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1. Introduction

1.1. Thediscoveryof the Jh~i

A fourth quark named“charm” was proposedby Bjorken and Glashow[1] in 1964 following the
ideasof the “eightfold way” by Gell-Mann andNe’eman[2]. The conceptof the charm quark then
found its first real applicationin the 1970 paperby Glashow,Iliopoulos and Maiani [3], providinga
mechanismto explain the suppressionof strangenesschangingneutralcurrents.The massof the cquark
was suggestedby Gaillard and Lee [4] to be in the region of 1—2 GeV by calculatingthe rate for the
processK-+p~p~.

In the so-called “November Revolution of Particle Physics” [5] the 1 ground state of the
charmoniumfamily, the J/t~iparticle, was discoveredat Brookhaven[6] and SLAC [7] in 1974. At
Brookhavena narrowresonanceat 3.1 GeV was observedin the e~einvariant massspectrumof

p+Be—+e~e+X, (1)

whereasat thee~estoragering SPEAR at SLAC the sameresonancewas seenin the reactions

e~e—+hadrons,~ , ande~e. (2)

Figure 1 showsthesignalsfor theJI t~ias observedin reactions(1) and(2), respectively.The MIT—BNL

(a)

I I (b)80b2
42~ [iF— ~‘ I I

Events
70 _-.. 1000 e~e—hadrons

DNormal

60 Current 100

o ~ lililil ii
c’J 00 +-

ci~4Q -~ ee—~

~3Q b IO±;4/~_~__4

10 100

2C ~ I I I I
0 3.050 3.100 3.120
2.50 2.75 3.00 3.25 3.50 3.090 3.110 3.130

me+e_ (Gev/c
2) ENERGY Ecm ~~‘)

Fig. 1. Discoveryof theJ/dsparticleat BNL and at SLAC. (a) J discoveryat BNL, showing thee*e invariant massdistributionof thereaction
p + Be—pe*e + X. The unshadedarea is theresult afteradeliberate10% shift in thespectrometermomentum[6]. (b) ~i discovery at SLAC. A
very strong rise of the crosssectionsfor hadron,p~,and e~efinal statesis observed[7].
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group at Brookhavenused an extremelyintense beamof _~1012protons/pulseat v~= 7.6GeV and
observedthe J as a narrowpeakat 3.1 GeV in the e~einvariant mass.

The SLAC—LBL Collaborationobservedan enormousincreasein the crosssectionfor multihadron,
e~e,andp.~i.production.This finding was confirmed[8, 9] immediatelyafterwardsattheADONE and
DORIS storagerings.

The most surprisingfeatureof this resonance,apartfrom its enormouscrosssection (.f o(E) dE
12 p~bMeV), is its small decaywidth (74±8 keV),*) which indicatesthat decaysof the J/~1to lighter
hadronsare suppressed.The determinationof the J/tti resonanceparametersand quantumnumbersis
describedin chapter4.

Soon after the discoveryof the J/tj~(310O),first the t~i’(3685)[10] and then a completefamily of c~
states[11],very similar to the energylevelsof positronium,wereobserved.The charmoniumfamily, as
it is knowntoday, is shown in fig. 2.

The reasonfor the extremelysmalldecaywidth of the J/~4iis very relevantto thisreport. It is usually
referredto by the phenomenologicalOZI (Okubo—Zweig—Iizuka)rule [12], whichstatesthat processes
in which the initial quark pairs cannotappearas part of the final stateparticlesaresuppressed.Or,
statedmoresimply, processeswith “detached”quark lines aresuppressed.The meaningof this rule is
graphicallydepictedin fig. 3 for decaysof the 4(1020)andthe J/t~i.The decayof the J/i4i is hindered
becauseit is too light to decayinto mesonswhich contain a c quark (D or D~mesons).

Within the frameworkof QCD, OZI suppressionis describedin termsof the annihilationof quark
lines into hard gluons. The Zweig rule violating processesare of higher order in the (small)
quark—gluoncouplinga5(Q

2) andarethereforesuppressed.The J/~idecaydiagramsareshown in figs.
4a and c classifying the decaysof the JIt~Jinto non-radiative(direct) hadronicdecaysand radiative
decaysinto hadrons.The strengthof the OZI suppressionputsthe electromagneticdecayrate(fig. 4b)
into the sameorder of magnitudeas its strong decayrate—aremarkablesituationfor a mesonwith a
mass around3 GeV.
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Fig. 2. The charmoniumfamily. Shown aretheobservedcharmoniumlevelsbelow charmthresholdandthe transitionsbetweenthem.

*1 This value [23,24] is different from the onequotedby theParticle Data Group[14](seealsosections2.1 and 4.1).
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(a) 4~—KK fbi ø— 3T~ ci J/4i— hadrons

hadrons

Fig. 3. OZI allowed andforbidden decays.Diagramsof ~(l020) andJI4~decayswhich are(a) OZI allowed and (b), (c) OZI suppressed.

Although theJ/~iwas discoveredalmost 15 yearsagoand its decayshavebeenstudiedever since,
experimentsoperatingat the J/~istill attractboth experimentalistsand theorists due to the unique
constellationsof this resonance.The attentiongiven to the studyof JIt~decaysreceivedan additional
impetus in recentyearsdue to the possibility of finding boundstatesof gluons (glueballs,gluonia) in
radiative decaysof the J/tji. This question hasbeen addressedin studiesusing large-statisticsdata
samplesin the so-called“second-or third-generation”experimentssuchas CrystalBall andMark III at
SPEARor DM2 at DCI/Orsay.

If the gluons of fig. 4c form a boundstate,a resonancepeak in the energydistribution of the
inclusive photonor in the final statehadroninvariant massdistributionshouldbe observed.Since the
gluons can, in principle, form a glueball at anymassbetween0 andM~,the radiative decayprocessis
ideal to scan the predicted glueball mass spectrum (see section 2.4) and to search for glueball
candidates.In this vein the hadronicandelectromagneticJ/t~decayshaveregainedattentionbecause,
together with the observationsin radiative decays, they provide additional information about the
quark/gluenatureof a glueball candidateresonance.

Dataon J/t~decaysareavailablesince 1974.The authorsof this reportdo not intendto reviewin full
detail all the data and the analysisresultsthat havebeenpublishedby the variousexperimentssince
then and havealready been previously reviewed [13]. Instead,whereverpossible,the more recent
resultsaregiven priority over older publicationsunlessdifferentexperimentscometo contradictingor
inconsistentconclusions.Also, whenevernew discoveriesarereported,the original publication will be
referenced.

The emphasisof this report is on reviewingthe datawhich havea strongconnectionto thephysicsof
glueballs.The studieswhichwerevery importantto establishthe natureof theJ/~particle andwhich
arereviewedin greatdetail elsewhere[13] are treatedhereonly briefly.

~ ~
(a) 3GLuon (b) Electromagnetic

y
3/’P~Z~~~hadrons J/tk17c~~~~adrons

(c) Radiative (d) Via

Fig. 4. Jul1decaysinto hadronsin lowestorder. (a) Thehadronicdecay,(b) theelectromagneticdecay,(c) theradiativedecayinto hadrons,and(d)
the radiativeMl transitionto the

1L~



72 L. Köpke and N. Wermes,iu~decays

1.2. Organizationof thepaper

In chapter2 somebasicconceptson thephysicsof JI~i decaysare recalledandan introductionto the
spectroscopyof qcj states,gluonia,andotherexoticphenomenais given. The experimentswhich have
operatedat the J/ i.~energyin e+ e storagerings are introducedin chapter3 andsometechniquesto
analysethe data are discussed.After a brief review on J/t!i resonanceparametersin chapter4, the
wealth of experimentaldata on the decaysof the J/’I’ is reviewed, in chapter5 for the non-radiative
decaysandin chapter6 for the radiativedecays.Becausethe questionof theexistenceof gluonicbound
statesis extremelyrelevantto the experimentalprogramof J/ t~decays,chapter7 is specificallydevoted
to this topic by confrontingthe “glueball phenomenology”with the availableexperimentalinformation.
Chapter7 also includescomparisonsandconnectionswith the resultsfrom otherreactionssuchas ~y-y
collisions or hadroproduction.Finally, a summaryand anoutlook into the futureof the still continuing
analysesof J/tIi decaysis presentedin chapter8.

A wordshouldbe said on the useof particlenamesin this report. We adopt thenamingconvention
proposedby the ParticleData Group [14] in 1986. Although this is an obviouslycogentchoiceit can
lead to someconfusionin the contextof the new resonances“iota”/~(1440)and“theta”/f2(1720).We
have thereforetaken the liberty to also refer to thesestatesas “iota” and “theta”, respectively,
wheneverit seemsappropriateto distinguishthem from standardquark-basedstates.

2. The physicsof J/~Jsdecays

2.1. J/ s~idecaymechanisms

The lowest-orderdiagramsfor the decaysof the J/4i areshownin fig. 4, representing(a) the hadronic
decayvia c~annihilationinto threegluons, (b) the electromagneticdecayvia cë annihilationto a virtual
photon, (c) the radiative J/t~i decaywith c~annihilation into a photon and two gluons, and (d) the
magneticdipole transition to the cë ~ state ii~(298O).The decayratesare readily calculatedin
perturbativeQCD using lowest-orderexpressions[15] and first-order QCD corrections[16—18,20].

The choiceof Q
2 at whichto evaluatea~is to someextentarbitrary. In the literatureonecommonly

finds the useof Q2 = M~[17]or Q2 = m~[18].Brodsky,Lepage,andMackenzie[19]havearguedfor a
particular choice which absorbsthe dependenceon the numberof light quark flavours, flf, into the
lowest-ordera~term. The particular choice of the Q2 scale does not affect the correctionsto the
electromagneticprocesseslike JI ~.s—~ ~ or 3y. The rates that dependon a~to lowest order are,
however, affected. Predictionsfor ratios of ratesare expectedto be more reliable than individual
predictionsinvolving ‘I’(O) 2 [17]. In this chapterwe shall usethe first-ordercorrectionsevaluatedat
Q2 = M~following ref. [17].

Startingwith the Van Royen—Weisskopfformula [21] for the electromagneticdecayinto leptonsone
finds, neglectingleptonmasseffects [20, 21]

F(J/~j—*�~�) = ‘~ra2e~N~~1,(0)I2(1— (3)

wheree~is the charm quarkcharge,N~the numberof colours, and ~P(0)the valueof the radial wave
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function at the J!4c origin. M9 is the J/tji massand a~is the strong couplingconstantevaluatedat
Q

2 = M~,.Note that in the literatureone often finds the conventionIR(0)12 = 4irJ~P(0)~2.
The three-gluondecaywidth (fig. 4a) can be calculated[15] in close analogyto the 3-y decayof

orthopositronium,for which the decayrate [22] is given by

F(1S
0~3~)= 16(2 — 9)a

3e~N~~(Ø)~2 (1— 12.6a,/~), (4)

wherem~ M
912 is the charm quarkmass.

The prescriptionto obtainthe lowest-orderpartof the formula for the three-gluondecayof the J/45is
obtainedsubstituting

~
3e~N~—~~ (5)

Including the first-order corrections[16] one obtains

F(J/~i—~ggg)=~(1T2 —9)a~ (1 +4.9a

5/IT). (6)

Substituting(3) into (6), togetherwith a propertreatmentof the first-orderterms, resultsin [17—19]

F(JI~—*ggg) = ~j-~---(ir
2 —9) ~ F(J/~,—*~ )(1 + 10.3a~/1T) 48 keV, (7)

using the experimentalvalue*) of F(JIt~,—+ee ) = (5.1±0.3)keV [23, 99] anda~= 0.16 (seechapter
6). Equation(7) representsthe hadronicdecaywidth of the J/iJ~to first order if oneassumesthat the
gluons couple to the final state hadronswith unit probability. Note that the first-order correction
correspondsto a sizeablefraction of the total rate.

The electromagneticdecaywidth for an individual quark pair (fig. 4b) is identical to (3) when one
correctsfor the quarkchargeandneglectsquark masseffects [15]. Summingoveru, d ands this results
into

= 3 ~ e~F(J/t~—.�.~� ) = (10.2±0.6) keV. (8)

Alternatively onefinds

1~im~~th0n5) = R(off-resonance)F(JItli-—~e~e) = (13.2±1.1)keV, (9)

where [25] R(off-resonance)= (2.59±0.15±0.08) is the ratio of hadronic and lip, cross sections,

at 3 GeV. Comparedto the total width of the J/~i,13 keV is a very large width for an
electromagnetictransition.This is dueto the strongsuppressionof the three-gluonhadronicdecayas a
consequenceof the OZI rule.

.1 A betterunderstandingof QED radiativecorrectionshasrecentlyledto amodificationof theJ~,resonanceparameters[23,24, 99] (seealso

section5.2.2).
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The radiative width (fig. 4c) in first-orderQCD is proportionalto a~a,

F(J/t~—*ygg)= ~(1T
2 — 9)a~ae~ (1— 0.9a~/ir). (10)

assumingon-shellgluons [15—18].The ratio of theradiative decayto the three-gluondecayof the J/ t~is

__________ = ‘~(a/a~)(1— 5.8a~/~r)10.3%. (11)

With (7) we find

F(J/—e.-ygg)z~z5keV. (12)

Finally, the transition to the i~~(2980)(fig. 4d) hasbeenmeasuredby the CrystalBall experiment[26]
usingthe inclusivephotonspectrum.The partial decaywidth is

= (940±285) eV, (13)

correspondingto a branchingfraction [26] of (1.27±0.36)%.
Summarizing,we notethat the decaymodesof the J/t~iinto hadrons,calculatedincluding first-order

corrections,roughly contributethe fractions

F F F F
had elm rad ‘1~

~75%.16%.8%:1% (14)
~ non-lept non-lept ‘ non-lept non-lept

to the non-leptonic decay width into hadrons.The total non-leptonicwidth is (63.8±9.0) keV=
(74 ±8) keV — ~e,pp. [23, 99]. Electromagneticandradiative decaysarethusonly suppressedby factors
of about 5 to 10 with respectto the hadronicdecaysandnot by severalordersof magnitudeas one
would naively expecton the basisof the couplingconstantratios.

2.2. Light-quark mesonspectroscopyat the JI~i

The spin 1/2 quarksandantiquarkslie in 6 and6 representationsof SU(6) (u, d, s quarks,two spin
states).For a q~jmesonthe SU(6) representationsare

6®6=1EJ335. (15)

Decomposing the SU(6) representations 1 and 35 into SU(3)~avour and SU(3)
5~1~representations, one

finds the results of table 1. The ground state q~mesons(u, d, s) are assignedto places in these
irreduciblerepresentations.In addition thereexist radial andorbital excitationsfor eachrepresentation.

Let us consider,for example, the ground stateq~jmesonswith no orbital angularmomentum(s
wave), which form the pseudoscalarandthe vectormesons.The classificationis shownin table2. The
SU(

3)tiavour singleteigenstates‘fl ~ ~ andw
1, w8 frequently mix to becomethe physicalmesons(mass

eigenstates).For the vectormesons,as for mostSU(3) representations,thismixing is almostideal,i.e.,
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Table 2

Table 1 Classificationof theground statemesons.
SU(6) decomposition into SU(3)t,voor and peudoscalar vector quark flavour
SU(3),~,multiplets. For the spin part the (SU(3),2s+ 1) SU(2)~,~

0,, mesons mesons decomposition
notation2s + 1, wheres is the quark spin, is -

used. (1,1), (1,3) 1 (uu+dd+ss)uV’~
5U(6) (SU(3),2s+ 1) (8, 1), (8,3) 3 IT~,1T~,IT p’,p°,p ud, (uO + dd)/V~

2 K,K K ,K us,ds
(1,1) 2 K°,K Kb, K

t sd sfl
35 (8,1),(8,3),(i,3) 1 to, (uu+dd—2ss)uv’~

the masseigenstatesare (almost)diagonalin the quark flavour. Becauseof this it is commonto group
the mesons into nonets, rather than octets and singlets. One should note, however, that the
pseudoscalar nonet is not ideally mixed.

A commonnotationin termsof SU(2) representationsis (triplet, singlet,singlet, doublet).Thus the
pseudoscalarnonetwill bedenoted(ir, i~,r~,K), thevectornonetwill read(p, o, ~,K*(892)), andthe
tensormesonnonetwith orbital angularmomentumL = 1 (p wave) is (a

2(1320),f2(1270), f~(1525),
K~(1430)).

The assignmentof experimentallyobservedstatesto thisschemeis donein fig. 5, showingthe orbital
and radial quantumnumbersof q~states.Note that the parity, P, and chargeconjugation,C, of q~

1+1 J+sstatesaregiven by P=(—1) and C=(—1)

2.3. SU(3) and Zweig’s rule

The quark flavour symmetrygroupthat is explicitly testedin J/t~idecaysis SU(3)ttavour.Sincethe J/t~i

is a c~boundstateit behavesas a singletwith respectto a symmetry of threequark flavours.
A very importantrule canbe derivedfrom chargeconjugationinvariance(C) appliedto thedifferent

mesonnonets.UnderC, a mesonnonetN~transforms[27]as N’~—~(eraN~(no sumovera), where(eis
the C parityof N

3, the centrememberof the nonet(the ir°-likestate),e2= = = —1, and all other
= + 1. We shall regard(easthe C parityof the nonet.SincetheJI 4i hasC = —1, (einvarianceimplies

that the two nonets(octets,singlets)to which it can decaymusthaveopposite(eparity.Of course,this
rule only holds in the SU(3) symmetry limit. As an example, the decayJI4i —* ir°ir°is explicitly
forbiddenby C parity, while JIt~i—*K°K°is forbiddenby (eonly in the SU(3) symmetriclimit. Table 3
showswhich multiplet combinationsare allowedor forbiddenby (einvariance.

Table 3
Selectionrules for J/’l’ and q~decaysundergeneralizedC parity. S, P, V, I denoteScalar,Pseudoscalar,VectorandTensor mesonmultiplets,
respectively.A* and A denotethetwo axialvectornonetswith opposite~ parity. For three-particlefinal statesonly oneexampleis given.“Yes”

refersto allowed and “—“ refersto forbiddendecays.

Decay PP P5 PV PT SS SV ST VV VT U PPP

— yes — — yes — yes —

Ju~—+~X yes yes — yes yes — yes yes yes yes
yes yes — yes yes — yes yes yes yes

Decay PA’ PA SA’ SA~ VA’ VA TA TA A’A A A A’A

J/4,—X yes — — yes yes — yes — yes
JI4i—*~yX — yes yes — — yes yes — yes yes

— yes yes — — yes yes — yes yes —
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Fig. 5. The presentexperimentalknowledgeof qq states.
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Of course,the samerule can be applied to radiativeJIo~odecaysand to hadronicdecaysof the r~.
Here the ‘q~ or the system X recoiling against the radiative photon have C= + 1. This requires that the
decay products come from nonets with the same (e.

This rule is valid only in the SU(3)symmetry limit, and SU(3) breakingeffects as well as the OZI
rule spoil the strict predictionsof table 3. On the other hand, one can determine the amountof SU(3)
breaking from the measured branching fractions(seesection5.3.1). To give anexamplehowstrongthis
suppression can be, one maycomparethe ratios

B(JIt~i—*K~K ) — (2.36±0.30) x 10 1 1

~B(JI~K*+K +c.c.) — (2.58±0.22)xlO 3 ~ (6)

B(J/~~—* ) — (9.4± 1.8) x 10 “ 1

B(J/tji—* wf2(1270)) — (4.15 ±0.51) x 10 (17)

Theproductionof isovectorstatesin radiativeJ /4o decaysis stronglysuppressedbecausethe two gluons
emittedfrom the c~quark line (fig. 4c) form a singlet in SU(3) and isospin is a conservedquantum
numberin hadronicinteractions.Radiativedecaysto isovectorsarisefrom a processwherethe photon
is radiatedfrom a final statequark line.

Implications of Zweig’s rule. Apart from explaining the narrownessof the JI~i,the OZI rule [12]
playsan importantrole in the evaluationof hadronicJ/iji decays.Although all of the hadronicdecaysof
the J/4caresingly OZI suppressed(cf. fig. 4a), somedecayssuffer yet anotherOZI suppressionin the
formation of the final statequarks. This is demonstratedin fig. 6.

The decaysJI~o—~wf~(1525)or JI~,—*4f2(1270)are doubly OZI suppressedas comparedto
JIiJo—*wf2(1270)or JI -*~f~(1525)becausethey require disconnectedquark lines in the final state,
too.

Experimentallyoneobserves(seetable 17 in section5.3.4)

J/i4,—*of(1525) <_i_ 18

J/d~~—+~f2(1270) 30 ‘ ‘ ~

J/oli—*~f2(1270) <_i__ 19

J/i~i—~~f~(1525) 1.25 ( )

(a) ________ u,d ______ u.d

i/q~ ____

f2(1270) f~(1525)

SOZI DOZI

fbi S ______

ten....

J/q~ jote...... E > ~ ~ .. _____
f~(1525) ______ . _______ f2(1270)

SOZI DOZI
Fig. 6. Singly and doubly OZI suppresseddecays.f2(i270), f~(l525)recoiling (a) againstan to, and (b) againsta~.



78 L. Kopke andN. Wermes,JAji decays

2.4. Glueballs,hybrids,andfour-quarkstates

The colour force carriedby the gluon is the centralfeatureof the stronginteraction.Most directly,
the existenceof this force wouldmanifestitself in particlesthathavegluon constituentslike glueballsor
hybrid states,which can only exist becausethe gluon carries a colour charge. The unambiguous
identification of such stateswould be an essentialproof of the validity of QCD. As of today, this
identification has not been achieved;the difficulty is largely due to the complexity of the particle
spectrumin the 1—2.5 GeV region, where q~,gg, q~g,and q~q~statesare expectedto exist. In
addition,stateswith differentconstituentsmayoverlapin massor mix with eachother. Thereforeit is
very importantto find criteria by which onecan distinguishthenatureof the differentobjects.The jPC

values possible for five alternativesare listed in table 4. Naturally, stateswith quantumnumbers
inaccessiblefor q~statesareof particularinterestin the searchfor “exotic” phenomena.

In the following sections we outline by which means theoretical models and QCD inspired
phenomenologymayidentify thesequarkandgluon compoundstates.The discussionis not intendedto
be an exhaustivereview of all modelssince excellentreviews [29] havebeenwritten on the subject.

2.4.1. Boundstatesofgluons
Glueballs,being singlet statesin SU(3)colour andSU(3)flavour,can neithercarry isospin,nor charge,

nor flavour. Although thereareindicationsthat boundstatesmadeof gluonsexist,masses,widths,and
mixing with otherstatescannotbe rigorouslycalculatedyet. Glueball masseshavebeenestimatedin
the context of several models: lattice Monte Carlo calculations[30, 32, 33], bag models [36, 37],
potentialmodels[38], effectivelagrangianmodels[39], and QCD sum rules [40]. Thesemodelsarein
approximateagreementon the generalscaleof the massspectrum(seefig. 7); however,noneis devoid
of problems.Of all approaches,the latticetechnique[31],an attemptto performtrue QCD calculations

Table 4
Allowed q~,qqqq, hybrid, and glueballstates.Listed are thejP~combina-
tions that are allowed for the various states. If the valence gluons are
massless,the statesmarkedby o) are forbidden by Yang’s theorem[228].A
0’ hybrid stateis only allowedwith oneunit of angularmomentumbetween

theqq systemand thegluon~.

JPC q~ qqq~ q~g ggg

0” yes yes yes yes yes
O~ — yes yest2 — yes
o * yes yes yes yes yes
o yes yes yes
1 * yes yes yes yeso) yes
I + yes yes yes yes

* — yes yes yesx) yes
yes yes yes yes

2” yes yes yes yes yes
2’ — yes yes — yes
2 yes yes yes yes yes
2 yes yes yes yes
3” yes yes yes yes yes
1’ yes yes yes — yes
3 * yes yes yes’~ yes
3 yes yes yes yes



L. Köpkeand N. Wertnes,JIt~idecays 79

U.’
U.’ ~ ~_ ~j

—

2.0 Ii.~
~ 1.5 •~

1.0 - 1. -

0.5

0
0 2”
jPC

Fig. 7. Predictionsfor glueballmasses.Thefigure is basedon a—non-comprehensive—-compilationby A. Le Yaouancetal. [34].Thevaluefor the
0” glueball massis taken from ref. [35].

in a non-perturbativemannerby employingMonteCarlo techniques,hasthe bestchanceto eventually
give accuratequantitative results. Until now, quantum correctionsdue to fermion loops are not
included in the calculationsso that the effect of mixing with q~statesis not incorporatedin the
results.*)It is commonlyacceptedthatthe lowest lying glueball statesare thosewith jPC = ~ 0 + and
2~.Spin 1 glueballscan only be producedby off-shell gluonsdueto Yang’s theorem.Therehavebeen
argumentsaboutwhichof theseis thelowest in mass[32].Most recentlatticecalculationscomputethat
the0~stateis closeto or lower in massthanthe2~state.For moreconvincingmasspredictionsone
will haveto wait until morepowerful computingmethodsandcomputershavebeenintroduced.It has
been estimated[51] that computingspeedsof 30 gigaflops for a reducedand 3 teraflopsfor a full
calculationarenecessaryfor a definite predictionof glueballmasses,severalordersof magnitudemore
than current supercomputersand dedicatednumbercrunchingfarms can achieve.

A word should be said concerningthe expectedwidth of gluonic states.Accordingto the glueball
lore, the width of glueballs should follow the “VO~J”rule [52]. This rule is derived from the
observationthat in OZI forbiddenmesondecaysthe quarksannihilateinto gluonswhich thenmediate
the decayto the final statehadrons.In contrast,a glueball decaydoesnot haveto proceedthrough
quark annihilation. The rate should thereforetypically be given by the geometricmeanbetweenthe
rate of an OZI forbidden and an OZI allowed transition, i.e., —~7’~7T~10—50MeV. This naive
argumenthasbeencriticizedon severalgrounds[53] and,lacking any detailedcalculation,onecan only
statethat the width cannotbe used to provide anyguidance,not evenqualitative, in the searchfor
gluonium states.

For the purposeof guiding experimentalsearchesfor glueballsit is betterto rely on rathergeneral

*) Attempts to estimatethe mixing betweenqq statesand gluonia havebeen made;see, e.g.,refs. [50].
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propertiesof glueballs which are basedon their singlet nature and preferableproduction in gluon
favoured reactionssuch as radiative J/t~decays,pomeron—pomeronscattering,and OZI suppressed
processes.Semi-quantitativecriteria along theselines will be discussedin chapter7. These criteria
should alwaysbe employedwith a critical mind as will be discussedbelow for the exampleof flavour
symmetryin the decaysof glueballs.

Naively, the decaysof glueballsshouldreflect their singlet natureof SU(3)navourandthus show a
flavour-symmetricpattern. However, severalauthorshavearguedfor various reasonsthat an SU(3)-
symmetricdecaypatternon the quark/gluonlevel is not expectedto be maintainedon the hadronlevel.
For (TM) gluons in a sphericalbagChanowitzandSharpe[54, 56] find thatdecaymodesto kaonsare
substantiallyenhanced,a resultalsoobtainedin modelsusingQCD sum rules [55]. In addition,helicity
conservationmayfavour final stateswith strangeness.ForJ= 0 glueballs,for instance,this mechanism
can suppressdecaysinto two masslessspin 1/2 fermionsandcan enhancessproductionby a factorof
m~Im~[54, 551. Finally, form factor effects[57] or mixing with ordinaryquarkstates[58, 59] havebeen
invoked to explain a suppressionof irrr decays.

2.4.2. Hybrid states

Hybrid states [44], alsocalledmeiktonsor hermaphrodites,havebeenpredictedin bagmodels[45],
lattice gauge calculations [46], chromodynamic flux tube models [41],and in models based on QCDsum
rules [47]. In hybrid states,the colour octetcomponentof a 3 x 3 quark—antiquarkpair is neutralized
by a constituentgluon. Unlike glueballs, hybrids appearalso as isodoubletand isovectorstates.The
stateslowestin massaremadefrom quarksandgluonsin relatives waves.In the bagmodelthevalence
ghion can eitherhe transverseelectric(TE, jP = 1~)or tranverse magnetic (TM, j’°= 1 ) with positive
and negative parity, respectively. Sincegluonscarry oneunit of spin, four groundstatenonetseachcan
be formed,

q~g~~):0 + X ~TE= 1 , ~ x ~TE = {0 ~, 1 ~, 2 ~} (20)

q~gTM): 0 + xg~~zzr1~, 1 xg~~={0,1~,2~}. (21)

Bag model calculations[45] agree on the mass scale of the hybrid spectrum(1.2—2.5 GeV). In particular
they predictthe massordering

m(0~)<m(1~)<m(1 )<m(2 ~) (22)

Two typicalsetsof masspredictions[45]aredisplayedin fig. 8. Hybrid stateswith a transversemagnetic
gluon are expected to be several hundred MeVheavierthanthe oneswith a transverseelectricgluon.
While results obtained on the lattice [46] are in fair agreementwith bag model calculations, the
correspondingmasspredictionsare higher in flux tubemodels[42].

Following Chanowitz [48], two general commentscan be made regarding the decaysof hybrid
mesons.The first commentconcernshybrid stateswhich containa non-strangeq~pair (denotedas �1
below) but decayinto final stateswith strangeness.The decaychain

(~‘)8g-~(~�‘)8(~s)8-~~ (23)



L. KOpkeand N. Wermes,J14t decays 81

Lowest Lying qq~states

—--0

2.0 Id

~ K—~--K

0—
~ Id/p

Id/p

0 ---~K4 9
to,—

~1.5 - K4 -

--~K4 —_~.taJ/9

K4 —

Id~

9

1.0 0” 2°

J PC
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can leadto colour singlet final stateseitherby rearrangementof the quarksor by soft gluon exchange.
If the latter occursat an appreciablerate, final stateslike 4n~or o4 may be a Signatureof a hybrid
decaysincesuch final statesareOZI forbiddenfor all q~mesons.

The secondcommentconcernsthe possiblepreferencefor final statescontainingonemesonin an
orbitally excitedstate.The decayof a hybrid stateinto two mesonscan eitherleadto arelatives wave,

~ (s wave), (24)

or relative p wave,

~qg)—*~q~)’°I~’q’)’°(p wave), (25)

betweenthe final state mesonsby transferring the q~jangularmomentumto an orbital momentum
betweenthe final stateparticles. Using a chromodynamicflux tubemodel Isgur, Kokoski, and Paton
[42]havearguedthat the sequenceof eq. (24) dominates,leadingpreferentiallyto final stateswith one
mesonbeing excited, such as b

1(1235)ir, f1(1285)ii, and K~(1430)K.This, and the prediction that
hybrid statesgenerallyhavefairly largewidths of typically 0.5—2GeV [42],maybe thereasonwhy they
haveso far escapeddetection.

2.4.3. Four-quarkstates
The fact that most mesonic resonance states can be accommodated for in the simple q~classification

is quite remarkable,since the light mesonsconstituterelativistic systems.If qq~,qqq~~,etc. wave
functionswere important for mesonspectroscopy,it would havebeenmuchmoreintricate to establish
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the quark model andQCD. In principle, evidencefor four-quark statescould easily be found by
searchingfor exotic quantumnumbers,e.g. stateswith chargeor strangeness2. However, no tell-tale
candidatesfor qq~jijstateshaveyet beenfound. Bag modelcalculations[43] offer an explanationto this
fact by predictingthat
• the lowestlying qqqjstatesdo not carryexoticquantumnumbersandform nonetscarryingthesame
quantumnumbersas q~nonets,and
• mostqqã~can fall apartinto two colour single mesonsandthushavea decaywidth in the orderof
their mass,too wide to be detectedas a resonance.
The four-quark stateswhich one mayhope to observeare thosewhosenominal masseslie below the
thresholdsof their principal fall-apart modes.It hasbeen argued[43] that f0(975) and a0(980) are
candidatesfor the I = 0 s~(uii+ dd) and 1 1 s~dUstatesof the lowest lying scalarfour-quarknonet.
Becauseof their quarkcontentthesestateswill couplestronglyto KK. However,beingbelow the KK
thresholdthesedecaysarestrongly suppressedby phasespace.For the f0(975) the remainingdominant
channelis ‘rr’rr, which requiresan OZI violation to annihilatethes~quarkpair. The quarkcontentand
the estimatedmassesfor the lightestqq~jnonetwith JPC = 0~+ is shown in fig. 9.

As discussedabove,most qqd~jstatesare expectedto be essentiallyunconfinedand thereforewill
not be observableas resonancepeaks with reasonablynarrow widths. Thosefew four-quark states
whose massis below their principal fall apartmodewill feature an unusuallylarge fraction of decays
into pseudoscalarandvectormesonpairs.

2.4.4. Productionof mesons,hybrids, andglueballs in J/ t~odecays
A naive estimateof the production rate of the various particle speciesbasedsimply on counting

powersof the electromagneticandstrong couplingconstantsyields [48]

F(J/t!i—s.yG)~O(aa~),F(J/tJi—~yH)seiO(aa~), F(J/M)~O(aa~),
(26)

F(J/o~~—~MH)ia~O(a~), F(J/t~i—~MM’)O(a~), F(J/t~i—~MG)~O(a~),

where M, H, and G denotemesons,hybrids,and glueballs, respectively.From theseestimatesone
obtainsthe hierarchies

F(J/s[i~*oyG)>F(J/tIi—~.’yH)>F(J/oj~—*’yM),
(27)

F(JIt~i—*MH)> F(JIt~i—~MM’) F(JIt1,—~MG).

While thesesimple estimatesarecertainly too naiveto be trustedwithout a detailedcalculation,one

d~uü (900) (900) —

- dd)
(1100) u~dü~ ud s~(1100) ® ~2~ + da) (1100)

(900) suu (900)

Fig. 9. The lightestqqqq nonet.Quarkcontentandmass estimatesof the scalarqq~states[37].
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can neverthelesssee why the radiative decaychannel hasbeen considereda “hunting ground” for
gluonic bound states.Note that hybrid states,if they exist, should be producedwith a fairly large
productionrate in J/iji decays.A possibleproduction of qq~jmesonsin J/tji is discussedin refs. [49,
319].

3. The experiments

Resultson J/4’ decaysare almostexclusively obtainedfrom experimentsoperatingate~estorage
rings, such as SPEAR [60] at Stanford,ADONE [61]at Frascati,DORIS [62] at Hamburg,and DCI
[63]at Orsay.TheBEPCstoragering in Beijing, China, is expectedto startoperationin 1989.Someof
the machinefeaturesrelevantfor the studyof decaysof the J/4t andthe performanceof the detectors
arelisted in table 5.

Onemaydivide the setof detectorsthatprovidedmeasurementsof J14 decaysinto threegenerations
(table 6). Under the label “first-generation” detectorswe gathereddetectorsthat were operational
aroundthe time of theJI~idiscoveryor soonafter.The list includesthe SLAC—LBL (Mark I) detector,
the prototypeof modernmultipurposee~estoragering experimentscoveringa largesolid angle.

The “second-generation”detectorscameinto operationin the late seventiesand introduced new
detector elementslike central drift chambers(Mark II), superconductingsolenoids(PLUTO), or
high-resolutionphoton detectorswith large solid anglecoverage(Crystal Ball). The quality of these
detectorsmaybe judgedfrom the observationthat mostof them havesubsequentlybeenusedat other
storagering facilities such as PEP,SLC (Mark II), PETRA (PLUTO), or DORIS (Crystal Ball).

The “third generation” finally startedto comeinto operationat the beginningof the 1980s,its design

Table 5
Machineparametersof thee’e storagerings SPEAR,DORIS, DCI, and BEPC (projected)
thatare relevantfor thestudyof theJI’I’ parametersand decaysarelisted. The values aregiven
for Eb,,,= m~I2.Someof thevalues havechangedduringthetime therings were in operation.

SPEAR DORIS DCI BEPC

energyspreadi~E(MeV) 1.7 1.0 1.4 0.6
bunchlength o~,(mm) 26 30 190 22
peak luminosity (cm 2~I) 0.5 X i0

3° 2 x i03° 1.3 x i0~° 5 x iO~°

Table 6

e~edetectorsoperatingat theJIt~.Detectorsthat are written in bold face are describedin somedetail below.

First generation Secondgeneration Third generation
(mid 1970s) (late 1970s) (1980s)

Mark I [65](SPEAR) PLUTO [761(DORIS) DM2 [75] (DCI)
MEA, 2y, BB [64] (ADONE) Crystal Ball [68] (SPEAR) Mark III [74] (SPEAR)
DASP [67](DORIS) Mark II [66] (SPEAR) BES [77](BEPC)
DESY Heidelberg[69](DORIS) OLYA [70](VEPP4)
SP14 [73] (SPEAR)
BONANZA [71](DORIS)
SP-27[72] (SPEAR)
LGW [78](SPEAR)a)

o) The Mark I detectorwasaugmentedby a lead glasswall for electronand photondetection[78].
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profiting from severalyearsof analysingcomplexJ/ o~decays.Oneof the lessonslearnedwasto increase
efficienciesandreducethe level of backgroundeventsby enlargingthesolid anglecoverage,improving
particle identification, and guaranteeinga high efficiency for both chargedand neutral tracks over as
large a momentumrangeas possible.The other lessonlearnedwas that by employingkinematic fits,
good energyresolutionof neutral showersprovesto be less important than good spatial resolution,
uniformity, and detectionefficiency at low energy. In the following sectionswe will describesomeof
the detectorsin moredetail.

3.1. First-generationdetectors

Within days after the discoveryof the J/o~iat BNL andatSLAC the existenceof the J/4~resonance
was confirmedby the GammaGamma,MEA, andBaryonAntibaryon Collaborationsat ADONE and
by DASP at DORIS. (To reach3.1 GeV, the energyof the storagering ADONE was pushedbeyondits
nominal limit.)

The SLAC—LBLdetector (Mark 1) [65]was the first solenoidale~edetectorcoveringa largesolid
angle.The momentaanddirectionsof chargedparticlesare measuredin two cylindrical proportional
chambersand four setsof sparkchambersin a magneticfield of 4 kG extendingover a region 3 m in
diameterand 3m in length.A set of 48 scintillation countersat a radial distanceof 1.5m providesTOF
information with a resolutionof 0.4ns. Outsidethe coil a cylindrical arrayof 24 lead scintillator shower
counters, covering the polar angle range from 50°—130°,is used for electron identification and
triggering. Outsidethe 20 cm thick iron magneticflux return,planarsparkchamberscoverroughly70%
of the azimuth. Additional muon detectionfor 15% of the azimuthis providedby a tower abovethe
main detector, consistingof concreteslabs interleavedwith spark chambers.In total approximately
150000 hadronicJ/4i decayswere recordedby the SLAC—LBL detector.

The two-armspectrometerDASP[67] combinesa non-magneticinner detectorcovering70% of the
solid angle and two identical magneticspectrometerssymmetrically positionedwith respectto the
interaction point. The spectrometerarms, covering 0.9sr, provide high momentum resolution of
a~Ip = O.007p (GeV), particle identification by meansof gas Cerenkov and shower counterswith
UEIE = 30% IV’E (GeV), andtime-of-flight measurements(o~= 260psover a flight pathof 5 m).

3.2. Second-generationdetectors

The non-magneticCrystal Ball detector [68] is optimized for high-resolution measurementsof
electromagneticallyshoweringparticlesand is thereforeideal for the studyof inclusive and exclusive
eventscontainingphotons.A schematicview of thedetectoris displayedin fig. 10 andthe main features
are listed in table 7. During operation at SPEAR the central tracking system consistedof one
proportionalchambersandwichedbetweentwo sparkchambers,covering94% of 4~for the innermost
chamberand 71% of 4ir for the outermostchamber.While tracks in all chambersare requiredfor
chamber-reconstructedtrajectories,informationfrom the innermostchambersmaybe enoughto reject
eventswith chargedtracks. The main part of the detectoris a sphericalshell madeof 672 individual
crystalsof 16 radiationlengthsthick sodiumiodide dopedwith thallium (NaI(Tl)). The resultingenergy
resolutioni5 about4.8MeV at 100MeV, andthe efficiency for detectingphotonsis 100%for energiesas
small as 1 MeV. The main ball covers93% of the solid angle; including the endcaps increasesthe
coverageto 98%. While energiesof muonsand chargedhadronscannotbe determined,a separation
betweenhadrons,muons and electronsis to someextent possible due to their different transverse
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Fig. 10. Schematicview of the Crystal Ball detector.

Table 7
List of featuresof somesecond-and third-generationdetectors

Mark III DM2 Crystal Ball Mark II

chargedtracking:
o~/pat 1 GeV 2.1% 3.5% 1.7%
solid angle 84% 87% 71—94% 75%

showercounters:
u~/Eat 1GeV 17% 35% 2.6% 11%
E(eff—100%)(MeV) —100 —100 <1 —400
solid angle 94% 70% + 12% 93 + 5% 70%+ 20%

longitudinal sampling 0.5—1.5rI. 0.25—0.5rI. — 0.7—1.8rI.
a, (polar) 15 mr 7 mr 17—35 mr 7 mr
o’~(azimuthal) 7 mr 10 mr a

9/sin9 7 mr

particleidentification:
TOF resolution l9Ops 540ps — 300ps
3u it/K separation 0.85GeV 0.42GeV — 0.8 GeV
solid angle 80% 80% — 75%

# of J/t4i decays 5.8x lOt 8.6x 106 2.2 x 106 1.3 x 106
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energy deposition patternsin the crystals. For fully detectedJ/4~decaysenergy and momentum
constraintscan be used to completelyreconstructthe eventevenif chargedparticlesarepresent.

The main featuresof the Mark 11 detector [66] arelistedin table 7. The momentaof chargedtracks
aremeasuredin a cylindrical drift chambercontaining16 sensewire layersof radii from 0.41 to 1.45m.
The magnetic field of 4.1 kG allows a measurementof particle momentaover 75% of 4ir with an
accuracy of un/p = [(0.OlOp)2+ (0.0145)2]1 2 where p is the track momentumin GeV. The drift
chamberis surroundedby 48 scintillation counters,2.54cm thick, providinga time-of-flight resolution
of 300ps.The liquid argoncalorimeterbehind 1.36 radiationlengthsof solenoidalcoil covers70% of
the solid angleand containsabout 14 radiationlengthsof lead and argonwith readoutstrips parallel,
perpendicular,and at 45°to the beamaxis. The energyresolutionabove0.5 GeV is UE/E= 0.11I\/E
and the angularresolution is about 8 mrad, both in azimuth and polar angle. The measuredphoton
efficiencies are 15% at 100MeV, 50% at 200MeV, and >90% above 400MeV. Additional shower
countersat small anglesrelativeto the beamextendthe solid anglecoverageto 90% of 41T. Finally, two
steelwalls eachfollowed by one layerof proportionaltubesareused for the detectionof muonswith
momentaabove700 MeV, covering an angularrangeof 55% of 4i~.

3.3. Third-generationdetectors

The DM2 magneticdetector [75] is depictedin fig. 11 and its main featuresare listed in table7. A
5 kG magneticfield is producedby a 2 m diameterand 3 m lengthsolenoidwith a 1 X

0 aluminiumcoil.
Chargedtrack momentaare measuredby two layers of cylindrical proportionaland 13 layersof drift
chambersover 87% of the solid anglewith a momentumresolution of 3.5% at 1 GeV. Inside the
solenoidcoil, 36 scintillator countersmeasurethe time of flight of chargedparticles;the resolutionof
540ps is dominatedby the uncertaintyon the interactiontime (440ps) introducedby the longitudinal
beamspread.A 3o- IT/K separationis obtainedup to 420MeV and3u ~r/pseparationup to 830MeV.
The photon detector, placed outside the coil, is segmentedinto 8 octants of 5 radiation lengths
thickness.Each octantconsistsof 14 planesof delay line streamertubesinterleavedwith lead and 5
planesof scintillators. The barrelcovers70% of the solid anglewith a detectionefficiency greaterthan
96% for E~>110MeV; the resolutionin thephotondetectionis 10 mradin azimuthand7 mradin polar
angle. The resolutionin energyscalesas o~E/E= 0.19/V~E(GeV) below 300MeV andstaysat thelevel
of 35% above.The two endcap detectors,covering an additional 12% of the solid angle,havemostly
only beenusedas vetocounterssincethey do not provide an energymeasurement.The granularityof
the showerdetectorallows a measurementof the showerapexwith an accuracyof the orderof 1 cm and
to reconstructthe track direction for both chargedparticlesand photonshowers.

The Mark III detector [74] (fig. 12) is a generalpurposesolenoidaldetectoroptimized for the
reconstructionof exclusivehadronic final statesin the SPEAR energyrange. A low-massinner drift
chambersurroundingthe beryllium beampipeprovidestrackinganda first-level trigger. The main drift
chambersystem, in a 4 kG magneticfield, measuresthe momentumof chargedparticlesover84% of
the solid anglewith a resolutionof un/p = 0.015\/i+p

2 (p in GeV). Two stereo layers and charge
division on four of the axial layers provide a measurementof the polar angle. Chargedparticle
identificationis obtainedwith a systemof 48 time-of-flight countersof 5 cm thick scintillator,covering
80% of the solid angleandfeaturingatime resolutionof 190Psfor hadrons.Betweenthe TOFcounters
and the solenoidal coil is a highly segmentedgas sampling calorimeter consisting of 24 layers of
alternating0.5 radiation length lead sheetsand proportional counters.End cap countersof similar
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Fig. 11. Axial and transverseview of the DM2 detector.

design extend the photon detectionto 94% of the solid angle. For 100MeV photons,the shower
countersare fully efficient and have an angularresolution of approximately10 mrad and an energy
resolutionof tTEIE 0.171’IE (GeV).

3.4. Analysis techniques

The techniquesfor analysingJItji decayshaveevolvedover theyearsbasedon the experiencegained
by manyexperiments.They areoptimizedfor analysingdatacollectedby e~emulti-purposedetectors
and reflect the characteristicsof J/t~idecaysleadingto low-multiplicity eventswith ratherlow particle
momenta(typically lessthan oneGeV). The necessityto reconstruct‘1T

0’5 overa largemomentumrange
requires optimized procedures to detect very low-energy photons in the presence of spurious
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backgrounds*)as well as high momentumir°’swhere the two photons havemergedinto one shower
cluster.**) Kaons and protons have to be safely identified without substantialdeterioration in the
acceptance(seefig. 13).

The analysis techniquesfor detectingJ/41 decayshave somecommonfeaturesfor different final
statesand evenfor different experiments.The eventselectionfor a desiredfinal stateusuallybegins
with the requirementof a compatibletopology (exactnumber of charged tracks and a numberof
showersequalto or largerthan that requiredby the final state).Additional showersareallowed, since
the identification of photonsis complicatedby the fact that chargedparticles often interactin the
materialof the showercounters,producingspuriousclustersof hits, which can be mistakenfor photon
signals.Analyseswhich eliminateshowersinside a conearoundchargedtracks or requirea minimum
photonenergyhelpto copewith this sourceof background.The first-generationdetectors(section3.1),
handicappedby relatively meager statistics and inferior photon detection capabilities, sometimes
employedtechniquesallowing for missing particles. Similar methodshave been employedfor the
detectionof final statesincluding K~’sand neutrons.

Particleidentification,mostlyby time of flight, is usedwheneverpossibleto distinguishpions, kaons,
andprotons.To avoid efficiency lossesdue to K decaysor geometricalacceptance,the cutsare chosen
as looseas allowed by background.

The events are often kinematically fitted by imposing constraintsfrom energyand momentum
conservationand from final state invariant masses.This serves to improve the resolution of the
measuredquantities,especiallythosewhich arepoorly determined.In the caseof the DM2 and Mark
III experiments,with good momentumresolutionfor chargedparticlesbut only averageshowercounter
energyresolutions,the fit substantiallyimprovesthe photonenergyestimation,which in turn improves
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Fig. 13. Identification of chargedparticles by TOF. Plottedis theparticlevelocity asobtainedby a time-of-flight measurementversusthe particle
momentum(Mark III).

~ Calorimetersthat arehighly segmentedin lateraldirectionallow for a directionmeasurementof a shower.Thiscan be usedto distinguish
photonscomingfrom the interactionregion from spuriousshowersthat originatefrom hackscatteredsecondaryparticles. To removebackground
eventsin which a it° is falsely reconstructedfrom a high-energyphoton and a second spurious shower a cut on the energy asymmetry

— E~2)/p~oI,which is uniformly distributedfor it° decays,is often introduced.
**) Crystal Ball has employeda techniquebasedon thesecondmoment of theenergydistributionof a shower to disentanglephotonsfrom

mergedit° showersand to estimatea global shower invariantmass[79].
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the determinationof the invariant massesof subgroupsof particles in the final state.After fitting, the
massresolution is typically 1%. In the caseof the non-magneticCrystal Ball detector,with excellent
photon energy resolution but no momentum measurementfor chargedparticles, the kinematic
constraintsare essentialfor the reconstructionof eventscontainingchargedtracks. Furthermore,the
kinematic fits help in the reconstructionof eventswith spuriousphotonsor ambiguousparticle type
assignments.In suchevents,all possiblecombinationsare tried in the fit and the confidencelevel is
usedto identify the most probablesetof photonsandparticle massassignments.

The yield for a specific decay mode is determinedfrom resonantpeaks in the invariant mass
distributions.Signal eventsareextractedusingfits of appropriateBreit—Wigner shapes,folded with the
resolution, and a parametrizationof the background.To study the background, mass sidebands
surroundingthe resonanceare often selected.

The detectionefficiency for a specific decaymode is estimatedby generatingeventsof the desired
typeby MonteCarlo andpassingthem throughthe entire analysischain.A systematicerror arisesfrom
uncertaintiesin the Monte Carlo simulation (typically 5%—20%), insufficient knowledge of the
underlyingphysicsprocess,uncertaintiesin the branchingfractionsof the observedparticles,andfrom
the determinationof the total numberof producedJ/4i’s (typically 5%—10%).

Among the variablesthat havebeenintroducedfor selectingradiativeJ/~idecays,the quantitiesU
andp~are worth mentioning. Both variablesare particularly suited for the casewhere the four-
momentumof the hadronicsystemrecoiling againstthe radiativephotonis preciselydetermined,which
is, for example,fulfilled if the hadronicfinal statecontainsonly chargedtracks. The variable

U = Emjssjng— ~missIflg~ , (28)

where Emissi~gdenotesthe missing energyfrom the systemrecoiling againstthe radiative photon and

‘

3mlsslng is the missingmomentum,gives amorepreciseestimateon the massof the missingparticlethan
the missingmassM~nissing= (Emissing+ PmiSsing)U,whenMmi

55jng is small. Since U is linear in Emissing,the
error in U doesnot dependto first orderon the magnitudeof the missing energy. In commone~e
detectors,the resolution in U is good enough to be able to reject eventswhere more thanone IT

0

escapeddetection.
The variable [80]

p~= 4~p~2sin26/2, (29)

where Px is the momentumvectorof the radiativelyproducedsystemX and~ is the anglebetweenPx
andthe radiativephoton,dependson theanglemeasurementbut not on theenergymeasurementof the
photon.Consequentlyit is a very sensitivequantity whenthedirectionsof the photonandthe recoiling
hadronic system are precisely determined.The observation that this variable has approximately
constantresolutionas a function of the energyof the radiativephotonmakesit particularly usefulto
statistically separateradiative from non-radiativechannels.An applicationfor the J/ihi—+y2(ir~ir )
reaction,which is contaminatedby J/~i—~’rr°2(ir~ir)decays,is shownin fig. 14. While thebackground
reactionproducesa smoothdistributioninp~the radiative decayprocessis sharplypeakedatp~= 0.
(This techniquewas first employedby Himel et al. [80].)
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Fig. 14. Statisticalseparationof radiativeand non-radiativedecays.p,~distributionfor y(it°)iT~iT ir~it final states.The band representsthe
backgrounddistribution from Jul’—

6 Sir extrapolatedfrom above(Mark III [345]).

4. The resonanceparametersof the JIiJi

4.1. Massdetermination

The massof the JAli has beenmeasuredquite preciselyin the Novosibirske~estoragering [81]and
in collisions of a stochasticallycooled [82] antiproton beamwith an internal jet target at the ISR at
CERN [83].The precisionof the massdeterminationin e+ e- storagerings is limited by the uncertainty
in the calibration of the absoluteenergyscale (=1 MeV). This can be overcomeby exploiting the
resonancedepolarizationmethod,which hasbeenperfectedby the Novosibirskgroup[84].The method
is basedon themeasurementof the spinprecessionfrequency(1 of the polarizedbeamelectrons,which
is relatedto the beamenergyby the relation

E /11 \
K

1H~1J. (30)
me “EU /

Here K is the ratio of the anomalousandnormalpartsof the electron’smagneticmomentandw is the
beamrevolution frequency,which is known to an accuracyof better than 10 6• The spin precession
frequencyLi is determinedby slowly varying the frequencyWd of a depolarizingfield, leadingto an
actual depolarizationwhen ~0d= Li. This method allows the determinationof the beamenergyto a
relativeaccuracyof 3 x 10 ~, which is 10 timesmore precisethan previousmeasurementsand5 times
more accuratethan the beamenergyspread.The final result for the JIi~,mass,taking into account
radiative corrections[93], is

= (3096.93±0.09)MeY. (31)

At the ISR it was possibleto control a ~ibeamto a highprecisionallowingfor an absolutecalibration
of the centreof massenergyto a fraction of an MeV. The CERN ISR experimentR704has studiedthe
process
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pp—s.J/t~i-—~e~e (32)

to preciselydeterminethe massof the J/t~.They obtain

m4 = (3096.96±0.10±0.30) MeV, (33)

wherethe systematicerror arisesfrom uncertaintiesin the beammomentumcalibration.

4.2. Measurementof the total width

The total width hasnot beenmeasureddirectlysincethe energyspreadin both e+e (~E 1.7MeV
at SPEAR) and p~machines(~E 0.7 MeV) is too large. It can, however,be inferred from the
integrated leptonic reaction rate andthe leptonicbranchingratio employingthe formula

£~an J ~(E)dE= 6IT
2h2c2 ~ (34)m

4 total

Here,the left-handsideof the equationhasbeencorrectedfor the effectof initial stateradiation,which
constitutes a significant correction (see section 5.2.2). From the averageof all measurementsonethen
finds [23]*)

~otai(74±8)~’**~’~ (35)

It should be pointed out that this result has been obtainedby first-generationexperimentsusing
relatively small data samples, thus it could be easily improvedin a relativelyshort amountof running
time.

4.3. The quantumnumbersof the J/tJ~

Oneof the earlyinvestigationsof J/~i decayswas thedeterminationof its quantumnumbers[85,86].
The study of the leptonic ~ ~a final state,showinginterferencewith the non-resonantamplitude,leads
to the conclusionthat the J/4icarriesthe quantumnumbersof the photon,i.e., jPC = 1 (seefig. lb).
The G parity hasbeenestablishedby studyingmulti-pion final states.The G pantyof a pion is defined
as

Glir~)= C eu1~’2I1r±)= C(~I_lrt))= HIT)
(36)

0 un2 0 0 0Glir )=Ce lIT )=C(—lIT >)=Hir),

leadingto the generalexpressionfor a systemof n pions

Gln’rr) = (—1)”Inir).

‘~ This value is obtainedfrom theexpression1~, c/B,, = (5.1 ±0.3)/(0.069+ 0.006)keV, assumingleptonuniversality.
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Fig. 15. Determinationof the G parity of theJIil’. Comparisonof theratio of multi-pion to ~spair productionon andoff resonance,for various
multi-pion channels[85].

Consequently,G parity invariancefor strongdecaysimplies oddandevennumbersof pions in the final
state for G= —1 and G = +1, respectively. In fig. 15 the ratio R~0~IR~0~,where Rn,,= crlo is
plotted for several final states with different n. The cross sections u0~and

0off referto the crosssections
obtainedon and off the J/~,resonance,respectively.The formation of ~Lpairsand the off-resonance
productionof hadronsproceedvia a virtual photon(fig. 4b), an electromagneticprocesswhereisospin
or G parity is generallynot conserved.Fromthe observation[85]thatthe J/4rpreferablydecaysinto an
odd number of pions, the G parity is determinedto be G = —1. The data are consistentwith the
hypothesisthat all final statesof evennumbersof pionsareproducedby onephotonannihilation,while
the accessof final stateswith odd numbersof pionsis dueto the direct decayof the JI~i,fragmenting
into threegluons (fig. 4a). Since G = C(— 1)’, the isospin must be even.

The observationof the decays

JItI,—*AA, p~,K*K, (37)

which cannot occur if the J/tji is an isotensor,and the ratio of B(JI ‘rr°p°)IB(JItIi—~ir~p~)=

0.49±0.01 ±0.03 [127], which should be 0.5 (2.0) for I = 0 (1 = 2), determinethe J/tj~to be an
isosingletstate.The decaypatternof theJ/~iinto pairsof mesons(seesections5.3.2 to 5.4) establishes
that the J/t~iis also consistentwith beingan SU(3) singlet.

5. Non-radiativedecaysof theJI%Js

The study of non-radiativeJ/tji decaysis rewardingbecausea multitude of leptonic, mesonic,and
baryonicfinal statesis producedby fairly well-definedelectromagneticandhadronicdecaymechanisms.

The leptonic decays,electromagneticin origin, give an estimateof the J/~iwave function at the
origin, andthusserveas a normalizationfor otherdecays(sections5.2 and2.1).

Electromagneticdecaysof the J/~,into hadronsallow one to measurethe form factor of the final
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stateparticlesat = m~andcomplementmeasurementsmadeatlower momentumtransfers(section
5.4).

At first sight, the set of measuredhadronicdecaychannelsmay appearoverly complex.However,
simple ideas,suchasSU(

3)flavour invarianceandZweig’s rule (section2.3), representpowerful tools to
classifymesonicandbaryonicfinal states(seesections5.3.2 to 5.3.5,and5.6). A particularapplication
is the possibility to tag the flavour of final statesX in two-body J/~idecayslike J/~j—s~ + X and
JItji—~w + X. Dominanceof the SOZI diagramsof fig. 6 implies that the quarksof the final state
hadronsare correlatedso that the s~meson~ acts as a probe to detect final stateswith strangeness,
while the uu + dd mesonw goes with non-strangesystems.Theseideasserveas a qualitativeguide to
understandthe spectrumof JI 4i hadronic decays. A more detailed quantitativetreatmentmustaccount
for electromagnetictransitions,SU(3)breakingeffects, andcontributionsfrom disconnecteddiagrams.
Phenomenologicalmodelstrying to incorporateall of theseeffects havebeenput forward by several
authorsboth for mesonic[118.199. 256. 257] andbaryonicfinal states[186].For the caseof i-allowed
decaysto two mesonswe will follow the prescriptionof Seidenet al. [256],which is outlined in section
5.3. The correspondingmodelsfor the Se-forbiddentwo-body decays[199]andbaryonic decaysare
introducedin sections5.4 and5.6.1, respectively.

5.1. Inclusivestudiesof JIt~jdecays

The J/4
5 energyis too low to show distinct jets of particlesand a large fraction of its decaysare

few-body decays.The averagenumberof chargedandneutralpions perdecayis 3.8±0.3 and3.1 ±0.8,
respectively [87]. Due to the large angularcoverageof e+ e- detectors,good particle identification
capability, andgood resolutionobtainedby kinematicfitting, the full reconstructionof thesefinal states
hasbeen routinely achievedevenfor topologieslike J/ 4s—~ -yüxo with four chargedand five neutral
particles. Becauseof thesereasonsonly a few studiesof inclusiveJ/4i decayshavebeendone so far
[87—90].

Figure 16 showsthe momentumdistributionof chargedpions, kaons, andantiprotonsin it t~.idecays
obtainedby DASP [89]. Integratingover all momentaone finds the chargedparticle fractions

R.,0+ = (87.5±1.3)%, RK* = (8.9 ±1.0)%, R2.~= (3.6 ±0.9)%. (38)

The behaviourof the inclusivespectraandparticle multiplicities for it t~idecaysis very similar to that
found in the non-resonantregion of e~ereactionsor in centralpp collisions [91].

That it neverthelessmakes senseto make useof the enormousdata samplesof J/t~decaysin
inclusivestudieshasbeenshownby the Mark II Collaboration[90]. Figure17 showsthemcluslveIT IT

mass spectrumin J/t~,decays,basedon a sample of 1.3 x 106J/i~idecays.The combinatorial back-
ground, which can be estimatedfrom the same-sign combinations ITIT and IT iv, has been
subtracted.The spectrumshowsclear indicationsfor the p(Y1O), the iü(

783) (shoulderat the high side
of the p peak),the f

0(975), andthe f2(1270).The solid curveshowsthe resultof a fit composedof four
incoherent*)Breit—Wignerfunctions.

A slightly betterfit in the 1 GeV region hasbeenachievedby using acoupledchannelparametriza-
tion for thef0 (975)(seesection5.3.3). The fitted poleposition in thecomplexmassplaneis determined
to be

*) Sincethe G parity of the i/il’ is odd, theallowed strongdecaysarew + 2n pions and p+ (2n 1) pions, in different final states.
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Fig. 16. Differential cross sectionsfor inclusively producedparticles. The cross sectiondu/dpis plotted for ‘n~,K*, and2 p inclusivefinal states
[89].

mpole — (974 ±4 — i(14 ±5)) MeV. (39)

The inclusivebranchingratios, obtainedfrom the fit of fig. 17, arelistedin table8 andcomparedto the
sum of exclusivelyreconstructedevents containing a p, o, f0(975), or f2(1270), which accountfor
(10—30)% of the inclusively measuredsingle-particleproduction. The observedratios of wtp°and

f2(1270)tp°areconsistentwith the valuesmeasuredin ivp, pp, and pp interactions[92].
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Fig. 17. Inclusive ir~it invariantmassspectrumin J/il’ decays.The non-resonantbackgroundhas beensubtracted[90].
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Table 8
Measuredbranchingfractionsof inclusive J/’l’ decays.Listed areresultsfrom theMark II Collaboration[901.The
branchingfractionsfor eachof the resonancesR in the J14,—6R +X reactionare correctedfor unobserveddecay

modes.In particularB(w—~ir*e ) = 0.014±0.004 and B(f
0(975)—6ir7r) = 0.78±0.03 havebeenassumed.

B(JIil’.-*R+X) B(Jlil’—+R+X)
R (inclusive) (%) (exclusive) (%) exclusive channelsconsidered

p° 8.3~0.8 >1.0±0.1 p°it,p°a2,‘yp°p°
w 13.4~4.7 >4.9±0.9 o~Trir,w4it, ~KK, wKKit, wpp, on], onT°,~ywu

f0(975) 0.54±0.10 >0.042±0.005 4f,, wf,

f2(1270) 1.6 + 0.2 >0.58±0.05 tuf2, ‘yf2

Many of the inclusive f0(975)eventsresultfrom multi-body final statesor cascadedecays.This can
be seenfrom fig. 18, wherethe mass of the systemrecoiling againstan f0(975) is displayed.The
spectrumis peakedtowardshigher masses,indicating high multiplicity.

5.2. Decaysof the J/ t~iinto leptonsandphotons

Leptonic decaysof the J/4i provide a very clear signature and have beenusedin hadroproduction
ande+e- storagering experimentsto identify charmor beauty.The measurementof the leptonicdecay
rates gives an estimate for the J/11’ wave function at the origin and may therefore serve as a
normalizationfor otherdecays.Becausethe JIt~imassis below the T~1 threshold,only the leptonic
decaysJt145—*e~e~ ~ can be investigatedin lowestorder.While the iIt~i—*yy decayis forbiddenby
C parity conservation,the photonicdecayJ/~~—*-y-y-y is allowedby the selectionrules.

5.2.1. i/-~-1ryy
The iI4—~ry’ydecay has beenstudiedby the DASP [67, 107], CrystalBall [109],and DM2 [110]

experiments,which featuretriggersfor final stateswith neutralparticlesonly. The decayis dominated
by intermediate -yir°, yq, -y~’final states(seefig. 62, section6.3.1). The DASP [67, 107] and Crystal

400 I I I I -

~ 300 -

~200 ft
100- ~ ~-f~j- I

Recoil mass (6eV)

Fig. 18. Recoil mass spectrum against f,(975). The mass spectrum is backgroundsubtracted.
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Ball [109]Collaborationshavestudiedthe part of 3-y productionthat doesnot proceedvia intermediate

resonancestates.The upper limit by Crystal Ball of
B(iIt~i—s.3y) <5.5x i0~ (90% C.L.) (40)

is still a factor ita3 abovethe QED expectation[seeeq. (4) in section2.1].

+ — +5.2.2. JttIi—~ee , Jt~ji—~i(i.

The leptonicbranchingratioshavebeendeterminedwith the SLAC—LBL detector(Mark I) [111]to
be

B(Jtt~i—*e~e)= 0.069±0.009, B(Jti4i—* FJ~~~)= 0.069±0.009. (41)

For the ratio of the electronicand muonic widths other experiments[112, 115] contributed as well,
yielding the averagedresult of

B(Jt~i—*e~e)
+ =0.980±0.043. (42)

B(Jh~i—*p. ~ )

This value is consistentwith unity as expectedfor e—Ii universality.
When determiningthe e+ e- and p~p. partial widths one hasto considerthe effect of interference

with the much*) smallernon-resonantamplitude.For the muonic decayone finds (mr,. =0)

do 2 3 ~/TT
(~)~L~ = ~— (1+ cos2ø~)[1+ lA~i2—2 Re(A~)], A~= 2a M

4 — (43)

wherein addition the machineenergyspreadand the effect of initial stateradiation haveto be taken
into account.The interferenceeffect for thep~p~final state is sizeable(seefig. lb in section1.1) andis
well describedby the QED calculation,demonstratingthat the quantumnumbersof the Jtt~iarethose
of the photon.

The effect of interferenceis muchlesspronouncedin the caseof the e+ e- final statebecauseof the
additionalt-channeldiagram of Bhabhascattering,

d 2 3+cos
2E) 2

(~)ee = ~ [(1 — cos + (1 + cos2ø~)lA~l2+ interference term] . (44)

In this expressionthe smallt-channelcontributionto the resonanceproductionhasbeenneglected;A~
is definedaccordingto eq. (43). The valuesfor the leptonicandhadronicwidths can thenbe obtained

*) The peakcrosssectionat thenominal massof theJ/~Jiis 0
6(resonant) 8700nb if one includesradiativecorrectionsandinterferenceeffects.

Due to the finite energy resolution of the storagerings, the visible peak cross section is typically 40 times lower. For comparison,oi,~6(non-
resonant) 9 nb.
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by integratingover the resonanceregion and applyingthe formula

~hnaI = f ~(E) dE= 6iv2h2c2 ~eTfInaI (45)
m

4 ‘~otaI

to the e~e, , and hadronicfinal statesin e~ecollisions. The Jtt~is producedwith a strength
proportionalto its leptonic partial width.

In order to comparethe experimentalresults with theoreticalpredictions, a proper treatmentof
QED radiative correctionshasto be performed.The original work, publishedat the beginningof JI t~i

research,employedvarious methodsto correct for radiativeeffects [93, 95, 97]. Since then, more
sophisticatedtools for radiative correctioncalculationshavebeen developedto copewith the much
morecritical situationof Y andZ°decays[24,96]. In this context,Baru et al. [98]haveshownthat the
Jacksonand Scharreformalism [93] yields a 9% lower leptonicwidth thanthe Kuraev—Fadinmethod
[94]. Whetheror not to includetheeffect of vacuumpolarization[93, 95] dependson what needsto be
determined.To be consistentwith the experimentalB(Jt4i—~e~e) = ‘~e’

1~otmeasurement,which by
definition includesthe effect of vacuumpolarization (H), oneshould also include this effect in the
radiative corrections.On the other hand, theoreticalestimatesfor the leptonicwidths are usuallynot
correctedfor vacuumpolarizationandthereforehaveto be comparedwith the equivalentexperimental
numbers.For the Jhji, Tsai [97] finds that the two quantitiesare relatedby the expression

~~e=’~e x(l—H)2=I~~.0.958, (46)

where~ doesnot include the vacuumpolarizationterm.
Along theselines, Königsmann[23] and Alexanderet al. [24] havecorrectedthe earlydetermina-

tions of the leptonic widths obtainedat the SPEAR [113],ADONE [87, 114, 115], andDORIS [67,
116] storagerings in a consistentway. Following ref. [23] one obtains*) the averagevaluesof

= (4.9±0.3)keY, ~ = (5.1±0.3) keV. (47)

The measurementsof the leptonic widths are of interestsince they can be comparedto theoretical
calculationsincluding higher-orderQCD corrections[seeeq. (3) in section2.1].

Table 9 lists variousresultson ~ The lowest-ordercalculations[100,101] clearlydemonstratethe
need for the inclusion of first-order QCD corrections[102, 105, 106]. It is found that relativistic
correctionsincreasethe leptonicwidth by —.20% [103],while QCD radiativeeffectsdecreaseit [106].It
shouldbe notedthat QCD sum rulesalso predictleptonicwidths ratheraccurately[104].The valuefor
~ fits nicely into the empiricalfinding [117]that the ratio ~~e’ ( qquark~2 is approximatelyconstantfor
all vectormesons,indicating that the assignmentq~= ~is correct (seefig. 19).

A last remark concernsthe possibility of determininga
5 from the ratio of leptonic and hadronic

widths, which is independentof wave function ambiguities. A theoreticalexpressionhasbeenderived
[17—19]in a non-relativisticapproximation[seeeq. (7) of section2.1] includingfirst-ordera~correction
terms. The large0(a6) correctioncorrespondsto a substantialfraction of thetotal rate,suggestingthat

*) The electromagneticwidth has been calculatedfrom the experimentallymeasuredquantitiesI j’~d”~O~ —(4.4 ± 0.2) keV, and Bh~d
F~,/[~ 1—2 x B(J141—6~ ) assuminglepton universality.
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Table 9

Predictionsfor F°~,.

Author Reference F~(keY) Remarks

Banderet al. [100] 9.0 lowest orderin QCD
Falkensteineret al. [101] 13.3 lowest order in QCD
Eichtenet al. [1021 4.8
Jacobset al. [103] 5.4
Sumrules [104] 4.3
Gupta et al. [105] 4.8
BuchmUlleret al. [106] 3.7± 3.1

Experiment 4.9±0.3

higher-ordercorrectionscannot be neglected.*)As a result, perturbativeQCD is only a qualitative
guideto the decayrateof the J/tji into hadrons.If onewould simply ignore the QCD correctionsof eq.
(7), one would infer a5=0.18(seesection6.1).

5.3. Decaysinto mesonpairs allowed by generalizedC parity

In this section,the Se-alloweddecaysJt’l’—~PV, TV, SV, andAV arediscussed,whereP, V, T, 5, A
denotemembersof the pseudoscalar,vector, tensor,scalar, andaxialvectornonets,respectively.The
resultswill be comparedto an SU(3) inspired model [256],which is briefly outlined below.

5.3.1. A modelfor two-bodyJ14i decaysinto mesonpairs
In this chapter decaysof the type Jttji—~NN’ are considered, where N denotesa member of an

ideally mixed meson nonet (e.g. vector mesons) and N’ denotes a memberof anothermesonmultiplet.

20 I ILL] I I II

15 - 9(770) -
> + J/4i(3100) Y(9460)$ •ø(1020) ~ +

-~ 1: w(783)

o I I I Li II

0.5 1.0 5 10
is (6eV)

Fig. 19. Electromagneticwidths of vector mesons.Shown is theratio of the leptonicwidth and the meanquark chargesquaredfor the vector
mesonsp—(uu dd)I\/~,w=(ui+dd)I’sI~,~si, J/~,—cE,and Y—bb.

*) At theenergyof theJ/iji thethreegluons arenot energeticenoughto appearasthreedistinct jets, indicating thatnon-perturbativeeffects

play a major role.
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We restrictourselvesto decaysallowedby generalized‘~parity (cf. table3). A general prescription for
all two- andthree-bodydecaysof J/ t~and ~ can befoundin ref. [199].As an example,we shallusethe
decaysinto a pair of a pseudoscalarand a vectormeson(P + V); the modelcan be extendedto other
mesonsby appropriatechangeof labeling. We follow herethe prescriptionof ref. [256].

The wave functionsof the two isosingletmesonsof the pseudoscalarnonetcan be written [119]in
termsof the non-strangeand strangecomponentsx, y*),

l~)= (X~tV~)luU+ dd) + Y~ls~)+ Z,~othercomponents)
(48)

lii’) = (X~tV~)luu+ dd) + Y1lss) + Z ,~othercomponents),

where we allow for additional contributionsfrom other stateslike glueballs. In the absenceof such
additional components one obtains the constraints

X~+Y~=X~,+Y~=1, X~,=—Y~,Y1=X~ (49)

however,we do not makethis assumptionin the following discussion.
The parametrizationof the amplitudesfor JI t~itwo-body decaysup to first order in the SU(3)

breakingis done by the following terms[256] (compare to fig. 20):
• the SU(3) symmetric singly OZI violating (SOZI) amplitude represented by g,
• the nonet symmetry breaking, doubly OZI violating (DOZI) amplituder, which is expressedrelative
to g, and
• the electromagneticamplitudee.
• To accountfor SU(3) violations the following additionalfactorsareapplied:

— a factor (1 — 5g) for every strange quark contributing to g,
— a factor (1 — s~)for a strangememberof the V or P nonetcontributing to r, and
— a factor (1 — 5e) for everystrangequark contributing to e.

III:~~tuonium11111:: ~

(dl (e) (f)

Fig. 20. JI’l’ decaymechanisms.Shown are diagramsfor (a) SOZI suppressedstrong decays,(b) electromagneticdecays,(c) DOZI suppressed
decaysinto mesons,(d) glueballproductionin DOZI suppresseddecays,and (e), ff3 DOZI suppressedelectromagneticdecays.

*) If i~and p’ were unmixed octet and singlet states,then ~q= (uu+ dd — 2ss)/V~and i~’— (uu +dd +si)/V”~correspondingto the quark
componentsX,, - - Y, - V~Th,.7(,, - Y,. - VT7~.
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The DOZI amplitude is takento be r times the SOZI amplitude times a coupling factordependingon
the flavour contentof the final statemesons.Thecouplingof the DOZI amplitudeto the sum of u and
d quarksis \/~times the coupling to strangequarks.In principle one has to accountfor corrections
equivalent to the DOZI decays also for the electromagneticamplitudes.The electromagneticDOZI
diagrams of figs. 20e and f can lead to correctionsof 30% and 20% to the amplitude e of the
one-photon exchange graph, respectively [256].

The model also tries to accountfor possibleglueballproductionin J I i4s two-body decays.The DOZI
graph providesa way to produceglueballsassociatedwith hadrons,as can be seenfrom fig. 20. The
correspondingexpressionin table 10 reflects the SU(3) singlet nature of gluonia; an additional
parameterf accountsfor the differencein the couplingof two gluonsto glueballsas comparedto quark
states.With a similar ansatz, a possiblegluoniumadmixtureto quarkstatescan alsobe accountedfor.

The total amplitudesfollowing theseprescriptionsare given in table 10. In order to simplify the
expressionsone can exploit the fact that e, r, s~.~ ands~,aresmallnumbers.Without desistingfrom
the requiredprecision one can drop anyproductof those quantitieswhencomparedwith g or unity.
This resultsin the expressionsof table 14 of section5.3.2. Note that DM2 [124]andearlier publications
by Mark III [121]use anexplicit SU(3)breakingterm for the electromagneticamplitude.Sincethe rate
for this transition is proportional to the quark magneticmoments,which in turn dependon mq ~, the
contributionof s quarksto the electromagneticamplitudeis suppressedby an amountcharacterizedby
the ratio of constituentquark masses,x = m~/m5[120].This second-ordercorrection,if left out, does
not dramaticallychangethe results [121].

The expressionsof table 14 areequivalent[256]to thosecalculatedby HaberandPerrier[199],who
usea somewhatless intuitive group theoreticalapproach.Note that, in agrouptheoreticallanguage,
the existenceof DOZI contributionscorrespondsto nonet symmetrybreaking.

5.3.2. Decaysinto vector—pseudoscalarmesonpairs
The statesassignedto the ground statepseudoscalarq~nonet with JPC = 0 + are identified as

i(539), ~q’(
958),iv, and K. The complete set of decay rates of the eleven possible pairings of

Table 10
Parametrizationof amplitudesfor J/4s two-bodydecays.For clarity, thedecaysinto pairsof
vector andpseudoscalarmesonsaretaken asanexample.The tablecanbe usedfor anyother
decayof the J/’l’ into two mesonsthat is allowed by generalized~ parity by appropriate

changeof labeling.

Final SOZI DOZI
state amplitude correction

* 00 +

pir,pir,piT g+e
K*+K , K* K~ g(1 s

5)+e(i+s~)
K°°K°,K~°K° g(1— s~)— e(2— a,)

(g+e)X,, + ~
un~’ (g+ e)X~ + \/~rg[V~X~,. +(1 — s~)Y,~]
4n~ [g(i—2s,)—2e(1 s,)]Y,1 + rg(1 s~)[V~X,+L(i—s~)Y6]
d1q’ [g(1—2s,) 2e(1—s,)]Y~ + rg(1—s~)[”/~X6 +(1—s~)Y,1.]

Ph 3eX,,
ph’ 3eX5.

3e
,ito 0
w +glueball ‘/~rgf
• +glueball “J~rgf
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pseudoscalarand vector mesonsthat are allowed in strongand electromagneticreactionshasbeen
determined.Since the pseudoscalarground statemesonsare either stable or narrow and tend to be
producedrelatively backgroundfree, it has been possible to examinemany Jt4s—sVPreactionsin
different final states.Most of the measurementsstemfrom detailedstudiesundertakenby Mark III
[121, 127] and DM2 [124, 125].

The decaymatrix elementin the J14i rest frameis proportionalto

(50)

whereê~,and ê~arethe respectivepolarizationvectorsof theJ/i.~andthe vectormesons,andP,~,is the
momentumvector of V. The angulardistribution of the decaysequence

J/tji—~vector+ pseudoscalar (51)

2 or 3 pseudoscalars

is uniquely determined by the expression

d cosO~dcos~ d~1 sin
2O

1[1 + cos
26~+ sin28~cos(2~

1)], (52)

whereO., is the anglebetweenthe vectormesonandthe positrondirection,and O~and4~describethe
decayproductsof the vector mesonin its helicity frame. For two-body decays,such as 4—~K~K,

and ~ are the polar and azimuthalanglesof the momentumof the K~with respectto the helicity
directionof the 4. For three-bodydecayslike w—~iv~iv iv°,they representthe anglesof the normal to
the decay plane with respectto the helicity direction. In the following paragraphswe will briefly
describetheevidencefor the final statesthat havebeenstudied.The resultsaresummarizedin table11,
table 12, and table 13.

Table 11
Resultson J/4i—+VP branchingratios(I). Shownarethe resultsof theMark I [167],DESY Heidelberg
[122],Pluto [123],DASP [67,86], and Mark III [1271experimentsfor 1 1 and 1—1/2 pseudoscalars.
All resultsarecorrectedfor unobserveddecaymodes.The resultsof Mark I on theK*K final stateshave

not been used in the averagesince theyareincompatiblewith newerdata.

Decay Branching ratio
J/4,—oPV Final state (Units of 10 4) Reference

p*1T , p°it°,p ir +X 133 ± 21 DASP [67]

-rr°it~it 100 ± 20 DESY Heidelberg[122]
it°irir 130 ± 30 Mark I [167]

it 160~40 Pluto [123]
ir°.n-’ir 142 + 1 ±19 Mark III [127]

128±10 (average)

K**K , K
4 K* K +X 41 + 12 DASP [86]

K K 110 56.6÷1.2±8.3 Mark III [127]

K~K~ir 32±6 Mark I [167]
KK~it 51.6±1.6÷5.4 Mark III [1271

51.6 ± 4.4 (average)

K*OKO, K*OKO KK~1T* 27÷6 Mark 11167]
K~K~it 43.3±1.2±4.5 Mark III [127]
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Table 12
Resultson Jlil’—I.VP branchingratios (II). Shownare theresultsof the Mark 11167],Mark III
[127, 156] and DM2 [124]experimentsfor 1 0 pseudoscalarsthat can be producedby strong
interactions.The preliminaryresultsof DM2 are averagedover the indicated final states.With

theexceptionof the iota/q(l440),all resultsarecorrectedfor unobserveddecaymodes.

Decay Branchingratio
J/’l’—~PV Final state (units of 10 4) Reference

it it it°y~y 18.6 ±0.6 ±2.5 Mark III [127]

11*11 11011*11 -y 14.9÷1.7±2.2 Mark III [127]
~ 14.4÷1.4 DM2 [124]

111111111111

15.3 ±1.1 (average)

11*11 itOit+itO~y 1.67±0.25±0.24 Mark III [127]

ir+it it°it~it°-y 1.9 ±0.5 DM2[124]
it~ir it°it~it~y~y 1.69 ±0.27 + 0.25 Mark III [127]
3(11*11 )2it~ 1.54 ±0.51 + 0.26 Mark III [127]

1.70 ± 0.21 (average)

4n~ K~K11*11 it~ 10~6 Mark 11167]
K~K11*11 it~ 6.77±0.88÷0.96 Mark III [127]
K~K.y~y 6.51±0.49~0.92 Mark III [127]

K~Kit’it ir°

K~Kyy 6.4÷0.6 DM2[124]
K~Kit~it -~

6.50÷0.48 (average)

K:K 1111 4.05 +0.45 DM2[124]

KKitit
KK it~it ~yy 2.90±0.50~0.39 Mark III [127]
K~Kit~it ~y-y 3.27÷0.46±0.49 Mark III [127]

3.57 + 0.32 (average)

4is—o~KKit KKit <2.1 (90% CL.) Mark III [127]

K~K~it <2.5 (90% CL.) DM2[126]

Table 13
Resultson J/il’—4VP branchingratios (III). Shown are the resultsof the Mark III
[127, 156] and DM2 [124] experimentsfor 1—0 pseudoscalarsthat can only be
producedelectromagnetically.The resultsof DM2 are preliminary. All results are

correctedfor unobserveddecaymodes.

Decay Branchingratio
J/i)i—~PV Final state (units of 10 4) Reference

wit° 11*11 it~it~ 5.1 + 0.5 DM2 [124]
11*11 it~it~ 4.82~0.19~0.64 Mark Ill [127]

5.00~0.40 (average)

P°1l it~it ~y~y 1.91÷0.13±0.34 Mark III [127]
it~it itit it~ 1.9±0.5 DM2 [124]
itit it+it it

0 1.96~0.29~0.40 Mark III [127]
1.92±0.25 (average)

Poll’ it~it it~it -y 0.83 ±0.3 DM2 [124]
it~it m-~it ~y 1.33±0.18±0.24 Mark III [127]
11*11 11~11 ~y~y 0.97÷0.22±0.17 Mark III [127]

1.04÷0.17 (average)

K~K it0 <0.068 (90% CL.) Mark III [127]
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Figure 21 shows the Dalitz plots of the_decaysJIt~i—+iv~iv’rv°and J/sli—+KK’rr. The decaysare
dominatedby the J/t~i—~pivand JIkt,_~*K*Kreactions,respectively.The ratio B(JIt~i—~p°iv°)/B(JIi~i
—* p~iv~)= 0.49±0.01 ±0.03 agreeswell with the value0.5 expectedfrom isospininvariance.Similar-
ly, the ratio B(JIt~~_*K*OKO)/B(JI4,_.,K*+K~)is predictedto be 1. The measuredvalue of 0.82±
0.05±0.09 can be takenasdirect evidencefor thepresenceof anisospinviolating electromagneticterm
in the decay amplitude, which, unlike the caseof piv, contributesdifferently to the chargedandneutral
states(seetable 11).

Evidencefor J/4i—~ oil and the isospinviolating JI t~i—~ onr°decayis presentedin fig. 22. From the
JI ~i —~ wiv° reaction,which can be consideredpurely electromagneticin nature,onecan determinethe
o’rr°form factor at Q2= m~,.Normalizing to the form factorat Q2 = 0 by using the crossedchannel
decayio—+-yiv° [14], onefinds

jF(m~ /e~~P \~ m
4F(J/tt,—~’wii°)

______ = i/—I —~J =0.0335±0.0059. (53)
IF(0)I ‘ 3 \P,~,i F(J/t~i—~yiv)F(J/4—~p.p.)

M~’+ir° (GeV
2/c4)

M~+
17-° (GeV

2/c4) ~ (GeV2/c~)

Fig. 21. Dalitz plots of the itit it°and KKit final states.ShownaretheDalitz plots correspondingto (a) theJ/i),—sir~it its, (b) J/II,_4K*K it~

and(c) JR)i—i. K~K~itreactions(Mark III [121]).Note thebandscorrespondingto p’s and Kt’s, respectively.
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Mr,. (Gev/c
2)

Fig. 22. Evidence for J /i),— wit° and J/4i—o~°h•Shown is the invariant mass distribution of theyy systemfrom the J/ijs—+ ory-y, w—+it it it~

reaction(Mark III [127]).

Here P (Pu) is the photon(io) momentumin the o (Jt~i)restframe. Comparingthis resultwith that for
the ii + -i~ electromagneticform factor at Q2 = m~(see section 5.4), one noticesa suppressionby
roughly a factor 3. This differencein energydependenceagreesqualitatively with the prediction that
hadronichelicity conservationrequiresthe wiv° form factor to be suppressedby 0(Q2) relativeto that
for iv IT [164].

It has beenpointed out [128] thateven a small p°—~‘rr~iv iv° decay modecould changethe true
J 14i —~ wii0 branching ratio significantly due to an interference effect similar to the it t~i—~ {w, p} + i~case

which is discussed below.
Evidence for the very clean JI~i—~4rq decay is obtained from fig. 23. No sign is found for the

J/4i—* 4rrr°reaction,which can only proceedby an electromagnetic,doubly OZI violating process(see
fig. 20), or if the vector mesonnonet were not ideally mixed. The upper limit of B(JI~i—s’fri~°)<

~ (Gev/c2)

Fig. 23. Distributionof -y~yinvariantmassesin J/d,—ofry’y decay.The~y~ysystem,producedin associationwith a ~ meson,showsclearevidencefor
an i~but not a it° (Mark III).
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6.8 X 10 6 at 90% confidencelevel demonstratesthat electromagneticDOZI processesplaya negligible
role in J/t~—~PVdecays.

Clearsignalsfor the J/tji—+t0-q’ andJ/t~i—*4rq’reactionscan beseenin fig. 24 andfig. 25. Oneshould
emphasizethat finding thew’q’ signal in the 2(vr~’rr )4y and3(iv~ir )4-y channels,with, respectively,24
and 54 possible permutationsto form the w—~ir~iiiv°, ~—*-y-y(i—*iv~iv iv°), and ~

subsystems,constitutesa challenge to experimentalists,indeed. Still, the reaction can clearly be
separatedfrom backgroundby employing 6C kinematic fits and exploiting that w, ‘q, and ‘q’ all are
narrowresonances.

Like the JIi~i—+o’rr° decay, the JIt~—~p’r~ and J/4i—~pi~’ decaysviolate isospin and thus are
electromagneticin nature. When studyingthe ii + iv mass spectrumof the -qir + ii final state,one
noticesthat the p peakat 0.77GeV doesnot resemblethe shapeof anordinaryBreit—Wignerresonance
(fig. 26). This effect canbeattributedto interference[128]between the electromagnetic JIt~i—+ pi-~ decay
and the much more abundantJIIJJ—+w-q decay, which, evenfor the relatively rare w—~iv~-rr decay,
gives a sizeablecontribution.This is demonstratedby the fitted curve in fig. 26, which is based on the
ansatz

(C)
30- -

20-

Lo-j_ -

____________________ - (b) ~T~1T~1T~

z

I -

0.8 0.9 I.0 ~.85 L 0.95 I.05

Mh11.+~,._ (GeV/c2) M (G~V/c
2)

Fig. 24. Evidence for J/i(i—o wil’. Shownare hit it invariant mass Fig. 25. Evidencefor Ji’l’—° frq’. Shownare (a)~ypand (b) ~iitit

distributions, where the,~is detectedin its (a) -y-y and (b) it~it ~° invariant mass distributions. The • is detectedin its K~K decay
decaymode (Mark III [127]). mode(Mark III [127]).
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~ 15 - (b)

10 - - 10 - in

a60.~0I.2I.4 ~0.8 1.0

Mn-kit (GeV/c2) M (Gev/c2)

Fig. 26. Interferenceeffects in theJ/4i—o~ i~reaction.Shown is Fig. 27. Evidencefor the Jii)i—o Ph’ reaction. Shown is the distribu-
the it~it invariant mass distribution for events of the type tion of the(a) .yit~it and(b)hit~it invariantmassspectra(MarkIII
J/4i—oitit h with (a) ~—~-~yand (b) ll—~it~itit°. The curves [127]).
represent(I) background,(II) w, (III) p°,and (IY) coherentsum of
p°and w contributions, each with the background term included
(Mark III [121]).

N(m1111)= background+ J\/N~BW~(m1111)+ 1/Ni,BW~(m11~)e’
4I2. (54)

The numberof p’s and o’s (N~andN~,respectively)as well as the relativephase4 aretreatedas free
parameters.BW

1 denotesthe appropriateBreit—Wigneramplitudefor p and w, respectively.Evidence
for the JI~i—÷p-q’ reactionis presentedin fig. 27.

Interpretationof the results. The well-measuredset of all possible decaysof the J/t~iinto pairs of
vector and pseudoscalarmesonsallows one to systematicallystudy quark and gluon contentsof the
pseudoscalarmesons,as well as the effect of SU(3) breaking and electromagneticamplitudes in
two-bodydecaysof the Jttji. For this end,the decay rateshavebeencomparedto the modeloutlined in
section 5.3, neglectingsecond-ordereffects (see table 14). The matrix elementcontainsan explicit
momentumfactor [seeeq. (50)], which can be factoredout to define the reducedbranchingratio B,

B(JIt~s—+vector+ pseudoscalar)= BP~,, (55)

where the third power reflects the p wave between the two final state mesons.The amplitude
decompositionsfor the variousfinal statesas well as the reducedbranchingratiosdeterminedby Mark
III [127] and DM2 [124] are compiled in table 14. For the following discussiononly the relative
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magnitudesof the various amplitudesare important. Commonsystematicerrors that affect only the
absolute normalization in the experimentshave therefore been disregarded.Even without a full
determinationof the various amplitudesby meansof fitting it is clear that the SU(3) breakingand
electromagneticamplitudesplay a non-negligiblerole. Not only is the K*K modesuppressedcompared
to pir, the ratesfor chargedandneutralK*K systemsdiffer, too. The needfor a doubly OZI violating
amplitude (DOZI) can be inferred from a comparisonof the ratios (Mark III)

JttJi—s.wi~)=6.4±1.2 and =1.3±0.3, (56)

B(JttJ~—~.ün~’)

which, for a negligible DOZI contribution, shouldboth be equal(seetable 14).
In order to determineboth the strangeandnon-strangecomponentsof ‘~ and ii’, as well as theeffect

of SU(3)breaking,electromagnetic,anddoubly OZI violating amplitudes,it is necessaryto performa
global fit to the amplitudeslisted in table 14. In the first analysisof this kind, performedby Mark III
[121],dominanceof singly OZI violating diagramshasbeenassumed.This earlystudy hasled to the
conclusionthat,while the ,~mesonwave function is almostsaturatedby its quarkcomponents,there
may be an additional singlet contributionto the i~’ wave function introduced by mixing with other
pseudoscalarsor gluecomponents.As pointedout by Pinskyand others[129],the principal deficiency
of the Mark III analysisis the assumptionthat doublydisconnecteddiagramsdo not contribute.A small
doubly OZI violating amplitudecanproducea largeeffectdueto interferencewith the dominantSOZI
amplitude.

Subsequently,Mark III [256]andDM2 [124]repeatedthe analysisallowing for a contributionof the
doubly disconnecteddiagram(DOZI), which is parametrizedby the relativecouplingconstantr (table
14). Leaving the quarkcomponentsX,1, X~.,Y,~andY~unconstrainedandwith twiceas manydataas
before,Mark III [256]now finds that

X~ + Y~= 1.00±0.16, X~+ V
2 = 1.44±0.25. (57)

Table14
Parametrizationof amplitudes for J/4

1—s PV. The results of the Mark III [127]and DM2[124]Collaborationson thereduced
branching ratio B= B/p

3 are compared to the parametrizationof the amplitude described in section 5.3. As an
approximation,all terms quadraticin small amplitudeshavebeendropped.In thedeterminationof Bcommonsystematic
errorsdue to the normalizationhavebeen omittedand the remainingstatisticalandsystematicerrorshavebeen addedin
quadrature.The SOZI amplitude is g, the relative DOZI amplitude is r, s~characterizesthe SU(3) violation, and e is the

electromagneticamplitude.

Process SOZI DOZI B (Mark III) B (DM2)
J/+—sPV amplitude correction (units of 10 3) (units of 10 3)

pit , p°it°,p it~ g+e 1.556~0.161
K**K , K~K g(1 — s~)+ e 1.017÷0.061

K°°K°,K°°K° g(1 — s~) 2e 0.836±0.055
wi] (g + e)X, + \/~rg(V~X

5+ Y~) 0.632+ 0.058 0.531±0.052
on]’ (g +e)X0. + \/~rg(v’~X,.+ Yb.) 0.079±0.010 0.091+ 0.024
4ni [g(1 — 2sf) — 2e] Yb + rg(’s/~X5+ Yb) 0.287 ±0.031 0.278 + 0.026
401’ [g(1—2s0)—2e]Y~.+ rg(V’~X~.+Y1.) 0.182±0.025 0.239±0.027
In] 3eX3 0.071±0.010 0.070~ 0.018
P’] 3eX1. 0.054±0.009 0.039±0.014

3e 0.159±0.017 0.169±0.016
0 <0.0026
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A graphical presentationof the different measurementson the non-strangeand strangequark
componentsof r~and-q’ is given in the “Rosnerplot” [1191of fig. 28. When allowingfor a doubly OZI
violating contribution, both i~and i-~areconsistentwith beingsolely composedof u, d, s quarks,with
no needfor othercomponents.Thevaluesfor the couplingconstantsobtainedfrom fits to the Mark III
and DM2 data are listed in table 15. The results of the two experimentsare in fair agreement,
reaffirming that the SU(3) breakingterm sI, the electromagneticterm el, and the DOZI term rI are
all small, equaling16%, 11%, and 10% of I gI, respectively.Setting r = 0 resultsin non-acceptablefits
with typically x2~d.o. f. 25/2 [256].Changingthe constraintson the ‘~, ~q’quark contentsor using
additional informationfrom two-photondecaysandradiativeit ~ decaysdoesnot significantly affect the
results.

To decreasethe numberof free parametersDM2 andMark III repeatedthe fits assumingonly q~
components in the i~and ‘ wave functions(X2 + Y2 = 1). The r~—’q’mixing angle,O~,is then related to
X~,X~,,Y~,andY~accordingto the expressions

~ (58)

~ (59)

Fig. 28. Rosnerplot for ~ and ti’. The resultsof the Mark III [127] and DM2 [124] experimentsare comparedto two-photonresultsand
measurements of the radiative widths of pseudoscalarmesons[131].X and Y represent the non-strange and strange quark fractions of the states.
Thecircle correspondsto + Y2= 1. Note thattheDM2 resultshavebeenobtainedusingadditionalconstraintson the~ quarkcontents(table
15).
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Table 15
Resultsfrom a global fit to J/4

1—o PV decays.Shownarethe
resultsof the Mark III [256]and DM2[124]Collaborations on
fits allowing for doubly OZI violating contributions.While the
quark contentsof’], h areleft unconstrainedin theMark III
fits, the DM2 resultsare constrainedby theconditionsX~+

Y~= 1 and X~.+ Y~.= 1.

Coupling Mark III DM2

Ig~ 1.21÷0.05 1.120±0.041
s01 0.21±0.04 0.176+ 0.030

Iel 0.13 + 0.01 0.137 ±0.006
0,, 1.26÷0.11 1.170±0.090
r —0.14±0.02 0.088÷0.019

0.67 + 0.05 0.637±0.044
0.74~0.10 —0.771±0.037

X, 0.58-~-0.06 0.436±0.044

1~’,, 1.05÷0.12 0.900±0.021
+

2/d.o.f. 0.02 0.047

or equivalently,

— \/~X
1 + Y,1 — X3]~— 1 60tan ~ (

An evaluationof the formulaeyields [124,127]

O~=(—19.0±1.0)°Mark III, O~=(—20.0±1.6)°DM2, (61)

in agreementwith two-photonresults [130, 131], (—18.4±1.1)°,and other determinations[241].
DM2 [124] has addressedthe question whether a glue content of the ‘~‘ is excludedfrom the

measuredbranchingratiosin table14. A gluonic componentin the -ri’ (Z1.) could coupleto thesinglet
parts of w and4 through the disconnected diagram of fig. 20c. The results on the quarkcontentof ,
are essentiallyleft unchanged,and the allowed gluonic part of the r~’is found to be very small
(1Z1I

2 — 1%).
Finally, one may ask oneself whether gluonic states are expectedto be observedin two-body

hadronicit 4i decays.Glueballscould beproducedeitherby mixing with otherpseudoscalarsor directly
via the doubly OZI forbidden diagram of fig. 20 (see also table 10). The datado not show evidencefor
the excitation of the “iota”til(1440) in hadronic J/~~decays (see table 12). In chapter 7 the
experimentalobservationis confrontedwith the predictionof Seidenet al. [256].

5.3.3. Decaysinto vector—scalarmesonpairs
The statestraditionally assignedto the scalarqj nonet are the f

0(975), f0(1300), a0(980),and
K~(1350).formerly called S*, E, ~, and K. While the evidencefor the broad f0(1300) is weak, the
f0(975) and the a0(980) havebeen firmly establishedfor quite sometime. In the quarkmodel their
naturalassignmentis thatof the singlet and triplet statesof the

3P
0 nonetwith jPC o+ ~. However,
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thereareproblemswith this interpretation(see,e.g.,mini reviewin ref. [132]).Other thanqq states*~
the f0(975) and a0(980) have been speculatedto be four-quark states[134], loosely bound KK
molecules [135], or to be mixed with scalar gluonia [136]. A phase shift analysis of central
p~—~‘~r1T(KK)production[137]suggestsmorethanoneisoscalarresonancearound1 GeV, oneof which
could be a glueball [138].

Dependingon the interpretationone obtainsdifferentpredictionsfor the productionof f0(975) and
a0(980) in hadronicJI~idecays.The classificationof the f0(975) as an s~state implies that

B(JIt~i—~wf0(975)) 0, (62)

and, neglectingphasespaceand SU(3) breakingeffects,

B(JIi4i—~pa0(980)) = 3 X B(JIIJi—3 4)f0(975)). (63)

If, however,f0(975) and a0(980) areKK molecules,the expectedJIt~i—*pa0(980)rateis muchsmaller
thanfor the q~case.In the SU(3) symmetriclimit one predictsthat [130]

B(JIt~—~pa0(980))= X B(JIi.~i—~4)f0(975))= 3 X B(J14i—*wf0(975)). (64)

The KK moleculepredictionsareexpectedto be relatively immuneto SU(3)breakingeffectssinceboth
final statescontain the samenumberof s quarksfrom the “sea”. This is not the caseif f0(975) and
a0(980) areq~states,whereSU(3)breakingeffectsareexpectedto suppressthe JI’I’—~4)f0(975) decay,
similar to the caseof the tensormesons**) (seesection_5.3.3).

The f0(975) hasbeensearchedfor in the ITIT and KK final statesrecoiling againstw and 4) by the
Mark II [140],DM2 [141],and Mark III [142]experiments,as well as in an inclusivestudyof 1T~1T

pairs [140](seesection5.1). Figure 29a,b showsthe slightly asymmetricalsignal for the f0(975) ~ +

decayassociatedwith a recoiling 4) meson.The observedangulardistributionis consistentwith that of a
scalarstate[126].The K~K massspectrumrecoilingagainstthe 4), on theotherhand,doesnot showa
narrow peak at the f0(975) massand insteadexhibits a wide thresholdenhancementas shown in fig.
29c.

Theseobservations,togetherwith the fact that the f0(975)mass is closeto the KK threshold,can be
explainedby a coupledchanneleffect. In this schemea wide and low-massf0(975)~prefersto decay
into KK. However, being partly below KK threshold,only its high-masstail will be visible in the
KK channel.In the ir~rchannelunitarity effects leadto a narrow“cusp” at KK thresholdanda sharp
fall-off on the high-massside of the f0(975). The branchingratios, which were determinedusing the
simplecoupledchannelparametrizationa la Flatté [143]aswell as morerefined relativistic parametriza-
tions [144],arelistedin table16. In the frameworkof thesemodels,the fitted parametersfor the ir~r
spectrumcan be usedto predictthe correspondingrate in the K + K channel.The Flattéparametriza-
tion is in roughagreementwith the data. In amodel [141]that couplesf0(975)andf0(1300) to irrr, KK,
4’rr, 4K, etc., the fit to the f0(975) in irrr is improved (fig. 29a) andthe shapeof theK~K spectrumis
correctly predicted(fig. 29c).

*) Shabalin [133]andTornqvist [133]find that f0 and a0 areunitarizedremnantsof conventionalqq stateswith largecomponentsof q~qq,mainly

in the form of virtual KK States.
.*) In thecaseof the tensormesonsonefinds that B(JI~i—+p°a~(132O))5 x B(JI~i—+4f) x B(f’ —+ KK).
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Fig. 29. Evidencefor theJI~s—+~f
0(975)decay.In (a) and(b) the~n invariantmassspectrumfrom theJ/4s—*K~K1~1T decayasobtainedby

DM2 [141]is shown.The solidline in (a) correspondsto a fit usinga Flatté-typecoupledchannelBreit—Wignerparametrization[143],thedashed
curverefersto theMenessiermodel [144].The K

0K massspectrumassociatedwith a ~ is displayedin (c). The expectationfrom thefit to the~
spectrumis given by thesolid line.

Table 16
Scalarresonancesobservedin two-bodyJ/4, decays.Listed arepublishedresultsfromthe
Mark II [140],and preliminaryresultsfrom the DM2 [141]and Mark III [142]experi-
ments.The decayrates of the isoscalarf

0(975) arecorrectedfor the unobservedir°~r°
mode. In addition, in thecalculation of theaveragetheunobserveddecaymodesof the
f0(975)aretaken into accountusingthe valueB(f0(975)—~.‘Trif) = 0.78 ±0.03 [14].Note,

that the ipr decayof thea0(980)is presumablydominant[147].

Final Decaymode Branchingratio
state of scalar (Units of 10 4) Experiment

4,f0(975) irn 2.0±0.5 Mark II [140]
‘TnT 3.4±0.5 + 0.8 Mark III [142]
~nTr 3.6 ±0.3+ 0.6 DM2 [126]
all 3.5~0.5 (average>

wf0(975) inn 0.95 ±0.10 + 0.22 DM2 [141]
all 1.22~0.31

pa0(980) ‘q’n <4.4 (90% CL.) Mark III [142]
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The DM2 Collaboration[141] has also searchedfor the JIt~i—*of0(975)decay. The 1T~1T mass
spectrum(fig. 30) exhibits a small signal at m = (0.9544±0.0034)GeV. The actual fit parameters
dependheavily on the kind of parametrizationusedfor thef0(975)andthe f2 (1270), the dominantstate
in this channel.If the structureis interpretedas being due to the f0(975), the branchingratio listed in
table 16 is obtained.

The Mark III Collaboration[145]hassearchedfor the isovectorpartnerof the f0(975), the a0(980),
in the JIt~i—~p~riirreaction.While a peakat thea2(1320)massis apparent(seealsosection5.3.4),fig. 31
showslittle evidencefor an a0(980)signal in conjunctionwith the p. The correspondingupperlimit for
the branchingratio (see table 16) is approximately25 times smaller than that of other decaysto
isovectorpairs. If B(a0(980)—~ ‘q’rr) is sufficiently large,*) the observationsarein contradictionto the
interpretationof f0(975) and a0(980) as ss and (1IV~)(uu— dd) statesof the 0 nonet. The KK

~ (6eV) ‘T?lr MASS (GeV/c
2)

Fig. 30. Evidencefor the J/4i—swf
0(975) reaction. Shown is the Fig. 31. Searchfor theJ/4,—~pa0(980) reaction.Shownin (a) arethe

i~ir invariant mass spectrum from the J/4i—sonrir reactionas combined~ ~q’TT, and u.n

0 massspectraassociatedwith p , p~,PS,
observed by DM2 [141]. The accumulation of events around respectively(Mark Iii [145]).The peak correspondsto the reaction
0.954GeV is interpretedas the f

0(975). J/4,—* pa2(1320).An estimateof eventsnot containinga p, obtained
from the p sidebandsis shownin (b).

~ From a fit to thef, (1285)—~a0(980).n—+KK.n, ipnn reaction,Achasovet al. [146]havedeterminedthe ratio of coupling constantsto be

3/4<g
2(a

0—* K’K )/g
2(a

0—ss~n)<4.2. It hasbeenpointedout by Barnes[147]that thecorrespondingratioof branchingratiosis muchsmaller
[B(a0—* KK)/B(a0—oupr) 0(10 ‘)j, since an additionalphasespacefactorPKIP, hasto be applied.



114 L. Kopkeand N. Wermes,J/4
1 decays

moleculehypothesisappearsto bemore attractiveandthe observationof JI t~i—* of0(975), if confinned,

would support this hypothesis.

5.3.4. Decaysinto vector—tensormesonpairs
All membersof the lowest lying tensormultiplet with the quantumnumbers

3P
2, jPC = 2~+ are

identified beyonddoubt (seefig. 5). Still, the observeddeviationfrom ideal mixing by 7°hasprompted
somespeculationof whetherthis is dueto mixing with additionaltensorstates[148],outsidethe ground
statenonet.Onemayhopethat a systematicstudyof all JItJi—+V + T decays,including the search[59,
149] for the glueball candidate12(1720), gives additional insight, like in the caseof the pseudoscalar
mesons.However,the analysisof J/t~i—~V+ T decaysis moreinvolvedthanthatfor J/~j—*V+ P since
neither the angulardistributions nor the momentumdependenceof the five matrix elements are
uniquely determined.The matrix elementscan be expressedin termsof Lorentz invariant amplitudes
that explicitly include the momentumfactorsin the production[1501.

Eventhoughvector—tensorfinal stateshavebeenstudiedby variousexperiments,Mark I [167],Pluto
[157],DM2 [110,141], andMark III [142, 145, 150, 171], the set of measuredbranchingratios is far
from being complete(see table 17). In particular,the purely electromagneticdecayshavenot been
investigated,forbidding a comprehensiveanalysisas performedfor the J/ i~j—* V + P decays.

Clearevidencefor the isoscalarf2(1270) in the JIi.~j—*~ decayis depictedin fig. 32 (Mark III)
and fig. 47 (DM2). The broad enhancementaround 0.5 GeV is discussedin section 5.5, the small
enhancementnear 1 GeV may be due to the f0(975) as mentionedin section 5.3.3. Part of the
backgroundunderneaththe f2(1270) peakarisesfrom the decayJIt~i—~b1(1235)~’rr—~ , which
populatesthe samefinal state (seefig. 38).

Evidencefor thessstatef~(1525)in theK~K andK~K~systemsproducedin associationwith a 4) is

300 - -

~ 200- -

E
U,

w
C-

.4-

LU 100

A I I I

U 0.5 1.0 1.5 20

m~+,1-(6eV)

Fig. 32. Evidence for the f2(1270) in hadronicJ/4, decays.Shown is the n.n invariant mass distribution recoiling againstan w from the
J/4,_sw.n*.n decay(Mark III [145]).
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Table 17
Tensorresonancesseenin two-bodyJ/4, decays.Listed areresultsfrom theMark I [167],Mark II
[90],Pluto[157],DM2 [110,126], andMark III [142,145, 150, 171] experiments.Theresultsby
Mark III arepreliminary.The Mark I measurementof J/4s—scM is not included in the average.

IsospincorrectionsassumeI = 0. Upper limits aregivenat the90% confidencelimits.

Decay Mode Branchingratio
J/4,—ovector+X X—4 (units of 10 4) Experiment

wf2(1270) all 19~8 Mark I [167]
all 40±14 Pluto[157]
all 40±6 DM2 [110]

all 49.3 ±2.5±12.5 Mark III [142]
all 41.5~5.1 (average>

4,f2(1270) all <3.7 Mark I [167]
all <4.5 DM2 [126]

wf~(1525) KK -.2.0 DM2 [126]
KK <1.2 Mark III [142]

4,f~(1525) KK 8.0 + 5.0 Mark I [167]
KK 3.4±1.3 Mark II [90]
KK 8.8 + 0.4 ±1.4 DM2 11261
KK 4.85±0.26÷1.05 Mark III [150]
KK 5.4±0.7 (average>

wX(1730) KK 4.0~1.2 ±0.6 DM2 [126]
KK 4.5 + 1.2 ±1.0 Mark III [142]
KK 4.2±1.0 (average>

4,X(1730) KK 3.6 + 0.2±0.6 DM2 [126]
KK 3.08 ±0.48 ±0.67 Mark III [142]
KK 3.5÷0.3 (average>

pa2(1320)(a2—spur) all 84±45 Mark I [167]
(a2—*pir) all 86±3÷13 DM2 [110]
(a5—*un) all 118÷8÷29 Mark III [145]

all 91 + 12 (average>

K~°(892)K~°(1430)+ cc all 67 + 26 Mark I [167]
all 76±11 ±13 Mark III [171)
all 73±14 (average)

K**(892)K~ (1430)+ cc all 81 ±12 ±12 Mark III [171]

presentedin fig. 33 and in fig. 29c. In addition a shoulderat the high-massside of the f(1525) is
evident. It is tempting to identify the sourceof this shoulderwith the f2( 1720), a tensorglueball
candidateseenin radiativeJ/~.rdecays.To verify that the eventsnear1.7GeV comefrom a ~ object
ratherthan a0~+ state[14], the Mark III Collaboration[150]hasinvestigatedthe angulardistribution
of cos

0K’ the angle betweenthe positive kaon in the tensormesonrest systemwith respectto its
direction of flight. The probability that the distribution agreeswith that of a scalar is 8% in the
1.55—1.63GeV and only 0.5% in the 1.63—1.80GeV mass region, in accordancewith the f

2(1720),
which hasJPC = ~ The helicity amplitudesdescribingthe productionof f~(1525)and f2(1720)were
extractedfrom the datain two almostinterferencefreeregionsin the invariant K+ K - massby meansof
a maximum likelihood fit. It is found that all partial wavescontribute,implying largevariationsin the
angulardistributionsandrateswhencomparedto otherJ/4s—*V + T decays.For example,a factorof
sevensuppressionof B(J/tJi—~4)f~)relative to B(JI~i—~of2) solely due to kinematic factorsis found.
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Fig. 33. Resultof thefit for J/4

1—o4,X. Shownin (a) is thebestfit to theK~K massspectrum(Mark III) recoilingagainsta4,. In (b) theresultof
this fit is overlaid on the K~K~mass distribution.

Uncertaintiesin this factor, which critically dependson the admixtureof decayamplitudes,can mask
the presenceof other phenomenasuch as explicit SU(3) violations or electromagneticcontributions.

As in the caseof radiative productionfrom the JIi~i,the polarizationstructureis observedto be
differentin the f2(1720)andf~(1525)massregions.This leadsto coherentinterferencebetweenthe two
objects.The K~K massdistributionhasbeenfit [150]fixing the f~(1525)parameters[14], but allowing
for arbitrarymassandwidth of the f2( 1720). The curvecorrespondingto the bestfit is comparedto the
datafor theK~K andK~K~final statesin figs. 33aandb, respectively.The resultingbranchingratios
(table 17) areconsistentwith anisoscalarassignmentfor the two resonances;the massandwidth of the
“theta”/f2(1720) [150],

m=1730±13MeV, F=163±3OMeV, (65)
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are consistent with the values obtained in radiative JI4~decays(see table 35). A similar result is
obtained by DM2[126]. -

While non-resonantJ/~,—*wKKproduction is only singly OZI suppressed,intermediateresonances
in the KK system must contain a non-strangecomponentor be producedin a doubly OZI violating
process.Figure34 (DM2) andfig. lOib (Mark III) showmassspectraof theK~K systemsproducedin
associationwith an ~. A resonancenear1.73GeV is clearlyseenin both cases.A backgroundarising
from non-resonantoKK production is also present. In particular one notices a rapid rise of the
KK spectrum near 1 GeV which could be due to a threshold effect similar to that seen in the
correspondingirrr system(see section5.5). The fitted parametersof the resonanceat 1.73GeV (see
table 17) are againconsistentwith thoseof the “theta”/f2(1720). Spin parity analyseshavenot yet
yielded unambiguousresults due to the large number of parametersinvolved and the significant
non-resonantbackground.

The doubly OZI violating decayJ/tji—~4nrir hasbeeninvestigatedby manyexperiments[140—142].
The ~rrti~ massspectrum,which is shownin fig. 35 and fig. 102c, showsseveralinterestingfeatures.
The dominant signal near 1 GeV is attributed to the f0(975) and is discussedin section 5.3.3.
Furthermoreone notices a box-like structurebetween 1.1 and 1.5GeV and a small signal around
1.75GeV, which one may speculateto be the “theta”/f2(1720). Whether the f2(1270), f0(1300),
f~(1525),or moreexoticstateslike the ~ X(1410) [151],or evena scalarglueball contributeto this
box-like enhancementis still underinvestigation.Additional information from a spin parity analysis
mayprove to be essentialfor a definite conclusion.

DM2 [126]hastakena look at the angulardistributionsof the ‘rr + ir system.Figure36 showsthree
distributionsof cos0, the angleof the ‘rr + with respectto the ‘rr + - direction in the IT + ‘IT restsystem
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Fig. 34. Massspectrumof KK systemrecoiling againstan w (DM2). The mass spectrumin (a) still containsbackgroundfrom eventsnot
containinga real w, which is estimatedby thedashedhistogram.The detectionefficiency for the DM2 detectoris plotted in (b).
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Fig. 35. ~ mass spectrumrecoiling againsta 4,. The distributionis backgroundsubtracted(DM2). The solid line is a fit to two interfering
resonancesas describedin thetext.

for eventsin the f0(975), in the (1.20—1.32)GeV [f2(1270)],andin the (1.32—1.50)GeV massregions.
While the angulardistributionin the f2(1270)massregion is not compatiblewith J= 0 as expected,the
correspondingdistributionsin the high- andlow-massregionsareconsistentwith J= 0. Fromafit to the
structureat —1300MeV including the f2(1270)plus a secondBreit—Wigneramplitude(seefig. 35) DM2
[152]*) obtains values of m = (1372±10)MeV, I’,~= (106±13) MeV, and m = (1445±9 ±9) MeV,

= (139±16) MeV for coherentandincoherentresonanceproduction,respectively.In both casesthe

J/4) .— ~n~ir~ (DM2)
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Fig. 36. Angular distributionsof theInn systemrecoiling againsta 4,. Shownarethedistributionsof cos0 for eventsin themassregion(a) of the
f0(975), (b) between1.2 and 1.32GeV, and (c) between1.32 and1.50 GcV (DM2 [1261).While (b) showsnon-uniformbehaviour,as eApectedfor
non-zerospin, the low- andhigh-massregions(a) and(c) areconsistentwith fiat distributions.

tIThe parametersof the f2(1270) were kept fixed at their nominal values [14).
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fit gives a rather poor descriptionof the data. While the abovemass valuesare clearly below the
nominal f~(1525)mass, it maystill bepossibleto explain the box-like structurein termsof f2(1270)and
f~(1525)if in addition the effect of interferencewith the “theta”/f2(1720) is taken into account.
Constructive interference is expected between f2( 1270) and f~( 1525) and destructive interference
betweenf~(1525)and ~~theta~a/f2(1720).*)Such an interference pattern could explain the observedmass
shifts.

Onemaynotethat, while no signof the 1.4GeV structureis apparentin theJI~i—+wir~’rr reaction,
the radiativelyproducedf2( 1270) exhibits an interesting shoulderin thismassrange(comparefig. 102of
chapter 7). This shoulder could be an indication of f2(1270)—f~(1525) interference in the “flavour
independent”radiative channelor a manifestationof the enhancementseenin the doubly OZI violating
J/4i—~4)irrr reaction. This subject is further discussedin chapter7.

The isovectorstatea2(1320)is observedin associatedproductionwith a p in the ~IT [110,167] and‘q’rr
decaymodes[145].Figure 37 showsthe summedp~’rr , p°’rr°,and p ‘rr~massspectrarecoiling against
chargedand neutral p’s. A clear a2(1320) signal is seen on top of a large background. A similar
situationis found for the ‘qii final state(seefig. 31).

To study tensormesonstateswith open strangeness,the systemsrecoiling against chargedand
neutralK*(892)as havebeenstudied. Clearsignalsfor the J/~i—~K*(892)K~(1430)reactionshavebeen
observed [167, 171] (see fig. 45). The ratio of decays to neutral and charged final states of
K*(892)K~(1430)is measuredto be 0.90±0.30, consistentwith the correspondingvalueobtainedfor
the pseudoscalar+ vector case(seesection5.3.2). In the presenceof an isospin violating term in the
decayamplitude it is expectedthat the valueof this ratio deviatesfrom unity.

I I I I

200 - -

0 I I I I I

1.2 1.4 1.6 1.8 2.0

m(9
5n~)1GeV)

Fig. 37. Evidencefor thea
5(1320)in J/4atwo-bodydecays.Summedp~ar, p°uT°,and p .n~mass spectrarecoiling againsta p (DM2 [110]).

*1 BecauseX,. is negative,for theurn modetheinterferenceof f2(1270)andf~(1525)is constructiveat massesin betweenthestates,opposite to

what is expectedfor the KK final state.In the caseof the f2(1720), constructiveinterferencewith the f~(1525)in the KK final statehas been
observedexperimentally[1501.One thereforeexpectsdestructiveinterferencebetweenthesestatesin the inn mode.
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Even though the set of measuredJI 4t —~V + T decaysis not complete,a few remarkscanbe made
basedon a comparisonwith the SU(3) basedmodel describedin chapter5. The ratio

B(JI4i—~wf2(1270))/B(J/4i—*p°a~(1320))= 1.4±0.3 (66)

deviatesfrom unity, againindicatingthat doubly OZI violating effectsplaya role. TheDOZI amplitude
has to be in phasewith the connecteddiagram,contraryto what hasbeenobservedfor pseudoscalars
(seetable 10).

Seidenet al. [256]find reasonableagreementof all measuredbranchingratiosin a model allowing
for a doubly OZI violating contributionof 14% which is in phasewith the SU(3) allowedamplitude.
They arealsoableto roughlyexplainthe measuredratesof the “theta”!f2( 1720) if it is assumedto be a
pureglueball state.For a SU(3)~avoursinglet, G(1730),one expectsthat

B(J/~G(1730))/B(Jh~—~4)G(1730))= 2 x (P~!PJ~2.5—5.9, (67)

where the lower boundcorrespondsto predominanceof an s wave (n = 1) and the higher bound
correspondsto ad wave (n = 5) betweenthe vectormesonandG. The experimentalvalueof 1.2±0.3
is smallerthan the rangegiven by (67), pointing to someflavour symmetry breaking.If G(1730) is
identified with the glueballcandidate“theta”! f2(1720), this observationcompliesqualitatively with the
observedpreferencefor decaymodeswith strangeness.

5.3.5. Axial-vectorstates in two-bodyJ!sji decays
The quark modelpredictstwo distinct groundstateaxial-vectornonets,the

1P
1, JPC = 1 + multiplet

with negative,andthe
3P

1, JPC = 1 + + multiplet with positivechargeconjugation.While candidatesfor
all stateshavebeenfound,someassignmentsareambiguousor needconfirmation(seefig. 5). This is in
particular true for the heavier isosinglet state in the 1 + + nonet, for which two candidatesexist, the
f1(1420) andthe f1(1530) [153, 154, 411]. The situationis furthercomplicatedby the fact that states
with open strangeness(KA, KB) are not eigenstatesof C and may thereforemix. The search for
axial-vectormesonsin JIt~itwo-bodydecayshasstartedonly recently. The first results,someof which
arestill ambiguous,aredescribedin the following sections.

5.3.5.1. Axial-vector meson.~with negative charge conjugation. Mesons with JPC = 1 + can be
produced in associationwith pseudoscalarmesons in ‘t~-allowedprocesses.So far only the J!

—* b~(l
235)IT decayhasbeenmeasuredby the PLUTO Collaboration[157],andseenby others[110,

145]. The Dalitz plot of the J/4—~oIT~rrreactionshowsdiagonalbandsdue to the low-mass1T~1T

andthe f
2(1270) enhancementsas well as bandsarisingfrom the b1(1235) in the .anr channel(fig. 38a).

The branchingratio hasbeendeterminedto be [157]

B(JR~—~b~’rr)x B(b~—~oir~)= (2.8±0.7) x 10 ~. (68)

The measuredmassof the b1(1235),m = (1.188±0.032)GeV, is below the averagedvalueobtainedin
otherexperiments,m= (1.233±0.010)GeV. This mayhedueto interferencebetweentheb1(1235)and
the structuresseenin the IT + ‘IT - channel(fig. 38), or is dueto problemsin estimatingthe background
shape.

The PLUTO Collaborationhasalsoinvestigatedthe angulardependenceof the productionangleO~
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Fig. 38. Evidencefor theJ/4,—t b
1(1235)ii reaction.Shownis (a) thewar*ur Dalitz plot (DM2 [110])and(b) theprojectedWIT~massdistribution

(bothchargecombinationsadded),as obtainedby PLUTO [157].

of the b1 relative to the beam axis. Fitting dN/dcos
0b with the form 1 + A cos2Ob, they obtain

A = 1.1 ±1.1. For productionof the b
1(1235)with helicity A = 1 oneexpectsA = +1, while A = 0 would

result in A = —1.
Since the productionrate of the isovectorb1 (1235) is relatively largein two-body JIt~idecays,one

mayalso expectobservablesignalsfor the isoscalarh1(1170)andh~(1380)states.Of special interestis
the mainly s~stateh(1380)since it is poorly understood[154]; it could be studiedin J/t~idecaysby
examiningthe KKir channel [155]in associationwith ~qand 11’.

5.3.5.2. Axial-vector mesons with positive charge conjugation. The DM2 [141] and Mark III
Collaborations[142, 1561 havestudiedthe ipr, KK’Tr, and ‘hr final statesassociatedwith w and 4) to
search for I = 0 axial-vector states. Structureshavebeenfound in the 1.28 GeV and 1.42GeV mass
regions,consistentwith the f1(1285) andf1(1420),respectively(table 18). However,this interpretation
is not imperativesincein mostcasesno spin determinationshavebeendoneandtheobservedstructures
mayhaveboth0~and1~contributions[161]*)ratherthanbeingdominatedby single resonances.In
addition,Chanowitz[162]hasdiscussedthepossibilityof an exotic 1 + hybrid statein the 1.4GeV mass
range.Below we will describethe experimentalresultsin moredetail.

The KKIT systemin associationwith an o hasbeenstudiedby Mark III [1561in the K~KIT°and
K~K~’rr~final states.In both modes,a peakat 1.44GeVis apparent(fig. 39). The width, whichis given
as 24 MeV < F <84MeV at 90% C.L., is not consistentwith that of thei(1440) (seetable32 in section
6.4.1). The angulardistributionof the o was studiedto distinguishbetweenthespin parities 0 and1 +

of the KK’rr system.Figure 39d showsthe distributionof the normal to theCo decayplanein the helicity
systemof the w. Theuniquelydeterminedpredictionfor j~°= 0 (solid curve) doesnot follow thedata;

~ Dependingon experimentand reaction, spin parity measurementsof the 1.4 0eV mass regionhave yielded pseudoscalaror axial-vector
assignments[161]. It has been speculatedthat theseseeminglycontradictoryresults can be accommodatedin a scenariowhere up to three
resonancespopulatethe 1.4 0eV/c

2 massregion(see,e.g., refs. [198]).
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Table 18
Candidatesfor 1 statesin J/4, two-body decays.Shown are preliminary resultsfrom the Mark III [142, 1561 and DM2 [141]
Collaborations.Except for the J/a),—*wKKur decay,no spin determinationshave been attemptedas yet. Sincethe 1.28GeV and
1.400eV massregionsmay haveboth pseudoscalarandaxialvectorcontributionsratherthanbeingdominatedby singleresonances,an

assignmentof theobservedstructuresto particular resonancesis not made.

Final Mass Width Productbranchingratio
state (MeV) (MeV) (units of 10 4) Experiment

X(1280):
(OTyTTIT 1283 ±6 + 10 14~±10 B(J/4,—9wX—+wu~araT)4.3±1.2 ±1.3 Mark III [142]
WKKIT 1285 fixed 24 fixed B(J/4a—4WX-+WKKIT)< 1.1 (90% CL.) Mark III [156]
4,Ii1T~1T 1283±6 + 10 24~±10 B(J/4,— 4,X—~4npnir)= 1.6~±0.4 Mark III [1421

1285 fixed 24 fixed B(JI4,—~4,X—s4npnn)1.83+0.60 DM2 [1411
4,2(n~ur) 1287±7 16~~ B(J/4i—+4,X—*4,4.n)=0.34+0.09 Mark III [142]
4,2(artrr ) 1285 fixed 24 fixed B(J/4,—+4,X—+4,4n)0.43±0.13 DM2 [141]
4,KKir 1279±fi + 10 14~±lii B(JI4,—+4,X—+4,KKir) u.t ±0.2 + 0.1 Mark III [156]

X(1420):
1421 ±8 + 10 45’~±15 B(J/4,—4wX—* wupr~r) 9.2±2.4±2.8 Mark III [142]

WKKIT 1442 ±5~ 40~±5 B(J/4a—+wX—sioKKur)= 6.8~+ 1.7 Mark III [156]
4,KK~ur 1420-1440 40-60 B(J/4,—sinX--t4,KKn)<1.2 (90% CL.) Mark III [156]

:0

mK,. (GeV/c2)

Fig. 39. Distribution of m(KK.ar) in J/4
1—t wKKir decays.(a) KK~ur invariantmassdistributionfrom the reactionJ/ds—*wKK~ir,(b) K*K ito

invariantmassdistributionfrom J/4,-+wK~Kur°,and(c) sum.The shadedbandsshowtheestimateof thebackground.(d) Distributionof Icosoj
with predictionfor J” = 0 (solid line). The data arefrom Mark III [1561.
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a fit yields a probability of only 6% for the hypothesisthat all signal eventsarisefrom a pseudoscalar
resonance.The resultis supportedby athree-channelanalysiswherethe KK’rr systemis assumedto be
composedof a = 0 statedecayingvia the a0(980)IT intermediatestate,a = 1 + particledecaying
via K*K, and an isotropic distribution. The analysisassignsthe resonantstructureto the axial-vector
component.

The KK’rr systemin associationwith a 4) hasbeenstudiedby Mark III [156]andDM2 [141]in several
final states. The KKIT mass spectrum (fig. 40, fig. 42) is dominatedby phase space distributed
~ 4)K~’Kevents.No enhancementin the 1.4 GeV massregion is seen.A small signal at 1.28 GeVis
seenby requiring that the KK invariant massof the KKIT system is below 1.15 GeV (fig. 42c). This
observationis consistentwith the f1(1280),which is known [160]to decaydominantlyvia the a0(980)IT
intermediatestate.

A similar structureat 1.28GeV hasalso beenseenin the IT+ ‘IT IT + ‘IT - systemproducedin association
with a 4), as displayedin fig. 42 (DM2) andfig. 105c (Mark III) in section7.1. In contrastto the doubly
OZI violating J/4)—~4)IT~IT’rr~’ITdecay,the JI CoIT~’rr’rr~IT decayhasa largerate andshowsno
strucureson top of a largenon-resonantcomponent(seefig. 105b).

The 1IT~IT systemhasbeenstudiedboth in associationwith an to [142]anda4) [141, 142]. Figure
41a displays the backgroundsubtracted‘q~+ IT mass spectrumof events having a recoiling (0 and
requiring that at least one ‘flIT submassbe consistentwith an a0(980)within 50 MeV. The latter cut
strongly reducesthe backgroundwhile not affectingthe 1.28 GeVpeakandretainingmostof theevents
of the 1.4GeV structure[145].

The ‘q’rr~IT systemrecoiling againstthe 4) featuresa narrow structurearound1.28GeV, which is
seenboth by Mark III (fig. 41b) andDM2 (fig. 42a). Theenhancementis correlatedwith ana0(980) in
the ipr subsystem.The one-binfluctuationin fig. 41, slightly below1.4GeV, is not seenby DM2 (fig.
42a).

Interpretationofthe results. Onecansummarizetheexperimentalsituationby statingthat a structure
at 1.44GeV is observedin associationwith an to, but not with a 4), while a peakat 1.28GeV is observed
in associationwith both co and4). Lacking definite spin parity assignmentsfor the observedstatesone
maystill askwhetherthis peculiarpatterncan be understoodat all in termsof the axial-vectorstates
f1(1285) and f1(1420).

I I I 1111 III0°~.~I; HI2 I

(.0 (.2 (.4 (.6 (.8 2.0
~ (Gev/c

2)

Fig. 40. Distribution of m(KKur) in J/4,—t4,Kkardecays.(a) SummedKK ar°and KK~ir invariantmassdistributions. (b) Detail of 1.2 0eV
massregionafterselectionof m(KK) <1.150eV. The shadedarea showstheestimateof the background.The dataarefrom Mark III [156].
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i/q~ —WT)Jt~1f a) I I I -
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Fig. 41. Distribution of m(quxir ) in J/4,_t {w, 4,)u~ir~urdecays. Fig. 42. Evidencefor theJ/4,—’4,f1(1280)/i1(1275)decay.(a)uiurir
The backgroundsubtracted1l1r~ir invariant mass spectrafrom the (b) p°ur~Ir, and (c) KK~ir invariant mass spectra.The data are
reactions(a) J/4,—+orqir~ur and (b) J/4,—+4rqurur . A a0(980)cut from DM2 [141].
(seetext) hasbeen appliedin (a). The dataarefrom Mark III [142].

While the measuredbranchingfractions of X(1 .28) recoiling againsta 4) (table 18) are consistent
with that of the f1(1285) [14],

- 10.19±0.07 :0.50±0.21 : 0.32±0.08 (Mark III),X(1285): KKir : ‘flITIT :
4IT = 10.11±0.03 :0.49±0.06:0.40±0.07 (world average), (69)

the ‘qIrIT branchingfraction of X(1420) recoiling against an w is rather large comparedto the value
obtainedfor the f

1(1420) in 2-y reactionsby Mark II [163],

- 11.35±0.75 (Mark!!!),X(1420): ‘TiITIT : KKIT = ) <0.6 (f1(1420),obtainedin 2’y measurements). (70)

This mayindicatethat at leastpart of the observed1ITIT structureat 1.4GeV is dueto thepseudoscalar
‘q( 1400).

More striking evenis the lack of observationof a signal at 1.4GeV in associationwith a 4). The
oppositepatternis expectedfrom quarkcorrelationssincethef5 (1420),beingheavierthanthe f1 (1285),
shouldcontain a largerfraction of strangequarksif both statesarethe isosingletmembersof the same
1~q~nonet.However, one hasto note that the conceptof quark correlationsbreaksdown in the
presenceof a large interferenceterm betweensingly and doubly OZ! violating amplitudes. For
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example,evenin the caseof aparticlecontainingonly strangequarksthe decayratefor the J/4)—~

will vanishif (seetable 14)

r = —(1 — 25g — 2eIg) 0(0.5). (71)

Along theselines and allowing for non-idealmixing in the 1 + + nonet,Seidenet al. [256]have found
that the observedbranchingratiosof table18 can qualitativelybeexplainedin termsof the axial-vectors
f1(1280) and f1 (1420). However, since the spins of the structureshave not been determined,it is
equally possiblethat the data contain contributionsfrom several stateswith nearly identicalmasses.

It is interestingto notethat the data do not show any evidencefor the f1(1530), which hasbeen
observedby experimentsstudyingKp—’ K~K~rr~+ hyperonreactions[153, 154].

5.4. Decaysinto mesonpairs violating generalized~ parity

The direct hadronicdecaysof the J/4) to particlepairs belongingto the sameSU(3) multiplet are
forbiddenin the limit of perfectSU(3) symmetry. Consequentlythey are expectedto havea large
electromagneticcomponent,described,to first order,by the virtual photondiagram.This constitutesa
ratheruniqueopportunityto probethe hadronstructureusinga 3 GeV virtual photonby studyingform
factorsand the spin structureof the producedparticles.While the creationof the primaryq~pair is a
well-known electromagneticprocess,the creationof thequarkpair from the “sea”is governedby QCD
fragmentationprocessesat low energies.Models havebeenput forward by severalauthorsbasedon
QCD [164, 165], vectormesondominance[1691,andmixing of the J!4) with othervectormesons[166],
predictinghelicity suppressionrules andform factors.

5.4.1. Decaysof the J/4) into pairs ofpseudoscalarmesons
Among the J/4) decaysthat violate generalized~ parity the decaysinto two pseudoscalarmesons,

J/4)—~rr~ir, K~K,~ (72)

havebeenmost explicitly measured.The G parity violating J/4)—~’‘TnT decayand the SU(3)fIavour
forbiddenJ/4)—~ K + K - decayhavebeen observedby several experiments[67, 167, 168, 170] with
branchingratiosin the orderof i0~(seetable 19).

The IT + IT and K +K final states have to be selected in the presenceof a 300 times larger
backgroundof leptonicJ/4)—s~e~eandJ/4)—s.~ ~ events.While the momentaof the final stateIT’S

andK’s aretoo high (‘— 1.5GeV) to allow for particleseparationby time-of-flight measurements,e±and
p.’s can well be detectedin electromagneticshower countersand muon filters, respectively.Almost
backgroundfree signals for J/4) —~ In+ IT - and J/4)—~ K + K are obtainedby additionally employing
energy—momentumconstraintsof the reaction(4C fits) [1681.

The SU(3) forbiddendecayJ/4)—~ K~K~is identifiedby the reconstructionof the decayK~—4 IT + ‘Tn
with the correctK~momentumof 1.468GeV. Thetopology of a typicaleventas detectedby the Mark
II! detectoris displayedin fig. 43; heretheK~hasproduceda detectablesignal in the showercounter,
as is expected for ~50% of all events. A major background arises from the reaction
J/4)—s.K~K*O(892)~~1.K~K~,IT°,wheretheK~hasa recoil momentumof 1.3730eV. Figure 44 showsthe
K~momentumspectrumfor differentcuts on the numberof final statephotons;the contaminationby
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EVENT 7228, RUN 1470
TRACK LIST

N P(GeV/c) E(GeV)

I 0.680 0.000
2 0.867 0.096
3 0.000 0,211

Region E

Fig 43. Exampleof a J/i(~—~K5K1 event (Mark III). Note thetracesof a hadronicinteraction of theK~in region11.

the backgroundreactionis greatlyreducedby requiringthat no morethanoneshoweris detectedin the
electromagneticcalorimeter.

5.4.2. Decaysof the JI4) into pairs of vector mesons
In a preliminaryanalysisthe Mark III Collaboration[171]hasstudiedthe decays

+— +0 0
—+IT IT ‘IT IT

J/4)—+ K*+(892)K* (892)—*K~ir°K1T0. (73)

K*O(892)K*O(892) —4K~ITK IT~.

Evidencefor theJ/4)—s~K*O(892)K*°(892)reactionis presentedin fig. 45, showingthecorrelationof the
IT invariantmassesand the recoiling K IT + system.Two bandsareclearly seenat the K*O mass,
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Table 19
Decays of the J14

1 into pairs of pseudoscalar mesons. Listed are results from Mark I, DASP, Mark III, and
DM2 (preliminary). The resultshavebeenaveragedassuminguncorrelatederrors.The first-orderexpression
in terms of electromagnetic(E), and strongSU(3) breakingamplitudes(M) [199]can be comparedto the

reducedbranchingratio B — B/p
3 (0eV 3)•

Final Branchingratio B
state Amplitude (units of 10 4) (units of 10 4) Experiment

E 1.6~1.6 Markl[167]
1.0~0.5 DASP [67]
1.58±0.20±0.15 Mark III [168]
1.47 + 0.22 0.401±0.060 (average)

KK E+l\’~M 2.0~1.6 Markl[167}

2.2 ±0.9 DASP [67]
2.39 ±0.24 ±0.22 Mark III [168]
2.36 ±0.30 0.746 + 0.095 (average)

K~K~ ‘~‘/~M 1.01 ±0.16 ±0.09 Mark III [168]
1.18±0.12±0.18 DM2[170]
1.08±0.14 0.343±0.044 (average)

0Jr4~hI~k~p,

NyrO c) -

0),~ ~

momentum (GeV/c)
Fig. 44. K~momentum spectrum (Mark III). The peak at the left, due to J/1j1—’ K~K*O(892)contamination,is strongly reducedwhen thecorrect
topology of ~1 detectedshowersis required.
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2.0 — I I (a)_ I /I~lI, ~

1 5 , — ~ ~“~T~”~” I

~ ‘i. ~ ‘j~ .. ~ 150

0101.520
~ rn,~(6eV)

Fig. 45. The decayJ/4i—sK~irK i~. (a) Triangle plot of m(Kt7r ) versus m(K ~r~)showing clearK*(892) and K~(1430)bands.(b) KIT mass
spectrarecoiling againsta K*(892) (Mark III [171]).

featuringa denserpopulationatmassvalueswherethe K*°(892)K~O(1430)andK*O(892)K*O(892) final
statesareexpected.The shapeof the K ±‘in * massspectra,afterdemandingthat the recoiling systembe
consistentwith a K*O(892), is shown in fig. 45b.

The number of events due to the J/4s—*p~p—~Tr~’inIT°IT°and J/4,~~*K*+(892)K*(892)—*
K + K ‘1T

0’Tn° channelswere obtainedby employing the methodof likelihood fits to signal and back-
groundchannels.This methodaccountsfor the combinatorialbackgroundcausedby the two indistin-
guishable‘rn°’sandthe finite width of the p andK*(892) resonances.The resultingbranchingfractions
for the channelsstudiedare listed in table 20.

The well-measuredJ/4)-4K*O(892)K*O(892) reactionwas further analysed[171] to determinethe
threeproductionhelicity amplitudesA

00,A11, andA10, wherethesubscriptdenotesthe helicitiesof the
final statevector mesons.The study of angularcorrelationsshows that A00 is dominant, which is
equivalentto a longitudinal polarization of the vectormesons.This result is in agreementwith QCD
predictionsandconfirms the vector natureof the gluon [164].

5.4.3. Determinationof electromagneticand strong SU(3)breakingamplitudes
In table19 andtable20 the experimentalresultsarecomparedwith the theoreticalpredictionsof an

SU(3)basedmodelallowing for first-orderSU(3)breakingeffects[199].While only an electromagnetic
amplitude is responsiblefor the isospin violating J/4) —~ IT + IT decay, the electromagneticamplitude

Table 20
Decaysof theJ/4i into pairsof vectormesons.Listed arepreliminaryresultsfrom the
Mark III experiment[171].The reducedbranchingratio is defined as B= B/p

3
(0eV 3)~

Final Branchingratio B
state Amplitude (units of 10 4) (units of 10 4)

p~p E 9.4 + 1.0 + 1.5 3.9 ±0.7
K**K* E+ l\/~M 6.7 ±1.2 ±2.5 3.3±1.4
K*OK*O 2.9÷0.4~0.6 1.4±0.4
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vanishesfor J/4)—+K~K~due to a cancellationof I = 0 and I = 1 amplitudesof the K°K°system.*)
Although the latter is strictly valid only in the limit of exact SU(3)0avour, the electromagnetic
contributionto the J/4) —* K~K~reactionis expectedto be small; a calculationbasedon a pole model
inspired by vectormesondominance[169]yields the estimateEKsKLIE,~j<0.1 [168].From table 19
and table20 one can determinethe amplitudesI E , M andtheir phaserelative to eachotherfor the
J/4)—+00 and for the J/4)—* 1~i reactions.The results(table 21) do not changesignificantly if one
allows for a second-ordermassdependenceof the electromagneticcomponent.

As can be seen from table 19, table 20, and table 21, the patternsobservedfor J/4)-~00 and
J/4) —+ 1 1 decayslook roughly similar. Electromagneticanddirect massbreakingeffects are of the
same order for both decay types, showing that interpretationsbased solely on electromagnetic
transitionsare not justified. The ratio of reducedbranchingfractionsfor chargedandneutralkaonsis in
excellentagreementwith that for chargedandneutralK*~s,while the effectof SU(3)breakingis more
pronouncedin the caseof the vectormesons.

5.4.4. Thedeterminationof mesonform factors
In order to comparethe measuredbranchingratios with theoreticalpredictionsand experimental

resultsobtainedat lower energies,it is usefulto introducethe conceptof electromagneticform factors.
For the pair productionof spin 1 mesons,MA, with helicity A, the form factorsFA,~(Q

2) are defined
accordingto the formula [172]

(do’/dQ)(e~e—~—*MAMy)

e —*ji p~)

an x sin2O[IF
0~I2+ C21F1 ~I2+ C3 Re(F~1F~’1)+ C41F011

2] + C
5 X (1 + cos

2O)1F
011

2 (74)

wherethe coefficientsC~are functionsof the mesonvelocity /3 = — 4m~Is,

— ~ c_3_2/32+3/34 C——4 1+f3 c—C
1—~-—f3‘ 2 (1_/32)2 ‘ ~ (1—p~)~‘ ~ (1~f3~)2

c 9/33

532IT(1_$2)
Table 21

Fitted amplitudes for J/4s—*0 0 and J/4s—+1 I decays

Final Electromagnetic SU(3) breaking Phase
State amplitude IEI amplitude MI angle

0 0 0.65±0.04 0.68±0.03 92°~11°
1 1 1.97±0.14 1.38±0.15 138°÷37°

~‘ Since the virtual photon has both isoscalarand isovector components,the electromagneticamplitude for the KK system contributes

proportional to

(KK — KK),1 +a(KK + ~K)10—(1W~)[(K~K — K K~)(1+ a)+(K°K°— K°K°)(1— a)].

If SU(3) symmetry holds (a — 1) the amplitudefor theneutralkaon final statevanishes.
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AsymptoticQCD (Q2—* co) predicts[164]that vectormesonsare preferablyproducedwith longitudinal
polarization,i.e., F

00 dominates.This hasbeenconfirmedin the J/4)—+K*O(892)K*O(892) reaction,and
for the following discussionwe assumethat this is valid for all vector—vectorfinal states.Underthis
assumptiononethenobtainsthe simplified expression

2 2 — ~ o(e+ e -~ -~ M0M~J)
I 00(Q )I — —~ — + . (75)/3 ee-.ji~)

Applying (75) to the resultsfrom the J/4)—+ITIT andJ/4).....~.~ decays,Mark III [168,171] finds for
the chargeform factors[173]

= (11.85±1.50±0.91)x 10 ~,

(76)

an ~ F~0(m~,)I
2= (26.0±2.7 ±4.0)x i0~.

The result for theF~form factor can becomparedto measuredvaluesatlower centreof massenergies
(fig. 46). Also shownare theoreticalpredictionsbasedon the simplestpossible VMD ansatz[169]
allowing only for p, to, and 4) mesoncontributions(solid line). The theoreticalcurvesdo not describe
the experimentaldata very well, indicating that contributionsof higher-massvector states,such as
p(1600),cannotbe neglected[175].*)

First-orderQCD calculationsfor large Q2 predictthat mesonform factorsare relatedto the meson
decayconstantsby the relation [172]

lim FM(Q2) = 16ITa
5(Q

2)f~IQ2. (77)
Q2_*oo

Usingf.,~= 0.093GeV andf~= 0.107GeV, onerequiresa magnitudeof ct~an2—3 for the ‘rn’ir andp~p
final statesto explainthe magnitudeof the measuredform factors,which clearlyshowsthe inadequacy
of the model assumptions.

5.5. Decaysinto threemesons

It is an experimentalfact that mostJ/4) decaysleadingto threestableor unstableparticlesproceed
dominantlyvia two-body intermediatestates(seetable22). Forexample,the fractionof J/4) —+ ‘in + IT

decaysthat do not form intermediatep’nn systemsis very small as can readily be seenfrom the Dalitz
plot depictedin fig. 21. -

Fewreactions,suchas J/4)—~WK*K andJ/4)—~4)K*K, havebeenidentified as candidatesfor “true”
three-bodydecays,with no structure being observedin the two-body subsystems,being instead
distributedaccordingto phasespace.The ratio of branchingratios,

B(J/4)—~wK*K + c.c.)/B(J/4)—*4)K*K + c.c.)= 2.6±1.0, (78)

*) The distributionof the IT, K andK~K~form factors have been fitted by severalauthorsby includingtheeffect of thep(l600)and4(1680)

vector mesons. See, e.g., refs. [1751.
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~ ~:: K~K

u~: 101~

102 I I I I I I I I I

101 — K~K~

100 — —
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1 ~_2 I I I III Ii I
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Fig. 46. Pion and kaon form factors. Shownare the mesonform factors for ~rir , K~K, and K~K~pair production[174].For clarity, only
non-overlappingIFJ2datafrom theCMD, OLYA andDM2 experimentsaredisplayed;seeBarkov et al. andBisello et al. [174].The datafor the
K~K~form factorwere takenfrom Mane et al. [174],thosefor the K~K form factorfrom Delcourt et al. andIvanov et al. [174].The solid lines
arepredictionsfrom a simpleVMD model [169].

is largerthanexpectedin the SU(3)symmetriclimit (0.93)*) [199],demonstratingagainthe importance
of SU(3) breakingamplitudes.

Other reactions, such as J/4)—+ (OITIT, have both resonantand non-resonantcomponents.The
distributionof m~,as observedby DM2 [176],exhibitsadistinctenhancementnearthreshold(fig. 47).
Its branchingratio hasbeendeterminedto be [176]

B(J/4)—+toX(500)).B(X—1’ IT~’Tn)= (21 ±2 ±3)x i0~. (79)

A similar structureis also observedin the correspondingIT0’Tn0 systemwith a rateconsistentwith zero
isospin [141].

Only recently has more attentionbeen given to this low-mass enhancementbecausethe scalar

s-wavephasespacehasbeentaken into account.
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Table 22
JI(~three-bodydecaysinto mesons.The averageshavebeenobtainedassumingI 0 for thetwo-mesonsubsystems.

Final Branchingratio
state (units of 10 ~ Experiment Intermediatetwo-bodysystems

1T*~T ~ 150+ 15 PDG [14] ~1T

KKir 61 ±10 PDG [14] K
4K

78 + 16 PLUTO [157]
68~19 Mark I [167]
52 + 0.7 + 11 Mark III [177]
92.7±12.5 (average) 5f2(1270)

wK*K 8.0±5.0 Mark I [4Q5]
8.6 ±0.6±1.7 Mark III [177]
7.4 + 0.7+ 2.3 DM2 [126]

wK°K° 12.4 ±2.0+ 3.1 DM2 [1261
sKK I7.4~2.6 (average) wf

2(172U)

10.5 + 4.5 Mark I [405]
9.0 ±0.4+ 2.3 Mark III [177]
7.8 ±0.3+ 1.2 DM2 [126]

4,i~ 12.3 + 1.6 (average) 4f0(975), ~f2(l270),~f0(1300),4f2(1720)

4,KK 9.0~4.0 Mark I [405]

8.3 ±0.3±1.3 DM2[126]
4K°K° 6.3 + 0.7±1.6 DM2 [126]
~KK 15.3 ±2.0 (average) 4f~(l525),4f2(1720)

WK*K+ cc. 53 + 14±14 Mark III [156] phasespacedistributed

4K*K + cc. 211.0 + 3.11 + 3M Mark III [15(~]
20.7 ±2.4~3.0 DM2 [126]
20.4 ±2.8 (average) phasespacedistributed

I I I
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5 300
Ui
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m~ (0eV)

Fig. 47. Invariant mass of the 1I~1T systemproducedin associationwith anw. The solid curve shows the prediction of the model of ref. [178],the
dashedcurve representsa phasespacedistribution. The data arefrom DM2 [176].
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glueballmay lie below 1 GeV. However,this speculationhasbeenrejectedby an analysisperformedby
DM2 [176].Neitheris the enhancementwell reproducedby aBreit—Wignershape,nor do the angular
distributions indicatethe excitation of a single scalarresonance.This is demonstratedin fig. 48.

Fora scalarresonance,the decayangleof the IT’s in the ‘rr’rn restsystem,6,,, shouldfollow a uniform
distribution. However, the experimentallyobserved °TT distribution shows some deviation from
uniformity dependingon the invariant mass of the systemX.

An interestingexplanationof the low-mass enhancementhasbeengiven by Dosch and Gromes
[178].In the discussionof the basic (connected) diagram for mesonpair production (fig. 20a), a
momentumdependencewhich can ariseby the mechanismfor the spontaneouscreationof a quarkpair
from the “sea”hasgenerallybeenneglected.Using an explicit expressionfor the spontaneouscreation
amplitude [179], the authorscan qualitatively describethe shapeof the low-mass‘rn’rr enhancement
(solid curve in fig. 47). While the enhancementis not expectedto be seen in the OZI forbidden
J/4)—~4)’Tn’Tn channel,the model predictsa similar but less pronouncedeffect for J/4)—s.4)KK. Both
predictionsareconsistentwith the experimentalobservation*)(seefig. 32 andfig. 35). It remainsto be
seenwhetherthis interestingconceptcan beapplied to the J/4)—~wKK reaction,wherethe experimen-
tally observedKK spectra (fig. 34 and fig. lOib) can accommodatea significant non-resonant
component(seesection5.3.4).

The mechanismfor the formation of exclusivefinal statesin the decayof heavyquarkoniahasalso
beendiscussedby Karl andTuan[180],who point out the importanceof measuringthe non-resonant
J/4)—s~{w, 4)} + {IT’nr, KK} branchingfractions. The proposedmechanismof sequentialpair creation
[181]mayexplain the puzzlethat the decay4)(3685)—~pin is suppressedwhile J/4)—s~pin is the largest
hadronicdecayof the J/4).**)

5.6. JI4) decaysinto baryons

UnderSU(
3)navourthebaryonscan bearrangedin singlet,octet,anddecupletirreduciblerepresenta-

tions,
3®3®3=1A~8M~8M,~31Os. (80)

~ ,~-

—1.0 —0.5 0 0.5 1.0
cos0*

Fig. 48. Angular distributionsof eventsfrom the low-mass~iT enhancement.Shownis the distributionof the pion polar anglein their~rrest
frameasa function of in (DM2).

~ Thefractionof J/iji—* 4,KK decaysthatdo not proceedvia intermediateresonancesis small andhasbeendeterminedby Mark III [150]to be
B(J/4i-..*~KK)—(2.2±0.4)x10 ~.

**) Anotherexplanationfor thecomparativelylargeratesof theJ/~,into thepseudoscalarvectorfinal statesK’K and~1T calls for the existence
of an intermediategluonium statearound3.1 0eV; see refs. [182].
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The subscriptsindicatesymmetric,mixed-symmetric,or antisymmetricmultiplets underinterchangeof
flavour labelsof any two quarks. Eachmultiplet correspondsto a uniquebaryonnumber,spin, and
parity andits membersareclassifiedby 1, 13, andS. The lowest lying singlet,octet, anddecupletstates,
denotedB1, B8, and B10, correspondto I” = , ~, and~, respectively.Figure49 showsthe lowest
lying multiplets in the S~I3space.For brevity we will refer to 1(1385), 8(1530),and N(1440—1530)as
1* 8*, and N*, respectively.

Decaysof JI4) into final statescontainingbaryonshavebeenintensivelystudiedby the BONANZA
[71, 183], Mark I [184],DASP [67], Mark II [185],DM2 [188,186], andMark III [189]experiments,
amongwhich the systematicinvestigationsof the Mark II andDM2 groupsaremostnoteworthy.Good
angularcoverage,particleidentification over a large momentumrangeby time of flight or Cerenkov
counters,as well as thepossibilityof missing massmeasurementsdueto thewell-definedinitial statein
e~ecollisions, allow one to reconstructcomplexdecaychains,such as

J/4)—~88~—*AinAir~, A—*pir ,nin°. (81)

5.6.1. Two-bodydecaysinto baryons
The majority of J/4) baryonicdecaysproceedsvia two-bodyintermediatestates.As in the caseof J/4)

decaysinto mesonpairs the decay rates can be comparedwith theoreticalmodels that exploit the
SU(3)tiavour singlet nature of the J/4). In a SU(3) symmetricworld only the decays

J/tji-~B1B1,B8B8, B10B10 (82)

areallowed,with the samedecayamplitudesfor a given decayfamily if electromagneticcontributions
areneglected.

As indicatedin fig. 50, the SU(3) symmetry can be brokenin severalways:
• Since the photoncontainsboth SU(3) singlet andoctet pieces,the decay(fig. 50a)

c-*~yi~8~.~+BnBm,n�m, (83)

is possiblevia the octetcomponentof the photon,becausethe direct product8® 10 containsan octet
contribution. In the direct electromagneticdecay (fig. 50c) the photon replacesone of the three

A° Es’ A” fl
0 ~---.——-.—--p Is-----’

1 E~. E’°. 0E* A o • A (1405)
/ /

/ /

2 _~ ~‘:*0

\ ,1
\ ,

3 ‘Sf

S
I I I I I I~ I

—1 0 +1 —1 0 +1 0

B10 B8 B1
Fig. 49. The lowest lying SU(3) multiplets of baryons.
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state

i/q~
(a) (b) (c) (d)

Fig. 50. Diagramscontributingto J/41—+ BB decays.Shownarediagramsrepresenting(a) theone-photonelectromagnetic,(b) thedirect hadronic,
(c) thedirect electromagneticdecay,and (d) possibleintermediatefour-quark or baryoniumcontributions.

exchangedgluons of fig. SOb, which representsthe direct hadronic decay. The ratio R of the
correspondingdecayamplituderelativeto that of the three-gluondecayhasbeencalculated[196]in the
framework of perturbative QCD, RQCD = —

4a/(Sa~),and also in the framework of vector meson
dominance,RVMD = 24a!(Sa~).
• A secondSU(3) breakingmechanismarisesfrom the massdifferenceof light andstrangequarks.*)
That is, the decaychain

cc—+(uii + dd + ss)
1—* a(uii + dd)1~8+ f3(s~)1~8—*B10B8 (84)

can occur if the couplingsa and/3 differ. The massbreakingcan equivalentlybe describedby an octet
[199]or 27-plet contributionto the JI4) wave function [186].
• As alast possibility it hasbeenpointedout [200]thatq~,q~q~jor baryoniumintermediatestatesin
octetor 27-plet representations**)can lead to SU(3)breakingby addinganon-singletpieceto the wave
function. -

In order to test to what extent SU(3) invarianceholds the decaysJ/4)—~B8B8,J/4)—*B8B10, and
J/4)—* B10B10havebeensystematicallystudied.In the following subsectionstheresultsarecomparedto
a simple model basedon SU(3) symmetrythat incorporatesthe symmetry breakingeffects discussed
aboveusingthe appropriateSU(3) isoscalarcoefficients[187].The (complex)amplitudesconsideredare
• A, the SU(3) symmetricamplitudedue to the strong interaction;
• D (F), symmetric(antisymmetric)electromagneticcontributions(fig. 50a,c);
• D’ (F’), symmetric (antisymmetric)SU(3) breaking effects that arisefrom the strangeand light
quark massdifference;
• D”, the 27-pletcontribution,which, for simplicity, is only takeninto accountin the SU(3) forbidden
B8B10 decays.

The questionof the phasebetweenone-photonand direct hadronicdecaysis not settled,neither

*) For an estimate of constituent quark masses, see, e.g., ref. [155](m~ ma ‘~0.6m,). — — — —

**) In principlealso decupletand 35-plet contributionsmay be considered(8 ® 10 8 ~ 27 ~ 10 ~fJ35); however, the 10 and 35 multiplets do
not contain isosingletstates,prohibiting their contribution if SU(2) invarianceis conserved.



136 L. KOpkeand N. Wermes,J/4sdecays

theoretically*) nor experimentally(see,e.g., table 15) andthe phaseis thereforeallowedto vary. The
absolutemagnitude of the electromagneticcontributions can be calculatedin the framework of a
GVDM model (GeneralizedVector DominanceModel) [66, 196, 197], and is found to be small for
SU(3) alloweddecays.It dependson the numberof strangequarksin the final stateandthe magnetic
baryonform factors[191].Effectsthat areof secondorderin the SU(3)breaking(seesection5.3.1)will
be neglectedin the following discussion,andfor clarity we will assumethat the amplitudesconsidered
aboveare invariantsfor eachclass of BnBrn final states.

Finally, we would like to add a remarkconcerningthe treatmentof chargeconjugatefinal states.
Applying the operatorfor chargeconjugationto a baryon—antibaryonsystem,

- 1=113 B ) forn=m,
CIB B )=IB B )1 n_rn (85)n m n m 134~IBnBrn) forn�m,

generallyleadsto a differentstate.Chargeconjugatestateswill neverthelessbeproducedwith thesame
branchingratio if isospin is conservedin the decayof the final stateparticles.We thereforeadoptthe
conventionthat chargeconjugatestatesareimplicitly includedin the measurementof branchingratios.

5.6.1.1. Decaysinto pairs ofoctetbaryons. Decayratesof the J/4) into pairsof octetbaryonshave
beenmeasuredwith high precision.The qualit~yof the datacan be deducedfrom fig. 51a,bandfig. 54,
showing evidencefor the J/ 4) —~ p~,J/ 4) —* AA, and8 8+ reactions.The so far measuredbranching
ratiosof J/4)—* B8B8 decaysarelisted in table23. The phasespacecorrectedbranchingratio* *), B, is

II~III /T~1T~III

2.8 3.0 3.2 3.4 2.2 2.4 2.6 2.8 3.0 3.2 3.4

p~energy (0eV) A~energy (0eV)
Fig. 51. Examplesof J/i)i decaysinto pairsof octet baryons. Shown in (a) is theenergy of thepp systemshowing apeakat theJ/45 masswith
negligible background.In (b) thecorrespondingspectrumfor theAA systemis displayed;theenhancementcentredat 2.90eV comesfrom the
decayJf’k—~°~°(DM2 [188]).

*1 A QCD analysisfixes the ratio of the direct and one-photoncontributionsto be positively real (Chemyakand Zhitnitski [201]),while a

dispersionapproachdeterminesthis ratio to be purely imaginary (Fukugita and Kwiecinski [201]).
**) We define theN-body s wave phasespacefactorRN by the expression

RN J [1~ 8
4(P,,, — P,,,

4).

For the specialcase of two-body decays one obtains R2 — irp’ /VT, wherep’ is themomentumof either particlein thecentreof masssystem. The
centreof massenergyis v’s. Note, that theParticle Data Group [14]usesan additionalfactor 2ir 3N to defineN-body phasespace.



L. KOpkeand N. Wermes,JIsJi decays 137

Table 23
Decaysof theJ/~)iinto a pairof octet baryons.Listed areresultsfrom Mark I [184],DASP [67],BONANZA [183,
71], Mark II [185],DM2 [188,186], andMark III [189,190] (preliminary).Theresultshavebeenaveragedassuming
uncorrelatederrors.Generalexpressionsin termsof singlet (A), aswell assymmetricandantisymmetricone-photon
(D, F), and octet SU(3) breakingterms (D’, F’) can be compared with the reduced branchingratio B

‘-Jl/(ir. p*) x B(J14i— X). Upperlimits aregivenat the90% CL.

Final Branchingratio B
state Amplitude (units of 10 4) (units of 10 4) Experiment

pp A+D+F+D’+F’ 22.0÷2.0-1-3.3 Mark I [184]
20.0÷5.0 Bonanza[183]
25.0±4.0 DASP [67]
21.6±0.7±1.5 Mark II [185]
l9.1÷0.4~3.0 DM2[188]
19.1 + 0.3+ 1.6 Mark III [189]
20.6±1.0 16.5±0.8 (average)

AA A—D+2D’ 11.0±2.0±1.7 Mark I [184]
26.0 ±16.0 Bonanza[71]
15.8+ 0.8+ 1.9 Mark 111185]
13.8+ 0.5 + 2.0 DM2 [188]
14.0±1.3 12.9÷1.2 (average)

nn A 2D + D’ + F’ 18.0 + 9.0 14.2 + 7.2 Bonanza[183]
~O~O A+ D 2D’ 13.0 + 4.0 ±2.0 Mark I [184]

15.8±1.6 ±2.5 Mark II [185]
10.6±0.4 ±2.3 DM2 [188]
12.6±1.7 12.6±1.7 (average)

! A+D F+D’ F’ 14.0±0.5±2.1 Mark I[184]
11.4 -4- 0.8±2.0 Mark II [185]
7.0±0.6±1.2 DM21186]

8.6±0.5 ±2.0 Mark III [190]

9.3--0.9 11.3±1.1 (average)

<1.5 Mark 111854]

<0.9 <0.86 DM2 [1186]

calculatedassumingno angularmomentum(s wave) betweenthe final statebaryons.B is roughly the
samefor all decayssincethe SU(3) symmetricamplitudeis dominant.The availableexperimentaldata
do not allow a fit for the differentamplitudes.However,the upperlimit for the isospinviolating,purely
electromagneticprocessJ/4)—*1°Ainfers that the electromagneticcomponentis small.

In addition to the experimentallymeasuredbranchingratios, alsoinformationregardingthe angular
distribution of the decayproductshasbeen published.This is especiallyinterestingsince theoretical
models basedon first-order QCD calculationsgive predictionsfor the anjular distributions of two
baryonfinal states.In thesemodelsit is assumedthat the decaysJI4)—*1313 proceedvia the diagram
shown in fig. 52, and that the amplitudecan be factorizedin a hard scatteringpart, calculable in
first-order QCD, anda “soft” part thatdescribesthe hadronizationof the outgoing quarks.The vector
nature of the gluon implies quark helicity conservationat each q~gvertex if quark massesare
neglected.

In generalthe angulardistribution can be written as

dN/dcosoBx1+acos2OB, (86)
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Fig. 52. Dominant diagram for J/i)i—÷BB in QCD calculations.

where °B is the angle between the baryon and the positron beam direction. The experimentally
observedangulardistributionsfor p~,AA, and1°1°final statesareshownin fig. 53; the corresponding
valuesfor a are comparedwith the theoreticalpredictionsin table24. The effect of quark masseshas
beenstudiedin ref. [192]by settingmquark= mbaryon/

3. Electromagneticcorrectionschangethe results
only slightly. It is clear that the data arebecomingsensitiveenoughto test the differentmodels.

It hasbeensuggested[193]to usethe decayJ/4)—.*AA--~’rn pIT~~as an Einstein—Podolski—Rosen
experiment[194].By employing the A decaysas spin analysers,quantummechanicalcorrelationsat

600

~.400 -

‘-200 pp
C

U.’

~.iO

-

AA
‘-4.’

.~ 60 — -

U.’

20 -

I I I I I I

—0.6 -0.4 —0.2 0 0.2 0.4 0.6
cos

Fig. 53. Angulardistributionof thesystemof two octetbaryons.Polarangledistributionof (a)proton,(b) A, and(c) ~ with respectto thepositron
direction. The curvesresultfrom fits asdescribedin thetext. The dataare from DM2 [188].
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Table 24
Resultson the angulardistributionof baryons.Theresultsfrom theMark I [184],DASP [67],Mark II [185],DM2 [188],andMark III
[189]experimentsare comparedwith theoretical predictions. Baryon masseshave been included in the calculation of ref. [191],
significantly changingthepredictionsfor masslessbaryons[164].The effect of non-zeroquark masseshasbeenstudiedin ref. [192].

Ref. [164] Ref. [192] Ref. [192]
Final vector gluon no em. with em.
state a Experiment (mB = 0) Ref. [191] correction correction

pp 1.45~0.56 Mark I [184]
1.70±1.70 DASP [67]
0.61±0.23 Mark 111185]
0.62±0.11 DM2 [188]
0.58±0.14 Mark III [189]
0.63±0.08 (average) 1 0.46 0.69 0.70

AA 0.72 + 0.36 Mark 111185]
0.62 ±0.22 DM2 [188]
0.65±0.19 (average) 1 0.32 0.51 —

~O~O 0.70±1.10 Mark II [185]

0.22±0.31 DM2 [188]
0.26±0.30 (average) 1 0.31 0.43 —

macroscopicdistancescan be testedandcomparedto the boundsgiven by Bell’s inequality for hidden
variabletheories.In a first evaluation,the DM2 Collaborationfinds [195]that their dataareconsistent
with the quantummechanicalexpectation.However,dueto the limited statistics,the significanceof the
result is still poor.

5.6.1.2. Decaysinto pairs ofdecupletbaryons. Severalbranchingratioshavebeenmeasuredfor the
J/4)—~B10B10decay. As an example,fig. 54 shows evidencefor the J/4)—~1*1+* decay.Sincethe
wave function of decupletbaryonsis symmetricwith respectto the interchangeof anytwo quarks,the
expressionsin termsof SU(3)allowed andSU(3) forbiddenamplitudesturn out to be simpler thanin
the caseof the octet baryons. For simplicity, possible 27-plet and 64-plet amplitudeshave been
neglectedin the compilation of table 25. The measuredbranchingratios agreefairly well with each

1.8 I I I I I

1.7 - ....

1.6 .

‘.• -). :

1 5

E 14 -

1.3 ~ S

I I I I I

1.3 1.4 1.5 1.6 1.7 1.8

M (Mr) (0eV)
Fig. 54. Evidencefor theJ/~—~ andJ/4,—* ~ reactions.ScatterplotofA~ massandtherecoilingmissinginvariantmass.The cluster
at 1.32GeVis due to thedecayJ/~),—÷E~ while theclusterat 1.38GeVis dueto J/~—~‘~‘ (DM2 [186]).
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Table 25
Decaysof theJ/~Jiinto pairsof decupletbaryons.Listed areresultsfrom theMark I [184],Mark 111185],
and DM2 [186]experiments.The resultshave been averagedassuminguncorrelatederrors. General
expressionsin terms of singlet (A), one-photon(D), and octet SU(3) breaking terms (D’) can be

comparedwith the reducedbranchingration ft = ‘[l/(z.. p’) X B(J14
1—*X).

Final Branchingratio B
state Amplitude (units of 10 4) (units of 10 4) Experiment

A+2D + D’ 11.0 + 0.9 + 2.8 11.6+ 3.1 Mark II [185]

A D 8.6±1.8 ±2.2 Mark II [185]
10.0 + 0.4±2.1 DM2 [186]
9.5÷1.7 13.5±2.4 (average)

* A+ D 10.3 + 2.4±2.5 Mark 111185]

11.9÷0.4÷2.5 DM2 [186]

11.3±2.0 16.1±2.8 (average)

other, indicating that also hereSU(3)breakingeffects areof minor importance.Specifically, onefinds
from the ratio of reducedbranchingfractions,

____________ A+D 2 (87)
B(JI4)~~~*1*1+*)A—D

thateither the electromagneticamplitude is small or its phasewith respectto the strongamplitude is
close to 90°.

5.6.1.3. Decays into octet—decupletbaryonpairs. The detectionof SU(3) forbidden decayswith
relatively largebranchingratiosfirst publishedby the Mark II Collaboration[185]cameas a surprise,
promptingseveral attemptsto explain the effect. The DM2 [186]andMark III [190]Collaborations
haveconfirmed this result and measuredadditional J/4) —~ B8B10 decays(table 26). Severalratios of
decayratescan be formedto test the predictionsof variousmodels,assumingfor the momentthat the
amplitudesD, D’, D” are quark massindependent,

R — B(J/4)~~+8O*~O)2D + D’ + ~D” 2lB(J/4)1+*~ ) 2D+D’—D”

R _B(~4)~ *~~+) D’+~D” 2 (88)
2 B(J/4)—s1 *1+) D’D”

— B(J/4)—*1 *~+) 12D + D’ — D”1
2 — ID’ — D”12

3 B(J/4)~+~°*~°)— B(J/4)—*# *~+) I2D + D’ + ~D”I2— ID’ + ~D”l2

Experimentallyone finds, usingthe DM2 valuefor B(J/4)—* 80*~0),

R
1 = 1.3±0.6, R2 = 2.8±1.0, R3= —0.1 ±0.3. (89)

Genzet al. [200]haveput forward the hypothesisthatan intermediateq~joctetstatecould leadto the
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Table 26
SU(3) forbiddendecaysof theJIi)i into baryons.Listed areresultsfrom theMark II [185],DM2 [186],andMark III
[190]experiments.The resultshave beenaveragedassuminguncorrelatederrors.Generalexpressionsin termsof
singlet(A), one-photon(D), octetSU(3) breaking(D’). and27-pletterms(D”) canbe comparedwith thereduced

branchingratio B= V71(ir p*) x B(J14i—*X). Upperlimits are givenat the 90%CL.

Final Branching ratio B
state Amplitude (units of 10 4) (units of 10 4) Experiment
~ D’ + D” 2.9+ 1.1 ±1.0 Mark II [185]

3.0+ 0.3±0.8 DM2 [186]

3.0÷0.7 3.5±0.8 (average)

—2D — D’ + D” 3.1 + 1.1 ±1.1 Mark II [185]
3.4÷0.4±0.8 DM2 [186]
3.7+ 0.4±0.9 Mark III [190]
3.5±0.6 4.0÷0.7 (average)

D’ + ID” 5.9±0.9k1.2 9.8~2.5 DM2 [186]
2D + D’ + ID” 3.2±1.2±0.7 5.2÷2.2 DM2 [186]

<4.1 <6.6 Mark III [190]

<2.0 <2.2 DM2 [186]

2D <1.0 <0.9 DM2 [186]

apparentSU(3) breaking. A generalizationto multi-quark intermediatestateswould also makethe
contributionof a 27-pletpossible.As can be seenfrom the amplitudedecomposition,octetdominance
(D’ ~‘ D”) would predict that R1 = R2 = R3 = 1, in contradictionwith the measurements.The more
sophisticatedmodel of Körner [196],which allows for strongmass breakingeffects and final state
dependentelectromagneticamplitudesbut neglectsa 27-pletcontribution,runs into similarproblems.
While a model allowing electromagneticcontributionsis ruled out, someelectromagneticcomponent
seemsto berequired,sinceB(JI4)_~8O*8O)~B(JI4)_~sE_*8+).In the frameworkof the givenmodel,
the datacan well bedescribedif both electromagneticandstrongisospinbreakingeffectsaretakeninto
account.

5.6.2. Three-bodydecaysinvolvingbaryons
Thephenomenologicalmodeloutlined in the previousparagraphsgetsvery complexwhenappliedto

three-bodyfinal stateswith many parametersto be determined.In addition, since most JI4) decays
proceedvia two-body intermediatestates,including wide resonances,it is hard to experimentally
extract the non-resonantthree-bodycontribution. Specific models based on proton and N* pole
diagrams(fig. 55) havebeenintroduced[202]to deal with theseproblems.

Herewe discussonly a few of the resultsand,to guidethe eye, furnish reducedbranchingratiosby
dividing out the three-particles wavephasespacefactor (seetable27).

By studyingtable 27, the following observationscan be made:
• The ratio

fi(JI4)—*pn’rr) : B(J/4)—*~nin~):B(J/4)—*~pin°)= (58.9±4.7) : (56.2±4.6) : (31.4±3.1)

is consistentwith SU(2) symmetry,which predictsthe ratio of 1: 1: 0.5.

*) The datacan be well fitted evenif theoctetbreakingterm is neglected;in this case D/D’H 0.05 with a phaseof roughly1800.
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J/~

Fig. 55. Exampleof a baryonpolediagram.

Table 27
Three-bodyJ/~idecaysinto baryons.The resultshavebeenaveragedassuminguncorrelated
errors. The reducedbranchingratio B is obtainedby dividing out the three-bodys wave
phasespace.Upper limits are given at the 90% CL. The reactionsmarkedby ‘> largely

proceedvia N(1440—1535)’Tr.

Final Branchingratio B
state (units of 10 4) (units of 10 4) Experiment

ppir° 10.0±1.5 + 1.5 Mark I [184]
11.3±0.9±0.9 Mark II [185]
11.0+ 1.1 31.4+ 3.1 (average)

2.2+ 0.5±0.5 15.4+ 5.0 DM2 [186]

23.0±4.0±3.5 Mark I [184]
20.3±1.3 ±1.5 Mark II [185]
20.6÷1.9 133±12 (average)

pp’i’ 18.0±6.0±2.7 Mark I [184]

6.8±2.3±1.7 407+ 171 Mark II [185]

15.8+ 2.3 ±4.0 94±27 Mark II [185]
pAK 8.9+ 0.7+ 1.4 93±16 Mark 111185]
pAK~ 7.1 + 0.2±1.5 74±16 DM2 [187]
pl°K 2.9+ 0.6±0.5 42±11 Mark II [185]
p~°K~ 2.6+ 0.3±0.6 38±10 DM2 [187]
1

0’K 5.1 + 2.6+ 1.8 283±176 Mark II [185]

pnlr 21.6±2.9 + 3.3 Mark I [184]’>
20.2±0.7±1.6 Mark II [185]’>
20.4÷1.6 58.9~4.7 (average)’>

20.4±2.7±3.1 Mark I [184]’>
19.3±0.7±1.6 Mark II [185]’>
19.5±1.6 56.2 ±4.6 (average)’>

15.3±1.7±3.8 Mark 111185]

9.0±0.6÷1.6 DM2
9.9~1.6 90±15 (average)

A~ir 13.8±2.1 ±3.5 Mark 111185]
11.1±0.6~1.6 DM2 [186]
11.5+ 1.9 105 ±17 (average)

ppw 16.0+ 3.0±2.4 Mark I [184]
11.0±1.7±1.8 Mark 111185]
12.5±2.1 204~34 (average)

p~p <0.31 <4.7 Mark II [185]
p~4 0.45±0.13±0.07 60±20 DM2 [126]
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• However,electromagneticamplitudescan play a major role as maybe seenfrom the SU(2)breaking
decayJ /4) —~ AA’rr°, whose reducedbranchingfraction B is half as large as that of the SU(3) allowed
decayJ/4)—~p~’rr°.
• By comparingthe decays

0 0

p

~ and JI4)—~p~~ (90)

‘~1’ (3)

one finds that final statesincluding isovectormesonsare relativelysuppressed.Consideringonly the
proton pole diagram of fig. 55, assumingthe exact validity of the OZI rule and SU(3)0avour,one
predicts[202]the ratios (OideaI = 35.3°)

B(J/4)—+p~1): B(J/4)—~p~i~’):B(J/4)—*p~’rr°)= a
2sin2(Oideal— Or,): a2cos2(O~deal— Or,): 1

=0.004:0.002:1, (91)

B(J/4)—~piio): B(J/4,—~p~i4)): B(J/4)—~p~p°)= 9 : 0: 1.

The factora can be calculated[202,203]. For definitenesswe assumea pseudoscalarmixing angleof
= —20° and set a 2.08 [202, 203]. While this simple model explains the suppressionof the

J/4)—s~p~p°rate, it fails to accountfor thelargeJ/4)—÷‘qp~andJ/4)—* op~rates.SinhaandOkubo[202]
haveincluded in their calculationsthe effect of an intermediateN* poleandfind reasonableagreement
with the relative and absoluteJ/ 4)—~ pseudoscalar+ p~rates. The assumptionof large N( 1440),
N(1535) contributions is verified by experiment,since the reactionJI4)—s’ir°p~and JI4)—*~qp~are
found to proceedmainly via the N*p intermediatestate[204].

5.7. Rare decays

One reasonfor the longevity of J/4) researchis that eachsuccessiveexperimenthasincreasedits
sensitivity over previousexperiments,either by improvingthe detectionefficiencyor by increasingthe
statistics.Branchingratiosof order i0~—i0~are routinelystudied,andupperlimits havebeenpushed
to the 106 level. Futureexperimentsat the Beijing ElectronPositronCollider (BEPC) [77,206] have
the potentialof increasingthe sensitivity by one or two ordersof magnitude.

5.7.1. Weakdecays
The J/4) can coupleto theweakneutralcurrentthroughthe annihilationdiagramshownin fig. 56. A

simple mindedestimateof the branchingratio for weak decaysis

B(J/4)—~Z°—->~X)rn~(m,
1,/mz)

4x B(J/4)—~e~e)5~510~. (92)

Fig. 56. Feynmandiagramfor weak J/~jidecays.
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Due to the quartic massfactor, the Y(9460) is favouredcomparedto the JI4) by roughly a factor 30,
compensatingfor the advantageof high statisticsavailable at the JI4). Still, predictionsfor exclusive
channelshavebeenmadefor severalfinal statesincluding J/4)—~ vij [207],the C parityviolating decay
J/4)—* 4)4) [208],andJ/4)—s~K~K~[209],which is forbiddenby the spin statisticstheorem.The J/4)—~vi~
decay, which can in principle be taggedvia ~ J/4)~~+.rrtlT+ nothing, occurswith a rate of
(sin

2O~= 0.22)

9(1— ~sin2O~)2/M \4

B(J/4)—*vi)N~512sin4O~cos4~~ B(JI4).—*e~e )rn~108xN~. (93)

Given the backgrounds,this is too small to lead to an interestingboundon the numberof neutrino
generationsN~.The predictionsfor J/4)—÷4)4)(<108) and J/4)—+K~K~(<10~)are evensmaller.
Electroweakinterferenceeffectsin decayslike J/4)—~~i~i aresmallandonly observableif the helicity of
the muon can be detected[205].

Although in the minimal standardmodel (one Higgs doublet)the Linde—Weinbergbound [210]
constrainsthe Higgs massto be well abovethe JI4) mass,*)this doesnot necessarilyapply to theories
with morethanone Higgs doublet.The signaturefor theHiggs would bean extremelynarrow,spinless
state,decayingprimarily into final statesinvolving kaons. The claimedevidencefor the ~(2230)by
Mark III has,amongothers,alsogeneratedspeculationsthat it might be a Higgs boson(seediscussion
in section6.4.3).

5.7.2. Newfudamentalcouplings
New fundamentalcouplings, such as in supersymmetricor compositemodels,mayproduceobserv-

ableeffectsin J/4)decaysif themassscaleis low enough.Forexample,if the supersymmetricpartnerof
the gluon,the gluino, hassufficiently low mass,a two-gluino statemight be observablein JI4) radiative
decays[211].From the apparentabsenceof such a signal, the authorsconcludethat mgiujno> 1 GeV,
independentof its lifetime and the squark mass. For most signatures,however, measurementsat
PETRA/PEPare, despitethe lower statistics,moresensitiveto new couplingsthanat the J/4).

5.7.3. Axionsearches
The axion is a Goldstonebosonresultingfrom the breaking[213]of a U(1) symmetry.The apparent

lack of largeP andCF violations in stronginteractionscan be explainedif such a symmetryis imposed
[214] on the QCD Lagrangian.The standardaxion has a small massof the order of 100keV and a
rather long lifetime Ta 10_2+2s. Early experimentson axion production and/or decay were con-
troversial,eitherobserving[215]the decayof an axion-like particleof massma 250keV, or ruling out
[217]the existenceof a standardaxion.

The predictedradiativedecayrate for avectormesoninto anaxion containsa free parameterx, the
ratio of the vacuumexpectationvaluesof the two Higgs fields in the theory. For the JI4) onepredicts
[218]

B(JI4)~a) = GFm~ x2 = (5.7 ±1.4)x 10 5x2, (94)
B(J/4)—~p~) V~1raQED

‘>Note that this limit (>7 0eV) is only valid if themass of the top quark is sufficiently low [410].
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whereGF is the Fermi couplingconstant,m~= (1.5 ±0.3) GeVthe currentmassof the charmedquark,
and aQED the QED couplingconstant.

The signatureof a long-lived standardaxion in radiative J/4) decayswould be a single photonof
beamenergy.The Crystal Ball Collaboration[212]hasconducteda searchfor this topologyandfound
no evidence,correspondingto the upper limit

B(J/4)—s-ya)<1.4x i0~ (95)

at the 90% confidencelevel. The equivalentlimit of x<0.6 rules out a valueof x= 3.0 ±0.3 found
earlier [215].

For the decaysof the Y(9460), eq. (94) hasto be modified by replacingx2 by 11x2. Consequently,the
predictionB(J/4)—t~ya)X B(Y—*’ya) = (1.8 ±0.4) x 10 ~ [216],whereQCD radiative correctionshave
beenincluded, is independentof the unknownparameterx. Experimentally[216]onedeterminesthe
limit B(JI4)—~ya) x B(Y—*-ya) <0.2x 10 ~, which clearly rules out the standardaxion. One should
note,however, that the non-standardaxions (e.g. “invisible axions” [219]) are not affected by this
investigation.

6. RadiativeJI~idecays

It is the radiativedecaysof the JI4) in whichglueballsareexpectedto beseenif theyexist.Thedecay

(96)

as shown to lowest order in fig. 57a, is ideally suited to scanfor glueballs in the massregion up to
3 GeV. The diagram in fig. 57b is consideredto be suppressed.The decay J/4) —+ y’rr°, in which the
photonmustcoupleas an octetto the light quarkfinal state,is morethananorderof magnitudeweaker
thanJ/ 4) —* -y’q or -y’q’ and providesa lower limit to the contributionof the diagramof fig. 57b.

A fairly reliable estimateof the fraction of radiative decaysto all decaysof the J/4) can be made
following the perturbativeapproachof section 2.1 using some experimentalinput in addition.The
leptonicbranchingfractionscontributingto the purely electromagneticdiagramof fig. 4b aremeasured
to be (6.9 ±0.9)% [14, 23], identicalfor J/4)—+ ji~i~ andJ/4)—~e~e. Assumingleptonuniversality,
the error is reducedto 0.9/V~%= 0.64%. Quark pair production via one-photonannihilation
following fig. 4b can be readily deduced using the off-resonance measurementof R=

cr(e~e~hadrons)/o~(e>e —* ji~) = 2.59±0.17at 3GeV [25].
The three-gluondecayof fig. 4a can be inferredfrom the QCD formulaof eq. (7) by introducingthe

x

(a) (b)
Fig. 57. RadiativeJ/i~decay.Decay diagramsin lowest ordershowing photonemissionfrom the initial state(a) and final state(b) quark line,
respectively.
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measuredvalue for T(JI4)—+ �~� ). We neglect terms like m~/M~and assumethe cë systemto be
non-relativistic.

In the samewe we relateF(J/4)—~-ygg) to the leptonic decaywidth using eq. (10),

F(J/4)~gg)= ~ (~2 9) ~ F(J/4)~�~�)(1+ 10.3a~/1T)(1— 5.8a~/~). (97)

Finally, we use the measuredbranchingratio [230] for the transitionJ/ 4) —~ ‘~y’r~,which is (1.27±
0.36)%. Assumingthat the decaysof fig. 4 total 100% of all J/4) decays,i.e.,

B(J/4)—~ee,up.,) + B(J!4)—~q~)~1~+ B(J/4)—~3g)+ B(J/4)—+-ygg)+ B(J/4)—s.yq~)= 1,

one finds, substitutingnumbersandusingthe lowest-orderformulaeonly.

(6.9±0.64)xlO2[2+(259±017)+ ~ (2 9) ~- (i+ ~ ~)]+(1.27±o.36)x 10 21

(98)

Solving this cubic equationfor a~yields a~= 0.181±0.008 and

B(JI4)—s’~gg)iowest order = (7.6±0.7)% (99)

for the radiative J/4) branchingfraction. Onemust check if this result is stablewith respectto higher
ordersof perturbationtheoryandthe assumptionthat thec~systemis non-relativistic.Introducingthe
first-ordercorrections[16] resultsin a 12% smallervaluefor a0(0.16±0.007)anda branchingfraction
of B(J/4)—+-ygg)= (6.5 ±0.6)%, indicating that eq. (99) appearsto be relativelystablewith respectto
higher-orderQCD corrections.

Onealso mustworry aboutthe renormalizationschemedependence.Above estimatesarebasedon
the MS scheme.Anotherchoiceis the “schemeof effectivecharges”[220],which choosesa~suchthat
the secondorderaddszerocorrectionto the result,but not necessarilythe ordershigher thantwo. In
this schemea0 = 0.15 ±0.01 and the sameradiative branchingfraction as in the first-order calculation
with the MS schemeis obtained.

In orderto removerelianceon the assumptionof a non-relativisticcë systemone mayuseonly the
ratio of the -ygg and ggg partial widths, IggIF~gg,and the sum of their branchingfractions,which
amountsto roughly (68 ±4)%. The strong couplingconstantcan thenbecomputedusingthe standard
QCD formula

2 l
2lTa

0(M4)= (33 — 2nf) ln(M~/A
2)’ (100)

which, with A = (200 ±100)MeV, yields a~= 0.21±0.04. With this value of a,, B(JI4)—* ygg) can be
calculatedfrom eq. (11) of section2.1 andfrom the sumof the branchingratiosfor ‘ygg andggg to be
(6.8±1.4)% in lowest-orderand (4.9±1.0)% in first-order QCD.

Summarizingtheseestimatesone can reliably statethat

B(JI4)—s.-ygg)=(6±2)%. (101)
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6.1. Theinclusivephotonspectrum

The inclusive photonspectrumJI4)—~.’y+ X has beenmeasuredby the Lead GlassWall [221] and
Mark II [222] Collaborations.Such a measurementis very difficult, especiallyin the low x — 2E~IM~
range, due to ~ and ‘q—~rydecaysin processeswhich are not radiative JI4) decaysbut can
mistakenlybe identified as such.Mark II hasthereforestatisticallysubtractedeventsinvolving ‘rr°and ‘~

decaysin the inclusive photonspectrum.The result is shownin fig. 58. The subtractionprocedurehas
large systematicerrors for x<0.6, i.e., M~>2GeV. The integratedbranchingfraction for x>0.6 is
[222] B(Jh~i—~y+ X) = (4.1±0.8)%. Comparisonwith the perturbativeQCD prediction [223]is done
by the solid line. The data areclearly softer thanthe theoreticalexpectationnearx = 1, althoughthe
integral for x>0.6 is the same

Crystal Ball [224] has analysedan inclusive photon spectrumwith much larger statisticsand a
superior photon resolution (fig. 59). Resonanceproduction is observednearthe end point of the
spectrum,which is, however,not renormalized.The difficulty in obtainingan absolutecrosssectionlies
in the knowledgeof the photonefficiencyassociatedwith the low-multiplicity final statesof resonances,
manyof which areunknown.Figures59 and 58 arethusnot directly comparable.The betterresolution
andhigher statisticsof Crystal Ball allows oneto identify structuresin the inclusive distributionwhich
arelabeledin fig. 59. Massesbelow the ~‘ massare cut out by the analysisprocedure.

The spin decompositionof the two-gluon system X recoiling against the radiative photon in
J/4)—~ ygg has beencalculatedby Billoire et al. [226] and Kärner et al. [227]. They obtain the spin
parity decompositionof the two-gluon systemas a function of mass.Billoire et al. [226]assumethe
gluonsto be massless.This assumptionforbids the productionof spin 1 + and(odd) gg systemsdueto
Yang’s theorem [228]. In their calculationsthe spin 0~and 0 contributionsare identical and fairly
large. Remarkably,the dominantcontributionis j” — 2~,especiallyat small invariant gg masses,which
is understoodfrom thestructureof the Ore—Powellmatrix elementfor thisdecay[229].The spectraare
shown in fig. 60a.

KOrner et al. [227]havecalculatedthe spectrumby assumingthe approximationof non-relativistic,
weakly bound, qq systems.The mesonwave functions at the origin are the only unknownsand are
obtainedfrom the measuredelectromagneticwidths of the J/ 4) andthe light quark mesons,respective-
ly. To first order in perturbativeQCD the diagramsarecalculatedwithout assumingthe gluonsto be

I I I I I I

MARK]t

~~___

I I I I I I
0.3 0.5 0.7 0.9 1.1

xeE.~/Eb

Fig. 58. The inclusivephotondistributionfrom theJA)> asobtainedby Mark II [222].The solidline is theresultof a perturbativeQCDcalculation
with theexperimentalresolutionfor this processfolded in.
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Fig. 59. The inclusivephoton distribution as obtainedby Crystal Ball. The distribution is not normalized.The particle nameslabel the regions
where theseresonancesshouldappear.The logarithmof thephoton energyis plotted to obtain constantresolutionalongthis axis.
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on-shell,suchthat spin 1 statesareno longer forbidden.Therelative contributionsof the four different
spin parities are shown in fig. 60b.

It is evident from fig. 59 that not everyresonanceseenin a radiativedecayof theJ/4) is necessarilya
glueball candidate.Other possibilitieshavealreadybeenoutlined in chapter2. We thereforestartwith
the discussionof the radiative production of those mesonswhich are most likely composedof a
quark—antiquarkpair.

6.2. The Mi transition JI4)—> -yi~

The 15~,JPC 0 + state of the charmoniumfamily, the ‘q~,was found in the inclusive photon
spectrumfrom the 4)’ andJ/4) by CrystallBall [230]andin exclusivehadronicdecaysby Mark II [231].
The evidencefor the i~in the inclusive -y spectrumof CrystalBall is shown in fig. 61.

Mass,width and branchingfraction from this measurementare

m(~~)= 2984±5MeV, ~(q~)= 11.5~~MeV,
(102)

B(JI4)—~y’ri~)= (1.27 ±0.36) x 10 2

Sincethen a numberof decaymodesof the ‘q~havebeenmeasuredincluding the decayto 4)4) [232],

which allows a uniquemeasurementof the 0 spin parityand hasestablishedthe i~ to be the i~0state
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Fig. 61. Evidencefor the q, in theinclusive~yspectrumat theJ/i)i. Thepeakat 200MeV arisesfrom chargedparticlesnot taggedby thetracking
system.The peaksat theendpointof thespectrumarefrom J/~,—o~y~’andJ/4i—’-rs~(1440).Thesignalsdue to JIi)i—oyq andJ/,li—*-yir°havebeen
removedby cuts. The insert displaysthebackgroundsubtracted~, region(from ref. [247]).
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of the charmoniumfamily. We only list here the experimentalresults (table 28) without going into
further detail of the physics involved. The interestedreader is referredto refs. [234] and [237]and
referencestherein.

6.3. Radiativeproductionofqq mesons

6.3.1. ThedecayJ/4) —~ -y + pseudoscalar
Of the pseudoscalarground statenonetthe ‘ri, ‘ri’, andthe ~r°can beproducedin the radiativedecay

JI4)—>’-y + pseudoscalar.The physicalstates‘r~(549)and‘ti’(958) aremixturesof theSU(3)singlet m and
the octet ~8 as a consequenceof nonetsymmetry breaking. The relation betweenthe mass and the
SU(3) eigenstatesis given by [14]

549)’ri8cosO~—’ri1sinO~,
(103)

-ii’(938) = ~8 sinO~+ ‘
1i~cos

Table 28
Decaybranchingratiosof the1L(298O). The measuredproductbranchingfractionshavebeen
correctedusing theCrystal Ball valuesfor B(JI~>—o‘y’i,) andB(4i’ —o -yvi,) [247],respectively,

and havebeencorrectedfor isospinwhere necessary.

Decaymode B(q,—oX) (%) Reference

K*(892)K*(892) 0.9 + 0.5 Mark III [234]
0.55 + 0.18 DM2 [124]

a
0(980)ir *J.OIB(a0(980)—.ipr) Mark III [234]

a2(1320)ir <2.0 Mark III [234]
f2(1270)i1 <1.1 Mark III [234]
~q1rTr 3.6±2.4 Crystal Ball [230]

5.4 + 1.3 Mark III [234]
~‘1rTr 4.1 + 1.3 Mark III [234]
KKr 16~’ Mark II [231]

4.8±1.1 Mark III [234]
5.9-’- 1.4 DM2 [235]

KK1 <3.1 Mark III [234]
K’°(892)K iT~+cc. 2.0+ 0.5 Mark III [234)

2.0’~ Mark II [231]
1.3 ÷0.5 Mark III [234]
1.05+ 0.17±0.16 DM2 [235]

+ *21
~ ir K K 1.4 ~ Mark II 231

2.1 + 0.3 Mark III [234]
* pp <2.3 Mark II [231]

p~ 0.29*~16 Mark II [231]
0.11 + 0.06 Mark III [234]
0.146-’-0.04÷0.03 DM2 [204]

AA <0.63 Mark II [231]
<0.32 DM2 [359]

44 0.8 + 0.2+ 0.25 Mark III [232,234]

0.31 + 0.07 + 0.04 DM2 [233]
pp 2.6+ 0.8 + 0.5 DM2 [236]

<0.13 Mark III [352]
<0.31 Mark III [234]
<0.7 DM2 [351]

0.06 + 0.03 world average[131]
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where Op is the pseudoscalarmixing angle. The physical statesdiagonalizethe mass squaredmatrix

M2 = (M~i M~
8) (104)

M~8 M~8

where M~8= ~(4m~ m~)and M~1,M~8include the sum and the difference of m~and m~,
respectively[239].Writing down the quadraticGell-Mann--Okubomassformula [238]as

tan
2O

1, = (M~8— m~)I(m~— M~8) (105)

yields Op ±10°.SU(3) breaking or higher-ordereffects [240]increaseOp to —~20°.The pseudoscalar
nonet is not ideally mixed, i.e., both i~and ~q’contain u, d, s quarksin contrast,e.g., to the ideally
mixed vectormesons.wherethe 4~(1020)is an almostpure s~mesonwhile the w is devoid of strange
quarks.For ideal mixing the mixing angle is 35~30 or tan ~ideal = 1IV~.Defining

= (ufl + dd + ss)IV~, ~8 = (uü + dd — 2s~)/\I~ (106)

leadsto a negativemixing angle, Op <0.
The experimentalestimateof the valueof O~,haschangedin the recentpastwith respectto the long

assumedvalue of —10°,obtainedfrom the GMO mass formula (105), due to more precise recent
measurementsin various areas. Gilman and Kauffman [241] haveanalysedexperimentaldata from
variousreactionsand foundconsistencyof all data with a mixing angleof

O~~—20°. (107)

The fact that the i~is so much heavier than its isotriplet partner~r°andthat the ~~—~q’mixing is not
ideal is often referredto as the essenceof the “U(1) problem” [242].This, plus the fact that the ‘q’ is
producedin radiativeJ14i decayswith a rather largebranchingfraction, hasraisedthe possibility that
the i~’ might havea sizeablegluonic componentmixed into its wave function. A study of the ~q—i~’

systemin radiative and non-radiativeJ/~idecaysis thereforeof considerableinterest(seealso section
5.3.2).

6.3.1.1. JI~i—~qandJI4~—~yq’.The decaysJI~i—~-~andJI~i—~yq’havebeenmeasuredby DASP
[107],the DESY—Heidelberggroup [244],Mark II [246],Crystal Ball [247—249],Mark III [250,251],
and DM2 [110].The measuredbranchingratiosare given in table 29.

Figure 62a,bshowsthe measuredmassdistributionswith evidencefor ~ and~‘. Fromthe branching
fractions measuredby the Crystal Ball groupone finds the ratio [247]

F(JI’)IF(Jhji—*y~)=4.7±0.6. (108)

The decayrate F(JI~i—~-y + pseudoscalar)can be calculatedusing perturbationtheory [227, 252],

1 4R(0) 2 4R(0) 2
F(J/~-~y+P) )

2aaQ~~ (y4~M) (y4~M~)x~H~(x)~2. (109)
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Table 29
Branchingratios for the decaysJ/iJs—+-j + {q, ~ O} The branchingfractionsare correctedfor unobserveddecaymodes
using 4.25keV for the ~y~ywidth of the s~’[131].F hasbeen calculatedusing (74±8)keV for the total width of theJIi~i

[23,99].

Detected
Decay mode B(J/4i—~yX) F(eV) Reference
J/4

1° (7.3±4.7)x 10 5.4 ±3.5 DASP [67]
(3.6±1.1 ±0.7)x 10 2.7 + 0.9 + 0.6 C.B. [247,248]
(2.2~0.4±0.3)x 10 1.6±0.3±0.3 DM2 [243]

(2.4+0.5)xlO 1.8±0.4 (average)

JI4—*y,~ (8.2±1.0)x 10 60.7±9.9 DASP [67]
(13±4)x 10 97±31 Desy—HD[244]
(8.8±0.8±1.1) X 10 65.1 ±9.2±10.8 C.B. [247]
(8.5±0.5 ±1.3) x 10 62.9 ±7.7±11.8 DM2 [243]

(10.1±0.6±1.6) x 10 74.7 ±9.2±14.3 DM2 [249]
(9.1 + 2.2± 1.6) x 10 67.3 + 17.8+ 13.9 Mark III [251]
(8.8±0.6)xlO 65.1±8.3 (average)

J/~i—~yi1’ i~’—~iprir (3.9±1.0±1.1)xlO 289±80±87 C.B. [247]
,00 (4.2±0.6±0.6)x 10 311 ± 56 + 56 C.B. [247]

(4.1+0.4±0.6)X10 303±44±55 C.B. [247]
(4.4±0.9±0.5)X 10 326±75 ±51 C.B. [247]

11’—’ ~yp° (2.4+ 0.7) x 10 178 ±55 Desy HD [244]

(4.7±0.2±0.7)x 10 348±40±64 Mark III [251]
(4.4±0.3±O.7)xlO 310±37±62 DM2 [245]
(4.6±0.4±0.7)x 10 340±47±64 Mark III [251]
(3.1 + 1.2) x 10 229±90 DASP [67]
(4.7+ 0.4 + 0.9)X 10 348 + 48 + 77 DM2 [243]
(4.0±0.3)X10‘ 296~39 (average>

Here R~(0)andR~(0)are the wave functionsof the JI’I’ and the pseudoscalarwith mass M~at the
origin. Q~is the chargeof the charm quark. The reducedpseudoscalarhelicity amplitude H~(x)
dependson x = 1 — (M~IM~)

2numericallyxH~(x) 55 for M~= rn,
1. The wave functionsR~(0)and

R~(0)are obtainedfrom F(J/t1,—+e~e) [eq. (3) of chapter2] and F(P—t.-y-y), respectively,with
R

2(0) = qi(0)~2~ One finds

A
+- ___ 2

e ) 2 R
11(O), (110)

‘I,
i’~

i~a\~ /P 2

2 R~(0), (111)
rnp

where, e.g., for P=q’ and using Op= —20°

(Q
2),=(Q2)

1cosOp+(Q
2)

8sinOp=0.315. (112)

Following ref. [227]one obtainsF(J/t~i—~-yi’) by multiplying (109) with the SU(3) factor 3 cos
2Op and

usingthe lowest-orderQCD formula for a~with A = 100MeV. The result, F(JI~i—+~yr~)= 213eV, is in
reasonableagreementwith the experimentalaverageof (296±39)eV. In the samemodel,however,the
prediction for F(J/ ~ —* ~y~)is disastrouslysmall. Either or both of the two assumptions,to use
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Fig. 62. Evidencefor i~,s~’andir°in J/~s—~y+ X. (a) yy invariantmassfrom J/~i—3y(DASP)[107],(b) ~yir~ir invariantmassfrom J/4s—~ir~ir
(CrystalBall) [247],and(c) yy invariantmassfrom J/~—s3~y(DM2) [110].

first-order perturbation theory and a non-relativistic description for the i~(549), must be invalid. If, on
the other hand, one assumes SU(3) invariance, R~(0)= R~(0),then

F(J/~i—*y1’) (a~(rn~)\4 2 P12,1
2 ,cos8~ — ,F(JIt~i—~y~1)\a5(rn,1)1 rn,1

which againis in good agreementwith the data [seeeq. (108)].
Other models have been built [253, 254] to tackle the large T(1’)/F(i~)ratio in (108). Some

calculationsindicatealarge“glue” admixtureto the i~’ wave function which is not presentin the 1. In
connectionwith QCD sum rulesNovikov et al. [253]predictvariousvaluesfor F(i’) /F(1) between3.7
and4.0. Fritzschand Jackson[254]allow smalladmixturesof i~and-ri’ to the wave function of the i~.

In turn the ~, i~’obtainsomecë admixturein their wave functions.The ‘q’, being moreSU(3)singlet
than the i~, then hasa larger cë componentand hencea larger productionrate from the J/4i. All
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theoreticalpredictionsagreewell with the experimentalobservations.An earlyanalysisof JI ‘~‘decaysto
vectorplus pseudoscalarmesonssuggested[121, 199] in fact that the ‘q’ might havea sizeableglueball
component,a result that seemedto be contradictedby -y-y data [259].The analysisof ref. [199]did,
however,not accountfor the effect of doubly OZI suppresseddecays(DOZI). A morerecentanalysis
[256],basedon twice the amountof data,includesthe DOZI diagramsandagreeswith theconclusions
obtained from -y-y experiments. Both, -y-y data and J/i4i data, point towardsavalueof Op —20°andfind
the gluon componentin the ‘q or ~r~’wave functionsto be consistentwith zero. In the caseof the ~‘,

however,the errorsare large(seealso section5.3.2).

6.3.1.2. J/4i—*-y’rr°. The branchingratio for the isospinviolating decay,J/t~,—~-y’rr°,is morethanone
orderof magnitudesmallerthanfor J/t~i—~-yi1, -y~’ (cf. table 29). Becausethe ir°is a pure SU(3) octet
statethe decaycannotproceedthroughthe diagramof fig. 57abut must radiatethephotonoff the final
statequark line (fig. 57b).

To measurethe decaysequenceJ/4i—~-y1T°,‘n~°—~-y-y,requiresthe experimentto trigger on neutral
particlesonly. This measurementhasbeendone by DASP [107],Crystal Ball [248], andDM2 [110].
Figure 62c shows the invariant -y-y mass distribution for the DM2 data. The averagepartial width
F(JIt~i—~y’rr°)= (1.9 + 0.4) eV is in fair agreementwith the vectormesondominanceprediction

0 22 00 1 00F(J/t~i—+-y’rr )~s(e/f~)F(JI~i-+pir ~ ‘~ )~r~1eV.

Alternatively, following Fritzsch and Jackson[254], the small branchingratio for JI t~i—* -y’rr° could
indicatethat ac~componentin the wave functionsof ‘q, -ri’ is responsiblefor astrongcoupling.There is
no such componentin the SU(3) octetstate ‘rr°and hencea muchweakercoupling is expected.

6.3.2. The decayJ/~i—~+ tensor
The centralmembersof theJ~= 2~,L = 1 tensornonetarethe f2(1270)and the f~(1525)(cf. fig.

5). The radiative decayJ/~Ji—+-yf2(1270) hasbeenobservedby manyexperiments[260—262,264—266].
The results of the individual measurementsare summarizedin table 30.

Figure 63 showsthe invariant ‘rrir massdistributionsfrom JI~,—~-y’rr°ir°obtainedby the CrystalBall
Collaborationand from J/ 1T

411 as measuredby DM2. Both distributionsshow a pronounced
f
2( 1270) signal as well as indicationsfor the f2 (1720) and a structurearound 2.1 GeV. The -y~+
channelsuffersfrom a large backgroundcontributionfrom J/~~~0~O ~°—~y-ywhereoneof the ‘n°
decayphotonsescapesdetection.This reactionis alsoresponsiblefor thelargep peakin fig. 63b. Note
that thereis no evidencefor an f0(975) signal in J/tli—~yrr’rr(seesection6.3.3).

The f~(1525)hasbeenstudiedin J/tli—*-yK~K and-yK~K~[110,264, 265]. The measuredbranching
fractionsarealso includedin table30. In fig. 64 the f~(1525)peakis seentogetherwith the f2(1720)as
observedby the Mark III experimentusing2.7 x 106J/t~decays.

As a consequenceof the non-idealmixing of f2(1270) andf~(1525)one expectsthat

R—B(J/t~i—*yf(1525)) — V~Xf+Yf. 2(~\~3 (113)
— B(J/i~i—+yf2(1270))— V’~Xf+Yf \pi —

assumingX~ — Yf 0.12 andXf Y~. 1 [256]for the non-strangeandstrangequark fractionsof
the two statesas suggestedby -y-y experiments[131].Using the averagefor the branchingratiosand
estimatingthat B(f~(1525)—*KK) � 0.70 [269]onefinds
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Table 30
Branchingratiosfor thedecaysJ/~—+y+ {f

2(1270),f~(1525)}.The DASPvalue,denotedby ( )~),dependson theassumedmultipole of
thephoton transitionand hasnot been usedin thedeterminationof the average.

Decay B(J14i—s1f~(1270))
Experiment mode (units of 10 3) x — A11A0 y A21A0 ~

PLUTO [260] ir~ir 2.0~0.3 0.6±0.3
09~03

DASP [261] (115 ÷014)
Mark II [264] 1.3 + 0.3 0.81±0.16 0.02+ 0.15
Mark III [265] 1r~ir 1.36÷0.08÷0.23 0.94±0.10 0.06±0.11 0.4±0.7 0.1 ~2.2
DM2 [266] ir is 1.32±0.05 ± 0.20 0.83 ± 0.06 0.01±0.06 0.9±0.3 0 fixed
C.B. [262] ir°is° 1.48± 0.25 + 0.30 0.88±0.13 0.04±0.19
DM2 [243] IT

0iT0 0.81 ±0.09 + 0.21
(average) iris 1.31±0.11 0.85~0.05 0.02÷0.05 0.8~0.3 0.1~2.2

B(JIi~i—~~yf~(1525))
Decay x B(f~(1525)—sKK)

Experiment mode (units of 10 3) x — A
11A0 y A21A0 4~

Mark II [264) K~K 0.18~0.06÷0.10
Mark III [265] KK 0.60~0.14÷0.12 0.63÷0.10 0.17±0.20 -~0
Mark III [265] K~K~ 0.38~0.14÷0.10
DM2 [267] K*K 0.50±0.12 ±0.08 1.08±0.10 0.19 + 0.11
DM2 [267] K~K~ 0.40± 0.04±0.08
(average> KK 0.38÷0.06 0.86÷0.07 0.19±0.10

C.B. [249] 0.19 ±0.08±0.05
DM2 [243] 0.18÷0.03±0.06
Mark III [313] qi~ 0.08+ 0.04+ 0.02
(average> 0.12±0.04

Mark III [313] sr*is 0.026~~ ~

50 I I I I I I

(a) 280 (b)

40 - 240~I~ 200

~30 -
w —

>160

~:: ~ I I I I I

1.0 1.5 2.0 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
m ~o~o(GeV) m1.~..(GeV)

Fig. 63. Evidencefor f2(1270) productionin radiativeJ/1j1 decays. iris invariant mass distributions of (a) J/4s—*’yis°ir°(Crystal Ball) and (b)
JIijs—+~yir~is(DM2), showing evidencefor f2(1270), and possibly f2(1720) and f4(2030). The peak at low massesin (b) is due to J/4s—~pir
background.
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Fig. 64. KK invariantmassdistributionfrom J/~—4.yK*K (Mark III). Evidencefor f~(1525)andf
2(1720)(“theta”)productionis given.Thecurve

representsa fit with two coherentBreit—Wigner amplitudes[265].

0.24±0.05 ~ Rexp s0.34±0.07, (114)

in excellentagreementwith (113). Early measurementsby DASP [261],PLUTO [260],and Mark II
[264]showedmuchsmaller valuesfor Rexpi but the data on f~(1525) productionwere sparse.

Although f2(1270) andf~(1525)arewell establishedmembersof the2~+ q~jnonetit is importantto
measurethe spin and polarization with which they are producedin J/~decays.First, the spin
determinationcan be usedas a check on the spin analysisfor the glueball candidatef2(1720) (see
section6.4.2), since the eventsfrom the decayJ/ yf~(1525)—~-yKKare almost identical to those
from JIt~i—~-yf2(1720)—+-yKK. Secondly, a direct~comparisonof spin and polarizationof f2(1270),
f~(1525),andf2(1720)shouldaid in decidingon whetherthe f2( 1720) is amemberof a 2+ + q~nonetor
is rathersomethingelse.

To determinethe spin andparity as well as the polarizationwith which the tensormesonstates

f2(1270) and f~(1525)are producedone must examine the angulardistributions of the reaction
JI 4i —~‘yX, X —* ir~ror KK. The J/ ‘jc is producedwith an incoherentmixture of J~= ±1 states,whereJ~
is the spin projectionof the J/~ionto the beamaxis. The angulardistributionfor the decaysequence
JI~ji—~yX,X—*inr, whereX is a spin 2~resonance,is then given by

W2(.O)= ~(3cos
2O,

1— 1)2(1 + cos
2O~)+ ~/~xcos ~~(3cos2O,,— 1)sin2O,,sin2O~cos

+ ~s/~ycos4~(3cos2O,,— 1) sin2O,, sin2O~cos~ + 3x2 sin2O,, cos2O,
5sin

2O~

— ~V~xycos(~~— 4~)sin2O,rsin2O,~sin2O~cos4~+ ~y2 sin4O,T(1+ cos2Op),

whereO~,,4~arethe polar and azimuthalanglesof the pionsin the X helicity frameand O~is thepolar
angleof the radiative photonin the laboratoryframe. The stateX can be producedwith five different
helicities, ±2, ±1, 0, leadingto threeindependent,complexhelicity amplitudesA

2,A1,A0. We define
A11A0= x e’~andA21A0 = ye~to parametrizethis dependence.
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The polarizationis thendeterminedby an acceptancecorrectedfit to the angulardistributionswith
the four parametersx, y, 4~4i~,and the spin is determinedby comparingthe likelihood valuesfor
different spin hypotheses.

Analysesto measurethe polarization of f2( 1270) and f~(1525) havebeen performedwith great
dedicationby PLUTO [260],Mark II [264],Crystal Ball [262],Mark III [265],and DM2 [266].Their
resultsareincludedin table30. Mark III andDM2 haveabandonedtheconvenientassumptionthat the
helicity amplitudes,A0, A1, A2, are (relatively) real, i.e., x, y arereal. This generalizationhadbeen
demandedby Körner et al. [270], noting that it is not justified to assumex andy to be real, although
explicit calculationsshowedthat the relativephasesof the helicity amplitudesare close to zero. The
theoreticalpredictionsof ref. [270] and othersarecomparedto the experimentalaveragein table31.

The contourlines of the maximum likelihood fits areshownin fig. 65 for the threeJ” = 2~+ states
f2(1270), f~(1525),andf2(1720). The measuredphases4~,4~,of f2(1270) andf~(1525)arefound to be
consistentwith 0 by Mark III. DM2 finds a non-zero4~for f2 (1270), fixing 4~,= 0 becauseit is poorly
constrainedby the data. The discrepancybetweentheory and experimentmost evidently lies in the
value for y, which for both f2(1270) and f~(1525)is measuredto be close to 0 while the theoretical
calculationsrequire a large value around 0.5. In the perturbativecalculation both x andy strongly
dependon the massratio MTIM4, whereMT is the tensormesonmass.For MTIM4—* 0 the tensor
meson is produced in a helicity zero state, i.e., x = y = 0. MTIM1, —+ 1 correspondsto an electricdipole
(El) radiation patternresultingin (x, y)—* (V~,V’~)(cf. table31). For anyothervalueof MT/MI, the
calculation would always yield [271]x y, clearly inconsistentwith the experimentalmeasurements.

In order to explain the data someother conceptneedsto be introducedto suppressthe helicity 2
amplitudeA2. Attemptshavebeenmadeto achievethis [272]by requiringa largeglueballcomponent
in the f2( 1270), f~(1525) wave functions.This doesnot seemtenablein light of analysesthat aremore
sensitiveto glueballadmixturesin f2(1270)andf~(1525)[274,275]. Theseanalysesfind that both states
are perfectly consistentwith being pure membersof the 2 + + q~nonet (seealso section5.3.4).

A more heuristic approachhas been proposedby Close [273], suggestingthat, in the limit
MTIM4—*0, x could be different from zero while y 0 if one no longer assumesthat the gg
intermediatestate is quasi-real.A mixture of El and M2 multipoleswould then suggestx V~7i~in
quite surprising agreementwith the experiments (cf. table 31). A measurementof the radiative

Table 31
Results on f2(1270) and f~(1525)polarization. The experimental measurementsare comparedto

theoreticalpredictionsfrom severalauthors.

Reference x A1/A0 y—A21A0 cb~ 4,,
f2(1270)

experimentalaverage 0.85+ 0.05 0.02+ 0.05 46°±17° —6°±126°
Krammer[271] 0.76 0.54
Körneret al. [270] 0.77 0.55 2° 4°
Li and Shen [272] 0.66 0.04
Close [273] 0.87 0.0

f~(1525)

experimentalaverage 0.86~0.07 0.19±0.10 ~0 “-0
Krammer[271] 0.88 0.70
Körner [270] 0.90 0.72 1.3° 2.4°
El transition
M2 transition —

E3 transition
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(a)

I 416

Y0•

Fig. 65. Contour plots of polarization fits to tensorstates. (a) f
2(1270), (b) f~(1525),and (c) f2(1720). The data are from Mark III [265].

x= IA,IA ~l, y — A21A01,with A, theproductionhelicity amplitudes.Thelines indicateregionsof equallikelihood. Themaximumof thelikelihood
function is markedby a cross.

transitionto the f2(1270) from the heavierY(9460), for which the limit MTIM~—*0 is clearly justified,
would certainlyhelp to understandthe validity rangeof the calculations.

It should be notedat this point that the polarizationpatternfor the third tensorstatein thisenergy
range,the “theta”/f2(1270), is very different from the pattern(x, y) (1,0) of f2(1270) andf~(1525)
(seefig. 65c). This point is furtherdiscussedin chapter7.

6.3.3. ThedecayJIt~i—*-y+ scalar
Dataon radiative decaysto scalarresonancesare scarce.Neitherthe f0(975)nor the f0(1300) have

been observedin radiative transitionsfrom the J/t~i.Scalargluonium, which is expectedin the mass
region below 1.5GeV, hasso far also escapeddetection(seesection7.4).
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The f0(1300) is a poorly definedobject, whichmakesa meaningfuldeterminationof an upperlimit
on its radiativeproductiondifficult. For the f0(975), an upperlimit hasbeengiven by Mark III [265],

B(JI—~yf0(975))B(f0(975)--*’rrii)<7xl0 at 90% C.L., (116)

wherethe two pionshavebeendetectedin their chargedmode.The preferreddecaymodeto searchfor
scalarstates,however, is J/~J—~’-y1T°’rr°.This final stateis much cleanerthanJ/ -+-y’rr

4’rr due to the
absenceof backgroundfrom J/i~i—*p°ir°,which forbids a sensiblestudy in the chargedmodebelow
1 GeV. The “all neutral” final stateis bestmeasuredby the CrystalBall experimentwhich is dedicated
to the detectionof photons.The ~ invariant massspectrumis shownin fig. 110 of section7.4. In the
massrange between0.5 GeV and 1 GeV the limit

B(JItji—*yX).B(X--*~r°’rr°)<l.3x10~ at 90% C.L. (117)

has been obtained [258] for statesnarrower than 100MeV. There are no limits for massesbelow
0.5 GeV. A recent Mark III reanalysisof J/4i—*-y-rr~1T and J/~i—*-yKK [313], however, shows
consistencywith scalarbehaviourjust abovethreshold.The indication of a—possiblyscalar—shoulder
on the high-massside of the f

2(1270) in J/i~i~ is discussedin section7.4.

6.3.4. The decay JI4r—* -y + axial vector
Of the axial-vector mesonnonetswith jPC = ~ and 1~ only the C-even one can be reached

through the radiativeJ/~idecay.Candidatesfor the 1~isoscalarstatesare the f1(1285), as the very
likely candidate for the mostly non-strangemember of the nonet, and even two candidates—the

f1 (1420) andthe recentlyconfirmedf1 (1530)—for the mostlystrangestate.Note that thesearealready
too many statesto be assignedto the 1 + + ground statenonet but none of them is consideredas a
candidatefor gluonium.

Rosner[225]suggestedtwo possible “non-exotic” explanations,(a) that the f1(1530) is identical_to
the f1(1420), but shiftedin massas a resultof the productionprocesskinematics,or (b) that the KK’rr
systemforms a “molecule” in which all threeDalitz plot bandsoverlapand the K’rr, K’rr and KK
subsystemsresonateto form a K*, K* or a0(980). Such a simultaneousoverlapoccursat

M= (2m~.+ m~(980) — 2m~— m~)~
21435 MeV.

If the KK systemis in an s waveand K’rr, Kir arein relative p waves,the KKir systemwill naturally
PC ++haveJ =1

The f
1(1530) hasfinally been establishedby the LASS group [154] in the reaction K p—l.A +

K~Ki~,wherethe s~stateof the 1~multiplet is expectedto be seen.The f1(1420), on the other
hand,doesno longer appealasa pures~stategivenits absencein K p scatteringandsomeevidencefor
its productionin the hadronicdecayJ/tji—* oKK’rr [156](seesections5.3.5 and7.2). In the samevein
the f1(1285) is observedin associationwith a ~ in hadronicJI~idecays[142,283] (section5.3.5),giving
rise to the conclusionthat the 1 + + nonet is probably not ideally mixed. One should also observe
J/i~j—s.4f1(1530)if the f1(1530) really is an s~state(seesection5.3.5.2).

Regardlessof whetherthe f1(1420)points to new physicsor not, one may searchfor 1~statesin
radiative J/i.~idecays.Yang’s theorem[228]forbids the productionof spin-i mesonsif the production
processis mediatedvia two on-shell gluons (cf. fig. 57a). However, Körner et al. [227, 276] have
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predictedquite a substantialratefor JI 4s—* ~y+ { 1 + + } in a model in which highly virtual gluonsplay an
importantrole. Using perturbationtheory and non-relativisticapproximationsthey calculatethat

p (f~~2 ~

4 ~ ~ ~A’~’) A 2
4 x Hjx) , (118)91T M
4 m~

whereA standsfor axial vector. The othersymbolsarethe sameas in eq. (109).
In thismodel [227]the overall magnitudefor {1 + + } is expectedto be of the sameorderasfor {0~+ }

and {2~+ } as indicated in fig. 60. For ideal mixing the authorspredictexplicitly

B(JI~~+ { (uu + ~)~}) = {~}~ ~ (119)

where f1(1285) and f1(1530) masses,respectively,have been assumed.The model has an intrinsic
uncertaintyof a factor of 2 [227].

On the experimental side one has searched for radiative production of 1 + + mesonsin 4ir, KKir, and
rrrrir final states. Lacking the experimental knowledge of the decomposition of thespin paritycontentin
the invariant massspectraonecan neverbe surewhetherthe axial-vectorstatesf1(1285) andf1(i420)
or the candidatesfor radially excitedpseudoscalarstates,‘q(i

275) andi~(l400),or evenpartsof both,
areactuallyseenin the data. Argumentsthatspin-i statesare suppresseddue to Yang’s theorem[228]
have to be traded off against the reasoningthat radially excited q~statesshould have smaller
productionratesthantheir ground statepartners.

Usingtheir full statisticssampleof 8.6 x 106 J/t~idecaysDM2 [280]observea smallbut cleansignal at
1280GeV in J/~J—*-y1T~1T‘~r~’rr(seefig. 66b),which they interpretas the f

1(1285). The decayactually
proceedsvia a p°’rr+ rr - intermediatestate,resultingin a branchingfraction of [280]

B(JI~i—*yf1(1285))~B(f1(i285)—*p°’rr~’ir) = (0.34±0.08±0.05)x 10 ~, (120)

which is larger by about a factor 2.5 than the prediction (eq. 119) if one correctsfor isospin and
unobserveddecay modes of the f1(1285). The f1(1420) and f1(1530) would, even if they had
unexpectedlylargecouplingsto 4’rr, hideunderthe enormousbackgroundfrom JI~~,—*-ypp andJ/sI~j—*SIT

reactions,which show otherprominentstatesin this massregion (seesection 6.4.5.1).
The-yKK’n final stateis overwhelmedby the 0 + “iota”Iii(1440) in the 1.4 to 1.6GeV massregion.

Recentdevelopmentsindicate[277,278] that the i(1440) could accommodatemorethanjust onestate
althoughno clear evidencefor a 1 + + contribution prevails in absenceof a full isobaranalysis (see
section 6.4.1). It would, however, not be surprising if the f1(i420) or the f1(i530) had a small
contributionto the -yKK’rr final stateunderthe “iota”. Recentanalysesof large-statisticsdatasamples
show an indication of the f1(i285) below the i(1440) signal (fig. 75 in section6.4.1.1).

The -yi~1rTrfinal stateseemsmore promisingfor a searchfor 1 + + states(seesection6.4.4). Crystal
Ball [281],Mark III [282], andDM2 [283]haveanalysedthis interestingchannel.The ‘qir’rr invariant
massdistribution is shown in fig. 66a andin fig. 67, wherethe mass of at least one r~’rrsubsystemis
requiredto be consistentwith the a0(980).

The parametersof the 1.28 GeV peak are consistentwith the l~ f1(1285) but could also be
identified with the pseudoscalarr~(1275).The peak at 1.39GeV is probablynot an axial-vectorstate
becauseif fits betterto the recentlyobserved[159,279] pseudoscalar‘q(1400) as mentionedabove.The
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Fig.66. Evidencefor thef
1(1285)productionin radiativeJ/i(i decays. Fig. 67. ipsis invariant mass distribution of JIi4,—oy,1ir’ir

(a) ijisis, (b) 4,s, and (c) KKis invariantmass distributions (DM2 T)—o is~is is°.A cut rn,,, — 0.9831 <0.05GeV hasbeenimposed.Only
[280]). A clean signal around 1285MeV is evident in (b) and an the massregionbelow 1.55GeV is displayed(Mark III).
indication of a signal in (a). Only a hint of a f1(1285) signal is
observedin (c).

branchingratios for the 1.28GeV and 1.38GeV statesare [282](see alsotable40 in section6.4.4)

B(JIi.!j—+-yX(1280)).B(X(1280)—*a0(980)”rr~)~B(a0(980)~—*i’rr)=(3.2±1.1±0.3)x 10 ~,

(121)

B(JI~i—*-1iX(1390)). B(X(1390)~a0(980)’’rr).B(a0(980)~—l.-qIT)=(5.2± 1.8±0.5)x 10 ~.

(122)

The f1(1530) may well be part of the structureat —1.6GeV (fig. 88 in section6.4.4),although nothing
firm can be saidwithout a spin determination.

It should be mentionedin this context that a spin-i statewith positive-C parity is observedin the
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reaction~ KK’rr [131,284, 285], where one of the photonshasQ2 � 0 suchthat -y-y productionof
spin1 statesis no longer forbiddenby Yang’stheorem.The correspondingmassplot is shownin fig. 68.
The Q2 dependenceof the production rate indicates that the spin of the observedsignal at mass
—1.42 GeVis one[284,285]. This resonanceis consistentwith beingthef

1(1420), in particularsincethe
TPCI2-y analysisslightly favours positive parity for this state [1311,which, if true, would challenge
Chanowitz’shypothesisof a hybrid 1 + state[48, 162] at this mass.

If one identifiesthe f1(1420) with the ssmemberof the 1 nonet, as hasbeendone traditionally,
the ratio of -y-y partial widths*) for f1(1285) andf1(i420) yields a mixing angleof °A = (49~)°,not too
far from the ideal mixing value of 35.3°.When comparingthis valuewith the expectationfrom the
GMO quadraticmassformula (105) one finds a peculiarity. The I = 1/2 stateswith strangenessareno
C, G eigenstates.TheK1(1280), the masseigenstateof the l~ q~jnonet(cf. fig. 5), andthe K1(1400),
masseigenstateof the i~

4nonet, can mix to form the C, G eigenstatesQ~and Q . The mixing angle

4~K is close to 45°.An experimentalevaluation [288] yields m
0 = (1.31±0.015)GeV and m0 =

(1.37±0.02)GeV. The quadraticGMO massformula, substitutingparticle namesfor squaredmasses,
then yields

2 ~O+—3f —a1(1270)tan
0A = 3f

1(i285) — 40+ + a1(i270) (123)

for the axial-vectormixing angle.Apart from someuncertaintyon the exactvalueof the a1(1270)mass
[289]it is not clearwhetherthe f1(1420) or the f1(1530)shouldbe usedfor f~in (123). Using f1(1420)
results in

0A 59°,in fair agreementwith the ratio of the -y-y widths, while using f
1(1530) yields

The problemof assigningf1(1285), f1(i420) and/orf1(i530) to statesin the 1~nonetof q~jstates
has still not been uniquely solved. Neitherof them seemsto be a pure (ml + dd)/V~or ss state,
respectively, although a mixing angleof -=50°is not far from ideal. If the f1(1530) is assumed to be the
f state a non-strange fraction of X~

2= 29.6% anda strangefraction of Y~2= 70.4%is obtainedusing
theformulaof eq. (59) in section5.3.2. The observationof the f

1 (1420) in the direct decayof the J/t~iin
associationwith an w [i56]—but not with a 4—alsocastssomedoubton apure ssassignment.This may
partly be dueto the effectof doubly OZI violating diagrams(section5.3.5.2).The absenceof a signal in
K p—~K~K~’rr~Ascattering[1541also rendersan s~assignmentof the f1(1420) unlikely.

6.4. The new resonances

6.4.1. The “iota”I-q(i440)
‘‘. ,, . . + .

The iota or T)(1
44O) is the candidatefor the 0 glueball. To properly introducethis resonance,if

it is only one, onewouldhaveto go through a long list of confusingfactsandcontradictingexperiments
[161].Recentreviewshavebeengiven by Palano[290]andChung[362].Let us recall afew pointsonly.
• The ~q(l44O)hasbeenmistakenfor a longtime, andmaybe still is, for the “E(i420)”1f

1(i420) [291].
In ordernot to confusethe issue anyfurtherwe defineherethe f1 (1420) to be the isospin 0 stateof a++ — . PC +

1 qq nonetandthe ‘r~(i440)to be a statewith J = 0 .

• Thereareone,two, or evenmorestatesobservedto decayinto KK’rr andbr ~ryrrITin the massregion
between1.40 and 1.47GeV. Different results were obtained on whether the decay proceedsvia

*) The quantity to be usedfor this evaluationis (rn
2IQ2)F.,.,. [287](seealso Oisson[131]).
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Fig. 68. Evidence for f1(1420) in ~rycollisions. (a) Invariant KKir mass distribution from ~ K~K’.ss (TPC/2y). (b), (c) From the Q
2

dependenceof the ~y-ywidth the spin is determined to be one.

a
0(980)ITor K*K intermediatestates.No experimenthasidentified beyonddoubtmore than just one

resonanceat a time in this massregion,althoughthereis a possible indication of a multi-resonance
structurein radiative Jb4i decays[277]and ‘rr p—*K~K°’rrnreactions[411].
• Someexperimentsfind spin 0 ~. Sinceenoughcandidatestatesexist for the 0 + groundstateandfirst
radial excitation multiplets, any additional 0 + state is potentially of an exotic nature. Other
experimentsfind JPC = 1 + + (f1 (1420)). A statewith thesequantumnumberswould most likely be aq~j
state. In the light of new data from hadronicJ/i4i decaysand from K p scatteringexperiments(see
sections5.3.5.2and 7.2) it is, however,not safe to concludethat the f1(i420) is the mostlys~stateof
the i~ q~groundstatenonet [269].
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Below we concentrateon the experimentalfacts of the ‘q( 1440) as observedin radiative decaysof
the J14i.

6.4.1.1. DiscoveryandKK’rr decay. A resonance,distinct from the f1(l420) becauseof its 0 spin
parity, has beendiscoveredby Mark II at SPEAR.Figure 69 showsthe discoveryof the ‘q(i

44O) by
Mark 11(a),(b) and the measurementfrom Crystal Ball (c) in which the spin was found to be 0 . In
both experimentsthe width was measuredto be muchnarrowerthanin successiveexperimentsdueto a
cut that was appliedprematurelyby requiring the invariant massof the KK systemto_bebelow some
valuearound1.1 GeV (“delta cut”). Figure70 showsthe signal in the threedifferentKKIT decaymodes
as seenby Mark III. All measurementsare summarizedin table32.

The spin analysisperformedby the Crystal Ball group [294] is an isobaranalysiswith the partial
waves(1) KK’rr phasespace,(2) a

0(980)’rr°,0 , (3) a0(980)ii°,i~,(4) K*K+c.c., 0,(5) K*K+c.c.,
1 . J = 0 is not allowedfor a decayinto threepseudoscalars.The resultof the maximumlikelihood
fits is shownin fig. 71 for the threedominantamplitudes.The Crystal Ball groupconcluded[294]that
the ‘q(i440) is a state with ~ = 0 + decaying dominantly into a0(980)’rr. Figure 7ia also shows,
however, that 50% of the signal is attributed to the phasespacechannel,much more than can be
accountedfor by background.

The 0 spin measurementof Crystal Ball hasbeenconfirmed [110, 251]. The conclusionthat the
‘q(l

44O) decaysvia a
0(980)’rr, however, is not unequivocallyaccepted.This questionis a difficult one

20 I I I

a)

10 - . - - c) -

i: 20~-

,~. 1Gev)

m1(O1(~~+(GeV)

Fig. 69. Observationof the .vi(1440) by Mark II and CrystalBall. (a) Mark II, radiativephotondetectionrequired,(b) Mark Ii, photondetection
not required. The events in the shaded region have rnKK < 1.05GeV (“delta cut”). (c) Crystal Ball, events in the shaded region have
m,(J(<1.125GeV.
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Tabie 32
Branching ratios for the decay J14,-_o~y+ “iota”Iq(i4.40). The measuredbranchingfractionshave been
muitiplied by the appropriateisospin factors to obtain B(4i—~y~)B(L—*KKIT), where L standsfor “iota”!
ij(1440). For isospin 0 of the ij(1440) the predictedratios are : K~Kis°K~K~,s°= : : ~.

indicatesthata cuton theKK mass(“deltacut”) hasbeenapplied(seetext). Thesemeasurementswere left
out in the determinationof theaverage.

Decay Mass width B(J/i)i—~L) B(L—* KKis)
Experiment mode (MeV) (MeV) (units of 10 3)

Mark II [293]’~ K~K~is~ i440’~ 50~ 4.3±1.7
C.B. [294]’~ KK is° 144O~ 55~ 4.0±0.7÷1.0
Mark III [145] K~Kis 1456+ 5 ±6 95 ±10 + 15 5.0 ±0.3 + 0.8
Mark III [145] K~Kis° 1461 ±5 ÷5 101÷10 ±10 4.9 + 0.25 ±0.8
Mark III [251] K~K~ir° 3.6±1.6 ±1.8
DM2 [110] K~K’is 1460÷3 ±8 100±12 + 15 4.1 ±0.6 + 0.9
DM2 [110] KK is° i451.5÷3 97±10 4.1 ~0.54~0.6
(average> 1454±3 98±7 4.5*0.4

becausethe decay.q(i440)_~*K*Kis closeto the kinematiclimit. Figure 72 showsthe Dalitz plot for
‘r~(i440)—~*KKir for the low- and the high-massregion, respectively.For a 0 statewhich decaysinto
K*K angularmomentumconservationrequiresthe K* to be producedwith helicity 0. This leadsto a
cos2Odistribution of the K* decayproducts,producinga node-typeaccumulationof eventsin the two
K* bands.The KK invariantmassdistributionfor “iota” eventsis shownin fig. 73. In the lower-mass
region closeto the kinematic limit it seemshard to distinguishbetweenthe isobarsof the two decay
modes,K*(892) and a

0(980).

150 a) J)~K~K~~

100 _____________________________

I I I I
50 300 - d) J/i4i—IKKn -

30 c) ~_4,jfJ I

20 nfl 1.0 1.2 1.4 1.6 1.8 2.0

1 ~ ~ 1.520-’ (0eV)

m,~~(0eV)
Fig. 70. Observationof the ij(l440) in K~ir.(a) J/4i—o’yKK~is,(b) J/~i—*yKK ire, (c) J/~_*yK~K~is°,and (d) thesum of thethree(Mark III
[145]).



166 L. Köpkeand N. Wermes,J/i)j decays

1.1 — (a) —

~

600 I I 05
a)

400 ] i ~ I I I I

I I
~ 200 (b)

0 I I I 1.1 - ~(:~:.~: . -

.~ 400 b) / ~
0.9 - ~ ~ ... -

20: c) 07 - ~ ‘

~ I :~:~
mK.K_RoIGeV) mi<,,. (0ev/c

2)

Fig. 71. Partial wave contributions to J14i—oKK is°.The different Fig. 72. Daiitz plot distributionof eventsin the ij(1440) massregion
contributionsare plotted asafunction of theKKss massfor (a) KK,s (a) for 1360~ mKK,, <1460MeV, (b) for 1460<rnKK,, <1580MeV
phase space,(b) K*K with j” 1, and (c) a,(980)ir with J” 0 (Mark III [i45]).
(CrystalBall [294]).

In addition, the a
0(980) is a statewhich is not well understood,either. This isovectorstatewith

jPC = o+ + decaysmainly to ‘q’rr. Its massis below KK thresholdand its decayinto KK is anon-trivial

phenomenon.Accordingto somephenomenologicalanalyses[143]the truewidth of the a0(980)maybe
as large as 300 MeV andit maynot be a simple q~state.

Possibleinterferenceeffectsbetweendifferent intermediatestatesor coupledchannelsmayalso be
importantin the T)(i

44O) decay.In the higher-massregion the K*(892) bandsaremoreclearlyvisible.
An upper limit on K*K productionis obtainedfrom [251]

B(.q(1440)~~+K*K+c.c.)IB(.q(1440)~~*KKir)<0.35at 90% C.L.. (124)

For the f
1 (1420) the K*K fraction is largerthan50% accordingto all experimentsandis evencloseto

100% in the experimentwith the largestdatasample[292].Therefore,the Dalitz plot distributionsof
ii(1440) and f1(i420) are very different from eachother.

In the spin analysesof Mark III and DM2 the difficulty of a propertreatmentof intermediatestate
isobarsin the ‘q(i

44O) decay was avoided by employing the three-bodyhelicity formalism [295]for
i( 1440)--* KKIT. This method is largely independentof the actual decaysequence.But also in these
analysesthe “iota” was treatedas a single resonance.
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Fig. 73. KK submassdistributionfor ij(i440) decays.InvariantKK massdistributionfor eventswith 1.3 ~ mKK,,~ 1.6 (DM2). The curvesshowthe
expectationfrom pure three-bodyphasespace(dash—dottedline) and “a0(980)ir” production(solid line).

Out of the threeanglesthat describethe decay,the azimuthalangleof the “iota” decayplaneis not
very suitable to discriminateI”- = 1~from 0 [251].The two otheranglesare O~,the polar angleof the
radiative photonmeasuredwith respectto the positrondirection,andf3, the polar angleof the normal
to the ‘q(l

44O) decay planein the KKIT rest frame measuredwith respectto the KKir momentum
direction.Figure74 showsthe cos andcos f3 distributionsfor eventsfrom T)( 1440)—* K~K* ‘rr * in the
Mark III detector [251]. Integrating over cos or cos/3, respectively,one expectsa behaviourlike

:: ~~Lri~lI~ I I I I I -

:;° hIll ~ ~
tos cosI3

Fig. 74. oj(1440)three-bodyspin analysis.(a) Distributionof cos6, correctedfor averageacceptance.SuperimposedarethepredictionsforJ” —0
(solid line) and for J” = 1 with a parameterchoice that makescos /3 uniform (dashedline). (b) cos /3 distributionfrom ij(1440)—o KKir. The
detectoracceptanceis flat in this angle.
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dN 2 dN
0 : dcosO (1+cosO.~), dcos/3umf0rm~

(125)
1~: WV .-...1+2x2+(1—2x2)cos2O, UIV —2x2+(2—x2)sin2/3

dcos6~ ‘~ dcosf3

Theratio of helicity 1 to helicity 0 amplitudes,x, is afree parameterin the fit. In order to fit cos/3 with
the j” = 1 + hypothesis,x2 ~—2is required.With this valuefor x, however,the J” = 1 + hypothesisdoes
not fit cosO~,as shown in fig. 74. The spin i~hypothesiscannotsimultaneouslyfit both angular
distributions.The likelihood ratiosof spins i~and 1 relative to 0 are L(1~)IL(0) 3 x i0~and
L(1) IL(0 ) 8 x ~ [251].Of course,the acceptancecalculation,which is necessaryto correctthe
angulardistributions for detectionefficiencies, is not independentof the assumedintermediatestate
isobarin the ii(i440) decay.The choice of the decaysequence,a

0(980)’ir or K*K, slightly changesthe
likelihood ratiosbut doesnot alterthe conclusionthatthe “iota” spin parity is dominantly0 [251].A
smallerspin 1 componentespeciallyat low massesis, however,not excluded.

The branchingfraction B(J/s4i—*-y~i(l
44O)).B(

1(1440) —+ KKIT) 4.5 x i0~ is by far the largest
branchingratio of all radiativeJ/tJ~decaysthat proceedvia the annihilationof thec~systeminto gluons.
The only radiative decaywith a larger branchingfraction, the charmoniumMl transitionJ/~,—*-yi1~,
doesnot requirethe quarksto annihilate.Of comparablestrengthto J/ t)i —‘ -y~(1440) is only JIi]i —+

while the decayJ/t~—*’yf2(1270)is about1/4 ascopiousas -y’q(l
44O). This suggestsalargeSU(3)singlet

componentin the i~(1440)andhasthusbeenoneof thestrongestargumentsthat the ~(1440)might bea
glueball. -

On the other hand, thereare also somedisturbingfacts. It is surprisingthat the KK’rr decayis the
only one establishedso far. Especiallyif the i~(i440)were a glueball one would expect other decay
modesas well. If, in particular,

1(1440)—*KKIT proceedsvia 1(1440)—*a0(980)ITthen one would
expectto also find ‘q(1440)—+a0(980)IT--*~q’rr1r.This final statehasbeenstudied(seesection6.4.4), but
no ‘q( 1440) signal hasbeenfound. As an upper limit one obtains[296]

B(JI-yi1(1440)).B(1(1440)_*1~1rIT)<8.8X10 at 90% C.L., (126)

which implies that

B(1(1440)—*~1rTr)IB(1(1440)—*KKIT) <0.20. (127)

The very limited dataon the a0(980)branchingfractions[14, i47] point to avalueof ~—10for theratio
in (127) andhence

B(J/-y1(1440))~B(1(1440)—*a0(980)IT)~~4.5 x i0~, (128)

which contradictsthe databy morethan an orderof magnitude.As a consequenceone would haveto
conclude that the a0(980) is not likely to be present as an intermediatestate in the decay
‘q(l

44O)—+ KK’rr.
Weinsteinet al. [297]havearguedthat thea

0(980)maybeformedin a final stateinteractionbetween
K and K and proposethatit is a qqã,~molecule.With this hypothesistheyclaim to fit the Dalitz plot
datafrom Mark III reasonablywell [297].The actualdecaysequencecouldthenbe a ii( 1440)—* KKIT
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three-bodydecay,or’q(1440)—l.K*K with the a0(980) beingproducedby the final statepotentialVK~
that actsupon the KK system.This is an attractivetheoreticalansatzto explain the a0(980)problemin
the .r~(i44O)decay becauseit could explain that the a0(980) can be present in the reaction
‘q(i440)—*KK’rr while it is absentin 1)(1440)—l.’q’rrir.

Recentstudies of Mark III [277, 278] revealedevidence that the “iota” structureobservedin
J/t~i—*yKKITmay in fact be morethanjustone resonance,thusoffering the possibility to unify the so
far puzzling observationsfrom different production processes.The study was motivated by the
observationthat a fit with a single Breit—Wigner curvedoesnot describethe “iota” structurewell (fig.
75a). In trying severalpossibilitiesa good descriptionof the datawas obtainedby two methods.In fig.
75bthe datahavebeenfit by two interferingBreit—Wigneramplitudesyielding a x’ probability of 58%
[277]comparedto 1.4x i0’

3 for the single Breit—Wignercase.With this fit the “iota” structurewould
haveto be understoodas two 0 + stateswith parameters

m
10~=(l409±5)MeV, I0~=(69±i1)MeV,

(129)
mhigh = (1499±9) MeV, ‘~high = (138±25) MeV.

The secondalternativeis an ansatzwhich allows the a0(980)’rr andK*K decaychannelsof the ‘q(1440)
to be coupled. The result of this fit is shown in fig. 75c. The x

2 probability obtainedis 47%. If the
two-stateinterpretationholds one may identify the lower-massstatewith the ‘r~(1400).The stateat
—1500MeV would haveto be examinedfor beingconventionalq~jor not. Indicationsalso exist [277]
that the isobar decompositionof the “iota” structurevaries as a function of mass,containingmore
a

0(980)IT at lower and more K*K + c.c. at higher masses.A definitive answerto this questioncould
comefrom a full isobaranalysiswith coupledchannelsand the possibilityof severalinterferingstates.
This would alsorevealanypossiblei~ componentunderthe “iota” as suggestedby Meshkov,Palmer
andPinsky [298].Until this is settledwe continueto refer to the entire “iota” structureby the label
i~(1440).Fromthe three-bodyanalysisof the spin determinationof the ‘q(1

440) it seems clear in any
casethat the dominant—butperhapsnot the only—spin contributionis pseudoscalar.

6.4.1.2. Thesearchfor radiative decaysof the “iota”. The “iota”h~(1440)hasbeenthe subjectof
manyideasandmodelcalculationsthat wereput forward to understandthe natureof thisstate.Among
these the hypothesesthat the “iota” might be a glueball, a radially excitedq~jstate,or a hybrid state
arethe onesmostoften mentioned.Oneway to studydifferencesbetweenordinarymesonsandother
objects is the pattern of their decay modes.

A very popularquestionin this contextis if a glueballcan decayradiativelyandhowlargea radiative
width would be expectedfor a glueball as comparedto a radial q~jexcitation. Naively, one would
expectthat a pure glueball hasno photoncoupling. In fact, the oppositeseemsto be true. Radiative
decaysof glueballs are possible,mediatedby an intermediatestatecontainingquarks, or by a quark
admixture into the glueball wave function. The calculations show that the ~q(l44O)may have a
substantialradiativewidth if it is a glueball. Conversely,only a relativelysmallwidth is expectedfor a
radiallyexcited(q~)~pseudoscalarstate[300],for which,in the non-relativisticlimit, the wavefunction
is orthogonalto the groundstatewave function leadingto a vanishingMl transitionamplitude.A large
suppressionis still expectedin the relativistic case.Predictionsof various theoreticalcalculationsfor
F(

1(1440)—* -yp°)aregiven in table33. The bagmodelpredictionsall settlearoundaradiative width of
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Table 33
Theoreticalexpectationsfor ij(1440)—o-yp°

Model Reference F(s~(1440)_o-yp°)(MeV)

Bagmodel: i~q’,glue mixing [301] 0.43
Bagmodel: qq,qqgmixing [302] <1.5
Bagmodel: ij,ij’, glue mixing plus q—g coupling [300] 0.4—1.6
Bagmodel: pseudoscalarmesondominance [305] 0.213—0.413
Pole model usingdatafrom JIi~,—o~j+ pseudoscalar [309] 3.5
q,q’, glue mixing model [306] 0.02
ij,~’,glue mixing model [307] 1.72
~ glue mixing model with anomalouscouplings [304] 4.2
effective Lagrangianusing chiral symmetry [303] 2.5
non-relativisticqq model, harmonicoscillator [308] 0.42

the order of 1 MeV. Large uncertaintiescomefrom the amountof mixing introducedinto the “iota”
wave function.

The radiative decay‘q(1440)—~’yp°hasbeensearchedfor by CrystalBall [299],Mark III [251],and
DM2 [ii0] in the processJbtJi—* -y-yp°,p°—~ir~’rr. The eventselectionis helpedby the fact that for the
vast majority of eventsthe -y radiatedfrom the J141 depositsa larger energyin the electromagnetic
calorimeterthan the-y radiatedfrom the producedstateX, allowing oneto distinguishthetwo from the
startandto reducecombinatorialbackground.

The resultsof the threeexperimentsareconsistentin that theyobservea peakat a massabout 1—2
standarddeviationslower thanthe meanvalueof the “iota” structureand a width of about 150MeV.
The -yp invariant massdistribution is shown in fig. 76. It is possiblethat the ‘r~(l27S)or f1(1285) are
contributingto the lower sideof the resonance(seefig. 76b). To minimize their contributionMark III
hasexcludedthe massregion below 1.3GeV in the resonancefit, which resultsin aslightly highermass
value for X(—1400) (cf. table 34).

An analysisof the yp decayangulardistributionsagreeswith a spin 0 interpretationbut spin 1 +

cannotbe excluded.The measuredparametersare listed in table 34. The averagebranchingratio is

B(JI—*yX)~B(X—>~yp°)= (1.0 ±0.18) x 10 ~. (130)

1O I~+~~1H, i:~_10 12__14 16

0.5 10 mTQ.loeV) 2.0 . mInfl~10~l(0eV)

Fig. 76. Searchfor ij(l44O)—o-yp. Invariant-yiris massdistributionsfrom(a) CrystalBall [299]and (b) Mark III [251]of thereactionJ/iIi—i.-r,1s~iT



172 L. KOpkeandN. Wermes,i/i),, decays

Table 34
Measurementson ~(l

44O)_.o.y+ V

Decay Mass Width B(J14
0—o.yL). B(~—*~yV)

mode (MeV) (MeV) (units of 10 4) Experiment

X(i400)—+~yp° 1420+ 15 + 20 133 ÷55 ±30 1.0±0.2 ±0.2 Mark III [251]
1390+ 25 185 1.9 ±0.5 ±0.4 Crystal Ball [299]
1401 ±18 174 + 44 0.9±0.2 ±0.14 DM2 [110]
1403÷13 163÷34 1.02±0.18 (average>

<2.3 Mark III [251]

<1.6 Mark III [251]

The interpretationof the experimentalobservationspresentssome difficulties becausethere are
severalpossibilities. The -yp signal, if simply identified with the “iota”, would clearly support the
glueball interpretationfor this stateaccordingto table33. The persistentlyobservedlower massvalue,
however,demandsan identification with either the ii( 1400) or with the lower part of the “iota”
structure(cf. section6.4.1.1),if they arenot the same.The observedpartial width I’(X(1400)—s’-yp)
1.0MeV would probably be in conflict with the theoreticalexpectations,if the ‘q( 1400) were to be
identified as a radially excitedpseudoscalarmesonstate.Repeatingthe analysiswith twice thestatistics
[310]shouldhelp to clarify someof thesequestions.

The couplingof a glueball to two photonsis expectedto be veryweak.The two-photondecayof the
1)(1440) is still unobserved.The presentupper limit is [311]

F(1(1440)—+-jy) B(-q(1440)—*KKir) <1.6keV (95% C.L.). (131)

Relating this limit to the yp decay via vector dominance one predicts that

F(~(1440)~p)— ~ F(i(1440)~)< B(~(l44O)~KKIT) MeV. (132)

In the evaluationthe contributionof phasespacehasbeenincludedandavalueof f~/e
2 250 hasbeen

assumed.This is barely compatiblewith the experimentalresult (130). In a moresophisticated,but not
principally different, approachChanowitz[312]derivesfor the ratio of -y’y and -yp widths

F(’q( 1440)—~~yy)/F(i(1440)—~-yp—s. y’rrIT) = 0.625(1— m~!m~(
1440))~(i.34eIf~)

2G(x)2, (133)

with G(x) = (1 + 0.51x)1(1 + x). x is proportionalto the mixing betweenthe singlet and octet decay
amplitudes,

— A({8}—.-~p)
x—tanO~

1440 A({1}—~yp)

The valueof x is a priori unknown. Attemptsto constrainx leadto the conclusionthat (133) would be
inconsistentwith experimentif the entire -yp signal is identified with the “iota”. Meshkovet al. [367]
havepointedout that with just the right mixture of ufl, dd ands~the -y-y couplingvanishesaltogether
andso must ‘yp if it is relatedby vectordominance.
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For ‘q(1440)—t.-yo, -y4 ref. [312]predictsthat

F(’q(l
44O)—e.’yo)=O.O8SF(i(l44O)—~~~)~

F(~(1440)—~-~4f=0.063(~2F(~(1440)—~-~p), (134)

which hasto be comparedto the “naive” expectationof : .1 : I~= 9: 1: 2 if X is a q~jstatewhich
decaysin a flavour independentway. The experimentalupper limits are includedin table 34.

6.4.2. The “theta”/f
2(1720)

6.4.2.1. Discoveryand KK decay. Thef2( 1720)was first observedby the CrystalBall Collaboration
[263]in the processJ/tji—+-yi-)11, ~—s.-y-y,basedon a datasampleof 2.2 x 106Jbtji decays.The invariant
‘ryq massdistributionis shownin fIg. 77afor eventswhich werekinematicallyfitted with five constraints.
Due to the limited statistics it is not possibleto decidefrom fig. 77a whetherthe f2(1720) peakalso
containsthe f~(1525)on its low-massside.The measuredresonanceparametersandbranchingfractions
areshown in table35.

C parity, parity andspin of the f2(1720)areevensinceit is producedin a radiativedecayfrom the
J / 4i and because of its ~‘t~ decay mode (JP = 0~,2~,4k,.. .). The angulardistributionsfollow the form
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Fig. 77. Discoveryand spindeterminationof thef

2(1720).(a) ‘m invariantmassdistributionasobservedby Crystal Ball. The superimposedcurves
representfits assumingno f~(1525)(solid line) and f(1525)contributions(dashedline). (b) cos0, and(c) cos0, distributionsfor J/4,—o -yf2(1720),

f2(1720)—~~ The solid curvesarebest-fit distributionsfor spin 2. The dashedlines representtheexpectationsfor spin 0. Theinset is anenlarged
view of thehighest bin.
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Table 35
Resonanceparametersand product branchingfractionsof the “theta”/f

2(1720).The measuredbranching
fraction products have been multiplied by the respectiveisospin factors assuming I — 0 to obtain
B(J/4i—+~yf2(1720))-B(f2(1720)—*-op1,KK, isis). The i~qbranchingfractionsareobtainedassuminga contri-
bution of the f~(1525)to the mass spectrum. Measurementsindicated by ‘~ were not used in the

determinationof theaverage.

Decay Mass Width Branchingfraction
mode (MeV) (MeV) (units of 10 4) Reference

1640 + 50 220~)~° 4.9 + 1.4÷1.0 Crystal Ball [263]~
1720 fixed 130 fixed 2.6 + 0.8÷0.7 Crystal BaIl [249]

‘P1 fixed fixed 1.3 + 0.4±0.3 DM2 [243]
fixed fixed 2.0 + 0.6±0.8 Mark III [313]

1.6±0.4 (average>

K~K 1700÷30 156 ±20 12.0±1.8±5.0 Mark II [264]
K~K 1720±10±10 130±20 9.6~1.2±1.8 Markill [265]
K~K 1707÷10 166±33 9.2±1.4±1.4 DM2 [267]
K~K~ 1720 fixed 130 fixed 9.0±2.4÷2.2 Mark III [265]
K~K~ 1711 + 9 173 + 22 10.4±1.2÷1.6 DM2 [267]
KK 1711±6 153±11 9.7±1.1 (average>

is°is° 2.3 ±0.7±0.8 Crystal Ball [249]
is°,ro 2.2 + 0.4±0.6 DM2 [243]
is*lr <3.2 Mark II [2M]’~
is~ir 1.47±0.24±0.71 Mark III [313]
isis 1693±13 124 ÷24 1.55÷0.24÷0.23 DM2 [266]
isis 1.68÷0.27 (average)

W(O~,O~,~) = 1 + cos
2O~ for spin 0, (135)

anda form as given in eq. (115) for spin 2.
In the spin analysisperformedby the CrystalBall group[263]a maximumlikelihood fit to the three

anglesO~,O~,4~ yieldedaprobability of only 4.5%for the f
2( 1720)havingspin 0 relativeto spin 2 and

henceestablisheda new tensormesonin addition to f2( 1270) and f~(1525) in that mass region.The
distributionsof cos andcos are shownin fig. 77b andc. It is obviousfrom fig. 77c that the spin
measurementis largely dependenton the excessof eventsin the last bin of the IcosO~distribution.
There is no evidencethat theseeventsare anomalous,however. -

TheMark II [264],Mark III [265],andDM2 [267]experimentsobservethe f2( 1720)in the KK final
state.Figure 78 showstheK~K - invariant massdistributionas observedby Mark II. Figure79 displays
theK~K andK~K~invariant massdistributionsas observedby DM2 basedon a sampleof 8.6x 106
JIi~idecays.Mark III data on the samechannelareshownin section6.4.3 (fig. 80). The f~(1525)and
f2(1720)arevery well separatedshowingdistinct peaks.Theparametersmeasuredby the experiments
areincluded in table 35.

The spin2+ + assignmentfor the~2( 1720)hasbeenconfirmedby Mark III [265],who find it preferred
over spin 0 with 99.9% probability. DM2 finds equallikelihoods for spin 2 andspin 0 [110].

It is interestingto notefrom table36 that the f2(1720) is producedwith a polarizationquite different
from that of the ~ statesf2(1270) and f~(l525)(seefig. 65c). While f2(1270) and f~(1525),being
well-establishedmembersof the ~ nonet,have(x, y) (1,0), the new statef2(1720)hasx y —1.
It has beenargued[314]that thispolarizationpatternis not inconsistentwith the glueball hypothesisof
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Table 36
Polarizationparametersof the “theta”/f

2(1720)

Decay
mode x y 4, Reference

0.87+ 0.2 —0.64+ 0.39 C.B. [263]
K~K —1.07÷0.2 —1.09±0.25 0.6÷0.6 —0.1±0.5 Mark III [265]
KK —1.3±0.14 1.1 ±0.18 0.0±1.4 1.3÷0.3 DM2 [110]

the f2(1720). Li, ShenandLiu [314]haveshownthat the f2(1720)can only be fitted by a smalld wave
componentin addition to a major s wavecomponentin the wave function.

6.4.2.2. The ‘rr’rr decay. The ‘iri~ invariant massdistributionsof fig. 63 andfig. 110 show evidencefor
two other peaks being consistentin mass and width with the f2(1720) and possibly the f4(2030). A
conclusivespindeterminationhasnot yet beenperformeddueto significantbackgroundfrom J/iji —~ pu
eventsandfrom the tail of the f2( 1270). However,the distributionof cos0, the angleof the ir + in the

ur restframe, as well as the valuesobtainedfor the helicity parameters,x andy, assumingspin 2,
arequite similar for f2(1720)—3K~K andf2(1720)—~ii~i~ [313].The productbranchingfraction for
the ir~rdecayof the f2(1720) is includedin table 35. The 2.1 GeV peakis describedin section6.4.3.

If oneidentifies the irir peakat —1.7 GeV with the f2(1720) one finds from table 35

urur: KK : ‘r~qssO.17±0.05:1:0.17±0.03, (136)

using the averageexperimentalvalues. Equation (136) is different from the expectationfor an
SU(3)fIavour symmetric decay, for which ratios of irrr: KK : ‘iyq = 2: 1: 0.2 are predictedincluding d
wave phasespacecorrections.

6.4.2.3. Searchfor other decaymodes.The speculationsthat the f2(1720) is not a traditional q~
statehave led to manypredictionsfor otherdecaymodes.Exceptfor the KK, hiT, and‘rm modes,no
other decayshavebeen observeddespite someindication [333, 334] (seesection7.3) that the so far
observeddecaymodesmight representonly a fraction of the total.

Lipkin [323, 324] has pointed out decay modeswhich are particularly useful to test whetherthe
f2( 1720) could be a glueball. To the extentthat the pseudoscalarnonetobeysnonetsymmetry,i.e., ‘q
and‘q’ representthe {1} and {8} I = 0 statesof this nonet, respectively,the 1-rn’ systemis anoctet into
which a SU(3)singlet statecannotdecay.The decayof an SU(3) singlet with evenC parity toK*K is
forbiddenby G~parity, the analogof G parity for V spin. The SU(3)singletcomponentof K*K is odd
underC.

Close [325]hasextendedthe selectionrules given in refs. [323,324]. He obtains

B(G—i1)�~B(G--s.K~K), (137)

B(G—*i~’)�~[B(G—~q”q’)+ B(G—~p1)]. (138)

Intrinsic glue in the ‘q or ‘q’, on theotherhand,could substantiallyenhancethe 1~fl’decayof a glueball.
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In particularGershteinet al. [326]havesuggestedthat

2 ~ B(G—.‘q~1’)/B(G—~~‘q)~ 3.7 (139)

for a glueball decay.
Upperlimits obtainedfor f2(1720) decaysinto various channelsare listed in table 37.

6.4.2.4. Phenomenologyofthe “theta”. In order to studythe questionwhetherthe f2(1720) can be
accommodatedin aJPC = 2~+ q~jmultipletonehasto comparethe f2(1720)characteristicswith thoseof
the f2(1270) andthe f(1525). The ground state~ nonetis completeandwell established(cf. fig. 5).
The f2(1720) would then have to be the radially excited partner of the central membersof that
multiplet, for which candidate statesalreadyexist, the f2(1810) [315]andthe f2(1410) [316].

The ~ state f4(2030) is consideredan orbital excitation of the f2(1270) with orbital angular
momentumL = 3. A potential model suggests[317] a similar mass scale for the L = 3 jPC = ~
excitationof the f2(1270). The orbitally excitedf~(1525)is alsonot expectedto lie in the 1.7 GeV mass
range, renderingsuchan interpretationfor the f2( 1720) unlikely.

Other explanations and interpretations of the f2(1720), such as q~ghybrid states[54, 318], four
quarkstates[134,319,320], or glueballs[225],havebeensuggested.If the f2(1720)werea hybrid, four
accompanyingnonets are predictedin the mass region of interest. A q~pair with orbital angular
momentum L = 0 plus a (TE) gluon results in JPC = 1 , (0, 1, 2) + nonets (see section 2.4). A

f2(1720)-like2~staterequiresan excitedq~jstateplus a (TM) gluon. Chanowitzand Sharpe[54]
suggestthat such a stateexists in the 1.9 to 2.3 GeV mass region with a K*K* decay signature. In
generalthey find that in the q~j+ (TM) gluoncasestrangequarksaregreatlyfavoured.To identify the

f2(1720)with suchan excitedq~jgstateseemsdifficult becausethe predictedmassis too high. It is also
not very appealingto predictexcitedq~gstatesbefore anyground statehybrid hasbeenfound.

Four-quarkqq~qstatestendto “fall apart” into two mesonsand arethusexpectedto be very wide
objectsunlessthe “fall apart” mode is forbiddenbecausethe statehasa massbelow the “fall apart”
threshold.Chanowitz[319]suggeststhat the f2(1720) could be a (uu= dd)ssstate,whichwould like to
“fall apart”into K*K or 4xo if its masswerenot too low. The only othersignificant decaymodesshould
be KK andi~ with F(f2(1720)—*1(K) > 21(f2(1720)—+ip~).The observedf2(1720)—*urir decayandthe
non-observationof f2(1720)—*K*K, which is not far below threshold,clearlyrepresentproblemsfor a
four-quarkinterpretationof the f2(1720). Weinsteinand Isgur [321]havecalculated,using a four-body
Schrodingerequation,that only the 0 qqqq stateis stable.This castsadditionaldoubt on a possible
four-quark interpretationfor the f2(1720).

The most exciting interpretationof the f2 (1720) of courseis the glueballhypothesis.This possibility
is discussedin section 7.3.

Table 37
Upperlimits on product branchingfractionsfor the “theta”/f2(1720)

Decaymode B(JR(i—~yf2(1720))-B(f2(1720)—+X) Reference

pp <2.4 x 10 DM2 [346]
<2.4 x 10 Mark III [350]

K’K’ <4.5 X 10 Mark III [265]
‘rn <2.1 x 10 Mark III [265]
KKis <2.5 x 10 Mark III [265]
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6.4.3. The 2.2 GeVmassregion and the ~(2230)
The mass region around2.2GeV shows interestingstructuresin the radiative decaysJI~I —~ ‘yirrr,

yKK, and‘y4ur.
In JI~i—~-y’rrua peakis observed(fig. 63) which is consistentin massandwidth with the ~ qq state

f4(2030). The measuredparametersare listedin table38. The signal to backgroundratio is small and
could cast some doubt on the interpretation given by the experiments.

The DM2 Collaboration also claims observation [346] of a signal at 2.12GeV in the reaction
JI~i—*-y4ir. As evident from fig. 89, structure is indeedobservedabove a large backgroundfrom
JIt~i—~Sir events.The signal seemsto be mainlydueto J/i.j,—~-yp°p°.A partial wave analysis,performed
to the entire spectrum (see section 6.4.5.1), attributes this structure to the pseudoscalar channel but
also splitsthe signal, leaving the questionof an ultimate assignmentof this structureunanswered.The
branchingfraction is given in table 41.

Among thestatesdiscoveredby the “third generation”experimentsoperatingat theit 4s. the ~(2230)
[ParticleDataGroupnameX(2220)] hasraisedthe largestexcitementbut is alsoregardedas the most
controversialwith regard to its experimentalevidence.Let us summarizethe facts.

The Mark III Collaboration haspublishedthe observationof a narrow resonanceat a mass of
2.23GeV producedin radiative JIt~idecayand decayinginto K + K - andK~K~[329].The evidencefor
this state on top of a wider structure is shown in fig. 80.

The explicit parametersfor the ~(2230)are, in the K~K mode,

m(~)= (2.230±0.006±0.014)GeV, F(~) (0.026~~±0.017)GeV,

B(JIt~i—*y~)B(~(2230)—~K~K)= (4.2i~~±0.8)x 10 ~,

and in the K~K~mode,

m(~)= (2.232±0.007±0.007)GeV, F(~) (0.018~~±0.010)GeV,

B(JIi4i—+-y~).B(~—+K°~K~°)= (3.1~~±0.7) X 10 ~.

Table 38
Measuredparametersof theX(2i00) in radiativeJ/4i decays.The branchingfractionsaregiven for isis, KK, ip~,pp, correcting

for isospinassuming1 0 for theX(2i00).

Decay Mass Width B(J/~)i—*1X(2100))-B(X—+f)
mode (MeV) (MeV) (units of 10 4) Reference

isis 2038±30 304÷60 2.4 ±0.4÷0.4 DM2 [266]
is~is 2083÷8 ÷30 147 ±20~ 3.0÷0.5 + 0.9 Mark III [3i3]
is°is° 2.8 + 0.7÷1.0 C.B. [249]

K~K~ 2197±17 201 ±51 ~6.0 DM2 [267]
K~K~ 2183±40±50 4i3±66+ 100 7.4 + 1.2÷2.0 Mark III [313]
K~K 2i36±ii ±71) 241.1 + 2~±10(1 4.6÷1.2 ±1.2 Mark III [313]

‘P1 i.6~0.7±0.7 Mark III [3i3]

pp 2107÷9 244÷23 11.7÷0.3÷2.7 DM2 [346]
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5.8 x 106 J1

1(i decays.The four-pion backgroundis shownhatchedin (b). Fits to the1.9—2.6GeV massregion aredisplayedin the insets.

The ratio of the branching fractions is consistent with the ~(2230)being an isoscalar. The statistical
significanceis statedas 4.5uand3.6o-for KK and~ respectively,basedon the totalMark III data
sampleof5.8xlO

6Jttji. -

Although the signal is seen by Mark III in two different KK decay channels, DM2, based on
8.7 x 106 J/t~,reports no evidence for the ~(2230)in either decay mode. The correspondingKK
invariant mass distributionsare shown in fig. 79. Dependingon the width assumedfor this statethe
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Fig. 81. Upperlimits for the1(2230)asafunction of thewidth. The limits areobtainedfrom theDM2 collaboration[267]for JhJ,-+-yK~K(solid
line a) andfor J/K~K~ (solid line b). The dashedlines arethevaluesfor theproduct branchingratio asmeasuredby Mark III [329]for both
modes,respectively.The two experimentsare consistentonly for F> 50 GeV.

DM2 upper limit [267] varies as shown in fig. 81. The two experimentsare not consistentwith each
otherfor width valuesbelow —50 MeV.

To what extentthe two experimentsreally disagreeis not entirely clear. The analysisof theK~K
channelrelies crucially on the TOF measurementdistinguishingkaonsfrom pions at momentaabove
1 GeV and on the ability to reducebackgroundfrom J/tji—* pu°andJ/tji—~ir°K~Kin which the ur°
decaysasymmetricallyandonephotonescapesundetected.The latteris dominatedby JI4~—* K*K and
producesa smoothbackgroundunderthesignal region.This backgroundcan in principle bereducedby
cuttingon theK~bandsof theDalitzplot, but this alsoreducesthe signal.DM2 hasdemonstrated[267]
that after subtractionof this backgroundthe K÷K - and K~K~invariant mass distributionsare in
reasonableagreementin shapeandmagnitude.In the -yK~K~modeno suchbackgroundexistsdue to C
parity conservation.The ability to measurethis channelmerelydependson the K~—+ ur÷iv - identifica-
tion capability, which is aboutthe samein both detectors.The TOF resolutionof the Mark III detector
is superior(o — 190ps) to that of DM2 (r — 540ps) (cf. table7). This could serveasan explanationfor
theK~K mode. Giventhe evenlargerstatisticsof DM2 it seems,however,hardto understandthe
discrepancyin the K~K~channel.

DM2 and Mark III do agree,in fact, in that they both observea relativelywide structurein the
2.2GeV region (fig. 79 and fig. 80), on top of which Mark III claims the observationof the ~(2230).
This structurecannotentirely be explainedby background,especiallyin Jtt~—s’yK~K~.A fit to the
K~K~massspectrumof DM2 (fig. 79b) with threeBreit—Wigneramplitudesfor f.~(1525),f2(1720)and
the 2.2GeV structureyields mX(22) = (2197±17) MeV, Fx(22) = (201 ±51)MeV anda branchingratio
productof B(Jt —3-yX(2.2)). B(X(2.2)—*K~K~)~1.Sx 10 [267]. Fitting the Mark III data [313]
with five Breit—Wigner amplitudes(fig. 82), i.e. two resonancesin the 2.2GeV region, revealsthe
~(2230)plus an indication of the X(2100) with resonanceparametersas given in table 38.

The Dalitz plotsfor the Mark III data areshownin fig. 83, wherediagonalbandscorrespondingto
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the statesf(1525), f2(1720), andperhaps~(2230)arevisible togetherwith the two K* bands. It has
been checked that the signal does not arise from K*K or e~e ‘y backgrounds.

A spin analysis similar to the one described for the f2(1270) in section 6.3.2 has been performed by
theMark III groupusingthe cleanerK~K~sample.The analysisassignsa spin greater than or equalto 2
to the ~(2230)[313].Figure 84 shows distributions of cos O~,whereO~is thepolar angleof a K~in the
KK rest frame with respect to the photon direction, for events from f~(152S),f2(1720), and ~(2230),
respectively. Because the K~K~system can only have even spin and positive parity the ~(2230)must
have jPC = ~ 4~ This is unfortunately not an existence proof of the ~(2230)because the
structureat —2.2GeV underneaththe ~(2230),which is observedby both experiments,also showsa
non-fiat cos O~distribution.

Evidencesfor resonancepeakswith similar parametershavebeen reportedin the literature. The
GAMS Collaborationhasobserved[331]a narrowstructurein the ryq’ invariant massspectrumof the

‘~ p—~“ri’ + n reactionat 38 and 100 GeV beamenergywith parameterssimilar to the onesof the
~(2230).The ‘ryq’ decay implies 1G = 0~.For the spin of this structure the angular distributions suggest
jP ~ 2~.Some evidencefor a ~ K~K~structureat 2.23GeV and about80MeV wide comesfrom the

MSSITEP group [332].A detailed comparison with the data in the same channel taken at BNL[333]is
yet to be made.

The LASS Collaboration[334]alsoreporteda signalat —2.2GeV decayinginto K~K~andK~K in
the reaction K p—~A + KK at 11 GeV. Figure 85 showsthe invariant K~K~massdistribution of the
LASS data normalizedand superimposedto the samedistributionof the Mark III data. The K+ K -

channels are not easily comparable because of the large N* diffractive background in the LASS data. A
momentanalysisdoneby LASS [334] prefersspin 4+4 for this state.
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Interpretationofthe ~(2230).The narrow width of the ~(2230),which is almostconsistentwith zero,
provokedmany speculationsaboutthe natureof this state, including the hypothesis that the ~(2230)
might be a Higgs particle [335]. Other possible identificationsare a glueball or a hybrid state[336],a
high-spinq~jstate[337],a narrow AA boundstate[338],or evenmore exotic possibilities[339].

The Higgs interpretationhasbecomemoreandmoreunlikely due to productionlimits for the ~from
Y(9640) decays[340]for both the minimal Higgs modelas well as for modelswith two Higgs doublets.
Upperlimits for other decaymodeshavebeenobtained[329].They are listed in table 39.

The most traditional andalso mostplausibleinterpretationof the ~(2230)is thatof a L = 3, ~ or
3F

4 s~state[337].This interpretationis also supportedby the LASS measurement[334]in a reaction
ideal to searchfor s~states.However,if MSS ITEP [332]andGAMS [331]areboth seeingthe ~(2230),
the branchingratio into ~m’ is twice as large as into KK, in contradictionto an expectedratio of
r~q’: KK 1: 3 or smallerfor an L 3 s~meson[337],andalso at the vergeof beinginconsistentwith
the Mark III limit for the ‘p~’ decaymode [313].The value for the total width (—60 MeV) expected
from the relativistic quark model of Godfrey et al. [337]is at the 2o variancewith the experimental
observation.

6.4.4. The decay J/t~—~j1uru

The radiative decay Jt~,—* ‘yiyrru is interestingfor two reasons.First, the observationof the glueball
candidate‘q(l

44O) in J/~i—*’yKK’rr hasprompted zealous searches for other decay modes. Since the
KKir final statecould actually proceedvia a

0(980)’rr—a questionwhich is not easily answeredin the
presenceof thresholdeffects andoverlappingK* bands(seesection6.4.1)—it is compelling to search
for an‘q( 1440) signal in JI —+ ~y1yITiTexploiting the fact that the a0(980) also decaysto ~r~ur.Accepting

the ratio of roughly B(a0(980)—÷KK): B(a0(980)—+’q’rr) 10 1 [14, 147] one would expect that
B(’q(1440)—+iprir)> 1OB(-q(1440)-—s’KKiv), provided that the decay proceedsvia an a0(980) inter-
mediatestate. Even without an a0(980)-mediatedtransition in the “iota” decay, Lipkin [323] has
predictedcomparableKKu and ‘quiT couplingsfor an SU(3) singlet state.

A seconddomain of the radiative ‘qirir decay is to explore the production mechanismsof 1 + ÷

axial-vectormesons.As describedin section6.3.4 thereare at least threeisoscalarparticleswhich are
candidatesfor the centralmembersof the 1~multiplet, the f1(1285), the f1(1420), andthe f1(1530),
all threewith possibleor established‘qur’rr decaymodes.

Analysesof JI i]i —* y’qirur, with ‘q —~ yy or 1~—p iv ÷iv ‘rr°,havebeenperformedby Crystal Ball [281],
Mark III [282], and DM2 [283] in final stateswith threephotons and two or four chargedpions,

Table 39
Upperlimits on branchingratiosfor the1(2230)

Decay mode B(J/4-÷~y1)B(1—÷X) Reference

I -~ <5 x10 6 Mark iii [329]

<2x 10 Mark ill [329]
1—* K*K <2.5x 10 Mark III [329]

<3 X 10 Mark III [329]
1—*1111 <7 x 10 Mark III [313]

<8 x 10 Mark III [313]
<2 x 10 Mark III [329]

1—644 <5.5 X 10 Mark III [348]
<5.9 x 10 Mark III [348]
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respectively.The eventselection proceedsas usualby applyingkinematic fits (4C or SC using the ‘q

massconstraint) to the signal reaction,after standardcuts havebeenmade. The ‘rl’rr’rr invariant mass
distribution obtainedin this way is shown in fig. 86. The salientfeaturesare (a) an extremelyclean-q’
signal (seealso section6.3.1.1),(b) evidencefor an ‘q~at 2980GeV, and (c) aninterestingmassregion
between1 and2GeV with a complexstructureprobablydue to severalresonances.

The ‘qirrr decayproceedsvia a0(980)iras can be seenfrom fig. 87 showingthe ‘qir~projectionof the
‘quriT Dalitz plot with clearevidencefor a0(980) production.After demandingthatm,~,,is within SO MeV
of the nominal a0(980) mass,the ‘quir invariant massspectrumis shown in fig. 88 for massesabove
1 GeV. At least four structurescan be identified: (a) at 1280MeV, most likely the f1(1285) or the
‘q(1275), (b) at —1400MeV, probably to be identified with the ‘q(1400) and less convincingly the

f1 (1420), (c) at —1600MeV, and(d) at —1900MeV. The massresolutionin this massregion is typically
20 MeV for Mark III andDM2. The first two structureshavealreadybeendiscussedin section6.3.4.To
really identify thesestructuresaphaseshift analysiswill prove essential.Themassdistributionshowsno
obvioussign for a “iota” t’q( 1440) signal. However,interferenceeffectsbetweendifferentdecaymodes
of the ‘q(1440) [309]or theexistenceof “sub”stateshiding underthe “iota” structurecouldleadto the
observedeffect. Again, a full partial wave analysishasto be performed.The samestatementis truefor
the f1(1420).The high-massregion between1.5GeV and2.0GeV showsa patternwhich is very similar
to the one observedin JRji—*y4ir (see section 6.4.5.1). In this decay a dominantly pseudoscalar
(JP = 0) pp componentis found. The branchingfractionsobtainedfrom the differentexperimentsare
listed in table 40.

6.4.5. Radiativeproductionof vector mesonpairs
Enhancementsin vector—vectorfinal stateswith massesbelow 3 GeVhavebeenobservedin hadronic

interactions[341,342] andphoton—photoncollisions [343].All of theseobservationshavetwo features
in common. First, the observedvector—vector invariant mass distributions are either difficult to free

800 — -

>w 600
NI

‘~ 400 - -

200 — —

0 Imnn.n_ 1GeV)Fig. 86. Radiativedecayto the ipris final state.Invariantipris massdistributionfrom J/4i—~.yiprisfor massesbetween0 and3.1 GeV (Mark III[282]).The i~is observedin its TI decaymode.
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Fig. 87. ip~projectionof the siisis Dalitz plot from J/4i—~’ppr~ir. The curveis a Breit—Wigner fit to thea
0(980).

from background(pp), havesmall statistics(we,44), or exhibit complicatedstructures(44). Secondly,
the reportedsignalshavealwaysprovokedspeculationsaboutinterestingthresholdeffectsor resonance
productionof q~,q~jq~,q~g,or gg boundstates.

In radiative J I ~i decaysthe situationis similar. In the large-statistics data samples of Mark III and
DM2the production of all ground state vector—vectorpairs have been observed in radiative decays:
Jh~i—*’y+{pp,uxo,o4,44,K*K*}.
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Fig. 88. ~pr’1r invariantmassdistributionafter a a0(980)cut (seetext).
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Table 40
Branchingratios for thedecayJIi(i ~pisis. In ‘I thebranchingfractionsusingtheaveragevaluesof thedecaysinvolving1-~ TV

and i~—*3is arequoted.

Experiment Branchingratio or 9081~C L upperlimit

Crystal Ball [281] B(J/iji—9 -y11is~is) —(3.5 + 0.3±0.7) x 10

B(J/I),—6ylpr°is°) (2.3 + 0.3±0.7) x 10

Mark III [282]’~ B(J14i—+-yX(1280)) B(X(1280)—6a,(980)~is)-B(a
0(980) —+ 1~T) = (3.2 + 1.1 + 0.3)x 10

B(J/4,—~yX(1400))-B(X(1400)—+a0(980)ir~)B(a0(980)~—9ipT) = (5.2 + 1.8 + 0.5)x 10

DM2 [283] B(JIi(,—+yX(1400)) B(X(1400)—6’rn~,T) = (4.1±0.3 ÷1.0) x 10

6.4.5.1. The decay J/4i—~-ypp.The decayJti]i—.-yp°p°hasfirst beenobservedby Mark II [344].The
p°p°invariant massdistribution is dominatedby a structurecentredat about1.65 GeV. Initially it was
appealing to identify this structure with the f2(1720), which would increase the total observed branching
fraction for J/i41—*-yf2(1720) and hence make a glueball interpretationof the f2(1720) even more
pressing. The fact that resonant structures in -y-y---* p°p°have been observed [343] in the same mass
region (1.4—2.0 GeV) with preferred spin assignments of 0~÷or 2~+ offeredanotherlink to believethat
a single resonance was responsible for all these observations.

Mark III [345] and DM2 [346] havemeasuredJttl,—* -y4ir with large-statisticssamplesof 5.8 and
8.6 x 106 JIsj~,respectively. Mark III has analysed both ‘yur~’rr’rr~ur and ~ ir°ir° decays.After
kinematicfits areappliedboth final statesstill suffer a largecontaminationfrom J/t~i—~Sir events.This
backgroundcan only be subtractedon a statisticalbasis but not eventby event.The techniqueusedfor
this subtraction is mentioned as a typical analysis technique in section3.4.

Figure 89 showsthe 4ir invariant mass distribution of events from JI 4s—* y(rr°)+ iv÷ - iv + ur - from
the DM2 analysis.Figure90 showsthe 4ir invariant massdistributionsas observedby Mark III for both
final statesafter a statisticalsubtractionof the smoothbackgroundfrom J/4’—+ ‘rr°4ir. The striking
featuresof thesespectraare resonantstructuresat —P1.55GeV, —1.8 GeV and perhaps—2.1 GeV. In
addition,a peakat 1.28GeV, possiblythe f1(1285), andthe ‘q,~showup in thesespectra(fig. 89a).

Despitethe largebackgroundcontaminationthe statistical significanceof thesestructuresis quite
remarkableand information on the spin content can be obtained for instance by means of a
multi-channellikelihood spinparity analysis[345,346], wherethe backgroundcan be filteredout. Such
analysesshow that the dominantcomponentof thespectrumbelow 2 GeV is dueto J/~i —* ‘ypp with spin
parity 0 of the pp systemin which the two p’s appearin a relative p wave.

A more transparent,but of courseless powerful, way to demonstratethis fact is obtainedby
examining the behaviour of the angle x betweenthe decay planes of the two possible p —

combinationsmeasuredin the pp restframe. This angleprovidesa uniquesignaturefor evenspin and
odd parity [347] and has been used to determinethe spin of the ‘q, [232]. For spin parity 0 , in
particular,the distributionof this angletakesthe simple form

dNId~— sin
2x. (140)

The distribution of x is shownin fig. 91 for the Mark III databelow 2 GeV andfor the Sir background
process.A largesin2,y componentis evident. Thefraction of sin2x can be fitted for in bins of m

4,,.The
resultof such afit is shownin fig. 89b as theshadedregion.Both peaksbelow2 GeV arealsopresentin
the pseudoscalarcomponent,but only the 1.55 GeV peakseemsto be almostpure0. Thestructureat
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Fig. 89. Radiativepp production.Invariant 4i~mass spectrumfrom Fig. 90. Backgroundsubtractedinvariant4ir massspectrum,(a) from
J/4s—’-y(ir°)+is~1r is~ir (DM2, using 8.6 x 106J14i). In (a) the J/i(,~-yir~isir~ir and(b) from JI+—~-f1r~irir°is°(Mark III, using
shadedspectrumis obtainedafterapplying a cut to enhancethe pp 2.7 x 106 J/~ji).

component.In (b) the shadedregion is the pseudoscalarcomponent
obtainedfrom a fit to the anglex describedin thenext. The dashed
curve representsthe expectedshapeof the spectrumfor a p wave
phasespacedistributionof J/41—6-ypp.

—1.8 GeVmay contain a scalar component at its high side and is not necessarily only onestate.Clearly
the observedbehaviouris not at all compatiblewith phasespaceproductionof J/~i—~pp (cf. fig. 89a).
The structureat —2.1 GeV doesnot exhibit such a clearsignatureandmayalso consistof morethan
justonestate(seesection6.4.3). The branchingfractionsfor thevariousreactionsarelistedin table41.

The spin parity analysis renders it difficult to assign any of the observed structures to the 2 + + state
f
2(1720) or the tensorstatesreportedby Etkin et al. [342].Upper limits areincludedin table41.

The appearanceof yet anotherpseudoscalarresonancewith a sizeableproductioncrosssectionanda
massjust abovethe ‘q(1440) is quite surprising.The p waveproductionrendersan interpretationas a
thresholdeffectunlikely unlessintroducedby a dynamicalrescatteringeffect [356].Attemptshavebeen
made to assign the 1.55 GeV peakto the ‘q(1440) in an analysis using coupledchannels[349] (see
section6.4.6.1).



188 L. KOpkeand N. Wermes,J/4
1 decays

1111

J/I)/-~y7r~7r 7T~7T

00 - m4<2GeV/c2 -U)
o I I I I

500- -

400 + + +

300- -

200 - J/~i~irrr
47T -

m
477.< 2 GeV/c

2

100 - -

0 I I I

0 20 40 60 80

X (degrees)

Fig. 91. Evidencefor dominant0 spinparityofthepp system.Distributionsofx~theanglebetweenthep decayplanesfor eventsbelow2 GeV (a)
from J/iji—+ ‘prtir ~ including Sir background,and (b) from J/iji—+Sir only. The curvesarefits with (a) a + b sin2xand(b) a constant(MarkIII
[345]).

Table 41
Branching ratios for the decay Jl*~~p~-

14ir.Isospin correction factors have been applied
assuming isospin conservation and an isosinglethypothesis,whereverappropriate.

Experiment Branchingratio or 90% CL. upper limit

Mark III [345] B(JI$~ ir~ir)= (6.4±0.2±0.8)x 10 for rn4, <3GeV
B(J/4,—,’i~ir + )=(3.05±0.08±0.45)x 10 for rn4, <2GeV
B(J/~(s—~yir~1T°1Tii°) = (8.3±0.2±3.1)x 10 for rn4, <2 GeV
B(JR)i—~yX0)-B(X0 —+pp) = (4.7+ 0.3 + 0.9) x 10 for rn4, <2 GeV
B(J/~l,—*yf2(1720))-B(f2(1720)-÷pp) <5.5 X 10
B(J/~(s-_*-yg~(2.1_2.4)).B(g1(2.1—2.4)--6pp) <6.0x 10

DM2 [346] B(J/i),—~y1r~IT1r’lr ) —(4.32±0.14 ±0.73)x 10 for rn4, <3GeV
B(J/(~~-,’ir~ir1r’lr ) = (2.08±0.13 ±0.35)x 10 form4,<2 GeV
B(J/(,—~ypp)0—(7.2±0.3±1.2) x 10
B(JI~(i—~~yX0(1.5))-B(X(1.5)—~.pp) = (3.3±0.12 ±0.8)x 10
B(J/il,—*’1X0_(1.8))-B(X(1.8)—* pp) = (2.1±0.3 ±0.6) x 10
B(J/~,—syX0_(2.1))B(X(2.1)—4.pp) = (1.2+ 0.03 ÷0.3) x 10
B(Jliji—~~yf,(1285))-B(f,(1285)—*p°1r~1r) = (3.4±0.8±0.5) X 10
B(J/41—6’1f2(1720))-B(f2(1720)—6pp)<2.4x10
B(JJI(1_-*.yg~(2.0_2.4S)).B(g1(2.0—2.45)—*pp) <2.7 x 10



L. KOpkeand N. Wermes,J141 decays 189

6.4.5.2. The decayJIt~i—* yuxo. The processJIi~—* -yoxo with w —* iv + iv - ir°has been observed by
Mark III [350]and DM2 [351]in final stateswith four chargedpionsandfive photons.The detection
andanalysisof so manyparticlesin thefinal stateis experimentallynot easy.Theconstraintimposedby
the narrownessof the w helpsto extractan ww signal from combinatorialandw4’rr backgrounds.The
fact that the decaysJI4i —~ coo and JI t~i—~ iv°~xüare forbiddenby C parity allows one to identify the
radiativeprocessJ/ tji —+ ‘yco(o.

The ww invariant massdistributionis shownin fig. 92. The spectrumfeaturesa shapequitedifferent
from the expectationof s wave or p wave phasespace(fig. 92b). It showsa resonant-likestructureat
low wo massesjust above threshold, similar to JIi~i—*-ypp. Due to the lower statisticsa possible
two-peakstructureas in the pp casecannotbe resolved.The branchingfractionsfor oxo productionare
given in table42.

The spin parity of the ts~osystem has been analysed[350, 351] by exploiting the information
contained in the orientation of the angle betweenthe w decay planes [347] and by performing
multi-channellikelihood analysessimilar to the oneemployedfor the pp system.Clearevidencefor 0
spin parity for oxo invariant massesbelow 2GeV is found. The distributionof x~the anglebetweenthe
two w decay planes, is displayed in fig. 93 for events with c.uw massesbelow 2GeV. Upper limits for
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Fig. 92. Radiativeuxu production.(a) Invariantuxu massdistribution Fig. 93. Evidencefor dominant0 spin parity of the uxu system.
(Mark III). The bandrepresentsthe background.The inset displays Distributions of ~, the angle between the w decay planes for (a)
the mass region from 2.5 to 3.1 0eV with the 90% CL. curve of the rn~, <2GeVand (b) w sidebandevents.The curvesarefits with (a)

i superimposed.(b) B(J/~—*~yoxu)asa function of rn~.The curves a + b sin2x and (b) a constant.The magnitudeof a flat backgroundis
represents wave (dashed)and p wave (dash—dotted)phasespace. indicated by theband in (a) (Mark III [350]).
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Table 42
Branchingratios for the decayJI~,—*~uw

Experiment Branchingratio or 90% CL. upperlimit

Mark III [350] B(J/4i—+ yuxu) = (1.76+ 0.09 + 0.45)x 10
B(J/4i—uyuxu)=(1.22±0.07±0.31)xlO ~ for m~<2GeV
B(JIdi-+ yf

2(1720)) B(f2(1720)—+ uxu) <2.4x 10
B(J14i—+ ygT(

2.1—2.4)) B(g~(2.1—2.4)—uww) <2.6x 10

DM2 [351] B(JIi)i—~yuxu) (1.42+0.20÷0.42)x 10
B(J/ili—u-yuxu) — (1.06÷0.16 ÷0.32)x 10 for rn~<2GeV
B(J14,—u ~g~(2.0—2.S))B(g~(2.O_2.S)—uww) < 1.3 x 10

jP = 2÷productionatthe f
2( 1720) massandthe massregion above2 GeV, where2 + 44 productionhas

beenobservedin hadronicdecays[342].areincludedin table42.

6.4.5.3. The decay J/~i—~‘yw4. The OZI violating radiativedecayJ/t~i—*-yw~hasbeenobservedby
Mark III [352]in the -yK~Kir~ivir° final stateusing 5.8 X 106 J/~i decays.The invariant ~4 mass
distribution is shown in fig. 94. The statistical significance is marginal and no resonance structures are
evident. The branching fraction is

B(JItI,—*yw4) = (1.40 ±0.25 ±0.28)X iO~. (141)

An upperlimit for the ~(223O)correspondsto the value

B(J/~i—~’y~(2230))~B(~(223O)—~4)<0.6x i0~ at 90% C.L. (142)

The observationof JI4i—~-yü4 clearly showsthe importanceof the doubly OZI violating amplitude,
which amountsto 0.3 to 0.5 of the allowedsingly disconnectedamplitude.

6.4.5.4. ThedecayJIt~i—*’y$.The decaysJ/t~i—~-yK
4KK~KandJI yK~KK~K~havebeen

analysedto searchfor J/4i —~-y44 [353,354]. This decaymodehasbeenusedto determinethe ‘q,~spin
parity [232].However,the detectionefficiencyfor a cleanobservationof the -y4K final statedecreases
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Fig. 94. Radiativeu4 production.Invariant w4 massdistribution(Mark III [352])for thew signal region (top) andw sidebands(bottom).
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rapidly towardssmallerm~.By exploiting the abilitiesof the detectorto its limits, relaxing the kaon
identificationcriteria, andby usingkinematicfits with only oneconstraint(1C), onecanrecuperatepart
of theeventslostby inefficiencies.Both DM2 [353]andMark III [354]havedonethis. The resulting~4
invariant massdistributionsareshown in fig. 95.

Apart from the i~, which is observedby both groups [232, 235], a low-mass structurearound
2.2 GeV is evident. The total 4xk productionbranchingfraction is [353]

B(JRji—*y~x~)= (3.1 ±0.3 ±0.6) x 10 ~. (143)

I I I I I
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Fig. 95. Radiative44 production.Invariant 44 mass distributions from J/w—~y44.(a) J/4,—~K~KK~K (DM2), (b) J/4~—o.~yKKK~K
(Mark III), correctedfor efficiency,(c) J/4,—~yK~KK~K~(MarkIII), correctedfor efficiency. In (a) thecurvesrepresentthedetectionefficiency
(solid line) andtheexpectationfrom ‘y44 phasespace(dashedline). In (b) and (c) thecurvesarefits to theefficiencycorrecteddistributionswith
two Breit—wigner resonances[X(2.2) and,1j plus phasespace.
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For the peakat 2.2GeV(1—100MeV) one obtains*)

B(JIt~i—~-yX(2.2)). B(X(2.2)—~j4) = (3.2 ±0.5 ±0.6) X i0~ (Mark III). (144)

Despitethe much too large width of the X(2.2) peakit is tempting to assign the ~(2230)to this
observation.A spin parity investigation,however,[353,354] prefersspin parity 0 for this structure.
While this would rule out the identificationof the ~(2230) [329]with this state—the~(2230),decaying
to KK, cannothaveodd parity—it is puzzling why the four vector—vectorfinal statespp, ~ ~4, and
K*K* all showpseudoscalarstructuresnearthreshold.

DM2 hasalso lookedfor a 2+ + componentin their spin analysisin orderto searchfor j4 signalsin
the mass region between2.0 and 2.5 GeV, which have first been reportedby Etkin et al. [342].
Although no evidencefor resonantstructuresis obtainedtheyfind that after a subtractionof the events
coming from X(2.2) the remainingeventsarecompatiblewith a 2~+ hypothesis.However,theycannot
definitively rule out other assignments.The branchingfraction is

B(J/t~,—+y+ {44}2÷+) = (1.8±0.3 ±0.6) x 10 ~. (145)

This is in conflict with an upper limit from Mark III, using a fit to the x angle rather than a
multi-channelfit, for which theyobtain [348]

B(JI—*~y+{4x~}2++)<0.86x10~ at 90% C.L., (146)

where{4x~}2÷+is the 2~componentin the massregion from 2.0 to 2.4GeV.

6.4.5.5. The decayJ/t~i_>~yK*K*.The decay~ is observedin the -yK~K ‘rr~’rr final
state [355]. Similar to the p°p°caselarge backgroundswhich cannotbe discriminated on an event
by event basis cause a major experimentaldifficulty. Here the main background comes from
J/t~i_4K*(892)K*(1430)~_*K+Kir~r m~°,whereoneof the ‘rr°decayphotonsescapesdetection.These
backgroundeventscan be reducedby sophisticatedkinematicfitting to severalhypotheseskeepingonly
the particle combinationwith the best fit x

2 Also possibleis astatisticalbackgroundsubtractionfrom
the final spectrumas_describedin section3.4.

The invariant K* QK*O massdistributionis shownin fig. 96. The measuredbranchingfraction is [355]

B(J/t~,~_~yK*°K*°)= (2.8± 1 ±4) X 10 ~. (147)

A preliminary investigationof the distributionof x’ the anglebetweenthe K* decayplanes,alsopoints
to a pseudoscalarstructurejust aboveK*K* thresholdsimilar to theobservationsmadein the JIt~i—+~l’
vector—vectordecaysdescribedin the previoussections.

6.4.6. Thepseudoscalarpuzzlein radiative JI tji decays
The discovery of pseudoscalarstructuresin JIt]i—~-y vector—vectordecayswith relatively large

branchingfraction hascreateda puzzlingsituation[349].With the reportedevidencefor the i~(1400)
[279] the pseudoscalarsectorof q~statesis the bestknownto date. More thanenoughpseudoscalar

*)Averageof Mark III data on
1K~KK~K and~yK~KK~K~[354].
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Fig. 96. Radiative K*K* production. K*OK*O mass distribution for events from J/4i—~yKK T~IT . The dotted spectrum representsthe
background.The dataarefrom Mark III [3551.

statesto fill the ground state and radial excited state multiplets are established.In addition, yet
unassignedpseudoscalarstatesand structureshavebeenreported.They are:

the “iota”I’q(1440) (BR-5 x 10~),
the 0 structuresat -1.55GeV, —1.8GeV, —2.1GeVin JIt~i—~ypp(BR-b 3),

the 0 structurebelow 2GeV in J/~i—~-yww (BR— 10 3),

the 0 structurebelow 2 GeV in JIt~_*~yK*K*(BR- 10 3),

the 0 structureat —2.2GeV in JItj~ (BR—.-3 X 10~),
the various peaks in the iyrr~rinvariant mass distribution with as yet unknown spin parities

(BR—3x10 3)~

Not all of thesecan possiblybe explainedas conventionalq~states,especiallysincethe secondradial
excitationstatesareexpectedto beheavierthan—2 GeV. Apart from thisthe JI~i—* -yX productionrate
for a radially excitedstateis expectedto be suppressedas comparedto the ground state[300,308]. It
seemsthereforeunlikely that the largebranchingratio states-q(l44O) andthepseudoscalarstructuresin
JI~i—~-yVV, V = p, ~ areq~states.It seemsalso far fetchedto believethat they are all differentnew
objects,may be evendifferentpseudoscalarglueballs.

Attemptsto clarify this situationhavebeenmade.A possibledescriptionof part of the datain terms
of coupledchannelsis describedin the following section.Anotherapproach,interpretingthe measured
spin characteristicsby a quark—quarkrescatteringeffect is discussedin ref. [356].

6.4.6.1. A coupledchannelanalysisof“iota” decays.An attempthasbeenmade[349]to interpret
the dataon JRji—~-yKKIT, -ypp, yoxo, andy-yp jointly in an analysiswith coupledchannels.This hasalso
beensuggestedby AchasovandShestakov[357]in a similar approach.The keyfeatureof this analysis
is to describethe0 statesin J/~i—.-ypp and~yooat thresholdwith oneunderlyingstate,the “iota”. The
different massesand widths measuredin the various channelsthenarisefrom phasespacedifferences
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Fig. 97. The effect of coupledchannelson decayratesand partial widths. (a) Coupled channelBreit Wigneramplitudesquaredfor thechannels
KK~r(dashed),pp (solid), UO) (dasheddotted),and~yp(dotted)in arbitraryunits. (b) ReH(s) (uppercurve)and1, thepartialwidths,asafunction
of Vi. The curvefor I~(dottedline) hasbeen multiplied by 100.

and coupled channel effects. The details of this approachare describedin ref. [349]. The mass
distributionsof four channelsarefitted with this ansatz.The “iota” poleposition, its totalwidth in the
KK-rr decaymode,and the ratiosof coupling constantsare the parametersof the fit. Figure 97 shows
the expectedresonanceshapesof the four channelsin question.Figure98 showsthe resultof a joint fit
superimposedon the Mark III data on the four channelsafter backgroundsubtractionfor (OW andyp
andafter correctingfor relative efficiencies.

The —1.55GeV peakof the pp(4ii) massspectrumcan be explainedby a resonance(the “iota”?)
below pp threshold.Another resonance,which is assumednot to coupleto KKm~but to pp, wo, and-yp,

200 III

ww (c) YP (d)

I ____

.2 1.4 1.6 1.8 1.4 1.6 1.8 2.0
Moss 1GeV)

Fig. 98. Coupledchannelfits to four decaychannels.Invariantmass distributionsfor (a) KK~r,(b) 4i~representingpp (~50%),(c) wo and(d) ~yp
(MarkIII), correctedfor relative efficiencies(arbitrary units, 0.025GeV bins). The curvesrepresentthe resultof a fit with coupledchannels.
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mustbe includedto explainthe pp(4rr) spectrum.With this ansatzthe pp and (OW spectracan beroughly
described.The ratio of pp to (00) coupling constantsis predictedby SU(3) to be three; the fit yields
5.0 ±0.7, in reasonableagreement.The shapeof the -yp mass spectrumis not well reproduced.The
absenceof phasespaceeffects nearthresholdin this channelrequires the peakof the Breit—Wigner
curve to be at the sameposition as for the KK-rr channel,i.e., —1.46GeV. Furthermore,vector
dominancepredicts a ratio of f~Ie2~ ~=400for the ratio of pp to -yp couplings. The fit requires
3300±600. If the yp signal were to be identified with the 1)(1440)*), this large coupling ratio would
certainlycausesomeinconsistency.

The following approximatebranchingratiosresult from the coupledchannelanalysis[349]:

B(JI4i—s~yr~(b440)).B(~q(1440)—~pp)~(1.5±0.2)x 10 ~,

B(JI4—s-yq(1440))•B(l’j(1440)—*WW)=(0.3±0.1)x 10 ~, (148)

B(JI4s—s--yX(1800)).B(X(1800)—*pp)~n~(1.0±0.2) x 10 ~,

where X( 1800) is the —1.8GeV enhancementin the pp massspectrum.Using,the averagevalue for
JhjJ—~-fl(1440)--~KK1Tone arrivesat a total productionfraction, summingKKIT, pp and uxo, of

B(JI~i—~yq(l44O)) = (6.3 ±0.5)x 10 ~. (149)

The coupledchannelanalysisprovidesa first hint that the branchingfraction to the “iota” maybeeven
largerthandeducedfrom the KK-rr channelaloneandthat decaysto non-strangefinal states,which can
restoreflavour symmetryof “iota” decays,might exist.

We would like to point out two “caveats”,i.e. inconsistencies,thatmust be solvedbeforethe above
conclusionsfrom the coupledchannelfits can be regardedas solid.

1. The upperlimit for -y-y productionof the q(1440) is [358]

F(r~(1440)—~-y-’j).B(-q(1440)—~KKii) < 1.6keV. (150)

Using vectordominancefor the pply-y couplingsonesafely predictsfrom (148)a -y-y width of the order
of 0.1 keV. However, pp phasespacedecreasesby more thantwo ordersof magnitudein the region
between1.55 and1.4GeV. Taking thisinto accountat 1.46GeV, the bestpresentestimateof the “iota”
mass,the above0.1keV must be multiplied by a factor100±50, whichis abovethe experimentalupper
limit for F(i~(l44O)—~-y-y).

2. The -i-~ir~rinvariant massdistributionof JIt~i—s-y-r~’rr~’.ir (fig. 88) shows—apartfrom the low-mass
peaksnear1280 and 1400MeV—an additional two-peakstructureat —1.6GeV and —1.85GeV with
massand width values close to the onesobservedin JIt~i—+-ypp. A spin parity analysisof the r1-rrrr
spectrumhasunfortunatelynot yetbeendone.Let us, notwithstandingotherpossibilities,assumethat
the -qrrrr andpp structurehavethe sameorigin. Sincethe T(1~T~decaydoesnot sufferanystrongphase
spacesuppressiononewould haveto concludethat the iprrr structurecannotbedueto the “iota”. The
1.5GeV peaks in pp and -lprrr must thereforeeither come from different stateswith about the same
massandwidth valuesor comefrom the sameresonancewhich thencannotbe the “iota”.

*) Note that is this is still a questionwhich is experimentallyunsolved.
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Table 43
Radiative final statescontaining baryons. The results have been
averagedassuminguncorrelatederrors.Upperlimits aregiven at the

90%CL.

Final Branchingratio
state (units of 10 4) Experiment

pp 3.8~0.7~0.7 Mark II [185]
4.89±0.24 + 0.43 Mark III [189]
33 ± 0.3±0.7 DM2 [359]
4.3~O.4 (average)

p~1T~TT <7.9 Mark II [1851
AA <1.3 DM2 1186]

Summarizingwe concludethat the coupledchannelanalysisrevealsa possibility to understandthe
puzzle of too many pseudoscalarstates.Despitesomeobviousdeficienciesand potentialproblemsof
this ansatzit is an appealingapproachto describethe tantalizing wealth of data. An attempt to
decomposethe spin parity contentof the ~irir massspectrumwould surely help to clarify the facts.
Refinedanalyseswith coupledchannelsusingmore thantwice the statisticsarein progress[310,351].

6.5. Radiativedecaysto baryon—antibaryonpairs

The Mark I [184], Mark II [185], Mark III [189], and DM2 [186, 359] Collaborationshave
investigatedradiativeJ/ t~idecaysleadingto baryonicfinal states(seetable43). The studyof J/’.~i—~ -yp~
decaysis an interestingarea to explorethe spectraof mesonsand baryonia[360],which decay to
baryonsin the 2 to 3 0eV massrange,with excellentmassresolution(~7MeV). Figure99 showsthep~
massspectraobtainedby DM2 [359]andMark III [189]in JIt~i—*~

Apart from a small i~ signal (see table 28), the p~mass spectra do not show any statistically
significant signsfor additionalnarrowstructures.In particularno signalis apparentin the ~(223O)mass
region (seetable39 for an upperlimit). Taking into accountthe drop in efficiency at low p~imass,the
spectrashowenhancementsat threshold.

Calculations[223]basedon lowest-orderperturbativeQCD predictsimilarshapesbut underestimate
the rate. - -

It hasbeensuggestedthat the ~(223O)is a AA boundstate[338].When searchingfor radiative AA
productionthe observed[186]AA massspectrum(not shown) containsonly a few eventsbelow3GeV,
which are difficult to attributeto the radiative JI t~—* -yAA decay becauseof the presenceof several
backgroundprocessesinvolving photons.Upperlimits for the excitationof ~n~(298O)and~(2200)are
included in table 28 andtable39, respectively.

7. The questof glueballs

The non-abeliannatureof QCD togetherwith QCD inspiredmodelshaveleadto the generalbelief
that boundstatesof gluonsshould exist. Where aretheseglueballsand how can theybe found?
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Fig. 99. pp invariantmass spectrain radiativeJ14
1 decays.Shown are p~mass distributions obtainedby (a) Mark III and (b) DM2. In (a) the

efficiency for p~pairs is indicated by the dashedline. The band in (b) representsthebackgroundremainingfrom J/4i—’p~ir°decays.

Today’s hadronspectroscopyis largely motivatedby the searchfor glueballs and otherexotics.A
completeunderstandingof ordinarymesonsis a necessaryconditionfor a systematicapproachto the
problem. Only a reasonablycompleteunderstandingof all the availabledatawill revealanyconclusive
evidencefor glueballs.

The JIt~radiativedecaysarecommonlyregardedas the huntinggroundfor glueballs.Nevertheless,
to write about glueball spectroscopysolely based on results from JIt~decayswould not only be
incompleteand biased but would also do injustice to the beautiful data availablefrom hadro- and
photoproduction[361,362] andfrom photon—photon[363]experiments.On the otherhand,it is much
beyondthe scopeof this report to coverall aspectsof glueballspectroscopy.

We will thereforeproceedalongthe following line. We takethe point of view that the lowest lying
gluonium states(JPC O++, O-~,~ which are expectedto havemassesaccessiblein Jltji decays,
must, if theyexist, at somelevel be observablein radiativedecaysof the J14i (fig. 57). We will try to
specifyfeatures,mostlyqualitativeor semi-quantitativein nature,thatareexpectedto be characteristic
for glueballsand aresuited to distinguishthem from ordinary mesons.Since the spectroscopyof the
light quark mesonsis dominatedby the valencequarksthereis reasonto hope that also a simple-
mindedview of gluonium statesmaybe qualitatively correct[48].We thenpointout possiblecandidates
for the threegluoniumspin statesin questionanddiscussthe argumentssupportingor weakeningtheir
glueball identity. Only herewill we incorporateinformationfrom other, non-J/~idecay,experiments
and will indicatewhich valuablepiecesof informationarestill missing.It will be impossibleto always
mark off gluonium againstgg—q~mixtures, q~jghybrids, or other more exotic possibilities, in the
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arguments;we will therefore concentrateon argumentsthat support the case against a qq state
hypothesis.Following theselines we hopeto be able to convincethe readerthat very strongcandidates
for the 0 + and2+ + glueball stateshavebeenobservedin radiativeJI ~i decaysandthat the searchfor
the scalarglueball is also promising.

7.1. Glueballs versusq~mesons

In the discussionof radiativedecayswe haveseenthat in almostevery final statestudied,previously
unobservedphenomenahavebeendiscovered,new stateswhichnaturally have to be consideredalsoas
glueball candidates.However, the production of a state in radiative decaysof the Jhji does not
necessarilymeanthat it is madeof gluonic matter.After all, well-establishedq~resonanceshavealso
beenseenin this “glue enriched” environment.

Lacking precisepredictionseither for massesandwidths or for productionanddecaycharacteristics
of “glueballs”, which would be invaluableto identify theseobjects,one hasto rely on qualitative
guidancein the searchfor glueball candidates.In the following list of qualitativeargumentsfor glueball
searcheswe start from the assumptionthat the diagramof fig. 4c is dominantin radiativeJ/~Jdecays.
Thatis, the photonis radiatedoff from the initial statequarkline andthecë systemannihilatesinto two
gluons. With this assumptionone can identify the following guidelinesfor gluonium searches:

1. Glueballswith massesaccessiblein radiative JI ~ decaysareexpectedto be copiouslyproduced
comparedto the productionof pure qq states.To set the scale,-q and -q’, which appearto haveno
stronggluonic components[131,121], areproducedin radiative J/41 decayswith branchingfractionsof
about0.1% and 0.4%, respectively.Note that the -q’ is mostly an SU(3)~avoursinglet.

2. Gluonsdo not carry quark flavour becausethey are singletswith respectto SU(
3)iiavouy. The

decaysof gluon bound statesthereforeshould—apartfrom SU(3) breaking effects—proceedin a
flavour-symmetricway. While this is true for the gluon—quarkcouplings, the actual decayrateswill
dependon the availablephasespaceand possibledynamicaleffects (seesection2.4).

3. Gluons do not couple to photons, at least not without forming an intermediateq~jstate.
Notwithstandingthe possibility that mixing of gluonium and q~mesonsmay confuse a quantitative
conclusionthe absenceor strongsuppressionof a candidatestatein photon—photoncollisions together
with a large productionrate in radiative JI ~i decaysprovidesa strong constrainton the natureof the
state.

4. Glueball productionin hadronicdecaysof the J14i (fig. lOOb) is expectedto be suppressedwith
respect to q~mesonproduction when the singly OZI disconnecteddiagram of fig. lOOa (SOZI)
representsthe dominantcontribution.For q~statesthe doubly OZI disconnecteddiagramof fig. lOOc
(DOZI) is strongly suppressedcomparedto the SOZI diagram.A direct comparisonof the radiative
productionof a stateX with its hadronicproductionin JI~—~{w, ~}+ X provesto be anexcellenttool
to probe the quark/gluoncontentof a candidatestateX.

5. Finally, the completeunderstandingof the qc~sector, the ground stateandexcitedq~meson
nonets,is essentialto fully reveal thenon-qqnatureof agluonium candidatestate.If thereis no vacant
placeleft in the SU(3)qq multiplets for a given jP the gluonium hypothesisfor a newstatehasto be
takenmoreseriously.
In the following text. we shall use thesepointsto discussthe candidatesfor pseudoscalar.tensorand
scalargluonium.

In the previoussections,hadronicand radiative JI~,decayswere treatedseparately,representing
differentclassesof events.A most usefulinsight into the natureof resonancesproducedin both kinds
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Fig. 100. J14i decay diagramsrelevantto “glueball hunting”. (a) Singly OZI suppressed(SOZI) diagram for q~production,dominant for, e.g.,
J/4s—swf, JI4s—~4sf’; (b) disconnecteddiagramfor glueballproduction;(c) doubly OZI suppressed(DOZI) diagramfor qq production,responsible
for, e.g.,J/4s—+4sirir.

of JRJidecayprocessesis obtainedby a direct comparisonof the invariant massspectrafrom

1-fl
~ (151)

HJ
whereX representsir~r,KK, KK’rr, ‘q1~ir,or

41T.

The experimental information necessaryfor this study is obtained by the Mark III and DM2
Collaborations[142,372]. The individual reactionsaredescribedin their respectivesections.The direct
comparisonof the different reactionsis donein fig. 101 to fig. 105, which, in a sense,alsosummarize
the wealth of informationon new and old statesobservedin J/4~decays.

Ordinaryq~jmesonscan be producedin hadronicJ/t~idecaysas shownby the diagramsof fig. lOOa
and c. The singly disconnecteddiagram (fig. lOOa) is dominant and one may assumeit to maintain
SU(3)fIavOur symmetry by relegating SU(3)flavOur breaking amplitudes to the correspondingelec-
tromagneticdiagram(11g. 4b) or to quark masseffects. Gluonium statescan only coupleto the outer
quark lines through their qij admixturesor throughdiagramsas shown in fig. bOb. The doubly OZI
disconnecteddiagrams(DOZI, fig. lOOc) for q~productionare strongly suppressedwith respectto
SOZI diagrams(fig. lOOa) at least for qc~nonetswhich areclose to ideally mixed. The contributionof
fig. lOOb is expectedlie in betweenthe two others.For glueballs,Fritzsch and Minkowski [364]have
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arguedthat the contributionof fig. lOOb could evenbe of the sameorderof magnitudeas thatof fig.
lOOa.

In this context, the hadronictwo-bodydecayscontainingeither an w or a 4) areparticularlyuseful
since the vector mesonacts as a “tag” of the flavour of the recoiling system,assumingthat it is
dominatedby thediagramof fig. lOOa. Expressedmoresimply, aresonanceproducedwith a “4)” recoil
tagshouldhavea larges~contentandconverselyaresonanceproducedwith an “of’ shouldhavea large
ufl + dd content.

If one assumesideal mixing for the vector mesonsone can write

4)=Is~)=~({1}—V’~{8}), ~

and predictthe ratio [371]

F(JIt~-~oX)

vector — F(J/t~i—*4)X) — g

= ~ if X is an SU(3) octet.

RvectorandR~,definedas

R~= F(JI -+‘yX)IF(JIiJi--~.{0i, 4)) + X),

provide a semi-quantitativeargumentin the searchfor glueballs.A glueball candidateis expectedto
haveRvector(G)> 1 andR~(G)~‘ 1.

We havemadecommentsin fig. 101 to fig. 105 on the right-handside of the figures. Theseremarks
do not always representexperimentallyproven facts*) but are merely a possible,perhapsnot too
unlikely, interpretationof the data. They are necessaryto guide the readerthrough the arguments
which follow in the next sections.

Some generalremarksarein order:
• While the productionrate of i(l44O) and f2(1720) is largein radiative decays,their ratein hadronic
decaysis suppressedcomparedto other pseudoscalarand tensormesons.The comparisonreveals
possibleevidencefor thef2( 1720) in theJI t~—~ {w, 4)) + KK reactionsandno indication for the~(1440)
in reactionsotherthanJI~i—~‘y + KKir.
• The productionand decayof the f2(1720) in hadronicJI~idecaysdo not showthe patternof nearly
ideally mixed q~jtensorstates.
• Interestingphenomenaare observedin radiative andOZI-violating hadronicdecaysin the 1400MeV
and 1500—1900MeV massregions.Thesephenomenaareabsentin OZI allowedreactions.
• The results on the f1(1285) and f1(1420) mass regions in the KKir and ‘qirrr final statesallow
interestingspeculationsbut remaininconclusiveas long as full spin parityanalyseson thesespectraare
missing.

In the following sectionswe shall discussin moredetailthe threelowest lying glueballstates,which
are expectedto havej~°C= ~ ~ andO~.In~’doingthis we shall often refer to the information
containedin fig. 101 to fig. 105.

*) This is particularlyso because spin pantymeasurementsof thehadronicchannelshave not yetbeen performedin eachcase.
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7.2. The 0 glueball

We startby examiningthe 0 + q~sector.ForJ= 0 therearegroundstateandradial excitations,but
no orbital excitations.The 0 ground state(iS) nonetis oneof thebestestablishedq~jmultiplets. Its
first radial excitation (2S) is alsorelativelywell known. Eight of the ninememberscan be assignedto
the isotriplet IT(l300), the strangequartetK(1460), and the ‘q(1275) [158,159], all beingestablished
states.A most plausibleassignmentfor theninth member,the radiallyexcitedpartnerof ‘r~or ‘q’, is the
ii(1400), observedin thereactionii p—+i~ir1rnatKEK [279]andin itp—~K~K~1Tn atBNL [373](cf.
fig. 5). This statehas beenreportedearlier by the MPS experimentat BNL [374]in p~annihilationsat
6.6 GeV and may be evenas early as 1963 at CERN [291]. In both casesthe 0 + assignmentwas
discredited becauseof confusing [161] and still not unambiguouslyresolved controversiesamong
differentexperiments(seesection6.4.1). The situationis muchclearerin the ~r1’rr’rrfinal state.However,
the ~(1400) appearsto be mostly a uU. dd state and is also too light to easily comply with most
estimatesfor the massof theradially exciteds~state[375].While it seemsunlikely that the ‘q( 1400)can
be identified with the entire “iota” /‘r~(l44O)structure,it could possibly be assignedto its low-mass
portionand also to the 1390MeV peakin JIy~irir.

Pseudoscalarresonancesthat do not easily fit into the 0 + nonetsare the “iota”/’ri(1440), the
pseudoscalarstructuresseenat thresholdof the -y vector—vectordecays,andthe higher-masspeaksin
the irni massdistribution.

Argumentsthat thesestatesarenot radial excitationsareat hand. Themeasuredbranchingfractions
for thesenew pseudoscalarresonancesare too largeto be consideredreasonablefor a radially excited
q~state.Frank and O’Donnel [308]estimatethat the ‘r~would haveat least an orderof magnitude
lower productionrate thanthe ground state i~’if no gluonium is admixed.However, in modelswith
large mixing of the ‘q(l44O) with ~ and -q’ the radiative width of the JRJi to a radial excitationcan be
substantialdue to large cancellationsin the amplitudes[376].

We are left with eventoo many candidatesfor the 0 gluonium state.A plausiblehypothesishas
beenoutlined in section6.4.6.1,assigningat leastthe -~1.55 GeV0 statein pp andthe oxo 0 structure
to the “iota”. If one acceptsthis statement,the list of qualitative glueball featuresturns into an
impressivescoresheetfor the “iota” being a glueball or having at least a largeglue component.

It is producedwith the largest branchingfraction in radiative J/~i decays,except for the Ml
transitionwithin thec~family, J/’l’—÷-r’i~.Thiscan be seenfrom fig. 106, wherea direct comparisonof
productionratesof variousradiativedecaysis made.Gounarisetal. [377]predict a branchingfraction
of B(JI~—*-yi(1440)) 17 x 10 ~ in a model that assumesthe i(1440) to be a fairly pure glueball.

Moreover,the “iota” is not seenat all in associationwith ano. or a 4) in hadronicJ/~idecays(seefig.
103). This indicatesthat neithera strongufl, dd nor a strongs~componentis present.

The “iota” is not observedin -y-y collisions [358].Expressedas the fractionaluü, dd contentof the
“iota”, X~,the upperlimit of eq. (131) correspondsto Xj2 � 0.05 employing the formula

F(”iota”—~yy)= (mjOtaIm,To)3~X~+ ~V~Y~~2F(ir°—*yy), (152)

andassumingthat either XL I I I or that XL andY~havethe samephaseasexpectedby orthogonality
with respectto the ‘r~wave function. The quantity “stickiness” [365],

F(J/t~i—~-yX)phasespace(X—*-y-y) 153X F(X—*-y-y) phasespace(J/~—*-yX)’ (
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Fig. 106. Productionrates for variousstatesin radiativeJI~idecays.The ratefor the i(1440)includestheestimatesfor pp andww (section6.4.6.1).

is definedto quantifythe comparisonof radiativeJI~Jiproductionof glueballcandidatestateswith their
productionin -y-y processes.The secondfactor in (153)compensatesfor phasespacedifferencesandis
proportionalto (m~Ip~)21~1,wheremx is the massandp~the momentumof X in the J1

14i restframe;I
is the angularmomentumof the productionprocess.Althoughit may beconfusedby mixing [366,367],
the quantity S,~providesauseful qualitativecomparisonon how“sticky” differentstatesof the same
are.

For the “iota”, the upperlimit in (131) resultsin a “stickiness” valueof >60whennorma1izin~S,~to
unity for X = i(549). For comparison,S 3.7. A q~state with the wave function uü + dd 5s~,
however,would alsohaveno -y-y coupling [368,369], but the ‘ri(l44O) is unlikely to havesucha larges~
component.In fig. 107, S,~is shown for the various isoscalarresonancesproducedin JIt~iradiative
decaysand in -y-y reactions. -

A drawbackfor the glueball interpretationof the “iota” alwayshasbeenthat the KKrr decayis the
only directly observeddecaymode of this state.Thereare, however,not many final statesthat a 0
resonanceat —~l.4GeV can decay to. Decays into irrr or KK violate parity. Three-piondecay is
forbiddenby G parity. Radiativetransitionsto vectormesonsshouldbe suppressedrelativeto thoseof
groundstateqq mesonsif the “iota” is indeeda gluonium state.

41T, KKir’rr, ‘qini and KK’rr are the
obviousmodesat hand.Also possible in principle aredecaysinto pairsof vectormesonsbut this can
only occurbelownominalthreshold.In fact, thecoupledchannelanalysis(section6.4.6.1)suggeststhat
vector—vectordecaysof the iota do exist. The couplingstrengthof ~(1440)—* vector—vectorwould be
muchbigger thanthe actualbranchingfractions suggestdue to the dramaticdecreaseof the pp phase
spacefor lower invariant pp masses.The problemstatedabove,that the KKir decaymight bethe only
one observed,would then be reducedto the much simpler task to explain why the different “iota”
couplings to strangeor non-strangefinal statesdo not obey exact SU(3) symmetry. Gounarisand
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Fig. 107. The stickinessS,, definedasin eq. (153), for variousisoscalarstatesX observedin Jhjs radiativedecaysand in ~yyreactions.S,~is
normalizedto the i~for pseudoscalarandto thef

2(1270)for tensorstates,respectively.The arrowsindicate thatyet undetecteddecaymodescould
increasethe value of S,~.

Neufeld [412]point out, however,that the KKIT decaycould be the only prominentdecaymodeif the
‘r~(l440)is the lightest0 glueball.

Finally, the massof the ‘ri( 1440) is consistentwith the rangeexpectedby latticegaugetheoriesand
other QCD inspired models(seefig. 7 in section2.4.1).

Summarizing, if one acceptsthe guide lines for gluonium searchesas stated above, the “iota”
certainlysticks out as the candidatefor the 0 + glueballstate andshould haveat least a considerable
gluonium component.

7.3. The2~glueball

In this sectionwe shall follow a similarprocedureto arguefor a candidatefor the2~glueball state.
The 2+ + q~sectorimposesa muchweakerconstrainton tensorgluonia than in the 0 + case.Although
the ground state nonet is well established[a2(1320),K~(1430),f2(1270), f~(1525)],orbital as well as
radial excitationshaveto be considered,both of which belongto multiplets which are not yet fully
established(cf. fig. 5). Onewould againexpectthat pureradial excitationsareproducedwith asmaller
strengththan their ground statepartners.

The candidateresonancesthat come to mind are the f2(1720) (the “theta”) and the, so-called,g~
states[342].The X(1810),recentlyobservedin hadroniccollisions [379],shouldalsobeconsidered.The
latter two haveonly beenmentionedin this report in passingfor the very reasonthat thesestateshave
not yet been observedin JI~idecays.In fact, the g~stateshave so far only been seen[342]—and
partially confirmed—in the process ‘rr - p—* 4)4)n [380]. They are three relatively wide (F -~

150—300MeV) 2~stateswith massesof 2.0lli~~GeV, 2.297±0.28GeV, and 2.339±0.055GeV
[381]. These statesare producedin a doubly OZI forbidden processand are thereforesometimes



L. KôpkeandN. Wermes,J/4 decays 209

interpretedas glueballstates[382].A majordrawbackis the fact that theyhaveas yetnot beendirectly
observedin JI~i—~’j44decays.However,the DM2 dataon JI~i—*-y44[353]haveroom for a~ wave
contributionfor m~<2.5GeV, which doesnot, however,showany structure(seealsosection6.4.5.4).

Therehasbeen somediscussion[32] on the ratio of 2~and0~glueballmassesin latticegauge
theoriesandbagmodelsin the recentpast.Mostestimatesplacethe 2 + + statesomewhathigher in mass
thanthe0~state[383].A massvalueabove2 GeVfor the lowest2~gluoniumstateseemsto betoo
high in any case.

The most promising 2~glueball candidate is the f2(1720). Its radiative production fraction,
—P1.5 X i0~,is relatively large, but still smaller by a factor —1/3 than the rate for the ‘q(1

44O). A
comparisonof the production rates in radiative JI~idecaysis given in fig. 106. The decaysof the

f
2(1720)showthat u, d quarksas well as strangequarksmaybe involvedin the decays.As aqualitative
statementthis is more appealingfor a glueball interpretationof the f2(1720) thanfor the ‘r~(1440), for
which the only well-establisheddecaymodeis the KK’rr decay.On the otherhand,for an SU(3)flavour

symmetricdecayof aflavour singletstatethe decaywidths obeythe ratios

F(irrr): F(KK): F(ip~)=2:1:0.2, (154)

taking into account d wave phasespacecorrections.This pattern is not observedfor the f2(1720)
(irrr: KK: ‘tp~ 0.2:1: 0.2). The possibility of flavour symmetry breaking hasbeen discussed[324,
327]. The conclusionis that SU(3) forbiddendecayssuch as G—* K*K remain forbidden,but SU(3)
alloweddecaysas abovemaybe substantiallymodified due to the u, d ands quark massdifferences.
While the violation of a strictly SU(3)symmetricdecaypatternhasbeenanargumentagainsta glueball
interpretationfor several authors [328], it has also provoked explanationsthat can maintain this
interpretation[54—56].Recentapproachesascribethe suppressedirrr decaymodeof the f2(1720) to a
form factor effect [57], or to mixing with non-strangequarks [58] or a certaincombinationof strange
andnon-strangequarks[59,413]. Argumentsbasedon helicity suppressionfavouringstrangenessdueto
the higher massof the s quark can alsobe found [54, 55].

The f2(1720) hasnot beenobservedin -y-y reactions.The presentupperlimit is [385,386]

F(f2(l720)-~-yy).B(f2(1720)-—~KK)<0.2keV at 95% C.L. (155)

The “stickiness” value,
5theta’ resultingfrom this limit_is —~17(cf. fig. 107).

When comparingthe radiative productionof the KK systemwith the hadronicproductionrecoiling
against w or 4) (fig. 101) a peak is observedin J/t~i—*wK~K(fig. lOib) and a shoulderon the
high-massside of the f~(1525)in J/t~i—+4)K~K(fig. lOic), both consistentwith being due to the
f
2(1720). However, this is not a safe assumptionsince thereis evidencefor a0+ + resonancef0(1730)
[14,332, 387] in the samemassregion.Still, the f2( 1720) productionrateswould besmallerthanthose
for wf2(l270) or 4)f~(1525),respectively,as can be seenfrom table 44.

If we acceptboth signalsbeingdue to the f2(1720) andassumethat the SOZI diagramof fig. lOOa
dominatesthe process,this could indicate that the f2 (1720) has somestrangeas well as non-strange
components.However,also a glueballcould be producedin J/~i—~{w, 4)) + G following the diagramof
fig. bOb,evenwith a possiblysizeablerate [364].In this casea glueball stateshouldhe expectedto be
producedin both o and 4) taggedhadronicdecays.The value for Rvecto.is 1.2±0.4 (seetable 44), as
expectedfor an SU(

3)~avoursinglet state.
Somehelp on which diagramis responsiblefor the observedratescomesfrom acomparisonof the

reactions
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Table 44
Decay rates and ratios for gluonium candidatesand q~mesons. The “stickiness” values, which are
normalizedto ii(549) and f2(1270), havebeen obtainedassumingangularmomenta1 = 1 and 1 = 0 for the

productionof pseudoscalarandtensorstates,respectively.The decayratesaregiven in keV.

11 ~‘ ~(144O)-+KIlT

F(J/~—~yX) 0.065± 0.008 0.296±0.039 0.333±0.050
F(J/tI~—~wX) 0.113÷0.015 0.013±0.002
r(JI~i—~X) 0.048±0.006 0.026~0.004 <0.016
F(X-+yy) 0.524~0.031 4.25~0.19 <1.6
S,, 1.00+0.14 3.7±0.5 >60
R~ 2.4 + 0.4 0.5 + 0.1
R~ 0.6~0.1 11.4+2.3 >21

f2(1270) f~(1525)—+KK f2(1720)—+KK g(2230)—+KK

r(JI4—~1X) 0.096±0.013 0.028+ 0.005 0.072± 0.011 0.006±0.003
T(J/4i—~wX) 0.307±0.050 <0.009 0.031+ 0.008
T(J/4s—*~X) <0.027 0.040÷0.007 0.026~0.004

2.84÷0.16 0.10±0.02 <0.2 <0.2
S,~ 1.00÷0.15 11.0±3.0 >17.1 >2.8
R~ >9.5 <0.3 1.2±0.4
R~ 0.31+ 0.07 0.70 ±0.18 2.3 + 0.7

J/~i—~y+KK (156)

and

K p—~A+KK. (157)

The kaoninducedreactionis believedto proceedas shownin fig. 108,wherethe presenceof the A tags
the productionof ans~quarkpair. This diagramcan describetheproductionof ans~state,but not that
of a glueball. While K~K can couple to all spin states,K~K~is restrictedto evenspin statesonly.

The LASS grouphasmadea comparisonof their data[334]on reaction(157)with the Mark III data
on reaction(156). Figure 109 showsthe LASS datanormalizedto, andsuperimposedonto, the K~K~
invariantmassdistributionfrom J/t~iradiativedecays.It is striking to see an almostidenticalshapeof
both datasetsfor the f~(1525)but, while theMark III dataexhibit the f2(1720)as a second,evenlarger
peakin this distribution, thereis no indicationof sucha statefrom the LASS datawith an eight times
larger eventsample. Compellingas this is for ruling out the f2(1720) as a standards~state like the
f~(1525),thereis a problemto understandwhy K p scatteringdoesnot producethe f2(1720) despite
the fact that the KK decayis, so far, the most prominentdecay mode of this state[333, 334, 388].
Either the one-kaonexchangediagram is suppressedfor somereason[389]*) or the f2( 1720)—~KK
coupling is actuallymuch smallerthancommonlybelieved,leavingmanymore decaymodesyet to be
discovered.

p ________

Fig. 108. Quark line diagramfor J/tj,—~A+KK.

s) There havebeenindicationsof problemswith theone-kaonexchangepicture; seeref. 13891.
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Fig. 109. Comparisonof LASSandMark III KK spectra.AcceptancecorrectedK~K~invariantmassdistributionof K p—+ A + K~K~asobserved
by LASS(black circles)comparedto the samefinal stateproducedin radiativeJId,i decayasseenby Mark III (opensquares)for invariantmasses
below 1.9GeV.

Someweakevidencefor f2(1720)productionin 71 p—*i~(K~K)pandpp—~p(K~K)p,wherethe
kaon systemis centrally produced,has been reported[390] with no definite spin determination.A
partial waveanalysisof ‘rrp—+ K~K~nby the MSS ITEP group [332]revealsa2~d wavestateat the
massof the f2(1720)but with a too narrowwidth. Longacreet al. [333]haveglobally fit ‘rrrr, ‘rp~andKK
final statesobtainedin ‘rr’rr and KK scatteringas well as from radiativeJ/t~decays.Their fit resultsin a
surprisingly small KK branchingfraction of the f2(1720) [B(f2(b720)—*KK) = 0.38~?~].An even
smallerKK branchingfraction would beinferred if the new LASS datawere included[48].This in turn
would meanthat the actualJIt~productionfractionof the12(1720)maybe largerthanpresentlyknown,
boostinga glueball interpretationof the f2(1720)even further.

The conclusionthat thef2(1720) is not dominantlyaq~stateis alsounderlinedby the notion that the
closeto ideal mixing in the f—f’ systemwould very likely be disturbedby anothernearby2+ + q~state.

Despite the still standing possibility that the f2(1720) has some quarkonium admixture, similar
argumentsas used to call the “iota” an excellent0 + glueball candidatewould assignthe “theta”/

f2(1720) to the ~ candidateof theglueballspectrum.Rosner[225]haspointedout that thef7(1720) is
a good candidatefor the first physicalparticlelying on the Pomeranchuktrajectory or Pomeron[391]
proposedto explain the approximateconstancyof total crosssectionsat high energies.A plausible
parametrization[225]of this trajectoryis

J(M
2)= 1 + 0.44M2. (158)

Basedon (158)oneexpectsa J” = ~ particlearound1.5GeV, which could mix with thef~(1525)[58,
392] to gain in mass.Models to understandthe “Pomeron” as a “glue-ring” [393] or a “two-gluon
exchange”mechanism[394]havebeenproposedsometime ago.

7.4. Where does the scalar glueball hide?

The 0 + + gluonium stateturnsout to be the experimentallymostdifficult oneto find. Theoreticallyit
is a very attractiveone since it is predictedto be the lowest in mass of the statesof the glueball



212 L. Kdpkeand N. Wermes,J/4i decays

spectrumaccordingto mostmodels.Thereseemsto be consensus[383]that the scalarglueballshould
havea massm0++ 1.0—1.5GeV [395, 396, 383]. Massesas low as 0.6GeV are also found [33]. The
width of the scalar glueball is even more uncertain.Both, narrow [397] and very wide [398]width
expectationsare found in the literature.

Peaks and structureswith O~+ spin parity have been reportedin the past, mostly in hadronic
productionprocesses.We list someof them below.
• A J°=0~statecalled f0(1590)with a massof (1592±25) MeV anda width of (210 ±40)MeV [378]
is foundby GAMS in ‘ryr~,‘~rq’,and471°[379]final statesof ir p collisions [399].This stateis also seenin
centralhadroncollisions [400]wherea glueballwould be expectedto show up.
• The GAMS experiment[401]also reportsevidencefor a narrowstateat amass(1755±8) MeV anda
width of lessthan 50 MeV in the ‘p~final state.The preferredspin assignmentis again0~~
• Au, Morgan andPennington[137]haveanalyseddataon centraldi-mesonproductionfrom the AFS
experimentat the TSR. In a coupledchannelanalysisof I = 0, s waveIT’ll andKK final statestheyfind
threeresonancesaround1 GeV, S1(991),S2(988)ande(900),wherethe naivequarkmodelexpectsat
most two. They arguethat the S1(991) is a plausiblecandidatefor the scalarglueball.
• In this context,the well-known f0(975) (theformerS*) deservesmentioning.Both the f0(975)andits
isovectorpartner,the a0(980),havebeenpuzzlingstatesfor a long time. Identificationasq~stateshas
proven to be difficult. More exotic alternatives,such as four-quark states[134] or looselyboundKK
molecules[135]havebeensuggested.It can alsonot be excludedthat the f0(975) might havea sizeable
scalar glueball component[138]. In the samevein one should consider the f~(130O)as a possible
candidatefor scalargluonium althoughit is usuallyassignedto the non-strangeI = 0 stateof the scalar
multiplet with dominant ‘rr~rcoupling (see fig. 5). Both, ~ and f0(1300), have not yet been
identified in radiative J/41 decays.
• Severalindicationsfor otherscalarresonanceproductionbelow 2 GeV havebeenreported[139,333,
345], obtainedmostlyas a resultof complicatedanalyseswith severalpartial wavesor coupledchannels.
We shall not addressthe detailsof thesepiecesof evidencehere.

Let us comeback to the context of J/ t~idecaysand our guidelinethat at somelevel all gluonium
statesshould be observablein the glue-enrichedenvironmentof J/ t~idecays.Placesto look for scalar
gluonium are final statesof 1111, KK, ‘p1 and -q-r~’ in hard gluon channelssuch as radiative decaysor
strongly Zweig suppressedhadronicdecays.The statisticsof -ryr( and -rp~’final statesin radiative J/ t~
decaysare still too scarceto be conclusive (see section 6.4.2). The KK channel has alreadybeen
exhaustivelydiscussedin the contextof thetensorglueball search.The mostpromisingfinal stateseems
to be the ‘1117 channel(seesection6.3.3).

Examinationof fig. 102ashows,apartfrom the featuresalreadydiscussed,a peakat2.1 GeV which
is consistentwith the f4(2030) anda shoulderon the high-masssideof the 12(1270). The f0(975) is not
observed(section6.3.3).Figure lbOashowsthe ‘rr’rr invariant massdistributionof J/t~J—+-y’rr°71°obtained
from Crystal Ball [249],which doesnot suffer backgroundfrom J/145—s.~71 as doesthe chargedmode.
Also here the superimposedfit cannot accountfor an excessof eventson the high-massside of the

f2(1270)althoughthe statisticsis not as convincingasin thechargedmode(fig. liOb). Interferencewith
the f~(1525)—~irrrdecay would provide a more conventionalexplanationfor this phenomenon(see
below).

A recentinvestigation [313]of the angulardistributionsof eventsfrom J/ ~r—~~y’rrITand J/4~—> -yKK
just above thresholdfinds agreementwith a scalar behaviour. If backgroundcontributions can be
excludedthis is the first observationof scalarproductionin radiative J/~idecays.

Other promising channelsto look into are doubly Zweig forbiddendecayssuch as J/4i—* 4)-FlIT or
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Fig. 110. lOT invariantmassdistributionsfor J/I~I—+~ylTlT.(a) 1T

0TT0 massdistributionasobtainedby Crystal Ball [249].(b) iT~iT massdistributionas

obtainedby Mark III [348]using a sampleof 5.8x 106 JI~,decays.In (a) the spectrumis fitted with threeBreit Wigneramplitudes,in (b) four
interfering amplitudeshavebeen allowed to accommodatethe unusualshapeof the f

2(1270).

4)417, as emphasizedby Lindenbaum[402].Figure 102c showsa clear f0(975) andpossiblya f2(1720)
signal at the high end of the 1717 invariant massdistribution. The bump in the centredoesnot follow an
exactBreit—Wigner resonanceshapeandis probablynot justonestate.Although thereis likely to be
somef2(1270) contribution, this structureis unlikely to be entirely due to the f2(1270) (seesection
5.3.3). Note that ordinary qq statesare suppressedin this Zweig forbiddendecay.The DM2 group
[126]hasinvestigatedthisbump morecloselyas describedin section5.3.4.A changein theshapeof the
angulardistributionof cos0, the angleof the ‘Fr in the ‘TI-TI centreof masssystem,is clearlyobserved
whenonecomparesthis distributionfor eventsfrom the f2(1270)massregion with eventsfrom themass
region above(fig. 36). Qualitatively the dataare consistentwith a changefrom spin 2 to spin 0 when
moving from the lower to the upper part of this enhancement.

The ‘1117 massspectrumof JI~fl—4wIT’rrin fig. 102b alsoshows,apartfrom the f2(1270),a mysterious
bump with mass around300 to 400MeV and few hundred MeV wide. This phenomenonhasbeen
observedby every experimentanalysingthe wirri final state. Severalattemptsto reveal a resonant
behaviour of the structure have been made. DM2 [403] has performed an empirical fit with a
Breit—Wignercurvedistortedby phasespace.The fit requiresa massof (278 ±36)MeV anda width of
(588±88) MeV. Inspectionof the angulardistributions indicatesdeviationsfrom a pure s wave. No
experimenthasas yet convincingly proventhe nature of this structure.Seesection5.5 for a possible
non-resonantexplanationof this phenomenon.

An indication of a f0(975) is also presentin the samemassspectrum(fig. 102b).This would imply
that the f0(975)possessescouplingsof the aboutthe samestrength[403]to both s quarks(tag with 4))
and u, d quarks(tag with w), a feature that also a glueball would show.

It is temptingto associatethe shoulderof the f2 (1270) in J/~i—~ ‘yITIT with the possiblyscalarpart of
the central structure in J/tJi—~4vTrir. If this identification holds, it would certainly producea most
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interestinghypothesisfor a scalarglueballcandidate.If oneintroducesa narrow stateat —1420MeV
[266],the ‘rr-rr massdistribution of -y’rr’rr in fig. 102ais well fitted. In the samereference(DM2) it is
stated, however, that this additional narrow resonancecannot well explain the 4rrr’rr data. An
alternativedescriptionfor the shoulderin fig. 102a is also possible by allowing for interferenceof

f2(1270) and f~(1525)in JIt~i—+-y1717[266].The curve in fig. liOb correspondsto a fit with four
Breit—Wigner amplitudesbeingallowed to interfere [348].The shoulderof the f2(1270) is reproduced
by interferenceof f2( 1270)andf~(1525). The obtainedf~(1525)—+ ‘Fr-TI branchingfraction correspondsto
a 30°tensormesonmixing angle in agreementwith recent

2-y measurementsand Gell-Mann—Okubo
mass relationships. It remains to be seen by future experiments(see section 8.2), whether an
interferenceeffect or a new state is the correctexplanationfor this shoulder.

Until the time that many eventsare taken,the questof the scalarglueball in J/’l’ decayswill keep
experimentersexcited.

8. Summaryand outlook

In this reportwe havetried to review the wealthof informationobtainedthroughintensestudiesof
JIt~idecaysfor more than 13 years. The discoveryof the narrow JI4) resonancehas beena great
surprise,promising new and interestingphysics~.The detailedstudiesof J/ ~4idecayshavekept this
promise.

In the areaof radiative decaysat leasttwo candidatesfor gluonicboundstates,the “iota”/’q (1440)
andthe “theta”/f

2(1720),havebeendiscoveredandmanydecaymodeshavebeenstudied.Although
both states appeal as glueball candidates,a unique interpretation has yet to be obtained. The
measurementsof the hadronicJ/4i decaysto mesonpairs havealreadyreacheda level at which the
analysisin termsof SU(

3)flavourconservingand SU(3)flavourviolating amplitudesis possible.Much can
be learnedfrom thesestudiesaboutlight quarksystemsandpossiblegluonium admixtures.Thedetailed
comparisonof hadronicandradiative decaysis the key to determinequarkonicandgluonicelementsof
the statesin question.

In general,the investigationsof J/4i decaysyieldedmoreinformationaboutlight quarksystemsthan
of charm by makinguseof theJI~ias a well defined“factory” for mesonsand baryons.The emphasis
for future experimentsmust be to extendthe systematicmeasurementsof two-body hadronicdecays
andof radiative decaysto a level atwhich quantitativestatementson the propertiesof qj mesonsand
exoticstatescan bemade. Somefactsandideasrelevantto futurestudiesof J/ 4i decaysarediscussedin
the following two sections.

8.1. Whatfraction of J/4) decayshasbeenseen?

As discussedin section2.1, direct hadronic,electromagnetic,andradiativedecaysrepresentroughly
65%, 14%, and7% of the total J/iji decayrate, respectively.It is an interestingexerciseto estimate
how much of this ratehasbeenmeasuredin exclusivestudiesof J/t~idecays.

In table45 the measuredbranchingratiosfor hadronicdecaysin final statescontainingpions,kaons,
andprotonsarelisted.From the measurementsof chargedfinal statesthe total contributionto the JIt~i
hadronicdecayrate can be estimatedby employingisospin arguments[167].In addition,someof the
measuredJIt~idecaysthatproceedvia resonantintermediatestatesleadto topologiesnot compiledin
table 45 (i.e. final statescontaining i’s). Their contribution is estimatedto be greaterthan (1.1±
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Table 45
Topological branchingratiosof hadronicdecays.Branching ratiosinto generalmodescomputedfrom the
observationof oneparticularchargestateof that mode.The averagevalueswere takenfrom thecompilation
of theParticleData Group[14].The rangeof thecorrectionfactor is calculatedassumingall allowed isospin
combinationsin the final state [167].Theoreticallyone expectsthat roughly 65% of all J14 decaysare

hadronicdecays.

General Observed B(observed) Isospin B(general)
mode mode (%) factor (%)
3IT IT° 1.50÷0.15 1 1.50±0.15
SIT 2(lr~IT)IT° 3.42÷0.31 5.10÷0.45
71r 3(IT*IT )1T° 2.86 ±0.55 —6 5.36 + 1.03—68.58 + 1.6591T 4(ir~ir )IT° 0.90± 0.30 0—* ~ >2.0±0.7
KKIT KKIT 0.61 + 0.10 1 0.61 + 0.10
KK2ir K~KIT*IT 0.72±0.23 —o] 2.2 +0.7—64.3±1.4
KK3IT K~K IT*IT 1T0 1.2±0.3 2.4÷0.6—~18.0±4.5
KK4IT K~K 2(IT~TT) 0.31 ±0.13 0—~~ ~1.2+ 0.5
2(KK) KK K*K 0.07+ 0.03 0—i. >0.21 ± 0.09
NN pp 0.220÷0.012 0.440±0.024
NNIT pplT° 0.1093±0.095 0.656±0.055
NN2IT ppITIr 0.60±0.05 l—6 1.80~0.14—63.60±0.29
NN3IT ppIT* IT IT~ 0.233+ 0.087 —6 0.47 ±0.17—+3.50 + 1.30

>25.1+ 1.8

0.2)%. Thus a minimum of (25.1±1.8)% of J/t~i decayscan be accountedfor by exclusively
reconstructedhadronic decays. Using a statistical model, in which all available isospin states are
populatedaccordingto their statisticalweights[404],onefurthercalculatesthat (34.8±2.8)%, roughly
half of all hadronic decays,have already been measuredin exclusive reactions.*)The difference
betweenthe two estimatesmay arisefrom higher multiplicities,* *) decaymodes involving i’s and/ or
photons,and strongdecaysviolating generalized~ parity.

Table 46 shows a similar compilation for the radiative decays.For sometopological final states,
whereno valuefor the total branchingratio can be found in the literature,a lower limit for the decay
rate hasbeenestimatedby summingover the branchingratiosof resonancesleadingto the particular
final state.Similar to the caseof the hadronicdecays,onefinds that roughly half of all radiative decays
can be accountedfor by exclusively reconstructedtopologies.

8.2. Outlookfor the Beijing storage ring (BEPC)

Theuniqueexperimentalconditions,the variety of interestingphysicalprocesses,andthe prospectof
eventsamplesan orderof magnitudelargerthancurrentlyavailable,will guaranteecontinuing interest
in the physics of JI~idecaysat e~estoragerings at least for anotherdecade.It is expectedthat the
BEPC storagering in Beijing reachesa peakluminosity of 5 X 10~°cm 2 s and featuresan energy
spreadof LiE 0.6MeV. Both valuesareby far superiorto thoseobtainedwith SPEARandDCI (see
table 5) and maytranslateinto an orderof magnitudehigher J/~ieventrates, suchthat total event
samples of 100 million events and more are not outside reach. In the context of bb factories,
multi-bunchdouble-storagerings with high luminosity havebeenproposed[407] that are basedon

*) To simplify the argument,we assumehere that the contributionof theelectromagneticdiagram to thetopologiesstudiedis negligible.
**) Using smoothmultiplicity curves,one can estimatethat highermultiplicities contributeabout6% to the unaccountedJ/’I’ decays[405].
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Table 46
Radiativedecaybranchingratios. Summary of branchingratios of radiativedecaysinto mutually
exclusivefinal statesof pseudoscalarmesons,vectormesons,and baryons.In thecaseof the -yir~,
yKK, and -yKKIT final statesa lower limit for the totaldecayratehasbeenestimatedby taking the
sum over theresonantsubprocesses.To extrapolatefrom themeasuredy2(IT~IT) rateto thetotal
y4IT rate, isospin factorsof 1/3 and4/9 havebeenassumed,correspondingto thecaseswhere the
ITTT subsystemshave 1—1 and I = 0, respectively.Note, that it has been shown(see section
6.4.5.1) that thesedecaysmainly proceedvia ypp and ~~lTIT intermediatestates.Theoreticallyone

estimates[seeeq. (101)] that B(Jhj,—6 y + X) = (600±200)x 10 ‘.

Final Branchingratio
state (units of 10 4) Referencesandremarks

0.24 ±0.05 table 29
8.8±0.6 table 29

40±3 table 29
>8.0 + 1.1 table 30, table 35, and table 38;

from -y{f
2(1270), f2(1720),X(2111{l)}

7.3±2.3 [406]
5.7±2.7 [406]

yKK 11.8±1.3 table 30 and table 35; from -y{f~(1525),f2(1720)}
yww 16÷3 [350,351]

1.4 + 0.4 [352]
y44 3.1 ±0.7 [353]
.~~ITIT 35 + 11 [281];contributionof y’ excluded
-yKKIT >45 ±4 table 32; from i— KKi~

144 + 18—o 192 + 24 [3451;from y2(IT*IT
yNN 7.6÷2.0 [185];from yp~

>318±22

availableacceleratortechnology.A similar conceptappliedto the J/ iji energyrangecould lead to event
samplesof as many as 1010J/~idecays[408].

The difficulty in identifying gluonia is due to a large extentto the greatcomplexityof the particle
spectrumin the 1—2.5GeV massregions,where glueballsare expectedto occur. In addition to qj
multiplets, hybrid and four-quark statesmay exist, often overlappingin mass,and sometimesmixing
with each other. This means that gluonic statescannot be treatedin isolation; it is necessaryto
understandthe particle spectrumas a completeentity in order to understandits components.This
insight determinesthe physics programof hadronspectroscopyin the coming years. High-statistics
experimentsat theJ/ 4~area well-suitedexerciseif the efforts to studyits decaysin a systematicway are
continuedand a searchfor rare effects pointing to exotic behaviouris initiated.

In particular, the study of mesonmultiplets, by comparingJI 4i decaysinto mesonpairs,hasto be
completedand extendedto lesser known nonets;all radiatively accessiblefinal stateshave to be
investigatedandasa wholecomparedto the inclusively measuredradiativephotonspectrum.In general
this will requirepartial wave analysesto identify the spin of the resonancesinvolved, so that current
ambiguities in the interpretation of the results can be settled. In particular, this is true for the
interpretationof radiative decays,where,e.g., the complexstructuresin the i~-rr’rr and417 systemscan
only be disentangledif large datasamplesare available.

Some of the resultscoveredin this report havebeen a matter of controversyor lackedstatistical
significance.In particular,the questionof the ~(2230)will most likely be settledat BEPC.

A completelynew field, that hasonly startedto be addressed[126]in J/4i decays,is the searchfor
exotic final stateswith spin parity combinationsnot allowed by the quark model. These statesare
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Table 47
Some final statessuited to searchfor exotic particles

5PC Decaychannels

0 , 2
1 , 3 ir+{il,ii’,f,f’}, Ijy’, pp, W(d, 44

presentin glueball, hybrid and four-quarkmodels.Recenthints for suchobjects [409]shouldinitiate a
similar searchin JI t~idecays.A list of simple final statesthat exoticparticlescan decayto is shown in
table47.
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