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INFN - Sezionedi Torino, V.P.Giuria 1, 10125,Torino(Italy)

Abstract. An overview of charmoniumandcharmhadronspectroscopy is given, with a special
emphasisonspinsplittings,totalwidths,andtransitionsbetweenexcitedstates.Preliminaryresults
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INTR ODUCTION

In recentyears,thecharmsectorhasregainedattention,for many reasons:

• Thefailureof QCD predictionson promptJ
�
ψ andψ� productionat theTevatron

energies[1] triggeredanumberof efforts to produceamorerigorousfield theoret-
ical approachto QCD[2].

• StandardModelpredictions,by doomingtheD0 systemasfruitlessfor CPviolation
studies,promoteit asasensitiveprobeof New PhysicsbeyondSM [3].

• Theextractionof moreprecisevaluesof theCKM parametersfrom heavy flavors
is limited by systematicerrorson thehadronicmatrixelements.

Charmboundstatedynamicsis herediscussedby comparingthe interactionsof the
charmquark with its antiquark(charmonium),with light antiquarks(D-mesons)and
with a pair of light quarks(C-baryons).Despitethe fact that spectralpatternsdiffer,
a commonfeaturearises:the narrow width of the excited states.This fact has two
implications:it providesa clearsignatureof theheavy flavor, andincreasesthechances
to useelectromagnetictransitionsto probethestructureof thestronglyboundsystems.

CHARMONIUM

Due to its clean signature,the charmoniumsystemis the ideal arenato challenge
our understandingof QCD dynamicsat the boundarybetweenperturbative and non-
perturbative regime.Traditionally, the cc̄ spectrumwasstudiedwith potentialmodels.
In recentyears,theory efforts were focusedon defining limits and methodsfor the
applicationof non relativistic QCD (NRQCD) to the charmoniumsystem[4, 5, 6],
andon extendingchiral lagrangiansto heavy mesons[7]. With the increasingpower
of computationaltechniques,LatticeQCDmethodsarefinally comingto age[8].
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FIGURE 1. Charmoniumspectrumandtransitionsbetweenstates.

Sincecharmoniumdiscovery, themainroadfor theexperimentalstudyof thesestates
wastracedby eA eB colliders,both in formation,andin γγ fusion. In 1984,the CERN
experimentR704pioneeredthestudyof cc̄ narrow statesin pp̄ annihilation.Thethree
techniquescomplementeachother:

• eA eB annihilationsgive directaccessonly to vectorcc̄ states,andaresensitive to
all decaychannels;theuseof crystalcalorimetersgreatlyextendsthesensitivity of
theseexperimentsto thecc̄ statesreachablethroughradiative transitions;

• Centralproductionin eA eBDC γγeA eB allowsto accessstateswith positiveC-parity
andis againsensitive to all decaychannels;

• pp̄ annihilationsallow direct accessto all the cc̄ states,but the hugehadronic
backgroundlimits thestudyto EM decaychannels.Thecouplingto J=0andS=0
stateswasforbiddenby masslessQCD. Thehelicity selectionrule is indeedbadly
violatedin thecaseof χc0 andηc states,studiedduringthelastdecade.

Massspectroscopy

Thecc̄ boundstatesarechargeconjugationandparityeigenstates.As in positronium,
for everyvalueof angularmomentumL EF 0, wecanidentify a triplet of stateswith S=1,
andC=(-1)L A 1 anda singletwith S=0andC=(-1)L (seeFigure1). Parity dependsonly
on theangularmomentum:P FHGJI 1K L A 1. Thenumberof expectednarrow statesbelow
DD̄ thresholdis limited to eight.An additionalpair of narrow statesbetweenDD̄ and
DD̄ L thresholdsis alsoexpected, astheirquantumnumbers(JPC F 2 BMAON 2 BPB ) forbid the
OZI allowedopencharmdecays.Two of thenarrow statesbelow opencharmthreshold,



namelythe 1S0
G 2sK (η �c) and the 1P1 (hc) wereobserved by only oneexperimentand

needconfirmation.
Thespectrumof radialexcitationsis thefirst informationthatbecameavailable,soon

aftertheJ
�
ψ andϒdiscoveries.Thepatternof excitedstatesis reasonablywell described

by an interactionkernelcomposedby a onegluon exchangevectorterm,dominantat
shortdistances,andalongrangescalarterm,linearly increasingwith theradialdistance.
However, in thecaseof charmoniumthe structureis complicatedby thepresenceof a
significantrelativistic mixing betweenS wave andD wave vectorstates.Despitethis,
thesplitting betweengroundstateandfirst radialexcitation in cc̄ (589.1Q 0.1 MeV/c2)
is only 5% largerthanin bb̄ (563.0Q 0.4MeV/c2).

The tensorstructureof the binding potentialis investigatedby studyingthe pattern
of spindependentsplittings.Themasssplittingsbetweentriplet P states(χc) havebeen
known with excellentprecisionsincea decade,but thetheorypredictionsstill fail by a
largeamount.Thefine splitting is describedby themassformula:
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Both the spin orbit term hLS and the tensorterm hT shouldscalewith the inverseof
theheavy quarkmass;table1 shows a comparisonbetweentherelevantparametersof
charmoniumandbottomoniumP-states.

TABLE 1. Splittingsbetweenχc andχb states

cc̄ Z n [ 1\ bb̄ Z n [ 1\ bb̄ Z n [ 2\
∆M21 [ M Z χ2 \^] M Z χ1 \ (in MeV) 45.6_ 0.2 19.9_ 0.8 13.0_ 0.8
∆M10 [ M Z χ1 \^] M Z χ0 \ (in MeV) 95.3_ 0.4 32.8_ 1.2 23.4_ 0.8
ρ Z χ \`[ ∆M21 a ∆M10 0.470_ 0.003 0.61_ 0.04 0.56_ 0.04
hT (in MeV) 20.2_ 0.1 6.3_ 0.4 4.7_ 0.3
hLS (in MeV) 34.5_ 0.1 13.8_ 0.3 9.3_ 0.3

Lattice QCD[9, 10] still fails to fit the hyperfineand χc splittings : despitelight
quarkloop effectsareheldresponsiblefor this disagreement,recentunquenchedlattice
calculations[11] do notshow any improvement.

0
b20
c40
d60
e80
f100

120

140

160

180
g

2900
c

2950
c

3000
h

3050
h

3100
h

√
i

s (MeV)j

σ
γk γk (pb)

ηl c →
m  γ γn 20

0

2500

25

10

30

0
2750 350032503000

( a )

( b )

E
ve

n
ts

 / 
8 

M
eV

+I

+I

M(KS K0 )

1600500-002 ηo c mass

2960 2970 2980 2990 3000
p

M(MeV/c2)

CBALL(86)
qMARK3(86)
R704(87)
rDM2(91)
sE760(95)
DELPHI(98)
BES-I(99)
tBES-I(00)
tCLEO(00)
qE835(prel)

FIGURE 2. ηc massplotsby E835(left)andCLEO(center).Summaryof all measures(right).



Theprecisionon the1Shyperfinesplittingsis limited by theexperimentaldifficulty to
extract the ηc signal.Recently, this statewas indeedobserved with the threeexisting
techniques(seeFigure2):

a) in eA eB , at BES,from theradiativedecayof ψ� [12] or J
�
ψ[13].

b) in p̄p C ηc C γγ, by E835;the γγdecaychannel,however, is affectedby a large
andsteepfeeddown from πoπo andπoγ continuum.

c) in eA eBuC eA eB γγ, wherethe initial γγ flux hasa steepdependenceon v s, by
CLEO[14]andDELPHI[17].

A few MeV systematicdiscrepancy betweenthe resultsfrom different experimental
techniquesis not resolvedat this time.

Thehyperfinesplitting betweentriplet andsingletP statesyields informationon the
longrangebehaviour of thevectorpotential.Thestatehc hasbeenobserved[18] by E760
in thereactionpp̄ C hc C J

�
ψπ0, andawaitsconfirmation.E835analysison Ldt = 97

pbB 1 is in progress.Givena seriesof modificationsto themachineparametersanddata
takingconditions,a lengthysetof crosscheckson theenergy measurementsis crucial.

The hyperfinesplitting betweenexcited S states∆M G 2SK F M G ψ�wK I M G η �c K was
measuredby Crystal Ball[19]: the experimentsaw a bump in the inclusive photon
spectrumfrom 1.8x 106ψ� decays.E835hasextensively searched[20] for theη �c in the
reactionpp̄ C G η �c KyC γγ, without confirmingit. BES,CLEO-candB-factorieshave a
reasonablechanceto find this statein thenearfuture.

Hints for a possibleevidenceof the 2 BzB stateabove DD̄ thresholdat M=3836Q 13
MeV/c2 were seen by the FNAL experiment E771 [21], in the reaction πLi C
J
�
ψπA πB Y X.
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Radiative and Hadronic DecayWidths

The widths of the J=1 statesbelow thresholdrangebetween100 keV and1 MeV.
In this caseelectromagneticandhadronicdecayshave comparablemagnitude.States
with J=0,2have widths rangingbetween2 and25 MeV, dueto their allowed decayto
two hardgluons.Themostrecentmeasurementsby CLEO[14] andE835[15] of theηc
width suggesta valuecloseto 20 MeV, largerthanthePDGvalueΓ G ηc K = 13.2A 3 � 8B 3 � 2[22].



On the contrary, the first 10% measurementof the χc0 width, Γ G χc0 K = 9.8Q 1 � 0 Q 0 � 1,
doneby E835[16] in 2000,shiftsthecentralPDGvalue30%below thecurrentaverage.

Below opencharmthreshold,charmoniumstates’decayscan be groupedin seven
differentclasses,assummarizedin Table2. Most partialwidths of charmoniumstates
areknown with a precisionnot betterthan10%,barelysufficient to distinguishamong
differenttheoreticalapproaches.
TABLE 2. Charmoniumdecays(LH standsfor light hadrons).

Decaymode ηc J a ψ χc0 χc1 χc2 ψ�
a- Z cc̄\`� gg � gg��� LH 0 0
b - Z cc̄\�� ggg � LH � 100% � 99% � 73% � 87%

c - Z cc̄\`� γgg � γ � LH 0 � 70%
0 0 0

d - Z cc̄\�� γ� � LH 0 17% 0 0 0

�
7%

e- Z cc̄\`� e� e��� µ� µ�M� γγ 3 � 10� 4 12% � 10� 4 0 � 10� 4 2%

f - Z cc̄\�� γ ��Z cc̄\ 0 1% 0.6% 27% 13% 30%
g - Z cc̄\�� LH ��Z cc̄\ 0 0 ? ? ? 58%

Electromagnetictransitionsbetweencharmoniumstatesprobe the long rangebe-
haviour of the wavefunction.Relativistic correctionsare expectedto give first order
effectson ψ��C χcγ andon ψ� N J � ψ C ηcγ transitions.E1 Radiative widths have been
known at � 15% level during the last decade.Equalcontributionsto the statisticaler-
ror camefrom thebranchingratios(measuredby CrystalBall) andfrom thetotal width
(E760).The studyof angulardistributionsallows to accessthe suppressedM2 ampli-
tudesthroughthe M2-E1 interferencetermsin radiative decays.A recentresult from
E835[23] hintsat a 2σ discrepancy betweentheoryandexperimenton theχc radiative
decay. A globalrefittingof all theradiativetransitionrates,correctlyaccountingfor cor-
relationsbetweendifferentmeasurementscanbefoundin ref.[24]. Table3 summarizes
thecurrentexperimentalsituation.Thenew fit valueof Γrad

G χc0 K incorporatestherecent
E835fit of theχc0 totalwidth.

TABLE 3. Radiative decaysbetweencharmoniumstates.Partial widths (with relative
errors)from ref.[22] arecomparedwith theresultsof a new fit from ref.[24]

Transition Eγ,MeV ΓPDG
rad ,keV δΓtot

Γtot � δBR
BR

δΓrad
Γrad

Γnewf it
rad ,keV M2/E1

ψ��� χc2γ 127.5 22_ 3 11% � 10% = 15% 19_ 3 (8 _ 5)%
ψ��� χc1γ 171.3 24_ 4 11% � 9% = 14% 23_ 4 (13_ 9)%
ψ� � χc0γ 260.8 26_ 4 11% � 10% = 15% 19_ 4 0

χc2 � J a ψγ 429.6 270_ 32 9% � 8% = 12% 374_ 62 -(9 _ 4)%
χc1 � J a ψγ 389.2 240_ 41 16% � 6% = 17% 282_ 52 (0 _ 2)%
χc0 � J a ψγ 303.6 98_ 32 17% � 27% = 32% 118_ 32 0

ψ� � ηcγ 638 0.78_ 0.19 11%� 21% = 24% 0
J a ψ � ηcγ 115 1.13_ 0.35 6%� 31% = 31% 0

Very few hadronictransitionsbetweencharmoniawereobservedsofar, namelyψ� C
J
�
ψππN J � ψη N J � ψπ0, andtheunconfirmedhc C J

�
ψπ0. Theanalysisof ahighstatistics

sampleof ψ��C J
�
ψπA πB decays[25] recently yielded the evidenceof a 18% D-

wave contribution in the dipion. Due to the isospinviolation, cc̄ C cc̄π0 transitions
(BR=9.7Q 2.1*10B 4) aresuppressedby morethanoneorderof magnitudewith respect



to cc̄ C cc̄η(BR=2.2Q 0.4%).χc transitionsto J
�
ψ Y πN ππaresuppressedby C-parity

conservation,which forbidspurelyhadronictransitions.E835is sensitive to Γ G χc1 � 2 C
J
�
ψ Y LH K at � 10B 4 level, in χc1 � 2 decays.No G cc̄K�C ηc Y LH transitionshave been

detectedsofar.
BEShasrecentlypublishedpapersconcerningexclusive light mesondecaychannels

for J
�
ψ andψ� states:theseshow thatbaryon-antibaryonandvector-pseudoscalardecays

areconsistentwith therule [26]:

BRG ψ��C Xh K
BRG J � ψ C Xh K F¡  αs

G ψ�wK
αs
G J � ψ K£¢ 3 BRG ψ�¤C eA eB¥K

BRG J � ψ C eA eB K F 11� 6 Q 2 � 2%

However, sincemany years,someexclusivechannels(ρπbeingthemostdramaticone)
werefoundto violatetherule.Thesystematicstudyof theseregularitiesandanomalies
will eventuallybeof greathelpin theunderstandingof charmoniumdynamics.

Recentobservations of hadronicexclusive decaysof χc stateswith charged final
productswere reportedby BES[12]. eA eB experimentscan only measurethe prod-
ucts BR(J

�
ψ N ψ�¦C γRcc̄ )*BR(Rcc̄ C Xh), thereforeonly the ratios (e.g. BR(Rcc̄ C

J
�
ψγ)/BR(Rcc̄ C pp̄)) will not dependon BR(J

�
ψ N ψ��C γRcc̄), which is currently

the dominantsourceof systematicerror on the hadronicbranchingratios from ηc N χc
states.On the contrary, the pp̄ experimentsonly allowed us to measurethe products
BR(Rcc̄ C pp̄)*BR(Rcc̄ C J

�
ψγ). Themeasurementof BR(Rcc̄ C pp̄) atBEShasaspe-

cial interest,becauseit finally allows to complementpp̄ andeA eB data,andremove the
dependencefrom theradiativeBR’s.

CHARMED HADRONS

Fromtheexperimentalpoint of view, while charmoniumcanbeformed,D-mesonsand
c-baryonscanonly be produced, andthe measurementof the widths of narrow states
stronglydependon the ability to deconvolute the detectorresolutionon final product
energiesandmomenta.Theextractionof acleansignalwith respectto thecombinatorial
backgroundreliesuponthreefactors:low multiplicity of the final state,goodparticle
identificationand good vertex resolution.In the last decade,most resultson charm
hadronspectroscopy cameeither from photoproductionexperiments(E687andE831
atFNAL), or from eA eB colliders(LEPandCESR).

D-mesonspectroscopy

If charmoniumis thepositroniumof QCD, wecansaythatD-mesonsaretheanalogue
of thehydrogenatom.In thecaseof theexcitedD-mesons, thechargeconjugationsym-
metryis no longeruseful,andthemassasymmetrybetweentheconstituentssuggeststo
split thetotal angularmomentum §J F §sq Y §sc Y §L in theangularmomentum§jq F §sq Y §L
of thelight orbitingquarkandthespin §sc if theheavy, quasi-static,quark.

Theoreticalpredictionson the dynamicsof excited heavy-light mesonshave been
madein theframework of theHeavy QuarkEffectiveTheory(HQET)or thelow energy



chiraleffectivetheory. Bothapproachesdonotaimto giveaccurateresults:latticegauge
theoryis theultimatecandidatefor moredetailedpredictions.
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FIGURE 4. D-mesonexperimentalspectrumandtheoryexpectations(from ref.[27])

The hyperfinesplitting M G D L K I M G D K is expectedto dependon the inversemassof
theheavy quark,andshouldnot dependon the light quarkflavor. The agreementwith
experimentis at3% level, asshown in Table4.

TABLE 4. 1/MQ dependenceof thehyperfinesplitting.

cū cd̄ cs̄ bū � bd̄ bs̄

M(1 � )-M(0 � ),MeV/c2 142.12 _ 0.07 140.64_ 0.10 143.8_ 0.4 45.78_ 0.35 47.0_ 2.6

Thefour possiblePstatesaregroupedin two doubletsbecauseof parityconservation
in thehadronicdecay:

• Theonewith jPq
F 3

�
2 B (JP F 1A N 2A ) candecayto Dπonly via theD-wave , and

will have narrower width (about20 MeV). Parity conservation forbids D G 1A�KÚC
D G 0 B¦K π.

• Theonewith jPq
F 1

�
2 B (JP F 0A N 1A ) decaysto Dπvia S-wave, thereforewill be

muchwider (about200MeV). Parity conservationallows only D G 1A KÛC D G 1 B K π
andD G 0A K¥C D G 0 B K π.

A mixing betweenthe two 1A statesis expected.The samerulesapply alsoon the
Ds states,afterreplacingthepion with thekaon.Theobservationof broadstructuresis
obstacledby the large combinatorialbackground.Recently, E831showedthat a broad
0A bump,overlappingthe narrow D LJL G 2A K peak,canprovide a betterfit to the D A πB
massdistribution.

It is worth to noticethat theflavor independence( within 2% ) of thesplitting between
1 B and2A statesis valid alsofor theheavy quarkonia(seeTable5), in agreementwith



TABLE 5. Flavor independenceof thetensor-vectorsplitting.

cū cd̄ cs̄ cc̄ bb̄

M(2 � )-M(1 � ), in MeV/c2 452 _ 2 449_ 4 461_ 2 458.3_ 0.1 452.3_ 0.6

themQ C ∞ limit [28]. Thesearethe stateshaving thehighestlevel of simmetrywith
respectto SU(2)spin, in thetwo casesL=0 and1.

The orbital excitation of the D Ü statewasseenonly by DELPHI [29], andwasnot
confirmedby OPAL [30] andCLEO [31]. The statewasseenin the channelD Ü πÝ πÞ
atM ß 2637à 2 à 6MeV á c2, but theoreticalpredictionsexpectit about50 MeV above.
Thesamesignalis beingsearchedfor by E831.

D-mesondecays

The dynamicsof hadronictransitionsbetweenD mesons,involving slow pions or
kaons,is fully in the non perturbative QCD regime. The hyperfinesplitting M â D Üäãæå
M â D ã is very closeto the π mass.Thereforeall the D Ü stateshave very little phase
spacefor the hadronicdecay, and are expectedto be very narrow, below 100 keV.
Recently, CLEO haspublishedthefirst measurementof theD ÜçÝ width [32]:Γ â D ÜçèÛã�ßâ 96 à 4stat à 22syst ã keV. This remarkableresult is unlikely to be repeatedin the near
futureon thewidthsof theD Üs andtheD0Ü .

In theframework of thechiral quarkmodel,all thepartialwidthsΓ â M é M êìë πí K ã
arerelatedthroughClebsch-Gordancoefficients,andareproportionalto the effective
couplingconstantg8

A ß 0 î 82 à 0 î 09, asobtained[27] from themeasurementof theD Ü
width. All the availablemeasurementsin the D-mesonsectorareconsistentwith this
result.Thelatticecalculationof g8

A is ï 30%below thisvalue.
RadiativedecaysbetweenD-mesonsaredetectableonly for thosestateswhosewidth

is very narrow: the threevectorD Ü andthe Ds â 1Ý�ã , limited by the phasespaceof the
Ds â 1Ý¥ãPé D Ü K transition.By combiningBRâ D Üçèðé D è γã with theabovemeasurement
of Γ â D Üñè ã weobtainthefirst measurementof theM1 radiativewidth,Γ â D Üçè é D è γãzßâ 1 î 6 à 0 î 5ã keV, statisticallyconsistentwith Γ â J á ψ é ηcγ)= 1.13à 0.35keV.

Charmed Baryon Spectraand Decays

In recentyearstherehasbeengreatprogressin the spectroscopy of excited charm
baryons,from botheÝ eÞ collidersatϒenergies(ARGUS,CLEO),andphotoproduction
experiments(E687,E831atFermilab).Themostrecentdiscoveriesweredoneby CLEO
andconcernthespectroscopy of charmedstrangebaryons.As in thecaseof D-mesons,
theassignmentof quantumnumbersis tightly relatedto thedecaychannelby which a
statehasbeenobserved.



In thebaryonspectrum,we classifythestatesaccordingto thesymmetryof thelight
quarkpair:

• In the Λc (cud), the light quark pair has spin S=0 and isospin I=0, thereforeò
J â Λc ã�ß ò

l ë ò
sc. Threestateshavebeenobservedsofar.

• TheΣc states(cqqí qq ß uuí ud í dd) comein triplets,asthelight quarkpairhasS=1
andI=1; in the two lower tripletsobservedso far, the masssplitting is dueto the
relativeorientationof thecharmquark’s andlight diquark’sspins.

• In thecaseof theΞc baryondoublets(csqí q ß u í d), thenomenclatureis misleading:
in this casethesemi-lightdiquarksqcanbebothspinsymmetricandantisymmet-
ric. Thestatewith a symmetriclight diquarkis identifiedby a prime,Ξ êc. Two Ξc
andtwo Ξ êc doubletshavebeenobservedsofar.

An updatedsummaryof masssplittings and widths concerningthe charmednon-
strangebaryonstatesis given in Table6. In the Λc sector, the observation of the first
doubletof orbitally excitedstatesallows to comparebothorbitalandfinesplittingswith
their analoguesin thestrangehyperonsector. For whatconcernstheorbital motion,the
ratio betweentheM â 32 Þ ãzå M â 12 Ý ã splitting andtheM â 2Ý ãzå M â 1 Þ ã mesonsplitting is
constant,androughlyequalto 3/4 [35]:

Λc â 32 Þ ãóå Λc â 12 Ý ã
D â 2Ý ãóå D Ü â 1 Þ ã ß 342

455
ß 0 î 752 ;

Λ â 32 Þ ãóå Λ â 12 Ý ã
K â 2Ý ãóå K Ü â 1 Þ ã ß 404

538
ß 0 î 759

Recently, bothCLEO[34] andE831[33] havemeasuredthemassesandnarrow widths
of theΣc â 2455ã resonances,aswell asthemassesof the threeΣ Üc â 2520ã states.CLEO
hasalsoputanupperlimit (at 17MeV) for thewidth of theΣ ÜñÝc (2520)[36].

Thespin-orbitsplitting ∆LS ß M â 32 Þ ãóå M â 12 Þ ã betweenthetwo excitedstatesscales
with the inversemassof the heavy quark, as ∆LS â cduãôß 32î 8 à 1 î 6 MeV/c2 and
∆LS â sduãOß 113î 5 à 4 î 0 MeV/c2. The hyperfinesplitting ∆B

hf ß M â 32 Ý ã�å M â 12 Ý ã be-
tweenthetwo lowerΣc statesis dueto thecouplingof thespinof thecharmquarkwith
thespinof thevectordiquark,in analogyto thehyperfinesplitting ∆M

hf betweenvector
andpseudoscalarmesons.In this case,dueto thesymmetryof thediquarkwave func-

TABLE 6. Massesandwidthsof Λc õ Σc baryons

state JP M-M(Λ öc ),MeV Γ,MeV ref.

Σ0
c ÷ 2455ø 1

2
ö 167.32ù 0.15 2.4ù 0.5 [22, 33, 34]

Σöc ÷ 2455ø 1
2
ö 166.4ù 0.4 <4.6(90%CL) [22, 33, 34]

Σö�öc ÷ 2455ø 1
2
ö 167.67ù 0.15 2.5ù 0.5 [22, 33, 34]

Σ ú 0c ÷ 2520ø 3
2
ö 232.6ù 1.3 17.9ù 5.3 [22, 34]

Σ úûöc ÷ 2520ø 3
2
ö 231.0ù 2.3 <17(90%CL) [34]

Σ úûöüöc ÷ 2520ø 3
2
ö 234.5ù 1.4 13.0ù 5.2 [22, 34]

Λ öc ÷ 2593ø 1
2 ý 308.9ù 0.6 3.6ö 2 þ 0ý 1 þ 3 [22]

Λ öc ÷ 2625ø 3
2 ý 341.7ù 0.6 <1.9(90%CL) [22]



tion, thecomparisoncanbeextendedto thelight baryons.Theratio∆B
hf á ∆M

hf showslittle
dependenceon thequarkmass,asshown in table7.

TABLE 7. Hyperfinesplitting in mesonsandbaryons

∆M qq̄,qqq sq̄ õ sqq cq̄ õ cqq cs̄õ csq

∆B
hf ,MeV (∆-N) 294 (Σ)191 (Σc) 66 (Ξc) 69

∆M
hf ,MeV (ρ ÿ π) 635 (K ú ÿ K) 397 (D ú ÿ D) 142 (D ús ÿ Ds) 144

ratio 0.446 0.481 0.465 0.480

Thefirst Ξc excitedstateswereobservedby CLEOin 1995.Recently, CLEOreported
theobservationof othertwo doublets:

• theΞ êc, whichcanonly decayto Ξcγ [37]; its width is thenextremelynarrow.

• theΞ êc(2645)(32
Ý ), which decaysto thegroundstateΞc mostly throughthedouble

cascadeΞ êc â 2645ã�é πΞc â 2576ã�é ππΞc[38]. HQET explainsthe suppressionof
thedirectdecayto πΞc by totally decouplingtheheavy quarkmotionfrom thelight
diquarkdegreesof freedom.

TABLE 8. Massesandwidthsof excitedΞc baryons

state JP M-M(Ξ öc ),MeV Γ,MeV ref.

Ξ
�
0
c

1
2
ö 112.5ù 3.2 [37]

Ξ
� öc 1

2
ö 107.8ù 3.3 [37]

Ξ
� 0
c ÷ 2645ø 3

2
ö 178.2ù 1.8 <5.5(90%CL) [22]

Ξ
� öc ÷ 2645ø 3

2
ö 181.1ù 2.0 <3.1(90%CL) [22]

Ξ ú 0c ÷ 2815ø 3
2 ý 352.7ù 2.5 <6.5(90%CL) [38]

Ξ ú öc ÷ 2815ø 3
2 ý 348.6ù 1.8 <3.5(90%CL) [38]

All thewidthsof thestrangec-baryonsobservedsofarareverynarrow (seeTable8).
TheΞc â 12 Þ ã andall theexcitedstatesof theΩc â sscã arestill unobserved.

CONCLUSIONS

In this overview, I summarizedtherecentexperimentalresultsin thecharmsector, and
theunsolvedissuesconcerningspectroscopy anddecayof heavy hadrons.

In spectroscopy, the precisionof experimentaldata, when available, is aheadof
theory;themissingnarrow statesof charmonium,if confirmed,canshedlight on many
issues.While lattice expertsare focusingon the rôle of light quark pairs in the still
unexplainedspinsplittings,a few simpleexperimentalpatterns,consistentwith valence
quark approximationsand with the mQ é ∞ limit, arisefrom the comparisonof all
boundsystemscontainingcharmquarks.Theexperimentalpatternof charmedmesons
andbaryonsupto thefirst radialexcitationis approachingcompletion.Thenarrow width
is themostpowerful tagof boundstatescontaininga charmquark:whenthis signature
is missing,like for the jq ß 1á 2 Þ D-mesons,theidentificationis muchharder.



On theotherside,theexperimentalknowledgeon decaywidths is not yet sufficient,
to challengetheoreticalpredictions.The hiddencharmdecaypatternsareby far more
instructive thanopencharmones(both annihilationsandhadronictransitionsareOZI
suppressed,andprovide accessto puregluedynamics)but largerstatisticsareneeded,
to stimulatetheory calculationsat higher order. EM transitionsprobe details of the
wavefunctionsin all boundsystemscontainingacharmquark.

In the nearfuture, new experimentalresultsin the charmsectorareexpectedfrom
BES, E831,E835,and the B-factories.The conversionof the CESRring in a charm
factory[39] will provideanunvaluablesourceof interestingnew highstatisticsdata.
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