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phenceenslogical point of view, probably ot. These sodels already give
10 - 20 % accuracy for sost static properties of hadrons, and Lt is
hard to iaagine doing much becter any tine soon, sfnce higher-order
Cerms of order a few percent are dropped at several pofnts. Hovever,
stnce e have many expertnental quantities to £4t (spin-splittings,

radtative and plonte ransttions, radtal splictigs,

very few
paramecers, and a pleture very different i detail fron previous ones
(apid spatial dependence of lnteractions on quark positions, weaker

couplings, ..) even this good & Fit would be iapressive. One can dres

of understandtog the odd properties of the pscudoscalar mesons W, ',

or especially of findtog seme unexpected new effect. But the cructal

result vill be (if it works) that a physically consistent picture of conffne-
ment has emerged. T think this vould remove the last serfovs barrier to
£ull acceptance of QCD, othervise so attractive, s the theory of stromg

tnteractsons.
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Sagredtent ta calculating the fnteraction enecgy between quarks becomes o

caleulate the force tnduced by such fluctuatio

For phenosenologieal purposes we need not only the force betwsen
static sources but aleo the dependence of the interaction on spins, etc..

A za and 1% proposed a generalizatton of Eau. (1) tncludtng
@ a5

et chen 22D an . s Crvstno %9 eatantd che ut potencial,
e She Fotdsociupsen xpaston o oxdex - , shere e the uack
sass. The rosult 1s an explicit but very compiicated-Looklng expreseion,
h sou can £1nd i e, 2.

Tt cetesation 1 clearty an nssmplete calesiation, fo the fol-
[re—

1) 10 pven th cesut fo  singl tuscncon, and st be Loded

to the paceine dstribuion of nstanons.  ccoedog o et (19,

his otetuston 1 Bighly sen-itors and senizistd o caenlae.

10 Yo hve asomed Fed sorces. Tnstd bubeons, gt coxatoly

aove, and or tnstance spacially Lacse, slow fuctsacions w1 be

ot o bcaue hey s the vessp chucp of che qcksnciqurk

e, which 1o sre. Tt aect 1s oot kel o be Lage fox

by qurke, bt 15 1 probably vy faportant fo Light uac.

Il 10 here « skovkicapace picture wuld be very helpesl

S49) Even 1n purely heavy quark systems, ve need to take fato account

the dynaatcal effects of virtusl light quarks, and of mixing and
annthilacton.
Bvidently chere 15 o great deal o be done. However, i seems that

each of the sbove problens 1s a fint

well-dettned problen and one can
expect each to be solved fn turn. In the end, sssming all this s done,

WH11 v have inproved very much on sinple cuark or bag models? Froma
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Stepa Tovard the Heavy Quark Potential®

Frank Wilczekh

Peincaton Untversity
Petncaton, New Jersey 08540

ct: Vork on non-perturbative contributions to the heavy

auark potential s revieved. The position of this work fn the
progeam of establishing O, nd the (najor) steps nesded to

produce quanticative predictions in heavy quark spectroscopy, are
assessed.

*falk given at the Conference "50 Years of the Dirac Equation”, Talahas

Floridas, Apri 1978.
ASupported fn part by DOE Contract EY76-C02-3072 and by the A. P. Slosn
Foundatton.
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should tncrease at large distances, so that separating the quarks could
become impossible. A much deeper hint of quark conffnment 1s found tn

the serong-coupling Linte of lateice gauge theoriesT),

It nay be very
as8scult o "prove’ confinement directly - just as, for instance (for

very different reasons), 1t 1s very difficult to show that matcer cry

Litzes or becomes superconducting at lov tamperatures, starcing from the
Dirac equation and Coulowb forces. Simtlacly to what we have fn chese last
cases, what ve can hope for in the theory of strong fnteraction is a coherent
picture of bow the confined state might ook and scme quantitative results
staxting fron this piceure vhich can be checked against expertnent.

Recently there have been very hopeful steps touard developtog such &

8,19)

picture, fa the work of Callan, Dashen, and Gross Thts vork uses

heavily tools forged by Polyakov®®) and ¢ Hoore®V. A, zeo and ayserr @D,

and then more systematically Callan, Dashen, Gross, Zee, @)

and aysee @) nave

made some first tentative steps coward trylng to extract quantitative resslts

from the baste pleture of continement developed by (o 15190

Although the mathematical spparatus v

to develop the theory somet in

o formidable, the final plcture can be understood n stsple terss - with
one major exception. The exception fs chat the picture has only been

developed tn Buclidean four-spac tise. The Buclidean

not. NgnkowskL spa

pleture suffices to address the static quark potential, but for other pro-
blms, 1c 1s an tmportant unsolved problen to understand the COG pleture

in Minkouskt space.
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Asyaptotically free gavge theories of the strong tnceraceions ™Y

uere First proposed i an atcempt o understand Borken scaling )

starting fron orest 1cld theory. As ve shall hear from E114>) and

Polttzer(®, these theories give quantitative predictions for deviations

£rom scaltng ®7) ubieh are Legtantog to have substancial expertmental

aupport ®. Moreover, the demand of asymptotic freedom leads fnevitably

) (13,100

©

€0 the color gauge theory of quarks and gluons (QCD s

theory has Just chos 1,12

symmetries exhibied by che strong inceractions!

7,1, the algebra of curcents, flavor conservation - and SU(3) and chiral

tavartance with (3 3) breaking are readdly tncorporated. Other qualitative

Pleces of evidence are the success of quark models incorporacing color

an

8luon exchange tnteraceions ), the tacerpretation of Zuelg's rule for

heavy quarks s a "softentng” of the strong nteractions at short dis-

cances 09 as.

., and the vhole success of the parcon precure’ . Finatly

there 15 the quantitative prediction for the rate of W'Y U6,

Ve therefore have a candidate fundamental theory for the atrons
Interactions vhich 1s conceptually siaple, very beaueiful and symmetric,
and which has had mmerous qualitative and dotatled quancitative(®®)

succesaes. Lot us assume the predictions for scaling deviations continve

to agree wieh more accurate and extensive future experisents. Can ve

then claia to have a satis

ctory theory of the strom nteraction?
The great obstacle to full acceptance of 0CD ia of couese that the

fundamental entities of the theory, quarks and gluons, are mot the strongly

tnteracting particles ve ace directly, Anymptotic freedon Ltaelf suggests

that, since the coupling betveen quark decreases at short distances, Lt
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Feyman(®) has taught us that to evaluste quantities n f1eld theory
we need to do functional ategrals over all Field configurations, veighted
by thetr actton. uilaonl?) has caughe s that the relevant quancity for

stacic tnteractions betueen quacks {n 0D s the loop lategral

[ LYY (h-gh.u>

T2 T @

Where ER) Lo the energy betueen two static sources separated by a distance
Ry and on the right-hand side the loop incegral 1s over a loop of width K
and Lengeh T, The gavge potential A s a mateix o ordering alowk the
loop 4 required. The average on the Tighe-hand side £ to be taken over
all £1e14 contigurations welghted by thelr action.

The @G picture fa a (vellmottvated) guess aboue vhich conflgurations
are the soat tmportant ones. In perturbation theory fn the zeroth order ve
have Couloub f1elds betveen the quarks, and higher-order corrections are
due to exchasge of transverse gluons - plane-vave configurations, typleally
of high frequency. For small coupling, we may say roughly that in per-
curbatton theory ve have typically small-ssplicude, high frequency fluc-
tuations of the fields A giving the corrections. In O there fs another
Kind of configuration vhich 00 argue 4 more fmporeant (except for very
@)

a1l B). These ate the fnstanton conftgurations . These configurations

e largeampitvde

but typically smooth, low-frequency, coherent

fluctuactons of the fields A T¢ has been argued 1%

that tnstde hadrons
these fluctuations are rare enough that 1t makes sense to treat them a5

aon-overlapping, & sort of gas of pseudoparticles. Then an fnportant





