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Abstract:
This report presentsa summaryon radiativedecaysof the 4’ states.Most of theexperimentalinformationhasbeenobtainedby theexperiments

DM2, Mark III andCrystalBall, operatingatthestoragerings DCI andSPEAR.Radiativedecaysfrom the4,’ yieldsan abundanceof informationon
the C-parity even stateswithin the charmoniumsystem. Nearly all experimentaldata on x and ‘ri, mesonscomparefavorably with theoretical
predictions.Overall,animpressiveagreementemergesbetweencharmoniumspectroscopyandtheoreticalmodels.Radiativetransitionsfrom JI4, to
light mesonshavehelpedto betterunderstandthe low lying nonets.Twounexpectedresonances,theL(l

46O) and0(1700).havelargeproductionrates
andexhibit unusualdecayproperties.The 0 is almostcertainlyanon-q~stateandqualifiesasa gluonicmesoncandidate.The is morecontroversial.
A classificationwill have to dependon adetailedunderstandingof theexcitedpseudoscalarnonet.Finally, evidencefor the~(2200)will be reported
and its interpretationwill he reviewed.
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1. Introduction

Oneof the main concernsof physicsin this centuryhasbeenthe questfor theconstituentsof matter
andthelawswhichgoverntheir behavior.Theprogressivelymoredetailedunderstandingof theemission
andabsorptionspectraof atomshasled from Bohr’s theory of the hydrogenatom to the postulationof
the electronspin andto Pauli’s exclusionprinciple. Ultimately, the formulationof the non-relativistic
quantummechanicalSchrädingerequationevolvedfrom the study of atomicspectroscopy.Scattering
experimentsand spectroscopicinvestigationsof the nucleusand the nucleonhavesubsequentlyhelped
to determinethe substructureof thosesystems.In the currentview of particlephysicsthe fundamental
constituentsof matter are point-like, structurelessobjects of spin one-half: the quarksand leptons.
Quarksundergo the strong,electromagneticand weak interactions.They are the building blocks of
hadronslike the protonand neutron.Leptons— like the electronandmuon — on theotherhand,do not
feel the strongforce andinteractonly via the electromagneticandweak force.

Threedifferentquarksu, d ands wereoriginally postulatedby Gell-MannandZweig [1] to accountfor
the structureandpropertiesof hadronsknownat thattime. Strongevidencefor the existenceof quarks
insidea nucleuswas providedby deepinelasticscatteringexperimentswhichprobedtheinteriorof nuclei
at very short distances.However,it was the discoveryof the JI i~i[2, 3] andthe observationof hadrons
containinga fourth quark [4], the charmedc quark,which finally confirmedthis view. More recently,
evidencefor an evenheavierb quarkwas obtainedwith thediscoveryof theI meson[5]. Asfree quarks
havenot yet beenseentheir propertieshaveto be inferredfrom the observedpropertiesof hadrons.
Accordingto thequarkmodel,hadronsaredivided into two categories:baryons,eachcontainingthree
quarks,andmesons,eachcontaininga quarkandan antiquark.Heavymesonsaredefinedto containat
leastoneheavyc or b quark.Mesonsconsistingof two heavy quarksof the samekind arereferredto as
quarkoniumstates,in analogyto positronium,whichis aboundsystemof anelectronandits antiparticle,
the positron.

At present,the StandardModel [6] of high energyphysicsassumessix varieties(flavor) of quarksand
six leptons.Thequarkscarrycharges~eand— ~eandaregroupedin threegenerations:(u, d) (c, s)(t, b).
Substantialevidencefor the t quarkhasnot yet beenaccumulated.Like thesix leptons(e -, Ve) (~.t,v~)
(ia, v1), thequarksarespin 1 / 2 fermions.In addition,quarkscarry anewquantumnumbercalledcolor.
The non-observationof free quarksis summarizedin the requirementof color confinement:no state
explicitly carryingcolorcan beobserved.By treatingcoloras astrongcharge,quantumchromodynamics
(QCD) [7] emergesasthe theory of the stronginteractionof quarks.An octetof masslesscoloredspin 1
bosons,the gluons, mediatethe interactionbetweenquarksandarethusresponsiblefor the binding of
quarksin hadrons.

Of particularinterestfor thestudyof thestronginteractionsarequarkoniasystems.A specificexample
of sucha boundstateof a heavyquark andits antiquarkis the cë charmoniumsystem.This reviewdeals
with charmoniumstatesbelow the open charmthreshold,where decaysto mesonscontainingone
charmedquark areenergeticallyimpossibleandthe main decaymechanismproceedsby annihilationof
thecharmedquarkandits antiquarkinto gluons.The jPC = ~ vectorstatesJ I4t and4~’can beproduced
directlyin e+ e- annihilationsandprovidethebasisfor adetailedspectroscopicstudyof energylevelsand
transitionrates.Radiativetransitionswithin thecharmoniumsystemrevealthepredictedcë C-evenx and
~ statesandprobethewave function atdistanceslargerthanthe averageradiusof the tji boundsystem.
Radiativeaswell ashadronicdecaysto light mesons,however,giveinformationon thevalueof the wave
function at the origin. Togetherwith a study of energylevels, which determinesthe potentialat an
intermediatedistance,a coherentpicture of the dynamicsof the quark interactionemerges.
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The decayof JPC = charmoniumstatesto mesonsnot containingc quarksproceedsmainly by
emissionof threegluons which fragment into light hadrons.In addition, the radiative decayinto a
photonand two gluonsconstitutesa substantialfraction of the total decayrate. The two-gluonsystem
may form well-known q~jmesonslike li~‘rl’, etc. As the intermediatestate is rich in gluons, radiative
decaysarevery well suitedto searchfor exoticstateswith largegluoncontents.Due to thenon-Abelian
natureof the SU(3) color groupgoverningthe stronginteraction,gluonsinteractwith eachother and
mayform boundstateswith no quark content,gluonic mesons[8] (alsocalled glueballsor gluonium).
On the otherhand,hybridmesons[9] (alsotermedmeiktons) areqi~mesonswith oneadditionalgluon.
Note that thesestatescan be calledmesonsif a mesonis defined, independentof its contents,to have
integertotal spin andzero baryonnumber.It is not yet completelyclearwhetherQCD really requires
these and other exotic states to exist. Radiative decaysof charmonium offer the possibility to
investigatethe spectrumof light mesonsand searchfor new effects expectedwithin or outsidethe
StandardModel.

This report is divided into eightchapters.After the introduction,chapter2 describesthe fourdetectors
which havefurnished most of the physics resultsto be presentedhere. Radiative transitionsto the
charmoniumx and ‘i-i, statesaretreatedin chapter3. Resultson branchingratios, massesand hadronic
widths are comparedwith QCD model predictions.Chapters4, 5 and 6 contain resultson radiative
transitionsto light mesons,which aregroupedaccordingto the mesonspin-parities.The pseudoscalar
particlesdiscussedin chapter4 are the neutralmembersof thegroundstatenonet‘n•°,li and i’~’,andanew
resonance,the i(1460). Theoreticalinterpretationsfor the i are reviewedin context with the E(1420)
meson.The two vectorparticlefinal statespp,ww, and f4 areanalyzedin chapter5 with respectto their
possibleorigin from the i. The tensormesonsf(1270), f’(1525) and anothernew state,0(1700), are
discussedin chapter6. Whereasthe f andf’ behavelike normalq~jmesons,the0 remainsunexplainable
as aq~jresonance,Its likely interpretationis a gluonium resonance.Chapter7 reportstheevidencefor a
heavy, narrowresonance~(2200).An explanationof this particlein termsof a high spins~state is fully
compatiblewith experimentaldata. Also reviewed is the search for the axion, a Goldstone boson
predictedin theoriesof the stronginteractions.Finally, radiative decaysfrom the t~.r’are comparedto
those from the J/’45 with the interestingresult that radiative transitionsfrom the i4i’ to ‘r~and 11’ are
suppressed.Chapter8 summarisesthe physicsof radiativetransitionsfrom charmoniumstatesandgives
an outlook on what we mayexpectto learn in the nearfuture.

2. Detectors

Most of the datato be discussedherewereobtainedby the experimentsCrystalBall [10], DM2 [11],
Mark II [12] andMark III [13]. The DM2 detectorhasbeenoperatingat the DCI storagering at Orsay.
All otherthreedetectorshavetakendataat the SPEARstoragering at theStanfordLinearAccelerator
CenterSLAC. Resultsbasedon rathersmall eventsamplesfrom the DASP [14], DESY—Heidelberg
[15]and PLUTO [16] experiments,which operatedat the storagering DORIS at DESY, are also
included.

All three electron—positroncolliding machineshave been very well suited for a study of the
charmoniumsystemin the center-of-massenergyregion around3 to 4 GeV. Eventrateson the narrow
resonancesJI’~iandt~i’ areproportionalto the luminosity andthe energywidth of thecolliding beams.
Typical ratesarevery similar for the DCI andSPEARstoragerings andareof the orderof 50000logged
J/ji eventsper day.

The experimentsoperatingat thesemachinescan be classifiedinto two categories:magnetic(DM2,
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Table 1
Propertiesandperformancecharacteristicsof thefour majordetectorsmeasuring4, radiativedecays.A
moredetaileddescriptioncan befoundin references[10—13]and in ref. [17].Thetableis dividedinto five
partscorrespondingto parametersfor chargedparticle(c.p.)detection,neutralparticle(np.) detection,
time-of-flight (TOF) system,muon (as) systemand trigger system.Abbreviationsusedare: SC = spark
chamber,PC = proportionalchamber,DC = drift chamber,Sci = plasticscintillator, LA = liquid argon
and X

0 = radiationlength. o-~referencesto themomentumresolutionfor chargedtracks,o~is the energy
resolutionfor electromagneticallyshoweringparticlesin theelectromagnetic(e.m.C)calorimeter,wherep
and E are in units of GeV. Typical photonefficiencyvalues(e~)attwo energiesareincluded. The two
numberson thesolid anglecoveragefor e.m. particlesare for themain (barrel) part and for thetotal

detectorincluding end-caps

Crystal Ball DM2 Mark II Mark III

Magnetic field 0.50T 0.46T 0.40T
Chambers SC & PC PC & DC DC 2 DC’s
Coil thickness 1 X0 1.4 .K0

2.5% ~\/jT~’~ 1.5%*\1i~~ 1.5%*Vi~
z~Q/4ir(c.p.) 71—94% 87% 85% 84%

Em, calorimeter 16X, NaI(T1) 6X0 Pb—Sci—PC 14X0 Pb—LA 12X0 Pb—PC
i~JJI4ir(np.) 93—98% 70—82% 64—78% 84—94%

2.7%IE’
4 =35% 12%IE’2 17%/E’2

1—2° 0.4° 0.2—0.5° 0.6°
�.,(E~=200MeV) 100% 100% 50% 100%

= 50MeV) 100% 50% 0 70%

u,(TOF) 0.3lns 0.3Ons 0.l9ns
M2/4ir (TOF) 79% 75% 80%
ir/K(lu) <0.7GeV <1.3GeV <1.5GeV

~fI/4ir (is) 45% 50% 65%

Trigger Nal PC PC& DC e.m.C Sci DC TOF DC TOF

Mark II andMark III) andnon-magnetic(CrystalBall) detectors.Table 1 lists the importantproperties
andperformancecharacteristicsrelevantfor tIi radiativedecays.Figure 1 showsas anexamplea typical
magneticdetector,theMark III. The magneticdetectors,beingof thegeneral-purposetype,areverywell
suited for analysesof final statescontaining a large numberof chargedparticles in addition to few
photons.Theyusea magneticfield of around0.51producedwith conventionalsolenoids,with the field
aligned parallel to the beam. Good chargedparticle tracking and momentum measurementis
accomplishedwith drift chambersoverabout85 % of thetotalsolid angle.Time-of-flight countersoutside
the drift chambersallow theidentificationof chargedparticles.For instance,Mark III separatesir’s from
K’s at the lo- level up to momentaof about 1.5GeV.

The energiesof electromagneticallyshoweringparticlesaremeasuredwith electromagneticcalorime-
ters. It is this areaof particledetectionwherethe threemagneticdetectorsdiffer considerablyin their
design.The leadsheetproportionalcountersof Mark III are placedinsidethe coil coveringalargesolid
angle,whereasthe otherdetectorsregisterphotonsbehinda 1 radiationlength thick magneticcoil. This
reducesthe detectionefficiencyfor photonswith energieslessthanabout200 MeV. All detectorsincrease
the solid anglecoveragewith end-capshowercounters.Muonsareidentifiedoverabout50% of thetotal
solid angleby proportionaltubesplacedbehindadditionalabsorbers.The instantaneousrate of e+e-

interactionsis determinedfrom Bhabhascatteringeventsmeasuredwith specialluminosity counters
positionedclose to the beampipe. The experimentsuse elaborateeventtriggers to determinethe
occurrenceof e+ e- annihilations.Trigger decisionsare basedon signalsfrom the drift chamberand
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MARK III
~— Muon Counter

_________________________________________ Muon Detector
I~\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \~\ Steel

ii
Steel Shell

~ V///,”///////////////////// Solenoid

______ ~ .L -‘~ ~ Shower Counter

~1~I11T!ll~L . ~“~‘ Photo Tubes“nr’ ii 1_. Drift Chamber —il II’ ~WL ~N
II _~JII~ Pipe

______ ______ - -~ TOF Counter

~ Space for

_________~ Iflt’1V\~—LuminosityN~ II I~IIL\..._\\~Monitor
___________ _______________________ ______ Compensator~llF~N\.\ Inner Trigger

_______________________~~~ Chamber

________________________ ~ End Cap
Fl —i-i Shower Counter
L\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\1

‘I

Fig. 1. Side view of the Mark Ill spectrometeras a typical example of a magneticdetector.

time-of-flight systems.In addition,DM2 usesinformationfrom the scintillatorsin the electromagnetic
calorimeterfor an all neutraleventtrigger.

The non-magneticdetectorCrystal Ball (fig. 2) is optimized for high-resolutionmeasurementsof
electromagneticallyshoweringparticlesandis thus ideal for the studyof inclusiveandexclusiveevents
containingphotons.The centraltracking systemconsistedof one proportionalchambersandwiched
betweentwo sparkchambers.Theycoveredbetween71% and94% of the full solid angle.The mainpart
of the detectoris a sphericalshell madeof 672 individual crystals.93% of the solid angleis coveredwith
the mainball; includingend-capsthe coverageis increasedto 98%.The crystalsaremadeof 16 radiation
length thick sodium iodide dopedwith thallium, NaI(Tl). This thicknessis sufficient to almost fully
containelectromagneticshowersover the whole energyrangeavailable.The resulting energyresolution
is about4.8MeV at 100MeV, and the efficiency for detectingphotonsis 100% for energiesas small as
1 MeV. Energiesof muonsandchargedhadronscannotbe determined.A separationbetweenhadrons,
muonsandelectronsis possibleon a statisticalbasisdue to their different transverseenergydeposition
patternin the crystals.The experimenttriggerson informationfrom the proportionalchamberandthe
Nal showercounter.Thus chargedandneutralparticletriggersareavailable.In table I theparametersof
this detectorare comparedto thosefrom the magneticdetectors.

MARK I [18], the predecessorof theMark II detectorat the storagering SPEAR,wasthe first e~e
experimentto observetheJ14f.The huge,narrowproductioncrosssectionclearlyindicatednewphysics.
With the announcementof this discoveryon November11, 1974, a new era beganin particlephysics.
Only a weeklaterthis resonancewas alsoseenat DORISby theDASP andPLUTOcollaborations.The
experimentSP-27[19] at SLAC and later DESY—Heidelbergat DORIS addedvaluable information.



Kay Königsmann,Radiativedecaysin the4, family 249

Crystal Bait

BEAM TUBE IONIZATION

TRACKINGITAOAJS DETECTORS

SODIUM
IODIDE
CRYSTALS _______

PHOTOMULTIPLIER

TUBES

Fig. 2. Schematicof thenon-magneticCrystal Ball detector.

Table 2
Data samplestaken by different detectorsat thenarrowresonancesJ/4i and 4,’. All
Mark III resultsarebasedon 2.7 million J/4i decayswith theexceptionof theanalysis

of the ~(2200)for which thetotal data sampleis used

Resonance Crystal Ball DM2 Mark II Mark III

J/4, 2.2x10
6 8.6x105 1.3x10’ (2.7+3.1)x106

4,’ 1.8x106 0 1.0x106 0

In 1979 theMark II detectorwasmovedto thePEPstoragering at SLAC; in 1982theCrystalBall was
takento the DORISmachineatDESY. At aboutthesametimethe Mark III detectorstartedtakingdata
at SPEAR,followed a yearlater by DM2 at DCI. Table 2 summarizesthelargeeventsamplesobtained
by the CrystalBall, DM2, Mark II andMark III experiments.It is quite obviousthat, morethan 10
yearsafter the JItJt discovery,charmoniumspectroscopyis still a very active field of research.

3 Radiative transitions within the charmonium system

The existenceof the narrow stateJ I~ wasfirst establishedindependently by the Mark I detector [3] at
SPEAR and by a BNL—MIT group [2] at the Brookhaven National Laboratory. Eventhough charm was
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postulated[20]in responseto problemswith theweakinteraction,its discoveryhadaconsiderableimpact
on thetheoryof stronginteractions,QCD. Thepioneeringpapersby AppelquistandPolitzer [21]andby
DeRüjulaandGlashow[22]treatedquarksfor thefirst timeasreal particlesboundin aQCD potential.A
secondresonance,the t4~’,wasobserved[23]shortly afterwards.As J/~iand tji’ areproduceddirectly in

+ — . . PCe e interactions,they must have the quantumnumbersof the photon,J = 1 . With the charm—
anticharmquarkhypothesis,two spin 1/2 quarkscan form spin-singletandspin-tripletstateswith total
spin S = 0 andS = 1, respectively.Including angularmomentumL = 0 andL = 1 yields the statesshown
in fig. 3. Here thespectroscopicnotationis n2s+JL wheren is the numberof radial nodesplusone,S is
thetotalquark spin, L is the orbitalangularmomentumandJ is thetotal angularmomentumof thestate.
Following commonpracticethis reviewusesthegenericnamesJI~i,‘q~andx for the charmoniumstates

35k’ 1S
0 and3p~, respectively.

Asidefrom UI’ hadronicdecaymodes,it wasemphasized[24]to searchfor the radiativedecaysj~’—~
to threespin-triplet stateswith angularmomentumL = 1. The two high massstateswerediscoveredat
DESY by the DASP experiment[25], thoughnot resolved. Later Mark I added[26]the lowestmassx
state.Threecandidatesfor thespin-singletstates‘q, andli~werefound [27,28,29]: X(2800),X(3455)and
X(3590). But thesestateswere very difficult to reconcile with the charmonium model and were
subsequentlyruled out by the CrystalBall experiment.The currentstatusof the charmoniumspectrum
below charm thresholdis shown in fig. 3. All the observedphoton transitionsare indicated. Electric
dipole transitionsoccurbetweenstateswith oppositeparity,whereastransitionsbetweenspin-singletand
spin-triplet statesare magneticdipole (spin-flip).

3.1. Theoreticalintroduction

Radiative transitionsoffer the possibility to produce charmoniumstateswith quantumnumbers

GeV/c
2

‘~l i(”(3684)

3.6 ~Q/
‘i,~(3592)/

:.: ,~~~~2Xo(34l5)

/ / l3S
1 J/’l’(3095)

3.0 iT~~’~’?c(2984) Ml ~llowed

— ‘Mlhindered”

2.8 o~ i--

Fig. 3. Theobservedcharmoniumlevelsbelowcharmthreshold.The P1 statehasnot yetbeenfound. Measuredradiativetransitionsareindicatedas
solid lines (electric dipole), dashedlines (magneticdipole) and dashed—dottedlines (hinderedmagneticdipole).
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differentfrom theJ/4i and4i’. The transitionmatrix elementis determinedmostly by thewavefunction
at large distances,where the inter-quarkpotential is dominatedby the confining part. At the time
being, QCD theory cannotprovide quantitativepredictionsin this non-perturbativeregion.Therefore,
investigationsof radiative transitions are very important to understandthe confinementof quarks.
Measurementsof the hadronic widths of the x and ~ statestest the picture of quark—antiquark
annihilationinto gluons andyield informationon thewave functionat theorigin. Thefollowing three
subsectionsprovidesometheoreticalbackgroundon thepotentialmodel approachfor heavyquarkonia
and the predictionsfor radiative decaywidths andhadronicwidths.

3.1.1. Potentialmodels
Quarkoniaprovidedirect evidencefor thestrongbinding forcesbetweenquarks.Exceptfor Monte

Carlo latticecalculationsof massspectra,QCD processescanbe evaluatedonly asa perturbationseries
expansion.The first terms of this expansionshould provide a good approximationas long as the
expansionparametera5(q

2)is small, which happenswhenq2 is large.However,manyinterestingaspects
abouthadronsinvolve smallvaluesof q2, wheretheperturbationseriesdoesnotconverge.Forexample,
to describethe massspectraof hadronsit is appropriateto usemodels.Thesemodelscould eitherbe
inspired by QCD or be purely phenomenological.

As the strongly interactingconstituentsareheavy,relativistic effectsareexpectedto be small anda
sufficientlyaccurateapproximationmay be obtainedby a non-relativistictreatment.It is basedon the
Schrödingerequationwith a staticpotential Vnr

-~- V2 + Vnr(~)]~)= E~(r). (3.1)

The main problemconsists in choosingthe correct non-relativisticpotential and determiningthe free
parametersofthepotentialby a fit to thedata.Sofar thepotentialcannotbecomputedin QCDfromfirst
principlesand we,haveto rely on models.However,numericalstudiesof theinterquarkpotentialhave
beenstarted[30]using the lattice gaugetheoriesof QCD. The resultsarein good agreementwith the
potentialsto be discussedbelow.

Giventhenearlyequalsplittings betweenthe 2 ~ andthe 1 ~ in charmoniumandbottoniumit has
beensuggestedto usea purelyphenomenologicalpotentialwith a logarithmicform [31]V(r) = C ln(rIr

0)
orwith a powderpotential [32]V(r) = A + Br~.The two areapproximatelyequivalentfor small �. The
valueobtained from the fits turns out to be small, � 0.1. Both of thesepotentialshavebeenquite
successfulin describingthe 4s states.

Oneof the first attempts[33]to fit thei~massspectrumuseda potentialof the form v n.r. = — ~;I r
+ kr. TheCoulomb-likeformis suggestedby lowestorderQCD.It arisesfrom onegluonexchangebetween
quarksanddominatesat shortdistances.The strongcouplingconstanta~waseithertreatedasa constant
orwasallowed [34]to dependon themomentumof thequarks.The largedistancepart, linear in r, is
motivatedby thestringpictureofquarkconfinement.In laterworks [35],theshort-distanceCoulomband
the long-distancelinear potentialswere connectedlogarithmically at intermediatedistances.

Asymptotic freedomis incorporatedinto the potentialsby softeningthe r-dependence[36]of the
Coulomb-liketermor by establishingthepotential in momentumspaceusing the QCD j3 -function. A
particularlysimple and successfulexamplewith the latterapproachwassuggestedby Richardson[37],

2 ~ l2ir 1V(q )_ ~
332~~q2ln(q2IA2+1) (3.2)
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This potentialdependsonly on a single scale parameterA as it should be the casefor a true QCD
potential.Note that this parametercanbe related[38] directly to the scaleparameterA~used in the
QCD minimal subtraction scheme. Most of the models to be used below for comparison with
experimentaldata are basedon potentialsdefined in momentumspace.

Althoughthe procedureof constructinga potentialis not unique,all approachesleadto very similar
potentialforms in the region of distancesfrom about0.1 to 1.0fm, seefig. 4. The modelsbeginto differ
substantiallyfor inter-quarkseparationslessthan about0.1 fm. As long as the expectedvery heavy tt

systemis not observed,we haveto searchfor effectswhichprobethe veryshort distanceregion.Testsare
neededwhichdistinguishthe QCD from the purelyphenomenologicalapproach.Onesuch probeis the
fine and hyper-finesplitting of charmonium.

Theoreticalcalculationsareunfortunatelynotfree of problems.All potentialmodelsare in somesense
phenomenologicalas they havenot been strictly derivedfrom QCD. An exceptionare lattice gauge
theorieswhich, in the nearfuture, may yield quantitativepredictionsfor heavy quark systems[30].
Currently,QCD correctionsfor the potentialanddecaysof heavyquarkoniacan only be calculatedin
next-to-leadingorder. Dueto the largesize of the strongcouplingconstantcc, thesecorrectionsarenot
always small enoughto give a rapid convergenceof the expansionseries.As a resultQCD predictions
often haveanerror of 20%.Anotherproblemconcerningthe correctchoiceof the QCD scaleat which
to evaluatetherunningcouplingconstanta~.This choice[39]seemsto dependmoreon personalintuition
thanon stringentphysicsrequirements.Finally, afully relativistic treatmenthasonly beendonefor the
spin 0 Klein—Gordonequation[40]. So far relativisticcorrectionsareincorporatedinto the Hamiltonian
up to order (v/c)2. All theseproblemsare currentlybeing investigated.

Spin-dependentmass splittings — an intrinsically relativistic effect— are incorporated into the
non-relativistictreatmentby meansof eithertheBethe—Salpeteror theBreit—Fermiequations,wherethe
latteris the mostpopularapproach.Themethodchosenis analogousto theQEDanalysisof positronium.
Thegeneralresultgiven by EichtenandFeinberg[41]consistsof threeparts:aspin—orbit,atensoranda
spin—spininteraction term, all of them dependingon the staticpotential.The Coulomb-likepotential

‘I
V(r) Buchmuiier, Gruriberg,Tye

Bhanot,Rudaz

~ 6eV Eichten et ai

I 0 —‘V—”— Martin

.—. ,.•

-2 .— ,:

3 ~

Ii II ~lI00
-1, ~ pi4j

/
I I I

0.01 0.05 0.1 0.5 1.0 fm
—~ r

Fig. 4. The radial dependenceof sometypical quark—antiquarkpotentials for heavyquarkoniasystems(from ref. [38)).The potentialshavebeen
shiftedto agreeat a radiusof r = 0.5 fm. Averageradii (\/‘~5)of theobservedci andbb statesare indicated.The potentialmodels usedare by
Bhanot and Rudaz(ref. [35]), Buchmüller,GrunbergandTye (ref. [38]), Eichtenci al. (ref. [33]) and Martin (ref. [32]).
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arisesfrom theexchangeof a vectorparticle,thegluon, and thereforetransformslike a Lorentzvector
(V,, -~ 1 / r). Gromes[42] hasshown that the dominantcontribution to the confining potential must be
scalarorvector. In theanalysisof EichtenandFeinbergvectorconfinementwasassumed,yielding results
different from thosewith scalarconfinement.The latterapproachby Henriquesetal. [34]andSchnitzer
[43]seemedto be preferredby earlyexperimentaldata.This discrepancyhasbeenresolvedby Gromes
[44]in favor of purescalarconfinementadvocatedalsoby Buchmüller[45]usingthe stringpicture.With a
pure scalarconfining potential (V~-~ r) Gromes obtains

= 2(L~S)(3~ V~)- (3(S1 c)(S2.~)- S1 . S~)(V~-

+ -~-~ (SS1)V~V~. (3.3)
3m~

L is the orbital angularmomentumandSi arethe quark spins. For comparisonwith experimentalmass
splittings the expectationvalue hasto be taken of the spin-dependentpotential (eq. (3.3)). With
abbreviationsa, b, c the general spin-dependentenergiesare:

(V~~1~(r))= a(L 5) + b(3(S~~)(S~~)— S1~S~)+ c(S1 . S~)

with

a = -~-~ (3~ - V~)); b = —k (v~- ~); c = -~-~ (V
2V~~. (3.4)

2m~ T 3m~ r 3mc

The 3P~,states,which have orbital angular momentumL = 1 and total spin S = 1, are split by the
spin—orbit and tensorforcesonly. In the caseof the S stateswith L = 0 only thehyperfinetermS~52

contributes.An evaluationof the matrix elementsof L S, S~~2 and the tensorterm yields the mass
splittingswithin the 3P

1 and the S states(seee.g. ref. [46]):

—2 —1 0
(V3~)=a—1 +b +~ forf= 1

+1 _~ 2

(3.5)

(v~)=c{} for

With the help of theseexpectationvaluesandthe massvaluesfrom experimentwe can derive the
parametersa, b andc, and thus gain information on the potentials. For a pure Coulomb potential the
hyperfinetermc is acontactterm (V

2V~,)andthus gives informationon the veryshort-rangepart of the
potential. b is proportional to derivatives of the vector (Coulomb) potential only. It yields direct
information on the short-rangebehaviourof the force acting betweentwo quarks. The a term is
proportional to the expectationvalue of both the vector (Coulomb) and scalar (linear) potentials.It
thereforeyields information on the confiningpart of thepotential.
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3.1.2. Radiativewidths
The easiestway to measurethe fine-splitting in charmoniumis to searchfor the radiativetransitions

from the i~s’to thex states.It hasbeenshown[47],thatadipole approximationshouldbeadequatefor the
transitions.The rate is then given by [33]

42J+1
F(~’—+-y+ Xc) = ~ + ~ q~aemk3IEjfI2, (3.6)

whereq,~is thechargeof the charmedquark in units of the elementarychargee,aem is Sommerfeld’sfine
structureconstant,k is the energyof the radiatedphotonandJ

1(J~)is the total spin of the initial (final)
state.E~1is the transitiondipolematrixelementJ R4rR~r

2dr, with R the radialwavefunctions.As theU~’
wave function hasa nodeat about0.5 fm andthe x wave functionshavenone,predictionsfor these
transitionsare very sensitive to the exact position of this node. The position dependscrucially on
relativistic correctionswhich havebeenincorporatedto order(v/c)2 in the calculationby McClary and
Byers [48].

Substitutingtheappropriatewavefunctionsin the matrix elementof eq. (3.6) yields thecorresponding
formulafor radiativetransitionbetweenx andthe groundstateJ/4i. As neitherwave functionhasanode,
the predictionsare ratherindependentof relativistic correctionsandthereforemore reliable.

The spin-singletstates1lc andi~ can also be reachedvia radiative transitionfrom the U~states.The
magneticdipole rate is given by [33]

F(JI~~+ ~) = ~ ~~emk3IM~2, (37)

wherem~is thecharmquarkmass.Therateis proportionalto theDiracmagneticmomenteq~/2m~of the
quarks.Thematrix elementM~

1is definedby M1~= J R4R,,)0(kr/2)r
2dr, whereIi) is the sphericalbessel

function of orderzero.In the non-relativisticlimit, the wavefunctionsof JIU’ andm~areidentical.With
j
0(kr/2 ~ 1) 1, the matrixelementis expectedto becloseto oneandrelativisticcorrections[49]turnout
to besmall. Onthe otherhand,the ‘hindered’ transitionU” —~ -y +

1lc involvesorthogonalwave functions.
Rate calculationsdependstrongly on relativistic effects and coupledchannelmixing.

3.1.3. Hadronic widths
The mainenergeticallyallowedhadronicdecaysof the U’ statesrequirethe c andëquarksto annihilate

into light hadrons.Accordingto the recipeby AppelquistandPolitzer [50,22] this processproceedsin
lowest-orderQCD through a two- or three-gluonintermediatestatewhich fragmentinto hadrons.The
annihilation ratesdependstrongly on the angularmomentumandspin of the charmoniumstatesunder
consideration.The minimal numberof gluonsfor thedecayof a C-oddstatelike the J/U’ is threegluons.
For C-evenparity stateslike the ‘r~and x the decayis via two andthreegluons. In lowest order the
two-gluon decayshouldbe dominantwhereallowed.

Lowest-orderQCD calculationsyield the following formulasfor the decaywidths [50,51]:

40 jR,
1 (0)12

F(J/I~s—+ggg)=~-—(1T
2--9)a~‘~‘2 (3.8)

I/cl’

= ~ jR~(0)j2/M~, (3.9)
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F(~0—~gg) = 96a~IR~0(0)I
2IM~

0, (3.10)

- fl1 128 ~IR~1(0)I
2 / 4m~ \

F(x
1—~qqg) ~ ~ M~ ~,42M2)’ (3.11)

128 IR’ (0)12
F(~2—t~gg)—~—ci~~ , (3.12)

whereflf is the numberof light quark flavors (nf = 3 for charmonium)andR(0)is the radial part of the
wave function at the origin (or its derivative for the x decays).Note that sometimesthesewidths are
written in termsof the total wave function at theorigin. This introducesa factorof 4ir into the above
formulae.The decaywidth for the x1 stateis differentfrom the otherx statesbecausea spin 1 particleis
forbiddento decayto two masslessvectorparticles[52].Theq~gchanneldominatesoverthealsoallowed
ggg channeland yields the abovestatedwidth [51].The logarithmin the decayx1—~q~gis due to a
thresholdsingularity in the limit of zero binding energy.

Next-to-leadingorder calculations[53]havebeenperformedfor the x0 and~2widths.It is useful to
considertheir ratio,wherethea priori unknownderivativeof thewave functiondividesout. Theresultis
[53]

F(x0—s~gg)IF(~2--~gg)=~(1+12a5Iir). (3.13)

Typical lowest-orderpredictionsfor thewidths vary between50 keV for theJI4t and 5 MeVfor the ~

3.2. Thecharmoniumx states

Thissectioncoversresultsfor the El transitionsiii’ —~ y~and x—* ~yJI~i.Most of the experimental results
havebeendescribedin detail in thereviewarticle by BloomandPeck[10].A summaryis givenherewith
particularstresson new experimentaldataandnew theoreticalinformation. This sectionis divided into
twoparts.The first part summarizesexperimentalresultson branchingratios,massesandwidthsof the x
states.The secondpart comparesthe obtainedparameterswith theoreticalpredictions.Conclusionsare
drawn regardingQCD predictionsandrelativistic corrections.

3.2.1. Experimentalresults
The x~statesareproducedin radiativedecaysof the U”. Therearethreeapproachesto study these

transitions.The first methodconsistsinsearchingfor decaysof the U” into onephotonplushadrons,e.g.,
—~ y’Tr + ‘Tr - IT + IT -. It is mostly employed by magnetic detectors and yields precise x mass values by

reconstructingthe invariant mass of the hadronic system. In addition, this method allows for a
determinationof the total width of the x states.

To determineradiativebranchingratiosa secondmethodhasto beemployed.It consistsof measuring
the inclusivephotonenergydistribution in hadronicdecaysof thes~’.Initially, magneticdetectorshave
analyzedconvertedphotons[54],but theefficiencyfor this techniqueis rathersmall.Themeasurementof
radiativebranchingratios is donebest with electromagneticcalorimeters,identifying photonsand their
energieswith largeefficiency andhigh precision,respectively.The first suchdetectorwasSP-27 [19]at
SPEAR.Using19 Na! crystalsarrangedaroundthe interactionregionthey succeededin measuringthe
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inclusiveradiative branchingratios. In the fall of 1978,a dedicatedneutralparticledetectorcoveringa
large solid angle, the Crystal Ball, startedoperating. Its excellent photon measurementcapabilities
yielded precisebranchingratios [55]. Figure 5 shows the inclusive photonspectrumobtainedby the
Crystal Ball experiment.Prominentpeaks(labeled2, 3 and 4) correspondto the transitionsto the x
states.The inclusive radiativebranchingratiosobtainedby all experimentsaresummarizedin table 3.

The third method to determinethe x statesconsists of measuringthe cascadeprocessi4i’ —~

x —~ -yJ / ~r. Herethe J/ t~i is identified by its decayto ~ p or e+e-. The magneticdetectorexperiments
Mark I, Mark II, andDASP as well as the non-magneticdetectorsDESY—Heidelbergand CrystalBall
identified this process.Resultsare includedin table3. Bothdetectortypesyield very similarvaluesfor the
productbranchingratios. The branchingratios BR(x—*-yJ/iJ,) have beencalculatedfrom the average
valuesof theinclusiveandexclusivemeasurements,andtheresultsareshownin thelast row oftable3. In
addition,thedatafrom the CrystalBall experimentyieldedhighconfidencelevelsfor thespins[58]of x1.2
as preferredin the charmoniummodel, i.e.,J= 1 and2 for ~, andx,~respectively.Note that the spin

Crystal Ball
~ 3 ___________

80 100 500 700
E~(MeVI 4 E~ (MeV) -

15000- AA~ /
\ /

ioooo- \ ) ‘I -

iJ 2
3S,

- 1 t7\~3P 8

5000 - ~ ~ I —Li
0 I I 1111 I 11,1

50 00 500 000

E~ (MeV)

Fig. 5. inclusive photon spectrum at the 4” obtainedby the Crystal Ball experiment.Note that the logarithmic energyscale yields bin sizes
approximatelyproportionalto photonenergyresolution.Thenumbersoverthespectrumcorrespondto theexpectedradiativetransitionsshownin the
spectruminset.
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Table 3

Branchingratiosfor theradiativedecaysofthe4,’ to thex statesand
the productbranchingratios for the decaysfurtherdown to theJ/ 4,.
Systematic and statistical errors have been added in quadrature.
Weighted averages have been formed. The branching ratios
BR(x—~’

3JI4i)havebeencalculated,whereerrorsfrom thebranching
ratios BR(4,’—’~yx)have not bebeenincluded. This introduces an

additional 10% scaleerror

BR(4,’—+yx) (%)
Experiment x0 x xs Ref.

Mark I 7.5 ±2.6 [~4I
SP-27 7.2±2.3 7.1±1.9 7.0±2.0 [19]
Crystal Bail 9.9±0.9 9.0±0.9 8.0±0.9 [55

]

Average 9.4±0.8 8.6±0.8 7.0±0.8

BR(4,’—~~y~,~—*3J/4,)(%)
Experiment x0 x, Ref.

Mark I 0.2 ±0.2 2.4 ±0.8 1.0±0.6 [54]
DESY—HD 0.14±0.09 2.5±0.4 1.0±0.2 [56]

0.3 ±0.2 1.7 ±0.4 1.4 ±0.4 [14]
Mark II <0.56 2.4±0.6 1.1 ±0.3 [57]
Crystal Ball 0.06±0.02 2.4±0.4 1.3 ±0.2 [58

]

Average 0.07±0.02 2.2±0.2 1.2±0.1

BR(x—*7J14,)(%)

Average 0.74±0.21 25.6±2.315.4±1.3

assignmentsarealso supported[59]by thehadronicdecaymodesof thex states.Finally, the transitions
betweenthe t~i’and x1.2 were shown by the Crystal Ball [58] to be predominantlyelectricdipole.

Table 4 collectsmassandwidth determinationsfor thex states.Massvaluesdeterminedfrom analyses
of hadronic x decaysareincludedfrom theParticleDataGroup [59]. A new measurement of the total
width of the x0 hasbeenobtainedby theCrystalBall group[60]analyzingthedecayx0 —* ii~°’rr°.Thelast
ISR experimentR704[61]usedthe techniqueof p~annihilationandscanningthebeamenergyoverthe
expectedmassregionof thex states. With a mass resolution of 0.3 MeV they succeededin measuringx1
and x2 massvaluesand the x2 width, as shown in table 4.

Table 4
Massesand widths of the x states in MeV. Systematicand statistical errors have been added in quadrature.
Measurementsof the x massesin hadronicdecaysaretaken from the Particle Data Group summary(which also
includes themass determinationsby theCrystal Ball [58]).Upper limits and confidenceintervalsare at the 90%
confidencelevel, exceptfor R704 resultswherethe levels are95%. The averagefor F(x0) hasbeen calculatedin

ref. [55]

Mass (MeV) F(x)(MeV)

x0 x0 x, xs Ref.

Hadronicaverage 3415.0±1.0 3510.0±0.6 3555.8±0.6 [59]
R704 3511.4±0.5 3556.8±0.6 <1.3 3’~ [61]
Crystal Bail 3417.9±4.3 3512.3±4.2 3557.8±4.1 13—21 <4 1—5 [55]
Crystal Ball 3415.6±1.4 3510.4±0.6 3555.9±0.7 9 ±2 <2.6 4 ±1 [58,60]

Average 3415.3±0.8 3510.8±0.4 3556.3±0.4 13±5 <1.3 3.6±0.7
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3.2.2. Comparisonwith theory
According to the results presentedabove, the comparisonwith theory is divided into threeparts:

comparisonwith radiativebranchingratios, hadronicwidths andx masses.In table 5 selectedpredictions

on 4” —~ x andx—~-yJ/4c widthsarecomparedwith experimentaldata.As the spin-dependentlong-range
potentialhasbeenshown to transformlike a scalarunderLorentz transformations(seesection3.1.1),
only theoriesincorporatingscalarconfinementareusedfor comparison.Predictionshavebeenadjusted
for the measuredphotonenergies.The experimentalwidths arecalculatedusingthe totalwidth of the4”
of (215±40) keV [59]andthex (seetable4). A 19% scaleerrorfrom theuncertaintyin thetotalwidth of
the 4” hasnot beenincluded.

The agreementbetweentheory and experimentis satisfactory.Early non-relativisticpredictionson
1(4” —~-yr) were too largeby a factorof two. This discrepancywassolvedby McClary andByers[48].
Inclusionof relativistic (v/c)2correctionsandcoupledchannel(c.c.) effectsreducethe predictedwidth to
a value compatiblewith experiment,see table 5 for the developmentby successiveinclusionof these
effects. The influenceof relativistic correctionson the transition ratex—3 yJ/4

1 rate is much smalleras
both wave functionshaveno nodes. Note also the good agreementwith one of the earliesttheories
incorporating scalar confinement, the prediction by Henriqueset a!. [34]. As an example of the
sum-ruleapproachof QCD, the predictionby Novikov et al. [47] is included.The agreementwith data
is very good. A bag model calculationalby Baackeet al. [62] yields comparablevalues.

Table 6 shows the averagehadronic width together with theoreticalpredictions. Note that the
comparisonis donefor hadronicandnot totalwidths; theyarerelatedby

Thad = F,~~(1— BR(~—s~yJ/4’)).
Barbieri et al. [51] derivedand Olssonet al. [65] used the formulaefor hadronicwidths given in eqs.
(3.l0)—(3.12) with an estimateof the derivative of the x wave function at the origin obtainedfrom
potentialmodels.The predictionsseemtoo low for the x

0 andx2 widths. But thesewidth calculationsare
subjectto largeQCD radiativecorrections[53]. In lowest-orderQCD the ratio of the x0 to x2 width is
givenby ~ = 3.75 (eq. (3.13)),veryclose to theexperimentalratio of 4.2 ±1.8.First-orderQCD yields a
value of 6.9, but inclusion of (unknown) higher ordersmight bring this ratio down again.The QCD
sum-rulecalculationsby Novikov Ct al. [47]yield hadronicwidths abouta factorof two higherthanthose
from potentialmodels,but still do not meetthex0 experimentalwidth. Thedeviationbetweentheory and
experimenton the x hadronicwidth is one of the remainingproblemsin the cë system. It hasbeen
speculated[65],but not yet proven, that this is due to relativistic effectsdistorting the wave functions.

Table 5

Comparisonof theexperimentalradiativewidthswith theoreticalpredictions.The experimentalvaluesare
determinedfrom the averagebranchingratios (table 3) and the total widths of the4,’ (215 key) and x
(table 4). The predictionsby McCiary and Byers[48] are shown for the non-relativisticapproximation

(n.r.) and including (v/c)
2 and coupledchannel(cc.) corrections

F(4”—~yx)(key) F(~—*-yJ/4,)(keV)

x
1 x x, x2 Ref.

Experiment 20.2±1.7 18.5 ± 1.7 16.8±1.7 96±46 <405 555±130

Baackeet al. 24 27 25 162 328 415 [62]
McClary et al. (n.r.) 45 40 27 121 250 362 [48]
McCiaryet al. (v/c)

2 19 31 27 128 270 347 [48]
McClary et al. (cc.) 16 23 22 117 240 305 [48]
Falkensteineret al. 22 32 24 111 225 306 [63]
Grotch et al. 17 27 27 167 352 427 [64]
Henriqueset al. 22 21 14 120 258 367 [34]
Novikov et al. 25 19 14 210 463 603 [47]
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Table 6
Hadronicwidths of the x states

Thad(X) (MeV) x
0 x, Ref.

Experiment 13 ±5 <1.0 3.1 ±0.6

Novikov et al. 4—5 0.7—3.5 1.6—2.2 [47]
Barbieri et al. 2.4 0.64 [51]
Olssonet al. —2.5 —0.2 —0.7 [65]

Another testof QCD is the measurementof the two-photondecaysof the x0 andx2. The branching

fractionshavebeendeterminedby the CrystalBall group[601to

BR(x0—+2y) = (3.9 ±2.2) x i0
4, BR(~

2—~2-y)= (9.0±3.8) x i0
4.

To eliminatethe dependenceon the uncertainx total widths it is best to compareratiosof branching
fractions. The experimentalresult for BR(~

2)/BR(~0)is 2.3±1.6. The theoreticalprediction [51],
correctedfor the observedbranchingfraction of x~—~ yJ/4’, is 0.85 in lowest order QCD. Including
first-ordercorrections[53]raisesit to 1.2, quite compatiblewithin the largeexperimentaluncertainty.

The remainderof thissectionis devotedto an evaluationof theoreticalpredictionson thex masses.As
discussedin section3.1.1. the averagedspin-dependentpart of the potentialcan be written (eq. (3.4))

= a(L . S) + b( T12) + c(S1 . S2~

wherethe lastterm,the hyperfinepart, is constantfor the x statesunderconsideration.It is customaryto
definea ratior = (M2 — M1)I(M1 — M0) whereM~arethemassesfor thestateswith totalspinJ. In terms
of a andb this ratio is given by r = (2a — 0.6b)I(a+ 1.5b). Given the accuracyof today’sworld average
valuesfor the x massesit is moreappropriate to studythe individual parametersa andb insteadof the
ratio r. With the averagedx massesfrom table 4 the following values for the parametersa and b are
obtained:

= 1 (3V~— V~)= (34.9±0.2)MeV, b = —~ (v~— = (40.4±0.6)MeV.
2mc r 3m~ r

Setting the long-rangepotential to zero would retain the spin dependenceas in pure QED. With the
standardCoulomb force_this yields the relation a = 1.5b (QED). The experimentalvalues in table 7
indicatethatthe heavybb systemwith a 1 .3b is closerto this valuethanthe cësystem.In charmonium,
the relationa 0.9b revealsthe importanceof the long-rangecomponentof the force.

For comparisonwith theory the correspondingparametersarecollectedin table7. Also given arethe
values determinedfor the lowest bb Xb states[66]. The model by Gupta et al. [67],which includes
higher-orderQCD corrections,is in excellentagreementwith the data.The QCD sum-ruleapproach
[68], which is so successfulin predicting the ~‘4’—’i~hyperfinesplitting, doesnot reproducewell the
fine-structuresplitting in thex system.Predictionson thex center-of-gravity(COG) are for somemodels
off by up to 30 MeV. But this is dueto anover-or underestimateof thelong-rangeforce componentand
not of the spinsplittings.Togetherwith theexperimentalsplittingsin thebb system,the relativestrength
of the short- and long-rangeforce hasbecomebetter understood.
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Table 7
Expectationvaluesof the spin—orbit (a) and tensor (b) potential terms as
determinedfrom theexperimentaland theoreticalx masses.Includedare the

correspondingvalues for the bottoniunisystemfor comparison

Origin a (MeV) b (MeV) r Ref

.

x (ci) (expt.) 34.9 ±0.2 40.4 ±0.6 0.48 ±0.01

Baackeci al.. 30.7 25.6 0.67 [62]
Buchmülleret al. 35.1 31.9 0.61 [38]
McClary et al. 33.1 48.6 0.35 [48]
FalkensteinerCt al, 39.1 35,3 0.62 [63]
Grotch et al. 28.2 23.9 ((.66 [64]
Guptaet al. 35.7 42.2 ((.46 [67]
Henriqueset al. 30.0 33.3 0.50 [34]
Reinderset al. 41.7 38.9 0.60 [68

]

~(bb) (expt.) 14.3 ±0.5 11.3 ±1.1 0.7((±0.07 [66]

Togetherwith the bottoniumXb statesit canbe shown[691,that purely phenomenologicalmodels[32]
fail to reproduceCOG andsplittings. This fact can be viewed as a successfor the potentialsbasedon
QCD.They seemto havethe right ingredientslike one-gluonexchange,asymptoticfreedomandlinear
confinement.Therefore these models should in principle allow a determinationof the only scale-
parameterin QCD, A~. Indeed Buchmüller et al. [38] have found a lower bound on the scale
parameterof QCD, A~> 100 MeV, from an analysis of the charmonium and bottonium data.
Recently,Hagiwaraet al. havere-analyzed[701thesedataincluding thex~states.They obtainA~=

250 ±100 MeV, a value equalto that obtainedby an analysis[39] of all processeswhich measurethe
running coupling constantof QCD. Summarizing, all measurementswith the exceptionof the total
width of the Xo are reproducedratherwell in the different models.

3.3. Thecharmoniumij~and ~ states

In this sectionresults arepresentedfor the magneticdipole transitionsfrom the spin-triplet to the
spin-singlet states. Experimental results on the branching ratios BR(J/4’—* -yii~), BR(4” —*

BR(4” —* ‘y-q~)and the massesandwidths of ~ and~ arepresentedin part one. Theseresultsarethen
comparedwith theoreticalpredictionsin the secondpart.

3.3.1. Experimentalresults
The lowest-lyingc~boundstate,the pseudoscalarstate‘t~, hasbeenthe objectof considerablesearch

ever since the discovery of the vector stateJ/4’. Early observations[27] of a 2-y peakat a massof
2830MeV in thedecaymodeJI4’—* 3-y werenot confirmed[71]in asubsequentexperimentby theCrystal
Ball collaboration.Later,thisgroupfoundevidence[55,72] for anewcandidatestateat (2984±5) MeV
in the inclusivephotonspectraof both theJI4’ and4”. The insetin fig. 5 showstheobservedsignal in the
spectrumfrom the 4”. The radiativebranchingratios and the ~ width were determined[55]:

BR(J/4’—*y~~)= (1.27±0.36)%, BR(4”—~-yq~)= (0.28±0.06)%,
(3.14)

= (11.5±4.5) MeV.
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In additionthis experimentobtainedevidencefor thedecayof theic into i~’rr’tr. Confirming evidenceon
the m~camefrom theMark II collaboration[73].Theyobservedfourhadronicdecaymodesin 4”—+yq~:
-‘i~—~K~K~’rr”,Ir’IT ‘Tr~IT,‘Tr~IT K~K,p~.

A candidatefor the radial excitationof the ~ the~,was discoveredby the CrystalBall experiment
[74] at a massof (3594±5) MeV with an inclusive radiative branchingratio and a width of

BR(4”—*yq~)= (0.2—1.3)%(95% CL), T~~(i~)<8MeV. (3.15)

It was not until the Mark III and DM2 groupsaccumulatedlarge data setsat the J/ 4’ that more
informationon the ‘n~becameavailable.A Mark III analysisof the‘q~—* ~4decayangulardistributions
providedthe first experimentaldetermination[75] of the spin-parityof the ‘it. The result,J~q~)= 0,
agreeswith expectation.The DM2 ~4datawerealso shownto be consistent[76]with a 0 hypothesis.

Froma detailedstudyof 2.7million J/4’ decays,theMark III collaborationdeterminedmoreaccurate
branching ratios [77] for the previously measured decays (see above) and found three new modes:

—~,1~IT ‘It , K~’°K~i~andK*OK*O. Upper limits on selected decay channelswere alsoobtained.Table
8 statesthe averageof all experimentalbranchingratiosdivided by the inclusiveBR(JI4’—*-y~~)given
above. Isospinfactorshavebeentakeninto accountassumingthei~tobeaniso-singlet.This assumption
is justified by the observedstrengthsof the different KK’rr modes[77].

3.3.2. Comparisonwith theory
Summingall branchingratiosin table8 showsthatapproximately21%ofall ~ decaymodeshavebeen

observedso far. The experimentalbranchingratiosarein roughagreementwith a predictionby Quigg
andRosner[78] usinga statistical model with a Poissonmultiplicity distribution.HaberandPerrier[79]
triedto relatedifferentdecaysof the11~totwo vectormesons.Theanalysisis complicatedby thepresence
of three‘r~decaymechanisms,wherethe i~annihilatesinto two gluonswhich couplein different waysto
thetwo vectormesons.Giventheexperimentalresults,it seemsthat therateincreaseswith thenumberof

Table 8
Massof the q, and branchingratiosto hadronicfinal
states.All measurementswere obtainedin radiative
J/4i decaysexceptthoseby theMark II collaboration.
The inclusive radiative branchingfractions measured
bytheCrystalBall weretakento obtainthe~q,hadronic
branchingratios,whichresultsinanadditional28%scale
error.Weightedaverageswereformedif morethanone

experimentalresultsexists

DecaymodeX BRl~q,—*X)(%) Refs.

5.1±1.1 [72,77]
4.2± 1.3 [77]

KK~ 5.5±0.9 [73,77,76]
2(i~f’) 1.3±0.5 [73,77]

2.0±0.3 [73,77]
K*OK_1~~+ cc. 2.0±0.5 [77]
K*K* 0.9±0.5 [77]
44 0.4±0.1 [75,76]
p4’ 0.13±0.06 [73,77

]

Ml~q,)(MeV) 2979.4±1.3 [72,73, 77]
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strangequarks in the final state— quite in contrast to what is known of JI4’ decays.A detailed
understandingof the dynamics of ~ decaysis still missing.

In table 9 threetheoreticalcalculationsare comparedwith the experimentalwidths. The latter are
obtainedby multiplying the correspondingradiativebranchingratiosby the total widths [59] of JI4’ and
4”. The theoreticalpredictionsarebasedon potentialmodels[49,64] and thesum-ruleapproach[801in
QCD.An estimateusingthe non-relativisticradiativeMl width formula(eq.(3.7))with acharmedquark
massof m~= 1.8 GeV yields F(JI4’_-*yq~)= 2.0 keV andI(4”—*-yr~)= 1.0 keV. Whereasthe last value
is well within the experimentallyallowed range,the formervalue is abouta factorof two too large.

In fact, most theoreticalpredictionsyield valuesfor the width J/’I’—~~rn~in the rangeof 1 to 2 keV, a
little too largewith respectto the experimentaldatum.As the theoreticalwidth is proportionalto the
Diracmagneticmoment,smallerwidths can be obtainedat the expenseof largecharmedquark masses.
But massesmuchlargerthan1.8 GeV arenot allowedby potentialmodelcalculations.Grotchet al. [64]
havetried the assumptionof a largeanomalousmagneticmomentfor charmedquarks. Smallerwidths
can be obtained,seethe predictionsin parenthesesin table9. However,such a large anomalousquark
momentdoesnot seemto be reasonable.

The situationis muchbetter for the transitionwidth 4”—~-y-q~All predictionsyield valueswhich are
compatiblewithin the largerangeallowedby theexperimentallimit. For theradiativewidth 4” —+ -y~q,2the
calculationaldifficulties arequite different. It hasbeenmentionedin section3.1.2 that thisis ahindered
Ml transition,as the wave functionsof 4” and‘r~areorthogonal.Only relativistic correctionswill allow
for a finite width. In potentialmodelsthe width can be madeto agreewith experimentby inclusionof
relativistic correctionsandcoupledchanneleffects.In the calculationof ZambetakisandByreset al. [49]
this reducesthe width from 3.7to 0.3 keV. In contrast,the standardsum-ruleapproachpredictstoo small
a value of 0.04keV. A remedysuggestedby Shifman and Vysotsky [80] is to assumethat the decay
proceedsthrough a gluon admixturein the 4” wave function andin addition to requirea large4”—÷~y’r~
amplitude.Unfortunatelythe latter hypothesiscannoteasilybe tested.

The width of the 112 has been predictedbetween4.2 MeV and 7.3MeV, to be comparedwith the
experimentaldatumof (11.5±4.5) MeV. Thelower theoreticalvaluehasbeenobtainedby Shifmanet al.
[80]with an estimateduncertaintyof 1 MeV. By relatingthe hadronicwidth of theJ/4’ and‘r~,2(eqs.(3.8)
and (3.9):

F(~~~2g)=

27IT ~ 1(JI4’~3g) 100F(JI4’~3g),
S(IT —9) a~

avalueof about4.1 MeV is obtainedwith a, = 0.2. Incorporatingfirst-orderQCD radiative corrections,

Table 9
Comparisonof the experimentalradiativewidths with theoreticalpedictions.
The experimentalvaluesaredeterminedfrom thebranchingratiosgivenin eqs.
(3.14) and (3.15) using total widths [59]for the J/4, and 4,’ of 63keV and
215 keV, respectively. This introduces an additional scale uncertainty of 14%

and 19%, respectively

T(keV) J/4i—~y1L 4”—3T~, 4,’—+~yi~ Ref.

Experimental ((.80±0.23 0.60±0.17 0.43—2.8

Zambetakiset al. 2.2 3.7—0.3 0.75 [49]
Grotch et al. 1.2 (0.4) 8.4 (0.4) 0.2 (0.6) [64]
Shifman et al. 2.2—3.2 0.75 —1.6 [80]
Non-relativistic MI 2.0 —0 1.0 [33]
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Barbieri et a!. [53]obtain F(ii~) 7.3 MeV. This lattervalueis in agreementwith theexperimentalwidth,
although one may wonderaboutthe magnitudeof the second-orderQCDcorrection.

The measurement of the 2 photon decay width of the ‘q,~ is another testof QCD. The Crystal Ball [81]
upper limit of F(~~—~2-y) < 15 keV is well abovetheoreticalpredictionsranging from 4keV (sum-rules
[68])to 7.5keV (potential model with QCDcorrections [53]).The R704experimenthaspresented[61]
preliminaryevidencefor theobservationof this decay; the deducedwidth is about —4 keV, consistent
with theory. Recently,PLUTO [82]hasdeterminedthe two-photonwidth of the ~ in photon—photon
scatteringprocesses.They obtain 1(q~—*

2’y) x BR(
11~—* K,K±1T*)= (0.5±0.2) keV, wherestatistical

and systematicerror havebeen averaged.Dividing out the hadronicbranchingratio (table 8) yields2-y) = (27 ±13) keV, compatiblewith theory given the large experimentalerrors.
Using QCD sum-rules,the massof the 11~hadbeenpredicted[80]by theITEP groupto be2977MeV.

It wasargued[80]at the time of the wrong ‘q~that “the recipeof ApplequistandPolitzerandthe whole
non-relativisticapproachto radiative decaysin charmoniummust be wrong”, if the X(2800) were to
survive. Fortunately,the real‘q,

2 was found at a massof 2980MeV, incredibly closeto the prediction.
Potential models like to put this spin-singlet state in the massrangefrom 2975MeV to 3000MeV.
Including first-order radiative corrections[53]leadto a massvalue of about3040MeV, but again, the
correctionsareratherlarge (45%)andhigherordersmightchangethefirst-ordercorrectionsubstantially.
Summarizing it seems that, except for a slight problem with the radiative width JI4’—~-y-q,,all
experimentalmeasurementsarewell reproducedwithin such differentapproachesas potentialmodels
andsum-rules.

4. Radiativedecaysto pseudoscalarparticles

Themainenergeticallyalloweddecaymodesof theJ/ 4’ requirethec and~quarksto annihilate,shown
in figure 6. The decaymodewith the largestrateis describedin lowestorderQCD by a threegluon
intermediatestate(fig. 6a). The partial width is calculatedto (seesection3.1.3)

40 IR~1(0)12
1(J/4’—s.ggg)=~j-—(1r

2—9)a~~j2 (4.1)

wherea~(q
2)is thestrongcoupling constantto be evaluatedat thescaleq = O.44MJ/

4[83],Mi,, is the

3g (b)

Ji’k~~ ~

(c)~.r, Cd) ~rcS’

h?c

2g

Fig. 6. Feynmandiagramsfor JI 4, decay:(a)three-gluondecay;(b) electromagneticdecayto leptonsandquarks;(c) radiativedecayto two gluons and
(d) radiativedecayto si,.
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massof the J/4’ resonance,andR~10(O)is the J!4’ radial wave function at the origin. The three-gluon
decay branchingratio has been determined[33] in potentialmodelsto about60%. Obviously, other
decaychannelsarecompetingstrongly with this mode.

The secondlargestrateturns out to be the decayto a virtual photon, which couplesto quarksand
leptons(fig. 6b). Given a JI4’ massof 3.097GeV, the only allowedleptonic final statesareelectronand
muon pairs. In thelimit me~~ M~16both rateswill beidentical.The measuredbranchingratio to leptons
is [59]BR~ 7.4%.The virtual photondecayrateto quarkswhich fragmentinto hadronsis R timesthe
leptonicrate, whereRmeasuresthe normalizedhadroniccrosssection in eke’ annihilationsoff the J/4’
resonance:

R= e~e—~hadrons)
o(ee ~i~)

Using [59] R=2.2 yields BR~had=l6%.
Themagneticdipole radiativedecaymodeJ/4’.—* ~Y11~(fig. 6d)hasbeentreatedin detailin section3.3.

Its branchingratio hasbeenmeasuredto 1.3%.Summingthetheoretical(ggg)andtheexperimental(ji4J,

~y*_~hadandy-q~)branchingratiosgives about90%.The missing decaychannelcontributinganother
10% is depictedin fig. 6c. Here the J/4’ decaysradiatively by emissionof two gluons.

The ratio of the partial widths of J/4’—.*-ygg to J/4’—~.ggg, including first-orderQCD corrections,is
given by Brodskyet al. [83]

= ~Ut1 q2[~ + (2.2 ±0.6) , (4.2)
F(J/4’—~ggg) 5 C 77.

whereaem is Sommerfeld’sfine structureconstantand q, the charmedquarkcharge.To evaluatethis
equationa value of a~= 0.2 will be used.It is obtainedby calculatinga~in secondorderwith a scale
parameterof A~ 100MeV. The result is F(J/4’—~-ygg)/1(J/4’---~ggg) 13%. Correcting for the
electromagneticdecaysof the J/4’ gives a branchingratio predictionof BR(JI4’—* -ygg) 9%.

Experimentalresultson direct photonproductionfrom the JI4’ wereobtainedby theLead-Glass-Wall
[84]andMark II [861collaborationsat SPEAR.Both experimentsobserveabranchingratio of about4%
for photonenergiesabove930MeV, consistentwith an expected5% in this range.The photonenergy
spectrumfrom Mark II is shownin figure 7a. It is softer thanthat predictedin leadingordercalculations
[87], but non-perturbativeeffects areexpectedto modify the high end of this spectrum[91].

It shouldbe possibleto describeradiativedecaysto exclusivefinal statesby thesamemechanismof -ygg
emissionevaluatedabove.Therefore,we expectthe QCD predictionto includethe effectsof resonances
smearedover an appropriatemassregion. Given the rather large ygg width, the productionrate of
mesonsin radiativeJ/4’ decaysshouldbe sizable.A furtherstepin this direction hasbeenperformedby
Billoire etal. [92]andKörneretal. [93].Theycarriedout aspin-parityanalysisof the producedtwo gluon
system.The interestingfeatureis a strongpresenceof JPC = o+ ~,0’ ÷and2 + + contributions(seefig. 7b).
Predictions on the production of spin-one states dependcrucially on the effective mass of the
intermediategluons as the formation of a vectorparticleby two masslessgluonsis forbiddenby Yang’s
theorem[52]. Only massivegluons mayproducesuch states.

One of the consequencesof coloredgluonsinteractingwith eachotheris the possibleexistenceof
boundstatesof gluons[8], often referredto asgluonicmesons,gluonia or glueballs.Observationof such
particleswould providea striking andvery direct verification for the non-Abeliannatureof QCD. The
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Fig. 7. (a) Mark II directphotonspectrumfrom theJ/4,. Thesolidcurveis theleadingorderQCDpredictionconvolutedwith thedetectorresolution;
(b) thepredictedphotonspectrumfor J/4, radiative decays.Shown aretherelativecontributionsto thespectrumfrom differentspin-parities(from
Körner et al. [93].

lightestgluonic mesonsareexpectedto havemassesrangingfrom 0.5—2.5GeV andto havespin-parities
0’~’,0~’and2”~’.This massrangeis acessiblein radiativeJ/4’ decaysandthesequantumnumbersare
expectedto dominatethis decay.In additionto gluonicandquark—antiquarkmesonproduction,it seems
possibleto form otherstatesunknownin thequarkmodel: thehybrid mesonsq~jgstate[9]— also known
as meiktons — and four-quark qjqj states.All of thosestatesshouldbe producedstrongly in the gluon
rich channelJI4’—~’jgg.

Unfortunately, QCD predictionson masses,widths and decay channelsfor gluonic, hybrid and
four-quarkstructuresarenot very precise.This makesit difficult to distinguishthesestatesfrom normal
mesons.But sometheoreticalguidanceis neededto help identify non-q~jstates.The modelsusedto
obtain predictionsarelattice Monte Carlo calculations[94], bagmodels[95]andpotentialmodels[96].

The theoreticalmassspectrumfor gluonicmesonsis shownin fig. 8. Indicatedaretypicalpredictions

I I I

— Ref.88
Ref. 85
Ref. 8903 Ref.g0 -

(I) —

a

2- . .

0 ~ ~ 2~’ 2~ 1~ 3’
jPC

Fig. 8. Thelowest-lyinggluonic mesonstatesfor eachof theindicated quantumnumbers(from Carlsonetat. [88]).Predictionsarefrom bagmodels
(lineswithout dots) andfrom lattice MonteCarlo calculations(lines with dots).
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from bag models (lines without dots) and lattice calculations(lines with dots). The good agreement
betweenboth approachesis encouraging.As the massregion between1 GeV and 2 GeV is also filled
with normal q~mesons,additional information would be helpful. Early it has beenspeculated,that
gluonic mesonwidths should be suppressedby \/FOZIFhad, whereF~ is a typical OZI [97] decay
width, suchas 4’—* 3’ir. This rule would yield a width of about 1—10MeV. Mixing with ordinaryhadrons,
however,will broadengluonic mesons[98]. At present,a firm estimateon their width is not known.

A possiblesignatureof gluonium might be its flavor-independentcouplings, as such a mesonis by
naturean SU(3)flavor singlet.Thereare,however,variousSU(3)breakingmechanisms.For instance,in
the decayof a pseudoscalargluonic meson,the decayrateturns out to be proportionalto the final state
(light) quark masses[99].The conclusionis that, atpresent,thereis only onesolid criterionto distinguish
a gluonic from anormalmeson.A particlequalifiesasa gluonicmesonif it doesnot fit into any available
mesonnonetwith the appropriatequantumnumbers.For this reasonit is very importantto obtainas
muchinformationaspossibleon radiativedecaysto normalhadrons.Togetherwith all theinformationon
massesanddecaywidths will it be possibleto ascertainthe nature of any new object being found.

4.1. ~

The 11 and11’ wereamongthe first particlesto be found in radiativedecaysof theJI4’. The DASP[14]
and DESY—Heidelberg[15,100] collaborationsfoundevidencefor 11 and 11’ in the three-photonfinal
statefrom the JI4’. Later,the Mark II experiment[101]observedthesemesonsin their decaymodesy’rrlT

and -yp°, respectively.With the first large data set obtained by the Crystal Ball group, improved
measurementson thesedecaysbecameavailable.In particularthe 1~l’was seenin its decaymodes1111’Tr,

111T°lr°,yp°and -yy [81] andthe 11 in the mode3~r°[60]. New information on 11 and 1’ hasbeenadded
recentlyby theMark III [102,103] andDM2 [76]collaborations.Theisopin forbiddendecayof theJ/4’ to
~ hasbeendeterminedby DASP [14],CrystalBall [81]andDM2 [76].The averagebranchingratiosfor
the abovediscusseddecaymodesdo not differ substantiallyfrom thoselisted in the Reviewof Particle
Properties[59].New averagebranchingratioshavebeencalculatedincluding recentmeasurementsand
are presentedin table 10.

Averagewidths are calculatedwith .f’(JI4’) = 63 keV and comparedto three different theoretical
calculations.The first predictionby Intemann[104]is basedon an extendedversion of vector meson
dominance.The decaysinto pseudoscalarsP areassumedto proceedthrough all possibleintermediate
vectorstatesV: J/4’—3VP-—*-yp. FritschandJackson[105]introducesmalladmixturesof 11 and11’ in the11~
wave function. The decaywidth to pseudoscalarsis then calculatedusing the non-relativisticradiative

Table 10
Average branchingratios for JI4,—~y + {

11U, ~ ~i’}. Experimentalresults
are from refs. 159,60,76,81,101, 102.103]. The experimentalwidths are
calculatedusing F(JI4,) = 63 keV, which introducesanadditional14% scale

error. Threetheoreticalpredictionsare included

X Ir’ -q’ Ref.

BR(J/4,—~7X)( x 10~) 0.038 ±0.008 0.88 ±0.06 3.9±0.3
F(J/4,—~ 7X)(eV) 2.4 ±0.5 55 ±4 246 ±19

Intemann 0.9 eV 69 eV 265eV [104]
Fritsch and Jackson 1eV 60eV 220eV [105]
Novikov et al. 79eV 292eV [106]
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decayformula (eq. (3.7)) multiplied by small mixing parameters.Novikov et a!. [106]haveusedthe
parameterfree approachof evaluatingtheQCDmatrix elementof thetwo-gluonfield tensorbetweenthe
vacuumandthe 11~Thedecaywidth to 1’ is thencalculatedwith QCD sum-rules.All predictionsarevery
similarandagreewell with experimentalobservations.The ratherlargedecaywidth to -yq’ points to a
strongcoupling of the ‘q’ to gluons. In fact, ananalysisof radiativedecaysof light pseudoscalarmesons
[107]and an investigationof J/ 4’ decaysto pseudoscalar-vectorfinal states[79]suggeststhat a sizable
gluon componentmaybe presentin the 1’ wave function.

4.2. JI4’—~y + L(l46O)

It hasbeenarguedin the introductionto this section,that theprimechannelto look for gluonic and
hybrid mesonsis in radiativeJ14t decays.The first candidate,the L( 1460),wasfoundby Mark II [108]in
the decaymodeL—+K~K~1~.TheKK systemisproducedpreferentiallyatlow mass,asthoughthe decay
were i—~8ir, ~ KK. Without spin analysisthe signal of about85 eventswastentativelyidentifiedwith
the jPc = 1 + + E(1420)meson.Speculationon a gluonium hypothesiswasnourishedby the very large
radiative branchingratio (seetable 11).

Subsequently,the Crystal Ball studiedthe L with greaterstatisticsin the K ~K ~r°mode (174±30
events).A partial waveanalysiswasperformed[109]in 100MeV bins of the KK’rr invariant mass.The
decaywas assumedto proceedthroughthetwo-body intermediatestates~nror K*K. Includedwerespin
partitiesJ” = 0, 1”, and three-bodyphasespace.The resultwas a peakin the ~ (JP = 0) channel.
From theproductionmechanismC parity is establishedaseven,thusJ~~c(

1)= 0 ~, different from the
E(1420) meson.The decayinto K*K was shown to be small (seetable 11).

Table 11
Branching ratios for J/4s—+~y+L(1460).Isospin 1=0 has been assumedfor the i in order to
calculatethetotal KKIT branchingratio. If an experimenthasmeasuredthe KKIT final statein
different chargecombinations,the resultingmassvalues,widths andbranchingratioshavebeen
averaged.All errorshavebeenaddedin quadrature.Includedis alsotheobservedsignal in ~yp°,

which may bedueto the L. Upperlimits areat the 90% confidencelevel.

Mark II Crystal Ball Mark III DM2

References 108 109, 110 102,111 76

~ K~K’’it events —85 340±18 798±36
L—)K~KTr°events 174±30 402±20 374±46

Mass (MeV) 1440~ 1440~ 1459±5 1456 ±6
r(Mev) - 5O~ 55’~ 99±11 98±13

for M(KK) <1050 <1125 <1320 <1350
JPc 0-+ ~ ~ consist.

BR(J/41—~.yL,~—+KKi~)X iO’ 4.3±1.7 4.0 ±1.2 4.8 ±0.6 4.1 ±0.7

L+K*K/(K*K + 8ir, 6—p KK) <0.25
~~+K*K/KK1r <0.35
L—~111rIT/KK1T - <1.1 <0.5 <0.26

<0.14

Mass in yp° (MeV) 1390 ±25 1420 ±25 1401 ±18
I’ (MeV) 185~° 133 ±63 174±44
BR(J/4,—~yX,X—’~yp°)X i0

4 1.9 ±0.6 1.0 ±0.3 0.9±0.2
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The Mark III [102]andDM2 [76]collaborationshavemeasured(table 11) the L(146O)with very high
statistics;note thatMark III hasalsoobservedthe t.in the decay_channelK~K~1T°.Figure9a showsthe
massspectrumobtainedby DM2 for thefinal stateJI4’—~-yK~K~’ir.Fromthe relativebranchingratiosto
thefinal statesK~K5ir andK~Kir°bothgroupsdeducethat theisospinof the i is consistentwith I 0,
butit is impossibleto rule outI = 1, I,~= 0. The main changeswith respectto theMark II andCrystalBall
dataarehigher massvaluesandlargerwidths. This may be dueto thelow KK masscut usedin the first
two observations.To testthis hypothesis,the Mark III groupimposeda masscut of M(KK) < 1125 MeV.
A downwardshift of (14 ±7) MeV in massand(10 ±14) MeV in width was obtained.So this hypothesis
doesnot fully explain the differences.Combining all experimentalvalueson mass,width andbranching
ratio yields the averagevalues

M
1=(1455±4)MeV, 17’=(89±8)MeV,

BR(J/4’—~L) X BR(i—* KKir) + (4.4 ±0.4)X i0~. (4.3)

The CrystalBall L(l
46O) partial wave analysissufferedfrom two complications:(a) limited phasespace

causesthe~‘rrandK*K eventsto overlapin muchof the Dalitz plot, and(b) thepropertiesof the ~(980)
arepoorlyunderstood.Therefore,Mark III andDM2 haveboth reanalyzedthespinparity of the using
the three-bodyhelicity formalism of Bermanand Jacob [112].This determinesthe i spin completely
independentof the Dalitzplot structure.Theyfind consistencywith 1°= 0~Mark III determinesrelative
likelihoodsfor ~(1~)/~(0) to less than3 x ~ A spin2 assignmenthasnot yet beentestedfor and,
althoughsucha high spinseemsunlikely in thismassregion,it cannotberuled out. Froman analysisof
the KK’Tr Dalitz plot Mark III obtainsan upperlimit on the i decayinto K*K of lessthan35%(table 11).

120 I I I ]b) II I 1 J/W K~K~it5I

(a) J/W~yK
5Kit 120 DM2

~ioo L DM2-
~1oo

I\ \ Phase
~ 80 - ~ 80 Space -

60 7 ~ - 60 ~ \\

40 1 I - I \L~J] ~I 40

20.1 20 r~
111 1 1

x~,4 __________________________
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1.2 1.4 1.6 1.8 2.0 2.2 2.4 9 1.0 1.1 1.2 1.3 11. 1.5
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Fig. 9. DM2results on J/4i—~yK~K~ir~:(a) the invariant mass M(K~K~ir~);(b) M(K’K~)for 1.3 GeV< M(K~K’~r~)< 1.6 GeVwith projections
from hr and KKir phasespace.
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4.2.1. TheoreticalExplanations

Theobservedenhancementin MKK towardslow masses(seefig. 9b) hasbeenexplainedfrom thevery
beginningasanindicationof anintermediatestate,the6(980).The 6, alongwith its partnerthe S* (975)
havebeenknownfor alongtime. Theirnaturalassignmentsaretheisospintriplet andsingletstatesof the
1 3P

0 nonetwith JPC = 0~~,buttherearesomesevereproblemswith thisinterpretation(see,e.g.,Review
of ParticleDataPropertiesL~~])•The width of the6 is muchnarrowerthanexpected,which maybedue
to its mass being below KK threshold.Branchingratioshavebeen notoriouslydifficult to measure.
Acceptedvalues [59] are BR(6—~KK)/BR(6—* i~ii)= 0.25— 4.2. Given this rangeof branchingratios,
the L should alsodecayto -qir’rr with at leastone-quarterthe strengthof the KK’rr decaymode. These
decayshavebeensearchedfor, seetable 11 andfig. 10. The upperlimit from Mark III on the ratio of
branchingratiosBR(L—* 6’rr, 6—* ‘qlT)/BR(L—* KKir) of0.14is stringentenoughto makeonewonderwhat
othermechanisminhibits the ipn~decaymode.

Severalsolutionsfor this problemhavebeen suggested.Jaffe [113]had shown that the 6 can be
explainedasa four-quarkstate.Following thisidea, Franket al. [114]interpretthe6 asaKK molecule.
Here the low massenhancementin KK wasshownto arisefrom a distortion of the KKir final state.
Palmeret a!. [115]suggestinterferenceeffectsto be responsiblefor the observedabsenceof the ‘rIlr’rr
decaymode.They requiredestructiveinterferencebetweenthe two competingL decaychannelsL —~

and ~—*‘q�,where � standsfor the elusive isospin o, JPC = 0~irrrresonanceat about 700 MeV.
Theypredict for the~yirrrdecayaslittle as10% of the ratefor KK’Tr, comfortablybelow experimental
observation.Both of the abovet decayanalysesshowthat a gluonium interpretationis possible.

In themassregion around1400MeV anotherparticleexists that decaysto KK’ir, the E(1420).The E
andt areconsidereddifferentstatesdueto their differentspin-paritiesandtheirslightly differentmasses
and widths:

15 , I

40 i I I I I I I ]b) I
- (a) MARK III - I CB

In >
Jlk!J~~~yi~itit .

u,30 ~10.

- I .

0~1~4IV6t82O ~ : +1 ~ ~
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2] M,~
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Fig. 10. (a) Mark III JI4,—+’rq’e~ir [102]correctedfor efficiency (arbitrary units). A cut on the ~qirmassaround the b hasbeenapplied. The curve
is usedto calculate an upper limit on L production. (b) Crystal Ball J/4,—~-yi~it°ir°[110].The fit to the broad structure at about 1700MeVincludesa
possiblecontribution from the L.
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ML=(1455±4)MeV, 1=(89±8)MeV, jPc0_+
(4.4)

ME=(1418±4)MeV, 17~=(52±5)MeV, JPC1++

The E was first discoveredby Baillon et a!. [116]in p~annihilationsat rest.A spin-parityanalysisled to
jPC = 0~,compatiblewith the i~.Later ~ experiments[117,1181, however,assigned~ to the E.

Very recentiTp experiments[119,120] againreversedthe spin-parityto0~.Note that the experiment
by Ando et al. [120] hasalso observedthe E in the final state ‘r(’rr’rr. A big differenceshowsup in the
analysisof intermediatetwo-particlestatesin KKir. Experimentswhichobservethe E as~JPC = 1 + + seem
to find a dominantdecayvia K*K; for a 0’ E the intermediatestatemostlyresonatesin ~rrr,as is also
foundfor the L. ExceptBaillon eta!. all experimentsobservetheD(1275),a = 1~state,in their KKir
data. For a detaileddiscussionof the E in hadronicreactionsseethe review by Cooper[121].

Concludingthisexcursioninto the realmof hadronicproductionof pseudoscalarandvectormesons,it
seemsthat threeparticlesexist in the massregion around1400MeV. The E(1420) with spin-parity 1
decayingto K*K, anotherstateat 1420 MeV with 0 + decaysto 6ir, andtheL(146O) with jPC = o which
also decays to 6ir. The ~ E can be accommodated in the ground state

3P
1 nonet, but the mixing angle

requiredis rather large with 470 (Montanet[122]). But note that a mixing analysisin this channelis
complicateddueto additionalmixing betweenthestrangemesonsQ1(1280)and02(1400)of the1~+ and
1~nonets.Potentialandquarkmodelsplacethe E massaround1400MeV, seee.g. Banderet al.[123]
and Törnqvist [124]. Assuming the mixing angle to be close to ideal (0 35°),anotherpossible,
unconfirmedstate,the D’(1526) [125],would fit into this nonetbetter thanthe E. With this assignment
the ~ E would be requiredto belongto the first radial excitation,but for that its massseemstoo low.
Altogether,thequestionon the E hasnot beensolvedyet,andmoredataaredefinitely neededto find its
right assignment.

The questionariseswhetherthe 0~X(1420) and t. are in fact the sameparticle.WhereasX(1420)
massandwidth determinedin hadroniccollision experimentsarea!! very similar, the t~seenby Mark III
andDM2 in radiativedecayshasa higher massandalargerwidth. Given this massandwidth difference
andthefact thatX(1420) hasbeenseenin 1-y~rrr,it seemsthatboth aredifferentstates.The interpretation
of X(1420) as a radially excitedpseudosca!arstatetogetherwith the ‘q(1275) [120,126] fails due to the
smallmassof the X(1420) [127].But if a gluonic mesonexists somewherein this massrange,the result
will bestrongmixing andashift of the baremasses.The 0~L(1

460) is a goodgluonic mesoncandidate,
althoughan interpretationas a radially excitedpseudoscalaralso seemspossible[128].

How well doestheL(l46O) fit a gluonicmesoninterpretation?The massof a = 0 ÷gluoniumstate
is expectedin thevicinity of 1400 MeV, seefig. 8, from suchdifferentapproachesas bagmodels[85,88],
latticegaugecalculations[89—90],potentialmodels[96]andmassiveconstituentgluonmodels[129].The
width of a g!uonic mesonwas initially arguedto be approximatelyfew MeV, but somecalculations
[130,131] canexplainalargewidth of 50 MeV. The productionratein radiativeJ/4’ decaysis largerthan
that to the lowest lying pseudoscalars‘r~and ‘q’, as expectedfor a staterich in gluons. The observed
dominanceof 61T andtheabsenceof ‘r(ir’rr can be explained[114,115].Mixing with (bare)q~pseudoscalar
stateshasbeentakeninto account[98,107, 132], but conclusionson such mixing arenot unanimous.

4.2.2. L(l46O)—~~7fi

Additional information on the natureof the L maybe providedby its electromagneticdecays.For a
gluonic mesonone expectsthesedecaysto be suppressedas gluons do not couple to photons.Such a
transitionis possibleonly throughintermediateq~jstates.Thedecay~—* -yp0hasbeensuggestedvery early
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Fig. 11. Invariant -yp°massdistribution from J/4’—+-j’p~i~,(a) Mark III, the fit includes contributions from ~ 51(1275)andX(1434); (b) Crystal
Bali, with fit to ~‘ and X(1390).

asan additionaltestof the i~constituents. The predicted widths [133,134] range from about 0.4 MeVto
4MeV. However,a radially excitedqj state,the otherpossibleassignmentfor the i(1460), also hasa
small radiativedecaywidth of about0.2 MeV. Assumingthe L to decaymainlyinto KKir awidth of2 MeV
would correspondto a sizablebranchingfraction BR(J/t~i—÷y~,~ ‘yp°)= 2 X i0~.

DM2 [76],CrystalBall [135]andMark III [102]havereporteda peakin yp°around1.4 GeV, seetable
11. Figure 11 shows thespectraobtainedby CrystalBall andMark 111._Theobservedenhancementis
about1—2o lower in massandhasawidth largerthanthet observedin KKii. It is conceivable[102,135],
that morethanoneresonancecontributeto thesignalor thatbackgroundpopulatesthelow-massside of
the peak.With thesedifficulties in mind, Mark III hasfit the spectrumwith threeresonances:the -ri’,
‘q(1275) and a state X to be determined by the fit. A mass of X(1434) resulted, see fig. ha. All
experimentsfind a branchingratio ofBR(JIt~—*-yX,X—*-yp°)—(1 —2) x i0~,consistentwith the range
of theoreticalpredictionsstatedabove.Thus the -yp°signalis compatiblewith a gluoniuminterpretation
of the L if a low masscontributionfrom anotherchannelis takeninto account.The -yp°signal is also
compatiblewith thestructurenear1380MeV observedin theiyrri~channel(seefig. 10).An analysisof the
-yp°decayangulardistributions agreeswith thepredictionfor spin-parity0, buthigherspinscannotbe
ruled out. With the presentstatistics,it is notpossibleto unambiguouslyidentify thepeakin fig. 11 as
beingdueto the L(l46O).

5. Radiativedecaysto two vectormesons

Enhancementsin pp final statesbelowmassesof2 GeVwerefoundin hadronicinteractions[136]andin
photon—photoncollisions [137],for a reviewseeKolanoski, ref. [138].In addition,44 resonanceswere
observed[139]near2.2GeV in ‘rrp interactions.Interpretationsof the44 enhancementsincludebound
statesof normalq~jmesons,four-quarkq~q~states,hybrid q~jgandgluonicmesonsgg (seeLindenbaum
[140])
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5.1. JI~b—*y+pp

The decayJ/4’—s.-yp°p°was first observedby Mark II [141].The p°p°massdistributionis dominatedby
a structurearoundamassof 1.65GeV. At first it was believedthatthisstructuremight beassociatedwith
the 0(1700), to be discussedin section 6.3. The Mark III group has analyzed[142] the two modes
ir~mr~i~and ir~°ir’rr°.Both channelsshowsimilar 4’iT invariant massdistributions.The summed
massspectrumis shownin fig. 12a.Two peaksat —1.55 GeVand—1.80eV arethestrikingfeature.The
backgroundis mostly due to non-resonantJ/t/i—~5~and can easily be subtracted.The Crystal Ball
analyzedthe mode ‘rr~’rr°’n~’rr°[135] and found a broad single peak around 1.7GeV. The total pp
branchingratio below 2 GeV is substantial:

BR(J/4’—*yp°p°)= (1.3 ±0.5) x ~ for ~ <2.0GeV MarkII,

BR(J/4’—~yp~p~)= (3.1 ±1.1) X i03 for M~
5< 1.9GeV CrystalBall.

The ratio of branchingratiosBR(p~p~)/BR(p°p°)= 2.4 ±1.2is consistentwith a valueof 2 expectedfor
an isoscalarpp system.

The spin-parityof the pp systemwas examinedusingtwo differentapproaches.Mark III andCrystal
Ball performedan analysisof the anglebetweenthe two p—* ‘rrii decayplanesin the pp center-of-mass
frame.For the structurebelow 2 GeVclearevidenceresultedfor evenspinandodd parity. This rulesout
the identification of this structurewith the 0(1700).

In a multichannelspin-parityanalysisMark III [1421found a large pseudosca!arpp component for
masseslessthan 2 GeV, shown in fig. 12b. They obtaineda total branchingratio of

BR(JI4’—~yX0_)X BR(X0_—*pp)(4.7±1.0)x i0~

I I I I I I I I I I 1 I I I I I I

300 - (a) MARK III - 80 - Ib) MARK III

200 J/~p0p0.

100- .
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Fig. 12. Mark III invariant4ir massspectrumin J/4,—. -y4ir decays:(a) showsthesum of both chargecombinations;(b) the0 pp component.The
curve representsP-wavephasespace.
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for the 0 pp component.The massdistributionin fig. 12bdoesnotexhibit thetwo-peakstructureseenin
the full spectrum.But the uncertaintiesintroduced by an analysisof this type preventa definite
identification with one or both structuresseenin the 4ir invariant massdistribution. The 0 pp mass
distribution is inconsistentwith non-resonantP-wavepp production.The ratio betweenthe dataand
phasespacepredictionis largestin the (1.4—1.5)GeVregion,supportinganinterpretationof L—* pp decay
distorted by phasespaceand P-wavefactors.This will be describedin more detail at the end of this
chapter.

5.2. JIçli—+y + {ww, çbcb}

Both, Mark III [143]andDM2 [76]haveobservedJ/ ~i—* ‘yoMo. Figure 13 showsthe wo invariantmass
distributionobtainedby MarkIII. The shadedbanddisplaysthebackgroundcontribution.For ww masses
lessthan2.0(2.8)0eV Mark III (DM2) obtainedbranchingratios

BR(Jltji—* yww) = (1.2±0.3) x h0~ for M~<2.00eV MarkIII,

BR(JI~i—*-yoxo)=(0.8±0.2)Xh0~ for M~~<2.8GeVDM2.

Both groups performed an analysis of the angle between the two o decayplanes.Below a massof2 GeV
theyfind a largecomponentwith evenspin andodd parity. A multichanne!analysisby Mark III [143]
yields clearevidencefor 0~spin-parityin this massregion.

Finally, thedecayJ/ t~i—* -y44 hasbeeninvestigated.Herethe4 is detected in its K~K decaymode.
The 44 state is of particular interestas the g.~-states[140]were discoveredin this channelin ir - p
scatteringexperiments.DM2 applieda loosetime-of-flight (TOF) cut to enhancethedetectionefficiency
(fig. 14b)at low masses.The result in fig. 14ashows a substantial44 signal. No backgroundwasfound
thatcould contributeto the signa!.For44 masseslessthan2.8 GeVthey determineda branchingratioof

BR(JIt~i—*-y44)= (3.1 ±0.7) x i0~.

As aspin-parityanalysisof this systemhasnot yet beenperformed,no conclusionscan be drawnwith
regard to the g~resonances.

5.3. Thepseudoscalarpuzzle

The term ‘pseudoscalarpuzzle’, coinedby Wermes[144], refers to the existenceof at least three
pseudoscalarstatesbelow 2 GeVseenin radiativeJ/t~decays.Theyarethe L(146O) —* KK’rr andthe pp,
oxo andmaybethe -yp°enhancements.In addition,a largeradiativerateto 1~1Tsuggeststheexistenceof
at leastone other statein this massregion, but its spin-parityhas yet to be measured.The obvious
questionariseswhetherall theseenhancementsareindeednewstatesorwhethertheyoriginatefrom the
sameparticle,a strongcandidatebeing the L(1460).

Basedon a preliminaryversionof theMark III results describedabove,Achasovet al. [145]have
suggestedthat thepseudoscalarpp andwtu componentcanbe accountedfor by the i(1460) interfering
with thetail ofther~’anddistortedby phasespaceandP-wavefactors.Mark III hasperformeda coupled
channelanalysisof L(146O) decaysto KKIT, pp, oxo and yp°,includingunitarityand thresholdeffects.The
fit results [144]are shown as curvessuperimposedon the datain fig. 15.
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The coup!edchannelfit showsthat the lower part of the pp massdistributioncan be explainedby a
resonancebelow threshold,the~(1460).Another resonanceX(1800)hadto be includedto describethe
full spectrum.Thisstateis assumednot to coupleto KKir. The oxo massdistributionis alsowell described
by the fit. Here stronginterferencebetweeni and X modifiesthe fit substantially.SU(3) predictsthe
couplingto pp to bethreetimesthat to tutu, thefit yields5.0 ±0.7, in reasonableagreement.Theshapeof
the-yp°spectrum is not well reproduced.Asphase-spaceeffectsarenegligiblein this channel,thepeakof
the Breit—Wignershould appearat the position of the L(l46O). Contributionsfrom ~(1275)might be
responsible for the lower masspart of the yp°signal, but thispossibilityhasnot beeninc!udedin the fit.
Vector dominancepredicts a ratio of 400 for the pp to -yp°coupling, the fit yields 3300±600. This is
indicative of an additional resonance contributing to the signal.

Based on the coupledchannelanalysis, the following branchingratioshavebeendetermined:

BR(J/4~—*yL) x BR(L—* pp) (1.5 ±0.2) x

X BR(t—* tutu) (0.3±0.1)x

BR(J14i—*-yX(1800)) X BR(X(1800)—*pp)=~(1.0±0.2)X i03.

Including the decayto KKii the total known branchingfraction to yL(l46O) amountsto

BR(J/t~i—s’yL)= (6.3 ±0.5) X i03,

the largestradiative rateobservedin J / t~idecays to non-charmonium states. The iprir mass distribution
(fig. lOa) was also testedfor the hypothesisi(l460) origin. It was found that this spectrumcannot
accommodatethe i. Nor canthe peakat 1380MeV in irrir be responsiblefor thestructuresobservedin
the otherspectrain fig. 15. At the time being‘rllrrr hasto be left out of the pseudoscalaranalysis.New
insightsinto thispuzzlemaybeexpectedbecauseDM2 hasnot yetperformedacoupledchannelanalysis
andMark III has not includedthe data takenin 1985.

The L(l46O) is certainlyone of the most exciting resultsfoundin J/ 4i decays.It is the oldestof the
gluonic mesoncandidates,and yet the presentexperimentalsituation is stil! confusing. With the
confirmation of the i(1275) [120,126] it is hardto understandthe masspatternand productionratesin
JI tji —* -y{~.,i-i(h275)} if bothparticlesaretheisoscalarstatesin theradiallyexcitedpseudoscalarq~jnonet.
It seemsthat the L(146O) wouldhaveto bea gluonicmesonor at leasthavea substantialgluon content.

6. Radiativedecaysto tensorparticles

It was shownin the introductionto chapter4, that thetwo gluonsystemproducedin radiativedecays
containsa substantialj” = 2 + + component(seefig. 7b). Thus the radiativedecayto the tensormesons
f(1270)andf’(1525) shouldproceedwith alargerate,comparableto the decayJIsji—~-y’q’. A contrasting
estimateon the strengthof JI4~—*-yf can be obtainedusing vector dominance.Comparisonwith the
measuredrate J/tjr—* tuf of (0.23±0.08)%resultsin a ‘yf decayratesimilar to thevery small -yir°mode.
The assumptionthat radiativedecaysproceedthroughasmallc~componentin thefinal-statemesonwave
function alsoyieldsa verysmall rate,becausethe f is not expectedto haveanappreciablecëcomponent.
To test thesedifferent assumptions,it is important to measurethe strengthof radiative transitionsto
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tensormesons.In addition,the appearanceof unexpectedtensorstatesmayprovidenewinformationon
the existenceof exotic particles.

The f(1270)andf’(1525) arethe two iso-singletmembersof thelowestlying 2~q~nonet.This nonet
is observedto be nearly ideally mixed,i.e. the f(1270) is almostpureuii + dd andthef’(1525) is pures~.
Thereforea searchfor thesestatesin radiative J141decaysconcentrateson thedecaymodesf—~iT’rr and
f’—÷KK. This sectionstartswith adiscussionof theexperimentalresultson the f(1270)andf’(1525) and
assessesthe mixing situation.A summaryof the experimentalinformationon a newstate,the 0(1700),
follows. An evaluationof its possible interpretationsis given.

6.1. J/çb—+y+f(1270)

TheDASP [14]andPLUTO [146]groupsatDESYwere thefirstexperimentsto observethef(1270)in
radiativeJliji decays.Later, the Mark II [147]detectoralsomeasuredthisdecay.All experimentsused
the charged decay mode f—+ ‘Tr

41r. Here a problem arises from the feed-through of J14’
_~ ~o~o ~ eventswith one undetectedphoton. The Crystal Ball [148]hasstudiedthe decay
modef—+ °° which is free of this background.Basedon much largerJ14

1datasamples,Mark III [103]
and DM2 [76] havedeterminedvery precisebranchingratios. The latter group hasanalyzedboth the
chargedandneutralpion decaymodesof the f.

Figure 16 showsthe spectraobtainedby Mark III [103]andCrystalBall [60].The similarity between
both spectrais striking, althoughdifferentfinal states ‘rr and‘rr°ir

0wereanalyzed.At amassof about
1270MeV is the largesignal dueto the f. Averagingall experimentalbranchingratios,massand width
determinationsyield [14,76, 103, 146,1481

BR(J/t~i—*yf)= (1.35±0.11) iO (6.1)

Mf=(1262±4)MeV, 1.=(200±7)MeV,

.9 1.1 1.3 1.5 1.7 1.9 2.1 2.3 2.5 1.0 1.5 2.0 2.5 3.0
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Fig. 16. Invariant~Tnrmassdistributionsfrom (a) Mark HI J/4’—~y11’~1T and(b) Crystal Ball J14,—..~ The solidcurvesrepresentafit with three
non-interfering Breit—wigner line shapesandasmoothbackground(phasespacein (b)). In (a)thewidths for thefirst andsecondpeakare fixed. In (b)
themean andwidth for thesecondand third peakare fixed to thevalues found by Mark III.
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wherestatisticalandsystematicerrorshavebeenaddedin quadrature.The averagemassandwidth from
all experimentsare not inconsistentwith the values statedin ref. [59]: M1 = (1274±5) MeV and

= (178±20) MeV. QCD ygg decayanalysesyield predictionsfor thebranchingratio [93,149] in good
agreementwith data.

All fourexperimentsMark II, CrystalBall, Mark III andDM2 find a structureon thehigh masssideof
the 1(1270),seefig. 16. Although thesignificancein eachindividual experimentis small, thecombined
evidenceseems considerable.A source for this structurecould be the decay f’(1525) —~ irrr. This
hypothesishasbeentested[103,76]. The correspondingbranchingratiof’ —~ ‘WIT dependsstrongly on a
possib!einterferencebetweenthef andthesecondpeak,butis consistentwith expectation[76].No such
structureis seenin JIt~i—* w’rr + ‘rr - [103,76], consistentwith OZI suppression of J 14i —* tuf’. Note thatthis
structurein the CrystalBall datais at a massof -—-1450MeV, a little too low to be associatedwith the
f’(1525). With thepresentlyanalyzeddatait seemsimpossibleto achievea betterunderstandingof this
structure.

The spectracontain indications for the presenceof additional structuresabove the f(1270). The
interpretationof thesestructuresis ambiguous.A fit with threeBreit—Wignersaddedincoherentlygives
thebestdescription[103].Herethe widths of the f and thesecondpeakhavebeenfixed at 180MeV and
130MeV, thelattercorrespondingto thewidth of the0(1700)seenin thedecaymodeK~K (seesection
6.3).

Thesehigh massstructurescanbe interpretedin termsof0(1700)andan additionalresonancewith a
massof about2 GeV. Forthe0 candidate,theobservedmass,width andangulardistributionof thepion
in the iri~center-of-masssystemarequite consistent[103]with thoseobservedin theK~K channel.No
clear interpretationexists for the higher mass state,but it could be an orbitally excited 1, possibly
theh(2030).Averagedresultsfrom Mark III andDM2 on thehigh masspeakyield [76,103]

BR(J/t~i—~yX,X—~ii~1T) = (3.5±0.6) X

(6.2)
M~= (2065±30)MeV, F,~= (293±40)MeV,

wheretheerrorson the massandwidth havebeenincreasedby \I~asthe individual errorsdo not cover
the range of the two measurements.The results are consistent with those of the h(2030) meson
Mh = (2027)±12) MeV and I~= (220±30) MeV [59].

The spin of a resonanceobservedin JI t~radiativedecayscan be determinedfrom an analysisof the
angulardistributionsof the detectedparticles.For aparticleof spin-parity2’, threecomplexhelicity
amplitudesdescribethedecaydistributions,correspondingto helicity 0, 1 and2 of thestate.By taking
ratios,this numberis reducedto four real quantities(x, 4~y, 4~.,),definedby

A1IA0=xexpiçb~, A2IA0=yexpi4~. (6.3)

The helicity amplitude ratios and their phasesare then determinedby a fit to the decay angular
distribution given by Kabir andHey [150].

Forthe1(1270),suchanalyseshavebeenperformedby PLUTO[1461,Mark II [147],CrystalBall [148]
andMark III [1031using x

2 ormaximumlikelihoodfits. The resultsobtainedarelisted in table12. The
first three analysesconsideredonly real helicity amplitudes,i.e., phaseswere fixed at zero. Mark III
finally hasshownthat the phasesareactuallyvery closeto zero, validating the earlierapproaches.All
measurementsyield x — 0.9 andy —0.
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Table 12
Summaryof polarizationmeasurementsfor f(1270),f’(1525), and0(1700).Phaseswere eitherfixed (0,0) orwerefound to beconsistentwith zero
(—0, —0). Includedare two theoreticalpredictions assumingpure quark [93] and pure gluonic structure (152]. For electric dipole transitions

(x,y)=(V~,V~).

PLUTO MarkH CrystalBall Mark III DM2 Körner Li, Shen
Ref. [146] [147] [148] [103] [76] [93] [152]

x 0.6±0.3 0.8 ±0.2 0.9±0.1 1.0 ±0.1 0.77 0.66

y 0.3~ 0.0 ±0.2 0.0±0.1 0.! ±0.1 0.55 0.04
(4,, .~.) (0,0)fixed (0,0)fixed (0,0)flxed (—0, —0) (2°,4°)

x 0.6±0.1 1.1±0.1 (1.90
1’ y 0.2 ±0.2) 0.2±0.1 0.72

(—0,--0) (—0 —0) (1.3°,2.4°)

x 1.2±0.6 0.9 ±0.2 —1.1 ±0.2 —1.3±0.1 0.96
0 v —0.9±0.6 —0.6±0.4 —1.1 ±0.3 —1.1±0.2 0.81

(4_,~,,) (0,0) fixed (0,0) fixed (—0, —0) (—0, —0) (1.10, 1.8°)

The helicity amplituderatioscan be estimatedfor two limiting cases.In the caseof electricdipole
radiation (kr4 1) we obtain (x, y)—s. (V’~,\/~).On the other hand,if the f masswere negligible with
respectto M21,~,,thenthef would beproducedin azerohelicity state: (x, y)—~(O,0). Experimentaldata
show that noneof thesetwo casesareapplicable.Körneret a!. [93]calculatethe helicity ratios in lowest
orderQCD assumingthe decayto proceedthroughemissionof a photonandtwo gluons.They find the
helicity ratiosto dependonly on mfIMJ/~,and to berathersimilar to eachother(seetable12). Thus,in
order to explain the data, onewould needsomeothermechanismto suppressthe he!icity 2 amplitude.
Maybe the low experimentaly value is indicative of a dynamical selection rule [151]. Assuminga
g!uonium hypothesisfor the f, Li and Shen [1521havecalculatedthe helicity ratios. The agreement
betweendata andtheory is striking. Unfortunately,their proposalwould requireboth the f(1270)and
f’(1525) to begluonic mesons,an assumptionwhichdoesnot seemreasonable.Indeed,it hasbeenshown
[153]that neitherof thosetwo statesrequire a gg component.

6.2. JIç1i—~y+ f’(1525)

Thenaturalplaceto searchfor thef’(1525) is in the decaymodef’—* KK. In radiativeJ/i45 decaysthe f’
wasfirst observedby Mark II [154]andlater firmly establishedwith the big datasamplesof the Mark III
andDM2 detectors.Both experimentshavefound the f’(1525) in the channelsK~K and~ Figure
17 displaysanexamplefor eachof thosetwo modesobtainedby DM2 [76]andMark III [1031.The main
featuresare two well separatedpeaksdue to f’(1525) and 0(1700).

Due to lower final statemultiplicities, thechannelwith the higherstatisticsis K~K’.This channelhas
provided the most precise information on branchingratios, massand width values,and polarization
parameters.Averagingall mass and width determinationsyields [103,76]

M1 = (1530±8) MeV, F~= (95 ±23) MeV, (6.4)

wherestatisticalandsystematicerrorshavebeenaddedinquadrature.Thesevaluesagreewell with those
statedin the Reviewof Particleproperties[591:Mf = (1525±5) MeV andF~.= (70 ±10) MeV.
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Fig. 17. InvariantKK massdistributions from (a) DM2 JI4.—* yK~K~and (b) Mark III J/4,—* yK~K. The solid curvesrepresenta fit with two
Breit—Wigner line shapesand three-bodyphasespace.In (a) the f mass and widths are fixed at their nominal values. In both casesthe two
Breit—Wignersareaddedincoherently.

Mark III hastried severalparametrizationsto thewhole structure,taking into accountinterference
betweenthe two signals.A fit with minimuminterference[103]in thedip betweenthetwo peaksgivesa
good description.But this fit is nearlyindistinguishablefrom a purely incoherentfit. Oneconcludesthat
thereis no significantevidencefor interferenceeffectsandMark III takesthenumberofeventsattributed
to eachresonancefrom the incoherentfit. DM2 allows in theK~K channelfor interferencewith the
relativephasefixed at ‘IT. Listed in table 13 aretheobtainedproductbranchingratios. Iso-spinfactors
havebeentakeninto accountandK~K andK°K°havebeenaveraged,whereappropriate.Summingall
knownbranchingratiosyields

BR(JIt~i—*yf’(1525))= (6.0±1.1) X i04, (6.5)

assumingno othersubstantialdecaymodesto exist for the f’.
Taking the ratio of the radiative branching fractions to f’ and f (eqs. (6.5) and (6.1)) gives

Table 13
Summaryofproductbranchingratiomeasurementson f’(1525) and0(1700)in units of i04,
K*K and K°K°havebeenaveragedwhentwo measurementswereavailable.Statisticaland

systematicerorshavebeenaddedin quadrature.

Branching Mark II Crystal Ball Mark III DM2
ratioX i04 Ref. 147 60 103 76

J/4,—~’yf’ f’—~K}( 1.8±1.2 4.9±1.3 3.5 ±0.7
1.9±0.9

—0.7

JI4,—~-y0 0—*KK 12.0± 5.4 9.4 ±1.8 7.5±1.3
2.6±1.1

0—~iTTT <3.2 2.3±1.1 2.4±0.8 1.8±0.4
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Rf/f = 0.4±0.1. In the standardradiativeJ/~idecaydiagram,the photonis radiatedfrom the initial state
andthetwo-gluonsystemis an SU(3)flavor singlet, Thusit projectsout the singletpartof the f, f’ wave
functions,which happento be ideally mixed. The naiveSU(3) predictionis thereforeRf/f = tan2350

0.5. Taking into account phasespaceand a~corrections [93] changesthe prediction to Rf/f—O.3,
consistentwith the data.

6.3. JIçfr—~y+e(1700)

The 0(1700) was discoveredby the Crystal Ball [1551group in the channel J/~i—+’yi~and its
spin-paritywas measuredto be2~.To takeinto accountthepossibilityof anadditionalf’ signal, theyhave
reanalyzedtheir data [60] (fig. 18) and have fit the spectrumto two non-interfering Breit—Wigner
functions, with the massesand widths of f’ and0 fixed at the Mark III values.They obtainedthe
branchingratioslisted in table13. Note thatthe G(1590),foundby GAMS [156]in thefinal state‘q’q, has
spin-parity0~and is thusdifferent from 0 and f’.

Mark II, Mark III andDM2 haveanalyzedthe 0(1700)in the final stateK~K (seesection6.2. on
f’(1525)). In addition,Mark III andDM2 havefounda signal in ~ The ratio of productbranching
ratiosto thosetwo final statesis 2.8 ±0.8, consistentwith a valueof 2 expectedif the0 hasisospinzero.
With this assignmentthe differentmeasurementsof the productbranchingratioscan be combined.The
averagesare listed in table13. Includedarethe determinationsof the rateJ/4c—~0, 0—+ ir’rr discussedin
section6.1. Summingall known branchingratiosand taking their relative ratiosyields

BR(J/tJi—s~-y0)= (1.3±0.2) X i0~, KK:’rp~:iT1T=~3:1:0.8. (6.6)

Otherdecaymodeswere searchedfor, but nonecould be found. Upper limits werecalculatedfor the

7 - Crystal Ball

~::
w

3.

,!5~o~3.o

M,~[6eV/c2]
Fig. 18. Crystal Ball invariantiyii massdistributionsfrom JIw—~‘y-rrii. Thespectrumis fit to two non-interferingBreit—Wigner line shapesplus aflat
background.
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decaymodes:~‘q’[135],pp[l42], wtu[143] andKK’rr, K~K~rrtrr[103]with valuesof {2.1, 5.5, 2.4 and
2.8, 1.0) x ion, respectively.The averagemassandwidth from all experimentsis

M0=(1710±5)MeV, F®=(153±10)MeV,

wherestatisticaland systematicerrorshavebeenaddedin quadrature.
Maximum likelihood analysesof the decayangulardistributions havebeenperformedby all four

experiments.DM2 andMark III rejectspinzerofor thef’ with very high probability.Forthe0, Mark III
hasfound2 + to be favoredover 0 + at a confidencelevel of -—99.9%,confirmingthe CrystalBall spin
assignment.The Mark II andDM2 experimentaldataarealso consistentwith 2~.In addition,DM2 and
Mark III havemeasuredthehelicity amplituderatiosx andy. The surprisingresultsarestatedin table12.
In contrastto the small helicity 2 amplitudey measuredfor the f and f’, the 0(1700)is producedwith
approximatelyequalstrengthin all threehelicity states.This is indicative of a different natureof the
0(1700).The CrystalBall andMark II polarizationparametersx differ in sign from thosedeterminedby
Mark III andDM2. It turnsout that all helicity analysesyield two likelihood maximasymmetricwith
respectto x = 0. With low statisticseventsamplesit is difficult to determinethesign ofx unambiguously.

Many review articlesanalyzethepossiblenatureof the0(1700),seefor instancerefs. [98,121, 157].
In thefollowing, thedifferentpossibilitieswill be evaluatedin orderof increasingplausibility. Of central
importanceis thedecaypatternof the0 statedin eq. (6.6). If the0(1700)werea normalq~state,the
preferreddecayto KK would pointto an s~content.This cannotbe,however,asthef’ is definitelythes~
statein the tensornonet,andquarkmodelsdo not allow excitationsof the f’ to besoclosein mass.For
instance,theorbital excitationofthe f is theh(2030)and theradiallyexcitedf’ is expected[127]at about
2050MeW Also thedifferent helicity structurewith respectto f and f’ point in thedirectionof anon-q~
contentin the 0.

A secondpossibilitywould be a hybrid meson.Theirspectraanddecaypatternhavebeeninvestigated
by many authors [9,158]. The general result for a 2 + + state is in the rather high mass range of
1.9—2.3 GeV. A favorite decayof hybrids is to twovectormesonscontainingstrangequarkssuchasK*K*
andthedecayto two pseudoscalarsis stronglysuppressed.Given theseresultsit seemsunlikely that the0
is a hybrid meson.

Thepossibilityof aq~q~statemaybemorelikely. Normallythesestatesareexpected[1131to bevery
broad,exceptmaybefor the 0+~. However,the (ufl + dd)s~statewouldhaveamassbelowthe threshold
for a normal ‘fall apart’ mode,andcould thusbe substantiallynarrower.In thiscaseonewouldexpect:
1(0—~ KK) — 1(0—÷‘qr)), not totally inconsistentwith experiment.Given the rather largeproduction
rateof the 0, wewould expectto seeotherpotentialfour-quarkstates.Buteventhestrongestcandidate
for a q~jq~jmeson,the S*(975), hasfailed to show up in radiative 4, decays.

Thelastpossibilityis agluoniumhypothesis.Certainlymassandwidth predictionsqualify the0(1700)
as a gluonic meson[85,90, 88]. But it is the decaypattern,which causesproblems.A gluonic meson
is by natureaflavor singlet, andso the decayratesshouldbe relatedby SU(3) to

KK:’rp~:lrrr=3:0.5:6,

whenD-wavephasespacecorrectionsaretakeninto account.Obviouslythe�1doesnot follow thisrule.It
hasbeenarguedthough,that in thebagmodel manygluonicmesonspreferto decayinto strangequarks
[159].In addition,mixing of the0 with the nearbyf’ (orexcitationsthereof)[160]might alter thedecay
patternappreciably Recently,the CERN OMEGA groupWA76 [161]found a signal in the K~K
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systemproducedcentrally in p—*ii~(K~K)pand pp scattering.One of the structuresseen is
compatiblewith the 0(1700) in mass and width. The observationof the 0 in such double-pomeron
exchangereactionsis indicativeof its gluon content.Summarizing,therearevery strongindicationsthat
the 0(1700) is really somethingnew. What its nature is remainsto be answered,but a gluonic or
four-quark state is the most likely explanation.

7. Otherdecays

In the first section the unusualpropertiesof the ~(2200)arereviewed. Its high masstogetherwith a
width consistentwith zeromakethis statea very interestingresonance.The secondsectioncoversthe
search for the axion, a particlepredictedin theoriesof the strong interactions.In the third section
radiative decaysfrom J/4, and4,’ are compared.An unusualpatternemerges.

7.1. J11/i—+y + ~(2200)

In 1983 theMark III grouppresentedevidence[103,162] for aheavynarrowresonance,the ~(2200),
decayingto K~K.The statisticalsignificancewas about

4.6ff, with additional evidence in the K~K~
channel.Both signalswerebasedon 2.7 million J/4,decaysanddependedheavily on the precisetiming
information from the Mark III time-of-flight systemin order to discriminate pions from kaons. A
spin-parityanalysishad beentried, but could not distinguishbetweenspin 0, 2, or 4.

Oneproblemexistedfor this first observationof the ~. Two datasetswere accumulateda yearapart
anddid not quite agreewith eachother. A ~massshift of 40 MeV could only beexplainedby a changeof
detectorperformance.It was the larger dataset taken later in time that provided the moresignificant
signal. The DM2 collaboration[761hasanalyzed8.7 million J/i4s decays.They requiredonly onekaonto
becompatiblewith TOFinformation.The absenceof a signal for the ~(2200)is translatedinto anupper
limit of BR(J/4,—~-y~,~ K~K)< 1.2x i0~atthe 95% confidencelevel, assuminga narrow ~. They
alsoanalyzedtheK~K~channel(seefig. 17a).The peakevident in the 2.2GeV region is by onebin too
low to be associatedwith the ~. Using this bin anyway, they have calculated an upper limit of
BR(J/4,—~y~,~—*K°K°)<2.0X 10~

In 1985,Mark III accumulatedanothersampleof 3.1 million J/4,data.The ~repeatedin this dataset
[163].Summingall their data, Mark III hasobtainedthe following parameters:

BR(J/4,—s’y~)X BR(~—÷K~K)= (4.2~~)x i05,

BR(J/4,—~y~)x BR(K~K~)= (3.2~i~)x i0~

M~=(2231±8)MeV, [~=(22i~)MeV,

wherestatisticalandsystematicerrorshavebeenaveraged.A statisticalsignificanceof 4.5o-and3.6o-was
statedfor the two channels,respectively,see fig. 19. The ratio of branchingfractions for the decay
modesK~K andK~K~of 1.3 ±0.9 is consistentwith a value2 expectedfor an isoscalarmeson.Other
decay modes have been searchedfor but none could be found. Of particular interest concerning
theoreticalmodelsare the decaysto ~ ~i and i’rrr. The correspondingupper limits on the product
branchingratios are5 X 106 and2 x 10~,respectively.

Possibleexplanationsfor such a narow, high mass stateinclude a normal q~meson,a gluonic and
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Fig. 19. Mark III invariantKK massdistributionsfrom (a)J/4,—* -yK°K and(b) J/4.—~-yK~K~with four-pion backgroundcross-hatched.Fits to the
regionaroundthe ~(2200)areshown in the insets.

hybrid meson,and aHiggs boson.A short evaluationfollows for eachof thesehypotheses.If the ~is
madeof quarksalone,theobservedKK decayrequiresthem to be strangequarks.Godfreyet al. have
pointedout [164],that a candidatemaybetheL = 3 s~meson,anorbitalexcitationof thef’(1525). Due
to a limited number of decay modes available, the total width is only 50 MeV, compatiblewith
experiment.Also theproductbranchingratiocomparesfavorablywith thedata.The pictureof anexcited
s~mesonfits the ~ ratherwell and makesthis the overall preferredtheoreticalexplanation.

Fora gluoniuminterpretation,the~massseemstoo high. However,Wardhasshown[1651,thatthe~
fits a 0~gluonic mesoninterpretationin the context of the bagmodel. Herethe decayto iT4’rr is
expectedto be strongly suppressed.Anothersugestionconcernsa hybrid meson.Only a 2~+ hybrid



284 Kay Kdnigsmann,Radiativedecaysin the 4. famils’

mesonwould benarrowenough[1581to makethe ~qualify,but the predictedproductionrateis too small
in comparisonwith experiment.

Finally, the ~hasbeensuggested[166,1671 to be thelongsoughtafter Higgsbosonof theelectroweak
theory. Its couplingto fermionsis proportionalto the fermionmass.A 2 GeV Higgswould thus favor s~
final states.The radiative decayrate from J/4,has beencalculated[1681:

BR(J/4,—*yH°)= (3.1±0.5) x i0~, (7.1)

but is too small to accountfor the experimentalrate.In addition,the massof the neutralHiggs is bound
to be largerthan7 GeV [169].A way out of thesediscrepanciesis to introducetwo Higgsdoubletsin the
electroweaktheory [170],changingthe prediction(7.1) by the squareof the ratio of the two vacuum
expectationvaluesof the Higgs fields. But resultson radiative transitionsfrom the Y(1S) andB meson
decays[171]togetherwith the Mark III limits on ~—+ irrr and ~—* pp. seemto rule out this scenario.
Summarizing, it appearsthat thestandardhypothesisof anorbitally exciteds~stateis themostappealing.
Nothing new hasto be introducedand predictionsare quite consistentwith experimentaldata.

7.2. J/I/J—+y+axion

The axion is a Goldstone bosonwhich appearsafter the breaking [1721of a U(1) symmetry.This
symmetry is imposed [173]on the Lagrangianto circumventlarge P and CP violations of the strong
interactions.The standardaxion hasasmallmassma C(100keV) anda long lifetime Ta

Early experimentalresultson axionproductionand/or decaywerecontroversial,eitherobserving[1741
the decayof an axion-like particleof massma 250keV, or ruling out [175]the existenceof a standard
axion.

The predictedradiative decayrate for avectormesoninto an axion containsa free parameterx, the
ratio of the vacuumexpectationvaluesof the two Higgs fields in the theory.The rate alsodependson
whetherthe heavyquarksin the mesonare up-like (charge2/3) or down-like (charge—1/3). For the
up-like J/4, the predictionis [176]

BR(J/4,—+’ya) — Gfm~ 2 7 2
BR(J/4,~~) — x ( . )

where GF is the Fermi coupling constantand m~is the current mass of the charmedquark. The
correspondingprediction for the Y(1S) is obtained by replacing x2 by 1/x2 in eq. (7.2). With

= (1.5±0.3) GeV and the experimentallydeterminedleptonic branching ratio [59] we get the
predictionBR(J/4,—~-ya)= (5.7 ±1.4)x 105x2.

The CrystalBall [177]searchedfor theaxionin radiativeJ/4,events.As theaxionwill not decayin the
detector,the signatureis one photonof beamenergyandnothingelse.No signal was observedwhich
gavean upperlimit on the branchingratio of

BR(J/4,—*ya)<1.4x i0~

at the 90% confidencelevel. The correspondingupperlimit on x <0.6ruledout a valueof x = 3.0 ±0.3
found earlier [174].

To eliminateanyx dependencewhencomparingwith theoreticalpredictions,atesthadbeenproposed
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[178]to combinethe predictionson J/4,and Y(1S)radiative decays.In the productof both branching
ratiosthe unknownparameterx cancelsandoneobtainsthe predictionBR(J/4,—~’-ya)X BR(Y—~’ya)
(1.6±0.3) x 10-8. The CrystalBall upperlimit togetherwith the limit on the correspondingbranching
ratio from CESR[179]yields a productof less than0.4 x 10-8 which is clearlybelow the prediction.
Thereforethestandardaxion hasbeenruledout completelyby experiment.After this negativeresult,
invisible axions[180]haveattractedmoretheoreticalinterest.Unfortunately,they areby natureof little
experimentalinterest.

7.3. ComparisonofJ!4, and 4,’ radiative decays

In theintroductionto chapter4 it wasshownthat thepartialwidthsof theJI4,to threegluonsandto a
photonplus two gluonsareproportionalto thesquareof the wave functionat theorigin (seeeqs.(4.1)
and (4.2)), as is the partial width to leptons. Assuming that the hadronizationof gluons is not
substantially different at the mass of the 4,’ than at the mass of the J /4,, one obtains the ratios [181]

BR(4t’ —+‘~yX)/BR(J/4,---s’-yX) = BR(4,’—+Y)/BR(J/4,--~~Y)= BR(4,’ —~ p.4p.)/BR(J/4,—~p.~p.),

where X and Y areany arbitrarynon-charmoniumstates.Usingthemeasuredleptonicbranchingratios
[59] of theJ/4, and 4,’ yields the prediction

BR(4,’—~’yX)/BR(J/4i—+-yX)= (12±2)%, (7.3)

ignoring phase-spaceeffects.
This ratio was determinedby Mark II [181]for severalhadronicfinal statessuch asp~,p~’rr~’’rr,

K~Ki~ir,pPir°,2’rr~21~Tr°and3ir~3’rrii°.For all of themthe ratioof branchingfractionswasfound
to bein good agreementwith thetheoreticalprediction(7.3).However,two final states,p’rr andK*K, are
unobservedon the 4,’ at levelsfive andsixteenbelow the predictedrate at the90% confidencelevel.

The CrystalBall collaborationhasstudiedthis ratio for radiativedecays[60]and obtained

BR(4,’ -~-yf)/BR(J/4,----*’yf)= (9 ±3)%, BR(4,’—*’y0)/BR(J/4,---~.y0) <(10—15)%,
(7.4)

—+ ~y
1)/BR(J/4,—+’yr~)<1.8%, BR(4,’—~yq’)/BR(J/4,--”y~’)<2.6%.

Upperlimits areat the90%confidencelevel. Theupperlimit for theradiativedecayto the0 is uncertain
due to the possiblepresenceof an f’ signal in the J/4i data.

It is apparentthat fourdecays(pIT, K*K, -y’q andyq’) aresuppressedon the 4,’ comparedto thelowest
orderQCD predictionrelativeto thecorrespondingJ/4,decays.It is interestingto notethat all four final
statesconsistofa vectoranda pseudoscalarparticle.Karl andRoberts[182]havesuggestedthat thereis
anoscillation in theamplitudefor threegluons to hadronizeto the p’i~and K*K final stateswhich hasa
nodeat the massof the 4,’. It is not clear whetherthis explanationcan also accountfor the observed
suppressionof theyr~and ‘yr~’final states.Hou andSoni [1831havepostulatedtheexistenceof a vector
gluonicmesonnear2.4 GeV which mixeswith the J/4, to enhancethedecaysJI 4, —* prr and J/ 4, —~ K*K
but is too far in massfrom the 4,’ to enhanceits decays.Again, it is notobviousthat sucha gluonicmeson
would couplesubstantiallyto the final statesy’~and yr~’.Summarizing,it seemsthat theviolation of the
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‘12% rule’ is not understoodatpresent.Its solutionwill providenew cluesto a betterunderstandingof
quarkoniadecaymechanisms.Onedecaymodethat might help disentanglethis problemis thedecayto
vectorplus tensorparticles.

8. Conclusions

Radiativedecaysin the4, family haveprovento yield anabundanceof informationon stateswithin the
charmoniumsystemandlow massq~states.It hasbeenshownthat mostof theexperimentaldataon the x
andthe i~ statesarein good agreementwith theoreticalpredictions.An earlyproblemconcerningthe
radiative width of 4,’ —~ “yr has beensolvedby inclusionof relativistic correctionsand coupledchannel
effects.A factorof 2 problemstill existsbetweentheory andthemeasuredvaluesfor themagneticdipole
transition rate J/4,—* ~ and the total hadronic width of the ~. Furtherexperimentsshould help to
clarify this deviation. Overall, an impressive qualitative agreementemergesbetween charmonium
spectroscopyand theoreticalmodels.The successfulapplication of such diverseapproachesas QCD
sum-rulesand potential models have guided us from the first observationof the J/4, to a detailed
understanding of the inter-quark force.

In contrastto the well-understoodcharmoniumstates,manypuzzlesremainin the light mesonsector.
Radiative transitions to pseudoscialar and tensor mesons have helped to understand the mixing pattern
within nonets. In particular, it was found that the i~’ needssomeadditional componentin its wave
function to understandthe largeproductionratein radiativeJ/4,decays.The most likely admixtureis in
the form of gluons.But whereis thegluonic stateto mix with the ‘q’? The newstateL(l46O) is certainlya

Table 14
Summary of radiativedecaysin the 4. family to exclusive final states.Branching

ratios aredeterminedby summingover all known decaymodes.

JI4.—a’yX BR(J/4,—*-yX) Decay J”(X)
X = (in units of l0~) modes

0.038±0.008 yy 0

0.88±0.06 y-y,’ylr°lr, 3ii 0
3.9±0.3 i~nT,‘yp°, yo, ‘(y 0

f(1270) 1.35 ±0.11 ir~ir,ir°i~° 2’

~(1460) 6.3 ±0.5 KKir, -yp°,pp, ww 0
f’(i525) 0.60±0.11 K1K, K~’K~,ITIT?, i~? 2’
0(1700) l.3±t).2 KK,srri,~rir 2
X(1770) 6.1±1.0 ~q~TrTr
X(i800) 1.0±0.2 pp 0
X(2065) 0.35 ±0.06 ii, ir, ir~r° (even)
~(2235) 0.10±0.03 K~K,K~K~ (even)°
~(2980) 12.7 ±3.6 y~in~,KKir, ~‘ir~r,etc. 0

4i’—~
1X BR(4.’—a’~X) Decay J”(X)

X = (in units of l0~) modes

1l,(298O) 2.8±0.6 KK7r, 2(irir), ir.rKK 0

Xo(
3415) 94±8 yJI4j,2(r),~°~(,etc. 0,

x(3511) 86±8
1JI4i,2(~nr),etc. 1’

X2(
3557) 78±8 ‘yJ/iJi,2(inr),~r~,etc. 2’

T~(3594) 2—13
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good candidate.Both, L(l46O) and 0(1700) seemto have a large gluon content. An evaluationof
productionand decaypropertiesshows the 0 to be a strong gluonium candidate.The L is more
controversial. A detailed understanding of the excited pseudoscalar nonet is necessary before the L canbe
classified. Future information on J/4, hadronic decays to i~and0 shouldhelp settle this question. A final
answer is very important, as the existence of gluonic mesons constitutes strong evidence for the
non-Abeliannatureof QCD. Considerableexcitementwas causedby the observationof a particle
~(2200)foundin 1983. Newevidenceby thesameexperimentconfirmsthesignal, but it is not seenin
anotherlargestatisticsexperiment.The questionon its existence is thus still open. A likely explanation
would be an orbital excitation of the tensormeson f’(1525).

Table 14 summarizes the presently known radiative branching ratios from the J/4, and the 4,’.
Excludingthe 1’lc’ radiativedecaysfrom J/ 4, to exclusivefinal statessumto a branchingratioofabout2%,
only —1/4 of thetheoreticalprediction.But an analysisof the inclusivephotonspectrumhasshownthe
total rate to be consistentwith expectation.The shapeof the spectrum,however,differs from QCD
predictions.Incorporationof non-perturbativeeffectswill changetheshape,butwill havelittle influence
on the rate.Given the missing radiativebranchingfraction to exclusivefinal states,it seemsthat J/4i
radiativedecayswill continueto surpriseus.
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