Potential modelsof Charmonium?2
Jean-Marc Richard

Charmonium Workshop,
Genova, Italy, June 2001

Outline
. Intr oduction
. Level order
. Testsof flavour independence

. Short-range correlations

a A W N P

. Spin forces

aThanksto my collaborators: X.-Y. Pham, A. Martin, D.P. Sidhu,
J. Kuti, P. Hasenfratz,R.R. Horgan, P. Taxil, J.-L. Rosneyr H. Grosse,
J.Stubbe A.K. Grant




Intr oduction

Seeothertalksfor justifying potentialmodelsasa limit of
theexactQCD dynamics.

Born—Oppenheimdlype of approximation:mary other
degreesof freedom(light-quarkpairs,gluons)integrated
out. Theheary Q and(Q evolve in aeffective potential,sum
of their directinteractionandthe enegy of thegluonfield.

In thislimit: Fictitiousworld with simplifiedquark
dynamics:staticpotentialwith flavourindependencand
non-relatvistic kinematics.

Many regularity patternsof the spectrunreproducedrom
the propertienf Schibdingerequation.

Dramaticprogresson the Schibdingerequationwith
confiningandflavour-independentorces.

Applicationsto otherfields in particular
Atomic physics Here,also,the samepotentialis
experiencedy differentmassege, p, 1, ..).

Alreadysomeresultsfor relativistic equationspr
spin-dependerfbrces.




Charmonium spectrum-1
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Figure 1. Experimentaktatesof Charmonium(Figurebor-
rowedfrom thebookby Martin andGrosse).




Charmonium spectrum-2
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Figure2: Spin-averagedCharmoniunspectrumfor thefirst
levels: 1Sand2S(red), 1P (blue)and1D (green).




Level order 1

E(1P) < E(2S) obsenredin quarkonium.
Notation(n, £): theradialwave functionhasn — 1 nodes,
the principalnumberof atomicphysicsis n + /.

CoulombtheoremE(n + 1,¢) < E(n, £+ 1) if AV >0,
thereverseif AV < 0.

Note: Gausgheorem:AV indicateswhetherthe chage
Q) (r) seenatdistancer increasegasymptotidreedom),
decreasesyr remainsconstan{gravitation or
electrostatics).

Klein—Gordonequation.Theoremextendedon oneside.

Also E(1D) > E(2S) obsened.

H.O.theorem

H.O.degenerayg E(n + 1,¢) = E(n,f + 2) broken
accordingto thesignof d2V/d(r?)2.




Level order 2
Phenomenologicapotentials
Theseresultsexplain why potentialswith different

functionaldependenceeproduceghe mainfeaturesof the
spectrum:

- x Statedelov ¥’
- ¢ = 2 stateqy)”’, etc.) above 2S5 (')

Amongthesepotentials:thefamousCoulomb+ linear

Vi(r) :—%—I—br—kc.

or moresophisticated A.F. a — a(r), screeningf
confinementetc.

or simpler
V(r)=Ar®+ B, (1)

withV =alnr + b, fora — 0.
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Figure 3: Comparisonof levels of Charmonium vs.

Coulomband harmonicoscillator (borroved from a paper
by the Cornellgroup).




Method of inverseproblem-1
In ordinaryM.Q., two canonicalproblems:

* # 1. Reconstructheradial potentialfrom the bound
statesandthe phase-shift,(E) from E = 0 to
E — oc.

* # 2. Reconstructhe centralpotentialfrom the
phase-shiftg,(E) atgiven E from ¢ = 0 to oc.

Severalattempts:Thacler, Quigg,RosnerMiller and
OlssonMcWilliams, etc.

Have adaptedheformalism# 1 to the caseof confining
interaction.

Reproducehe currentpotentialswithin the uncertainties.




Method of inverseproblem-2
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Figure4: Resultsby OlssonandMiller.




Method of inverseproblem-3
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Figure5: Resultsoy Thaclker, QuiggandRosner
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Method of inverseproblem-4
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Figure6: Resultsby Thacler, QuiggandRosner(cont.).
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Bottomonium-1
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Figure 7: Levels of heavyy Q) mesons,as predictedby
EichtenandGottfried.
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Bottomonium-2
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Figure8: Experimentaktatesof Bottomonium(Figurebor-
rowedfrom thebookby Martin andGrosse).
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Flavour independencel

The QQ gamebecomesnoreinterestingf thesame
potentialis usedwith differentmasses.

Anticipatedby EichtenandGottfried, etc. Becamehotter
whenY andexcitationsdiscovered(Lederman).

A first consequencef flavourindependence
In agivenpotential,deepembindingfor heavier mass

This explains

—why first levelsof QQ below the Zweig-alloved
threshold(Qq) + (Qq)

—why bb moredeeplyboundthance, while bg very similar
to c¢g: morebq boundstatesxpectedandseen!
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Flavour independence?

Severalsuccessfufits of bothcé andbb spectra:
Coulomb-plus-linegiLogarithmic,power-law potentials,
etc.

This showvs thatdatado not contradictflavour
independence.

1.0

as

o6 |

osa }

Vir) in GeV

o5}

-08 }

-

Figure 9: Comparisonof a logarithmic and a Coulomb-
plus-linearpotential(borrovedfrom a paperby the Cornell

group).
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Flavour independence3
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FigurelO: Fitsto CharmoniumandUpsilonspectrawith the
Martin andBuchntiller potentials(borrovedfrom the book
by GrosseandMartin).
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Flavour independenced

Also E concave functionof theinversereducednmass

(bc) > (bb + c€)/2

Upperboundalsowith mild restrictionson V ().
dE/dp~! = (p?)/2 canbecontrolledalongits way from
(bb) or (ce) to (be)

Thus

(b2) < (cc) + (bb)

_ ng(cE)

1 mp + Me 1/3
2mb
my +me\?
2m, ’

+ 20 E(bb)

resultinginto

6.26 < (be) < 6.43 GeV

Simplerupperbound
(be) > (bs + (cc) — (¢§) ~ 6.52 GeV,
while experimentnotyet conclusve

(be) = 6.4 + 0.4 GeV
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Short-range correlations
d12 = (W[6) (r12)[ W),
neededbut its computationis difficult.

Possiblewvay out: usea crudewave functionwith an
improvedmatrix element.Schwingerrule and
generalisations.

|dea

AandAp = A + [H, B] have sameexpectatiorvalue
within ary eigenstatef H.

A suitablechoiceof B mightmake (M| Ag|wM)
corverging fasterthan (I M| A|¥M) to theexact (¥ |A|¥)
asthesize M of thebasisis increased.

2-body.
A=6B(r) = Ap o dV/dr

For v(r) = r, perfect.Explainswhy 67, is the samefor all
S-statesjndependenof theradialnumbern. More
general:dT, increasegdecreasesyith n if V' > 0 (< 0).

Generalization3-bodyor N > 3

Additional (small) centrifugal termdueto internal
excitations.Usedfor parity-violationin atoms,annihilation
of exotic moleculeswith positronsandshort-range
correlationan baryong hyperfineeffectsin Breit—Fermi
models,decayproperties) See:J. Sucher
Hoffmann-Ostendfetal., Fleck+ JMR, H.J. Lipkin, etc.
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Spinforcesl: y states
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Figurell: Firstlevels of Charmoniumwith possibletran-
sitions, as predictedin the pioneeringpaperof the Cornell

group.
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Spinforces2: y states

Latest data
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Figure 12: Charmoniumspectrum for the first levels: 1S
and2S(red),1P(blue)andl1D (green)with fine andhyper

fine structure.
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Spinforces3: LSand T
Reasonablgxplainedby spin-orbitandtensorforces.
V =V + Vs L.S 4 Vr S19,

with V; beingthe central-tripletpotential,and
Si2 =301.Toy.r — 01.02, 0NEQELS

SPg + 33P1 +53P,

3Ppert —
m 9
—23Py — 33P; + 53P,
(Vis) = 12
5
(Vi) = == (=2°Pg +3°P; — °Py)

72

Tablel: Expectationvalues(in MeV) of spin-orbitandten-
sor potentials(assumedo be treatedat first order) for the
¢ = 1 levelsof cc andbb.

State | x. | x» | Xp
(Vi.s) | 351 13| 9
(Vpy | 10| 3
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Spin forces4: J/U — 5,
Earlier300MeV disturbing.Betterunderstooct117MeV.

Extrapolatiorto bb: small, explainswhy 7, notyetseen.

Puzzling ».

Otherproblemswith radialexcitations:missingmodesof
y', S—Dorbital mixing, etc.

Perhaps)’ — n. very small,if

* J/W — . largerthanpurechromomagnetisplitting,
dueto mixing with aglueball(Anselmino)

* n = 2 chromomagnetisplitting only about60% of

n = 1.

x Mixing to DD, DD*+ c.c.unfavourable.e.g;,in the
Cornellmodel,ascompletedoy Martin andJ.M.R.,
Y' — nl, recevesabout—20 MeV.

A word aboutS—Dmixing in v”". “Closestneighbour”
argument:1D mixedmainly with 2S. May bealsosome
1S,dueto thefavourablenodestructure.
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Spin forcesb: 'P, stateof cc
A nave o .0, Vsg associateavith Vsg oc 603 (r) gives
Sp,—1P; =0.
Experimentamassesh. = 3526.1 , 3P,, = 3525.3 MeV.

See however, othertalks: h. remainsto be confirmed.

At thislevel, everythingcancontribute: detailsin
non-relatvistic reduction higherorderQCD effect, etc.
Also whatis meantoby of triplet states?

TheusualPPPert = (3Py + 33P; + 5°P3)/9 assumes.
treatmenof Vi, andVr.

A non-perturbatie treatmenstartsfrom

H(P,,) = H(3Py) +3H(9P1) +5 H( P2).

Fromthevariationalprinciple

Py + 3°P1 + 5°P
9
by afew MeV. Thenmy readingof datais

3pnon pert
P >

Spronpert _1p, ~ 4 afew MeV, (2)
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Conclusions

Many developmentn few-body quantumsystems
stimulatedby problemsraisedin quarkmodelsstudiesof
hadronproperties.

In particular:

Level patternof alkalin atoms
Level patternof muonicatoms
Spectroscoyp of Antiproton-Heliumatomcules
Systematic®f short-rangeorrelations
Stability of 3-chagesystemgm;, m; ,m3)

+

Stability of 4-chagemoleculesm;, m7,mz,my)

RelationsbetweenV-bodyand(N — 1)-bodyenengies
(Hall-Postinequalities)

etc.
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