it a good andidate as moleular bound state. A reent lattie alulation gave a mass ofthe �1(2P ) state of 3853MeV/2 [786℄. Obviously, there is some exibility in the mass alulation.Arguments based a alulation of B+ ! X(3872)K+ in the pQCD approah are shown to be inonit with an interpretation of X(3872) as 23P1 harmonium state [787℄.Some other important preditions fail however when ompared to experimental numbers. Theratio [615, 645℄ B (X(3872)! J= )B (X(3872)! �+��J= ) = 0:22� 0:06 (5.3)is muh larger than the value 0.007 predited for a D0D0� moleule. For a � state, the ratioan be as large as 0.11 even though also smaller values have been alulated [788℄. Note thatthe frational radiative yield for �b1(2P ) ! �(1S) is (8:5� 1:3)%, that for �b1(2P ) ! �(2S)(21�4)%. Ref. [788℄ has shown that this ratio depends ritially on the X(3872) internal struture.For the absolute value, only an upper limit an be given using the �1(3872) width � < 2:3MeV/2and the branhing ratios of Table 9. The radiative rate �1(3872)! J= is bound by��1(3872)!J < 250 keV=2 (5.4)4 The D0D0� threshold is at (3871:2� 0:6)MeV/2, the D+D�� threshold at (3879:3� 0:6)MeV/2.95



provided that there are no large unseen deay modes. This upper limit an be ompared to the�1(1P )! J radiative width of 288 keV/2.A seond weak point of the moleular interpretation is the X(3872) ! D �D0�0 deay branhingratio. The D0 �D0�0 system shows a peak at 3875:4 � 0:7+1:2�2:0MeV mass [769℄. In [626℄, M =3875:1 � 1:1 � 0:5MeV and � = 3:0+4:6�2:3 � 0:9MeV were reported. If this state is identi�ed withX(3872), as suggested in [789℄, we haveB �X(3872)! D0 �D0�0�B (X(3872)! �+��J= ) = 9:4+3:6�4:3 (5.5)while the predition of the moleular model [788℄ is 0.054. In the �ts by Hanhart et al. [789℄, theshape of the X(3872) resonane is strongly distorted. The authors onlude that X(3872) has tobe of a dynamial origin; it is interpreted as a virtual state. Of ourse, it is diÆult to exlude a� fration in X(3872) whih may serve as a seed to reate the observed state.The observed rates in B+ and B0 deays do not orrespond to the moleular piture, neither.Experimentally [769℄ B (B0 ! X(3872)K0)B (B+ ! X(3872)K+) � 1:62 (5.6)while the predition is less than 0.1 [788℄.In the limit of large quark-mass ratios, tetraquarks onsisting of two heavy and two light quarksshould be stable against falling apart into two heavy-light mesons or into a heavy quarkonium anda light-quark meson. The light-quark degrees of freedom annot resolve the losely bound systemof two heavy quarks. Thus a tightly bound �b � or �b�b system in olour 3 and two light quarks q qmay form a heavy-baryon on�guration where the heavy quark is replaed by two heavy (anti-)quarks [790℄. This exoti on�guration is expeted to provide more stability than the moleular(non-exoti) system onsisting of two heavy-light olour-neutral mesons [766, 791, 792℄.In a model alulation, Jan and Rosina [793℄ suggest that the most stable tetraquark on�g-uration should not be of that of a heavy baryon but rather a moleular system. Sum rulesgive tetraquark masses MTbb = (10:2 � 0:3)GeV/2, whih is below the �B �B� threshold, andMT = (4:0� 0:2)GeV/2 [794℄.Maiani et al. see X(3872) as tetraquark harmonium and predit the spetrum of new tetraquarkharmonia inluding harged isospin partners ofX(3872) [795℄. Tetraquark states were onstrutedfrom diquarks in olour triplet salar and vetor lusters interating by spin-spin interations. Us-ing the X(3872) as input, Maiani et al. predit the spetrum of new diquark harmonia shownin Fig. 46. H�gaasen et al. [796℄ postulate that X(3872) is a loosely bound tetraquark u��u andd� �d state [796℄. In [797℄, the interation of two quarks and two antiquarks in S-wave is alulatedinluding avour-symmetry breaking. Karliner and Lipkin [798℄ suggested that bn�b�n and bn��ntetraquarks may fall below the B �B and B �D thresholds. The (four-fold) attrative fores betweenquarks and antiquarks may overome the (twofold) repulsive fores between the light-quark andthe heavy-quark pairs, and attration prevails. These new states may have exoti eletri hargeand their deays might have striking deay patterns. The alulation might, however, depend on96
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Fig. 46. Spetrum of tetraquark harmonium states [795℄.the oupling sheme hosen: the interations of two quarks with one antiquark are individuallyattrative; the diquark and the antiquark feel repelling fores. The harmonium spetrum is al-ulated by Kalashnikova [799℄ in a oupled hannel model with ouplings to D �D, D �D�, D� �D�,Ds �Ds, Ds �D�s , and D�s �D�s , thus generating a virtual bound state just above D �D� threshold. Coupledhannels in S-wave may lead to usps at the opening at thresholds; X(3872) may very well besuh a usp as underlined by Bugg [800℄.Tetraquark models postulate a mass di�erene between B+ ! X�uuK+ and B0 ! X �ddK0. BaBaRdetermined this mass di�erene to 1:7 � 1:1 � 0:2, a value not inonsistent with zero [598℄. Ifmoleular fores are responsible for binding the X(3872), it is diÆult to esape the onlusionthat a isovetor partner should be observed as well as the isosalar X(3872).Summarizing, there are strong arguments that tetraquark states should exist in the heavy quarklimit. Models an be made whih predit tetraquarks in the harmonium system but no proofexists that in the �u �d, b�u �d, or even bb�u �d system, the heavy-quark limit is reahed and that theseavour-exoti mesons are stable against olour rearrangement and do not just fall apart.5.2.1.3 Other interpretations of X(3872). Other interpretations were attempted as well. Sethproposed X(3872) to be a vetor glueball [801℄, Li suggested a �g hybrid interpretation [802℄.Both onjetures are at variane with the large radiative yield.5.2.1.4 X(3872) as �1(2P ) harmonium state. The highest obstales for a � interpretation ofX(3872) are its mass and the isospin breaking e�ets in their J/ ! and J/ � deays. ConerningTable 10Masses of � states (in MeV/2). Cursive numbers are obtained by simple saling. The preision is trunated at1MeV/2. �bJ (nP ) states �J(nP ) states�b0(1P ) 9.859 �b0(2P ) 10.233 �0(1P ) 3415 �0(2P ) �3840�b1(1P ) 9.893 �b1(2P ) 10.255 �1(1P ) 3511 �1(2P ) �3900�b2(1P ) 9.912 �b2(2P ) 10.268 �2(1P ) 3556 �2(2P ) 3929� 5� 297



the mass, there is of ourse some unertainty in the absolute sale of the preditions. Belowwe will identify the Z(3930) with �2(2P ). It has a mass of 3931 � 4 � 2MeV/2, its preditedmass [60℄ is 3972MeV/2. This is a 40MeV/2 disrepany, too. We try to use the bottomoniummasses to estimate the mass of the �1(2P ) harmonium state see Table 10. Simple saling leads to3900MeV/2 as expetation for the �1(2P ) mass, about 28MeV/2 above the observed �1(3872)mass. If the harmonium state �1(2P ) were a separate state at about 3900MeV/2, it shouldhave been observed in the D0D0�0 mass distribution. Of ourse, a threshold an attrat a poleposition. This is a phenomenon known from the K �K threshold and a0(980) and f0(980).The most likely solution seems to be that �1(3872) is the harmonium �1(2P ) state stronglyoupled to D0D0�. The D�D�� threshold is 8MeV higher, the oupling to D�D�� plays nodynamial rôle in the deay thus reating large isospin breaking e�ets. As long as no isospinpartner of X(3872) is disovered, we must onlude that the � omponent plays a deisive rôlein binding the moleular D0D0� system. In the sense of our introdutory disussion, X(3872) isa � meson of moleular harater. When probed with high momenta like in p�p ollisions, the �omponent prevails; at large separations the moleular harater is revealed by its strong aÆnityto the D0D0� system.5.2.2 The X; Y; Z resonanes at 3940MeV/25.2.2.1 The X(3940) was observed by the BELLE ollaboration in the missing mass distributionreoiling against a J/ in e+e� annihilation, see Fig. 47a. Its mass and width were determinedto (3:943 � 0:006 � 0:006)GeV/2 and � < 52MeV/2 at 90% C.L. [644, 661℄. It is produed inthe same way as �(1S) and �(2S). Thus it is a very good andidate for the �(3S) resonane.Evidene for DD� deays of X(3940) was also reported [644℄. The mass is unexpetedly low,4043MeV/2 is expeted in the model of Barnes, Godfrey and Swanson [60℄, 3900MeV/2 fromour simple saling.5.2.2.2 The Y (3940) was suggested by the BELLE ollaboration in the reation B ! K���J= with the three pions forming an ! meson [642℄, see Fig. 47b. The S-wave Breit Wigner mass and
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width were determined to be 3943� 11� 13 MeV/2 and 87� 22� 26 MeV/2, respetively. Thedeay into J/ ! is very strange: a harmonium state at 3930MeV/2 an deay into D �D or D�Dwhile !J= is OZI forbidden. The deay mode resembles the f0(1810) whih is observed as �!threshold enhanement in radiative J/ deays [508℄. In setion 10.7, f0(1810) will be interpreted asa avour otet state with large 1p6 j�uu�ss+ �dd�ss�2�uu �dd > admixture; thus identi�ation of Y (3940)as � state with a �0(2P ) = 1p3 j�uu�+ �dd�+�ss� > omponent does not seem unlikely. The J/ !deay mode is then rather natural, the mass disagrees however with the expeted 3840MeV/2using our saling (see Table 10). The quark model [60℄ yields a similar value, 3852MeV/2.The width is ompatible with what to expet. The �2(1P ) width is 2:06 � 0:12MeV/2, the(�0(1P )) width is �ve times broader, 10:4�0:7MeV/2. With a �2(2P ) width of 29�10MeV/2,we an expet a �0(2P ) width of 100{200MeV/2. Its high mass omponent deays into !J= .This piture requires the �0(2P ) to deay into D �D with a similar oupling onstant as into J/ !.5.2.2.3 The Z(3930) was observed by the BELLE ollaboration in  ! D �D with a mass of3931� 4� 2MeV/2 and a width of 20� 8� 3MeV/2 [803℄. The mass distribution is reproduedin Fig. 47. The D �D heliity distribution was determined to be onsistent with J = 2, hene itwas identi�ed as �2(2P ). Its mass and deay mode are onsistent with this identi�ation. Thepredited �2(2P ) mass [60℄ is 3972MeV/2.5.2.3 A new � vetor state Y (4260)The Y (4260) is a stumbling stone. It was observed by the BaBaR ollaboration as an enhanementin the ��J= subsystem in the initial state radiation (ISR), in e+e� ! ISRJ= �� [606℄ (see Fig.48, left). Due to the prodution mode, Y (4260) must have JPC = 1��. The mass was determined to4259�8�4 MeV/2 and the width to 88�23�5 MeV/2. Y (4260) was on�rmed in a preliminaryanalysis of the BELLE ollaboration [653℄. The CLEO ollaboration observed Y (4260) in a e+e�san [582℄ and found the ratio of Y (4260) ! �+��J= and Y (4260) ! �0�0J= events to beonsistent with Y (4260) being isosalar [583℄. Three events due to Y (4260) ! K+K�J= werereported orresponding to a ��=K �K ratio of about 1/4. A BaBaR searh for Y (4260) ! p�pyielded a null result [599℄. The BaBaR ollaboration searhed for Y (4260) in B deays studyingthe reations B0 ! J= �+��K0 and B� ! J= �+��K� [614℄. A weak 3-� signal shown in Fig.48b was observed whih is ompatible with the Y (4260) parameters.The partial width
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Fig. 48. a: The Y (4260) observed in e+e� ! ISRJ= �� [606℄. The inset shows the same spetrum over a widerrange inluding the  (2S). b: There is weak evidene for Y (4260) from B ! KJ= �� deays [614℄. : The ��mass distribution reoiling against the J/ and the phase spae distribution [583℄.99



�(Y (4260)! e+e�)Br(Y (4260)! J= ��) = 5:5� 1:0 +0:8�0:7 eV=2 (5.7)determined in [606℄ an be ompared to the rate when Y (4260) is replaed by  (2S):�( (2S)! e+e�)Br( (2S)! J= ��) = 672� 45 eV=2: (5.8)Either, Y (4260) must have an unusual small e+e� width or a very small oupling to J/ �� (orboth).The Y (4260) yield in B deay is anomalously low, too. The produt branhing ratioB(B� ! K�Y )B(Y ! J= ��) = (2:0� 0:7� 0:2) � 10�5 (5.9)was interpreted as 90% C.L. upper limit at 2:9 � 10�5 [614℄. The value is two orders of magnitudesmaller than the branhing frations forK J/ orK  (2S). Again, either the oupling Y ! J= ��is small, or the Y (4260) prodution rate is muh smaller than that of  (nS) states.With  (3686),  (3770),  (4040),  (4160),  (4415) as  (2S),  (1D),  (3S),  (2D), and  (4S),respetively, and a  (3D) at an expeted mass at about 4.5GeV/2, there seems to be no � slotavailable for the Y (4260); its mass is hene a further argument in favour of its exoti nature.Various explanations for Y (4260) have been proposed. Its, at the �rst glane, anomalous propertiesprompted the suggestion that it might be a � hybrid [804{806℄. Maiani et al. [807℄ interpretedthe Y as �rst orbital exitation of a tetraquark [s℄S[��s℄S state; additional states were predited atsomewhat lower masses. Alternatively, the Y ould be a �1 � moleule bound by � exhange [808℄.A � �� baryonium state is a further possibility to understand the Y (4260) [809℄. The lattersuggestion �nds support in the laim for a �f0 resonane at 2175MeV/2 [618℄ and its possibleinterpretation as ��� bound state.Further arguments in favour of an exoti nature an be made by analysing the �� invariant massdistribution reoiling against the J/ shown in Fig. 48. The distribution is inompatible withthe expetation based on normal �� S-wave interations produed without any hindrane fator.Bugg [810℄ �tted this spetrum, and a similar spetrum from Belle, assuming an intermediate�J= resonane. The best �t required orbital angular momentum L = 1 between the reoil pionand the �J= resonane, and gave M = 4080MeV/2 and � = 280MeV/2. The resonane issuggested to be a tetraquark state. This is an interesting onjeture but the reader should go bakto Fig. 43. If Y (4260) is of exoti nature, then it may at as point-like soure for deays, andthe �� invariant mass distribution an be asribed to �nal-state interations. If it is a  radialexitation, its nodes have a signi�ant impat.The Y (4260) resonane was searhed for in the inlusive e+e� annihilation ross setion [811℄. Theross setion exhibits a dip-bump-dip struture in the ps = 4:20�4:35GeV/2 region whih makesit diÆult to extrat a reliable estimate for a possible Y (4260) ontribution. Rosner assigned thisdip to the opening of the DD1 hannel [812℄. Llanes-Estrada [813℄ has shown that the inlusivee+e� annihilation into hadrons an be explained quantitatively by S-D wave interferene andassuming the oupling to two pseudosalar mesons to have positive signs for 3S1 and negative signsfor 3D1 states. The �(4260) was inluded in the �t as  (4S) state. In [811℄, di�erent dynamialassumptions were made to determine an upper limit for the Y (4260)! e+e� width. The largest100



ontribution was aeptable in �ts in whih the  0 resonanes were desribed by interfering Breit-Wigner amplitudes of onstant widths with arbitrary phases. The series of resonanes inluded (3770),  (4040),  (4160), Y (4260), and  (4415); a linear non-interfering bakground was added.The Y (4260) was given a speial treatment: sine it is suspeted not to belong to the  0 series, itwas onsidered approppriate to add it partly inoherently to the ross setion. It was hene splitinto two ontributions, one interfering Breit-Wigner amplitude, a non-interfering part desribingY (4260) as threshold phenomenon. The fration of the oherent ontributions was varied between0.7 to 0.3, and upper limits for �Y (4260)!e+e� were derived; 580 eV/2 for 70% oherene, 460 eV/2for 50%, and 280 eV/2 for 30% oherene. These numbers maybe ompared to � (4160)!e+e� =830� 70 eV/2 and � (4415)!e+e� = 580� 70 eV/2. The e+e� width of Y (4260) is not suspiious.Full oherene was not permitted in [811℄, extrapolating to full oherene or interpolating the twovalues for  (4160) and  (4415) yields our estimate of 720 eV/2 whih we give in Table 11.From eq. (5.7) and the Y (4260)! e+e� width, we derive�(Y (4260)! J= �+��) > 670� 240keV=2: (5.10)The yield is larger than naively expeted, in partiular when ompared to the orresponding widthfor the  (3686)(2S) resonane. However, the �� S-wave is open for a wider range in Y (4260)deays. The BESII ollaboration has �tted new data on the R value in e+e� annihilation [512℄;�ts inluding Y (4260) were not attempted.In Table 11 we ompare harmonium vetor states assuming that Y (4260) is  (4S). The om-parison looks very favourable. An exoti interpretation of Y (4260) may therefore not really beenfored by data. Very reently, the BELLE ollaboration reported two further resonant stru-tures in the �+�� (2S) invariant mass distribution, at 4361 � 9 � 9MeV/2 with a width of74� 15� 10MeV/2, and at 4664� 11� 5MeV/2 with a width of 48� 15� 3MeV/2 [662℄. Weonjeture that these might be the 3D and 6S states, respetively.5.2.4 ConlusionsThere are four positive-parity harmonium states expeted in the mass range from the �2(1P )to 4GeV/2, and four states are found, X(3872), X(3940), Y (3940), and Z(3930). Based on theirprodution and deay harateristis, they an be identi�ed with �1(2P ), �(3S), �0(2P ), and�2(2P ), respetively. The Y (4260) �nds a natural interpretation as  (4S) state. These onlusionswere reahed independently by Colangelo and ollaborators [814℄. Does this imply the attemptsTable 11Charmonium states with JPC = 1�� in our interpretation.J/  (3686)  (3770)  (4040)  (4160) Y (4260)  (4415)2S 1D 3S 2D 4S 5S�e+e� 2:48� 0:06 0:242+0:027�0:024 0:86� 0:07 0:83� 0:07 0.72 0:58� 0:07 keV/2�J �+�� 107� 5 44� 8 < 360 < 330 670� 240 - keV/2M (nS) �MJ= 589 674 943 1056 1163 1318 MeV/2M�(nS) �M� 563 895 1119 MeV/2
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to understand these partiles as exoti states were a failure? Certainly not; the tetraquark and/ormoleular piture fouses the attention on the dynamis of prodution proesses and deay ratesand augment the �qq piture. Furthermore, the models serve as stringent guides to searh for newphenomena. But from time to time it is neessary to reall that the quark model provides a solidfoundation; laims for physis beyond the quark model have to survive ritial srutiny.5.2.5 A harged harmonium state ?After ompletion of the review, a narrow  0�� resonane was reported by the Belle ollaborationwith a statistial evidene exeeding 7� [627℄. It was observed in B deays to K�+ 0, using various 0 deay modes. The resonane, alled Z(4430), has 4433 � 4 � 1MeV/2 mass and a width of� = 44+17�13+30�11MeV/2 width. It is produed with a branhing frationB(B ! KZ(4430)) � B(Z(4430)! �+ 0) = (4:1� 1:0� 1:3) � 10�5 (5.11)It is the �rst harged resonane with hidden harm and an evidently not belong to the harmoniumfamily, not even have a � seed. Rosner notied that the Z(4430) mass is not far from D� �D1(2420)threshold and proposed that the state is formed via the weak b ! �s transition, reation of alight-quark pair, and resattering of the �nal-state hadrons [815℄. The deay Z(4430)! J �� isnot observed: the resattering mehanism is e�etive only lose to the prodution threshold.The Z(4430) state is learly at variane with ideas presented above. Its on�rmation as resonantstate (and not as e�et of threshold dynami) is very important.5.3 Heavy-light quark systems5.3.1 D and Ds mesons and their low-mass exitations5.3.1.1 D Mesons: Figure 49a shows the spetrum of D-meson exitations. The states of lowestmass are the D and the D� and the four P -wave states. In the heavy-quark limit, the heavy-quarkspin ~s deouples from the other degrees of freedom and the total angular momentum of the lightquark ~jq = ~L+~sq is a good quantum number. This yields the following spin-parity and light-quarkangular-momenta deompositions: 0+(jq = 1=2); 1+(jq = 1=2); 1+(jq = 3=2) and 2+(jq = 3=2),whih are usually labelled as D�0; D01; D1 and D�2, respetively. The two jq = 3=2 states are narrowdue to the angular-momentum barrier and have �20MeV/2 widths. The jq = 1=2 states deayvia S-waves and are expeted to be quite broad. The BELLE ollaboration studied these statesin B deays into D�� and D��� [638℄. Further support for the broad states was reported by theFOCUS [529℄ and the CDF [542℄ ollaborations.The partial wave analysis of events due to B� ! D+���� deays using D�0 and D�2 as only isobarsdid not give a fully satisfatory desription of the D+���� Dalitz plot. Virtual vetor states asadditional isobars improved the �t without hanging signi�antly the D�0 and D�2 parameters. The�t results are shown in Fig. 49b. The narrow D�2 is readily identi�ed but there is a substantial wide`bakground' whih is mostly assigned to salar D� interations. Closer inspetion reveals a spikeat threshold; it is desribed by a virtual D�v (and a seond one, alled B�v). The spin-parity of thevirtual states was not tested. Below (in setion 11.6.3) we suggest the existene of a subthresholdD�0(1980). The spike and/or the blak area in Fig. 49b ould be a trae of this hypothesised state.A low mass D�0 (at 2030MeV/2) was also suggested by Beveren and Rupp [816℄.102



For the reation B� ! D�+����, an unbinned likelihood �t in the four-dimensional phase spaewas performed to extrat the amplitudes and phases of the ontributing isobars. The �t resultsshown in Fig. 49 exhibit three omponents, two narrow ones and a broad one, in line with theexpetations based on Fig. 49a.Instead of presenting the results on masses and widths of D resonanes from [638℄ from the�ts desribed above, we quote these quantities in Table 12 from the latest Review of PartileProperties [1℄. Masses and widths will be disussed in onnetion with the orresponding states ofthe Ds family.5.3.1.2 Ds mesons: Fig. 50a shows the expeted low-lying �s exitations. The two ground statesand two resonanes above the D�K thresholds were known sine long [557, 817℄ from CLEO andArgus and were used to de�ne the quark model parameters. The other two states were thought tohave esaped disovery due to their large (expeted) widths. It thus ame as a omplete surprisewhen D�s0(2317) was disovered by BaBar [588℄ as narrow and low-mass resonane, in the inlusiveD+s �0 invariant mass distribution produed in e+e� annihilation at energies near 10.6GeV/2. Fig.50 (right) shows the Ds �0 invariant mass distribution with an impressive D�s0(2317)+ signal [616℄.Among other (ontinuous) bakground ontributions, reetions from other deay sequenes arean intriguing soure sine they an mimi wrong signals. Partiularly dangerous are reetionsfrom D�s(2112)+ ! Ds deays in whih an unassoiated  partile is added to form a false �0andidate, and from DsJ(2460)+ ! D�s(2112)+�0 deay in whih the  from the D�s(2112)+ deayis missing. The reetions also our in side bands and an thus be ontrolled quantitatively. AD�s0resonane should deay into D plus K. However, the D�s0(2317) mass is below the DK threshold.Its mass is even below the D�0(2350) mass, in spite of a n quark being replaed by a s quark. Sineits natural deay mode is forbidden, D�s0(2317) must deay via an isospin violating mode intoDs �,and is narrow. The new resonane is now on�rmed in several new data sets [564,591,596,616,634℄.It must have natural spin-parity, JPC = 0++ were proposed and found to be onsistent with laterdata having higher statistis. In partiular the absene of radiative transitions to the ground statesupports this assignment.
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Fig. 50. Left: The spetrum of Ds exitations as predited by Godfrey and Isgur [171℄ (solid lines) and Di Pierroand Eihten [818℄ (dashed lines) and as observed by experiment (points). The DK and D�K mass thresh-olds are indiated by two horizontal lines. The JP = 0+ state at 2317MeV/2 has an unexpeted low mass.Right: The D�s0(2317)+. The invariant mass distribution for (solid points) Ds �0 andidates and (open points)the equivalent using the Ds side bins. The �t inludes ombinatory bakground (light grey) and the reetionfrom DsJ (2460)+ ! D�s(2112)+�0 deay (dark grey). The insert shows an extended view of the D�s0(2317)+ massregion [616℄.
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Table 12Masses and width of D an Ds mesons and their exitations quoted from the Review of Partile Properties [1℄. Ifstatistial and systemati errors are given, their quadrati sum is listed below. All quantities are given in MeV/2,exept the D-meson life times whih are given in fs (=10�15s) units.Charge D D� D�0 D01 D1 D�2� M 1869:3� 0:4 2010:0� 0:4 2403� 38 2423:4� 3:1 2459� 4� 1040� 7 fs 0:096� 0:023 238� 42 25� 6 29� 50 M 1864:5� 0:4 2006:7� 0:4 2352� 50 2422:3� 1:3 2427� 36 2461:1� 1:6� 410:1� 1:5 fs < 2:1 261� 50 20:4� 1:7 384+130�105 43� 4Charge Ds D�s D�s0 D0s1 Ds1 D�s2� M 1968:2� 0:5 2112:0� 0:6 2317:3� 0:6 2458:9� 0:9 2535:35� 0:61 2573:5� 1:7� 98:85� 0:30 < 1:9 < 4:6 < 5:5 < 2:3 15+5�4Ds and D exitations are 99, 112, 98, 112MeV/2, respetively, onsistent with a mass di�erenebetween s and d quark of � 105MeV/2. The third multiplet resists suh a simple reasoning. Themass di�erene for the D0s1 and D01 is 37MeV/2, for the D�s0 and D�0 it depends on the experiment.Taking the BELLE value, the di�erene is -86MeV/2, and +9MeV/2 for the FOCUS value.The masses of the (L = 1; jq = 1=2) doublet are weird. If we expet all four P states to havesimilar masses, the D meson exitations onur with it, and the D�s0(2317) has exoti properties.While D�0(2400) is about 350MeV/2 above the D� threshold, D�s0(2317) is 40MeV/2 below theDK threshold. Hene the states do behave anomalous.In any ase, with these states, the magi number of 6 low-mass states is reahed and the spetrumof S- and P -wave �n and �s states overed. Correspondingly, Bardeen, Eihten and Hill [819℄interpreted the two new resonanes Ds0(2317) and DsJ(2460) as �s (0+; 1+) spin parity partnersof the (0�; 1�) doublet, and demonstrated that symmetry relation between their partial deaywidths derived from hiral symmetry are ful�lled.Reent lattie QCD alulations [820℄ gave an exitation energy from the D�s(2112)+ vetor tothe D�s0(2112)+ salar state of (328 � 40)MeV instead of the observed 205MeV mass gap. Fortheir nonstrange partners the orresponding mass di�erene is 440MeV on the lattie and (342�50)MeV on the experimental side. In agreement with quark model results [171, 818℄, the massesof Ds0(2317) and DsJ(2460) are to low to support a straightforward interpretation as �s states;alternative interpretations have therefore been suggested.Barnes, Close and Lipkin argued that Ds0(2317) is a DK moleule and predited the salar �sstate at 2.48 GeV [821℄. The latter state is predited to ouple strongly to the DK hannel and theisosalar DK moleule Ds0(2317) ould be formed. The moleular fores lead to a small isovetoradmixture whih explains its narrow width and the isospin violating deay mode Ds�. Ds0(2317)is proposed to be a dominantly I=0 DK state with some I=1 admixture.In the unitarised meson model of Van Beveren and Rupp [816℄, Ds0(2317) is reated by a strongoupling to the S-wave DK threshold. The standard �s harm strange salar meson Ds0 is pre-dited at about 2.79GeV and with 200MeV width. In [822℄, the Ds0(2317) is linked to the � whenthe quark masses are lowered, and to �0 for larger quark masses.I. W. Lee, T. Lee, Min, and Park show that the one-loop hiral orretions ould be responsible for105



Table 13Ratio of radiative and strong deay widths of D�s0(2317) and D0sJ (2460).BELLE [591,634℄ BaBaR [596,616℄ CLEO [564℄�D�sJ (2317)!D�s=�D�sJ(2317)!Ds�0 < 0:18 < 0:059�DsJ (2460)!Ds=�DsJ (2460)!D�s�0 0:55� 0:13� 0:08 0:375� 0:054� 0; 057 < 0:49�DsJ (2460)!D�s �DsJ (2460)!D�s�0 < 0:31 < 0:16�DsJ (2460)!D�sJ (2317)=�DsJ(2460)!D�s �0 < 0:58the smallDs0(2317) mass thus supporting the piture of the new resonane as omposed of a heavyquark and a light valene quark [823℄. Kim and Oh used QCD sum rules study to argue that theDs(2317) should be a bound state of salar-diquark and salar-antidiquark and/or vetor-diquarkand vetor-antidiquark [824℄.An interpretation of DsJ0(2317) and DsJ(2460) as ordinary �s mesons derived from their deaypatterns was given by Wei, Huang, and Zhu [825℄ who use light one QCD sum rules. Through� � �0 mixing, their pioni deay widths are alulated whih turn out to be onsistent with theexperimental values (or upper limits).The unusual properties of the Ds0(2317) and DsJ(2460) enouraged speulations that they ouldbelong to a family of �sn�n tetraquark states [795, 826{829℄. Tetraquark states have however aommon problem: many more states are predited than found experimentally. The moleularpiture is supported by alulations of strong D�s0 to Ds �0 and radiative D�s0 to D�s deays [830℄and the leptoni deay onstants fD�s0 and fDs1 [831℄.We ome bak to the disussion at the beginning of setion 5.2. So far, there is no evidenefor supernumerosity of states but some states ertainly show an anomalous behaviour. In ourlanguage, we onlude that the states with (L = 1; jq = 1=2) are �n or �s quark model statesbut their oupling to the D� or D� � (Ds � or D�s �) thresholds leads to strong moleular and/ortetraquark omponents. More detailed information on the wave funtions an probably be deduedfrom radiative transitions of D�s0(2317) and D0sJ(2460) mesons to the D�s state [752℄. Sine theabsolute width of the D�s0(2317) is expeted to be in the order of 100 keV/2, only ratio of radiativeto hadroni widths are experimentally aessible. The results, olleted in Table 13 are onsistentwith �q desriptions of D�s0(2317) and D0sJ(2460) [819℄ but do not enfore this interpretation.5.3.2 Further mesons with open harmA few higher-mass states were also reported. So far, there is evidene only for one additional statebelonging to the D meson family, with quantum numbers JPC = 1��. The D�(2640) was observedby Delphi at LEP in Z0 deays [678℄. It has a mass di�erene to the ground state D�(2010) of630MeV/2 whih ompares well with those of other vetor meson, but its width is anomalouslynarrow, less than 15MeV/2. The D�(2640) was searhed for by the Opal ollaboration; an upperlimit, inompatible with the Delphi result, was given [699℄. If a broad resonane is present, but atthe statistial limit of its observability, then its is sometimes seen due to a statistial utuationas a narrow peak. Without or opposite a statistial utuation, the resonane is asribed to thebakground.In the Ds family, a few states were reported. A D�+sJ (2630) was observed by the SELEX ollabo-ration at FNAL [539℄ in the �nal states D0K+ and Ds� produed inlusively in a hyperon (��)106



beam. The mass is determined to 2632:6� 1:6 MeV/2 and the width to be less than 17MeV/2(at 90% .l.). Due to the deay mode, it must have natural spin-parity. The ratio of the partialwidths �(D�+sJ (2630)! D0K+)�(D�+sJ (2630)! Ds �) = 0:16� 0:06: (5.12)is unexpeted sine the DK mode is favoured by phase spae. The width is unexpetedly narrow aswell. These properties enouraged searhes by other ollaborations, by FOCUS (quoted from [750℄),BaBaR [594℄, and CLEO [832℄. No evidene for the Ds(2630)�+ was found. However, SELEX is theonly experiment using a hyperon beam, and it may be that this is a more favourable produtionmode.The D�+sJ (2630) properties may evidene an exoti nature of the state. Van Beveren and Rupp [833℄interpret the state in their oupled hannel model. The model predits further, partly narrow, D�s 0states at 2720, 3030, and 3080MeV/2. Maiani et al. suggest [834℄ that the Ds(2630) is a [d℄[ �d�s℄tetraquark. If the state does not mix with [u℄[�u�s℄, the deay to D0K+ would be isospin violating,thus making the Ds(2630) narrow. Among other preditions, a lose-by state with harge +2deaying into D+s �+ and D+K+ should exist.Y.-R. Liu, Dai, C. Liu, and Zhu [835℄ demonstrated that the ratio (5.12) an be reproduedquantitatively when the DsJ(2632) is interpreted as the JP = 0+ isosalar member of the 15multiplet of tetraquarks. the meson has the quark ontent 12p2(ds �d + sd �d + su�u + us�u � 2ss�s)�whih leads to the relative branhing ratio�(D+sJ(2632)! D0K+)�(D+sJ(2632)! D+s �) = 0:25 : (5.13)We point out that the wave funtion an be redued to s�. In our language, the DsJ(2632) is aquark model state with a tetraquark omponent. If, as we believe, the s� omponent is essentialfor the binding, its avour exoti partners { predited in [835℄ { should not exist. Due to the largedeay probability of the tetraquark omponent, this part dominates the deay properties of thestate.A �s vetor exitation was observed in a Dalitz plot analysis of B+ ! �D0D0K+ deays [657,658℄in the D0K+ mass spetrum. Its mass and width are (2715� 11+11�14) and (115� 20+36�32) MeV/2,respetively. Its spin-parity is JP = 1�. Fig. 52 shows a omparison of D�s1 states with exitationsof J/ and �. An identi�ation of D�s1(2715) as D�s1(2S) is very onvining even though an exotiinterpretation as tetraquark state has also been suggested [836℄.The so-far highest mass �s state was observed by the BaBaR Collaboration [620℄. Fig. 51 (right)shows the sum of the D0K+ and D+K0S mass distribution. Due to the deays, it must have naturalspin-parity 0+, 1�, 2+; : : :. Its mass and width are 2856:6 � 1:5 � 5:0 and 48 � 7 � 10MeV/2.With weak evidene, a further state is reported with M = 2688� 4� 2;� = 112� 7� 36MeV/2.Van Beveren and Rupp suggest both states to have salar quantum numbers and identify theD�sJ(2860) as the radial exitation of the D�s0(2317) while the D�sJ(2690) is assigned to a dynamialpole originating from unitarity onstraints [837℄. Close, Thomas, Lakhina and Swanson use amodi�ed quark-quark salar potential whih allows them to treat the D�s0(2317) as ordinary �s107
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Fig. 53. The B��B mass di�erene with the results of a �t. The 50MeV photon from B� ! B was not reon-struted, hene B�2 deays to B�0 � are shifted in mass. The bakground subtrated spetrum shows ontributionsassigned to B�2 deays to B�0 � and to B� (shaded area) and from B1 deays B�0 � [841℄.
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6 Radial and orbital exitations of light mesons6.1 Patterns at high l; nThe masses of the lightest glueballs are predited to fall into the 1.5 to 2.5GeV/2 mass range.This is a mass interval in whih a rih spetrum of meson resonanes is expeted, and indeedobserved. This spetrum may however ontain not only q�q mesons but hybrid exitations andmultiquark lusters as well. Thus it is essential to develop a good understanding of the `bakground'of q�q mesons in order to identify anomalies and to establish properties of states falling outsideof this lassi�ation sheme, for their supernumerosity, for their prodution modes, or for theirunusual deays. In the last few years, signi�ant progress was ahieved in the study of highlyexited hadrons. The omprehensive analysis of various �nal states in p�p annihilation in ight[374, 378, 381, 382℄ revealed a large number of resonanes with masses up to 2.4GeV/2. Thetotal antiproton-proton annihilation ross setion is saturated in all partial waves aessible at agiven momentum, and meson resonanes are exited with low and high orbital and radial quantumnumbers. The simultaneous analysis of several �nal states gives aess to all (non-exoti) quantumnumbers. Many of the resonanes are observed in several �nal states; the internal onsisteny ofthe results and the onsisteny of some results with earlier observations lends further redibilityto the �ndings.The multitude of resonanes exludes a disussion of eah individual state. Instead, we treat thedata on a statistial basis. In Fig. 54 the number of states as a funtion of their squared massis plotted. Pseudosalars and salars are not inluded in this �gure for reasons disussed in theintrodution (setion 1.2.7). Strange partiles are omitted as well. Those states whih are not wellon�rmed are taken in the histogram with weight W = 0:5 and error E = 0:5. In assigning thesigni�ane to the states we follow the judgement of Bugg [49℄. The �gure demonstrate lustering of
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Fig. 54. The density of states versus their squared masses.states very learly [49℄. An analogous e�et of lustering is known in baryon spetrosopy [112,842℄.The spaing between bumps in Fig. 54 is about 1:1 GeV/2, very similar to that in baryons.A more detailed piture of light-quark mesoni states is given in Fig. 55. In this �gure all lightquark mesons with known quantum numbers IGJPC are plotted as a funtion ofM2. The orderingof states follows expetations from potential models for q�q mesons. The �rst four lines are oupiedby states with zero orbital momentum, the next eight lines by states with L = 1, et. States with110
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by nonperturbative QCD [106℄, see setion 1.2.5 in the introdution. For sake of onveniene, wereprodue eq. (1.11) M2n(l) = 2�� �l + n+ 12� :whih shows that the squared masses are linear in l and n, and degenerate in n+ l.The n+ l degeneray has been interpreted as evidene for restoration of hiral symmetry in highlyexited mesons [844,845℄. A new QCD sale �CSR = 2:5GeV/2 is suggested at whih hiral sym-metry is restored [846,847℄. The string model and the onjetured restoration of hiral symmetrythus both lead to a n+ l degeneray of exited states. The two models make however di�erent pre-ditions for `strethed' states, for states with J = l+s. The string model predits no parity partnersfor a2(1320){f2(1270), �3(1690){!3(1670), a4(2040){f4(2050), �5(2350){!5, a6(2450){f6(2510). Onthe ontrary, there is no reason why these isospin doublets should not be aompanied by hiralpartners, if hiral symmetry would be restored in highly exited mesons. Experimentally, there areno hiral partner for any of these 10 states. Hene data do not support the hypothesis of hiralsymmetry restoration. Similar arguments have been made for baryons [848℄ for whih restorationof hiral symmetry is suggested as well [190,849℄. From a theoretial side, Ja�e, Pirjol and Sardi-hio [850℄ onluded that massless pions prelude hiral symmetry be restored in the hadron massspetrum and suggested other reasons for the observed parity doublets like suppression of theviolation of the avour singlet axial symmetry U(1)A [851℄.Fig. 55 bares another important onsequene: the bulk of observed mesons are ompatible with aq�q assignment, with at most a few exeptions. These striking regularities suggest that at suÆientlyhigh mass and J , exoti states (glueballs, hybrids, multiquark states, multimeson states) eitherdo not exist or are not produed in p�p annihilation. Only a few states fall outside of the regularpattern; they deserve speial attention and will be disussed below (in setion 6.4).One �nal word of aution. The majority of high-mass entries in Fig. 55 stems from one single ex-periment. Due to the early losure of LEAR, only a rather limited number of antiproton momentawas used and there is the need to extend the measurements to lower and to higher momenta. Rarehannels su�ered from low statistis. A on�rmation with improved statistis and improved meth-ods (e.g. an improved detetor, a polarised target) is ertainly highly desirable. Suh experimentswill beome feasible again when the antiproton projet at GSI omes into operation.6.2 Systemati of q�q mesons in (n;M2) and (J;M2) planesIn reent years, the Gathina group has performed �ts to a large number of data sets. The �tshave grown in time to inreasing omplexity. Earlier variants an be found in [852{858℄; theresults presented here are taken from [371℄ and [859℄. Reent �ts inlude the CERN-Munih dataon ��p ! �+��p; GAMS data on ��p ! �0�0n, ��n and ��0n at small transferred momenta,jtj < 0:2GeV2/2, and on ��p! �0�0n for 0:30 < jtj < 1:0GeV2/2; BNL data on ��p! �0�0nat (squared) momentum transfers 0 < jtj < 1:5GeV/2 and on ��p! K �Kn; Crystal Barrel dataon p�p annihilation at rest in liquid H2 into �0�0�0, �0�0�, �0��, �+���0, K+K��0, K0SK0S�0,K+K0S�� and �pn annihilation in liquid D2 into �0�0��, �����+, K0SK��0, and K0SK0S��. Dataon �0�0�0, �0�0� for antiprotons stopping in gaseous H2 were used to onstrain annihilationontributions from S-wave and P -wave orbitals of the p�p atom. Suh analyses have the distintiveadvantage that a omplete meson spetrum emerges whih sums the ombined knowledge fromvery di�erent reations into one uni�ed piture.112
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unexpeted deay pattern of �(1450) will be disussed below. It is proposed that a hybrid vetormeson may hide in the spetrum sine the observed deay modes are inonsistent with a pureq�q interpretation of �(1450). This is a weak point of the lassi�ations suggested in Fig. 56: thedeay modes whih provide important information on the avour struture of mesons were notonsidered. There is thus a potential danger in this approah: it is unlear if the sheme surviveswhen one of the resonanes disappears or shows deay modes inompatible with the assignmentbased on its mass. There are a few further examples where one has to be autious:In setion 8 on pseudosalar mesons it will be shown that �(1295) annot be a q�q meson. Howstable is then the lassi�ation against taken this meson out? The �2(1870) resonane is produedand deays rather as n�n and not as s�s state; that is the reason to disuss this state below ashybrid andidate. In Fig. 79 it is nevertheless interpreted as s�s partner of �2(1645). In Fig. 115the a0(980) is needed as lowest mass salar isovetor state. Likewise, the Gathina interpretationrequires f0(980) to be a q�q state. Both these mesons are often interpreted as non-q�q objets.The �(485) is tentatively interpreted as additional state beyond q�q spetrosopy generated by anamplitude singularity related to on�nement, its twin brother �(700) is not onsidered. In theGathina sheme, a0(980) and f0(980), �(485), and �(700) are three unrelated phenomena. Thef0(1300) with �� as most prominent deay mode is interpreted in Fig. 115 as s�s state. The plotsmake very detailed preditions, that is of ourse its strength. But details may be at variane withnew knowledge or interpretations. We will ome bak to some of these questions in the setionson pseudosalar mesons and on the interpretation of salar mesons.6.3 Threshold dynamisThe importane of S-wave thresholds has often been underlined. Here we remind of some reentwork [800,812,860,861℄. The best studied example is of ourse the K �K threshold whih gave riseto many interpretational ontroversies. At BES II and BELLE, several threshold enhanementsin baryon-antibaryon systems were observed whih will be disussed briey in setion 8.4.3. Atthe p�p threshold, a dip is observed in e+e� ! 6� whih points to an interpretation within N �Ninteration physis. 0�+ quantum numbers are suggested for the p�p threshold enhanement, thedip in e+e� ! 6� is 1��, so it is unlear if the two observations are related. A threshold bumpat m = 2:175 GeV/2 has been observed at BaBaR [618℄ in the radiative-return reation e+e� !�f0(980). Due to its prodution and deay, it might be a � radial exitation; �(nS) and  (nS) havea high hane to deay into their respetive ground state plus �� in the S-wave, too. A �2(1870)was observed at the threshold of its a2(1320)� deay in di�rative sattering at VES [235℄. Insetion 5 we have disussed several further states whih are found lose to their respetive deayhannels. We mention X(3872), Y (3940), Ds0(2317), and Ds1(2460). The three states X(1812),�(2175), and Y (3940) have unusual deay modes; we will suggest strong tetraquark omponentsfor X(1812) (= f0(1760)) and Y (3940) (= �0(2P )) to explain their anomalous deay.In our view, thresholds have a signi�ant impat on the preise mass and width of resonanes.Thresholds an generates usps, attrat poles, but { as a rule { they do not generate new poles.6.4 Hybrids andidatesThere are a few ases where experimental �ndings disagree with expetations based on the quarkmodel. These states ould be glueballs, hybrids, or multiquark resonanes. The most suspiiousases are found in the salar and pseudosalar mass spetra; these will be disussed in separate se-114



tions. Here we report on evidene for further mesons whih resist a straightforward interpretationas q�q mesons.6.4.1 JPC = 1��First evidene for the existene of a higher-mass vetor meson was found in bubble hamber dataon p�p! !�+�� [862,863℄ at a mass of about 1250MeV/2. Later, the joint analysis of data fromvarious experiments on e+e� annihilation and photoprodution of �nal-states ontaining two orfour pions proved the existene of �(1450) and �(1700) [864, 865℄. In the isosalar setor, threestates are known, !(1420); !(1650) [866, 867℄, and �(1680) [868℄. The ! resonanes are readilyassigned to two states expeted in the quark model, the �rst radial exitation 23S1 and the �rstl = 2 orbital exitation 13D1, Fig. 52 in setion 5.3.2. Two � states are, of ourse, expeted butonly one was reported so far.In the reation J/ ! K+K��0, the BES ollaboration found a broad enhanement in the K+K�invariant mass distribution. A partial wave analysis shows that the struture has JPC = 1��. Sineit is reoiling against a pion, its quantum numbers are thus like those of the �. When �tted witha Breit-Wigner amplitude, a pole was found at the position (1576+49�55(stat)+98�91(syst))MeV=2 �i(409+11�12(stat)+32�67(syst))MeV=2 [510℄. This is an important �nding: the K+K� enhanement isnot easily assigned to any quark model state. It shows that there are bakground amplitudeswhih ould be wide tetraquark resonanes or generated by meson-meson interation dynamisvia t-hannel exhanges. Of ourse, it is very diÆult to prove a resonant harater of suh a widebakground, extending over more than 1GeV/2. Possibly, a slow bakground phase motion dueto moleular interations may as well be ompatible with the data.This lassi�ation of the states �(1450) and �(1700) meets with some problems [869℄:- The experimental ratio of the e+e� width of the �(1700) to that of the �(1450) is too large inomparison with alulations in non-relativisti limit where this ratio is zero.- The deay widths of these states do not follow preditions of the 3P0 model whih often gaverealisti estimates for hadroni partial widths. Aording to model preditions, the 4� deays of�2S are small and �1D should deay into h1� and a1� with large and nearly equal probability.From this we would expet �(e+e� ! �0�0�+��) > �(e+e� ! �+���+��), in ontradition withobservations. Yet, the ux tube model { assuming �(1450) to be a hybrid { gave no reasonableagreement with data neither.The assumption of an additional hybrid �H state helps to solve these problems [869℄. This hypo-thetial state is expeted to deay mainly into a1� and not into h1�. Thus the ratio (�0�0�+��)/(�+���+��) moves into the right diretion. Mixing of the two q�q states with �H an reproduethe observed deay pattern.The hybrid state needed for this sheme has to be relatively light, M � 1:6 GeV/2, otherwiseit does not mix suÆiently with the onventional � state. Suh a low mass of a vetor hybridimposes severe restritions on the mass sale of other light hybrids due to predited mass ordering0�+ < 1�+ < 1�� < 2�+ whih is valid in di�erent models [870℄. The missing state of this trioould be �(1900) seen in 6� �nal state [528℄, or a low mass state �(1200) [356℄.Reently, the BES ollaboration has reported an extremely broad vetor state with (1576+49�55(stat)+98�91(syst))MeV/2mass and (818+22�24(stat)+64�134(syst))MeV/2 width [510℄. Due to its prodution in J/ deays into115



� (K �K), its isospin is likely I = 1. No attempt has been made so far to see if this state an urethese problems. In [871℄ it was shown that interferene e�ets due to �nal state interations ouldprodue an enhanement around 1540 MeV in the K+K� spetrum but the expeted intensity issmaller than the observed one. Interpretations are given by a number of authors [872{875℄ withintetraquark senarios.6.4.2 JPC = 1++The ux tube model preditions [58, 876{878℄ for the deay widths of JPC = 1++ 2P state andof 1++ hybrid are olleted in the Table 14.Table 14Partial widths (in MeV/2) of 2P (q�q) and hybrid a1(1700)�� �! �(1470)� b1� f1� f2� K�K2P 57 15 41 0 18 39 18� 30H 28� 40 0 50� 70 0 4� 60 2� 75 18� 24The most seletive deay mode is �! whih is supposed to be suppressed for a hybrid and strongfor a 2P q�q state. The two alternatives di�er also by their D=S ratio in a1(1700)! �� deay. Fora a1 hybrid, S-wave dominane is expeted, for a 2D-state, the D-wave should exeed the S-wave.Experiments exhibit a strong JPC = 1++ signal at M � 1:7GeV/2 in �� [236,257℄, f1� [260,879℄and !� [238℄. The shapes of these signals are di�erent, the visible width varies from � � 300MeV/2 in the �� hannel to � � 600 MeV/2 in !�. If we assume that the soure of these signalsis one resonane, then the deay pattern is onsistent with a onventional 2P meson. The D=Sratio of the �� hannel (D > S) supports the 2P interpretation. The b1� hannels is predited to besuppressed for both, the quark-model a1(1700)(2P ) and the hybrid a1(1700)(H). This suppressionis observed in data; this may serve as indiation that the models give a realisti estimate of deaywidths. The data are presented in Fig. 57. Shown are the sum of all partial wave ontributions,S1(�!) + S1(�1450!); P1(b1�); D1(�!); D2(�!), and the sum of the S1(�!) and P1(b1�) waves. Thelatter two waves obviously do not ontribute to the a1(1700) signal. The letter S; P;D denotes theorbital angular momentum, the subsript the total spin.The absene of a hybrid meson signal in JPC = 1++ hannel poses a real problem. Aording to [58℄this meson should be narrow � � 100 MeV/2 and have �� as one of its dominant deays. Thus,the signal is diÆult to hide. For example, it has to be seen in the harge exhange reation ��p!�+���0n where experiment does not show any trae of a 1++ resonane in the � 1:6�2:0GeV/2mass region.6.4.3 JPC = 2++ and searh for the tensor glueballThe Partile Data Group [1℄ lists 14 isosalar tensor mesons with masses below 2.4GeV/2 andonsiders 6 of them as established, 6 states are omitted from the Summary Table, and 2 are listedas Further States. In this mass range, 12 quark model states are expeted (see Fig. 55). It wouldertainly be too naive to laim on this basis that there is abundane of tensor mesons. The problemis of ourse that the results ome from a variety of di�erent experiments and analyses. Somemeasurements ould be wrong; more trivially, some states ould be listed twie. The two andidates116



M in GeV/2Fig. 57. The intensities of JPC = 1++ waves in the reation ��N ! !���0N : rosses - sum of all JPCM� = 1++0+waves, squares - sum of two waves [238℄. See text for further disussion.f2(1565) and f2(1640) are, e.g., very likely one state; the mass shift ould be a measurement erroror ould be aused by the !! threshold. The only realisti hane to bring order into this messare analyses whih desribe all most sensitive data with one set of amplitudes.Suh analyses have been performed by the Gathina group; their results on tensor states werereported in [880{882℄. Data on two-photon fusion into �+���0 [883℄ and into K0SK0S [884℄ from L3at LEP (see setion 3.6.3) provided information on the two lowest-mass tensor nonets. The resultsare reprodued in Table 15. For the ground-state nonet, the K�2(1430) serves as a solid anhor forthe mass sale; there is no K�2 known whih ould play this rôle for the seond nonet; an additionalK�2 should hene be expeted at about 1650MeV/2. Both nonets are found to be nearly ideallymixed; at the �rst glane, this is surprising given the large mass di�erene between a2(1730) andf2(1560) whih are interpreted as isospin partners. The mixing angle is however determined fromthe f2(1560) and f2(1750) ouplings to K0SK0S and not from the GMO formula.Table 15Parameters of resonanes observed in the reation  ! K0SK0S. The values marked with stars are �xed by usingother data. First nonet Seond noneta2(1320) f2(1270) f 02(1525) a2(1730) f2(1560) f2(1750)Mass (MeV) 1304� 10 1277� 6 1523� 5 1730� 1570� 1755� 10Width (MeV) 120� 15 195� 15 104� 10 340� 160� 67� 12gL (GeV) 0:8� 0:1 0:9� 0:1 1:05� 0:1 0:38� 0:05' (deg) �1� 3 �10+5�10For the higher-mass region, the authors use the Crystal Barrel data on �pp in ight disussed insetion 6.1 and data on �pp! �+�� data obtained with a polarised target [885℄. Five tensor stateswere required to desribe the data, f2(1920), f2(2000), f2(2020), f2(2240), f2(2300):117



Resonane Mass (MeV/2) Width (MeV/2)f2(1920) 1920� 30 230� 40f2(2000) 2010� 30 495� 35f2(2020) 2020� 30 275� 35f2(2240) 2240� 40 245� 45f2(2300) 2300� 35 290� 50 .Antiproton-proton annihilation ouples primarily to the n�n states. Therefore, the three statesobserved at BNL in the reation ��p! ��n by Etkin et al. [83, 886℄ were inluded as additionalstates in their disussion. In a reent reanalysis of the BNL data [887℄, new mass values were given;due to their deay into ��, the three states f0(2120), f0(2340), and f0(2410) should be disussedas s�s states or as glueballs. The group advoated sine long that a tensor glueball must be presentin this mass range sine the �� �nal state an be reahed only via gluoni intermediate states andthe �� yield was found to be unexpetedly large, inompatible with the hypothesis that it mightbe due to ! � � mixing.The pair of states f2(1920) + f2(2140) are supposed to be ontained in the 33P2 nonet, f2(2240)+ f2(2410) in the 33P2 nonet, and f2(2020) + f2(2340) in the 13F2 nonet. The f2(2300) resonaneis interpreted as 23F2 quark-model state. Its s�s partner remains to be disovered. Thus all statesare mapped onto quark-model expetations, exept for one state at 2GeV/2. It has a muh largerwidth and its ouplings to �nal states are onsistent with the assumption that it is avour blind.Hene the data are ompatible with the presene of a tensor glueball at 2GeV/2. Its mass isunexpetedly low, from lattie alulation 2.4GeV/2 would be expeted, or 1.6 times the salarglueball mass. Certainly, more work is needed to solidify this interesting onjeture.6.4.4 JPC = 2�+These quantum numbers are probably most onvenient ones to searh of non-q�q states. The quarkmodel q�q states with JPC = 2�+ are relatively narrow and not distorted by mixing of J = L + 1and J = L � 1 states. And the ux tube model predits hybrids with these quantum numbersto be narrow as well [58, 876{878℄. The dominant (predited) deay modes, �2(H) ! �� and�2(H)! f2�, are experimentally well aessible.There are several experimental indiations suggesting the existene of �2(1880). A �rst signal wasobserved by the ACCMOR ollaboration [216℄ in the reation ��p! �+����p. A resonane-likesignal was reported in the 2�D+0 (f2�) wave. The signal itself was on�rmed by VES [236℄. However,the signal ould be desribed as well by interferene of �2(1680) with a broad state �2(2100).Further evidene for the �2(1880) resonane, in its deay to a2�, was reported in ��N ! ����N[235℄ and in p�p annihilation in ight into ���0�0 [376℄. The reation ��p ! �+�����0�0p wasanalysed at BNL [261℄. Three isovetor 2�+ states were seen in the !�� deay hannel, the wellknown �2(1670) and evidene for two further states, �2(1880) and �2(1970). The two resonanes�2(1670) and �2(1970) math perfetly to the pattern displayed in Fig. 55, the �2(1880) does not.In the reation ��p ! f1(1285)��p, �2(1670) and �2(1970) were found but not �2(1880) [260℄.Thus evidene for the existene of this state is very suggestive but not foring. If its existene isassumed, it is a viable hybrid andidate.Similar observations have been made in the �2 partial wave. Apart from the well established118



�2(1645), a high-mass state is reported at M = 2030� 5� 15MeV/2, � = 205� 10� 15MeV/2[372℄. Aording to the systemati of Fig. 55, these two mesons well suited to represent the 11D2and 21D2 quark model states. The third state, �2(1870), falls in between the two quark modelstates and is a natural isosalar partner of �2(1880). In the isosalar setor, two 11D2 states areof ourse expeted but the �2(1870) prodution modes, entral prodution and p�p annihilation,makes an s�s interpretation of �2(1870) unlikely.The �2(1870) in entral prodution is observed in its a2(1320)�, a0(980)� and f2(1270)� deaymode in the ��� �nal state [304℄, and in entral prodution of four pions in the a2(1320)� isobar[307℄. In p�p annihilation it was observed just above threshold in f2(1270)� with L = 0 [333℄, andin its a2(1320)� deay mode [372℄. The latter analysis determines the a2(1320)�=f2(1270)� deaymode ratio to 1:27 � 0:17, presumably not inompatible with the ratio 4, predited by Barnes,Close, Page, and Swanson [58℄ and by Page, Swanson, and Szzepaniak [878℄.These two resonanes, �2(1880) and �2(1870), are the best evidene for the existene of hybridswith non-exoti quantum numbers. If on�rmed, they hange our view of hadron spetrosopy.On the other hand, if hybrids really exist as independent identities, many more of them should beexpeted and it is a mirale that we have evidene for some 150 mesons, and all but two are q�qompatible. For this reason, we still maintain our general suspiion that hybrids, like tetraquarkstates, do not show up as separate partiles but are rather part of the hadroni wave funtion.Observable resonanes may need a q�q omponent whih provides additional attrative fores. Away to srutinise this onjeture is the searh for resonanes in exoti partial waves where q�qomponents are forbidden by onservation laws.
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7 Mesons with exoti quantum numbers7.1 Model preditions for exoti mesons7.1.1 Hybrid mesonsMesons with exoti quantum numbers are non-�qq objets. They may be hybrid mesons (q�qg),multiquark states (q�qq�q:::) or multimeson states (M1 M2:::). Exoti quantum numbers are, e.g.JPCexotis = 0��; 0+�; 1�+; 2+�; 3�+::::: (7.1)The existene of hybrid mesons was suggested in 1976 by Ja�e and Johnson [888℄ and Vainstheinand Okun [889℄. Often, the symboli notation q�qg is used whih reminds of the exitation of thegluon �eld between the q�q pair. The spetrum of hybrid mesons was alulated in di�erent models.A olletion of results is presented in Table 16.Table 16Predition of various models for the mass of the lightest hybrid meson.Model Mass, Gev/2 ReferenesBag model 1:3� 1:4 [890℄Flux-tube model 1:8� 2.0 [870,876{878℄Sum rules 1:3� 1.9 [891{893℄Lattie QCD 1:8� 2:3 [894℄E�etive Hamiltonian 2:0� 2:2 [895℄From the table we may onlude that the lightest IGJPC = 1�1�+ state should have a mass in the1:7 � 2:2 GeV/2 region even though smaller values are not ruled out. Early estimates assumed�(1410) to be a pseudosalar hybrid [890℄, and suggested low hybrid masses. For exoti stateswith quantum numbers of IGJPC = 1�1�+, the onventional name is now �1. Earlier publiationsalled it �̂ or M . The mass of the lightest hybrids with nonexoti quantum numbers JPC = 0�+is predited in the same region [870℄.In reent lattie alulations [162℄, the mass of the 1�+ exoti meson { reated with hybrid interpo-lating �elds { was explored with light-quark masses approahing 25 MeV/2 (m�=m� ' 1=3). Theresults indiate that the 1�+ exoti partial wave exhibits signi�ant urvature lose to the hirallimit, suggesting that previous linear extrapolations, far from the hiral regime, may have overesti-mated the mass of the 1�+. It was found that the 1�+ mass an be as low asM�1 � 1600 MeV/2.In line with this observation, Thomas and Szzepaniak [896℄ argued that hiral extrapolationsmay be diÆult for exotis and that small quark masses are required to get reliable results.The �1 partial widths for deays to ��, b1�, f1�, �0� and �� were alulated in di�erent modelswith very di�erent results. In the potential quark model with a onstituent gluon [897,898℄, as wellas in the ux tube model [870,876,878℄, the deays of a hybrid meson into a pair of mesons havingidential spatial wave funtions are forbidden; hene deays into one S-wave and one P-wave mesonare favoured. This seletion rule leads to the suppression of the deay �1 ! �� due to the assumedsimilarity of the wave funtions for � and � mesons. The predited width is in the region of a fewMeV/2, even a width of a few tens of MeV/2 an be aepted in the ux-tube model [899℄.120



Relativisti alulations [900℄ on�rmed the S + P rule. On the other hand, alulations withinQCD spetral sum rules gave 10 � 100 MeV/2 [901℄ or even 0:6 GeV/2 [892℄ for the �� width.The dominant deays �1 ! b1� and �1 ! f1� have quite large widths: ��1!b1� = 100 � 500MeV/2, and �7�1 ! f1�0 = 50� 150 MeV/2 were predited [163, 878, 898, 902℄.Deays of JPC = 1�+ states into two pseudosalars an be used to shed light onto their avourstruture. In [903℄ it was pointed out that an isovetor 1�+ state an belong to either the SU(3)otet or to the deuplet-antideuplet. The former an deay only into �1�, while the latter andeay only into �8�, where �1 and �8 are singlet and otet �=�0 ombinations. Hene an otet statewill deay into �� and �0� with a ratio of the squared matrix elements jM(�1 ! ��)j2=jM(�1 !�0�)j2 = tan2�PS ' 0:1; a deuplet-antideuplet state will deay with a ratio tan�2�PS ' 10. Inother words, otet 1�+ states deay mainly into �0�, and deuplet -antideuplet states into ��.This result is valid for any JPC = 1�+ systems; it does not use arguments related to a gluon-enrihment of the �0 or �0� state. Hybrids states with JPC = 1�+ being members of an SU(3) otethave to demonstrate this unusual ratio of �0�=�� branhing frations. As a guide for this ratio wean use the branhing ratios of J/ radiative deays to �0 and �. If radiative deays ouple to theavour singlet omponent only, this ratio is given by tan�2�PS ' 10 as well. Experimentally, theratio is R�0�=�� � 5. QCD spetral sum rules expet a width of �1 ! �0� deays whih is relativelysmall, ��0� � 3 MeV/2 [893℄. However, if the oupling of �0 to two gluons through the anomalyis inluded into the model, the width ould be as large as ��0� � 1 GeV/2 [904℄.7.1.2 Multiquark statesIn the limit of SU(3) symmetry two quarks in avour 3 ombine to 3
3 = �3+6 and two antiquarksto 3 + �6. From these, the irreduible representations of the SU(3) group an be onstruted forthe qq�q�q system:(�3 + 6)
 (3 + �6) = �3
 3 + �3
 �6 + 6
 3 + 6
 �6 =1 + 8 + 8 + 10 + 8 + 10 + 1 + 8 + 27 (7.2)A large number of tetraquark states should be expeted from the four di�erent otets and the10 + �10 and 10 � �10 multiplets. The 10 + �10 and 10 � �10 representations as well as the otetsinlude exoti states with JPC = 1�+. The 27-plet has even spin only and does not ontribute toJP = 1�. The 10 + �10, 10� �10 and 27-plet representations inlude avour exoti states.As a rule, the deays of these states to mesons are superallowed and therefore these bag-modelobjets do not exist as T -matrix poles [905℄. On the other hand, quarks in multiquark states anluster to (qq)(�q�q) systems. Contrary to naive expetation based on our experiene with QED, thefores between two quarks an be attrative. The strongest attration is expeted in the systemof two di�erent quarks q and q0 in a olour-SU(3)-antitriplet spin-singlet state. The lowest salarnonet (a0(980); f0(980); �; �) is the favorite andidate for (qq)(�q�q) exotis [906℄. Within the bagmodel, the mass of the lightest JPC = 1�+ tetraquark state is aboutM � 1:7 GeV/2. As this statehas a number of superallowed deay hannels it is likely too broad to be identi�ed unambiguously.In setion 11.6.2 we will argue that (qq)(�q�q) systems do not bind without additional q�q fores.This is good news for hybrids with exoti quantum numbers: If a resonane with exoti quantumnumbers is found, it is unlikely to be a tetraquark state. Hene it must be a hybrid.121



7.1.3 Moleular statesA large number of states with di�erent quantum numbers inluding exoti ones an be gener-ated dynamially from a meson pair M1 M2. The fores between the mesons ould be suÆientlyattrative to form bound systems, in partiular lose to their thresholds. Barnes, Blak and Swan-son [907℄ have alulated two meson states with exoti quantum numbers with a quark-interhangemodel. In exoti waves, the annihilation proess q q �q �q ! q �q is forbidden and therefore theinteration of the two mesons M1 and M2 is driven mainly by the exhange of quarks (antiquarks)from di�erent mesons. The model desribes rather well the low-energy sattering amplitudes inannihilation-free hannels like I = 2 �� and I = 3=2 K� or low-energy nuleon-nuleon sat-tering. In partiular, the model gives small negative phase shifts for K+�+ P -wave sattering, inagreement with experiment [908℄. Low-energy �� ! �� sattering in the exoti JPC = 1�+ waveand P -wave �� ! �� sattering were studied as well. In both proesses, the phase motion wasfound to be small; binding of the �� or �� system in the exoti 1�+ partial wave does not our.The exoti wave JPC = 1�+ was studied with an e�etive Lagrangian approah. Chan and Hay-maker [909℄ alulated the sattering amplitudes for sattering of two pseudosalar mesons in theframework of a SU(3)�SU(3) � model involving only salar and pseudosalar mesons. Low energysattering of two pseudosalars were reasonably well desribed; repulsive fores were predited forthe JPC = 1�+ wave. Bass and Maro [910℄ inluded a gluoni potential to generate ontributionsto the � and �0 masses. The model does not exlude exoti resonanes in the �0� P -wave. Ahasovand Shestakov [911℄ suggested a model for sattering if a vetor and a pseudosalar meson intotwo pseudosalar mesons, onstruted tree-amplitudes from an `anomalous' e�etive interationof vetor and pseudosalar mesons with subsequent unitarisation, and alulated exoti-wave am-plitudes with JPC = 1�+ for the reations �� ! ��, �� ! �0�, �� ! ��, �� ! (K� �K + �K�), andothers. Depending on the hoie of free parameters of the model, various resonant-like amplitudesould be generated in di�erent hannels. General, Wang, Cotanh and Llanes-Estrada [912℄ usean Hamiltonian approah to arrive at the onlusion that moleular-like on�gurations involvingtwo olor singlets are learly favoured ompared to hybrid (tetraquark) on�gurations in whih a�qq pair (or two pairs) arry olour.7.2 Experimental results for JPC = 1�+The lightest isovetor state with these quantum numbers ould deay to �� , ��0 , �� , �b1 ,�f1 , a0� , a1� , ��0. Most of these hannels were studied at various plaes using GAMS/NA12 atIHEP-CERN, E179 at KEK, Crystal Barrel at CERN, E852 at BNL, Obelix at CERN and VESat IHEP (see Table 17).7.2.1 The wave JPC = 1�+ in the �� hannel.Di�rative reations ould be espeially e�etive to produe hybrid mesons, as these mesons havesome additional gluon-like omponent in their wave funtion and ould have a strong oupling tothe Pomeron. After a very early �rst observation of an JPC = 1�+ exoti wave in 1981 [913℄, highstatistis data beame available from VES and KEK in 1993 [231,914℄ 5 . In the VES experiment,events due to the exlusive reations ��Be ! XBe (where X means the aforementioned deayhannels) at p� = 37 GeV/ were seleted and subjeted to a partial wave analysis (PWA). Waves5 An observation of JPC = 1�+ in ��-hannel by GAMS [87℄ was revised in [915℄.122



Table 17Experimental studies of 1�+ states.Experiment Reation �nal state RefereneVES Di�ration; harge exhange; ���; �0��; ��� [231, 236,238℄28-,37-GeV/ �� beam f1��; b1��; �0�0 [240, 243,245℄E179 Di�ration, 6.3-GeV/ ��beam ��� [245, 914℄Crystal Barrel p�p annihilation ���; ��0 [341, 345℄to ��+��; ����0; ��3�0; �+���0! ��; b1� [354, 357℄Obelix p�p annihilation to �+���+�� �� [395℄GAMS/NA12 Charge exhange; �� 32, 38, 100 GeV/ ��0 [290℄E852 Di�ration; harge exhange; 18 GeV/ ���; �0��; ��� [248{250,257℄�� beam f1��; b1�� [255, 259{261℄with orbital angular momenta of L=0, 1, and 2 (L = S; P;D) and orbital angular momentumprojetion of M = 0 and 1 onto the Gottfried-Jakson axis with both natural and unnaturalparity exhange were inluded in the analysis, i.e. the waves S; P0; P+; P�; D0; D+; D� were tested.It turned out that waves with unnatural parity exhange are not signi�ant. The results of theVES ollaboration on this hannel were published in [231,241℄. The dominant wave JPC = 2++ ispeaking at the mass of the a2(1320) meson. There is a lear signal in the exoti wave JPC = 1�+entered atM � 1:4 GeV/2 (Fig. 58). The mass-dependent �ts to the PWA results were reportedin [241℄.These results were beautifully on�rmed by the E-852 ollaboration [248℄. When overlayed, bothdata sets are indistinguishable in their distributions demonstrating the reliability of both ex-periments with respet to detetor performane, data reonstrution and partial wave analysis.Di�erenes whih turn up in the publiations are due to the mass-dependent �ts to the results ofthe mass-independent partial-wave analyses, and due to di�erent underlying assumptions in these�ts. Are meson-meson interations dominated by resonanes or do bakground amplitudes play animportant rôle ? For P -wave meson-meson sattering, this question is unsolved but it may serveas an indiation that �N sattering even in the �(1232) region proeeds not only via �(1232)formation but also via a bakground P -wave �N sattering amplitude.In the KEK experiment [914℄ at p� = 6:3 GeV/, a very di�erent shape of the P+(���) wave was

Fig. 58. Results of partial-wave analysis of the ��� system: a) intensity of D+ wave, b) intensity of P+ wave, )phase di�erene P+=D+ [241℄. 123



found. The dominant D+ wave exhibited a lear a2(1320); in the exoti P+ wave, amplitude andphase followed exatly the D+ wave. In a mass-dependent �t, an exoti resonane with param-eters of the a2(1320) shows up. This oinidene may suggest that the P+ wave signal ould bedriven by leakage from the dominant a2(1320) resonane, either due to imperfetions of the PWAmodel or due to experimental e�ets like aeptane, resolution or bakground. Possibly, the PWAmodel with seven waves (S; P0; P+; P�; D0; D+; D�) in the �� system ould be oversimpli�ed: Atp��=6.3GeV/ ontributions from baryon resonanes ould be important and lead to distortionsin the �� system. The ompatibility of the E-852 and VES results (taken at 18GeV/ and at 28and 37GeV/, respetively) suggests that at these momenta, baryon resonanes are well enoughseparated and have no impat on the mesoni system.The data in Fig. 58 exhibit a dominant a2(1320) in the D+ and a lear bump atM � 1:4GeV/2 inthe (exoti) P+ partial wave. The E-852 ollaboration [248,250℄ �nds that the data are onsistentwith a simple ansatz, assuming ontributions from two resonanes, one in eah partial waves.The D+ wave returns the parameters of a2(1320), for the P+ partial wave, mass and width aredetermined to M = 1370� 16 +50�30 ; � = 385� 40+ 65�105. This observation is referred to as �1(1400)by the Partile Data Group [1℄.A systemati study was arried out in [241℄ to investigate if the observations an be explainedwithout introduing an exoti resonane. The data were �tted with a2(1320) and P+ and D+bakgrounds in the form AB = LIPSl � (m�mt)� exp (��(m�mt)); (7.3)where LIPSl(m) is the phase spae volume,mt the threshold mass, and �, � shape parameters. Anarbitrary (onstant) phase is allowed for both bakground amplitudes. The bakground amplitudesare interpreted as meson-meson interation dynamis originating from t-hannel exhange urrents.The �t without �1(1400) gives a perhaps aeptable �2 of 244 for 149 degrees of freedom. If �1(1400)with E-852 parameters is added, �2 improves signi�antly by 57 units for 2 additional parameters(amplitude and phase). The two �ts are presented and ompared to the data in Fig. 58.A judgement if the P+ wave arries a resonane is not only a statistial question. Obviously,there are spin-ip and spin-nonip ontributions at the baryon vertex leading to a produtiondensity matrix of rank two. For a system of two pseudosalars, a rank-2 density matrix an notbe reonstruted in a model-independent way due to a ontinuous ambiguity. Hene some doubtsremain as to the existene of a resonant P+ wave in the �� hannel.The Indiana group [916℄ tested the idea that t hannel exhange fores might give rise to a bak-ground amplitude whih ould mimi �1(1400). A model respeting hiral symmetry for meson-meson interations was onstruted in whih these interations were expanded in terms of therelative momenta 6 . The prodution amplitudes were supposed to follow the momentum depen-dene of the interations. In this way, �� P+-wave interations were onstruted whih are verysimilar to �� S-wave interations. The latter were haraterised by the � pole; as a onsequene,�1(1400) is onsidered as �-type phenomenon in �� P+-wave interations. In the words of theauthors of [916℄, �1(1400) is `not a QCD bound state' but rather generated dynamially by mesonexhange fores. This di�erene is subtle; the reader may like to have a look at the disussion insetion 11.6.2.6 Even though related, the analysis is not using an e�etive �eld theory approah based on a hiral Lagrangianwith low-energy onstants �xed from other proesses. 124



The �� P+-wave was also studied in the harge exhange reation ��p ! ��0n [259, 290℄. TheP+ wave is learly seen in both experiments. Mass-dependent �ts of the amplitudes required theintrodution of a resonane but yielded resonane parameters whih were di�erent in the threeranges of t studied in [259℄. The authors onluded that there is no evidene for a resonant signalat M � 1:4GeV/2. Of ourse, this does not rule out the existene of �1(1400). The exoti ��0P+-wave is produed by t-hannel exhange of isospin-1 natural-parity objets like �. From theabsene of �1(1400) in ��p ! ��0n it an only be inferred that the �1(1400) ! �� oupling issmall in omparison to its oupling to �-Pomeron or �-f1(1285). On the other hand, these resultspoint to a signi�ant nonresonant bakground in the exoti �� P+-wave hannel.The Crystal Barrel Collaboration on�rmed the existene of the exoti �� P+-wave in an entirelydi�erent reation: in �pn ! ���0� and �pp ! 2�0� [341, 345℄. The evidene for �1(1400) omesfrom the �rst reation; in the reation �pp ! 2�0�, a small signal was unraveled by omparisonof this reation in liquid and gaseous hydrogen where the fration of annihilation ontributionsfrom atomi S and P states is di�erent. Only the ombined �t of these two data sets gave positiveevidene for a small ontribution from an exoti wave. A reanalysis [917℄ �tted the �pp ! 2�0�data without the need for a narrow exoti resonane. In the annihilation reation �pn ! ���0�,the exoti wave is rather strong, however, and provided a ontribution to the �nal states whihis about 1/3 of the a2(1320) ontribution. The Dalitz plot is shown in Fig. 59. If �tted with onlyonventional mesons, a poor desription of the data is ahieved; the addition of the exoti �1(1400)gave an exellent �t. The �t and the data are ompared in Fig. 59. In the lower part the amplitudesof the resonanes allowed by onservation laws were optimised but the exoti meson was omitted.The exoti partial wave was desribed by a Breit-Wigner resonane. The best �t was obtained forM = 1400� 20� 20MeV/2 and � = 310� 50+50�30MeV/2 where the �rst error is a statistial andthe seond a systemati error estimated from a variety of di�erent �ts.The Crystal Barrel and Obelix ollaborations found a JPC = 1�+ wave in (��) in p�p annihilation
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to four pions. Crystal Barrel reported this observation only in a onferene ontribution [357℄and reported M;� � 1400;� 400MeV/2. The Obelix parameters for this wave are M;� =(1384� 28); (378� 58)MeV/2 [395℄. The results are not inompatible with the �ndings reportedfor the �� P -wave. A major point of onern is the prodution mehanism. The �� P -wave isseen to be produed from spin triplet states of the N �N system, in partiular from the 3S1 state.In ontrast, the exoti �� wave omes from spin singlet states, dominantly from the 1S0 state.Hene these must be di�erent objets. It was pointed out by Sarantsev (A. Sarantsev, privateommuniation, 2005) that in p�p annihilation to ���, resattering proesses in the �nal stateould lead to logarithmi singularities whih ould mimi a pole singularity. This argument holdstrue for ��� as well but no alulation has ever been reported.From a wider view, the laim for an exoti �1(1400) resonane in �� interations is rather problem-ati. P -wave states in the �8� hannel belong to a SU(3) deuplet [903℄, the suggested resonaneannot be a hybrid. One an assume that �1(1400) belongs to a deuplet-antideuplet family ofmultiquark or mesomoleular states. The deuplet-antideuplet inludes alsoK+�+ P -wave states.The amplitude of K+�+ ! K+�+ sattering was studied in [908℄. It was found that the satteringamplitude is dominated by S-wave while the P -wave is strongly suppressed. The P -wave phaseshift is less than a few degrees from threshold to M � 1:8 GeV/2 and does not leave room fora resonane in this mass region 7 . Based on SU(3) symmetry, very little phase motion should beexpeted for the �� P+-wave. Donnahie and Page [918℄ suggest that the 1.4 GeV enhanement inthe VES and E852 �� data an be understood as interferene between a non-resonant Dek-typebakground and a hybrid resonane at 1.6GeV. A hybrid should not deay into ��8 due to SU(3)arguments [903℄. In [918℄, the suppression of hybrid �� deays is irumvented by resattering ofintermediate b1(1235) � � into ��. Of ourse, this is diÆult to aept when the suppression isdue to SU(3). The mass of �1(1400) is very lose to the f1(1285)� threshold. A f1(1285)� virtualbound state or a usp may ontribute to the sattering amplitude as well.In summary, all experiments agree that there is a substantial ontribution of the exoti P+-waveto �� interations. The data are well desribed one a resonant �1(1400) is introdued. Due toSU(3) symmetry arguments, the observation annot be due to a hybrid, the roots have to bein tetraquark dynamis. However, in tetraquark systems in deuplet-antideuplet, no substantialphase motion is expeted. Fits to the di�ratively produed data without �1(1400) but inludingt-hannel exhange dynamis were suessfully performed, too; the dynamial origin of the non-resonant bakground amplitudes was however not yet traed bak to meson-meson interations ina onvining way.7.2.2 The wave JPC = 1�+ in the �0� hannel.Even if interpreted as resonane, the �1(1400) annot belong to the family of hybrid mesons due toSU(3) arguments. The P+-wave in �0� is a muh better plae where a true hybrid might be found.Fig. 60 shows the �0�� system produed in a di�rative-like reation at p�� = 18GeV/. Thedata are from the E-852 ollaboration [248, 250℄; VES using a beam at p�� = 37GeV/ showedsimilar distributions [231℄. The main results of the partial wave analysis of both experiments anbe summarised as follows:- waves with unnatural parity exhange are strongly suppressed;7 The K+�+ ! K+�+ data are also at variane with the interpretation of [916℄ whih requires a sizable phasemotion in �� P+-wave 126
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Fig. 60. Left panel, BNL data [250℄: (a) The aeptane-orreted jtj distribution �tted with the funtionf(t) = aebjtj (solid line). (b), (), (d) results of a mass-independent PWA and a mass-dependent �t (solid urve) forthe P+ and D+ partial waves and their phase di�erene. (b) The (P+ �D+) phase di�erene. () Intensity of theP+ and (d) of the D+ partial wave. Right panel: (a) OZI-allowed and (b) OZI-forbidden diagrams for the deay ofa hybrid meson and () squares of matrix elements for the 1�+ wave in the ��� and �0�� systems.- the wave 1�+ is the dominant one, it has a maximum at M � 1:6 GeV/2;- in the wave JPC = 2++ there is a a2(1320) signal and a broad bump at M = 1:6� 2:0 GeV/2.- a 4++ wave is also learly observed (but doumented only for BNL).The intensity of the 1�+ wave at M � 1:6 GeV/2 is muh higher than that in the �� hannel(Fig. 60); therefore this 1�+ state belongs to SU(3) otet. This otet dominane looks very naturalfor di�rative-like reations whih are mediated by Pomeron exhange at suÆiently high energy.In the ollision of otet pions with (SU(3) singlet) Pomerons 8 , only otets an be produed.The E-852 ollaboration performed a �t to these partial waves with the following ingredients: the2++ wave was desribed by a2(1320) and either one broad (550 to 750MeV/2) or two narrowerBreit-Wigner tensor resonanes, the 4++ wave by the a4(2040) meson in its �0�� deay mode.The dominant, exoti (non-q�q) 1�+ partial wave was desribed as a resonane with a mass of1:597� 0:010+0:045�0:010 GeV/2 and a width of 0:340� 0:040� 0:050 GeV/2. The exoti partial waveis produed with a t dependene whih is di�erent from that of the a2(1320) meson, indiatingdi�erent prodution mehanisms for the two states.The VES ollaboration performed tests on the stringeny with whih these laims an be made.They �t the data with a2(1320) and a phenomenologial bakground amplitude for the 2++ and1�+ with the shape given in eq. (7.3). These assumptions yield also a perfet �t. Hene thedeisive question (for both reations, ��p ! n��� and ��p ! n���0) is if t hannel exhange8 The �ss suppression in the soft Pomeron indues however an otet omponent.127



Fig. 61. The mass spetra of (a) �0��; �0�0, and (b) ��0.fores between � and � (�0) an lead to signi�ant bakground amplitudes. It is well known thata large fration of the �� S-wave phase shift and the magnitude of the sattering amplitude anbe understood in terms of t-hannel � exhange. An additional phase amplitude and phase shiftis provided by f2(1270) exhange (see e.g. [919℄). Sine the � and f2(1270) ouplings are known,absolute preditions an be made. Likewise, after projetion onto the P -wave, absolute preditionsof the bakground amplitude due to a2(1320) exhange are possible and should be made.The Indiana group [916℄ tried to expand their model on �� interations to ��0 but did not sueedto desribe the data without a resonane at 1600MeV/2 and with 300MeV/2 width.The �0�0 system was studied GAMS, E-852 and VES by harge exhange [243,259,290℄. The resultsare again ompatible; Fig. 61 shows ��0 and �0�0 mass spetra from VES. The ��0 spetrum isdominated by the a02(1320) meson. The �0�0 spetrum is also dominated by a02(1320) prodution,in spite of a strong threshold suppression (� p5). The signal at M � 1:6 GeV/2 whih dominatesthe �0�� spetrum has disappeared in �0�0. The ratio of P -wave intensities in the �0�0 and ��0hannels is R = jT �0�0P+ j2=jT ��0P+ j2 � 0:1� 0:1:The suppression of the �0�0 signal in harge exhange an be used to derive an upper limit on the�1(1600) branhing ratios.Br(�1(1600)! ��)� Br(�1(1600)! �0�) � 3� 10�3 (7.4)Obviously, the �� oupling is small. The ontribution from �� ! �0� P -wave sattering is of theorder of the ontribution expeted from �� ! �8� P -wave sattering via SU(3)(10;�10) amplitudesand standard �1-�8 mixing. Hene the otet �� ! �0� P -wave sattering amplitude must be verysmall and is ompatible with zero.7.2.3 Partial wave analyses of the di�ratively produed �+���� systemThe wave JPC = 1�+ in the �+���� system is highly ontroversial. It was studied by two ex-periments in di�rative-like reations: by the VES ollaboration [236, 245℄ at p� = 37 GeV/ andby the E-852 ollaboration at p� = 18 GeV/ [249, 257℄. A new BNL data sample with 10-foldinreased statistis was reported in [262℄. 128



Most of the basi parameters of the PWA models are similar in all three analyses. Up to 45 waveswith total angular momenta ranging from J = 0 to J = 4 were used in [236, 242, 245℄, 21 to 27waves in [249, 257℄ and 36 waves in [262℄. The JPC = 1�+�0�� wave was inluded in PWA withthree di�erent states: M� = 0�; 1� and 1+. In the �rst BNL analysis and in [262℄, a spin-densitymatrix of rank 1 or 2 was used to aount for the possibility of two inoherent ontributions tothe reation. In the analysis of the Protvino data, the spin-density matrix was taken in a generalform without any restritions of its rank. The reason for this approah is that any PWA modelis based on some assumptions and approximations. These model imperfetions ould lead to aleakage from the most intensive to less intensive waves and generate spurious arti�ial signals.This e�et seems unavoidable in a PWA model with density matrix of rank 1. PWA models basedon density matries of arbitrary rank give more freedom to waves how to interfere and leakagefrom intensive waves is not so dangerous. Hene it is less likely to produe spurious results; therisk is that small signals ould be washed out.The results of BNL experiment on JPC = 1�+ waves are presented in Fig. 62. Clear peaks of ompa-

Fig. 62. Wave intensities of the 1�+(��)P exoti waves: (a) theM� = 0� and 1� waves ombined; (b) theM� = 1+wave. The 21-wave rank-1 PWA �t to the data is shown as points with error bars; the shaded histograms showestimated ontributions from all non-exoti waves due to leakage.rable intensities are seen at M � 1:6 GeV/2, both in natural parity exhange (JPCM� = 1�+1+)and in unnatural parity exhange (JPCM� = 1�+0� and JPCM� = 1�+1�). The distributionswere �tted with a Breit-Wigner amplitude, the �t gave mass and widthM = 1593� 8+29�47MeV=2; � = 168� 20+150�12 MeV=2: (7.5)The atness of phase di�erene �(1�+1+(��))��(2�+0+(f2�)) in presene of the well establishedresonane �2(1670) in the wave JPCM� = 2�+0+(f2�) supports the resonane interpretation ofthe signal. The total intensity of the exoti wave JPC = 1�+ at M � 1:6 GeV/2 is about 20% ofthe a2(1320) signal at its maximum.In the seond analysis of BNL data (with inreased statistis), 20 partial waves were used (alledlow-wave set) and, alternatively, 35 partial waves (alled high-wave set). Fig. 63 shows the resultsfor the exoti �� P -wave. While the peak is learly visible in the low-wave set, it has disappearedin the high-wave set.A similar observation was made by the VES ollaboration analysing an even higher-statistis dataset [236,242,245℄. The 3� mass distribution (a) shows a large enhanement due to a1(1260)=a2(1320)prodution, followed by a peak whih is dominantly due to �2(1670). This wave is rather strong129



Fig. 63. Left panel: (a) The 1�+1+ P -wave �� partial wave in the neutral mode (���0�0) for the high-wave setPWA and the low-wave set PWA and (b) the phase di�erene �� between the 2++ and 1�+ for the two wave sets.Right panel: (a) The 1�+1+ P -wave �� partial wave in the harged mode (�����+) for the high-wave set PWAand the low-wave set PWA and (b) the phase di�erene �� between the 2++ and 1�+ for the two wave sets [262℄.in the data; when full oherene is required in the PWA mode, a signal in JPC = 1�+ waves ofboth parity-exhange naturalities is observed, likely due to leakage from the muh stronger 2�+wave [245℄. The 1600MeV/2 bump in Fig. 64(b) disappears in the full model allowing for anarbitrary inoherene in the 2�+ wave, see Fig. 64(). In the unnatural parity exhange setor(M� = 0�; 1�), the intensity of the exoti signal at M � 1:6 GeV/2 is ompatible with zero.A broad signal is seen in natural parity exhange (M� = 1+) with maximum at M � 1:2 GeV/2.This low mass peak an be assigned to leakage from the very intensive wave to JPC = 1�+. Theintensity is about 2% of the a2(1320) signal. Beause of its smallness and broadness, the signal isnot believed to represent a true exoti signal.The three analyses of VES and E-852 data arrive at very di�erent results and it is hard to deideobjetively, whih analysis is right. The approah in [245℄ and [262℄ allowing for more exibilityin the �t is ertainly more onservative. However �tting is an art, and it is not inoneivablethat too many �t parameters lead to an overparametrisation whih whashes out a signal whihis observed only when just the right waves are introdued and no additional spurious waves. AtHadron05, Adams showed results of the partial wave analysis of Dzierba et al. (laiming abseneof �1(1600) ! ��) on the 2�+ and 1�+ waves. Adams �tted the data of Dzierba et al. in a newmass-dependent �t whih returned { within errors { the �1(1600) Breit-Wigner parameters.The BNL-E852 ollaboration studied the stability of the 1�+ signal and its phase motion with
Fig. 64. Results of PWA of the �+���� system: (a) total intensity; intensity of the JPCM� = 1�+1+ wave in the�� hannel(b) under the assumption of full oherene of the 2�+ waves and () in the ase where this assumptionis not used [245℄. 130



respet to the 2�+ wave. The amount of the 1�+ wave and the width proved to be unstable; itvaried from a lear, unmistakable signal with 'narrow' width to a vanishingly small number of1�+ events and a very wide width, depending on the number of partial waves introdued and, inpartiular, if rank 1 or 2 of the density matrix was assumed in the analysis. It is lear that, if oneattempts to laim a new state or its deay mode, its proof must remain stable against the numberwaves introdued or the rank of the density matrix. For this reason they relied on the phase motion�� = �(1�+) � �(2�+). In all of their numerous �ts, the phase motion remained stable. So theauthors were on�dent that their hoie of the phase motion made sense. The instability in theamount and the width of �1(1600)! �� led to the highly asymmetrial error in the width givenin eq. (7.5) [249, 257℄.The Breit-Wigner parameters of the observed �� exoti signal [249,257℄ oinide within errors withthose of the signal seen in the �0� hannel. However, the �1(1600) in �0� is seen in natural parityexhange, and not in unnatuarl parity exhange. From this observation, eq. (7.4) was derived.The signal in �� is observed with omparable intensities in both, natural and unnatural parityexhange. Hene there must be two di�erent mass degenerate objets, one deaying into ��, theother one into �0�. The need for two resonanes degenerate in mass is diÆult to aept and,given the di�erenes in the published approahes and results, the �1(1600)! �� deay remains aontroversial issue.7.2.4 The wave JPC = 1�+ in the !�� hannel.The wave JPC = 1�+ in the !(�+���0)���0 hannel was studied by VES [238, 245℄ and E-852 [261℄. Three isobars !�; b1� and �3� were inluded in the PWA model, with waves in therange J � 4; L � 3, and m � 1, with J as total angular momentum, L as deay orbital-angularmomentum, and m as projetion of J onto the beam axis.The results of E852 are summarised in Fig. 65. Two bumps at M � 1:7 GeV/2 and at M �2:0 GeV/2 are seen in the dominant 2++(!�)S2 1+ wave, a further peak in the a2(1320) re-gion is not shown. There are two intensive exoti waves 1�+(b1�)S1 1+ and 1�+(b1�)S1 0� peak-ing at M � 1:6 GeV/2. These three waves an be �tted with four Breit-Wigner resonanesa2(1700); a2(2000); �1(1600) and �1(2000). Mass and width of �1(1600) were determined toM = 1664� 8� 10GeV/2, � = 184� 25� 28GeV/2.The prodution harateristis resembles that of the �1(1600) in ��; both have nearly equal in-tensities in natural and unnatural parity exhange. One more exoti resonane is suggested atM � 2:0 GeV/2 to �t the tail in the wave 1�+(b1�)S1 1+.In the VES experiment, the dominant 2++(!�)S2 1+ wave has a broad bump at M � 1:7 GeV/2,the signal at M � 2:0 GeV/2 is not seen. The exoti wave 1�+(b1�) is signi�ant only in naturalparity exhange and gives a broad ontribution of low intensity, about 15% of the leading 2++ wave.A �t with a Breit-Wigner amplitude shows that the data are onsistent with resonant behaviourof the amplitude with M � 1:6;� = 0:33MeV/2 [241℄.The three signals in b1(1235)�, �0� and �� have the relative strength 1 : 1� 0:3 : 1:6� 0:4 [920℄.But the oherene study [242℄ suggested to remove �� from this omparison.131



7.2.5 The wave JPC = 1�+ in the f1� hannel.The E-852 results on the reation ��A ! ��+����A are published in [260℄ and those of VESin [245℄. The results of the partial wave analyses of both experiments are again very similar, andit is suÆient to show, in Fig. 66, one data set only.The dominant wave is JPC = 1�+(f1�). It is broad and strutureless with a maximum atM � 1:7GeV/2 (Fig. 66(a)). The signal in the wave JPCM� = 1�+1+ is learly seen (Fig. 66 ()). It isprodued via natural parity exhange; it resembles in prodution harateristis the �0� exotiwave.The shape of the signal is very similar to the shape of the 1++0+(f1�) wave. The phase di�erenes�(1�+) � �(1++) and �(1�+) � �(2�+) both fall by � 2rad as M�3� inreases from M = 1:5GeV/2 to M = 2:4 GeV/2. Hene the 1++ and 2�+ phases rise faster than �(1�+). The numberof 1++ and 2�+ resonanes whih the data an aommodate thus determines the number of 1�+resonanes.The E-852 ollaboration �ts the PWA intensity distributions and phase di�erenes with a su-perposition of Breit-Wigner resonanes in all hannels. Any type of smooth bakground is notadmitted. In this resonane-dominated approah, several resonanes are needed to get a good �tto the distributions. These are listed, with the results on masses and width, in Table 18.Table 18Results of the mass-dependent �t.Wave Mass [MeV/2℄ � [MeV/2℄1714 (�xed) 308 (�xed)1++0+f1�P 2096� 17� 121 451� 41� 811676 (�xed) 254 (�xed)2�+0+f1�D 2003� 88� 148 306� 132� 1212460� 328� 263 1540� 1214� 7181709� 24� 41 403� 80� 1151�+1+f1�S 2001� 30� 92 333� 52� 497.2.6 Conlusion on JPC = 1�+ exotisBefore oming to onlusions on JPC = 1�+ exotis, the assumptions will be disussed whih aremade in the data analysis. As a rule, a partial wave analysis is performed in two steps. The �rststep is the mass-independent PWA whih serves to onstrut the parameters of a density matrix�ij whih represents the �nal state X with mass M . In a seond step, these parameters are �ttedin some model in a mass-dependent �t.The isobar model relies on the basi assumption that all proesses involved an be deomposed intwo-body subproesses. For example, the reation ��p! �+����p is onsidered as the sum of��p! Aip with subsequent deays of Ai ! Bj� and Bj ! ����p! CiDj with subsequent deays Ci ! �� and Dj ! �p132



��p! �Ej with subsequent deays Ei ! �Fj and Fj ! �pIn general, eah partial wave may have resonant and non-resonant ontributions. But often itis assumed that all deay hannels are saturated with reasonably narrow resonanes. Even withthese approximations, the large quantity of free parameters may lead to the neessity of varioustrunations like a redution in the list of isobars due to limitations in Jmax of ontributing isobars.A �rst assumption whih is generally made supposes that the three reations listed above live indi�erent orners of the phase spae and an be separated by kinematial uts. At suÆiently highenergy, this is the ase, but at moderate energies the assumption does not need to be absolutelytrue. But it is essential for the extration of weak exoti JPC = 1�+ wave from some reations like��p! ���p. The problem is that the �p and ��p systems are very di�erent in nature and havedi�erent isospin deompositions. Therefore the angular distribution of the �� system on �GJ willbe asymmetri as soon as nuleon exitations are not ompletely ruled out. Within a standardPWA model, this asymmetry is then assigned to the interferene of the dominant D+ wave anda wave of opposite parity, P+. Thus, the e�et an generate an e�etive resonant-like exoti waveJPC = 1�+ in the a2 region.Another potential soures of false signals are parametrisations of isobars and integrations over t.The di�erent partial waves depend on t in di�erent ways; integration over t dereases therefore theoherene between partial waves. Quite generally, any model imperfetions derease the ohereneand may generate false signals in low intensity waves by leakage from most intensive waves. Theimportane of leakages depends on the PWA model. In ase of a density matrix of rank one withn waves, there are n di�erent funtions to absorb these imperfetions. As a result, leakage shouldbe expeted at the level of �=n, where � � 0:1 is the sale of imperfetion of the model. A densitymatrix of arbitrary rank has n(n + 1)=2 di�erent funtions resulting to a signi�ant redution ofthe leakage problem. Therefore a density matrix of highest possible rank is reommended for thestudy of low intensity waves. Of ourse, higher-rank �ts require signi�antly higher statistis sinemore parameters need to be determined.Summarizing the progress in studies of the JPC = 1�+ hybrid mesons ahieved sine the �rstobservation of the exoti wave we arrive at the following onlusions:� Exoti waves are observed in numerous �nal states with omparable intensities in di�ration-likereations. Only one of them is on�rmed in a non-di�rative proess, in �pp annihilation.� Even at low energies, several di�erent intermediate states are separately identi�ed due to theirdi�erent prodution harateristis:(1) �� in SU(3) (10; �10) with strong intensity at 1400MeV/2.(2) Possibly �� at 1400MeV/2 in �pp annihilation, but from a di�erent initial �pp state.(3) ��0 and f1(1285)� in natural parity exhange, with strong intensity at 1600MeV/2.(4) b1(1230)� and �� in natural and unnatural exhanges, with strong intensity at 1600MeV/2.� Results requiring unnatural parity exhange are ontroversial.� The data are onsistent with both, resonant and non-resonant interpretations; a deision whihinterpretation is orret requires alulations of meson-meson interation amplitudes.� There is a hane that the lowest mass exoti hybrid has been disovered. It would have1600MeV/2 mass and a width of 300MeV/2. It ouples to ��0 and f1(1285)�. However, morework is required to establish or to rejet this possibility.133



7.3 Further JPC exoti waves7.3.1 JPC = 0+�; 2+�Preditions for quantum numbers, masses, widths and branhing ratios of hybrid mesons werealulated in the ux-tube model [870℄. The lowest hybrids are the states with total orbital angularmomentum l = 1 and one phonon of transverse ux-tube vibration whih arries one unit of angularmomentum around the q�q axis; positive and negative parity eigenstates are found. Combined withthe quark spin S = 0; 1, there are eight low-mass hybrid states withJPC = 1��; 0��; 1��; 2��:Three out of these eight states have exoti quantum numbers, JPC = 0+�; 1�+; 2+�. Isovetorsand isosalars are expeted at M � 1:8� 2:0 GeV/2. The isovetor exoti state with JPC = 1�+appears to be the most onvenient one for experimental studies. It is predited to be relativelynarrow (� � 0:2 GeV/2), it an be produed by a pion beam in di�rative-like reation, and itsdominant deay modes f1�; b1� are suitable for detetion and for partial-wave analysis .Other predited isovetor mesons with exoti quantum numbers (JPC = 0+�; 2+�) are muh lessappealing. These states are found to be wide � > 0:5 GeV/2, their dominant deay modes endup in a tetrapion �nal state whih is diÆult for the partial wave analysis; the ross setions forprodution in a pion beam must be relatively small due to the positive G-parity of the states.For searhes of isosalar exoti states, the quantum numbers JPC = 0+�; 2+� look most promising.These states are not very wide � < 0:5 GeV/2 and have onvenient deay modes like b1�. Thereation ��p! b1�n requires b1 exhange and should have a very spei� broad distribution as afuntion of squared transfer momentum t .Up to now all these states with exoti quantum numbers exept of JPC = 1�+ remain unharteredterritory.7.3.2 Isospin exotisNon-q�q resonanes ould manifest themselves in isospin exoti hannels, like I = 2 for nonstrangemesons and I = 3=2 for mesons with strangeness. Detailed experimental studies of �+�+ andK+�+sattering [211,908℄ learly show negative (repulsive) phases from thresholds to M � 1:8GeV/2,in �+�+ S- and D-waves and in K+�+ S- and P -waves. These results agree with alulationsbased on an E�etive Lagrangian [909℄ and on a Quark Exhange model [907℄ (but are at varianewith the narrow �+�+ resonane at 1420MeV reported by the Obelix ollaboration [921℄).The situation is di�erent in the isotensor I = 2 �� hannel. In two-photon fusion into two �mesons, in  ! �0�0, a resonane-like enhanement at M � 1:6 GeV/2 was observed in severalexperiments. The quantum numbers of this signal are [922℄: (JP ; Jz; S) = (2+; � 2; 2) (whereJP are spin and parity, Jz spin omponent in the beam diretion and S the total spin of two �'s).The �0�0 signal is muh stronger than one in  ! �+�� (Fig. 67).This result was on�rmed by L3 [689{692℄ with muh higher statistis. If the �0�0 bump has ade�ned isospin I = 0 or I = 2, the ratio of �+�� to �0�0 should be 2 (for I = 0) or 1=2 (for I = 2);I = 1 is forbidden for �0�0. The experimental ratio is about 1=5. This an be ahieved assuminginterferene between a isotensor resonane (I = 2) with some isosalar ontribution. The existene134



of tetraquark states with I = 0 and I = 2 and their destrutive interferene in  ! �+�� andonstrutive interferene in  ! �0�0 was predited a long time ago by Ahasov, Devyanin andShestakov [923℄ and by Li and Liu [924℄. The data were thus be laimed to prove the existene oftetraquark isotensor resonanes at M � 1600 MeV/2, � � 500 MeV/2 [925{927℄. Calulationswithin QCD sum rules [928℄ do no exlude suh resonanes. However, an interpretation of the dataas generated by Pomeron exhange between the two �0 { present due to vetor meson dominane{ does not seem unlikely.Several other �nal states with two vetor mesons were studied in  fusion, !!; !�0, K0� �K0�,K+� �K��, �0� and !� [929, 930℄. Very wide threshold enhanements are seen in most of thesehannels. The ross setions vary from � 60 nb for  ! �0�0 to � 2 nb for  ! ��. A learq2�q2-resonane-dominated view did not emerge from the studies. The ratio of ross setion forK0� �K0� and K+� �K�� is about 1=8. This number does not �t into any model with S-hannelresonanes. If a resonane would ontribute, it must deay to ��; experimentally, this hannel isstrongly suppressed ompared to K+� �K��. These features indiate that nonresonant dynamisplay a deisive rôle. We have to underline that broad threshold enhanements an appear withouts-hannel resonane ontributions; this is the ase, for example, in the reation K+p! K0�++.A desription of the data without s-hannel resonanes an be ahieved within a phenomenologialmodel based on the assumption of t-hannel fatorisation [931℄. In this model the ross setionfor  ! �0�0 an be alulated absolutely from experimental data on the reation p ! �p.Even though data are suessfully desribed by this model, it does not give a detailed mirosopipiture of the proesses (and does not aim for this). Quark-model alulations of these reationsare reviewed in [932℄.In onlusion we have to say that the dynamis of two mesons in isotensor on�guration is notyet fully understood. A detailed partial wave analysis of hannels like �+�+, �+�+, �+�+�0,�+�+�, �+�+�0, �+�+! in di�erent reations ould bring a better understanding of multiquarkand multimeson dynamis, and possibly lead to new insights.
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Fig. 67. Cross setions for the dominant amplitudes  ! �0�0 (open irles) and  ! �+�� (full squares) [471℄.
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8 Pseudosalar mesonsThe radial exitations of the pseudosalar ground{state nonet provide answers to important ques-tions: how do radial exitation energies of light mesons ompare to the mass gap between �(1S)and �(2S)? Due to their Goldstone nature, pseudosalar ground-state mesons (exept �0) have amuh smaller mass than vetor mesons have; is this pattern reprodued for n = 2 (and higher)exitations? The mixing angle of the ground-state nonet is far from the ideal mixing angle; whatis its value for pseudosalar radial exitations? The �0 mass is large ompared to the � mass dueto the UA(1) anomaly; how large is the orresponding mass di�erene for radial exitations? Atthe end of this setion these questions will be resumed to see to what extend data an provideanswers to them.8.1 The � radial exitations8.1.1 The �(1300)The �(1300) was �rst reported by Daum et al. [214℄ in 1981 in a (suessful) attempt to identify thea1(1260) in ��p sattering. The Dek e�et (see setion 4.1.4) provides a substantial bakgroundin the �� S-wave and arries a phase motion in itself. Hene it was diÆult to isolate the a1. Inaddition to the a1(1260) in the �� S-wave, a resonane in the �� P -wave was found, with quantumnumbers (IG)JPC = (1�)0�+ and a mass of � 1400MeV/2. Its mass and quantum numberssuggested its interpretation as �rst radial exitation of the pion. The existene of �(1300) wason�rmed in several similar experiments, even though the measured masses sattered over a widerange [933{936℄.The VES ollaboration observed a lear low-mass enhanement in the �(��)S�wave [236℄, butdemonstrated that there is a strong inuene of the Dek e�et for this partial wave whih mayfake a �(1300) at a mass of about 1200MeV/2. The authors of [236℄ therefore refused to giveany mass or width for the �(1300). The importane of the Dek e�et for �(1300)! �(��)S�wavedeays was not disussed in the early papers, and some of those laims may have been premature.The E852 ollaboration [257℄ saw the same enhanement and observed a similar phase motion inthe �(��)S�wave as VES did. The �t to the �(��)S�wave proved to be very unstable and, in viewof the unexplored inuene of the Dek e�et, observation of �(1300) ! �(��)S�wave was notlaimed. In the (��)P�wave, the partial wave analysis did reveal a lear resonant behaviour whihwas interpreted as �(1300). Mass and width are listed in Table 19.The Obelix ollaboration reported an analysis of �pp! �+�+���� [387℄. The solution ompriseda �(1300) with mass and width (M;�) = (1275� 15; 218� 100)MeV/2 deaying dominantly to�(��)S�wave. In the Crystal Barrel experiment, data on �pp ! 5�0 were analysed [334℄. The bestTable 19The �(1300) mass and width from �(1300)! �� deaysM � Ref.� 1400 [214℄1343� 15� 24 449� 39� 47 [257℄1375� 40 268� 50 [352℄1373� 25 358� 70 mean138



solution had a very low �0 mass at 1122MeV/2. However, this low mass was inompatible withthe �(1300) masses obtained when data on �pn ! ��4�0 and �pn ! 2��2�0�+ were studied in aombined analysis. In the latter analysis, the optimum �(1300) parameters were (M;�) = (1375�40; 286 � 50)MeV/2. The �(1300) was seen only in its �� deay, the oupling to �(��)S�waveonverged to zero. The ollaboration reported an upper limit of 15% for the �(��)S�wave deaypartial width. Reanalysing the �pp ! 5�0 data, a nearly equally good �t was ahieved withoutintrodution of a �(1300) [352℄ while other resonane parameters were not a�eted (in partiularthe salar mesons did not hange their masses and widths). The results from [334℄ are thereforesuperseded by the more reent values, given in [352℄ and reprodued in Table 19.In view of the importane of the Dek e�et, we retain only results in whih the �� deay modesurpasses in magnitude the �(��)S�wave deay mode. The existene of the latter deay mode is ofourse not exluded, but we do not onsider it as experimentally established.In the 3P0 model, the �� is expeted to be the dominant mode of the �(1300) if interpreted as 2Sq�q state. In [58℄, a partial width of�(�(1300)! ��) = 209 MeV=2 : (8.1)is predited while the �(��)S�wave deay width is expeted to be small. With the latter deaymode being small, there is reasonable onsisteny between the value (8.1) and the average ofTable 19. Thus the observed �(1300) is onsistent with expetations for a 21S0 q�q state.8.1.2 The �(1800)The �(1800) was �rst reported by Bellini [935℄ and studied extensively by the VES ollaboration.Its deay into �(��)S�wave and �(��)S�wave are the most prominent modes [236℄. Further deaymodes are �(��0) [231℄, andK�0 (1430)� [233℄. The VES ollaboration also reported �(1800)! !��deays [238℄ even though the !�� resonane mass was found at a muh lower value. Surprisingly,the �(1800) is not seen in �� or K� �K, both of these deay modes are suppressed [233, 236, 257℄.Reently, the VES ollaboration performed a ombined analysis of all reations [244,245℄, with onlyTable 20Ratios of �(1800) partial widths. The relative widths are not orreted for further deay modes; the orretionfators are given in the 4th olumn.Final state subhannel relative width deay fration�+���� 1(��)S�wave�� 1:1� 0:1 2/3f0(980)�� 0:44� 0:15 2/3�0.84f0(1500)�� 0:11� 0:05 2/3�0.35�0�� < 0:02 at 90% .l. 1/2K+K��� 0:29� 0:10K�(892)K� < 0:03 at 90% .l. 1/4���� 0:15� 0:06a0(980)� 0:13� 0:06 0.8f0(1500)�� 0:012� 0:005 0.05��0�� f0(1500)�� 0:026� 0:010 0.019139



Fig. 68. Mass spetra for (IG)JPC = (1�)0�+ wave. The data points represent the results of a mass-independentpartial wave analysis, the solid urve a �t using a �(1800) with � = 270MeV/2 and a polynomial bakgroundamplitude with varying phases (onstrained by a 2nd-order polynomial).the �! hannel exluded. Mass and width of the global �t are ompatible with M = 1800MeV/2and � = 270MeV/2. From the �t, ratios of partial width were determined whih are reproduedin Table 20. Data and �t are shown in Fig. 68.Some notations and values in the Table need explanation. For the (��)S�wave with mass up to� 1:4GeV/2, the parametrisation of Au, Morgan and Pennington [177℄ was hosen. The f0(980)is listed as a separate resonane; its ontribution was subtrated from the S-wave. The sum ofdeay probabilities into (�+��)S�wave�� and into f0(980)�+���� exeeds the total width of the(���+��) hannel due to strong interferene of these two hannels. The K�K+�� hannel is notdivided into the (K+K�)S�wave�� and K�(K+��)S�wave isobars as their separation proved to bevery model dependent.Table 20 also ontains the fration with whih isobars are observed in the given �nal state. To givepartial deay widths is problemati sine the results from E782 and VES are often inompatible.Furthermore, the �(1800) ! �! ontribution and high multipliity deays are unknown. Basedon the graphs in Fig. 68 we estimate the �! ontribution and assume that no other deay modesexist. The partial deay widths of Table 21 thus present an eduated guess.The deay pattern is not easily understood. Two diretions were tried: the assumption that the1800MeV/2 region houses two states with pion quantum numbers [58℄, and the hypothesis thatspeial seletion rules govern �(1800) deays [245℄. In the mass range of the �1(1800), two pseu-dosalar resonanes are predited, the seond radial exitation of the pion and a hybrid meson. Todistinguish these two possibilities we have to rely on model preditions. In Table 22, preditionsfor the two alternatives are olleted [58, 876{878℄.� A hybrid �H(1800) and a pseudosalar radial exitation �3S are both predited to have a ��partial width of 30MeV/2, inompatible with the experimental �nding. This may serve as140



Table 21Estimated deay partial widths of �(1800). The estimate assumes absene of high multipliity deay modes. Thereould be two di�erent mesons in the mass region (see text for a disussion).��(1800)!��(��)S�wave 100� 25MeV/2��(1800)!��f0(980) 50� 20MeV/2��(1800)!��f0(1500) 25� 15MeV/2��(1800)!�! 60� 30MeV/2��(1800)!a0(980)� 16� 8MeV/2��(1800)!�� 3� 3MeV/2��(1800)!K�K 6� 6MeV/2.Table 22Model preditions for �H(1800) and for �3S [58, 876{878℄.�� �! �(1470)� f0(1370)� f2� K�K3S 30 74 56 6 29 36�H 30� 50 0 10� 50 40� 170 3� 8 5� 15Expt. < 6 60� 30 small 100� 25 small < 12a warning that the identi�ation of the nature of �(1800) is model dependent. Other wellestablished pseudosalar resonanes like �(1300) and K(1460) deay dominantly into a vetorand a pseudosalar meson. The pattern resembles the �� puzzle in harmonium deays: thedeay fration J/ ! �� is large while  0 ! �� is suppressed.� A distintive feature of �(1800) is the f0(1370)� deay mode 9 . A hybrid �H(1800) is preditedto have a large f0(1370)� partial width (up to 170MeV/2) while �3S is predited to have apartial deay width for this deay of 6MeV/2 only.� A hybrid �H(1800) should deouple from �! while a large partial deay width (74MeV/2) ispredited for �3S .� The isobars �(1470)� and f2(1270)� were not needed in the partial wave analysis; presumablythey are small. The �(3S) radial exitation is however expeted to deay into these modes.� The K�K ontribution is ompatible with zero; a �3S state is predited to ouple signi�antlyto K�K.The data seem to favour the hybrid interpretation exept for the large �! deay width whih shouldvanish for a hybrid. This partial width is predited to be strong for �(3S), in agreement with theexperimental result. Hene there is the possibility that two states have been observed, the �3S and ahybrid �H , as pointed out by Barnes [58℄. The �! signal peaks at a lower mass than the other massdistributions in Fig. 68. The authors in [238℄ quote (M;�) = (1737� 5� 15; 259� 19� 6)MeV/2whih seems inonsistent with the nominal mass value. We also note that �(1800) peaks at ahigher mass, at � 1830MeV/2 in its �(��)S�wave and �(��0) deay modes whih go largely viaf0(1500)�.The deays into �(��)S�wave pose a diÆulty. In the VES analysis the (��)S�wave inludes the1300MeV/2 region. In this mass region, there is the f0(1370). In Table 22, the full �(��)S�waveis asribed to the f0(1370) even though it is known that it ontributes only little to �(��)S�wave.The �(��)S�wave bakground needs to be subtrated, unseen f0(1370) deay modes would needto be aounted for. Both is impossible at the moment. Hene the �(1800) ! ��f0(1370) deay9 In setion 10 it is argued that f0(1370) is not a resonane with a proper phase motion.141



mode is essentially unknown and annot be used to assign q�q or hybrid wave funtions to �(1800).The VES ollaboration argued that the observed deay pattern indiates strong OZI violation in�(1800) deays [245℄. The ratio of deays �(1800)! K+K���/�(1800)! �+���� is rather large,and also the deay rate �(1800) ! f0(980)�� is unexpetedly high sine f0(980) ouples mainlyto s�s and not to n�n. Note however, that other radial exitations have signi�ant (��)S�wave deaymodes as well, like �(2s)! �(1s)(��)S�wave, !(1470)! !(��)S�wave or �(1405)! �(��)S�wave.Summarising, we do not onsider the large branhing to f0� as onvining evidene for an exotinature of the �1800, and it will be disussed as regular seond radial exitation of the pion."8.2 The K radial exitations8.2.1 The K(1460)The K(1460) was observed in two experiments, at SLAC by Brandenburg et al. [937℄ and at CERNby Daum et al. [219℄. The SLAC experiment reported the resonane in its K(��)S�wave deay. Inview of the diÆulties in identifying the �(1300) in its �(��)S�wave deay mode, we disregard thisobservation. The CERN analysis identi�ed three deay modes of the K(1460) with�K(1460)!K�(892)� � 109 �K(1460)!K� � 34 �K(1460)!K�0 (1430)� � 117 (8.2)The state was not observed in the LASS experiment.8.2.2 The K(1830)There is one indiation for the seond radial exitation of the Kaon from a study of the �K �nalstate in the Omega spetrometer at CERN. Mass and width (M;� � 1830; 250)MeV/2 werereported [938℄.8.3 Isosalar resonanes8.3.1 The �(1295)In 1979, there was a laim for a new meson resonane with quantum numbers (IG)JPC = (0+)0�+at a mass of 1275MeV/2 and 70MeV/2 width from a phase-shift analysis of the ��+�� systemprodued in a 8.45GeV/ pion beam [939℄. The resonane is now alled �(1295); it was lateron�rmed in other analyses [252,256,288,940,941℄ of experiments studying pion-indued reations.This state has a deisive inuene on the interpretation of the nonet of pseudosalar radial exi-tations. It is observed at a mass of 1294� 4MeV/2, below the mass of the �(1300), and a widthof � = 55 � 5MeV/2 [1℄, muh narrower than its isovetor 21S0 partner. It has been reportedto deay into a0(980)� and ��� and this may explain why it is so narrow: the most prominentdeay mode of the �(1300) is, supposedly, ��, and there is no orresponding �(1295) deay mode.The �(1295) is the lowest-mass pseudosalar meson with I = 0 above the �0 and is thus naturallyinterpreted as radial exitation of the � as proposed by Cohen and Lipkin [942℄. It is nearly de-generate in mass with the �(1300), hene the pseudosalar radial exitations are expeted to be142



Fig. 69. The K �K� invariant mass distribution produed in radiative J/ deays by the MarkIII ollaboration [470℄.The struture is resolved into two pseudosalar states and a JPC = 1++ resonane.ideally mixed. The isosalar partner of �(1295) should then have a mass of 1500MeV/2 [942℄ andshould, as �ss state, deay dominantly into K �K� +K� �K.8.3.2 The �(1440)The �(1440) was disovered in 1965 in p�p annihilation at rest into (K �K�)�+�� [943℄. Mass,width and quantum numbers were determined to be M = 1425 � 7;� = 80 � 10MeV/2, andJPC = 0�+ [73℄. In parallel, a further resonane was found in the harge exhange reation ��p!nK �K�, using a 1.5 to 4.2GeV/ pion beam [944℄. It had mass and width M = 1420 � 20;� =60 � 20MeV/2; quantum numbers JPC = 1++ were suggested on the basis of the produtionharateristis. Even though the quantum numbers were di�erent, both partiles were alled E-meson.In 1980, the MARKII ollaboration observed a strong signal in radiative J/ deays into (K�K0S��)[75℄. Mass and width, M = 1440 � 20;� = 50 � 30MeV/2 were ompatible with those of theE-meson with whih the signal was tentatively identi�ed. In [77℄, pseudosalar quantum numberswere found and the E-meson was renamed to �(1440) to underline the laim that a new mesonwas disovered and that this new meson was the �st observed glueball. These results prompted areanalysis of the bubble hamber data [73℄. The JPC = 0�+ quantum numbers were on�rmed andJPC = 1++ quantum numbers were shown to be inompatible with the data [74℄. The Crystal Ballollaboration studied J/ ! (K+K��0) and ��� [77, 945℄; the partial wave analysis on�rmedJPC = 0�+ quantum numbers. The Asterix experiment at LEAR dedued pseudosalar quantumnumbers for the state using arguments based on �pp annihilation dynamis [317℄, in agreement withthe partial wave analysis of Crystal Barrel data on �pp! ��+���0�0 [332℄.Higher statistis revealed that the peak at 1440MeV/2 has a more omplex struture [472, 946℄,see Fig. 69. The MarkIII ollaboration suggested a pattern of three states, two pseudosalarstates at M = 1416 � 8+7�5; � = 91+67�31+15�38MeV/2 (mainly a0(980)�) and M = 1490+14�8 +3�6; � =54+37�21+13�24MeV/2 (mainly K�K), and a JPC = 1++ resonane at 1440MeV/2 [472℄. DM2 foundtwo pseudosalar states, a low-mass (1420MeV/2) omponent oupling to K�K and a high-mass(1460MeV/2) omponent deaying into a0(980)�. Furthermore, DM2 studied radiative deays143



into ��� (with a0(980)� as isobar) whih peaks at the lower mass. They onlude that the 1440mass region was not yet fully understood.In a partial wave analysis of BES data on J/ ! (K�K0S��) [472,482℄ and to (K+K��0) [473℄,the �(1440)=� region was �tted with a Breit-Wigner amplitude with s-dependent widths. Deaysinto K�K, �K, ��� and �� were inluded (� refers to the K� S-wave). At a K �K� mass of � 2040MeV/2, a seond peak with width � 400 MeV/2 was seen; JP = 0� was preferred over 1+ and 2�respetively. The authors suggested the state as andidate for a 0� s�sg hybrid partner of �(1800).The �(1440) region was also studied in hadroni reations. At BNL, it was reported in ��pharge exhange and in �pp annihilation in ight. With an 8GeV/ pion beam [947℄ and in �ppannihilation [948℄, the �(1440) was reported at 1420MeV/2 and with a0(980)� as dominant deaymode while in a 21GeV/ pion beam, the most prominent feature was a pseudosalar meson at1460MeV/2 mass deaying into K� �K + :: [949℄.The �(1440) is a very strong signal, one of the strongest, in radiative J/ deays. The radialexitation �(1295) is not seen in this reation; hene the �(1440) must have a di�erent nature. Atthat time it was proposed (and often still is [1, 950, 951℄) to be a glueball.Table 23Popular interpretation of the spetrum of pseudosalar radial exitations [1, 950,951℄.� � �0 K�(1300) �(1295) �(1405) �(1475) K(1460)n�n n�n glueball s�s n�s; �ns8.3.3 The split �(1440)The Obelix ollaboration at LEAR [392℄ studied the reation p�p! �+��K�K0S�� at 3 di�erentdensities. The �+�� system reoiling against K�K0S�� has very little energy and is hene likely inS-wave. Likewise, there is no angular momentum to be expeted between (�+��) and (K�K0S��).Then, the most likely initial state of the p�p atom from whih annihilation ours has the quantumnumbers of the (K�K0S��) system [317℄. This seletion rule helps in the partial wave analysis.The Obelix partial wave analysis on�rmed the onjeture of MARKIII that the �(1440) is splitinto two omponents, an �(1405) ! a0(980)� with M = 1405 � 5;� = 56 � 6MeV/2 and an

Fig. 70. The K�K0S�� invariant mass distribution from p�p annihilation at rest at 3 di�erent target densities [392℄.There are two entries per event. The hathed area is the expeted bakground from the 'wrong' (K�K0S��)ombination. 144



�(1475)! K� �K + �K�K with M = 1475� 5;� = 81� 11MeV/2. Even though a bit low in mass,the �(1475) �ts well the properties expeted for a �ss pseudosalar radial exitation. The �(1405)�nds no 'slot' in the spetrum of �qq resonanes, it is an intruder, possibly a glueball. Sine 2002,the Partile Data Group supports this interpretation of the pseudosalar mesons with the aveatthat lattie gauge alulations predit the pseudosalar glueball mass well above 2000MeV/2.Two quantitative tests have been proposed to test if a partiular meson is glueball-like: the stik-iness [706℄ and the gluiness [707℄ whih are expeted to be lose to unity for normal q�q mesons.They were introdued in setion 4.1.2, eqs. (4.8) and (4.9). The L3 ollaboration determined [687℄the stikiness to S�(1440) = 79� 26 and the gluiness (G) to G�(1440) = 41� 14. No distintion wasmade in [687℄ between �(1405) and �(1475). These numbers an be ompared to those for the �0for whih S�0 = 3:6� 0:3 and G�0 = 5:2� 0:8 was determined, with �s(958MeV=2) = 0:56� 0:07.Also �0 is `gluish', but muh more the �(1405). The �(1405) has properties as expeted from aglueball.The L3 data were hallenged by the CLEO ollaboration [578℄. Fig. 71 shows their K0SK���mass distributions for di�erent bins of the transverse momentum transfer p? from e+e� to theK0SK��� system. For two nearly real photons, p? is small; two on-shell photons do not oupleto JP = 1+ mesons (Young's theorem) while pseudosalar meson deays to 2 are allowed. Theabsene of signals at 1285MeV/2 and 1440MeV/2 in Fig. 71 proves that the signal observed forlarge p? is due to axial vetor mesons. With no pseudosalar state observed, it is diÆult to arriveat any de�nite onlusion onerning their nature. Both, pseudosalar radial exitations and apseudosalar glueball (if it exists in this mass range) may have small ouplings to .
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The � deay mode is disturbing for the glueball interpretation. At BES, �(1295) and �(1440)were studied in J/ ! (�) and ! (�) [487℄. A peak below 1300MeV/2 was assigned tof1(1285) even though a small ontribution from �(1295) was not exluded. The �(1440) (observedat 1424MeV/2) was seen to deay strongly into � and not into �. Neither a glueball nor a�ss state should deay radiatively into a � meson. A small �uu + �dd omponent in the �(1475)wave funtion ould be responsible for this deay mode but then, a large � deay rate shouldbe expeted. This however is not observed. The only esape is the assumption that the � eventsstem from the f1(1420). The spin-parity analysis prefers pseudosalar quantum numbers for thepeak at 1424MeV/2 but 1++ is not ompletely ruled out.8.3.4 Isosalar resonanes revisitedThere are severe inonsistenies in the senario presented above (in setion 8.3.1-8.3.3). The�(1295) is seen only in pion indued reations. Radiative J/ deays show an asymmetri peak inthe �(1440) region; therefore �(1405) and the �(1475) are both produed in radiative J/ deays.The �(1295) as isosalar partner must then also be produed, but it is not - at least not with theexpeted yield.There are a few reasons not to aept �(1295) as established resonane. It is approximately de-generate in mass and width with f1(1285). This is potentially dangerous. The matrix element fora pseudosalar meson deaying into three pseudosalar mesons does not have any peuliarities,all distributions are isotropi and at. This deay looks like a `garbage an'. Any imperfetionin the desription of the dominant isosalar 1++ wave leads inevitably to the appearane of aspurious signal in the 0�+ wave. A number of imperfetions ould lead to suh a feedthrough: notperfetly understood aeptane or resolution, not fully justi�ed assumptions in the PWA modellike oherene of the 1++ and/or the 0�+ wave in prodution, a non-perfet parametrisation off1(1285) deays or any other imperfetion. The feedthrough signal has a Breit-Wigner amplitudeinluding a phase motion, but the parameters of the two resonanes are similar.The L3 observation of  fusion into �(1440) but not into �(1295) is problemati. The n�n stateshould have larger  ouplings than a glueball or s�s state. However, CLEO �nds neither �(1295)nor �(1440), and there is no onit (but also no evidene for �(1295), neither).The Crystal Barrel ollaboration searhed for the �(1295) and �(1440) in the reation p�p !�+���(xxx), �(xxx)! ��+��. The searh was done by assuming the presene of a pseudosalarstate of given mass and width; mass and width were varied and the likelihood of the �t plotted.Fig. 72a shows suh a plot [952℄; a lear pseudosalar resonane signal is seen at 1405MeV/2.Two deay modes are observed, a0(980)� and �(��)S�wave with a ratio 0:6� 0:1.A san for an additional 0+0�+ resonane provides no evidene for the �(1295) but for a seondresonane at 1490MeV/2, see Fig. 72b, with M = 1490 � 15;� = 74 � 10MeV/2. It deays toa0(980)� and �(��)S�wave with a ratio 0:16�0:10. This data ould be interpreted as �rst evidenefor �(1475)! ��� deays.Amsler and Masoni reinfored the existene of �(1295) by laiming additional evidene from fourfurther observations, unrelated to pion indued reations (see [1℄, page 591).� In an analysis of the reation p�p ! ��+���0�0 [332℄, the �(1405) was studied and the deaymode �� was observed for the �rst time. The likelihood of the �t improved when a �(1295) was146
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The next puzzling state is the �(1440). It is not produed as �ss state but deays with a largefration into K �K� and it is split into two omponents. It was suggested in [954℄ that the originof these anomalies is due to a node in the wave funtion of the �(1440). This node has an impaton the deay matrix elements as alulated by Barnes et al. [58℄ within the 3P0 model.The matrix elements for deays of the �(1440) as a radial exitation (=�R) depend on spins,parities and deay momenta of the �nal state mesons. For �R deays to K�K, the matrix elementis given by fP = 29=2 � 539=2 � x�1� 215x2� : (8.3)In this expression, x is the deay momentum in units of 400MeV/; the sale is determined fromomparisons of measured partial widths to model preditions. The matrix element vanishes forx = 0 and x2 = 15=2, or p = 1GeV/. These zeros have little e�et on the shape of the resonane.The matrix element for �R deays to a0(980)� or (��)S�wave� has the formfS = 2434 � �1� 79x2 + 227x4� (8.4)and vanishes for p = 0:45GeV/. The amplitude for a0(980)� deays vanishes at 1440MeV/2.This has a deisive impat on the shape, as seen in Figure 73. Shown are an undistorted Breit-Wigner funtion, the transition matrix elements for three �(1440) deay modes as given by Barneset al. [58℄, and the produt of the squared matrix elements and a Breit-Wigner distribution withmass 1420MeV/2 and width 60MeV/2.The �(1440)! a0(980)� and! K�K mass distributions have di�erent peak positions; at approx-imately the �(1405) and �(1475) masses. Hene there is no need to introdue �(1405) and �(1475)as two independent states. One �(1420) and the assumption that it is a radial exitation desribethe data. Of ourse, the 3P0 model for meson deays is a model. Model-independent is however theobservation that zeros in the wave funtions an lead to distortions in the �nal states observed. Iftwo resonanes are found having idential quantum numbers and very lose in mass, extreme aremust be taken before far-reahing laims on the abundanes of meson resonanes in that partialwave an be made.The onlusion that �(1405) and �(1475) is one single resonane an be tested further by following
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8.4.2 � exitations from radiative J/ deaysThere are several andidates for pseudosalar isosalar exitations above 1.5GeV/2. MarkIIIreported evidene for dominane of the IG(JPC) = 0+(0�+) partial wave below 2GeV/2 inradiative J/ deays into �� [955℄ and !! [956℄. Summarizing MarkIII results, Eigen reportedstrong pseudosalar ativity below 2 GeV/2 for ��, !! and, above their respetive thresholds, forK�K� and �� [957℄. The analysis of DM2 data suggested 3 states, �(1500), �(1800), and �(2100),deaying into �� [958℄, and possible evidene for a �� pseudosalar meson at 2.24GeV/2 [959℄.Bugg notied [960℄ that the three DM2 peaks oinide in mass and width with three peaks in the�� mass spetrum produed in �pp annihilation in ight into �0��. Any �� resonane must havenatural spin-parity quantum numbers; a reanalysis of Mark3 data on J/ ! 4� (the DM2 datawere no longer available) suggested that the deay mode should not be in the �� pseudosalarwave but in the (��)S�wave(��)S�wave 0++ salar wave [960℄. The analysis was repeated with BESdata; the salar quantum numbers of the three states were on�rmed [477℄ suggesting the three ��resonanes at 1500, 1760, and 2100MeV/2 should be interpreted as f0 mesons in their �� deays.Reently, BES reported results from a partial wave analysis of radiative J/ deays into !! [506℄.Fig. 75 shows a strong enhanement in the !! invariant mass distribution at 1.76 GeV/2. Apartial wave analysis found pseudosalar quantum numbers to be dominant with small salar andtensor ontributions. The large yield stimulated the ollaboration to disuss if the �(1760) has asigni�ant glueball ontent.A pseudosalar !! resonane at 1760MeV/2, glueball or q�q state, should ouple to ��. Isospininvariane would require equal radiative rates for �0�0 and !!. This is inompatible with data. Forthe moment, we assume that the �� signal at 1760MeV/2 is ompletely of pseudosalar nature(in agreement with [955,958℄ and in ontrast to [477,960℄. The measured yields are (1:44� 0:12�0:21) � 10�3 for �� [958℄ and (1:98 � 0:08 � 0:32) � 10�3 for !! [506℄, respetively. The �� yieldshould be 3 times larger than that for !!. Thus isospin is badly broken, by about a fator 4.When the �� signal has salar quantum numbers [477,960℄, this fator is even larger. There mustbe a dynamial reason for the large pseudosalar !! ontribution. Possibly, the � onverts intoa photon plus two gluons whih hadronise into two oloured ! mesons. They then neutralise inolour in the �nal state and undergo �nal-state interations. This proess is impossible for two �mesons.Further pseudosalar signals were reported by the BES ollaboration. In J/ ! K �K� [482℄, the�(1440) is seen; the PWA gave evidene for a further resonane, above 2000MeV/2 and alled�(2050) here. Mass and width are given in Table 25. Data on radiative prodution of K�K� showa b  d
Fig. 75. Radiative deays of J/ to !! with pseudosalar and the salar wave as determined from PWA [506℄. J/ deays into K �K� [482℄ show �(1440) and a broad �(2040). In radiative J/ deays into �+���0 a narrow peakat 1835MeV/2 is observed [497℄. 150



(as the MarkIII data [957℄) a wide pseudosalar distribution [476℄ whih an be �tted with abroad pseudosalar resonane at � 1800MeV/2. Data on J/ ! ��� [479℄ on�rmed previous�ndings on the �(1440) (but did not require a splitting into two omponents). At higher mass,two pseudosalar states were observed with masses and widths olleted in Table 25.Bugg, Dong and Zou [961℄ �tted data on radiative deays of J/ to various �nal state witha single Breit-Wigner resonane having s-dependent widths proportional to the available phasespae in eah hannel. This resonane has a K-matrix mass 2190 � 50MeV/2 and a width � =850� 100MeV/2. Within errors, deays are avour-blind. The resonane was suggested to be apseudosalar glueball.In the reation J/ ! �+���0, a narrow peak alled X(1835) was observed with a statistialsigni�ane of 7.7�. The data are shown in Fig. 75. A �t with a Breit-Wigner funtion gave massand widthM = 1833:7�6:1(stat)�2:7(syst)MeV/2 and � = 67:7�20:3(stat)�7:7(syst)MeV/2,respetively, and a yield B(J ! X ) �B(X ! �+���0) = (2:2�0:4stat�0:4syst) �10�4. No partialwave analysis has been made but based on prodution and deay, an interpretation as �(1835)is most likely. In [962℄, X(1835) is suggested to be the 2nd radial exitation of the �0. We ratherbelieve it to be the 1st �0 radial exitation. In this interpretation, X(1835) deays into �0 and thesinglet part of �(485). Deays into an otet � and the �(485) otet fration might be small leadingto the observed narrow width. The BES ollaboration suggests that X(1835) is related to p�p massthreshold enhanement, also observed in radiative J/ deays.Table 25 ollets the BES results on pseudosalar meson prodution in radiative J/ deays.There is no lear separation into strong and weak radiative yields. The ommonly used pitureof radiative J/ deays in whih the � system radiates o� a photon and two gluons formingTable 25BES results on radiative J/ deay into pseudosalar mesons X and tentative SU(3) assignments. The �(2000)is proposed as avour-blind bakground, possibly the ground-state pseudosalar glueball. The yields are in unit of10�3. The singlet/otet assignment is disussed in the text.X SU(3) Deay Mass (MeV/2) Width (MeV/2) Yield J/ ! X Ref.� 8 0:90� 0:10 [1℄�0 1 4:71� 0:27 [1℄�(1440) 8 K�K 2:8� 0:6 [1℄a0� + f0� 0:4� 0:1 [1℄�� 1:7� 0:4 [1℄X(1835) �0�+�� 1833:7� 6:1� 2:7 67:7� 20:3� 7:7 0:22� 0:04� 0:04 [497℄�(1760) 8(?) !! 1744� 10� 15 244+24�21 � 25 1:98� 0:08� 0:32 [506℄�� 1775� 20 115� 50 1:44� 0:12� 0:21 [958℄���+�� 1760� 35 � 250 1:2� 0:5 [479℄�(2070) 1(?) �� 2080� 40 210� 40 1:32� 0:15� 0:21 [958℄�K�0K 2040� 50 400� 90 2:1� 0:1� 0:7 [482℄�(2000) 1 ��+�� � 1800 0:72� 0:03 [479℄K�K� 1800� 100 500� 200 2:3� 0:2� 0:7 [476℄K�0K � 1800 � 1000 (0:58� 0:03� 0:20) [482℄oupled 2190� 50 850� 100 [961℄� The pseudosalar nature of the signal was rejeted in [477,960℄.151



a avour singlet expets large radiative yields for singlet prodution and small otet yields. Ofourse, unseen deay modes ould hange the pattern signi�antly.The X(1835) is partiularly interesting. As it may be related to the p�p mass threshold enhane-ment, we present also baryon-antibaryon threshold enhanements observed in other reations eventhough there are mostly no quantum number determinations.8.4.3 Baryon-antibaryon threshold enhanementsThe BES ollaboration [484℄ observed a narrow p�p threshold enhanement in radiative J/ deaybut not in J/ ! �0p�p nor in J/ ! !p�p (Fig. 76). It an be �tted with an S- or P -waveBreit-Wigner funtion giving masses of 1859�6 and 1876�0:9MeV/2, respetively. The abseneof the enhanement in J/ ! �0p�p suggests positive C-parity; parity onservation and assuminglow angular momenta ` = 0 or 1 restrit quantum numbers to 0�+, 0++, 1++, and 2�+. Theabsene of the signal in reoil to an ! must be due to a speial dynamial seletion. A �rstsight of an anomalous behaviour at the p�p threshold had already been reported by the BELLEollaboration in B deays B� ! p�pK� [630℄. Closer inspetion shows, however, that the Belle andBES observations are very di�erent in nature. The BELLE struture seen in B deays is muhbroader (with a width, estimated from the graph, of about 400MeV/2) and resembles perhaps thep�p signal observed by BaBaR in di�erent deay modes of B mesons into D�p�p �nal states [622℄.The BES signal has a visible width of about 60MeV/2 and �ts give values whih are ompatiblewith zero, hene the two phenomena observed at Belle and BES are likely di�erent.There have been several attempts to explain the BES result. The J�ulih group analysed the datawithin their N �N model and were able to reprodue the p�p data with just one normalizationparameter. The isovetor part of N �N interations plays the dominant rôle; �ne-tuning is possibleby adding �nal-state interations with �(1800) as intermediate state [964℄. An extension to B
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deays is found in [965℄. Of ourse, prodution of isovetor mesons like N �N with I = 1 or �(1800)is unexpeted in radiative J/ deays; indeed, no visible signal is observed in J ! �+���0 [963℄.Entem and Fernandez, desribing sattering data and mass shifts and broadening of p�p atomilevels in a onstituent quark model, assign the threshold enhanement to �nal-state interations[966,967℄. Bugg interpreted the threshold p�p peak as a usp arising from the well known thresholdpeak in p�p elasti sattering due to annihilation [800℄. Zou and Chiang �nd that �nal-state-interation makes an important ontribution to the p�p near-threshold enhanement [968℄. We justmention (without imposing a relation between the two phenomena) that the p�p threshold is notfar from the dip in the six-pion photoprodution ross setion observed by DM2 [969℄, Fous [528℄,and BaBaR [619℄. Its interpretation of the dip goes a la mode; DM2 { with low statistis { assignthe peak below the dip to �(1600), the Fous dip is argued to be a hybrid, BaBaR suggests aninterpretation as amalgamation of several broad resonanes.The BES ollaboration assoiated the p�p threshold enhanement with the X(1835) suggestinga large aÆnity of both, p�p and �0, to gluons. From the p�p data, M = 1831 � 7 MeV/2 and awidth � < 153 MeV/2 (at the 90% C.L.) was obtained, ompatible with mass and width of the�0�+�� signal. Hene both signals might be one omparatively narrow pseudosalar resonane.The produt branhing ratio for the X(1835) radiative yieldB(J= ! X���0) �B(X���0 ! �+���0) = (2:2� 0:4(stat)� 0:4(syst))� 10�4an be ompared to the branhing ratio for the p�p threshold enhanementB(J= ! Xp�p) �B(Xp�p ! p�p) = (7:0� 0:4(stat)+1:9�0:8(syst))� 10�5Hene the (p�p)=(�+���) ratio is 1/3; from the absene ofX(1835) in the inlusive photon spetrummeasured by the Crystal Ball ollaboration [747℄, the BES ollaboration onluded that X musthave a branhing ratio into p�p exeeding 4% [963℄.A lue to deide on the di�erent interpretations is possibly provided by the non-observation of thep�p threshold enhanement in J/ ! !p�p. The ! has the same quantum numbers as the photon;hene the absene of the signal in the latter data annot be due to any kind of seletion rule basedon onservation of angular momentum, harge onjugation or parity. On the other hand, the J/ radiative yield for �0 exeeds the � yield by a fator 4.8 while !�0 has a branhing ratio (fromJ/ ) whih is 10% only of the !� yield. The observation of X(1835) in radiative J/ and its non-observation in ! J/ may thus hint at its avour singlet struture. This onjeture is supported byits observation in �0��, its non-observation in ��� and assigning a large avour singlet omponentto the �(485).The X(1835) is one of the many examples where the viinity of a threshold, in this ase �pp, attratsthe mass of a lose by resonane. `Dressing' of the q�q singlet meson with two q�q pairs an reateN �N . Final state interations enhane the probability of this transition. In this way, the q�q mesonmixes with the �pp �nal state and its wave funtion develops a sizable �pp omponent.Further reations with a baryon and an antibaryon in the �nal state were studied by the BELLEand BES ollaborations. The reations inlude J/ ! p�� [491℄, �B0 ! D(�)0p�p, B0 ! p����B+ ! p�p�+; B0 ! p�pK0, B+ ! p�pK�+, B+ ! ���K+, B� ! J= ��p, B+ ! ��0�+ , andB0 ! ��� �+ [631,636,639,640,648,650,659℄. In Fig. 77 we show the p�� invariant mass distributionfrom J/ ! p�� (BES) and from B0 ! p���� and B+ ! ���K+ (Belle) deays. It is notknown at present if partiular spin-parities an be assigned to these threshold enhanements,and if resonanes are involved. Reently, a wide p�� threshold enhanement was reported for153



Fig. 77. Left: The p�� mass distribution from J/ ! p�� [491℄; entre: p�� mass distribution from B0 ! p����,right: ��� mass distribution from B+ ! ���K+ [636, 639,640℄.B+ ! p���0 [659℄. We notie that the p�� mass distribution observed in radiative J/ deaysappears to be muh narrower than their ounterparts from B deays. The BES data an be �ttedwith both, S-wave and P -wave Breit-Wigner amplitudes. If it is �tted with an S-wave Breit-Wignerresonane funtion, the mass is m = 2075� 12 � 5MeV/2, the width � = 90 � 35 � 9MeV/2,and the branhing ratio BR(J= ! K�X)BR(X ! p��) = (5:9�1:4�2:0)�10�5. It is temptingto interpret this observation as pseudosalar K(2075). It would ertainly �t very well into thesheme suggested in Table 26 and Fig. 78. To substantiate this onjeture, a signal has to be seenin radiative J/ prodution of K� and K�� systems.8.5 The nonet of pseudosalar radial exitationsWith �(1760) and X(1835), there are two lose-by resonanes, likely with idential quantumnumbers but with widths whih di�er by a fator 4. Expeted are in this mass region the 2ndradial exitation of the � and the 1st radial exitation of the �0. In the SU(3) limit of �(485)being a avour singlet resonane, singlet � exitations deay into �0�(465), otets into ��(485).The narrow X(1835) width may thus indiate that it is a avour singlet state. Thus we interpretX(1835) as 1st �0 radial exitation.In the region above 2GeV/2, a few observations of isosalar pseudosalar resonanes have beenreported. Bisello et al. �nd 2104MeV/2 from J/ ! �� , BES M = 2040 � 50;� = 400 �90MeV/2 from J/ ! K �K�, Bugg et al. report 2190 � 50MeV/2 and a width � = 850 �100MeV/2 from an analysis of several �nal states in radiative J/ deays. The Queen-Mary-St.Petersburg group analysed Crystal Barrel data on p�p annihilation in ight and reported an �(2010)with M = 2010+35�60;� = 270� 60MeV/2, onsistent with �(2040). Table 26 ollets pseudosalarTable 26Pseudosalar radial exitations. The mixing angle is alulated from the linear GMO formula 8.5, the sign from8.6. The mass di�erenes to the respetive ground states are listed as small numbers. See text for disussion of thestates. 11S0 �(135) K(498) �(548) �(958) �PS = �24:6Æ �(2980)ÆM = 1.24 0.97 0.89 0.88 0.66GeV/221S0 �(1375) K(1460) �(1440) X(1835) �20:8Æ �(3638)ÆM = 1.66 1.34 1.21 1.11 0.96GeV/231S0 �(1800) K(1830) �(1760) �(2070) �30:5Æ X(3940)154
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This equation does not yield the sign of the mixing angle. One an use insteadtan� = 4mK �m� � 3m�m� �mK (8.6)The latter formula yields mixing angles of �11:5Æ, �31:1Æ, and �70:5Æ, respetively. These val-ues depend on small and not preisely known mass di�erenes like MK(1830) �M�(1800) and areonsidered as less reliable.In addition to the 'narrow' resonanes olleted in Fig. 78, a wide isosalar 0�+ bakground ampli-tude is required in some analyses. It is ompatible with being avour singlet. The most straight-forward interpretation assigns the bakground amplitude to a very wide pseudosalar glueball,with a width of more than 800MeV. We refrain from giving a preise pole position of this elusiveobjet.One �nal (trivial) remark. The masses of pseudosalar and vetor radial exitations are similar;radial exitations have no Goldstone harater.8.5.1 Other interpretationsThe linear mass gaps between the pseudosalar ground states �, K, � and �0 to their �rst radialexitation vary slowly and an even be reasonably extrapolated to the �. The mass square gapsare however about 1.8GeV2/4 for the �rst three mesons; for the �0 it is even larger. This isinonsistent with the general observation outlined in setion 6.2. Hene other identi�ations havebeen made in the literature. In Fig. 79a,b the interpretation of � and �2, �, �0, and �2 by A.V.Anisovih, V.V. Anisovih, and Sarantsev is shown. The mass spetra an also be organised inlinear trajetories when �(1295) is omitted (,d).
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9 Salar mesons: �; �; Æ, S�Salar mesons, their mass spetrum, their deays and their interpretation, are one of the hottestsubjets in meson spetrosopy; salar mesons have been in the entre of ommon interest forseveral deades. The avour singlet omponent of salar mesons arries the quantum numbers ofthe vauum and is thus intimately tied up with the rôle of quark and gluon ondensates. Thenine salar mesons of lowest mass, a0(980), f0(980), f0(485), K�0(900) are often alled with theirtraditional names Æ; S�; �; �. Speial onferenes have been devoted to the question if the �(485),the low-mass �� enhanement, is a genuine resonane, if it is a tetraquark state or generated bymoleular fores, by t-hannel exhange dynamis [970℄. A ontroversy has arisen on the orretformalism to determine the properties of the �(485) meson and of its twin brother �(700), onahievements in the past and on the fair use of data taken by a ollaboration [971, 972℄.The �(485) meson has a long history, and its meaning hanged in the ourse of time. It was origi-nally introdued to improve the desription of nuleon-nuleon interations in one-boson-exhangepotentials. An isosalar and an isovetor �0 and �1 were invented. Modern theories of nulear foresunderstand the interation by orrelated two-pion exhanges [973℄ with no need to introdue �0and �1. Nambu [974℄ and Nambu and Jona-Lasinio [975,976℄ desribed mass generation in analogyto superondutivity and argued that spontaneous mass generation is linked to a massless pion�eld. Following these ideas, Delbourgo and Sadron [977℄ predited a salar ompanion of thepion, a 13P0 q�q state, at a mass orresponding to twie the onstituent quark mass, i.e. at 600 to700MeV/2. While pions get their (small) mass from the distortion of hiral symmetry by �nitelight-quark masses, the lowest-mass salar mesons aquire their mass by spontaneous symmetrybreaking. Thus the �(485) is sometimes alled the Higgs of strong interations [978℄.Experimentally, the existene of the �(485) was, e.g., dedued from �� ! �� phase shifts betweenthe �� and the �KK thresholds. In [979℄, a negative bakground phase was introdued, reeting a\repulsive ore" in �� interations; the �(485) resonane adds a full 180Æ phase shift. A repulsivebakground interation ould stem from left-hand singularities [980℄ whih are usually omitted in�ts to the data. Ishida san and ollaborators interpret the �(485) as a relativisti q�q state in anS-wave, making the lowest mass salar mesons to a nonet of `hiralons' [981,982℄. Weinberg [983℄showed that the isosalar �� S-wave sattering amplitude vanishes when the momenta of thepions go to zero, growing linearly with inreasing s. The onit between this onsequene ofhiral symmetry and unitarity requires the existene of a low-mass pole (see however [984℄). Thesequalitative arguments an be sharpened within Chiral Perturbation Theory (see below). Relatedto the �(485) are disussions of the existene of the �(700), a low-mass K� enhanement. If the�(485) exists but not the �(700), the �(485) must be related to the spetrum of glueballs; indeed,QCD spetral sum rules require a salar glueball below 1GeV [985,986℄.Unounted is the number of papers on the f0(980) and a0(980), whih are �erely defended asgenuine q�q states, as tetraquark states or as K �K moleules, forming { together with f0(470) andK�0(900) { a full nonet of dynamially generated resonanes. The two twin brothers f0(980) anda0(980) have very unusual properties: both have a mass very lose to the K �K threshold and alarge oupling to K �K; Weinstein and Isgur argued [987{989℄ that the properties an be explainedassuming that they are K �K moleules. Ja�e [906,990℄ had ombined the a0(980), f0(980), f0(470),and K�0 (700) (with somewhat di�erent masses) to form a nonet of tetraquark states depited inFig. 80. The unusual properties were assigned to their intrinsi struture as tetraquark stateswhere the mass sales with the number of s quarks. Their low mass { in omparison to 1.3GeVexpeted for 13P0 q�q states { is due to the absene of an orbital angular momentum barrier, and157
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to identify the salar resonanes. Some of the peaks have traditional names: � (now f0(485)), �,and the G(1590). The latter peak was �rst observed by GAMS in the reation ��p ! �� n as apeak in the �� invariant mass distribution [280℄, the two peaks at 1300 and 1590MeV/2 are nowunderstood as onsequene of the f0(1500) dip [991℄. The dips orrespond to well known mesonresonanes, f0(980), f0(1500) and to the less well established f0(2100). In other experiments thedips are observed as peaks. For f0(980) and f0(1500) phase motions have been observed; there isno doubt that these are resonanes. It is thus tempting to try to understand the �� S-wave as aglobal phenomenon generated by a very broad objet f0(1000) [177, 178℄, possibly generated byt-hannel exhanges, interspersed with q�q resonanes represented by dips. The peaks may houseadditional resonanes, like f0(1370), f0(1710), and f0(1760), and deserve a deeper disussion.9.1 �� satteringSalar resonanes oupling to two pions an be studied by sattering negatively harged pionso� protons to produe �+�� or �0�0 pairs. A proton an dissoiate into neutron and �+, andsattering may take plae o� the virtual pion. If the four-momentum transfer q (with t = �q2) tothe proton is small, the pion is nearly on-shell and the proess an be onsidered as a satteringexperiment in whih a beam satters o� a pion target [992℄. A simultaneous analysis of �+��and �0�0 provides for a deomposition of the sattering amplitude into isosalar and isotensorontributions.A lassi experiment to determine the �� sattering amplitude was arried out at CERN in thesixties by the CERN-Munih ollaboration (see setion 3.1.1). A 17.2GeV/ �� beam and anunpolarised target were used. The data were expanded into Legendre polynomials from whih ��amplitudes an be extrated. In the general ase, the S; P0; P+; P� amplitudes and their relativephases depend on the nuleon heliities. Without using a polarised target, these partial wavesannot be dedued from the moments without further assumptions [993,994℄. Without polarisationdata, there are no unambiguous solutions and additional assumptions are neessary. At low q2,the one pion exhange mehanism dominates whih prefers spin ip at the nuleon vertex. Underthese onditions, the rank of the spin-density matrix is redued to one and all density matrixelements an be �xed. In [204,205℄ it was thus assumed that for small values of t, the proton spin-ip amplitude is dominant. More generally speaking, it was assumed that the �� phase does notdepend on the projetion of the orbital angular momentum onto the ight diretion with whihit is produed (phase oherene) and that the ratio of ip and non-ip amplitudes is universal(`spin oherene'). Later, the experiment (performed by a CERN-Krakow-Munih ollaboration)inluded a polarised target [212℄, and the assumptions on spin and phase oherene were veri�edto a good approximation in a model-independent analysis. For large t, neither phase nor spinoherene is granted, and feedthrough of higher partial waves into the salar wave annot beexluded without exploiting a polarised target.The threshold region is of partiular importane. The most preise data stem from K+ !�+��e+�e deays [995℄ (see [996, 997℄ for reent data). This type of data is often inluded inpartial wave analyses in order to onstrain the low energy behaviour of the sattering ampli-tude. A reent reanalysis of the CERN-Munih data yielded the �� S-wave amplitude and phase(and other partial wave amplitudes) in a �� mass range from 600MeV/2 to 1600MeV/2 [998℄.However, it was still not possible to reonstrut all partial waves unambiguously. There is a longhistory of `up' or `down' solutions (and `at' or `steep') whih gave equally good desriptions of themoments. Steep solutions violate unitarity and an be disarded. The remaining ambiguity an beresolved by invoking rossing symmetry. Crossing symmetry relates a partial wave amplitude to159
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Fig. 83. The I = 2 �� S-wave phase shift Æ20 (a) and inelasti oeÆient �20 (b). The experimental data for Æ20are from [211℄ (irles), [1008℄ (stars), and [1009℄ (triangles); the data for �20 are from [1008℄ (stars), and [1009℄(solid irle). The solid urves represent a �t whih inludes � and f2(1270) exhange and a box diagram with two� mesons in the intermediate state. The dashed urves inlude only t-hannel � exhange, the dot-dashed urvesinlude � and f2(1270) exhange. The dotted line in (b) is �20 = 1:53 � 0:475m��(GeV=2) used in [1009℄. Dataompilation and �t are from [919℄.478+24�23 � 17 MeV/2 and 324+42�40 � 21 MeV/2, respetively. Very similar observations have beenmade by the BES ollaboration in a study of J/ deays to !�+��. The data will be disussedin a di�erent ontext and are shown in Fig. 109. A peak at low �� masses is observed [492℄to whih a lear phase motion an be asribed [1010℄. The phase motion is idential to the oneobserved in elasti �� sattering. Mass and width of the �(485) were determined to be (541� 39)- i (252� 42)MeV/2. The pole was on�rmed in a study of  (2S)! �+��J= [505℄.Unitarity suggests the phase of the �� interation below the �rst inelasti threshold in weak oreletromagneti prodution proesses to be the same as in elasti �� sattering; this is the famous�nal state interation theorem by Watson [1011, 1012℄. In the ase of strong prodution modes,resattering between �nal-state partiles may lead to (likely small) additional phase shifts. It isvery suspiious when a new method to identify the salar isosalar phase motion leads to a �(485)having a phase shift from threshold to 800MeV/2 whih is ompatible with a full Breit-Wignerresonane [1013℄ and thus inompatible with sattering data. The �(485) is represented by a uniquepole position in the omplex energy plane; the pole must not hange when going from satteringto prodution experiments; both types of experiments must be �tted with one amplitude. In asattering situation, the salar isosalar amplitude is onveniently parametrised by multipliation

Fig. 84.M2�+�� distribution from D+ ! �+�+�� deays. Data are shown with error bars, the histogram representa �t without (a) and with a Breit-Wigner resonane (the �(485)) [521℄.161



with a funtion enforing the Adler zero at s = m2�=2, e.g. by writing an amplitude whih is/ (s � m2�=2) in the low-energy region. Individually, isosalar and isotensor �� phase shifts in�nal-state interations and in sattering are idential; their frational ontributions might howeverbe di�erent in di�erent experimental situations, and the observed total �� phase shifts (whih hasontributions from I = 0 and I = 2) an di�er.Current algebra or the leading order hiral Lagrangian requires �� interations at low energies tobe given by A = (s�m2�)=F 2� plus orresponding terms where s is replaed by t and u. However,the amplitude annot grow forever / s due to unitarity. The �(485) pole resolves this onitbetween hiral symmetry and unitarity. Mei�ner [1014℄ has skethed how �nal-state interationsbetween the two pions reate a pole whih he alls an `elusive' or `illusory' partile to underlineits non-�qq nature. Its pole position is approximately determined by the pion oupling onstantF� and thus not diretly related to the physis of �qq mesons. Colangelo, Gasser and Leutwyler[1015℄ and Caprini, Colangelo and Leutwyler [1016℄ use further onstraints from the Roy equationleading to a twie subtrated dispersion relation. The subtration onstants were expressed, usingrossing symmetry, in terms of the S-wave sattering lengths whih are known with high preision.The approah provides aess to the sattering amplitude in the omplex plane and thus tomagnitude and phase below and above the pole. A pole is mandatory, the authors of [1015℄ quoteM = (470�30)� i(295�20)MeV/2 while in [1016℄,M = 441+16�8 ; �� = 544+25�18MeV/2 is given.The mass is lower than those from the other papers; the value was ritiised by Kleefeld in [1017℄ forhaving negleted pole terms in the double subtrated dispersion relation. Bugg [1018℄ assigns thelow value to the neglet of virtual loops due to K �K ! �� and �� ! �� below threshold. Inludingthese hannels into a �t to all data gave a pole at 472�30� i(271�30)MeV/2. Leutwyler [1019℄addresses this question expliitly, suggesting that in Bugg's method, the inelasti hannels posesevere problems resulting in barely ontrollable errors (but not in their own method). The polestruture of the low energy �� sattering amplitudes was also studied in [1020℄. Low energy phaseshift data were �tted by imposing hiral unitarisation and rossing symmetry. A �(485) poleposition at M� = 470 � 50, �� = 570 � 50MeV/2 was found. The threshold parameters werefound to be in good agreement with results using the Roy equations.The pole struture of the low energy �� sattering amplitudes was studied in [1020℄ using a properhiral unitarisation method ombined with rossing symmetry and the low energy phase shift data.The �(485) pole position was found atM� = 470�50MeV=2, �� = 570�50MeV=2. Kaon deays,K ! 3� and K ! ��e� deays (see, e.g. [997℄ for reent high-preision data from NA48/2) givethe most preise data on low energy �� sattering in the S-wave. In a systemati evaluation ofdi�erent data sets, Yndurain (in ollaboration with Pelaez) [1021℄ determined a preise value forthe pole position of the �(485) resonane to be M� = (485 � 18)MeV, ��=2 = (255 � 12)MeV.The `Breit-Wigner' mass of the �(485) was determined, too, and values M0 = 790 � 25MeV=2and half width of �0=2 = 560� 60MeV=2 were obtained.We believe the �(485) to be established and quoteM� = (485� 40)MeV;�� = (565� 60)MeV (9.1)as �nal value whih we use for further disussion.The mass of the �(485) is driven by the value of f�. Does this require the �(485) to be unrelatedto q�q spetrosopy? The situation remotely resembles the need to introdue weakly interatingbosons into Fermi's four-point theory of weak interations. The linear rise of the ��ee� ross setionand unitarity lash at 300GeV; there must be aW�. But of ourse, this is not a ��ee� bound state.162
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Fig. 85. Magnitudes (a) and phases (b) of the I = 1=2 and 3=2 amplitudes. The data points are from LASS [223℄.The solid line represent a �t by Boglione and Pennington [1025℄ ompatible with onstraints from urrent algebra.Magnitude () and phase (d) of the S-wave amplitude from E791 results on D deays. The �t urve (labelled 2)to these data allows for an s-dependent fration of I = 1=2 and 3=2 amplitudes [1025℄. Curves 1 and 3 mark onestandard deviation away from the optimal �t.9.2 K� satteringThe LASS experiment at SLAC, arried out in the 70ties of the last entury and desribed insession 3.1.3, was the last one to satter low-momentum (11GeV/) kaons o� protons. For smallmomentum transfer to the target proton, the sattering proess K�p ! K��+n is dominatedby K��+ sattering. The two isospin ontributions, I = 1=2 and I = 3=2, an be separated bymeasuring also K+p ! K+�+n. From the angular distributions, both S-wave sattering ampli-tudes an be determined. The LASS ollaboration desribed the data (see Fig. 85, left panel)by a K�0(1430) and a range parameter whih gives an amplitude rising linearly with ps. Cur-rent algebra or Chiral Perturbation Theory demands an Adler zero of the amplitude at about(s�m2K + 12m2�) and an amplitude rising with s [1022,1023℄. The range parametrisation is heneinompatible with hiral symmetry. In prodution experiments, there is no Adler-zero suppres-sion, and this is the reason that the existene of the �(700) beame transparent in the analysis ofthe E791 Collaboration of data on D+ ! K��+�+ [522℄. Fig. 106d shows the Dalitz plot of thereation. The vertial line shows the large ontribution of the K�� isobar. The intensity vanishesin the entre of the K� ! K� deay angular distribution due to interferene with the K�� S-waveamplitude: The P -wave amplitude has an angular distribution / sin�, the S-wave amplitudeis onstant. Thus the interferene hanges from a destrutive to a onstrutive one for low K�masses; the opposite is true for high K� masses. Thus the salar phase an be dedued from theinterferene pattern [523℄. The same feature is observed in Fig. 106d with the � in K �K P -waveand f0(980) ! K �K in S-wave. The �t to the data from [522℄ revealed the existene of a �(700)having mass and width, respetively, ofM�i�=2 = (797�19�43)�i(205�22�44)MeV/2 [522℄,in agreement with a further analysis by Bugg, �nding (750�30�55)� i(342�60) MeV/2 [1024℄.The BES ollaboration found further evidene for �(700) from the reation J/ ! �K�(892)0K+��and dedued a pole at (841� 30+81�73) � i(309� 45+48�72)MeV/2 by averaging values dedued fromtwo di�erent methods. Bugg reanalysed also these data and found a pole position at (760�20stat�163



40syst)� i(420�45stat�60syst)MeV/2 [1026℄. As shown in [1027{1029℄, the LASS data alone yielda �(700) with (nearly) onsistent parameters when analytiity and hiral symmetry are respeted.How an we reonile these results with the strit statement of Cherry and Pennington [1030℄,`there is no �(900)' ? The authors of [1030℄ performed a `model-independent analyti ontinuationof the LASS data', determined the number and position of resonane poles, and onluded thatthere is a K�0(1430), and no �(900). These onlusions were on�rmed in an analysis presentedin [1031℄. However, both groups admitted that the LASS data annot rule out a �(700) well below825 MeV/2. Both, new data between the K� threshold and 825MeV/2 (where LASS data set in)and the proper inlusion of hiral symmetry, have �nally revealed the existene of a broad �(700).Very reently, Desotes-Genon and Moussallam used onstraints from the Roy equations for �Ksattering [1032℄, the existene of the �(700) was on�rmed and mass and width ofM� = 658�13and �� = 557� 24MeV=2 were given.In our judgement, a low mass K�0 exists, whih we will all it K�0(700) or �(700) withM� = 700� 80MeV=2; �� = 650� 120MeV=2 : (9.2)The entral value and the errors are hosen to inlude the (most reliable) result of [1032℄, notrejeting ompletely other evaluations giving higher mass values.9.3 Isovetor �� interations9.3.1 The reation ��p! ��0nThe reation was studied by the GAMS ollaboration using the 38 GeV/ ��-beam of the IHEPU-70 aelerator [290℄. The �� mass spetrum shows two peaks orresponding to a0(980) anda2(1320) formation, no shoulder is observed whih ould house the a0(1450). For �t < 1 (GeV=)2,a2(1320) dominates in the spetrum, at small momentum transfer, for �t < 0:05 (GeV=)2, theintensities of both peaks are atually similar. Prodution of a2(1320) is dominated by natural spin-parity exhanges (mainly �-exhange) in the t-hannel. For a0(980) prodution, only unnaturalexhanges are allowed in the t-hannel, and the data are onsistent with �2 as most signi�antexhange. No a0(1450) was seen in the data. No data on a0 deay into K �K were reported.9.3.2 The a0(980) and f0(980) from �pp annihilationThe Crystal Barrel detetor measured both �� and K �K �nal states and was thus one of the fewdetetors apable to determine a0(980) deays into both �nal states. Fig. 86a,b shows a0(980)in p�p ! ��K0K�, with K0 = K0L (a), K0S (b), respetively. In the �� mass distribution (),a0(980) manifests itself as a fast rise at 1GeV. The f0(980) is seen as a dip in p�p annihilationinto 3�0 (Fig. 86d). Its deay into K �K is diÆult to disentangle from deays of neutral a0(980); aoupled hannel analysis is needed invoking isospin relations to determine the f0(980) and a0(980)ontributions to the K0SK0S mass spetrum shown in Fig. 86e.Partial widths of resonanes are usually de�ned at their peak position. This is of ourse impossiblefor resonanes below an important threshold. One remedy is to determine ratios of partial deaywidths as ratio of events in di�erent �nal states. With this warning, we list the partial widths164
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Table 27Flatt�e parameters for the a0(980) (left) and f0(980) (right) mesons. The values ofmR, ��� ��� and EB are given inMeV. Values for referenes labelled with the supersript a are based on a parametrisation given by Ahasov [1036℄.The table is adapted from [1035℄.Ref. mR ��� �g� �gK R ER Ref. mR ��� �g� �gK R ER[1037℄ 999 143 0.445 0.516 1.16 7.6 [1038℄ 957 42.3 0.09 0.97 10.78 -34.3[247℄ 1001 70 0.218 0.224 1.03 9.6 [438℄a 975 149 0.317 1.51 4.76 -16.3[343℄ 999 69 0.215 0.222 1.03 7.6 [305℄ { 90 0.19 0.40 2.11 {[422℄a 995 125 0.389 1.414 3.63 3.7 [520℄ 977 42.3 0.09 0.02 0.22 -14.3[462℄a 984.8 121 0.376 0.412 1.1 -6.5 [421℄a 969.8 196 0.417 2.51 6.02 -21.5[1036℄a 1003 153 0.476 0.834 1.75 11.6 [463℄a 973 256 0.538 2.84 5.28 -18.3[1036℄a 992 145.3 0.453 0.56 1.24 0.6It is remarkable how large the spread in the binding energy EB and in the ratio R of the ou-pling onstants is. More work is ertainly needed to understand the proess-dependene of thesequantities. The large value of R underlines the strong aÆnity of f0(980) to the K �K system andan be used to argue in favour of a K �K moleular harater of the two mesons; see however thedisussion in setion 11.6.2.The masses of f0(980) and a0(980) are right at the K �K threshold; the impat of the thresholdon the �� mass spetrum an be seen in Fig. 86 (bottom, right) whih displays the �� spetrumreoiling against an ! in p�p annihilation at rest. Little kineti energy is available in this reation,a kinematial situation whih is not suppressed in p�p annihilation [730℄. The small kineti ener-gies give the optimum detetor resolution, and the non-Breit-Wigner mass distribution beomesimmediately visible. The Crystal Barrel ollaboration did not �t the data with the Flatt�e formula;also a study of p�p! !K �K was not made.9.4 Salar mesons in radiative � deaysThe open interpretation of the f0(980) and a0(980) mesons initiated experiments aiming at ex-ploring their nature. In the tetraquark interpretation, the 2-photon width was alulated to besuppressed [923℄ while large branhing ratios were predited for radiative � deays into f0(980)and a0(980) [1039℄. Thus there was hope that their nature an be identi�ed by a study of radiative� deays. The reations �(1020) ! �0�, �(1020) ! �0�0, and �(1020) ! �+�� were �rstobserved in the SND and CMD experiment at Novosibirsk (see setion 3.4.1), and the a0(980)and f0(980) ontributions were derived from �ts to the data [414,415,421,422,437,438℄. The threereations were also studied [462,463,467℄ with the Daphne detetor at Frasati , desribed brieyin setion 3.4.2. The latter experiment has the largest statistis; hene the Daphne results areshown in Fig. 87. The �0�0 invariant mass distribution exhibits a dip at about 500MeV/2 whihis interpreted in [463℄ as destrutive interferene between two Breit-Wigner amplitudes for �(485)and f0(980) prodution. The results of all three experiments are summarised in Table 28.Looking at Table 28 it seems safe to assume that the proess �(1020)! f0(980) is observed witha branhing fration of about 4 �10�4 of all deay modes. However, Boglione and Pennington [1040℄ritiised the KLOE analysis, reanalysed the data and found that the result depends ruially onthe parametrisation of the �� S-wave. The �� S-wave from Au, Morgan and Pennington [177℄,166
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Fig. 88. The �0�0 invariant mass distribution from Daphne [469℄. Data points are represented by dots, the thiksolid line is the result of a �t based on model in whih � mesons dissoiate in kaon loops radiating o� photons.B(�! S ! �0�0)= (1:07 +0:01�0:03 �t +0:04�0:02 syst +0:05�0:06 mod)� 10�4Mf0 =(976:8� 0:3 �t +0:9�0:6 syst + 10:1mod) MeV=2gf0K+K� =(3:76� 0:04 �t +0:15�0:08 syst +1:16�0:48 mod) GeV=2 (9.4)gf0�+�� =(�1:43� 0:01 �t +0:01�0:06 syst +0:03�0:60 mod) GeV=2 :Like the experimental unertainties in the determination of the radiative yield, the theoretialinterpretation whih one may �nd in the literature is far from being unique neither, with the q�q,q�qq�q, and the K �K moleular piture all being pursued and ompatible with data. In [1043℄ it isshown that the proesses �(1020)! �� and �(1020)! f0(980) an well be desribed assumingf0(980) to be dominantly q�q. Ahasov [1044℄ and Ahasov and Kiselev argue [1045℄ that a0(980)and f0(980) prodution in radiative � deays gives new evidene in favour of their tetraquarknature. But also the moleular piture is not exluded [1046℄. Radiative deays of � mesons intosalars are shown to require a sizable K �K omponent of the salar mesons, but do not allowto disriminate between ompat moleules and q�q states when they are allowed to disintegrateinto a kaon loop. Close and Tornqvist [1047℄ propose a nonet of omplex objets: near the entrethey are 4-quark states, with some (q�q) in P -wave; further out they rearrange in olour to twoolourless (q�q) pairs and �nally to meson-meson states. Beveren and olleagues [822℄ show howlight and heavy salar mesons an be linked to one another by a ontinuous variation of the massesinvolved. They onlude that all salar mesons an be understood as ordinary q�q states stronglydistorted due to oupled hannels, and suggest that labelling salar mesons as q�q states as opposedto dynamial meson-meson resonanes makes no sense, sine one kind of pole an be turned intoanother by tiny parameter variations. For the moment, we leave the question of the nature ofthese states open, and disuss further data. The issue will be resumed in setion 11.6.2.9.5 Salar mesons in 2-photon fusionThe radiative width of resonanes, their oupling to two photons, provides another handle on theirinternal struture. Fig. 89 shows data on two-photon fusion into a pion pair from [1048{1050℄.Identi�ation of salar mesons in two-photon fusion requires data with polarised photons andomplete angular overage of the hadron �nal state. Suh data do not exist; other onstraints areneeded to make a partial wave separation possible. Boglione and Pennington [1051, 1052℄ haveused several onstraints to dedue the salar part of the interation. At low energies  ! ��is dominated by a Born term. Unitarity requires that the  ! �� proess is related to ��168
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arrive at their result [1054℄. Hanhart, Kalashnikova, Kudryavtsev, and Nefediev [1055℄ argued fora moleular piture of f0(980). Their results are listed in Table 29. From an experimental pointwe �nd it hard to di�erentiate between a q�q or qq�q�q state (the `seed') deaying into the �nal statevia a K �K loop and, on the other hand, a truly moleular K �K state, having no seed bound byhromo-eletromagneti fores. In a reent paper, Pennington asks \Can Experiment DistinguishTetraquark Salars, Moleules And q�q Mesons?" [1058℄. His answer is yes, with some onditionalifs, in partiular only when the wave funtion does not have a ompliated Fok spae expansion.Applied to the �(485), the diret answer from its 2-photon oupling assigns a q�q nature [1059℄.Obviously, suh preditions have to be taken with some preaution.9.6 Prodution of f0(980) as a funtion of tThe GAMS ollaboration reported a peuliar behaviour of f0(980) prodution in the reation��p ! n�0�0. For small momentum transfers between the proton and the neutron (�t <0:1 GeV2), the salar amplitudes show a dip around 1 GeV, while f0(980) is observed as a peakfor large momentum transfers (�t > 0:4 GeV2). This observation has been interpreted as evi-dene for a hard omponent in the f0(980) [35, 852, 1060, 1061℄. However, the strong dependeneof f0(980)-prodution on the momentum transfer between proton and neutron an also well bereprodued by a hange of the interferene between the resonane struture and the non-resonantbakground when �� and a1(1230)� sattering are onsidered, and the data are fully ompatiblewith the moleular piture of f0(980) [1062{1065℄.

Fig. 90. The reation ��p! �0�0n as a funtion of the momentum transfer to the �� system [285℄.170



Table 30Yield of light mesons per hadroni Z0 deays as a funtion of the mesoni mass [1038,1066℄.�0 9:55� 0:06� 0:75� 0:97� 0:03� 0:11�0 0:14� 0:01� 0:02 a�0 (980) 0:27� 0:04� 0:10 f0(980) 0:141� 0:007� 0:011�(1020) 0:091� 0:002� 0:003f2(1270) 0:155� 0:011� 0:0189.7 Salar mesons in fragmentationThe f0(980) and a0(980) wave funtions were tested at LEP by a study of Z0 fragmentation intoquark- and gluon jets. Some total inlusive rates for meson prodution from Z0 fragmentation arelisted in Table 30.There is a strong mass dependene of the prodution rates. The three mesons �0, f0(980) anda0(980) - whih have very similar masses - have prodution rates whih are nearly idential (thetwo harge modes of the a0(980)� need to be taken into aount). This fat was interpretedin [1038℄ as evidene that at short distanes, the three mesons have the same internal struture.Fig. 91 shows the prodution harateristis of the f0(980) ompared to those of f2(1270) and�(1020) mesons, and with the Lund string model of hadronisation in whih f0(980) is treatedas a onventional meson. No di�erene is observed in any of these omparisons between f0(980)and f2(1270) or �(1020). The prodution harateristis of f0(980) are fully onsistent with thehypothesis that it is a q�q state. Further tests were made [1038℄ on�rming this onlusion: thetotal number of harged partiles per event or seletion riteria to enhane or suppress gluon jetsor quark jets led to no signi�ant deviations between data and Monte Carlo simulation assigninga n�n nature to f0(980) and a0(980) (at the moment of their reation).
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9.8 Salar mesons from hiral symmetryOller, Oset, and Pelaez used Chiral Perturbation Theory (�PT) to study low-mass salar meson-meson interations [127{129℄. The authors inluded order p4 terms in the hiral expansion andoupled hannels e�ets. Resonanes were onstruted using the Inverse Amplitude Method [130,1067℄ whih avoids onits with unitarity. The phase shifts of �� sattering, the �� ! K �Ktransition amplitude, the phase shifts of �K sattering and the �� mass distribution for the a0resonane were well reprodued. The authors suggest that the resonanes a0(980); f0(980); �(485),and �(700) form a nonet of dynamially generated resonanes, unrelated to q�q spetrosopy sinethey have put no ab-initio resonane into the formalism. Of ourse, the low energy onstantsmay not be really independent of any resonane physis. Their onlusions are on�rmed by areent analysis of van Beveren, Bugg, Kleefeld, and Rupp [861℄ in whih generation of �(485),�(700), a0(980) and f0(980) is a balane between attration due to q�q loops and suppression ofthe amplitudes in the hiral limit. The immediate question arises: are there more dynamiallygenerated resonanes and how an they di�erentiated ?In �PT, the dependene of low energy onstants on the number of olours N an be derived.Then masses and widths are known as funtions of N. The mass of a q�q meson should not dependon N: it does not matter if the q�q pair is red, green or blue or has additional olour options. Thewidths however sales with 1/N sine the newly reated q�q pair must have olour and antiolourto math the olour of the mesoni q�q pair at the instant of pair reation.Fig. 92 shows, for inreasing N, the evolution of the pole positions of light vetor and salarmesons [1068, 1069℄. The � and K� masses remain onstant for inreasing N while the widthsbeome narrower. This is the behaviour expeted for `normal' q�q mesons. In the �(485) and �(700)region, the signal dilutes as it does in the f0(980) and a0(980) region. In the large N limit, thelow-mass salar mesons are lost. This behaviour does not depend ritially on the renormalisationsale hosen in the range � = 0:5 � 1 GeV. The behaviour is inompatible with these partilesbeing q�q mesons. Only a0(980) survives for very small values of �. Hene a q�q nature of a0(980) isnot fully exluded. But in this interpretation, all four states, �(485), �(700), f0(980), and a0(980),are dynamially generated poles probably unrelated to the physis of q�q states. The N dependeneof light mesons was also studied by Uehara [1070℄; in agreement with Pelaez it was found that �and K� survive for large N as narrow width resonanes while the salar mesons below 1GeV fadeaway already when N exeeds 6.
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9.9 A low-mass nonet of salar mesonsThere is now solid evidene that there are nine low-mass salar mesons. These are Æ; S�, �(485),�(700) or a0(980), f0(980), f0(485), K�0 (700). Likely, they form a SU(3) nonet. There is, however,still ample room for di�erent interpretations.Hanhart, Kalashnikova, Kudryavtsev, and Nefediev [1055℄ and C. Hanhart, private ommunia-tion, argue that the salar nonet, in partiular f0(980), must be interpreted as K �K moleule. If thepole position of a state is muh loser to a threshold than any intrinsi sale of the problem, onean disentangle the moleular omponent from the ompat one. The idea is based on analytiity:if the pole is predominantly generated from the non-analyti piees that emerge from the loops ofthe onstituents, then it deserves the name moleule. If the pole is predominantly generated fromquark dynamis, it an only lead to ontributions analyti in s, and it should be alled a ompatstate.Ahasov [1044℄ has a di�erent view: he sees the ow-lying salar mesons as ompat tetraquarkstates as they result for instane from the MIT bag model [1071,1072℄. The ompat objet deaysvirtually into a K �K loop whih is responsible for the deay dynami.Beveren and ollaborators argue that the strong oupling of q�q states to the meson-meson ontin-uum gives rise to a doubling of states but that it makes little sense to talk about intrinsi resonanesand dynamially generated poles [1073℄. The �(485) and �(700) still have q�q seeds and the �(485)still is the hiral partner of the pion. The D�s0(2317) is linked to the �(700) while the next �s quarkmodel states are predited to have a pole position at M � i12� = 2800� i200MeV [1074℄, very faro� the Godfrey-Isgur predition [171℄. Obviously it is wrong to onsider the quark model states asindependent of the interation of their deay produts; oupled hannel e�ets and unitarity havea signi�ant impat on the properties of quark model states even though the seed of these statesmay still be of q�q nature. It is suggested that the oupling between q�q and meson-meson systemsleads to a doubling of states.Tornqvist [1075℄, imposing the Adler zero and unitarity, identi�ed low-mass salars as q�q objets.He found `that in partiular for the a0(980) and f0(980) the K �K omponent in the wave funtionis large, i.e., for a large fration of the time the q�q state is transformed into a virtual K �K pair.This K �K omponent, together with a similar omponent of �0� for the a0(980), and ��, ��0 and�0�0 omponents for the f0(980), auses the substantial shift to a lower mass than what is naivelyexpeted from the q�q omponent alone'. His view �nds support in an analysis ofDs ! 3� deay viaf0(980) [1076℄. The f0(980) resonane is interpreted as s�s state with signi�ant K �K omponent.Ds ! 3� deays via f0(980) ouple to its s�s omponent. The methods are tested using the morefrequent proess Ds ! ��. In a reent paper by van Beveren, Bugg, Kleefeld, and Rupp the�(485), �(700), a0(980) and f0(980) nonet is interpreted as balane between attration due to q�qloops and the suppression of the amplitudes at the Adler zeros [861℄.Boglione and Pennington used a toy model to study this phenomenon [1077℄. Starting with justone bare seed for eah member of a salar nonet, they generated two isovetor states whih theyidenti�ed with the a0(980) and the a0(1450). In the I=1/2 setor, they generated states withmasses above 1 GeV but not the �(700). The isosalar setor proved to be the most ompliatedone and the outome was very strongly model dependent but the ourrene of numerous stateswas ahieved. Beveren, Pennington and Tornqvist, interpret the salar mesons as being generatedby both q�q mesons and moleular fores. The interplay of diret QCD fores and moleular foresis suggested to generate two nonets but all mesons are supposed to have a similar struture: they173



are q�q mesons with properties whih are strongly inuened by their oupling to the ontinuum.If this view holds true, we should expet that salar mesons do not behave like 13P2 q�q mesonsdo; the salar mesons may be more ompliated than their tensor brothers. Both senarios agreein the number of states: when the number of salar states is ounted { to answer the questionif a salar glueball hides in the spetrum { the low-lying salar meson nonet is supernumerous.However, there is ertainly a strong model dependene in suh a statement.QCD sum rules were exploited by several authors to shed light onto the salar mesons. Sumrules are a powerful tehnique to study hadrons. However, there is no diret orrespondenebetween the onstituent quark piture and the operator (urrent) quark piture. Diquarks arethus not a meaningful onept is in sum rule approahes [1078℄, and are must be taken notto overinterpret the results. Brito, Navarra, Nielsen, and Brao found that the mesons deayonstants and hadroni ouplings are onsistent with a tetraquark struture for the light salarmesons [1079℄. Chen, Hosaka and Zhu [1080℄ determine the mass spetra for tetraquark and q�qsalar mesons, and �nd the tetraquark states below, the q�q mesons above 1GeV. Matheus, Navarra,Nielsen and Rodrigues da Silva use QCD sum rules to argue against the tetraquark of the lightsalar nonet [1081℄. Obviously, this question is not yet settled.The low masses of �(485), �(700), a0(980) and f0(980) { ompared to any quark model predition{ �nd a well-founded explanation by Ja�e's tetraquark piture [906℄. These tetraquark states arenot ompat objets like those of Ahasov. The di�erene an be understood disussing a toymodel to illustrate the relation between a `moleular' state and a state bound by hromodynamifores, see [1082℄ and Ja�e, private ommuniation. In the toy model, the four quarks are boundvery weakly inside of a strong interation volume; outside, the K �K system is supposed not tointerat. If the olour fores are strong enough to bind the system, its small binding energy foresthe system to beome large. Thus f0(980) does not need to be a ompat objet but four quarkorrelations are still a deisive element. The f0(980) is bound by mesoni fores. But the foresare hromodynami in origin and do not have a simple representation in terms of meson-exhangefores between the nuleons.The 1/N expansion identi�es the low-mass salar mesons as non-q�q objets. In the 1/N expansion,salar mesons ertainly behave di�erently than vetor mesons do. This does not imply that thelow-mass salar mesons have no q�q omponent. Salar mesons have a strong oupling to theirS-wave deays, and this may already be suÆient to dilute their existene in the large N limit.At present, it is not lear if any salar meson survives the 1/N test as a q�q state.It would be very illustrative to try to di�erentiate the 1/N behaviour of the f1(1420) and f1(1510).Both mesons deay into K�K in S-wave. Based on the Gell-Mann-Okubo mass formula and SU(3)symmetry of meson deays, Gavillet et al. [1083℄ onluded that a1(1260); f1(1510); f1(1285); K1Aand b1(1260); h1(1170); h1(1380); K1B form two nearly ideally mixed nonets, with K1A; K1B mixingto form the observed K1(1280) and K1(1400). The f1(1420) was interpreted by Longare [1084℄ asmoleular utuation between a pion, orbiting in P -wave around a salar s�s ore, and a K�K in S-wave. Based on their glueball-q�q �lter (disussed in setion 10.2), Close and Kirk [713℄ interpretedthe f1(1420) as SU(3) partner to the f1(1285) and determined a avour singlet-otet mixing angleof approximately 50 degrees. The latter interpretation is adopted by the Partile Data Group [1℄.There are thus still many dissenting views of the low lying salar mesons. Di�erent interpretationsof the low-mass region often entails di�erent interpretations of the mass region above 1GeV. Onehas to aept that at present, some questions do not �nd a unique answer: the q�q, the tetraquark,and the moleular piture all give e.g. reasonable desriptions of the proess �! �� and! ��.174



Even though we assign �(485); �(700); a0(980) and f0(980) to one nonet, we will, in setion 11on `Salar mesons and their interpretation', present di�erent views as well. We will disuss themesons below 1GeV as originating from meson-meson dynamis, with or without q�q and q�qq�qfrations being mixed in. On the other hand, 1GeV exeeds perhaps the range of appliability ofhiral symmetry, and we will also disuss views of salar mesons in whih a0(980) and f0(980) areinterpreted as members of a regular nonet of q�q mesons and in whih only �(485) and �(700) aregenerated dynamially (even though we do not share this view). The �(485) is ertainly betterestablished than the �(700); thus interpretations aepting the �(485) and ignoring the �(700)will also not be disarded in the disussion. Last not least, the full nonet of light salar mesonsmay have a q�q seed with properties strongly inuened by their ouplings to two pseudosalarmesons as proposed in setion 11.6.2.
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10 Salar mesons above 1GeVIn this setion data will be presented and disussed whih ontribute to the spetrum of salarmesons above 1GeV. The main fous will be on the existene and the properties of isosalar salarandidates whih have been suggested, f0(1370), f0(1200 � 1600), f0(1500), f0(1670), f0(1710),f0(1790), f0(1810), f0(2000), f0(2100). This is an unexpeted large number; the quark modelexpets 4 (possibly 6) states, QCD predits one salar glueball in this mass range. Of ourse,there might be qq�q�q and hybrid states in addition. On the other hand, it is also not unlikely thatsome of these states do not survive ritial disussions of their viability. In a �rst san, we presentresults from individual experiments; at the end of this setion results from ombined �ts to severaldata sets will be presented. This allows us to de�ne the impat of individual experiments and toemphasize the virtue of getting a onsistent piture of a large number of meson resonanes from�ts to many reations.10.1 Charge exhangeThe CERN-Munih experiment (see setion 3.1.1) on the harge exhange reation ��p! n�+��overed the meson mass range from 600 to 1900MeV. The data are still used to onstrain modernpartial wave analyses. General features of apparatus and of the data were presented in [204℄,prodution mehanism and t dependene studied in [206℄. The results of energy-dependent andenergy-independent partial wave analyses on the �+�� system an be found in [205,210℄. Isotensor�� interations were studied in [208,211℄. Later, the H2 target was replaed by a polarised targetproviding for `model-independent analyses' of the �+�� [212℄ and K+K� systems [1085℄. Partialwave analyses of the CERN-Munih data were also performed by Estabrooks and Martin [994,1002, 1086℄ and Martin and Pennington [1087℄. The salar isosalar phase motion above 1GeVof the CERN-Munih data is presented in Fig. 93 for the four di�erent CERN-Munih solutions.In all four ases, the phase motion exhibits a resonane-like behaviour in the 1500MeV region,

Fig. 93. The salar isosalar phase from CERN-Munih data on ��p! n(�+��)S�wave for four di�erent solutions[1002, 1086℄. A K-matrix �t to the yields onsistent parameters for f0(980) and one seond resonane at a massbetween 1.5 and 1.6GeV [1088℄. 176



and a hint for a further phase advane above 1.7GeV. Estabrooks �tted the data (plus the databelow 1GeV and the �� ! K �K data) using a two-hannel K-matrix [1088℄. Two resonanes anda slowly varying bakground amplitude were suÆient to get a good �t. The f0(980) mass andwidth were onsistent in all four �ts, the f0(1500) { as it is alled now { ame out with mass andwidth between 1.5 and 1.6GeV and 140 and 320MeV, respetively.A reent energy dependent �t to the CERN-Munih data was performed by L. Li, B. S. Zou, andG. l. Li [991℄. Ambiguities were not disussed, but onstraints from knowledge of other experimentswas built into the analysis. The authors used t-hannel � exhange to �t the �� isotensor interationand �xed the � exhange ontribution to the isosalar interation by the relation TBorn(I = 2) =�12TBorn(I = 0). This part of the amplitude gave rise to a �(485) pole at (0:36�0:53i) GeV. Tworelatively narrow resonanes were found, f0(980) and f0(1500), and a broad one with a pole at(1:67� 0:26i)GeV. The f0(1370) and f0(1710) mesons were not observed.The exhange harater of the interation an be seen in Fig. 94 where the S-wave intensity isshown as a funtion of the squared momentum transfer jtj. The data stem from a harged exhangeexperiment (E852) at BNL using a 18:3GeV/ pion beam [253℄. A short desription of the detetorwas given in setion 3.1.5. For large momentum transfers to the proton, not only pions but alsoheavier mesons, in partiular a1(1260), are exhanged. The quantum numbers of the exhangepartiles are restrited by onservation laws. Of ourse, when a pion is exhanged, the �(1300)an also be exhanged. Generalising the onept, the exhange of q�q pairs is referred to as Reggeonexhange.

Fig. 94. The S-wave intensity as a funtion of jtj at 1:30GeV=2 ompared with one-pion exhange. At small jtjdata are well desribed. At higher jtj, additional exhange urrents like a1(1260) exhange start to ontribute [253℄.A turnover expeted at low t was not observed.The S-wave mass distributions for di�erent intervals of t are shown in Fig. 95 together witha �t by Anisovih and Sarantsev [859℄. The ontribution of a1(1260) deserves some omments.Apart from � and a1(1260) exhanges, there is the possibility of signi�ant �(1370) or a2(1320)exhange ontributions. The S; P0; P+; P� amplitudes and their relative phases depend on thenuleon heliities [993℄. Without using a polarised target, the partial waves P0 and P+ annot bededued from the moments without further assumptions. At low q2 and for pion exhange, thephase between P0 and P+ an be shown to vanish; the �� phase is then the same for spin-ipand spin-non-ip at the �N vertex. This is expeted in the hiral limit and holds true for thereonstruted amplitudes. Under these onditions, the rank of the spin-density matrix is one, andall amplitudes an be �xed (apart from the 2n fold ambiguities when the real part of the amplitudes177



M [GeV/2℄Fig. 95. The reation ��p ! p�0�0 18:3GeV/ for di�erent t-intervals [253℄. The dashed urve shows the ontri-bution of the a1-trajetory, the dotted urve of the pion trajetory [859℄.has n zeros). For large t and omplex exhange urrents the hypothesis does not need to be ful�lled,and the bump in the �� mass distribution ould reeive large ontributions from a feedthrough off2(1270) prodution. The warning is important sine the data are used to argue that the existeneof f0(1370) follows unambiguously from this data (and similar data on �� ! K �K).Above the K �K threshold, inelasti reations set in. As seen in Fig. 81, the �� S-wave intensityexhibits dips at the f0(980) and f0(1500) masses. In the mass range up to 1500MeV, open hannelsare �� ! K �K; ��, and 4�. Fig. 96 shows data on the former two hannels. The K0SK0S massdistribution falls o� from a maximum value due to f0(980) formation, show a dip-bump strutureat and dereases sharply at 1500MeV. The �� mass distribution exhibits a striking dip at thismass. The data were reently �tted by Bugg [1089℄, with and without introdution of an amplitudefor f0(1370). The K0SK0S mass distribution is better desribed when f0(1370) is introdued eventhough the phase motion is still problemati for masses below 1.25GeV. The disussion if aresonane f0(1370) exists or not will be resumed in setion 10.4.10.2 Salar resonanes from entral produtionDouble Pomeron Exhange is one of the reations whih are supposed to reveal the existene ofglueballs. Double Pomeron Exhange (PP ! MX) is expeted to ontribute a large fration toentral prodution even though the systemati of meson prodution provides only limited supportfor this onjeture. The tehnique of entral prodution experiments and a survey of results waspresented in setion 4.1.3. Pseudosalar, axial vetor and JPC = 2�+ mesons seem to be produedmainly via Reggeon-Reggeon fusion (RR ! MX). For tensor mesons, the available data are notonlusive while prodution of salar mesons follows losely the expetation from Double Pomeron178
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Fig. 96. . Salar partial wave produed in �p-ollisions at small momentum transfers t. a + d) �� ! K �K, rossesshow data from Martin and Ozmutlu, irles those of Lindenbaum and Longare [1090, 1091℄. b) phases of Etkinet al. [1092℄.  + e) �� ! ��, data from Binon et al. [82℄. The solid lines in a,b,) show the best �t by Bugg [1089℄whih inludes f0(1370), in d,e) the f0(1370) resonane is omitted from the �t. The dashed urve shows the intensityof f0(980) and the dotted urves that from �(485).Exhange: in entral prodution at ps = 29:1GeV, the a0(980)=f0(980) ratio is � 1=10, f0(1500)prodution is observed, a0(1470) prodution not, and the frequeny of salar mesons as a funtionof the four-momentum transfer is ompatible with the expeted ebt distribution. In this setionwe restrit the disussion to salar mesons and assume that the dominant prodution proess isPomeron-Pomeron fusion.The WA102 results on entral prodution of �+�� [314℄ are summarised in Fig. 97. The �gureshows (a) the so-alled Ehrlih distribution (square of the transverse missing mass) suggestedin [1093℄ with a peak at the squared pion mass. A ut �0:3 � M2X � 0:2 GeV 2 selets events forfurther analysis. The pfast�� e�etive mass spetra are plotted in Fig. 97b,, respetively. In thepfast�+ mass distribution (Fig. 97b), �++(1232) is observed, while in pfast�� (Fig. 97) there isobviously also signi�ant prodution of ��'s or N�'s at higher mass. Both �(1232) signals were
f) g) h)

Fig. 97. Extration of entrally produed �+�� pairs. a) The Ehrlih mass squared distribution, b) the M(pf�+)and ) theM(pf��) mass spetra. d) The xF distribution for the slow and the fast partile, and for the �� system.e) The entrally produed �� invariant mass distribution. The physial solution from the PWA of the �� �nalstate. Full mass range (f); the 1 to 2GeV region without (f) and with (h) inlusion of f0(1710) in the �t [314℄.179



removed by a ut M(pfast�) > 1.5 GeV; there is a similar ut on slow-proton exitations. It wasveri�ed by a ut M(p�) > 2.0 GeV that prodution of high-mass baryon resonanes does not leadto signi�ant hanges in the �nal results. The Feynman xF distributions for the `slow' and `fast'partiles and the �� system are shown in Fig. 97d. The entral region is learly seen to lie withinjxF j � 0:25. The resulting entrally produed �� mass distribution is shown in Fig. 97e. A small�0(770) signal and some f2(1270) an be seen and a sharp drop at 1GeV whih is due to interfereneof f0(980) with the S-wave bakground. A seond dip develops at 1.5GeV due to f0(1500). Thepartial wave analysis of this data was performed assuming the �� system to be produed by theollision of two objets (e.g. two Pomerons or Reggeons) and full oherene of the �nal state. Asdisussed above, the latter assumption is a strong but untested onstraint. The data was dividedinto mass bins and expanded into multipoles from whih the partial wave amplitudes were derived.A system with S; P and D waves has eight solutions for eah mass bin. In eah mass bin, one ofthese solutions was found from the �t to the experimental angular distributions while the otherseven an then be alulated by a method desribed by Chung [1094℄. The solutions in adjaentmass bins were required to be analytial funtion of mass [289℄. Under favourable irumstanes,the linking proedure leads to eight global solutions. They all give idential moments but di�er inthe physial ontent. Di�erentiation between the solutions requires additional input suh as therequirement that, at threshold, the S-wave is the dominant wave. Apart from the S-wave, thedata show lear evidene for �(770) in the P� wave and for f2(1270) in the D� wave, produeddominantly with m = 0.The S-wave of the surviving solution is shown in Fig. 97f-h. The data exhibit a strong thresholdenhanement followed by drops in intensity at 1GeV and at 1.5GeV as seen already in the globalspetrum. The S-wave was �tted with a bakground of the form a(m � mth)be(�m�dm2) { withm as �� mass, mth as �� threshold mass and a; b; ; d as �t parameters { and three interferingBreit-Wigner amplitudes to desribe f0(980), f0(1370) and f0(1500). The �t is shown in Fig. 97ffor the entire mass range and in Fig. 97g for masses above 1 GeV. A forth state, f0(1710), leadsto a signi�ant improvement of the �t, see Fig. 97h. We quote here parameters (pole positions onsheet II) whih were determined from a oupled hannel analysis on entrally produed �� andK �K pairs [305℄ f0(980) M = 987� 6� 6 �i (48� 12� 8) MeVf0(1370) M = 1312� 25� 10 �i(109� 22� 15) MeVf0(1500) M = 1502� 12� 10 �i (49� 9� 8) MeVf0(1710) M = 1727� 12� 11 �i (63� 8� 9) MeVwhih are onsistent with the PDG [1℄ values for these resonanes.In the K �K S-wave (Fig. 98a), a strong threshold enhanement is observed due to f0(980) with along tail whih may omprise f0(1370), f0(1500) and f0(1710). The latter two resonanes are seenas peaks. Partial deay widths of f0(1370) and f0(1500) will be disussed below (see Table 32),here we quote Bf0(1710)!KKBf0(1710)!�� = 5:0� 0:6� 0:9 (10.1)The f0(1710) must have a large s�s omponent. The D-wave (Fig. 98b) resonates at the f2(1270)and f2(1525) masses, and at 2.15GeV. The latter resonane is also seen in the D-wave �� massdistribution (Fig. 98d) to whih also f2(1270) ontributes. The salar wave (Fig. 98) evidenesf0(1500)! �� deays. There is a shoulder at low �� masses whih is assigned to f0(1370).The ��0 mass distribution (Fig. 98e) is interpreted by two Breit-Wigner amplitudes with (M ; �) =180
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Fig. 98. The S (a,) and D (b,d) wave for K �K [301℄ and �� [310℄ in entral prodution. e) the ��0 and f) �0�0 massdistributions [306℄.(1515� 12 ; 55� 12)MeV and (1934� 16 ; 141� 41)MeV, respetively, and a phenomenologialbakground in the form a(m�mth)be�m�dm2 , where m is the ��0 mass. The higher-mass resonanewas observed before by GAMS [281℄, also in ��0. It should be remembered that GAMS had observedan �� enhanement at 1590, the so-alled G(1590) [280℄. The �� distribution showed a pronounedpeak just below 1.6GeV whih was interpreted as a resonane. The data is now explained as bumpfollowing a dip at the f0(1500) mass [859℄. Possibly, (Fig. 98e) should be interpreted by dips at1500 and 1710MeV (and possibly at 2100MeV) in an ��0 bakground spetrum. In the �0�0 massdistribution (Fig. 98e), a prominent peak at about 2GeV is observed. Its deay angular distributionsuggests tensor quantum numbers. It ould be related to the D-wave resonane in K �K and ��even though the masses are not fully onsistent.It is interesting to ompare the 2� distributions from entral prodution (Fig. 97f) with those onthe ��S�wave from harge exhange in a 100GeV pion beam (Fig. 81). In harge exhange, there isa bakground amplitude with a dip due to the f0(980). The �� elasti sattering amplitude is atthe unitarity limit; above the K �K threshold the amplitude is still lose to it. In entral prodution,a very large low-mass enhanement is observed. Minkowski and Ohs argue that this large S-waveontribution is a new e�et spei� for entral prodution and originating from Pomeron-Pomeronfusion [950℄. The large intensity is however as well expeted from the 1=M2 dependene of theentral prodution yield.A bump-dip-bump struture is observed in entral prodution of four pions, too. Fig. 99 shows 4�invariant mass spetra from the WA102 experiment [311℄. In the �� salar intensity distribution, alarge peak at 1370 MeV is seen followed by a dip in the 1500 MeV region and a further (asymmetri)bump. This behaviour is in sharp ontrast to the �� invariant mass distribution showing anisolated peak at 1500MeV. This is on�rmed by the 4�0 invariant mass distribution whih anreeive ontributions from �� but not from ��.The f0(1710) is observed neither in �� nor in ��. Instead, a new salar isosalar �� resonane,f0(2000), is suggested. Masses and widths of f0(1370) and f0(1500)181
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Fig. 99. 4� invariant mass (in GeV) spetra from entral prodution. a) �� S-wave from 2�+2��; b) �� S-wavefrom from �+��2�0; ) �� S-wave 2�+2��; d) �� S-wave from �+��2�0; e) �� S-wave 4�0.f0(1370) M = 1309� 24 �i(163� 26) MeVf0(1500) M = 1513� 12 �i(58� 12) MeVf0(2000) M = 1989� 22 �i(224� 42) MeVare ompatible with the �ndings from entral prodution of �� and K �K. The state at 1989MeVould be related to the ��0 enhanement in Fig. 98e and to similar observations in p�p annihilationin ight [366, 405℄, see the end of setion 10.3. From the data and the �ts, ratios of partialdeay rates were derived given in Table 32. They will be disussed jointly with results from �ppannihilation experiments. The f0(980) ouplings were observed with g� = 0:19 � 0:03 � 0:04,gK = 0:40� 0:04� 0:04.The data on entral prodution of four pions [307,311℄ are well suited to highlight the rôle of theClose-Kirk glueball �lter [713, 717℄. Fig. 100 shows the salar 4� mass distribution for events inwhih the fast and the slow protons are sattered (a) into the same diretion (� � 0Æ) or (b) intoopposite diretions (� � 180Æ).A rotation in angle � leads to a signi�ant hange of the RR!M kinematis and to a dramatihange of prodution mehanism. As example we onsider the symmetrial ase where the twosattered protons redue their longitudinal momenta by the same value (in the ms), i.e. jP1Lj =jP2Lj, and obtain equal transverse momenta jP1T j = jP2T j. The transverse momenta ~P1T and ~P2Tmay point into the same diretion, then � vanishes; or they may point into opposite diretionswith � = 180Æ. For a spei�ed mass of the entrally produed system,M2X = 4(t+ P 2L + P 2T sin2(�=2))) (10.2)holds where t the momentum transfer to system X by eah proton. The � dependene observedin Fig. 100 is thus related to a onsiderable variation in t.182



b)
Fig. 100. The JPC = 0++ �� wave from entrally produed �+���+�� as a funtion of �. a) j � j� 45Æ, b)j �� 180Æ j� 45Æ.Suh e�ets are observed in various reations. We give a few examples:- in di�rative prodution of �� by pions, the signal in the a1 region is dominated by the Deke�et at small �t and by a \true" a1 signal at large �t;- in the reation ��p ! ��n , the interferene of f0(980) with the wide �� S-wave is purelydestrutive at small �t due to unitarity and mainly onstrutive at large �t, where unitarityonstraints are relaxed.Three interpretations were o�ered to explain the hange in the mass distribution when di�erent� ranges are seleted.� Close and Kirk ompared the � dependene of di�erent mesons and notied that unonventionalstates have a large hane to be produed with j � j� 45Æ while established q�q mesons have abetter hane to be seen with j �� 180Æ j� 45Æ [713, 717℄. It was suggested that at small dkT ,the prodution of glueball andidates is enhaned and the prodution of mesons is suppressed.At large dkT , there is ample prodution of mesons and little prodution of glueballs. In the�ts [307, 311℄, the strong enhanement at � 1:4GeV was assigned to f0(1370), the f0(1500)produes a dip. In this view, three proesses ontribute to entral prodution, gluon-gluonfusion (Fig.101a), q�q prodution (Fig.101b) and a general unspei�ed bakground.� Ohs and Minkowski [178℄ assigned the dips to prodution of q�q mesons. The wide bakgroundis produed by diagram Fig.101a and is alled red dragon. It is argued that the f0(1370) doesnot exist; instead, the slow bakground phase motion seen in �� sattering is due to a verybroad resonane f0(1000), and this is believed to represent the salar glueball.� A third explanation of these e�ets was o�ered in [35℄. The starting point of the interpretationis the similarity of the dips observed in �� sattering (Fig. 81) and in 4� entral prodution(Fig. 100b). The peak at 980MeV in Fig. 81 disappears gradually when the kinematial regimeis hanged (Fig. 94) and may even turn into a peak. The gradual disappearane of the 4� dipin Fig. 100a ompared to Fig. 100b suggests that the same mehanism is at work. The dip ispronouned for small values of t. For opposite side sattering, the objet M is produed bynearly real Pomerons (t0 � 0). Unitarisation of the sum of elasti bakground amplitude andthe resonant f0(1500) amplitude auses the observed dip. In ase of one side sattering just theobjet M is balaning the transverse momentum of both protons and the objet M is produedby highly virtual Pomerons t0 � �P 2T , and unitarisation has a redued inuene only. Sine abakground amplitude and unitarity e�ets were not taken into aount in the analysis [307,311℄,183



the results ould be misleading.
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b) c)Fig. 101. Proesses ontributing to double Pomeron exhange. a) Glueballs may be produed by ouplings of twoPomerons to glue. b) Exhange of a quark leads to prodution of q�q. a) and b) are short range proesses. ) Atlarge distanes, mesons an be exhanged between two Pomerons.The spetaular e�ets (Fig. 100 shows one example) are well explained without requiring intro-dution of new states. We believe that two mehanisms ompete, produing mesons and a generalbakground. The latter proess is probably more peripheral (smaller �t). In [35℄, the two proessesdepited in Fig. 101b and  to are supposed to ontribute to the 4� system: quark exhange atshort distanes and a long-range exhange reating a bakground amplitude. To produe a ��bakground amplitude, a � trajetory needs to be exhanged between the two Pomerons; to pro-due ��, a pion trajetory is needed. Thus there is not one red dragon but a whole family of reddragons. For peripheral interations, they exhange e.g. a � meson and two �'s are seen in the �nalstate. This proess yields a bakground amplitude. For large �t, the interation is short range,a quark an be exhanged and Pomeron-Pomeron fusion leads to prodution of salar q�q mesonswhih interfere destrutively with the bakground amplitude. Experimental data show that thereis no �� bakground; the �� �nal state an only be reahed via formation of a q�q resonane, seeFig. 100.10.3 Salar resonanes from p�p annihilationThe Crystal Barrel ollaboration studied salar mesons in �pp annihilation at rest. The detetoris briey desribed in setion 3.3.2, experimental methods are disussed in 4.1.5. Annihilation inliquid H2 takes plae predominantly from S-wave orbitals of the �pp atom whih is formed whenantiprotons ome to rest. The angular momenta are restrited, and salar mesons are produedabundantly in this proess. Two salar isosalar mesons were disovered, the f0(1370), f0(1500),and one isovetor a0(1450). Their main properties were derived from six Dalitz plots [326, 329,331, 335, 1033℄, shown in �gure 102, and from the analysis of di�erent �ve-pion �nal states [328,334, 350, 352℄. The Dalitz plot for �pp annihilation into 3�0 is shown in Fig. 102a. It is based on700.000 events. The population along the �� mass band marked f2(1270) inreases at the edgesof the Dalitz plot indiating that one �0 is preferentially emitted along the ight diretion of theresonane. This is typial for high-spin resonanes. In �pp annihilation at rest, resonanes withJ = 4 are hardly produed; the band is produed by the f2(1270) deaying with the angulardistribution (3 os2 � � 1)2 from 1S0. The f0(980) appears as a narrow dip in the �� S-wave. Inaddition, a narrow band of about onstant intensity is observed. It is marked f0(1500) in Fig. 102a.The partial wave analysis revealed ontributions from a further salar state at 1370MeV mass. Theenhanement labelled f2(1520) originates from the onstrutive interferene of the two low-mass�� S-waves. In addition, some ontribution from the f2(1565) is required in the �t.184
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Fig. 102. Dalitz plots for p�p annihilation at rest into 3�0 (a), �02� (b), �0��0 (), 2�0� (d), K�K0L�� (e), K0LK0L�0(f). Plots (g,h) show the 4�0 invariant mass in the reation �pn ! ��4�0. A �t (inluding other amplitudes) withone salar state fails; two salar resonanes at 1370 and 1500 MeV give a good �t. Note that a event-based likelihood�t was performed and not a �t to the mass projetion shown here. The data are from [326, 329, 329, 331, 335, 343,350,1033℄. The f0(1500) resonanes ontributes to all reations exept to (d,f); the f0(1370) is used to all �ts exept(,f). From the Dalitz plots (a,d,e,f) the properties of a0(980); f0(980) and a0(1450) are determined.The reation �pp ! �0�� leads to a Dalitz plot with 2 � 105 events; it is shown in Fig. 102b. Thea0(980) deaying to ��0 is seen as a horizontal and a vertial band. In the seond diagonal, twohomogeneously populated bands an be observed whih orrespond to two states deaying to ��.These are marked f0(1370) and f0(1500) in Fig. 102b.In the �0��0 Dalitz plot (Fig. 102) a strong threshold enhanement in the ��0 invariant massis seen; it an be traed to the observation of f0(1500) in its ��0 deay mode. The � and �0 areorthogonal states in SU(3). The strength of this deay mode indiates a substantial SU(3) otetomponent in the f0(1500) avour wave funtion.The Dalitz plot for �pp! �0�0� with 2:8�105 events is shown in Fig. 102d. It is haraterised by asharp inrease of intensity at a �0� mass of � 1GeV/2 due to a0(980) prodution and a diagonalband due to f0(980) deaying to ��. The most prominent irregular pattern with sharp maximaand minima is due to a2(1320)! ��. Two orners (top and right) show additional intensity whihrequires to introdue a salar isovetor resonane, the a0(1450). The strength of the interferenepattern suggests that only one single �pp atomi state (1S0) makes a signi�ant ontribution to thisannihilation mode (� 92% [345℄). Similar P -wave ontributions are found in �pp! 3� and �0��.The K0LK0L�0 Dalitz plot shown in Fig. 102d is based on events in whih one K0L is deteted inthe Crystal Barrel detetor while the seond one is missing. Due to the large K0L mass, the �nalstate an be identi�ed in a kinematial �t with a surprisingly low bakground of a few %. It hasprominent K� bands; it is the interferene with the f0(1500) whih makes the intensity so largein the lower left orner. Finally, the Dalitz plot for reation �pp! K�K0�� with a missing K0miss(likely K0L) is given in Fig. 102f.The reations p�p ! �+��3�0 [328℄, p�p ! 5�0 [334℄, p�n ! ��4�0 [350℄ and p�n ! 2��2�0�+185



Table 31Salar mesons f0(1370) and f0(1500) as observed in p�p annihilation at rest.f0(1370) M � f0(1500) M � f.s. Ref. Note1386� 30 310� 50 �np! 5� [1095℄ BW1330� 50 300� 80 1500� 15 120� 25 �pp! 3�0 [1033℄ Pole1360� 70 450� 150 1505� 15 120� 30 �pp! �02� [331℄ Pole1545� 25 100� 40 �pp! �0��0 [326℄ BW1330� 50 300� 80 1500� 15 120� 25 �pp! �0K �K [335℄ Pole1395� 40 275� 55 1500� 15 120� 25 �pn! ��4�0 [350℄ BW1449� 20 108� 33 1507� 15 130� 20 �pp! 3� [386℄ BW[352℄ were studied to determine meson deays into 4 pions. The data required two salar states,f0(1370) and f0(1500) with masses and widths given in Table 31. It was found that the 4�-deaywidth of f0(1370) is about 6 times larger than the sum of all observed partial deay widths to twopseudosalar mesons; the four-pion deays have important ontributions from two pion pairs inS-wave and in P -wave (from �� and ��). The 4�-deays of the f0(1500) represent about half ofits total width.Like CERN, Fermilab developed an intense antiproton soure primarily for high-energy protonantiproton ollisions. The E760/E835 experiment used a fration of the antiproton beam at lowmomenta and a H2 gas jet target, see setion 3.3.4. The main motivation were studies of theharmonium states formed in p�p annihilation. However, some bakground events were analysed,p�p! 3�0; 2�0� [404℄, �02�, and 3� [403℄. In partiular the data on p�p! �02� show very exitingstrutures. The data are shown in Fig. 103. A �t yields 3 resonanes with masses and widths,respetively, ofM = 1488� 10MeV/2 M = 1748� 10MeV/2 M = 2104� 20MeV/2� = 148� 17MeV/2 � = 264� 25MeV/2 � = 203� 10MeV/2.The �rst peak is also seen in their �0�0 mass distribution [404℄, the other two not. The most naturalinterpretation is that all three states are salar resonanes. For salar resonanes, �� deays areless suppressed by the entrifugal barrier than tensor resonanes, and thus salars survive morevisibly (ompared to the bakground) in their �� deay mode.Reently, the data on p�p! ���0 in ight were subjeted to a partial wave analysis [405℄. Four f0-states deaying into �� were reported, with masses and widths, respetively, of (1473�5, 108�9);(1747� 5, 188� 13); (2037� 8, 296� 17); (2105� 8, 236� 14). The splitting of the 2100MeV/2peak into two salar states is also suggested by the QMC-Gathina analysis of Crystal Barrel

Fig. 103. The �� mass distribution from p�p! �02� at 3GeV/2 ms energy [403℄.186



data on p�p annihilation in ight for 900-1900 MeV/ momenta, reporting masses and widths of(2005� 30); (305� 50)MeV/2 and (2105� 15); (200� 25)MeV/2 [366℄. The agreement betweenthese two analyses is impressive, not to say sedutive; from general arguments we would expetthat two overlapping resonanes deouple in their respetive deay modes.10.4 The f0(1370) and f0(1500) resonanes10.4.1 The f0(1370)=f0(1500) partial deay widthsTable 32 lists ratios of partial widths of salar mesons as derived from �pp annihilation at rest andfrom entral prodution. The intention is not to replae the PDG average values but rather totest if the same partiles are observed in the two reations. For the f0(1500), this is obviouslythe ase. Most ratios are reasonably onsistent exept ���=�4�. The Crystal Barrel value from �ppannihilation is muh smaller than the one from entral prodution (WA102). One soure of thedisrepany ould be the inlusion of �(1300)� and a1(1260)� deays whih were large for f0(1500)deays in [350℄ and not onsidered in [311℄. Large inonsistenies are observed for f0(1370). Thethree values of �K �K=�tot derived from Crystal Barrel data [394, 859, 1096℄ satter wildly and areinonsistent with the WA102 result [305℄. Suspiious are the small f0(1370) ��� and ��� partialwidths in entral prodution. In radiative J/ deays into four pions (see setion 10.7) and in �ppannihilation, three salar mesons are observed, f0(1500); f0(1750); f0(2100), whih all have large�� and �� ouplings. It is strange that just the f0(1370) resonane should deouple from �� andfrom �� as found in entral prodution. This observation and the dip in Fig. 100 seem to suggestthat f0(1370) is generated by �� interation dynamis. Bakground amplitudes like the one shownin Fig. 101 representing Pomeron-Pomeron sattering via exhange of isovetor mesons (� and �trajetories) annot lead to �� or ��; these are the deay modes missing in entral prodution ofthe f0(1370).10.4.2 Is f0(1370) a resonane ?A further point of onern is the absene of any measured f0(1370) phase motion. The salarisosalar amplitude of the CERN-Munih data was already shown in Fig. 93. A rapid hange ofthe phase is seen at 1000 and 1500MeV/2; a �t with f0(980) and f0(1500) but without f0(1370)Table 32Relative branhing ratios of isosalar salar mesons from entral prodution (CP) and �pp annihilation.f0(1370) f0(1500)�pp CP �pp CP���=�tot 0:15� 0:051 0:349� 0:0232�K �K=�tot 0:17� 0:173 0:07� 0:024 0:070� 0:0145 0:09� 0:026���=�tot 0:022� 0:0137 0:004� 0:0028 0:058� 0:0129 0:063� 0:01110���0=�tot 0:015� 0:00410 0:033� 0:00911�4�=�tot 0:80� 0:0512 0:76� 0:0813 0:48� 0:0514���=�4� 0:26� 0:0713 � 0:914 0:13� 0:0813 0:74� 0:0314���=�4� 0:51� 0:0913 � 014 0:26� 0:0713 0:26� 0:0314(1): eduated guess, (2): from PDG, otherwise, mean and spread of results are listed. (3): [394,859,1096℄; (4): [305℄; (5): [335,343,394,859,1096℄ (6): [305℄; (7): [859℄; (8): [310℄; (9): [330,331,859℄; (10): [326℄; (11): [306℄; (12): [1095℄; (13): [350℄; (14): [311℄.187



desribes the data very well. The �nal onlusions of the CERN-Munih analysis were phrased byEstabrooks [1088℄: `we found no evidene for more than three resonanes' beyond �(485), f0(980)and f0(1500). The same onlusion were obtained by Long Li, Bing-song Zou, and Guang-lieLi [1031℄ who deomposed the salar amplitudes of the CERN-Munih data into t-hannel � mesonexhange plus s-hannel resonanes f0(X). The � exhange amplitude was �xed by the isotensor�� ! �� S-wave sattering. The �t required f0(980), f0(1500), and a broad f0(1670) bakgroundamplitude { tentatively assigned to the salar glueball { while f0(1370) was not needed.The phases of the 4� salar isosalar partial wave was studied in data on �pp annihilation at restinto �ve pions, 2��2�0�+ and ��4�0, respetively [350℄ using a method desribed in [1097℄. Inthat analysis, sans were made in whih the likelihood of �ts were determined when the mass of asalar resonane was hanged in steps while all other variables were re�tted. The salar isosalar4� intensity was desribed by one or two Breit-Wigner resonanes. The Breit-Wigner magnitudeis multiplied with a free phase fator ei� where the phase is de�ned relative to the �(1450)� isobar.The optimum hoie of the phase is made when the phase of the Breit-Wigner amplitude, shiftedby �, agrees with the salar isosalar phase of the data. Using a single Breit-Wigner amplitude,the phase � (represented by x in Fig. 105a,b) follows losely the expeted Breit-Wigner shapeof a 100 � 120MeV/2 wide resonane at 1500MeV/2 (solid lines). When two amplitudes areo�ered in the �t, the omplex sum of these two amplitudes has a phase whih is reprodued inFig. 105a as small dots. The resulting phase adjusts itself as to mimi the phase motion of a singleresonane. Attempts were made to �t the data with the f0(1370) amplitude being replaed by anamplitude with no phase motion. Then, the sum of the two amplitudes for f0(1370) and f0(1500)annot mimi a Breit-Wigner resonane and the �t quality is worse.Reently, Bugg has reported a `study in depth of f0(1370)' [1098℄. Fits to four data sets show ahighly signi�ant improvement (in �2) when the f0(1370) is inluded as resonane. Obviously, the�t hypothesis `there is no f0(1370)' at all is worse than the hypothesis that f0(1370) exists. Astudy of the width dependene shows however that the f0(1370) expeted line shape depends onlymarginally on its width. When the partial width �2� of the f0(1370) was inreased to 800MeV/2(and �tot to 1GeV/2), �2 of the �t hanged very little. A very wide f0(1370) is however fullyompatible with the red dragon of Minkowski and Ohs, and with our view.

Fig. 104. Line-shapes of f0(1370) within the phase spae of p�p annihilation at rest into 3�0, normalised to 1 at itspeak height, for �2� = 325MeV/2 (solid line) and 800MeV/2 (dashed line) [1098℄.188
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In D0 ! 3� deays, a  quark onverts into a d quark, the transition is Cabibbo suppressed.The CLEO Dalitz plot [565℄ shows signi�ant strutures due to �+�� prodution and weakerontributions from �0�0 and ���+. There are depletions along the three diagonal lines separatingthe three harge states of the � indiating destrutive interferene between the three amplitudesat appropriate mass values. The dominane of �+�� is unexpeted; the leading diagram (see Fig.33) produes ���+, the annihilation diagram annot ontribute, olour suppressed diagrams leadto equal prodution of all three harge states. Possibly, onstrutive and destrutive interferenebetween leading and non-leading diagrams are responsible for the inversion of the expeted yields.So far, CLEO is the only experiment whih reported results from this reation, and only inonferene proeedings.The leading diagram for D+ ! 2�+�� deays produes a �+ and a neutral meson. In the Dalitzplot of E791 at Fermilab [521℄, bands due to �(770); f0(980) and f2(1270) an be reognised. The� band is depleted in the entre due to the os2 � angular distribution expeted for a transitionfrom a pseudosalar initial state to a vetor plus pseudosalar meson. The asymmetry along theangular distribution points to a substantial interferene between even and odd partial waves.The partial wave analysis found strong evidene for the �(485) with mass 478+24�23 � 17 MeV/2and width 324+42�40 � 21 MeV/2 aounting for approximately half of all deays. Reently, theCLEO ollaboration performed a Dalitz plot study of D+ ! �+�+�� deays [585℄ using di�erentS-wave parametrisations. They on�rm the large �(485)�+ yield (41:8 � 2:9%). The isobar �tused in addition �0�+ (20:0� 2:5%), f2(1270)�+ (18:2� 2:7%), and f0(980)�+ (4:1� 0:9%). Theregion above 1GeV/2 was desribed by two Breit-Wigner amplitudes for f0(1370) and f0(1500)ontributing with 2:6 � 1:9% and 3:4 � 1:3%, respetively. The existene of f0(1370) was notquestioned; when its mass was introdued as a free �t parameter, M = 1260MeV/2 was found.A surprise in the D+s ! �+�+�� Dalitz plot shown in Fig. 106 is the large yield and the largesalar intensity [526℄. In D+s = �s deays, the leading ontribution stems from the proess shownin Fig. 33a in whih the  quark onverts { by emission of a W+ ! �+ { into an s quarkforming an s�s state. However, the �+ reoils against a �+�� (and not the expeted K+K�) pair.Obviously, some resonanes o�er a bridge from primary s�s states to pioni �nal states. Suh abehaviour is known from pseudosalar mesons whih have large n�n and s�s omponents. Likely,salar mesons have avour wave funtions whih do not orrespond to an ideal mixing angle. Amore subtle interpretation of the s�s ! �� transition is disussed in setion 11.6 where we giveour own interpretation of the salar mesons. The �(485) is not required in �ts to D+s deays; it isgenerated dynamially from �� interations and seems to have weak oupling to s�s; � produtionis nearly absent.The largest ontribution stems visibly from f0(980)�+. There is a seond struture at about2GeV2/4 whih partial wave analyses assign to �(1450)�+, f2(1270)�+, and f0�+. A very im-portant aspet is the mass of the salar resonane. E687 [526℄ determined the salar mesonmass to 1475MeV/2 with 100MeV/2 width, Fous [531℄ found M = 1475 � 10MeV/2 and� = 112� 24MeV/2. These results are not inompatible with the standard f0(1500). E791 [520℄imposed the f0(1370) mass; when left free, the parameters optimised forM = 1434�18�9MeV/2and � = 172� 32� 6MeV/2. In [530℄, four salar mesons above 1GeV/2 were used to desribethe data, f0(1370), f0(1500), f0(1750), and a wide f0(1200 � 1600). It is thus an open questionif the enhanement at M2 � 2GeV2 in D+s ! 2�+�� is due to f0(1370) or f0(1500) prodution,to prodution of both, or due to some dynamial e�et. The reason why �(1450) makes a largeontribution to Ds deays (and �(770) at most weakly) while �(770) is observed in D deays (and�(1450) not) is not understood. 190



Table 33D+ and D+s �t frations and phases with the isobar model [531℄. The results from [520, 521℄ are shown as smallnumbers for omparison. D+ ! 2�+�� D+s ! 2�+��resonane �t fration(%) phase (deg) �t fration(%) phase (deg)NR 9.8 � 4.3 145.9 � 17.7 25.5 � 4.6 246.5 � 4.77.8 � 6.6 246.5 � 20.3 0.5 � 2.2 181 � 107�(770)�+ 32.8 � 3.8 208.8 � 16.8 -33.6 � 3.9 0 (�xed) 5.8� 4.4 109 � 25�(1450)�+ - 4.1 � 1.0 187.3 � 15.3- 4.4� 2.1 162 � 31f2(1275)�+ 12.3 �2.1 146.7�17.7 9.8� 1.3 140.2 � 9.219.4� 2.6 246.5 � 6.0 19.7� 3.4 133 � 31f0(485)�+ 18.9 � 5.3 49.0 � 30.7 -46.3 � 9.3 40.7 � 9.5 -f0(980)�+ 6.7 � 1.5 0(�xed) 94.4 � 3.8 0(�xed)6.2 � 1.4 0(�xed) 56.5 � 6.4 0(�xed)f0(1475)�+ 1.8 � 1.2 28.2 � 25.8 17.4 � 3.1 249.7 � 6.4f0(1370)�+ 2.3 � 1.8 270.4 � 17.8 32.4 � 7.9 198 � 33The Fous ollaboration reported an interesting analysis of both data sets, D+ and D+s deays into2�+�� using the same resonanes [531℄. An equivalent �t using a K matrix for the S-wave was alsoused, but this approah does not give easy aess to the frational yields of S-wave resonanes. TheFous data were also �tted [530℄ using a highly exible set of amplitudes proposed by Anisovihand Sarantsev [859℄; the latter results will be disussed in setion 11.3.The D+s ! ���+�+ Dalitz plot of the E791 ollaboration [520℄ was reanalysed usingK-matries inP -vetor approah, or Breit-Wigner amplitudes and a Flatt�e parametrisation to desribe f0(980)[1100℄. As in other analyses, f0(980) resonane provided the most signi�ant ontribution. Theemphasis was laid on the question if f0(1370) is required to desribe the data. The answer wasno. When f0(1500) and f0(1710) were used in the �t, the unertainty in the mass inreased andM = 1458� 37MeV/2 was found whih is 1:2� ompatible with the PDG mass.In Table 33 results are olleted of the analysis [531℄ using Breit-Wigner amplitudes to desribethe dynamis of the proess. The physial ontent of the results are similar to those obtained byE687 [526℄ even though some numbers are di�erent (in partiular a larger fration of the data wasassigned to a nonresonant (NR) amplitude in [526℄. The results of [520℄ and [521℄ are presented assmall numbers in Table 33. Reently, CLEO reported a preliminary analysis of D+ ! 3� [1101℄with di�erent numbers but similar results. In an analysis of D0 ! K+K��0 deays [580℄, theexistene of both, f0(1370) and f0(1500) is assumed but not explored further.The data on D+ ! K��+�+ [523℄ shown in Fig. 106d were used to develop a model-independentpartial-wave analysis of the S-wave omponent of the K� system. The amplitudes were determinedfor ranges of K��+ invariant mass down to threshold. This was an essential extension of the LASSdata and thus helped to extrat the K�0 (750) disussed in setion 9.2 (see also [613℄).The four BaBar Dalitz plots on D0 deays in the lower row evidene the importane of S-Pinterferene and the potential of harm deays for light meson spetrosopy. The D0 ! K0�+��Dalitz plot reveals strong interferene e�ets between K�(892) and (K�)S�wave interfering with191



Fig. 107. Two-body deay B� ! K��0 with amplitudes in whih transitions take plae with (a) s ! K�, (b)s! �0 and () K��0 prodution via intermediate gluons. The dashed lines represent 'soft' QCD [740℄.� and the (��)S�wave [604℄. The deays D0 ! K0K��+ were shown at a onferene [1099℄; novisible struture exept K�(892) prodution is observed. There are hints for interferene with theK� S-wave. The D0 ! K+K��0 Dalitz plot [623℄ shows signi�ant ontributions from K�(892)and �(1020). The �ts assigned the largest fration to the (K�)S�wave. The LASS parametrisationand a �t using the (K�)S�wave from [523℄ both resulted in aeptable �ts. Finally, the reationD0 ! K0K�K+ [609℄ shows strong K0�(1020) prodution interfering with K0a0(980)0. The yieldof K�a0(980)+ is signi�ant, the two doubly-Cabibbo suppressed deay modes K+a�0 (980) and�K0f 00 (980) make no signi�ant ontributions. There is some additional ontribution, whih an bedesribed by the tail of a broad resonane peaking well outside the phase spae.Deays of B mesons o�er a wide phase spae at the expense of small event numbers per MeV.Charmless deays may proeed via the Penguin diagram in whih the b quark onverts under Wemission into a u; , or t quark. The latter quark reabsorbs the W turning into an s (or d) quark.Based on a omparison of data on B deays into two pseudosalar mesons, Minkowski and Ohsargue that a large fration of �0 prodution has to proeed via a gluoni amplitude (see Fig. 107).This amplitude is very similar to the one needed in radiative J/ prodution.The BABAR and BELLE ollaboration have analysed the Dalitz plots for the three-body harmlessdeays B+ ! K+K+K� and B+ ! K+�+�� [641℄, and for B0 ! K+K�K0S and B0 ! K0S�+��[605, 612℄. These data, even though low in statistis, provide an important key to the dynamisof salar mesons. The BELLE data are based on 152 million B �B pairs produed on the �(4S)resonane. Three signi�ant strutures were observed, the f0(980) and a small enhanement inthe �� mass distribution at about 1:3 GeV/2, denoted as fX(1300), and resonant struture at1:5 GeV/2 in the K �K mass distribution. The latter is best desribed as a salar resonane; massand width are ompatible with standard values for f0(1500).Now, there is a problem: if the f0(1500) were the same partile as observed in other experiments,it would deay to �+�� about �ve times more frequently than to K+K�. This is not observed.In the �+�� mass distribution there is, instead, a peak at 1300MeV/2. Both these aspetswere on�rmed in the BABAR data. The BABAR ollaboration onludes that the nature ofthe f0(1500) ontribution remains unlear. Identi�ation of this state as the f0(1500) leads toinonsisteny with the measurement of the B0 ! f0(1500)K0S; f0(1500)! �+�� deay.Fig. 108 shows the �+�� and K+K� mass spetra from B ! K �+�� and B ! KK+K�,respetively, and a �t to the data by Minkowski and Ohs [740℄. The �+�� exhibits a learf0(980) signal and some additional intensity whih an be desribed by f0(1370). However, thisinterpretation is very problemati: the K+K� peak at 1500MeV/2, if assigned to f0(1500), must192



be aompanied by a peak in �+��. This is not the ase. Hene a new salar state would needto be introdued whih ouples strongly to K+K� and weakly to �+��. (This very argument isused to identify two salar mesons f0(1710) and f0(1790), see setion 10.6). Minkowski and Ohshave shown that both spetra an be explained by assuming a broad SU(3) isosalar bakgroundamplitude (whih they identify with a salar glueball) and f0(980) plus f0(1500) with standardproperties [740℄. Fig. 108 shows how the destrutive interferene reates a fall o� of intensity at1.5GeV/2 in the �+�� invariant mass distributions and a peak in the K+K� due to onstrutiveinterferene. A f0(1370) is not needed in the �t. The main di�erene in this analysis ompared tothe analyses of the BABAR and BELLE ollaborations is the treatment of unitarity: the f0(1370)resonane deaying to �� and a seond (new) f0(1500) resonane deaying into K �K is not neededif there is a bakground amplitude lose to the unitarity limit plus resonant amplitudes whihare added in a unitarity onserving way, in a K-matrix or using the Dalitz-Tuan formalism. Evenin a prodution experiment, unitarity onstraints play a deisive rôle. This may be unexpeted.The strong dip in the entrally produed �� JPC = 0++ wave in Fig. 100b at exatly 1.5GeV/2underlines the importane of unitarity onstraints.The hange of the f0(1500) interferene phase from onstrutive (in K �K) to destrutive (in ��)suggests that the f0(1500) wave funtion has a minus sign between its n�n and s�s omponent. Thebakground amplitude is assumed to be avour singlet. The minus sign was already found in [178℄from a omparison of the Argand phase motion for �� ! �� and to K �K. Obviously, f0(1500) isavour-otet like. This is in agreement with its large oupling to ��0.10.6 Salar mesons in hadroni J/ deaysHadroni deays of J/ into ! and � mesons reoiling against a meson X give aess to theavour ontent of X. Due to the OZI rule, J/ ! !X ouples to the n�n omponent of X whileJ/ ! �X ouples to s�s. The BESII detetor � desribed briey in setion 3.4.4 � has reorded58 �106 J/ deays. The results on J/ deays to ! or � reoiling against two pseudosalar mesonsare summarised in Table 34; important mass spetra are olleted in Fig. 109. Fig. 109a,b show ��
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and K �K systems reoiling against an !, Fig. 109,d those reoiling against a �. Data on radiativeJ/ deays into �+�� (e) and K �K (f,g) are also inluded in the �gure.The following observations an be made:� The region below 1GeV/2:The �� mass distribution from J/ ! !�+�� shows a signi�ant peak at about 600MeV/2 (dis-ussed as �(485) in setion 9), the �� mass distribution reoiling against the � not. This apparentpuzzle was explained reently [1103℄ by the di�erene of the strange and non-strange formfatorsof the pion: the J/ ! ��+�� proess is mainly driven by the strange salar pion formfatorwhih vanishes in leading order in hiral perturbation theory. The non-strange formfator is notsuppressed at small energies, and the �(485) appears. A seond remarkable feature is the highvisibility of f0(980) in the �� mass spetrum reoiling against a �. The orresponding K �K spe-trum shows, up to the f0(1500), no signi�ant features. In the reoil against an !, f0(980) givesonly small ontributions. Careful inspetion of the �� spetrum in the latter reation reveals asmall dip (Fig. 4 in [1103℄); the �t in [1103℄ demonstrates ompatibility of f0(980) � generated bymeson-meson interations � with all four reations. The singlet/otet fration varies as a funtionof the mass in the K �K threshold region, and we refrain from assigning a singlet or otet avourwave funtion to it.� The 1.3� 1.6GeV/2 region:Above 1GeV/2, the �� mass distribution from J/ ! !�+�� is dominated by a strong f2(1270)peak. The partial wave analysis �nds nearly no salar ontribution. In ��� the salar ontributionis substantial and peaks at about 1400MeV/2 followed by a dip at about 1520MeV/2. In bothK �K spetra, there are peaks due to f 02(1525). In K �K reoiling against �, a signi�ant salaromponent is found beneath the f 02(1525) whih is assigned to �f0(1500). The best evidene forf0(1370) (if any) stems from J/ ! ��+��.� The 1.6� 1.9GeV/2 region:The 1700-1800MeV/2 region is the most ompliated part of the spetrum. In the K �K massdistributions reoiling against ! mesons, a striking peak is observed at 1710MeV/2 whih isabsent in the spetrum reoiling against �'s. On the ontrary, a �+�� peak at about 1770MeV/2is seen in ��+�� whih is absent in �K �K. This is very puzzling. The BES ollaboration suggestsTable 34Masses, widths and branhing frations (in 10�4) of salar resonanes reoiling against ! and � mesons in J/ deays. Masses and width are given from the data with the largest branhing fration. The yields given as � werederived from �ts with imposed masses and widths with no foring evidene for presene of the ontribution.Channel Mass Width B(J= ! !X; B(J= ! !X; B(J= ! �X; B(J= ! �X;(MeV/2) (MeV/2) X ! ��) X ! K �K) X ! ��) X ! K �K)� 541� 39 504� 84 � 20 1:6� 0:6 0:2� 0:1f0(980) Flatt�e formula � 1:2 �xed 5:4� 0:9 4:5� 0:8f0(1370) 1350� 50 265� 40 4:3� 1:1 0:3� 0:3f0(1500) PDG PDG � 1:2 1:7� 0:8 0:8� 0:5f0(1710) M = 1738� 30 � = 125� 20 � 0:5 13:2� 2:6 2:0� 0:7f0(1790) 1790+40�30 270+60�30 6:2� 1:4 1:6� 0:8194
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that the phenomena originate from prodution of two di�erent resonanes, a f0(1710) mainly s�sstate deaying into �KK, and a f0(1790) mainly n�n state deaying into ��. At the present stage, itis a mystery why the mainly s�s f0(1710) state is produed reoiling against an !, and the mainlyn�n f0(1770) state is seen in its reoil against a �.195



10.7 Salar mesons in radiative J/ deaysRadiative J/ deays bare the promise to reveal unambiguously the presene of glueballs. In thisproess, the � system supposedly deays into one photon and two interating gluons. If theirinteration resonates, a glueball is formed. Beause of the importane of J/ radiative deays forthe disussion of salar mesons and their interpretation, its seems appropriate to highlight someimportant historial aspets.We have already disussed the �(1440) or �(1440), whih was interpreted in setion 8.3.4 as �radial exitation but was believed to be a glueball when �rst seen in radiative J/ deay. With apseudosalar glueball at 1.4GeV/2, a tensor glueball was expeted below 2GeV/2, and there wasgreat exitement when a broad bump in the radiatively produed �� mass spetrum was disoveredby the Crystal Ball ollaboration [1104℄. The bump extended from 1450 to 1800MeV/2, wasfound with a yield of (4:9� 1:4� 1:0) � 10�4, and was alled �(1640). The 2++ quantum numbersoriginated from an exess of four events above j os �j > 0:95. If these events are negleted, salarquantum numbers follow. We now believe that the bump omprises ontributions from f0(1500)and f0(1760) whih we estimate to be in the order of 1:4. ThenBJ= !f0(1500)!�� =(1:0� 0:3� 0:2� 0:3) � 10�4BJ= !f0(1760)!�� =(3:9� 1:1� 0:8� 0:3) � 10�4 ; (10.3)where the �rst error is of statistial nature, the seond the systemati error, and the thirdone (introdued here) estimates the unertainty in dividing the signal into two omponents.The �� peak was on�rmed by the GAMS ollaboration in entral prodution, another glue-rih environment. GAMS reported M = 1755 � 8MeV/2 [282℄ and, with higher statistis,M = 1744� 15; � < 80MeV/2 [284℄. The branhing ratio (10.3) and other ratios are olletedin Table 35.MARKIII [1106℄ observed the � at 1720MeV/2 in J/ ! K+K� (and possibly �+��), found2++ quantum numbers and a yield BJ= !fJ (1710)!K+K� = (4:8� 0:6� 0:9) 10�4 : A reanalysis byDunwoodie [1107℄ identi�ed the � as salar resonane and reported ontributions from two salarstatesTable 35Branhing fration �104 for prodution of salar mesons in J/ radiative deays. The f0(1500) yield is alulatedfrom the �� and �� and the known f0(1500) deay branhing ratios.Deay hannel f0(980) f0(1500) f0(1710), f0(1790), f0(1810) f0(2100) referene!! - 3:1� 0:6 [506℄!� - j 2:61� 0:27� 0:65 [508℄�� (or ��) 8:0� 3:5 9:0� 1:3 13� 5 [1105℄�� � 4 1:00� 0:03� 0:42 3:96� 0:06 [507℄�� 1:0� 0:3� 0:2� 0:3 3:9� 1:1� 0:8� 0:3 Eq. (10.3)K �K - 9:62� 0:29+2:11+2:81�1:86�0:00 j [485℄total � 5 16� 7 31:6� 4:1 > 13� 5196



M = 1429+43�37 � = 169+111�76 BJ= !f0(1430) = (4:3+2:7�1:3) � 10�4� �f0(1430)! K �K� =�f0(1430)!�� = 0:15+0:22�0:13M = 1704+16�23 � = 124+53�44 BJ= !f0(1710) = (9:5+2:5�2:0) � 10�4�f0(1710)!��=�f0(1710)!K �K = 0:27+0:17�0:12where the yields B refer to the sum of the two deay modes.BES I [1108℄ deomposed the struture at about 1750MeV/2 into a (small) salar omponentat 1781MeV/2 plus a large tensor omponent at 1696MeV/2. Hene the situation remainedunlear.Data on radiative J/ deays into �� [507℄ and K �K [485℄ from BESII were already shown inFig. 109e,f,g. In the reation J/ ! �+��, the reoiling photon has a large energy when the�+�� masses are small; a large bakground due to three-pion prodution (with one �0 ! and one  lost) annot be avoided, and the authors have limited the partial wave analysis to theregion above 1GeV/2. The reation reveals a strong f2(1270) ontribution. The salar part risesslowly, peaks at about 1430MeV/2 followed by a faster fall-o� with minimum at 1520MeV/2,rises again to a bump at 1710MeV/2 and has a seond dip at 1820MeV/2. It is legitimate toask whether the bumps or the dips should be identi�ed as resonanes. The BES Collaborationuses Breit-Wigner amplitudes without a oherent bakground amplitude; hene the bumps areidenti�ed with salar resonanes. The �rst resonane was found at a mass of 1466�6�20MeV/2and a width of 108+14�11 � 21MeV/2. The branhing fration is given in Table 35. The seond 0++resonane parameters are determined to M = 1765+4�3� 12MeV/2 and � = 145� 8� 69MeV/2.A joint analysis of the two reations J/ ! K+K� and into K0SK0S did not require introdutionof f0(1500), and gave mass and width M = 1740� 4MeV/2 and � = 166+5�8MeV/2, respetively,for the f0(1710).Radiative deay J/ ! �+���+�� had been observed by DM2 and MARKIII [955, 958℄. Thedata were interpreted as a series of pseudosalar resonanes at about 1.5, 1.75 and 2.1GeV/2.Bugg notied the similarity of the pattern of �� resonanes observed in antiproton-proton anni-hilation at 2950 < s1=2 < 3620MeV/2 [404℄, the data are reprodued in Fig. 103. The �� statesannot have pseudosalar quantum numbers. This observation motivated a reanalysis [960℄ suggest-ing salar quantum numbers for the three strutures in J/ ! �+���+�� [958℄. This onjeturewas on�rmed by BES [477℄. Fig. 110a shows the resulting 4� invariant mass distribution and thefration assigned to the salar partial wave whih was found to originate from �� deays. A studyof radiative J/ deays into !! [506℄ found a peak at 1.76GeV/2, just above the !! threshold.Analysis of angular orrelations assigned predominantly pseudosalar quantum numbers to the!! system below 2GeV/2. A partial wave found small 0++ and 2++ ontributions in addition,with a produt branhing fration B(J= ! f0(1710)) � B(f0(1710)! !!) = (3:1� 0:6) � 10�3.In a reent disussion of f0(1790), Bugg inluded a small fration of �� deays and estimated the!! ontribution [1105℄. The deays into �+���+�� via �� or �� lead to di�erent Clebsh-Gordanorretions, 2.25 and 3 respetively, for the total four-pion yield. We use 2:6 � 0:4 to determinethe total 4� branhing ratio from the �+���+�� ontribution.For f0(1500), !! is not open. For the four-pion state, the Crystal Barrel Collaboration found amixture of ��, �� and other deays. Again, we use 2:6� 0:4 to alulate the total f0(1500)! 4�ontribution from the J/ ! �+���+�� yield.A threshold enhanement was observed in the doubly OZI suppressed deay J/ ! !� [508℄,197
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Fig. 110. Left: �+���+�� invariant mass for J/ ! �+���+�� and the salar ontribution (from an isobar �t).Right: The K+K��+���0 invariant mass distribution in radiative J/ deays for events in whih the �+���0mass is ompatible with the ! mass and the K+K� mass with the � mass. The dashed urve represents the !�aeptane.see Fig. 110b. The partial wave analysis favoured salar quantum numbers with the !� system inS-wave. Mass and width of the enhanement were determined to beM = 1812+19�26�18MeV/2 and� = 105�20�28MeV/2, respetively, the produt branhing fration was B(J= ! X)�B(X !!�) = (2:61� 0:27� 0:65) 10�4. It is suggested to be an 'unonventional' state and stimulated avariety of di�erent interpretations. These will be disussed in setion 11.Is f0(1810) an additional state ? First we note that, in the limit of SU(3) invariane, deays into�! are forbidden from an isosalar-singlet state; f0(1810) must have a strong otet omponent.The nominal �! threshold mass is 1802MeV/2, the K�K� system has a (mean) threshold at1788MeV/2. Thus both thresholds fall into the f0(1760) natural widths, and � formation byK� �K� resattering ould be a natural explanation. A study of J/ ! K�K� [476℄ found howevera broad pseudosalar state (M;� = 1800; 500MeV/2). Zou, Dong and Bugg [961℄ reanalysedthe data using the Flatt�e formula and dispersive orretions for the opening of deay hannels.Changing the formalism shifted the resonane mass to 2190MeV and the width to 800MeV.In both analyses, there was little salar intensity. If f0(1760) does not deay into K�K� with asigni�ant yield, the interpretation of f0(1810)! �! deays by a resattering mehanism seemsto be exluded.The proess J/ ! f0(980) was not yet observed. There is a small threshold enhanement inthe K+K� mass distribution from whih we estimate (using �f0(980)!K �K=�tot = 0:16) an order ofmagnitude of BJ= !f0(980) � 5 10�4 : (10.4)A summary of results on radiative prodution of salar mesons in J/ deays is given in Table 35.The radiative yield of salar isosalar mesons inreases with inreasing mass. This is an importantobservation. Naively, one might expet an inrease of radiative yields with the third power of thephoton momentum. However, if the reation is viewed as J/ ! gg, the hane of two gluons tobe produed with a low mass vanishes with m�3.The energy and spin-parity distribution of a two-gluon system reoiling against the photon werealulated by Billoire et al. [1109℄ assuming that the two gluons are massless. The distributions areshown in Fig. 111a. For small MX , the salar intensity vanishes. Assuming gluon-hadron duality198



Fig. 111. Energy and spin-parity distributions of a two-gluon system reoiling against a photon in radiative deaysof heavy quarkonia as funtions of the produed mass (a) or as funtion of x =Mgg=MQ �Q. For x! 1, a soft photonis radiated. a) is alulated for massless gluons [1109℄, b) for o�-shell gluons [1110℄.we an expet that these preditions are valid for hadrons as well.K�orner et al. [1110℄ onsider virtual gluons as well. Quark loop integrals are alulated in nonrel-ativisti approximation. Their distributions, shown in Fig. 111b, does not predit the redutionof the salar intensity at Mx ! 0; (x ! 1). On the other hand, Billoire et al. predit absene ofthe 1++ wave whih is forbidden in their model due to the Landau-Yang theorem. The model ofK�orner et al. predits sizable f1 radiative yields, in agreement with experiment. Both alulationsuse perturbative methods, and the limit of appliability seems to be reahed.We have assigned avour otet wave funtions to both f0(1500) and f0(1760); we onjeture thatf0(2100) is otet as well. Is this assignment ompatible with them being produed in radiativeJ/ deays? First, also otet mesons are produed in radiative J/ deays, see Table 25. Thesummation of all seen radiative yields into isosalar 0�+ mesons gives 2.25%. All isosalar 0++mesons give a yield of 0.63% (see Table 35). Of ourse, this is an estimate sine we do not know whatfrations are missing. From the alulation of [1109℄ shown in Fig. 111, salar and pseudosalarmesons are expeted with similar yields. SU(3) symmetry breaking, �nal state radiation and/orsinglet-otet mixing may ontribute to the prodution of the observed salar mesons.10.8 Salar mesons in radiative � deaysThe CLEOIII ollaboration studied 21�106 � annihilations. As in the ase of J/ , radiative deaysgive aess to a �nal states whih are supposedly glueball-rih. Compared to J/ , radiative deaysof the � are a hallenge. The ratio�rad��tot� =  �S(�)�S(J= )!40���!e+e��tot� � �totJ= �J= !e+e� � �radJ= �totJ=psi1A � 0:013; (10.5)instead of 8% for J/ 's and we expet a suppression of about a fator � 6. However, there isa seond important redution fator from the energy and spin-parity distribution of the two-gluon system reoiling against the photon, see Fig. 111a. The 2++ ontribution peaks at half thequarkonium mass; for tensor mesons a fator 2 redution is predited at the mass of the f2(1270).For salar mesons the fator is about 20 for the f0(1760) and inreases rapidly for smaller masses.199



Table 36Comparison of observed [577℄ and expeted yields (in units of 10�5) in radiative deays into tensor and salarmesons. Reation observed yield expeted yieldB�!f2(1270) 10:5 � 1:6 (stat)+1:9�1:8 (syst) � 10B�(1S)!f0(1500) < 1:17 � 0:5B�!f2(1760);f2(1760)!2�0 < 1:2 � 1With BJ= !f2(1270) = 1:38 � 10�3 and the salar radiative yields from Table 35 we expet yieldswhih are ompared in Table 36 to the CLEOIII results [577℄.The omparison shows that searhes for a salar glueball are muh more sensitive in radiative J/ deays. In � radiative deays, the salar mass spetrum is dominated by the tensor ontributions.A tensor glueball, expeted at about 2.4GeV/2, might be detetable in � radiative deays if itexists with a reasonably small width, and if the statistis an be inreased signi�antly.10.9 Salar mesons in �J deaysA �rst study of �0, �1, and �2 deays into three mesons was reported in [579℄. For �1 to �+���,K+K�pi0, and �+K�K0S, Dalitz plot analysis were presented showing the potential of these deaysfor light-meson spetrosopy.10.10 Salar mesons in two-photon fusionThe ALEPH ollaboration at LEP searhed for  prodution of the glueball andidates f0(1500)and fJ(1710) via their deay to �+��. No signal was observed; upper limits to the produtof  width and �+�� branhing ratio of the f0(1500) and the fJ(1710) were reported to be�!f0(1500) � BR(f0(1500) ! �+��) < 0:31 keV/2 and �(!fJ (1710):BR(fJ(1710) ! �+��) <0:55 keV/2 at 95% on�dene level [669℄. From the deay branhing ratios given above we estimate�!f0(1500) < 1:6KeV/2 and �(!fJ (1710) < 6KeV/2 assuming that the 1700 to 1800MeV/2region is dominated by one salar meson (no f0(1790) and no f2(1720)). The expeted width iszero for a pure glueball not mixing with q�q mesons, 4.5 keV/2 for a n�n, and 0.4 keV/2 for a s�smeson [1053℄.
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11 Salar mesons and their interpretation11.1 Global views of salar mesons and the salar glueballThe interpretation of the spetrum of salar mesons is still highly ontroversial. The foundations ofthe di�erent interpretations are not well enough established to allow us to deide whih senario islosest to the physial truth. The main di�erenes arise beause of ambiguities in the interpretationof the following parts:(1) Are f0(980) and a0(980) genuine q�q resonanes, or are they additional states? If the latter isthe ase, they may be qq�q�q states (Ja�e), K �K moleules (Isgur), or generated by a doublingof states due to strong oupling of salar states to the meson-meson ontinua (Beveren,Tornqvist) ? Do �(485), �(700), f0(980), and a0(980) form a nonet?(2) Is f0(1370) a true q�q resonane or generated by �� moleular dynamis ? The resonane isneeded to �t very di�erent data sets and is aepted by the Partile Data Group as establishedpartile. However, the evidene is muh weaker when individual hannels are disussed. Aproper f0(1370) phase motion has never been established. On the ontrary, wherever thesalar phase motion was tested, no evidene for an additional resonane between f0(980) andf0(1500) was found.(3) Are f0(1710) and f0(1790) distint objets? In mixing senarios disussed below there mustbe a salar resonane in this mass range with a sizable s�s omponent. The f0(1710) has alarge oupling to K �K, the f0(1790) not. At the �rst glane, it is plausible to assign a larges�s omponent to f0(1710) while f0(1790) ould be the radial exitation of f0(1370). However,f0(1710) is observed reoiling against ! in J/ deays. Thus, f0(1710) is produed via its n�nomponent and deays via its s�s omponent. f0(1790) deaying into �� is produed in reoilagainst �, via its s�s omponent. There is a lear onit.(4) The f0(1810) is intriguingly lose to f0(1790) and to two thresholds, K� �K� and �!. It isobserved in the latter deay mode. The yield in radiative J/ deays is too large to assignit to a onventional f0(1790). Its prodution and deay is doubly OZI rule violating. Themost obvious interpretation is that of a tetraquark resonane. Is it separate from f0(1790)?Possibly, the three observations at 1710, 1790, and 1810MeV/2 are traes of one resonane,f0(1760).(5) Is f0(2100) a respetable resonane? It is seen as a dip in the GAMS data on �� sattering,shown in Fig. 81, as a �� peak of unknown (even) spin in �pp annihilation in ight into �0��(Fig. 103), and is suggested to make a signi�ant ontribution to J/ radiative deay intofour pions, see Fig. 110.(6) Does the f0(2100) region house two omponents, f0(2000) reported in entral prodution [311℄and possibly on�rmed in �pp annihilation in ight [366, 405℄ and f0(2100) seen in [366, 405℄and observed in J/ ! 4� [477℄ ?(7) What is the dynamial origin of the broad salar omponent shown in Fig. 112 ?The low mass part (up to � 1.2GeV/2) an well be desribed by t-hannel � and some f2(1270)exhange. Thus it seems plausible that it is generated by t-hannel exhange dynamis. At highenergies, ross setions an be desribed by a series of s-hannel resonanes; t-hannel amplitudesreprodue the mean ross setion averaging over the many individual resonanes. Possibly, thebroad �� S-wave sattering bakground amplitude { let it be alled f0(1000) { is equivalent to201



Fig. 112. The I = 0 �� S-wave amplitude squared [991℄.a series of t-hannel exhange proesses. Duality arguments then assign a q�q nature to f0(1000).On the other hand, it is also very attrative to assume that the broad omponent is the salarglueball.Figure 113 ompares the salar mass spetrum with those of other nonets. Vetor and tensor nonetsshow ideal mixing and a very regular pattern. Axial vetor mesons exhibit a similar pattern eventhough modi�ed due to K1A � K1B mixing (see setion 1.2.3). The pseudosalar and low-masssalar spetra are similar but inverted. In all these ases, nine mesons with idential JPC fall intoa limited mass gap whih identi�es the nine mesons as one single nonet. The salar mesons athigher mass resist suh a simple pattern. In a reasonable mass gap of 400MeV/2, ten salar statesare reported [1℄. A popular interpretation assigns these ten states to a salar nonet plus a salarglueball. The three isosalar states are supposed to mix forming the three observed states.
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number of the lowest-lying salar states is still doubled due to the moleular fores between thedeay produts of salar mesons. Thus the lowest mass salar nonet an still be disarded in asfar as the abundane of salar mesons is in the fous of interest.Then, there are three states, f0(1370), f0(1500), and f0(1760) whih need to be interpreted. Oneof them, f0(1760), ouples strongly to K �K and ould be the 13P0 s�s state. The two remainingstates, f0(1370) and f0(1500), annot both be 13P0 n�n states; hene there must be one non-q�qstate. Sine the lowest mass salar glueball is predited to fall into this mass range, it is natural toassume that a glueball has intruded the spetrum of salar mesons, mixes with them thus formingthe 3 observed states f0(1370), f0(1500), and f0(1760). An extension is o�ered when f0(1760) issplit into a 13P0 s�s f0(1710) and a 23P0 n�n f0(1790) state.Di�erent mixing senarios have been developed in whih the primordial glueball has a mass aboveor in between the two q�q states. The di�erenes between the models lie in the assumed mass of theglueball { whih an be taken from lattie gauge alulation { and in imposing (or not) the knowndeay branhing ratios of salar mesons. These mixing senarios were pioneered by two papersby Amsler and Close [1112, 1113℄. In these papers, it was shown that the properties of f0(1370)and f0(1500) are inompatible with them both being q�q mesons. In ontrast, f0(1500) mass anddeays are ompatible with it being the ground state glueball mixed with the nearby states of the0++ q�q nonet. These onlusion were on�rmed when data from entral prodution were inludedin the analysis [721,1114℄. The s�s state predited in [1112,1113℄ was identi�ed with the f0(1710).Further support for a glueball nature of f0(1500) was presented in [1115℄. The upper limits on thetwo-photon widths of f0(1500) and f0(1710) suggest that these two mesons annot have sizablen�n omponents. Hene they must have glueball and s�s wave funtions, the deay pattern assignsthe larger glueball ontent to f0(1500). The prodution rates of f i0 (i = 1, 2, 3 orresponding tof0(1710), f0(1500), and f0(1370)) in J/ ! V f0 ! V PP (V=vetor, P=pseudosalar meson)were also exploited to test glueball and q�q nonet mixing senarios. In [1116℄ it is shown thatthe peuliar patterns in these branhing ratios an be understood by assuming the presene ofsigni�ant glueball frations in the salar wavefuntions. Reently, branhing ratios from J/ deays into a vetor and a salar meson were used to determine the mixing [1116,1117℄; OZI ruleviolating is required to play a signi�ant rôle [1118℄. J/ deays were found to be very sensitiveto the struture of salar mesons. The analysis on�rmed the laim for a glueball in the 1:5� 1:7GeV/2 region, in line with Lattie QCD. The mixing parameters were ompatible with previousanalyses.Starting from lattie results on the salar glueball mass, Weingarten and Lee [1119, 1120℄ see themain glueball omponent in f0(1710) while f0(1500) is believed to be dominantly s�s. The deaypattern of salar mesons was not inluded in the analysis. De-Min Li et al. studied the inueneof the position of the primordial glueball mass on the mixing parameters [1121℄. Crystal Barrelresults on 4� deays of salar mesons were inluded in the analysis by F�assler and ollaborators[1122, 1123℄. In this analysis, slightly more than 50% of the f0(1500) wave funtion is of gluoninature, the f0(1710) omprises 32% and the f0(1370) 12% of glue. Re�ned variants of this approahan be found in [1124{1126℄. A viable mass matrix an however also be onstruted with the largestglueball fration assigned to f0(1370) [1127℄.In a relativisti quark model Celenza et al. [1128℄ �nd a good �t to the salar mass spetrum byadding a glueball with mass of about 1700 MeV/2. The salar meson nonet is nearly ideally mixed,with the f0(980) interpreted as having a 10% s�s omponent. The f0(1370) is the dominantly s�sstate, while f0(1500) is a n�n state having a single node. The next radial exitation is expeted at1843 MeV/2. Thus, f0(1760) was identi�ed as the state with the largest glueball omponent [1128℄.203



The sheme an be extended to ontain not only q�q mesons and glueballs but also tetraquarks[1111, 1129℄ or hybrids [1118℄. The possible disovery of a further salar meson at 1810MeV/2may require the extension into one of these diretions.Based on QCD spetral sum rules, Narison interprets �; �; Æ, S� as nonet of 13P0 ground stateq�q mesons. The properties of the isosalar states are strongly inuened by their oupling with alow-mass glueball. He suggests that f0(1370) is mostly n�n while f0(1500), f0(1710), and f0(1790)should have signi�ant gluonium omponents in their wave funtions [132℄. Invoking sum rules aswell, Zhang, and Steele [1078℄ interpret the light salar meson nonet as nonet of tetraquarks.A few reently suggested interpretations of the salar mesons below 1GeV/2 and deompositionsof f0(1370), f0(1500), and f0(1710) into their n�n; s�s and glueball omponents are olleted inFig. 114. Close and Kirk (Fig. 114a) interpret �(485) and S� as moleules with small q�q admix-ture; the largest glueball omponent is ontained in f0(1500) [1114℄. Maiani, Piinini, Polosa,and Riquer interpret �; �; Æ, S� as nonet of tetraquark states. A deuplet onsisting of f0(1370),K�0(1430), a0(1475), f0(1500), and f0(1710) is suggested to originate from a nonet of tetraquarkstates plus a glueball. The isosalar mesons mix, the mixing frations are shown in Fig. 114b;f0(1500) is nearly a pure glueball [1111℄. Fariborz starts from a nonlinear hiral Lagrangian, de-veloped in [1130, 1131℄, and studies mixing of two salar meson nonets, a two-quark nonet anda tetraquark nonet, and a salar glueball [1132℄. The observed isosalar states reeive ontribu-tions from gg, q�q, and qq�q�q with frations displayed in Fig. 114. Bugg underlines the unusual�! deay mode in the salar wave, having a peak position at 1810MeV/2 [1105℄. He ombines itwith the 1790MeV/2 peak and derives deay properties of an salar resonane whih require alarge q�q - glueball mixing. Biudo, Cotanh, Llanes-Estrada, and Robertson argue in favour of aglueball interpretation [1133℄. Fig. 114d reminds of this possibility. None of the papers mentionsthat glueball deays into �! violate SU(3) symmetry.�(485) .98 1.37 1.5 1.75 GeV/2 �(485) .98 1.37 1.5 1.75 GeV/2 �(485) .98 1.37 1.5 1.75 GeV/2 1.79GeV/2
(a) (b) () (d)Fig. 114. Deomposition of salar isosalar states into di�erent omponents. a) n�n; s�s and glueball [1114℄. b)qq�q; �q; qq�q�q and glueball [1111℄. ) n�q; s�s; qq�q�q and glueball [1132℄. d) The f0(1790) and f0(1810) are treated as onestate with very large glueball ontent [1105℄. Notation: n�n = 1p2 (u�u+ d �d), q�q = 8F � 1F .11.3 The Anisovih-Sarantsev pitureThe Gathina group �tted a large set of di�erent reations and �nal states as outlined in setion6.2. Here we disuss the S-wave whih is parameterised by a K-matrix. In a simpli�ed version, thesalar partial wave amplitude is written in the formbA(s) = K(s) h1� i�̂K(s)i�1 ; K = �������K11; K12; :::K21; K22; :::::: ������� ; b� = ������� �1; 0; :::0 ; �2; :::::: �������204



with a 5
 5 matrix whih inludes the deay modes 1,2,3,4 and 5 and 1 = ��, 2 = K �K, 3 = ��,4 = ��0, 5 = ����. Threshold singularities are taken into aount orretly. The phase spaeelements were de�ned as ��� = ss� 4m2�s ; �KK = ss� 4m2Ks ; :::The de�nition of the amplitudes beame more omplex in the ourse of time and with an inreasingnumber of reations studied.Fit parameters are the K-matrix elements, represented by a sum of pole terms g(n)a g(n)b =(�2n � s),and a smooth s-dependent term fab(s):Kab = Xn g(n)a g(n)b�2n � s + fab(s) ;Mn, ga, gb are K-matrix parameters. The full amplitudes used reently in �tting proedure aredoumented in [859℄. From the �ts, positions of poles (masses and total widths of the resonanes)and pole residues and hene partial widths to meson hannels ��;K �K; ��; ��0; ���� were dedued.Masses and widths of salar mesons are given in Table 37, the deay branhing ratios in Table 38.The �(485) was not required in the �ts but its existene was not exluded. Possibly, its absene isdue to the threshold behaviour of the amplitudes whih were not onstrained by hiral symmetry.A small modi�ation of the threshold behaviour of the amplitudes would likely aommodate�(485) and �(700) as additional resonanes. In [1134℄ it is suggested that the �(485) resonane, ifit exists, may originate from the singularity of a avour singlet Coulomb-like potential at r ! 0.The �(700) was not mentioned.The interpretation of the Gathina group [859℄ started from the quark model assignments presentedin Figs. 56 and 79 { shown in setions 6.2 and 8.5.1, respetively { and in Fig. 115. The two salarTable 37Pole positions of salar mesons from a �t to a large number of data sets [859℄.f0(980) a0(980) K�0 (1430) f0(1370)(1015� 15)� i(43� 8) 988� 51 (1415� 25)� i(165� 25) (1310� 20)� i(160� 20)f0(1500) a0(1450) K�0 (1800) f0(1760)(1496� 8)� i(58� 10) (1490� 5)� i(70� 10) (1820� 40)� i(125� 50) (1780� 30)� i(140� 20)2Glueball: f0(1530) (1530+90�250)� i(560� 140)1g�� = 0:436� 0:02, � gK �Kg�� �2 = 1:23� 0:10 2Alternative solution: (1780 � 50)� i(220 � 50)Table 38Partial deay widths of salar mesons [859℄.Resonane ��� �K �K ��� ���0 ����� �totf0(980) : 55� 5 10� 1 { { 2� 1 68� 10f0(1300) : 66� 10 6� 4 5� 2 { 230� 50 300� 40f0(1500) : 23� 5 6� 2 3� 1 0:1� 0:1 80� 10 110� 10f0(1760) : 30� 5 100� 10 5� 3 7� 3 5� 5 140� 40105� 10 2� 1 8� 1 5� 3 170� 40 300� 50205



PC J++          6++             4++             2++0

2
, G

eV
2

M

0

1

2

3

4

5

6

7

980

1450

1800

2020

a)

1320

1700

1990

2270

a)

2080

2270

a)

2040

2280

a)

2450

a)
PC J++          6++             4++             2++0

2
, G

eV
2

M

0

1

2

3

4

5

6

7

980

1500

2020

2200

1270

1640

1910

2300

b)

1370

1710

2100

2340

1525

1810

2150

2370

2050

2300

2450

b)
0 1 2 3 4 5 6

2
, G

eV
2

M

0

1

2

3

4

5

6

7

n

L=0

980

1500

2020

2200

1370

)++0+(00f

1710

2100

2340

c)
0 1 2 3 4 5 6

2
, G

eV
2

M

0

1

2

3

4

5

6

7

n

L=0

650

1250

1740

2100

1240

)++0+(00
(bare)

f

1770

2100

d)Fig. 115. Leading and daughter Regge trajetories of isovetor (a) and isosalar (b) positive-parity mesons witheven J . Di�erent symbols are used to identify states belonging to the same trajetory. Fig. (b) ontains separatestraight lines for mesons with a larger and a smaller s�s omponent. In partiular the isosalar salar states reveal arih spetrum. The f0(00++)-trajetories for the physial states () and for the K-matrix pole positions (d) [371℄.mesons f0(980); a0(980) were interpreted as q�q mesons. The main reasons for this assignment werefound in the onsisteny of their masses with trajetories on (n;M2) and (J;M2) planes, in thehigh yield of f0(980) in Ds deays, in the fat that � radiative yields of f0(980) and a0(980) agreewith alulations assuming a q�q struture of these mesons, and in the need of their presene inK-matrix �ts and a onsistent interpretation of K- and T-matrix poles (see below) [1135℄.With f0(980) and a0(980) as q�q states, the following spetrosopi assigments were suggested:f a0(980); f0(1300); f0(980); K�0(1430) g f a0(1450); f0(1760); f0(1500); K�0(1430) gfor the ground state salar nonet and its �rst radial exitation. These are the pole positions ofthe sattering matrix or T-matrix. They orrespond to the experimentally observed states. Thesepoles did not suÆe to get a good desription of the data, a wide bakground amplitude wasneeded in addition. When parametrised as s-hannel resonane, its mass was found to be0++ glueball: M = 1530 +90�250 ; � = 560� 140 .Its deay ouplings to the hannels ��;K �K; ��; ��0 were found to be avour neutral; the state isa avour singlet state. This gave the reason to onsider this state as the lightest salar glueball.The K-matrix poles are diret �t parameters but do not orrespond to observables quantities.However, when the oupling of T-matrix poles are redued (and then set to zero), the T-matrixpoles approah the K-matrix pole (and oinide with them for vanishing ouplings). It is thustempting to identify the K-matrix poles with the quark model states in the absene of deays.A full dynamial model of strong interations would inlude meson deay ouplings but suhalulations are not available. To remedy this situation the Gathina group suggested that theK-matrix pole may represent the bare states and that dressing of bare q�q states (whih resultsin observable meson resonanes) an be mimiked by swithing on the ouplings of K-matrixpoles to the respetive �nal states. This is an untested but very intuitive assumption. Hene thepositions of the K-matrix poles and their ouplings to meson hannels were identi�ed as massesand ouplings of 'bare' states. For the �rst nonet, the K-matrix poles were found to have, within20%, the same SU(3) oupling, for seond nonet members the oupling was nearly idential. (Ofourse, the SU(3) ouplings had to be multiplied with the appropriate isosalar oeÆients.)The bare states were interpreted as q�q states before dressing, before the ouplings to meson-meson�nal states are turned on, and these are the states whih should be ompared to quark modelalulations. It is only after oupling to the meson-meson ontinuum that the quark-model states206



aquire �nite widths. When the ouplings to the meson ontinua were turned on, for the �ttedvalues of the oupling onstants g�, the physial states evolve. Their masses an be determinedby inspeting the T-matrix; their poles positions give the physial masses and the total widths,the residues give the partial deay widths. These are the quantities whih are independent of theprodution proess.On this basis, the bare states an be lassi�ed into quark-antiquark nonets. In partiular it anbe imposed that (or heked if) two salar isosalar mesons assigned to the same multiplet haveorthogonal avour wave funtions and that a 5th salar isosalar state has ouplings of a SU(3)isosinglet state, of a glueball andidate. Its position di�ers in di�erent solutions and the authorsquote f0(1200 � 1600). It is a rather broad state, with a width between 1 and 2GeV/2. It isinterpreted as the desendant of a primary glueball (even though mixing with SU(3) isosalarmesons annot be exluded).The strongest argument in favour of the Anisovih-Sarantsev approah is the beautiful agreementbetween their K-matrix poles and the meson mass spetrum alulated in the Bonn quark modelusing instanton-indued interations (see setion 2.6.3). The omparison of K-matrix poles and ofthe alulated masses is shown in Table 39.Table 39Comparison of K-matrix poles [859℄ and meson masses alulated in a relativisti quark model with instanton-indued fores [175℄.13P0q�q: f bare0 (720� 100) abare0 (960� 30) Kbare0 (1220+ 50�150) f bare0 (1260� 30)Model f0(665) a0(1057) K�0 (1187) f0(1262)23P0q�q: f bare0 (1230+150� 30 ) abare0 (1650� 50) Kbare0 (1885+ 50�100) f bare0 (1810� 30)Model: f0(1262) a0(1665) K�0 (1788) f0(1870)The agreement is very impressive. The identi�ation of K-matrix poles and quark model states(whih are alulated by negleting their oupling to the meson-meson ontinuum) seems veryplausible even though one has to admit that K-matrix poles are not observable quantities. Evenworse, there is no one-to-one orrespondene of K- and T-matrix poles. The position of K-matrixpoles an be hanged by a large amount, and the T-matrix poles an still remain at the sameposition. Only in the limit of narrow resonanes, K-matrix and T-matrix poles remain at similarvalues. Quantitative details on the spread of K-matrix poles for a given T-matrix pole an befound in a reent paper by Ja�e [1082℄.The mass and width of the wide state are not well de�ned, the mass were found in the range 1200 to1600MeV/2, the width between 1000 and 2000MeV/2. The large width is aumulated from itsmixing with q�q states. Anisovih, Bugg, and Sarantsev developed the idea of width aumulationof an exoti state whih overlaps with �qq resonanes [1136℄. The idea an best be followed in aonrete example. Let Re M21 and Re M22 be di�erent but M1�1 =M2�2 =M�. Then,M21 =M2R1 � iM� ; M22 =M2R2 � iM� : (11.1)The diagonalisation of the mass matrix yields:M2A;B = 12(M2R1 +M2R2)� iM��s14(M2R1 �M2R2)2 �M2�2: (11.2)207



In the limit 2M� � jM2R1 �M2R2j, there is no mixing and the loation of the two poles remainsunhanged. For jM2R1�M2R2j � 2M� the two poles oinide in mass, with one state being almoststable while the width of the other resonane is lose to 2�. Of ourse, this is a simpli�ed example.The two quark model states K1A and K1B mix to form K1(1270) and K1(1400). Their total widthsare similar, 90 and 174MeV/2, respetively. But they aquire di�erent partial widths: K1(1270)ouples to K�� with (16� 5)% branhing ratio and (53 � 6)% to K� and K!; K1(1400) deayswith (94 � 6)% to K�� and with (5 � 4)% to K� and K!. In this example, none of the statesaquires a broad total width; rather they deay into two orthogonal �nal states.11.4 The red dragon of Minkowski and OhsMinkowski and Ohs [178℄ interpret the isosalar states f0(980) and f0(1500) together with a0(980)and K�0(1430) as members of the qq nonet with JPC = 0++ of lowest mass. They show that thef0(980) and �0 have very similar prodution patterns in J/ deay when reoiling against an !or �, and that f0(1500) has a avour wave funtion in whih the n�n and s�s omponents haveopposite signs. The data are ompatible with f0(980) as isosalar singlet and f0(1500) as isosalarotet member of the salar nonet. Hene avour mixing in the salar setor resembles more theone observed in the pseudosalar nonet even though with inverted masses. Salar mesons do notfollow the ideal mixing pattern of vetor and tensor mesons and as most other meson nonets do.The pair f0(980) and �0 forms a (nearly) mass-degenerate parity doublet of salar isosalar states.In the mass range from 400 MeV/2 up to about 1700 MeV/2, the �� amplitude desribes a fullloop in the Argand diagram after the f0(980) and f0(1500) states are subtrated. This bakgroundamplitude is alled red dragon and identi�ed with the expeted glueball. The �(485) and f0(1370)are onsidered to be part of the red dragon and not to be genuine resonanes. It should be notedthat the authors interpret �(1440) as pseudosalar glueball (see however setion 8), and fJ((1710)with J = 2 as tensor glueball.The glueball senario suggested by Minkowski and Ohs has some similarity with the Anisovih-Sarantsev piture even though the salar q�q nonets are ompletely di�erent. Minkowski and Ohsinterpret the observed T-matrix poles at 980MeV/2 and at 1500MeV/2 as q�q states; the f0(1370)is put into question, the f0(1760) is argued to have tensor quantum numbers and suggestedto be the tensor glueball. Jointly with a0(980) and K�0(1430), one salar nonet is suggested.Anisovih and Sarantsev identify two full salar nonets. Their T-matrix poles, the observableresonanes, are given by f0(980); f0(1370); f0(1500), f0(1760), a0(980); a0(1450), K�(1430) andK�0(1760). Common in both pitures is the glueball: it is a broad about 1GeV/2 wide objet witha mass of 1 to 1.5GeV/2.11.5 Salar mesons with instanton-indued interationsIn 1995, a quark model was suggested [175℄ whih is based on quarks having an e�etive onstituentquark mass, a linear interation modelling on�nement and a residual interation based on instan-ton e�ets [123,1137℄. The model had the virtue of reproduing near exatly the mass spetrum ofthe ground-state pseudosalar mesons and their avour mixing. The instanton-indued interationinverts their sign when going from the pseudosalar to the salar world. Thus they lower the massof states whose SU(3) avour struture is dominantly avour singlet and pushes the dominantlyavour otet states to higher masses, see Fig. 15 in setion 2.6.3. The alulated masses of the208



ground state salar mesons were predited to bea0(1370); K�0(1430); f0(980); f0(1470) (11.3)whih an be ompared to the observed statesa0(980)=a0(1450); K�0 (1430); f0(980); f0(1500) : (11.4)The f0(980) is alulated to have a nearly pure avour singlet wave funtion and f0(1500) to bea avour otet state, in aordane with its large oupling to ��0 11 .Preserving the moleular piture of the a0(980); f0(980) doublet yields a nonet of a salar q�q noneta0(1450); K�0 (1430); f0(1000); f0(1500) : (11.5)In this ase, the broad bakground omponent is identi�ed with the ground-state salar meson.In the dual Regge piture, the sattering amplitude an be desribed by a sum of s-hannelresonanes or by a sequene of t-hannel exhanges. The Pomeron belongs to the allowed t-hannelexhanges, it is dual to a `bakground' in the diret s-hannel and an possibly be identi�ed witha ontribution of a glueball. From �� sattering, amplitudes for t-hannel exhanges with de�nedisospin It was onstruted by Quigg [1138℄. The It = 0 amplitude rises with energy and is sizablealready below 1 GeV. This amplitude ould be due to Pomeron exhange whih would suggest thatthe broad bakground omponent ould be a glueball. Of ourse, exhanges of isosalar q�q mesonslike f2(1270) ontribute to this amplitude, hene the broad isosalar salar bakground ouldalso be of q�q nature. Its width may speak against this interpretation, but the analysis of Ritter,Metsh, M�unz, and Petry [189℄ has shown that instanton indued interation an make signi�antontributions to the deay amplitude for the deay of salar mesons into two pseudosalar mesons.The solution spae for interferene of this amplitude and a onventional 3P0 deay amplitude isnot yet explored. Hene very di�erent widths within a salar nonet are not ruled out.If f0(1370) does not exist as q�q resonane, if f0(1000) is of q�q nature, and if the lowest mass salarmeson form a separate nonet there is, below 1.7GeV/2, no room left for the salar glueball [35℄.The eminent rôle played by the UA(1) symmetry-breaking t' Hooft interation in salar mesons wasunderlined by Dmitrasinovi [1139℄ in the Nambu-Jona-Lasinio model. He derived an approximatesum rule m2�0 +m2� � 2m2K = m2f 00 +m2f0 � 2m2K0 (11.6)linking the mass splittings between the pseudosalar and the salar singlet and otet mesons. Thesplitting must have the same size but opposite signs. A salar nonet was suggested to omprisea0(1320); K�0 (1430); f0(1000); f0(1590) (11.7)Burakovsky, partly with Goldman, alulated the mass spetra of P-wave mesons using a non-relativisti quark model [1140, 1141℄. The alulation assumed degeneray of tensor and salarmesons, exept for the salar isosinglet state. Its mass is put in 'by hand' using eq. (11.6). In theNambu-Jona-Lasinio model with instanton-indued interations, a SU(3) multiplet mass formulawas obtained onsistent with this assignment [1139℄.11The ratio 0:38�0:16 of partial widths f0(1500)! ��0 to f0(1500)! �� is rather large in spite of the muh morefavourable phase spae for �� deays. A isosalar singlet an of ourse not deay into ��0 while an otet is allowedto deay into ��. 209



11.6 Our own interpretation11.6.1 Light salar nonetsThe starting point of our interpretation is f0(1500). It is a mainly SU(3) otet state; this followsfrom its strong ��0 deay mode [326℄, from the phase motion of the salar wave in ��p! p �� andpK0SK0S [178℄, and from the onstrutive interferene of B� ! K�f0; f0 ! (K �K) and destrutiveinterferene in B� ! K�f0; f0 ! (��) [740℄. The di�erent interferene patterns in these tworeations would lead, if not properly taken into aount, to the neessity to introdue three salarstates, a salar state at about 1350MeV/2 oupling to ��, the standard f0(1500), and a new stateat 1500MeV/2 with strong oupling to K �K and weak oupling to �� [605, 612, 641℄. The latterstate would have properties inompatible with the standard Crystal Barrel state whih deays into�� four times more frequent than into K �K. We refuse this interpretation. Instead, we enfore theinterpretation of Minkowski and Ohs [740℄ that the f0(1500) with standard properties interfereswith a salar isosalar bakground.The f0(1500)! (K �K) peak would require introdution of a new resonane if interferene e�etswere not properly taken into aount. With this warning, we examine the BES puzzle on J/ deays into a salar mesons reoiling against an ! and a � meson. The 1700-1800MeV/2 regionis often supposed to be split into a low-mass f0(1710) and a high-mass f0(1790). The problem isthat the low mass state f0(1710) is produed in J/ ! !f0(1710) as a mainly n�n state. But isonly observed deay mode is K �K. The f0(1790) is produed in J/ ! �f0(1790) as a mainly s�sstate. But the latter state deays into ��. At the �rst glane, this is ompletely ontraditory. Toinrease the omplexity of the pattern, a salar struture was observed in radiative J/ deayswhih deays into �!. Deays into �! are OZI rule violating; radiative prodution of suh a stateviolates the OZI rule as well. The BES ollaboration announed the observation as doubly OZIrule violating e�et.We start with the assumption that the three observations f0(1710), f0(1790), and f0(1810) rep-resent one single state with unusual properties whih we all f0(1760). In the SU(3) limit, �! isavour otet. The radiative yield of f0(1760) is large, hene it does not have only a small otetomponent, its avour struture must be otet-like (with a negative sign between �nn and �ss).Prodution of avour-otet mesons in radiative J/ deays is unexpeted. Initial state radiationin J/ deays produes a system of pure glue (with minimum of two gluons in a perturbativepiture). These annot ouple to one avour-otet meson. However, �nal state radiation ouldplay a signi�ant rôle as well. Here it is worthwhile to reall that bremsstrahlung is produedproportional to m�3 of the radiating system. These fators ounterbalane arguments based onthe number of gluons. Prodution of otet mesons seems therefore not implausible.A q�q otet state an deay into ��, !!, and K�K� but not into �!. However, a tetraquark S-waveon�guration with the two antisymmetri quark pairs may be energetially favoured ompared toq�q in P-wave. An otet-state tetraquark wave funtion is derived by adding a seond q�q pair tothe q�q wave funtion in a way suggested by Ja�e. In this way one obtainsf 80 = 1p6 j�uu+ �dd� 2�ss > ) 1p6 j2�uu �dd� �uu�ss� �dd�ss > (11.8)whih deays naturally, by falling apart, into ��, K �K, ��, !!,K�K�, and into �!. The tetraquarkavour singlet wave funtion 210



f 10 = 1p3 ju�u+ d �d+ s�s > ) 1p3 ju�ud �d+ u�us�s+ d �ds�s > : (11.9)has the same deay modes as the otet state. It is important to emphasize that a small tetraquarkfration in the avour wave funtion and a large deay probability of this omponent is suÆientto result in a signi�ant impat on the observed deay pattern.Likely, SU(3) singlet and otet amplitudes ontribute to the �nal state as in the ase of B deaysdisussed above (see Fig. 108 and their disussion in the text). Interferene between singlet andotet amplitudes ould be responsible for the weird prodution and deay pattern in J/ deaysinto salar mesons reoiling against an ! or �. Note that adding or subtrating eqs. (11.8) and(11.9) with appropriate fators yields pure �uu �dd and �uu�ss � �dd�ss states. The former state doesnot ouple to K �K, the latter not to ��.The a0(1475) mass is larger than that of K�0 (1430) even though the latter state arries strangeness,the former one not. This `inverse' mass pattern has been disussed often and used as an argumentagainst a0(1475) and K�0 (1430) belonging to the same SU(3) nonet. In Ja�e's salar tetraquarknonet, a0 masses are heavier than K�0 masses by 150MeV/2, see Fig. 80. This for tetraquarkstates, the inverse mass pattern emerges naturally. Mixing with q�q an obviously reprodue theobserved masses.When f0(980), f0(1500), and f0(1760) are interpreted as SU(3) otet states, where are the as-soiated singlet resonanes? Salar isosinglet resonanes ouple diretly to the QCD vauum, inontrast to the otet states. Thus isosinglet states an beome very broad. We suggest that allavour-singlet salar mesons get absorbed into a wide struture; the transition from the avour-singlet 3P0 mesons to the vauum by emission of two pseudosalar mesons, of two Goldstonebosons, is too fast to support the existene of individual resonanes. The salar glueball ould bepart of this broad bakground. The bakground is thus `gluish' in the same sense as �0 mesonsare gluish. But the oupling to the QCD vauum is muh stronger for 3P0 quantum numbersthan for the avour-singlet pseudosalar �0. The isosalar salar amplitude manifests itself onlyby interferene with the narrow otet salar mesons.In the shemati view of Fig. 112, the wide salar bakground amplitude is assumed to be isosalar,the interspersed narrow resonanes otet states. The �(485) is partner of f0(980), the other isos-inglet partners are not easily identi�ed due to their large widths. Fig. 116 skethes this senario.We see immediately one problem: interpreted as otet state, f0(1760) needs an isovetor andisodoublet partner. Hene either f0(1760) is isosinglet (and the problemati prodution and deaypattern observed in J/ deays remains an unsolved issue), or we need to postulate the existeneof a a0(1720) and a K�0(1680) resonane, where the masses are estimates. It is not unrealisti thatthese two states have esaped detetion so far. The two isovetor states a0(1475) and a0(2020)were both disovered in �pp annihilation, the a0(1475) in �pp annihilation at rest, the a0(2020) in �ppannihilation in ight, in formation. Both tehniques do not give aess to an eventual a0(1720).The K�0(1720) may have esaped observation due to dominant ontributions of K�0(1680) andK1(1720). In the disussion of tensor mesons [880{882℄ (see setion 6.4.3), an additional K�2 (1650)was predited. Hene, the non-observation of these two missing states may not be a deisiveargument against our view.The mass of isosalar salar mesons is speulative. Nevertheless we suggest a senario whih may211
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0{1} 1/2 1 0{8}Fig. 116. Salar mesons with 4 otets: fa0(980);K�0 (700); f0(980)g, fa0(1475);K�0(1430); f0(1500)g,fa0(xxx);K�0 (xxx); f0(1760)g, fa0(2020);K�0 (1950); f0(2100)g. The ninth members are avour SU(3) singlets.They are not separated into individual resonanes. A glueball omponent is possible but unproven.have some plausibility even though it is not enfored by data. Instanton indued interationsinrease the mass of the pseudosalar isosalar q�q mesons, of �0 and �(1835). Their masses lie wellabove other all S-wave ground-state mesons and above all other �rst radial exitations, respetively.The same fores lower the masses of salar isosalar q�q mesons, by about the same amount.However, salar mesons are not dominantly q�q and the ation of instanton indued fores is likelyredued for the latter omponent. Instead of a mass shift of 400MeV/2 (m�0�m�), we estimate themass shift to � 200MeV/2. Thus we estimate isosalar masses to be 1300MeV/2, 1560MeV/2,1900MeV/2. The lower two masses are lose to values found in partial wave analyses: f0(1370)is onsidered as established resonane; we believe it to exist but to be narrowed arti�ially by thef0(980) and f0(1500) resonanes. Anisovih and Sarantsev �nd a salar isosalar resonane witha pole at (1530+90�250)� i(560� 140). Possibly the same pole was found at a somewhat larger mass,at (1:67� 0:26i)GeV in [991℄.Why is there so little phase motion for f0(1300)? A likely answer an be seen looking at the �(485)phase motion. The 90Æ phase is reahed at 750MeV/2, a further 45Æ shift (orresponding to ahalf width) is reahed (subtrating f0(980) at 1200MeV/2. A pole far from the real axis has aslow phase motion and a 180Æ phase shift may never be reahed.Where is the salar glueball? We believe it to be dissolved as well into the wide salar bakgroundamplitude. We reall that the wide salar omponent of low-energy �� sattering an be desribedquantitatively by moleular fores between the pions, by t-hannel exhange of � and f2(1270).Duality arguments link amplitudes for t-hannel exhange of � and f2(1270) mesons to s-hannelq�q resonanes. A sum of broad S-wave resonanes an thus be represented by a sum of a few mesont-hannel exhanges. The t-hannel exhange may ontain a ontribution from Pomeron exhangewhih in s-hannel orresponds to a glueball. This senario is a possibility how the glueball mayhide; at present there is no evidene for this is reality.212



The question arises how we an understand the absene of a narrow salar glueball whih is so�rmly predited by QCD inspired models and by QCD on the lattie. The reasons have to be theapproximations made on the lattie. QCD on the lattie neglets the oupling of the gluon �eld toq�q pairs. This is alled quenhed approximation. Reent glueball mass alulations on the lattieinlude ouplings to fermion loops [1142℄ but pions are still too heavy to represent the true hirallimit. It is hene not exluded that the salar glueball is very broad.To larify this question, high preision data on J/ deays into a vetor meson (, ! and �) andtwo pseudosalar mesons (��, K �K, ��, ��0) are needed, and detailed studies of the deay of salarmesons inluding radiative deays [1143℄. Ultimately, a series of Rosner plots as funtions of thesalar mass will be required. A Rosner plot for pseudosalar mesons was shown in Fig. 3 in setion1.11.6.2 Dynamial generation of resonanes and avour exotisWe have seen that there are severe arguments whih justify interpreting some mesons as beinggenerated from moleular fores between the mesons into whih they deay. For the isospin quartet(a0(980), f0(980)) the disussion [1035, 1039, 1043, 1046, 1056, 1144℄ onentrates, with refutation[1145℄ and ounter-arguments [1146℄, and a reent detailed analysis [1055, 1147℄, on the questionif data are ompatible with or enfore one of the favoured interpretations, if a0(980) and f0(980)are dynamially generated, q�q, or tetraquark states.The mesoni avour wave funtion of a+0 (980) an be expanded into its Fok omponentsja0(980)+ >= �ju �d > +�ju �ds�s > +jK+ �K0 > � � � (11.10)plus higher order on�gurations. In this expansion, quark and antiquark in u �d are in P-wave whilethe us �d�s andK+ �K0 systems are in S-wave. The Pauli priniple forbids to add a ju �du�u > or ju �dd �d >omponent. The two omponents ju �ds�s > and jK+ �K0 > di�er in their olour on�guration: inthe latter wave funtion, u�s and s �d are olour singlets, in the former this is not imposed. Thetetraquark wave funtion ontains the moleular piture. The dynamial assumptions are of oursedi�erent in these two ases.Ja�e has reminded us reently that tetraquark on�gurations and the moleular piture annot bemeaningfully distinguished when the state is near or above important thresholds [1082℄. He on-sidered a toy model in whih the four quarks are very weakly bound inside of a strong interationvolume; outside, the K �K system is supposed not to interat. Then he assumed the olour foresare strong enough to bind the system but with a small binding energy. The small binding energyfores the system to beome large. Is that system of tetraquark nature or of moleular harater?The origin of that state lies ertainly in the olour fores. The wave funtion exhibits moleularharater.Similar arguments have been raised in baryon spetrosopy. In the quark model, the N(1535)S11resonane with J = 1=2 is the twin brother of N(1520)D13 with J = 3=2. They both have intrinsiorbital angular momentum ` = 1 and the 3 quarks spins ouple to s = 1=2 (some s = 3=2omponent an be mixed into the wave funtion. On the other hand, the deay properties of theN(1535)S11 resonane an very well be understood from the S-wave meson-baryon interationin the energy range around the �N threshold using a oupled hannel hiral Lagrangian with�N , �N , K�, K� in the isospin-1=2, l = 0 partial wave. A �t to sattering data then yieldedparameters, supporting a quasi-bound K�-state whih an be identi�ed with the N(1535)S11213



resonane [1148℄. Does this observation require two states, a quark model state and a quasi-boundK�-state? We do not believe so. Meson-nuleon sattering is partly driven by resonanes whihin turn an be reonstruted from the sattering amplitude. The quark model and dynamiallygenerated resonanes are, as we believe, di�erent views of the same objet.Coming bak to the low-lying salar mesons. The main topi of this disussion is if we an expettwo states, a ju �d > and a jus �d�s > meson (or K �K moleule), possibly mixing but reating two (oreven three) states. This is a dynamial question to whih answers an be given within a model orby looking at the observed pattern of states. The two orthogonal omponents �ju �d > +�jus �d�s >and ��ju �d > +�jus �d�s > may both form resonanes. Yet it is possible as well that one of themdisappears as sattering state. In SU(3), the number of tetraquark wave funtions is 9, see Fig. 80.This is just the number of q�q states. This situation does not repeat in the ase of SU(4). Charmprovides an additional degree of freedom, and it is rewarding to inlude u; d; s;  quarks into thedisussion. In SU(4), there are 16 q�q states but 36 tetraquark on�gurations whih have quarkpairs whih are antisymmetri in spin and avour: 9 tetraquark states with u; d; s quarks only,20 tetraquark states with open harm or anti-harm, and 9 tetraquark states with hidden harm.The 16 q�q states are the light-quark nonet, a D+; D0; �D0; D� quartet, a D+s , and D�s , and the� state; three of them arry harm (and three antiharm). The 10 tetraquark states with openharm have wave funtions: �d u�u ;  �d s�s ;  �d d�s ;  �d s�u ;  �du�s�ud �d ; �u s�s ; �uu�s ; �u s �d ; �ud�s (11.11)These tetraquark ombinations an all have qq in olour 3 and spin 1S0. Thus mesons with wavefuntions 1=p2j�s(�uu + �dd) > and 1=p2j�s(�uu � �dd) > ould exist. However, the last two wavefuntions in both rows of (11.11) are avour exoti, and suh states have never been observed.Out of the 10 wave funtions in (11.11), three an mix with q�q, the other seven tetraquark wavefuntions annot. Phenomenologially, none of the seven extra states has been found. We onjeturethat the fores in the tetraquark system and the moleular fores are not strong enough to providebinding, they fall apart as suggested by Ja�e [906,990℄. Only those tetraquark on�gurations existwhih an mix with q�q. The tetraquark omponent plays a signi�ant rôle for salar mesons withmasses lose to or above their respetive thresholds for OZI rule allowed deays. The tetraquarkavour wave funtions of salar harmed states are given by  �d(�uu+�ss), �u( �dd+�ss), �s(�uu+�dd).We identify �s(�uu+�dd) with D�s(2317). The  �d(�uu+�ss) and �u( �dd+�ss) ground states might beD�+;00 (2350). We believe that these are the �rst exited salar states, and that the ground stateD�+;0(1980) is not yet found. At suh a low mass, SU(3) symmetry breaking will redue the �ssomponent; in high exitations, the �ss omponent may play a rôle.The onjeture of just three tetraquark salar states with open harm an be tested at the DsK0Sthreshold. A (�s)(s �d) = ( �d)(s�s) tetraquark state ould exist and should be observed as narrowpeak in the D+�0 mass distribution. Its deay would be OZI rule violating. Fig. 117 would suggestit to have a mass � 50MeV/2 below the D�s(2317)K0 threshold, i.e. about 2750MeV/2. It shouldshow up as peak in Fig. 49b. Clearly, onsiderably more statistis is needed to exlude its existene.We predit that it will not be found.It should be noted that the existene or not of avour-exoti tetraquark states is of onsiderableimportane. If tetraquark states not allowed to mix with q�q states are unstable { as we laim {then any resonane with exoti quantum numbers must be of hybrid nature. In the light-quarksetor, all non-exoti tetraquark states in Ja�e on�guration an mix with q�q and arguments in214



favour of tetraquark states have to rely on their abundane. In the harm setor, avour-exotitetraquark states might still exist; their disovery or quantitative upper limits are urgently needed.Even if they should not exist, QCD may support tetraquark bound states in very heavy plus lightquark systems, like b�u �d (Rihard, private ommuniation).11.6.3 Salar states from the � to �b0(1P )In this last setion we summarise our view of the mass spetrum of salar ground states and oftheir �rst radial exitation. In Fig. 117a we display our view.
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Fig. 117. Exitation energy of salar mesons above their respetive thresholds for OZI allowed deays. The diagramsuggests that the �b0(1P ) would hange its mass ontinuously down to the �(485) mass, and the �b0(2P ) to thef0(1300) mass, when the quark masses are redued ontinuously from b�b to n�n. The horizontal sale is given bythe logarithmi threshold masses.The nine mesons fa0(980); K�0(700); f0(465); f0(980)g form a low-mass salar nonet. Their Fokspae expansion ontains q�q, qq�q�q, and meson-meson omponents. In this sense we interpretfa0(980); K�0(700); f0(465); f0(980)g as nonet of q�q mesons, with diquark (and antidiquark) hav-ing olour wave funtions in f�3g (and f3g) representation and spins in 1S0, and with the two q�qsubsystems spending most of the time as K or �K. So far, we have presented an aepted (eventhough not undisputed) view. However, we interpret f0(980) as avour otet and f0(465) as avoursinglet state even though avour SU(3) is broken at suh a low mass, and f0(465) is expeted tohave a small �ss omponent only. With K�0(700) as lowest salar state arrying strangeness, thereis onsensus that K�0 (1430) is the �rst exitation above it. Controversies will arise from our as-signment of f0(1500) and a0(1475) as otet states and K�0 (1430) partners. We omit the disputednarrow f0(1370) and interpret the broad salar isosalar bakground f0(1300) { the old �(1300){ as f0(465) exitation. The puzzling mass pattern of D�0(2350) and D�s0(2317) { with the �nstate heavier than its �s ompanion { is resolved by interpreting the former state as exited, thelatter one as ground state. A D�0 ground state is then expeted at about 1980MeV/2, below theD� threshold. In the limit of hiral symmetry, the D� interation vanishes when pion momentaapproah zero. This may shift the mass of the hypothesised D�0 state to higher masses. Beveren,Costa, Kleefeld and Rupp [822℄ propose it to have 2114MeV. The D�s0(2317) radial exitation isexpeted at about 2650MeV/2. The Selex state D�sJ(2632) has the right mass to �ll this slot;however there is no obvious reason why it is so narrow. Alternatively, the DsJ(2860) might playthis rôle [837℄. The Y (3940) �ts well as radial �0 exitation.Bugg (private ommuniation) pointed out that an inlusion of the rapidly growing phase spae215



might shift the D�0(1980) pole position up to 2350MeV; if this is true, an additional D�0(1980)would, of ourse, not be needed. The Selex state D�sJ(2632) ould be fake. Hanhart (privateommuniation) insisted that f0(980) is of moleular harater and has no relation to q�q or qq�q�q,in the same way as the deuteron is a proton-neutron bound state and no six-quark state. Ifthese two views are orret, the low-mass salar meson nonet deouples from q�q physis beomingan independent branh, and the ground state salar mesons are all above 1GeV/2. This moreonventional senario is shown in Fig. 117b.Our preferred interpretation is ontained in Fig. 117a. Its most striking aspet is the smoothhange of the exitation energy with the mass of the two pseudosalar mesons to whih the salarmesons ouple strongly. The plot suggests that the �b0(1P ) state gradually hanges into f0(465)when the quark masses are lowered ontinuously. Of ourse, this does not imply that f0(465) and�b0(1P ) have the same struture. The �b0(1P ) is well understood as q�q state; when the quarkmasses get smaller, the mass approahes the threshold for OZI allowed deays and tetraquarkand moleular omponents beome important. But still, f0(465) oupies the slot of the quarkmodel ground state, and no light q�q salar isosalar meson whih resembles the �b0(1P ). Quantumhromodynamis forms states of q�q struture when both quark masses exeed one GeV; for lightquarks, QCD forms bound states of a more ompliated dynamial struture.
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12 Outlook � � � and a look bakWe reall some novel features whih we developed while writing this review. A summary of fatsand ideas was already presented at the beginning of this review.The most fasinating aspet is the new view of salar mesons, from the �b0(9860) to the �.The salar mesons have brought with them many puzzles: from the long-debated �(485) and thetwin brothers f0(980)=a0(980) to the hotly disputed f0(1370)=f0(1500)=f0(1760) omplex and itsstrange prodution and deay pattern in J/ , B and D deays. It may look surprising that a viewan be developed with embraes all these di�erent observations with a minimum set of assump-tions. In this view, the �b0(9860) is, as expeted, a b�b bound state and �0(3415) a � state: theh1(3542) mass oinides with the entre of gravity of the spin-triplet states. The summation in-ludes �0(3415). If �0(3415) would have non-� omponents, the oinidene would be extremelyfortuitous. With dereasing quark masses, the salar states approah their respetive thresholdsfor OZI allowed deays and beome strongly oupled to the meson-meson ontinuum. The q�qseed develops a tetraquark omponent and, for very low mass, a moleular objet is formed. Thetetraquark and moleular omponents govern the meson masses and their deay properties. While�b0(9860) and �(465) are of very di�erent nature, their roots are the same. But when when a lightquark-antiquark pair with salar quantum numbers is reated out of the vauum, QCD transformsthe initial q�q seed into a omplex objet whih is eÆiently interpreted using methods of hiralperturbation theory instead of the onventional quark model. The light-quark isosalar mesonsseem to organise themselves into omparatively narrow otet states and into broad avour singletstates. The latter states have the quantum numbers of the QCD vauum and ouple strongly topions, to the lightest Goldstone bosons. The isosalar salar mesons are so broad that they do notshow up as individual resonanes, they merge into a wide bakground. The salar glueball may bepart of this general bakground. The strange prodution and deay patterns observed for salarmesons an be understood by interferene between the wide SU(3) singlet states and the narrowotet states and their expansion from primarily formed q�q seeds into tetraquark lusters.Many new questions have emerged. Even though our belief in glueballs is shaken, there will beundoubtedly new experimental searhes for glueballs and new attempts to interpret the salarmesons as q�q mesons mixing with a salar glueball. Also the searh for spin-parity exotis will goon; arguments have been put forward that harmonium hybrids ould be narrower and easier todetet. And optimists hope for narrow high-mass glueballs. The new exitingly narrow harmoniumstates lead to the expetation of avour-exoti states, of tetraquark states whih annot be reduedto �. So far there is no experimental evidene for suh states but it is important to larify theseonjetures.We expet that the `boring' spetrum of high-mass q�q mesons will be ompleted in future ex-periments and that some important questions will �nd answers. We still do not know the basimehanisms responsible for high orbital and radial exitations. Are the agents in a a+6 (2450) mesonstill a onstituent u and a �d quark? Do the masses of the onstituent quarks hange when mesonsare exited? What onnets the quark and the antiquark? A gluoni string? What kind of nonper-turbative utuations are important for small and for large separations? Do ondensates play arôle in the `empty' spae between quark and antiquark? Is there really something like an e�etiveone-gluon exhange? Are there instanton-indued interations? We believe, these are fundamentalquestions whih need to be solved before we an laim to have understood QCD.It appears from this review that answers often ome from unexpeted diretions. The best evidene217



for the otet harater of f0(1500) omes from B deays. The tetraquark nature of the low-masssalar mesons was suggested 30 year ago. We believe this to be a muh broader onept andfound support for this view from J/ deays and from B+ ! !J= K+ deays. The new narrowharmonium and open-harm states have emphasized the rôle of the opening of new thresholds.The systemati of the mesons with open harm taught us that salar mesons are likely not bejust tetraquark states; a q�q omponent may be needed to bind the system. One major onlusionof the review an be drawn: hadron spetrosopy is still full of surprises, a fat whih teahesus modesty. And we have learned that hadron spetrosopy does not advane by performing oneexperiment only. Di�erent approahes stimulate eah other and shed light from di�erent diretionson a subjet whih ontinues to be fasinating and intelletually demanding.Physis does not deal only with objets. Physis annot be done without the enthusiasm of ol-leagues and ollaborators. Here we would like to render our deepest thanks to all with whom wehad the priviledge to ooperate in one of the experiments. Our views developed in a multitude ofdisussions; here we mention a few but in the onvition to have forgotten enlightening disussionswith people not listed below. Nevertheless we mention here N. Ahasov, R. Alkofer, C. Amsler,A.V. Anisovih�, V.V. Anisovih�, R. Armenteros, D. Aston, T. Barnes, Chr. Batty, K. Bek,E. van Beveren, F. Bradamante, S.J. Brodsky, D. Bugg, S. Capstik, S.U. Chung�, F.E. Close,G.F. De Teramond, D. Diakonov, A. Donnahie, W. Dunwoodie, W. D�unnweber, St. Dytman, A.Dzierba, W. D�unnweber, P. Eugenio, A. F�assler, M. F�assler, H. Fritzsh, U. Gastaldi, K. G�oke, C.Guaraldo, H. Hammer�, C. Hanhart�, D. von Harrah, D. Herzog, N. Isgur, S. Ishida, B. Ja�e�,A. Kirk, K. K�onigsmann, F. Klein, K. Kleinkneht�, H. Koh, K. K�onigsmann, S. Krewald�, B.Kubis�, G.D. La�erty, R. Landua, L.G. Landsberg, S. Lange, Weiguo Li, D.B. Lihtenberg, M.Loher, R.S. Longare, V.E. Markushin, A. Masoni, A. Martin, B. Meadows�, U.-G. Mei�ner�,V. Metag, B. Metsh�, C.A. Meyer, P. Minkowski, L. Montanet, S. Narison, V.A. Nikonov, W.Ohs�, L.B. Okun, S.L. Olsen, E. Oset, M. Ostrik, Ph. Page, A. Palano, E. Paul, J.R. Pelaez, M.Pennington�, K. Peters, H. Petry, M.V. Polyakov, J. Pretz�, Yu.D. Prokoshkin, J.M. Rihard�, A.Sarantsev�, A. Sh�afer, F. Shek, H. Shmieden, B. Shoh, K. Seth, Jin Shan�, Xiaoyan Shen,E.S. Swanson, W. Shwille, A.P. Szzepaniak, J. Speth, K. Takamatsu, L. Tiator, P. Tru�ol, U.Thoma�, T. Tsuru, Th. Walher, Chr. Weinheimer, W. Weise, N. Wermes, U. Wiedner�, H. Wittig,H. Willutzki, B.S. Zou�, and C. Zupani. Those marked with a � had read ritially parts of themanusript and made thoughtful suggestions. D. Bugg and B. Shoh read the full manusript, tothem our deepest thanks. Early ontributions by Bernard Metsh and Mike Pennington in the ini-tial phase of the projet are kindly aknowledged. Of ourse, the responsibility for any remaininginauraies rests with the authors.We as authors have ollaborated losely with our diret olleagues. We both would like to thankthem for the wonderful time we have spend with them. A.Z. would like to appreiate the ol-laboration with D.V. Amelin, E.B. Berdnikov, S.I. Bityukov, G.V. Borisov, V.A. Dorofeev, R.I.Dzhelyadin, Yu.P. Gouz, Yu.M. Ivanyushenkov, A.V. Ivashin, V.V. Kabahenko, I.A. Kahaev,A.N. Karyukhin, Yu.A. Khokhlov, G.A. Klyuhnikov, V.F. Konstantinov, S.V. Kopikov, V.V.Kostyukhin, A.A. Kriushin, M.A. Kulagin, S.A. Likhoded, V.D. Matveev, A.P. Ostankov, D.I.Ryabhikov, A.A. Solodkov, A.V. Solodkov, O.V. Solovianov, E.A. Starhenko, N.K. Vishnevsky,and E.A. Vlasov in ommon experimental e�orts.E.K. has had the privilege to work in the ourse of time with a large number of PhD students.The results were ertainly not ahieved without their unagging enthusiasm for physis. I wouldlike to mention O. Bartholomy, J. Brose, V. Crede, K.D. Duh, A. Ehmanns, I. Fabry, M. Fuhs,G. G�artner, J. Junkersfeld, J. Haas, R. Hakmann, M. Heel, Chr. Heimann, M. Herz, G. Hilkert, I.Horn, B. Kalteyer, F. Kayser, R. Landua, J. Link, J. Lotz, M. Matveev, K. Neubeker, H. v.Pee, K.218
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