
, 

PHENOMENOLOGIe; IHPLlCATlONS q,F CALCULATIONS IN 

~O}iPERTURBATIVE QCD 

by 

Serg1,\ Sanhlevlci 
\ 

A thesis submitted to the Faculty of Graduate Studies and Research 

in partial fulflll.ent of the requirellents "for the 

Ph. D. degree. 

Departaent of Physic8 

McGi11 University 

Montreal, Quebec 

Canada. 

s. Sanielevici 19~5 



~------ • - -

.. , 

• 

• 

. 
PHENOHENOLOGI~ IMPLICATIONS OF CALCULATIONS IN 

NONPERTURBATIVE QCD 

.,. 
( 

l 



/-~-
• - -

( 

AlSTRACT 

Wef lnterpret .. body of re.uIt. ln nonp4rturbatlve QuantUli CbrollOdynaaice 

(QCD> a. an Indication ihat hadron etructure 1. go.erned ~y two 

effecti.e, dynaaically generated ...... calel: the chiral-.yaaetry 

br •• Unl (~I) acale A,. and the confin ... nt .cale Ac. The •• acales .uat 

.. thfy the InequalllY A~( ",. We propo.e tb.t %-SI detentn .. \' 

un1.eraal d1.tr1butlon of parton. 

hypothel1., VI u •• an .na.LyUc d •• crlptlon of ~I 

.ucee .. fu,l phenOlMllololical lIOCI.l ba.ed on Thil 

gi"e. 4 1000 approxldUon to hadronic cMr,e fon factou and to tlle 

pion deeay conatant. W. then gen.raU •• the lIOdel ln order to analyce 

ela.tlc hadrun-hadron _catterlng at hllh enlrll.a. Our two-eeale pleture 

h .hown to oUer a natur,.l e.planaUon of the behavlor of leauering ( 

ob .. rv.ù: ••• !" order to di.eddn.te bet .. en two baatc alternativ.e for 

" 
the confin ... nt _cha'li .. , .. propo .. an interquark potenUal vhlch 

incorporat •• ~he. r.quh· ... nu of the two-aeale ptctut'e. Thil .adel of 

confine.nt ,he. riae to color Van der Wa.h forcee vh1ch ehould he 

cletectable ln forthcotllDi hilh-prechlon <;~arch expert .. nte. 

Nondetection of .uch force. vould thue .Ullelt that pot.ntlal~el. 

cannot adequataly d •• cribe confln ... nt, whara •• a po.ttlve re.ult vould 

rule out M r l,id" confin ... nt. 
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RESUME 

Nous interprétons de nollbreux r'lultatli en ChrollOdynuique QU4rttl-que, 

(QCD) - nonperturbatlve co.ae une indicaUon que 1_ structure des hadrons 

ut regie par deux -,"chellea énergét iquell générées dynulque.ent: 

l'échelle "JI' de la br hure de la syaetrie chirale (88)1,) et l'é'chelle du 

confine.nt, Ac . Ces échelle. doivent IIAtistaire à l' inégaUté lx ~ A]r' 

Noul .uggir-;'ne que c'eet 1_ BS~qui dtltenaine la di.tribution 

univeraeU es partons dans lu quark! constituants. Pour virifler 

cette hypothèse. n us intégron .. une delcription analyUque de la B~ 

\ ~, ;' tI)- ,. 
dana un IIOdele phenOIIIenologique bast! IIur l'idee des deux echelles. Ceci 

donne une bonne approxill&tion aux facteuu de fon.e de charge dea 

hadrons ainal qu'à la conlt.nte de dlaintegraUon du pion. Enluite. nOU8 

généralilonl le lIOd~le afln d'analyser lu colliliona 'la.tiques 

hadron-hadron la haute énergie. Houa Sa.el conduit. à une explication 

naturelle du COIlporteaent de. oburvablee de Cel collllions. Dan. le 

but de dilcri.iner entre deux alternathu fondaaent_lea pour le 

.écanis.-e du conflne1ll8nt. noua fOfllulon3 un potentiel entre quark. qui 

Uent co.pt~ de la structure à deux Ichellu. Ce potenUel i.plique 

l'uiltence de. force. COlorie. de Van der W •• la qui devraient hre 

détectables crana les prochaines ex~riences de haute précision. Ainai, 

un r/aultat n~gat1f de cea expéri.nces .usslrerait que le concept .ê.e 
--

d'un potentiel entre quarltt .st inadéquat pour décrire le conflneaent. 

Par contre, un reaultat politif éUainereit le conUneaent "rigide". 

1 
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STATEKENT or ORIGINALITY 

Thl. the.l1 i •• n origin.l .tteapt to correlate concept. and 
l ' 

re.ultl ln nonperturbative QCD vith phenOlHnological inforaation about, 

hadron Itructure. Chapter 2 t. a revie. of the 1iterature on 

nonperturbative QCD. vrlttan fra. the original point of viey of our 

atta.pt. T'ben ft collect aU the concepts and re.ult. vhich we apply to 

phenoaenolagical prable •• in the .uN.quant chaptera. Chaptera 3 and 4 

are b.nd upon our paper (94 J. They are rendered acre pedagogieal by a 
• 

aore extensive review of re1ated work by other Authon than vas polli ble 

in the original article. Chapter 5 11 ba.ed on our paper. (108,1091 and 
~ 

\ 

cont.in. a .ore cOliplete ...... ry of the i.pact-paraaeter fora.li •• , 

ba.ed on' Val in'. expo.1tion (119]. Cbapt«~r 6 11 ba.ed on our paper 

(140). An earlier verlion of a unif1ed pre.entation of our vork can he 

found in the conference ta11t [137J. 

Any vieva and interpretation. or other state.enta not Uteral1y 

contained in the original papen quoted above are the exclu.ive 

re.ponaibi11 ty of the pre.ent author and do not necu •• rily expre •• the 

vieva of his cO-Iuthora ln thole papen. 

.' 
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CHAPTER 1: INTRODUCTION 

1.1. EFFECTIVE THEORIES AND NONPERTURBATIVE METROnS 

Re.earch effort. ln contftporary theoretlcal high energy physics 

are .ainl, coneentrated in tvo area.: 

A. Extendlng the Standard Mode l ; 

B. Nonperturbatlve QCD. 

The lo-called "Standard ~" of strong, wak and electro.agne~c 
interactions provides an adequate descrl'Pt1on of ele.entary particles ... 
vith .a.ses up to roughly that of the W boson (1). At sueh energy scales 

(MN: 80 GeV) the gauge group of the .odel faeton into a di rect product 

,f auge .ubgroupa, SU(3t x( SU(2)lrU( 1) • .,. vhlch .ean. th.t strong and 

~ ctrovealt interaction dynaaic. are lndependent. For aesthetlc aa vell 

~ praetlcal rea_son. one believe •• hovever. that the standard .odel .u.t 

de e fra. oa .ore fundaaental, unified theory valid at h1g~r energles 

(2). At energy scal •• of the order Qf the Planck •••• (M't;: 10
4
' GeV) 

thh unification Ihould include gravitaUon aa wll. 

prob1n A conai.t. in findlng thi. fundaaental .uper-high energy 

theory and in calculating phenoaena at lover energies fre. i t. 8y ~ 

ana10gy vith knovn stathtieal and field-theoreUe aIOdela. one expeet. 

~hat the sy.t,. apeeified by the fundaaental Lagrangian vritten ln ter.s 
• 0 

of fields defined at .uperhigh energies viII undergo varlou. phase 

transitions a. the energy decreases. Thue tranlitiona would be driven 

by the dyo.ieal brealtdovn of varlou. sy.etrlea of the orlsinaI 

Lagrangian. E.eh pha.e would be characterlzed by a specifie set of 
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degreea of freedoa, ln general co~po81 tu of the e1eaentary fields ln 

the fundamental L.tgrangian. Pheno.enology in each phase would' thus. hE' 

calculable frOll an -effective theory· wrltten ln tenas Dt the degrees of 

freedoa active ln thU phase. In partlcu1ar, the standard .odel must. he 

shown to he an effective theory de8~rlbing physic8 at energles of the 

order Kw- The precise nature of the funda.ental t'heory and the exact 

Rettern by which lt evolvf!8 to lovenergies w1.11 detenaine phenoaenology 

The difficultles involved ln,solving this prob1ell are dauntlng. At 

,/" ~ the present t~ t~ is profusion of candidate extensions of the 

standard lIOdeI, Bucll as va 10us grand unHled theorles. co.poslte 

models, supersyametrieB and 8upergravities. They propose fundamental 

Lagranglanl and sy.aetriea defined at tot811y inaccessible energy 

scales. They result ln diverse phenoaenologlcal predictions for the 

vorld beyond Mw none of whlch 1s .enable to experi.ental ver1flcat 10n 

at the preaent tlme (Balle of the predictions should, hovever. he 

verifiable at the nellt generation of coll1ders). Fra. the theoretical 

v1evpoint, the 1181n problea i. that t here are as ye t no ri gorous , 

.ysteaatic Mthode for conltructing effective theoriea frOll a glven 

fundalM!ntal quantUII field theoey. The only teliable aethod for 

calculatlng quantua field theorle1 1. the perturbation np.oaion which 

depend. upon the existence of a .. aIl paraaeter (.uch al the interaction 

strength) in vhlch the ob.ervablea of the theory are anal,tic. Thi. 18 a 

very special situation which 18 not expected to hold true for aIl 

energie. in any of the propoaed ext:enaion. of the Standard Model. In 

general, tran.ition. froa one pha.e of a ayatn to the neltt Involve the 

breakdovn of the perturbation expane10n which _.y heve heen val1d ln the 

original pha.e. Even if perturbative technique. are applicab1e at the 
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fundamental super-high energy level, they cannot describe the chain of 

8Yl111etry-breakings which leads to lower-energy phenomenology. 

Constructing effective theories thu8 requires systellatic, efficient and 

powerful nonperturbative aethods of calculation. 

1.2. QCO AS A THEORETICAL LABORATORY 

Now consider Problell B. Quantum Chro.odynamics (QCO) is believed to 

be the fundamental theory of the strong interactions. !ts elementary 

fields are fermionic "quarks" coupled to the gauge fields ("gluons") of 

the nonabel1an gauge group SU(J)o (the tirst factor of the Standard 

Model gauge group) by lIeans of a charge called "color". The valldlty of 

QCO as the fundamental theory can be tested in high mOllentum-transfer 

Bcatterlng processes involving hadrons. This ls because the interaction 

strength decreases a8 the colored particles approach each other, 80 that 

perturbation theory becomes applicable in the high IIOlIentum-transfer 

limit. Hard hadronic processes can therefore he systemaUcaUy 

calculated iro. the QCD Lagrangian and the results reproduce 

experimentaI data encouragingly weIl. 

However, by the salle token, the coupling strength must becowae large 

at low lIomentum transfer, 80 that the perturbation expansion cannot he 

used to caIculate the bulk of hadronic Pheno.eno~;soft" Icattering 
J 

processes and staUc properties) froa the QCD Lagranglan. Host 
~ 

conspicuously. the Mconfinement" of color fields (the fact that observed 

hadrons do not carry color) cannot be proved by perturbative lIethods. 

The problem thus consists ln devlsing nonperturbative sche.el to 

accompl1sh this task. 

/ 
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Of courBe. Proble. B 18 far eaaier to BoIve than proble. A. lndeed, 

ln the case of QCD ~ have ex:perhlental control over aIl acales of the 

theory. 80th the hlgh-energy and lo_energy a.HI are weIl known; aIl 

experhaental infora.tion relevant to inten.ediate scales e1ther exilts 

or Can be "readily" obtained ln todaY'1I or tomorrov'l laba, This 

infor.ation can eliminate ideaa, lIIOdela and calculation Hthode which 

fail to reproduce the totality of hadronlc phenoaenology. ln thla vay, 

the final theory vill he extreaely reU.ble. 

Fro. the theoretical aide, the confidence lie f\lave in the validity 

of the basic QCD Lagrangian pinpolnts the sr-etry which characterizes 

the phalel of the syste. of interacting quarks and gluons. It 1. "chiral 

ay.aetryM, a global e,...etry of the QCD Lagrangian vritten for manleas 

quarks. Chiral ar-etry i", very nearly exact lit large aoaentu.-transfer 

(the quark •• asu in the fundqental Lagrangian are deterained by 

electroweak dyn .. iea and are thua i rrelevant for color dynallic.) but ft 

.Ult he brolten ln the atatlc liait in order to account for 

vell-eatabliahed phenoaenology. The brealting of chiral 8~try does 

not Interfere vi th the local gayge invariance under SU(3)c • vhich 

re.aine unbroken. By contra.t, IIOlIt extensionll of the Standard Model 

involve lIeveral local and slobal 8~etrie8 vilose breakinga Intertvine. 

Consequently, the fundaaental histori" significance of QCD lies in 

HI being a theoreUea1 laboratory deatined to produce the tiret 

rigorou8, nonperturbative derivaUon of effective theoriea fro. a given 

fundaaental Lagrangian. With the lIucceuful theory of hadron phydca a8 

a prototype, one will he 1n a much better post tion to extract the 

phenomenologieal, acce.s1ble-energy consequences of a g1ven candidate 

Planck-energy theory • 



13 

1.3. PURPOSE OF THIS WORK 

The above arguments shov hov e ••• ntial it 1. to he able to confront 

calculations ln nonperturbative QCD vith experiaental data. lt ls 

neces.ary to extract the pheno.enological 1mplicatiens of aIl results 

obtained in nonperturbetlve QCD and to see whether or not they yield 

sensible de.cription. of hadronic properties. 

Over the past fev year., a substantial body of results has heen 

obtained by varIou' nonperturbative techniques. Many ot these results 

,~consistent vith each other and have thus acquired a measure of 

reliability. Some calculations yield directly .easurable quantities, 

auch as hadron ma8se8, decay vidth8 and magnetic moments. Hovever, m.ny 

of the more elaborate calculations regarding, in particular, the 

mechanisms of confinement and chiral-syœmetry breaking, are not as 

atraightforward to Interprete 

In this work ve propose to fill this gap. Our main ide a is that the 

dyne.ical .echani •• of chiral-syaaetry breaking deteralnes the internaI 

structure of hadrons in ter.s of color fields. a. explorable by means of 

lepton-hadron and hadron-hadron 8cattering. We 8hall argue that ex18ting 

re8ults on this nonperturbative .echani •• sugge8t a certain picture of 

hadron structure which see •• to explain experiaental data quite nicely. 

This plcture also enables us to propo8e an experiaental te8t of the 

eS8ential features of the confinement .. chanism. 

Chapter 2 presents the proble •••. aethods and resulta of 

nonperturbetlve QCD in .ore detail. lt defines the .pecifie questions ve 

8et out to an8ver. Chapter 3 contain. the arguaent. leading to our aodel 

/ 
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of hadron atructure .. weIl .. a detalled deacription of the propoaed 

picture. lu confrontaUon vith eluUc lepton-hadron acattering data 

takea place in Chapter 4 vherea. Chapter 5 pre.enta the confrontation 

vith high-energy hadron-hadron .cattering data. In Chapter 6 we use our 

picture to aet up • nev .odel of the large-diatance interquark potential 

and ahov hov it can ahed light on the confine.ent aechani ••• The final 

chapter offera our conclusioDa and ao.e opinions 00 future progreaa ln 

this field. 
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CHAPTER 2: HADRON PHYSICS AND QCD 
,~. 

2.1. FACTS AND PmDELS 

.) Quarlta and parton •• 

The con.tituent quark .odel va. originally .otivated by • 

aucc ••• ful cla •• lficatlon .ehe.. for the hadrdb. vh1ch vere knovn ln the 

.arly .1xti ••• Ind.pendently, Gell-Mann and Ne'eaan (3) reeogni&.d that 

the elght .pin-1/2 baryon. of the proton t .. Ily eould he con.ider.d a • 

... ber. of .n oct.t repr •• entation of th. global .,..etry group SU(3). 

Tvo other oct.t repreaent.tiona of the .... group vere u.ed to 

acco.odate the lov-lylns p.eudoacalar and vector ... ona. Hovever. SU(3) 

al.o pos •••••• a co.plax trlpl.t r.preaentatlon, the ao-called 

fund ... ntal repre.entatlon, out ~f which all hlgher-di .. nalonal 

repre.entationa can he built. Thi. 'UCI •• t.d that aIl hadrona ar. 

coabinatlon. of three ba.le buildinl block. vhlch .. re dubbed -quarke M 

(4). Hadron. vere ••• u.ed to he built out of conltituent quarka juat a. 

nucl.i are built out of protona and neutron.. lacb of the thr •• quark. 

hac! to he glven a n ... , corr.apondlns to • value of the quant_ nu.ber 

ve nov caU "navor": Up (U). Dovn (0) and Strallia (5). They bad to be 

a •• Igned fraction&! char, •• (2e/3 for the 0 and -a/3 for the D and S •• 

heing the ch.rle of the ~roton) and baryon nuaber. (1/3 aach) .... 11 al 

apin 1/2. Thu. the proton 1. built out of two 0'. and one D and the 

neutron o'ft of on. U and tlfO Dt a ... 101 rJirac feraion., the quarka au.t 

have antiparticl ••• a.ociat.d vith thea: the Ü, D. i antiquark. whlch 

fora a SU(l) triplet of their own. The octet ... on. ar. coablnatlon. of 

quark. and antiquark.: for in.t~ce, the "+ 1 •• oD .tate. 
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Along the.e 11nea •• 11 the knovn ... on and baryon re.onance. could 

~ ela •• ili.d accordin, ta the eon.tituent quark .od.l. Hadron ...... . 

dacay widtha and elactroaacnetie propert1a. vere I.narally vell 

reproduc.d. Conclualona r.,arding the •••• e. of the conatituent qu.rk. 

could be dr.wn: thu •• the •••••• ·01 the 0 and D .. r. lound 10 ba 

approxl .. taly 150 KeY (SI. Aa nav partiel •• vere di.cov.r.d. the .odel 

va. abl. to Incorpora..t. thea .ither .. hi,her &naular aoMntua 

excitation. of knovn quark coab1nation. or by 1ner.a.in, the nuaber of 

quark tlavor •• We nov have rea.on to believa there Ar •• 1x quark 

fl_vor., vith the three ne. conatltuent quark. bainl called C (Ch&ra). a 

(BottJII or leauty) and T (Top or Truth) {6}. 

Hovaver. it .oon becaae clear th.t th. bindlnl of con.tituent 

quark. into hadron. 1. ln no .ay analolou, ta the binding ot nuel.on. 

into nuclel: .0 far. It ha. not baen po •• ibl. to liber.te tractionally 

cbar,ed partiel'a even in the hl,he.t-en.rIY colli.ion •• peeifica1ly 

deaifP.d to breet up hadron •• Por aoaa dynaaical rea.on, con.tituent 

quarb •• _ to he "penaanently confined- in thair bo.t hadrons. On tbe 

othar band, high an.r,y lepton-hadron inela.tic .catt.rina dOl. lend 

.upport to the hypothe.i. of hadronlc .ub.tructure. albelt ln a rather 

unexpected .ay. M •• en by a Mlh-enerlY virtual pboton, a proton 

appe_r. to contain not only three "valence" quark. who.. flavor. 

colncide vith tho •• of the eon.tituent quark., but _1.0 an inflnite 
4 

"oc.an" of quark-antiquark pair. of variou. tlavor. (the hilher the 

photon enerlY. the acre flavor. are active in the ocean). The.e 

con.tl~uent. ara colla~tlvely kno~ •• "parton." (7). Mo.t .trikinaly, 

parton. are pointlike, relativlatlc partiele. whlch IDteract vith the 

very-hi,h_nerlJ photon •• if they wu fr •• and lndependent of e.ch 

otber. 
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b) QCP. 

• 
Ta uk.e a theory out of the lIOCl.l, one au.t du.cribe th •• e 

apparentl, contradictory •• tr .... in tera. of luteraction. betwe,n 

parton •• It ... another .eriou. fla. ln the n.iv • .odel which indlcated 

what ... no. hope to he the correct path to.ard. the .olution of thi. 

+t probl ... The .pln-3/2 r •• onance call.d ~ i • .ade froa thre. U quark • 

vith par.Uel apiOl. The quark 1tOde1 vante the. to 

orbital .,...tric S-.tate vhareaa Per.! atati.tic 

.avefunction to be antl.,...trlc. To re.olve thi paradox one Introduce. 

a ne. quantua nu.ber called -color" ln vhich the .avefunct1on can be 

anti.,....trl&.d .0 that It 1 •• y.aetrlc ln orblial angular 808entu.. 

Thare 1. evidence that ,ach quark flavor au.t co .. in three color. (calI 

thea rad. ye110. and blue): thh hypotheeta allo.8 one to explain the 

re.uIt. of ~.ure .. nta of the ratio 

I-(a+.--> hadron.)/~(e·e--)I";--) (8) and of the rr· decay rate (9/. 

Stnce ob.erveeS hadrone do not carry color, confiue_nt auet be a 

conaequenee of the intaraetlona bet_en eolored quarkl. The_. au.t 

reluIt in the foraatlon of colorI.ee bouneS etat'a of colored 

conltltuent •• 

Once .. accept the need for colored quart. .. .uat .-ka the force. 

which bind tha. color-depencteut. The color_llchance quanta are called 

",luon.-. The .tapl.et .ay to explain wb, a quark and antiquark are 

'tronal,. bound Into a .Ion whil. tvo quarka are Ilot 11 to attribute 

.pin 1 to the gluon field. Ind.ed, fi. Id. vith even Ipln couple ln the 

• .... • ay to partiele. and antlpartlcl.l; .pln one il the liapleat 

odeS-.pin po •• lbillty and the only one vbtch yieleS. a r.~i&able 
theory. 

• 
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But thil re.inda UI of a f .. 11iar aituatlon: quant~ 

~lectrodynaaic. (Q!D) de.cribe. the exchange of Ipln-l photon. betveen 

spin-1/2 electrically charged lepton •• The vay in vhich ~ photon 

couple. to charged lepton. il uniquely deterained by the requireaent 

that the QED Lagrangian he invariant under local U(I) gauge 

tran.foraation. [Appendix BI. The photon il called the Mgauge bo.on M of 

electroaagneti ... 

QED 18 the M.t ver1fied phylical theory ve kIlov. The 

general1zation of the gauge principle froa local U( 1 ), ..... to the gauge 

group [SU(2)LxU(I)I.w of the electroveak interactl?n ha. produced tvo 

Nobel prizel- one for the theoretical prediction of the existence and 

propertie. of the gauge bo.ons W and Z and one for the experiaental 

confiraation of the.e prediction. [11. Thi. sugge.ts that ve .hould 

build the fund .. ental theory of the atrong interactions ullng the aame 

" aould: couple the three colora of quark. to the eight gauge bo.ona 

(ldentif1ed vith the gluon.) of the local gauge group SU(3~ (three 

color.l) juat a. electron. are coupled to photon •• ~ outl1ned in 

Appendix B. thi. requireaent def!ne. the Lairan,lan of Quantua 

ChrOIIOClynaaic:. (QCD). vhich 18 po.tulatad ta he th. fund ... ntal 

dynaa1cal theory ln tara. of vhich aIl .trong interaction phy.ici au.t 

he explainable •. 

Let ua rewrite the chro.odynaaic Lalrangian den.ity( ••• App.l) a. 

Lee = - t~· ~I" - J ;;1!1:r.XI'W +1 (l1--)'f , 
Thi. iaplie. that the gluon field .ati.fia. Maxwell-lika aquatiou. of 

aotion 

(1·2) 

» -
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while the quark. and antiquark. obey Dirac equatione vith the ordinary 

derivative replac.d by the covariant derlvaUve. ~It ia ea.y to check 

that th. feralonic and gauge fi.ld contributiona to the current den.ity 

'1'''' are not con.ened •• parately due ta the non-abelian character of the 

gauge group, but that the anoaalie. cancel to en.ure that the total 

curr.nt d.n.it, i. diverg.nc.l •••• !berefore, the gluon aelfcoupling 

- -!! J eabodi.d in the tera ~Fr i •••• ential for the theory to .. ke .enae. 

At the quantua level, thr •• -and four-gluon coupling. enaure the 

unitarity of the theory (10). 

, 
As a con.equence of the nonlinearity of the gluon field equations, 

Any color .ource will he .urrounded by a cloud of .elf-interacting 

gluon. vhich .. plifiea the effect of the aource. The gluon cloud vhich 

.urround.\a r.d quark villon the average al.o he red. Therefore, a 

colored t~t particle that penetrate. the cloud viII .en.e a ... ller 

interaction if it ca.e. clo.e to the bare quark at the center of the 

cloud than if it pa •••• at large i.pact par .. eter. Thi. "anti.creening" 

.ff.ct due to gluon •• lfinteraction co.pete. vith the u.ual .creening 

effect of feraionic vaCUDa pola~l&ation vhlch 1. f .. l1iar fra. Q!D. A • 
. 

long a. there are 1 ••• then 17 quark flavor., anti.creenins i • .are 

iaportant and th. eff.ctive color charge increa.e. vith the di.tance 

fra. the bau .ource. 

Tbe .. akening of the QCD coupling at ... 11 di.tance. i. called • 
"a.yaptotic fr.eda." and it .xplain. the .ucce •• of the parton .odel. 

Photon. which co .. ln vith hllh energy probe the hadron at ... 11 

di.tance. at which the interaction. betveen colored particle. are faint. 

Thi •• uga •• t. thet one .. y identif, Feynaan'. parton. vith the 

fund ... ntal field. in the QCD Lagrangian: "curr.nt" quark. and 

Il 
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antlquark. Along vith electrleally neutral gluon.. In fact, the need 

for neutral partons va. obvi~u. ever .ince the fir.t atteapts to 
l 

interpret quark. as parton. [Il}, .inee the fraction of proton~aentua 

earrled by charged feraion. va. uncoafortably .. all even wben tn: ocean 

quark. and antiquark. vere taken into account. Today ve knov that 

glue-partons carry about half the proton'. ac.entua [12}. 

-rnfrared slavery· i. the counterpart of (ultraviolet) •• yaptotic 

freedoa: colored particle. interact acre strongly aS they are pulled 

apart .0 the large-distance structure of a hadron should he descrlhed ln 

tera. of collective action. of partons. On the other band, it see •• 

intuitively clear that thi. saae qualitative beh.vlor Qught to explain 

confine.ent. Hovever, it is by no .. ans clear hoy constituent quarks 

are related to the parton. vbich appear directly in the QCD Lagrangian. 

In order to relate infrafed slavery to the confiLe.ent of constituent 

quark., one aust thus .hov explicitly hov color field dynaaics generates 

the con.tituent quawk acdel aS an ~effective theory~. in the language of 

Chapter 1. 

c) Chiral .z--etry. 

Conaider the relationahip betveen the gauge theoriea of the st rang 

and the electroweak intera~ion8. The Standard Model [1) po.tulate. that 

the gauge groups of the .. interaction. are orthogonal. Thi. hypothe.i. 

a110ww one to de.cribe the .trpng and e1ectroveak propertie. of hadron. 

in a vay which naturally con.erves parity and .trangene •• to order CF 

(C~ 1. the coupling COnstant of the effective lo~n.rgy Ferai tbeory o~ 

the .. ak interaction) [13}. 

• 2Q1 
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The color quantua nuaber of quarks thus plays no role in their 

electroveak interactions, Juat aa flavor ia not active ln 

chro.odynaaics. It ls, hovever, 1.portant to recognize the indirect 

effeet of Quantua Flavordyn .. lea (QFD, the gauge theory of 

ISU(2)LxU(1)1~) on the QCD Legranglan. Thi. ate.a fro. the faet that 

the gauge group 80(2) .uat he apontaneoualy broken: whereaa the 

Legrangian of QCD+QFD ia invariant under the direct product of gauge 

group. SU(J)c xl SU(2)LxU(l) IVoI' the vacUWl atate of the theory (the 

ob.erved phyeical ",-orld) ean be invariant only under SU(J>c.xU(l)~III.. If 

SU(2)L vere not apontaneou.ly broken, juat a. in a ferro.agnetic .Y8te. 

the sy.aetry under rotationa la lost ln the spontaneously .agnetized 

• EQ2 

ground 8tate, the W and Z gauge boaons vou Id have to he .as.le.8 lnstead 

of acquirlng their celebrated _asse8. Indeed, unbroken locsl gauge 

8ymmetrles have &' •• less gauge bosons, like the QCD gluon. and the QED 

photon. Phy.ically, • W .oving through the a.ymmetric vaeuua of QFO 

experiences Mfriction- and ita veloeity .u.t he v<c. 

In the Glaahov-SalÂ.-Weinberg theory [11 the leptona and quark. 

aequire th.ir .... e. by the .-.e toten aa the W and Z. Sinee SU(2)L only 

affect. left-handed feraiona, feraion .aa. ter •• which produce 

left-right tranaitions are'forbidden unIe •• SU(2)L il .pantaneoualy 

broken. 

It ia an e.piriesl fset that quark. and lept9n. ca.e in vsriou. 

-generstion.-: •• tl of tvo lepton. and tvo quark flavor •• To date, ve 

have evidence of three di.tinct generation.: (e.~ .u,d). ~,~ ••• c) and 

(~,~~,b,t) (ve denote the quark flavor. vith lover-ca.e lettera to 

indicste that the •• are the current quark. in the QCD Lagrangian rather 

than the conatituent quarks). The Standsrd'Hodel doe. not explain 
C> 
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8pontaneous gauge-s~etry breaking dynamlcally and ia theretore not 

able to account for the orlgln of generation., nor for the ob.erved .ass 

ditference. betveen the lepton. withln.one generation. ThIs 1. one of 

the main .ativatlon, for vanting to go beyond the Standard Model (2). 

A. far as QCD 1. cqncerned, hovever, otthogonality to QFD meana 

that thesé question. are irrelevant. The only important point 1. tbat 

the current quark •••• e. in the QCD Lagrangian are to he con.idered of 

axtraneous origin and will only play a pa •• ive role in color dynaaic •• 

The es.ential features of chroaodyna.lc8 can thus he 8tudied, .ithout 

any 1088 of generali ty. by' neglecting the ma88 tenu 1ft the Lagrangian 

(2.1). 

Like any gauge theory vith .a88le8. fermions, maaale88 QCD enjoya a 

set of global syaaetriea knovn a. "chiral ayaaetry". On a foraal level, 

the ab.ence of .... teras which would .ix left-banded and right-handed 

quarka sean. that the fermion nuabers of q. and qL are .eparately 

conserved. For Nf flavor., the chiral .ya.etry of QCD .hould be 

U(Nf)XU(N,). A. a con.equence, Noether's theore. deasnds the 

con.ervation of the Nf vector currents ~ and of the Nfaxial-vector 

currents a~ vhich c.n he foraed a. bilinear combination. of current 

quark fields. At the quantua level. hovever, ao analy.i. of the Ward 

identitie •• ati.fied by the.e current. reveal. that the fl.vor-.inglet 

axial current ha. an ano.aly .nd faile to he coo.erved (.ee Section 

2.4c). The true chiral .y.aetry of the •••• le •• quark-gluon Lagrangian 

for N( flavors (apart fro. baryon nuaber con.ervation) ia SU(N,JxSU(N
f

). 

There are Nf con.erved vector charges 

• 
J 

(2·3) 

' .. 
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and N~ ~l conserved axial-vector chargea 
f 

J (2·4) 

These are sy..etries of the current quarks in the QCD Lagrangian. 

Assume they are slao obeyeR by the constituent quarks of the same 

flavors. Then we can conatruct conserved charges Z~ , Z~ vith the S8me 

~ .. propertiea as Z Il ' z,,-. This vould have the following consequences for 

the hadron spectrulll: aince [Z~ ,H~J-O, the state Z: lX.> vould have 

the salle energy as the state Lt.>. Por N.-2 this 18 a very good 

approximation (isospin symmetry of the strong interactions!) and for 

Nf ·3 tt reproduces the original global SU(3) of GeII-Hann and Ne'eman. 

For the three heavy flavora (N
f

- 4,5,6) the electrovealt masses in the 

QCD Lagrangian are 80 large that it does not malte sense to compare the 

predictions or chiral symmetry vith hadron spectro.copy. 

Hovever, if the axial constituent charges vere a1.0 conserved. then 

z~ 1 X> shouid aIso he degenerate vith I~>. Sinee the axial charges 

carry negative parity, there should he a opposite-parity hadron 

aa8s-degenerate vith any given "ordin.ty" hadron! Evidently, there is no 

trace of this symaetry in, the spectru. of baryons and .esons. The 

cuq·ent quarks in the QCD Lagrangian enjoy SU(N#,)t. xSU(Nf ) .. chiral 

sr-etry but constituent quarks only have the SU(Nf)c.+1. vhich clauifies 

hadrons into multiplets (N;- 2 or 3). QCD .ust spontaneousry break 

chiral syuaetry .s it glvea rise to the long-distance physics described 

by constituent quark .adela. Since the vacuu. of QCD ls not sy..etric 

under zi. , we .ust have . 

l:/o> f 0 
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~ This implies there exist Nf -1 states vith the quantum no.bers of 

Z~ 10>: no energy, no mo.entua, no angular momentua and negative 

parity. These .. ssless spin-o bosons are called "Goldstone bosons- [14J. 

For ~f.2, the pion triplet is the natural candidate for the Gold.tone 

bosons of chiral-sya.etry breaking. 8y postulating this identification, 

one implies that the finitenes. of the pion masse8 is due to the 
, 

electroweak .a.ses of the u,d current quark •• For Nf-J, one identifies 

the pseudoscalar octet (" .K'1) as Goldstone bosons and attributes 

their finite and unequal masses to the exi8tence of the finite and 

unequal QFD masses of valence current quarks. 

The study of the consequences of chiral-symaetry breaking was a 

cIa8s1c subject ln particle physic8 long before the emergence of QCD 

(one realized chiral symmetry had to he broken st low energy scales 

before one knew_that it was unbroken in the high-energy liait). 

Eff~tive Lagrangians based on the breaking of chiral symaetry and on 

the\eXlstence of Go1dstone bosons have 1ed to an extre.ely successtul 

pheno.enologicai theory of the interactions of 80ft pions with hadrons 

(15,16) and 8uch aethods are 8till amang the .ast iaportant analytic 

nonperturbative too1s_ ln the study ot dynaaical symaetry-breaking 

[17,18). 

d) Suaaary. 

To so. up the situation eaerging from our review, the facts of 

hadron phy.ics are weIl de.cribed by relatively siaple models in two 

opposite limits. Static hadron spectro.copy and the ~ov-energy 

interactions of hadron. are weIl described by mode1s based on the 

existence of constituent quarks and on the breaklng of chiral symmetry. 
, 
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Constituent quark .-odet.lt. faU into two lIain categories: potential 1I0deis 

15,191. in which hadron radU have probabil1st1c, quantU1l-1lechanical 

Interpretations, and bag ..adels [20) in vhlch conflnellent is expl1citly 

i.posed by means of A cutoff on possible hadron radU. At Any rate, the 

llghtest fl.vora of constituent quarks IIUSt have liasses of around 350 

MeV. The unification of constituent quark .oaels with modela based on 

chiral-syaDetry breaking (algaa-.odela (16,171, Skyralon models {lB) 1. 

an. open problem: ho'" h the Goldstone character o' the plon to he 

reconclled vith its status as an ordinary hadron, a bound state of a 

constituent quark and antiquark? Aue.pts to solve this proble. are 

taking place vithln the hag IIOdel (cloudy-bag Dodela [211. chiral bag 

lIodeh {22 J), ln constituent quark models without explicit confinellent 

(23) and in the Skynlion fr8llework [24]. In aIl these investigations, 

the crucial issue la the evolution of hadron structure aa one increasea 

the reaolution avay from the static 11.it. 

In the extrelle of very high reaolution of hadron structure. u 

achieved in deep inelastic lepton-hadron acatterlng and other hard 

scatterlng processell, thla .odel whlch reproduces experiaental data ls 

the parton lIOdel interpreted in the fra.ework of perturbative QCD. The 

partons are the current quark. and the gluons of the QCD Lagrangian: 

they are aSYllptotically free and In Oo eract accc.rding ta the QCD Feynman 

rules. Gluons are exactly .al.sIes. because they are the gauge field. of 

unbroken SUC 3)c.; the lUsses of current quati. are detenalned by thd r 

electroweak propertiea. For the I1ght&at flavora, the curreDt quark 

masses are of the order of a fev MeV. Chiral ay-.etry is an Intrlnaic 

pro pert y of the purely chrOliodynaalc aector of the theory. Partons are 

field-theoretical quanta: they can be grouped Into "valence quarks" 

which have t'he flavor of the con.t1tuent quark. defining the hoat 



26 

hadron, "oceao R Quark-antiquark pairs and gluons. Agdn. the main open 

'l 
theoretical and pheno.enological questions have to do vi th the 

extrapolation of the model and of QCD to lover resolutions, at which 

perturbative calculationa are beset by large hlgher-order corrections '. 
and evèntually beCOIM! inadequate. 

We conclude that the fundamental proble. in hadron phys1ew is to 

describe the tran.ition froa the parton regime to the constituent quark 

regime by meana of QCD. In the remainder of this chapter lie ahall 

introduce several perturbative and nonperturbative approaches to this 

problem, discuss their results and fOAulate the questions which we 

at tempt ta answer in this t hesh. 

2.2. PERTURBATIVE QCD 

a) Soft 8iogularitiu. 

'--"'covariant perturbation theory takee the quantua Lagrangian of a 

relativistic field theory and derivel the correspooding Feynaan rules. 

The si.plest calculation vith direct physical significance one cao do 

based on the Feynaan ru1ea for QCD il, ta compute the cro.s-Iection for 

the procus e· e- -> hadron •• Let E~ be the c ••• energy aquared of the 

et e- annihilation: it 11 equal to '<:)1, the titae-lik.e four-aoMntua 

transfer aquared iaparted to It. target"'by the created virtual photon , . . 
(Iee 'Flg. 2.1). For Ql_>_ the photon will annih11ate into a current 

quark-antiquark pair. Flg. 2.1 .hova the diagr .. s .requlred ta calculate 

~e--->qq ta firet arder in the "strong fine-.tructure conltant" 

«s _g'l./4rr. Setting aIl quark. .... e. ta zero and keeping the quark 

lI01IIenta squared p~-pl."O one Hnds the fo11owing re.ult for the 
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cross-section of this proces8 [2S): 

vhere ~.-41rI(tfe;/ES1s the Born (tree) approximation result 

corresponding to the tirst graph in Fig. 1.1. We see that cr", given by 

Eq. (2.6) diverges ln the infrared limit p--) O.If this divergence 

cannot he rellOved. QCD corrections to the free parton model result 

are Infinite and perturbative QCD can never he used. 

We recojlnize. however, that e"e---)qqie but one of several 

~ - l possible parton subprocesses contributing.Âo e e --)hadrons. 8y ana ogy 

vi th the infrared problem in quantu. elecrodynamicl!I. ve expect that a 

quark alone can never he distinguished fro. a quark radiating Any number 

of soft or collinear gluons. Therefore the contribution of the diagrass 

in Fig. 2.2 should he added to Eq. (2.6). This contribution is (25) 

[2·1) 

80 that the total. observable cross-section to order OlS 1s free of 

infrared "IUSI sin-gularitiea": 

(1·&) 

This -traculous canceUation of 80ft 8ingulari ties has been shawn to 

perdst to aU orders in perturbation theory, for croaa-sections su..ed 

over aU possible final atates involving quarks and gluon •• 

("Kinoshi ta-Lee-Nauenberg theore."). 

b) Renonulization. 

Second-order diagraas i~ el.
S 

such as the ones depicted in Pige 2.3 

,/ 
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~ 
give rise, however, to ultraviolet (p->") divergence,,- Just as in QED, 

\ 

thue .uat he reaovéd by renorwal1zstion: they vi11 he a~sorhed lnto 

\ 
redeflnl tionl of the coupl1ni conltant, the quark .SSles t\pd the scale 

of the fieldl. QCD, lilte aU gauge t.heorles, 1. -renonaallzable- ln the 

sense that once this ha. been done no nev divergences arise in higher 

arder. and a11 quantitiel are finite and calculable. There Ve uny 

wayl to actually carry out renoraalization: the choice of 

renoraa1i utlon scheae 11 not allowed to have ob.ervable consequences 

but one choice or the other .ay he .ore convenient for a given problea. 

The point _ need to .ake bere 11 that any renoraalization scheae in QCD 

introduces a nev para.eter vith diensionl of mais into the theory. 

Conaider. for lnstance, the "aini.al subtracUon" (KS) 8cheae (26 J 

8S applied to the quark self-energy graph of Fig. 2.4 in the Feynaan- 't 

Hooft gauge (corresponding to a parUcular choice of the gauge....f1xing 

tera in the QCD Lagrangian). The quark aoaentu. Integral ln the 

cort'eepondlng Green', functlon 1. UV-divergent in four diaensions but V 

vould he finite in n<4 diaenaion. (n lnteger). The unrenoraalized 

Green'. functlon in n di_niions 11 

where Je con tains group-theoretlcal factors. In four di .. ndon., the 

renorulizabll1ty of QCD 1. expre.,ed by the fact that 1 11 

dllMndonle ... To keep the coupling dl.enl1onl ••• in n(4 di_naion. we 

must deflne 

(2·40) 

vhere the "renora.l1zation .cale" A has di.naion. of a.... Perforalng 

• -

.. 
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the Integration ft Und 

where t-4-0 and B denot.a Euler' a Beta-function. Thia can he 

analyticaUy contlnued froa integer to co.plu t and in the Hd t (.-}O 

ft have 

where 1r 11 Euler' a conatant. No; • counter-ter. ._y be added to cancel _ 

the pole ln Eq. (2.12) but the renora_lhed Green'. function wUl 

expl1citly depend upon the renor.alizaUon acale·A • 

aaving thU8 rellOved aIl the lingul.riti.a. one find. 6"hf to second 

order in tiS : 

~M ~~o(1+~ -\o.::1~l~:)1-+ O(~)D(l &"l{~)) 
(2.11) 

where 

(2.14) 

n 11 the nuaber of quark tlavora tlbich contribute to the Yacuua 

polarbat1oQ aubllraph (thlrd diagT" iD Plg. 2.3). n h a function of 

the gluon energy ancl 18 bounded above by Nf" 

1-
Ve nov .ee a nev proble. for perturbaUve QCD: A appe.ra ln nev 

./ 
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log tera. vhich becOlM! large a. Q'- grova 80 that the corrections 

overvhela the lower-order tera •• It turna out. hovaver. that the leading 

log. in Eq. (2.13) can he re.~ed .0 that 6' ..... car. be ca.t into the 

f&aiUar fora 

(2.fÇ) 

1 , 
"("leadit'lg-log approd.ation" (LLA». The effective. Q1-dependent 

" , 
\ -"runnlng" coupling.s ha. the fora 

()(~ . 

to .econd order in perturbation theory. Thi. expr ••• es the a.yaptotic 

freedo. of QCD: the effective coupling decreaae. a. Q'L increas •• and 

1. 
parton. beco1De free a. Q ->_. 

The re.uaaation of leading and allO of non1eading log. can he done 

in a .y.te.aUc vay by ueing the "renoraalhaUon group" (RG) [27]. The 
'" 

ob.ervable cro •• -aeetion cannot depend 00 the value of the 
• 

renoraalization .cale A : 

o 
or 

(.trieUy 8pealtlng. <S"+ .. al.o dapend. on the gausa - fixing par .. ter 1 
def1nlng the sausa-fixing tera ln the QCD Lqrana1an: Eq. (2.18) eao be 
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con.idered a. vritten in the Landau gauge where .,-0). The 

Callan-Syaandk -beta-funcUon- (l(g) 11 defined br 

!qa. (2.18) and (2.19) .. , he .olvad to give 

.me ra 

J\ ~ -:: {1( 3) 
~ (~) ~ ~ 

( l-20) 

To leading order. (l(I) can be calcul_ted fro. the sua of the 

lN-divergent lubgraph. of 4 Feymun diagr ••• (28): 

(1.22.) 

Solving Eq •• (2.21) and (2.22) givea: 

(2..23) 

Ve aee tut uepin, the le.ding-order contribution to the beta-functlon 

and .olvlng the RG aquation. autoaaUcally a.. the 1Iading log.. B1 

calculaUng the beta-function to higber order one can aua nonleading 

./ 

• 

1 
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vhere 

;(, (&,') 1 
tur ~ -~-. t...~( l'''''':\'!J-'At''''') 

'cl -= ,.O~- ~ ~ 
A ~ ~-2 

Here " hu been cho.en .0 that there are DO tu' •• of ord.r (InQ II.) • 

Note that there 1 •• OM _blauity ln !q. (2.24): chan,ln. the arbitrary , 
renor.alhation Icale to" chan,e. the .ffective coupl1q. To b.p 

'"+ ... invariant under .uch chang ••• vb1ch .-ount to changin, the 

r.noraalhation pre.cription. C Indt da pend on the renor-aalhation 

Iche ... Por in.taoce. c"c.S.6/nl whil. c,..,..-l.7/,,'& for another popular 

(the "lIOMnt..-Iubtractloo'") .che.e. 

c) DIS and factor1&ation. 

Araed vith tM ..... ntt.l knovled,_, which reproduc ••• ·.--)8 
phena.enololY very vell {lO]. lat u. nov cODaider • IIOrt Involved 

phy.lcal proce •• : deep inlla.tic lepton-hadron Icatterilll 18-)1 'X (DIS, 

.ee Fig. 2.S). The lepton-hadron cro •• -.ection ha. the fora (lO) 

vi th the l.ptoDic part 

~" 4 [ I.'t 1... -+ UV \1' - fJ'" L.I( -i...-r Ifk'P l 
and the hadroDic part 

Wr~ ::: f .... ! if'; (yi rÎ)"l1))J~(O))'r >'"-,,.c ~ fI-~ 
(2,21) . .. 

1 
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vbere 

C1.-U' ) 

\ ,1 

h defined u.ing hadronlc current. (no constitue~ys of hadron. at thi., 

st.g.). The tenaor ~ .. y be expanded ln ter.s o~ LorenU invariants 

which also .athty current conservation 

y-" t&~.,):- C1f" -~) 11 (i,~ )-+ 
-+ [-~ -+ e-1" of pt 1" -~ 11: (&\,\ _ 

. p" (r'1)·J z ) '} 

- .: ~~"r ~f) '1 (&'-,,,) 

vhere Q"'_q" (ql. la spacellke) and v.p.q (in thi., section ft set the 

proton •••• to unit y) • Purther d.fining 

(2·30) 

one Hnds 

'l 
where Gr 1. the Peni coupUnl constant. x-Q /2.:1 and .,--1/1. 

The parton .adel va. orl,lna111 introclucad by studyiDi tbls 

cross-Mction in the ·Bjorken 11ait· Q" -) .. ,'" -) .. , x fixed. 

perturbat!". QCD .uBt reproduce nalve parton .odel ·.calin,· 

(QI.-lndependence of the cro .. - •• cUon) ln lead1nl order and then cOlipute 

higher--order correction. ("scallq- violation.·. Q'l-dependence). Pil' 

2.6 sbon the parton .octel fora for Pig. 2.5 and Pl,. 2.7 sbova th. 

leadlll1-order QCD tlavor DOo-aingllt contribution to the structure 
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function ,i(Q\x). -.lW
1

(Q" ,,,). 
\ 

Co.puting theae glve. (25): 

Fz'(Q\x) 
x 

(2 ?,z) 
where 

(2 :n) 

The distribution denoted by a + 18 def1ned aa 

J4h ",ex) -= J~fIÔ< ~()()- ~(1) 
D ( f -x) t 0 -4 - )l 

(b(x) 18 a suitable test function). Eq. (2.32) 18 in double trouble: 

despite the faet that aIl quark+gluon final states have heen su.aed over 

in deriving tbis result. there still are .aa •• 1ngularitie.; on the 

other hand. there ls the lnQ'Z. tera tbreatening perturbation theory as Q1 

grow.. The hint to the solution of both proble.. 11es in recogn1zing 

that the Kinoahita-Lee-Nauenberg theorea doea not work bec.use one has 

not su.aed over all the quark+soft gluon initial atates which are 

possible ln thi. proce.s (a. opposed to e~e- annihilation, a hadron is 

now present in the initial state). We shall now show that perturbative 

QCD ean study DIS only at tbe priee of expl1c1tly adaitting it cannot 

calculate the large-diatance distribution of parton. vithin the hOlt 

hadron. 

Let us take ao.ents of Eq. (2.32): 
4 l )("-z ~'ra.\x) d~ -= 
• "" if ~ ) 

:: 1- .L~ ( ~) [1- 7 0 .... 4 ~ T 1 ~ (&7; + o{ ,') ",1(' 11 ,...)~ U 

: M" (&\?'-,~) ~ 1- f'a..,. ~ (&.1./;-) .... 0 (11.) 

(1.·14 ) 
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To obtain the observable .oments of the proton' s structure function F •• 

this K ... ust be convoluted vith the n+1.. .oment of the probabllity that a 

quark of type k has a fraction '1 of the proton' Il IIIOllentua: 

rh )("'-1 Fi (t, Q'l.) ~ ~ tf 
tfy y".z F,"k (y/&\) r~'r"'-'f. (~)d ~ 

~ [1- ~ f.t'l (&Ypt) f Il.1 \o~ 
• (z 3S-) 

vhere the b~ are effective. ~rturbatively uncalculable coefficients 

representlng the initial "preparation" of the quark's vavefunction 

inside the proton at a large space-tille scale which ia irre1evant for 

Q'l._>_ parton physlcs. The leading-order expression (2.35) can be 

trivially rewrltten as 

rAxX~l F;(x,Q"t) =t: [~-a:f-~(&7\)~ ··1[1-t:t!J1.k(~J+· .. l~ 
= ~ [1- a~ fk (~~l). ",) \a': 

Postulating the existence of the nonperturbative moments b,,- has thU8 

provided a refuge for the Infrared aingularities and perturbative QCD 

.; 
has found an excuse for concentrating 80lely on the ultraviolet proble ... 

'l. 
As ve .av above, such UV prohle.s are .olved by re.u.alng 10gQ -tents 

ul1ng the renormallz.tion group. Rovever. the burled .oft aingularity 

has left a trace in the guise of the nev ••••• cale r. the 

"factorhation .cale". 

analyail. Purtheraore. 

vhich ~ie. the renoraalization 

the factoriZation step, trivial to 
" 

in DCS • requlres proof for higher orden. 

group 

leading order 

There is a more learned justificaUon of factorhation vhich 1& 

appl6cable to any order in perturbation theory and vhich alao ~n1ts a 

1 
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tranaparent discuasion of the effeets of factorization on the RG: 

Wilson's f..aua -o~rator produet expansion" (OPE) [31 J. Wihon 

postulatea that. for~-->O. one can write 

) .' . 
for the cas. of .pinle .. current •• 0;, .. ,. ... (0) are local operator. forwed 

out of the field. availahle' ln a given theory and CI',. ( t~ are e-nuaber 

co.,fficient funetions. To i!lu.tr.te this expan.ion and to clarify the 

aeanlng of the index i. con8ider free 8calar currents. ln thi_ ea_e, we 

can write the left-hand si'de of Eq. (2.37) aa 

iT( ~('f)d(O)) ~ -2 C~ (~''M')J:4a: 6(11"'1.); ,('r)~(o): + 

+ : ~ 'le'!) ;'Li 0) : (2 .'~~) 

In the right-hand side of Eq. (2.38) aIl l1ght-cone I1ngularities reside 

in the propagator funetion. 

Â(l,~1.)~ c.. 1 
(11~) r. .. l. 1'( . 

1'...,0 - 'i",~ 

: ~~);(O): has no singulari He. and ean thus be expanded in a Taylor 

aeries: 

(2·40) 

We see tbat the OPE is identically true for Kle1n-Gordon theory ln the 

li.it:i-->O vith 
&-) <e-=) 

0'1" i'" (0) : ~(O)~I' .~,. (NO) 

The coefficient funetion. have .ingul.riti •• 

Cl ()) rv (~/~fI. yfe~ 
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vher~ the dimension de,; 1& defined in tenas of the "tvist" i aé 

(L 45) 

(dl is the diatendon of the current Ji in (31) twist is defined as the 

dlfference between the di.ndon DO
i 

and the spin So. vhich characterize 
, • c. 

an operator O~,. The .-o.t dngular tent', and the ones which do.inate 

in the saall-distance liait 1-->0. are thoae vith lOW'est ("leading") 

tvist i-2.·As '1) beCOHS luger (Q'1 .aaller) the effect of higher twist 

1>2 aay beCOR larger but the v.al1dity of the OPE itself beco.es 

que.tionable at such distances. 

With spin-I/2 fields wt! _ay fona the tv1at-two operator 

0;. , .. (0) ~ * [ "t-(O)1}':~~ _. ~ 'riO) of PM" 1 
, 

The OPE has further been shown to he valid for renormalizable 

interactions ta aIl ~rders of perturbation theory (31 J. provided Q'l. ia 

large enough. Let us therefore insert Eq. (2.37) into Eq. (2.28'): 

[14S) 

\.. 
In the liait Q ->_ the proton •• 81 can be neglected 80 that 

<plo" ,..<O)/p>- O.'}.".IJ'-and ftnaUy 

T(,()~) ~ ~ {- ~)i-~ ëL,,, (&'-)O~ (-bf~ 
&.'L_.,,,, ~,JI\ 

8y iotegrating along the contour shown ln Fig. 2.8 wt! obtain 

where we have di.played the twi.t-tvo contribution. The discontinuity of 
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Eq. (2.47) 18 Just W(x,Q"l.), so 

We see that the moments of W in the Bjorken l1mit are related to the 

large-Q'L behavior of the OPE coefficient functions, which should 

therefore he observable in DIS and IIUSt obey RG equat1ons: 

where the "anomalous dimension" 7d:.arlses because the OPE operators 

must a1so be renormalized: 

" c:: u 0:":: ~O.: 0," 
" 

r O~ - !\ ~A è O~ (2 $0) 

The solution to Eq. (2.49) is 

.'pl 
C~ (~~f,,,,, a î " c -;. (~, ~ (~/l)) 4f [-! r.~ (j(cl) ~l:] 

(l S~) 

, 
Comparing Eqs. (2.48) and (2.36) we can IdentHy the b",'s vith the 

-'t 
reduced operator matrix eleœents 0't\ and the tw1st-two coefficient 

functions vith the " •• In terms of the M~, Eq. (2.51) reads 

1-1" (&'/l , " 1 l) = "'.H, i (!7,A'V) Ur [- ( ~ qlcl) ":] ) 
() CJ (7. Ç2 

where ve have relntroduced the factorization scale whose existence 18 

noW justified by the OPE. The anolla!ou8 dillension can thus he calculated 

froll Feynaan dl.grue: to leading order'1:-a .. g'Z. and using Eq. (2.16) 

one 

(1 S~) 
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This is tbe resul t of sUDlllling lead1ng logs; non-leadlnl~ 10gs are 'sWlDed 

.. -by including higher-order teras in 1. and Ct!' 

The solution for moments of flavor-singlet combinat1ons of 

structure funct10ns 1nvolves gluon as vell as quark (antiquark) 

conatituents and can he W'ritten to leadlng order as (32): 

H~ (t'X') : A ... [r(&~)17~/llo.-t B.Jï'{~l17'~/llo. (H~l 

where A and B are constants and the are eigenvalues of the 

loweat-order l,Iinglet anomalous dimension matrix 

~, .,.'2. .. ", .. 2 
:> M(,,"·1) 

,[~ - ~ - ft ~ 
> ... ("-1) (",~4)("'.1) 

-+ l, ~ r ] + \,vf J 

lL.SI) 
This RG resUJIIaation procedure can be cast into parton lIodel 

language in a way suggested by Altarelli and Parisi [33]. The 

non-ainglet 1I01lenta aatisfy the equationa 

where u_lnQ1../A'l. These authors define a function P1-"( z) such that 

Inverting Eq. (2.56) we get 

&1 rx ,..\j.t ... - 1~") C-~ 1(YJ")r,~1 Ix!,) Cl~g) 

, 
/ 
\ 
J 
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vhere f(x,u) is a tlavor non-singlet co.bination of quark distribution 

functions. So P.,..-r(z) can he interpreted a8 the variation per unit Il of , 
the probabllity of having a given quark evolve into a quark which 

carries a fraction z of the original quark' s mo.entua. AnalogousIy we 

can use the singlet ano .. lous di_nsion .atrix r/ to deHne evolution 

probabil1t1es P~, P
1
"'t and Pt'J' The flavor singlet co_binations of 

ocean quark and of gluon distribution functions Qo(x,u) and G(x,u) 

satisfy the following Altarelli-Parisi equations: 

lf&Q 
.~ -

dG 
~ 

:: 

Confrontations hetween QCD and deep inelastic leptoproduction 

phenomenology are based upon this foraalism. Although the leading-twist 

predictions are in remarkable agreement vith the data on the 

~ 
Q -dependence of the structure functions, a shable contribution of 

higher-twist tenas to the observed acaling deviation. cannot he ruled 

out st presently accessible values of Q'1. [12,34) 

d) Su..ary. 

Perturbative QCD give. an encouraging description of high-Q2 hadron 

fructure in tens of partona identified vith the fund&Mntal quark, 

antiquark and gluon field. appearing in the QCD Lagrangian vh1le burying 

large-dhtsnce effect. in constanU it cannot ca.pute. Nonperturbative 

QCD i. called upon to calculate this large-acale structure vhUe 

• 
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connecting a.aothly with the perturbative foraalism in the high-Q1 

li.it. 

2.3. NONPERTUIlBATIVE HETHODS 

, 
a) Vacuu. condensatea. 

Let ua pin down IIOre detaUa on the operator aatril' eleaenta '0,,- ' • 

which repreaent nonperturbative phy.ica st large Q~. We have seen that 

they are to he taken vith respect ta the "true" phyaical vacuua out of 

whlch the obaerved hadrons are el'cited by the action of the appropriate 

currents (Eqs. (2.28) and (2.45». This auat a180 he the exact ground 

atate of QCD. lt followa that the OPE operators auat he composites of 
, 

current quark and of gluon fielda and that they auat he 

SU(3)c-gauge-invariant. Purtheraore, they œuat carry vacuum quantum 

nuabera. A given operator'. contribution ta the OPE ia dete~ned by ita 

canonical diaension: the contribution froa an operator vith higher 

diaen.lo~ fall. off .are rapidly vith Q~ than fra. a lover-diaen.ional 

operator. Apart fraa the id.nUty aperator, the operators':;;1' (di_naion 

3) and ~ .,,- (diaension 4) are the loveat-diaenaional gauge-invariant 

operatora one can fora in QCD. We auat therefore el'pect that the first 

nonperturbative effects one feels a. one decreases Q1 are due to the 
~ - ...... 

·vacUUII condenaat .. " <ff> and <~., .r" >. AcŒOrding to the OPE, any 

tiae-ordered current-current correlation function cao thu. he 

repr.sented a. 
ff (fi~) ~ 4.-1 + C;.., l.oIhlo>+ C~(of~"'f~ 10)+··, (1.'0) 

fot; sufficiently high Q'2.." .tands for a .et of quantua nuahera 

pertaining ta the currenta in question. Hlgber-diaen.ional operators 

\ 

t , 
1 

/ 
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wuld beco.e .ore laportant for lover Q~. 

A .. uaing that such higher-diIMndonal contributions can he 

- -'1. 
expressed ln tera. of producu of <"t"f> and <~ • PI'" > and that the' 

cofficients can be calculated fra. perturbative QCD in conjunction vith 

high-Q~ DIS data, the f-.ous "ITEP au. rules" (35) allow eatiaatee of 

the nuaeric.l values of the vacuu. condensatea. Indeed, conaider the 

vacu\Dl polarlzation induced by a hadronic current J.: 

ff(~)-A) n (&'J 

Tf"- - n (&~) ~ i f~~J(if.c(OIT(1«(r)t(o))lo> If-:-Q't 

(1- ~1) 

where T/"v-- la a IIpaCe-UIM tenllor dependent on the cholen current. In 

general, the function n (Q'-) obeya an n-Uaes lubtracted dispersion 

relation: 

n{fl) 

The subtractlon constants a Il can be re.oved by talting an appropriate 

'L ' nUllber of deri vaU ves wi th respect ta Q • In turo. the 1 .. g1nary part of 

n ta related to an observable crois aecUon. In particulaI'y- for a 

vector current ve have 

The created particl.a will he reaonancea plu. a contlnuu. above the 

respectIve production thresbold. In a narrow-r.sonance approxl .. t1on 

(appropriate .. ln11 in the ca •• of heavy quarltonla- th. l' and t 
'" ta.1Uea) on. cao repr ••• nt la n for the v.ctor current a. 

"a. 

T '" nv(~) == ~ L: i~ [('-.i)+t;.(~"'1f)e(r-t.) 
ftc.S· " ( '1..' 4) 
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where gr.. i. related to the electronic vidth of the resonance and the 

&-function .tands for the cont,.inuu1l. 

\ 

Now ve have two repre8~ntations of r1(Q~): the high-Q~ OPE in teras 

of QCD para.eter. and the equatione (2.62) and (2.64) in teras of knovn 

hadron .... e8 and decay vidths. By equating the derivatives of these 

representations vith re.pect to Q~ (of .ufficiently high order to .. 
elia1nate aIl subtraction eonstant8) one can thu. evaluate the vacuu. 

condensate •• Currently accepted re8u1ts ~re (35): 

-' ~ 
<::ïUA/ -= (tLt"> -= - (.rz.l~ !: • 01.~) 

<SS/ ~ (D.&.f: 0.-1) <' ÜlA.> 

(~ ~'" F)'\1 > ~ of O· ~f2 a-~V ft 

(vith e(~-i and"- O.l·GeV). Once one Itnow. the.e constants. one can 

predict hadronic properties correaponding to other currents. The .ethod 

worlta quite vell (~36J. 

b) The effective actloD • 

Nonperturbat1ve QCD thus .. pirlcally appear. ta be characterlzed by 

nonvani.hlD1 vacuua condeneate •• Vould 1t he po •• tble to co.pute these 

value. and ta und.r.tand their phy.Ical 1.pl1catlone dlrectly froe the 

QCD Lagrangian. without havinl to resort ta perturbative nor to 

phenoaenological con.iderations' Let u. go b4ck to the leneral 

path-integral foraulation of quentua fteld tbeory, which underlie • 

• reynaan d1agr ... tlc. ln the firat place (37), and try to find a 

dilferent .ay to calculate vith it. 

" 
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The .UII of al1 connected peynaan diagr_. of a quantua field theory 

which have n>1 external 11ne. terainatlng at the Minkovwkl apace-tl.e 

point. x, ••••• x. i. tbe eonnected n-polnt Green'. funetion G~{x4 •••• xa). 

Let UI deflne (hè functional W(J) a. the -generating funettonal for 

connected Green'a function.-

vbere J i. an auxil1ary c-nuaber valued f'JDctioD (·current·) and _ bave 

expl1citly exhiblted b. Defining the functlonal Z(JI al the 

vacuua-to-v.euua aap1itude of the field theory ln the pre.ence of the 

source. J 

<o'O)~ _ 1; [al 

ooe cao .how tbat it 1. rel.ted to W[J] by 

(lo{;,1') 

Therefore. if the MinkovwUao action of a generie field theory vith 

field variable. fil 11 

then Z(J] eao he caleulated •• 

vbere [D~J 1. an -inte.ration .... ur.·. tbat ia. a certain pre.cription 

for .. din. up tb. contribution. fra. all poaaible path •• 

To I.ln ~ In.l.bt Inta the eonoection bet ... n .. ner.tinc 

functional. aod yacuua ca .... na.t ••• con.i4.r for alapUc1ty • red 

l 
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.caler field vith Lagrangien deneity 

l ~ k 'dr,IK)V'Cx) - Vi ?lx)) 

V(f/» -= ~ A. " - fi ~2. 
If!" ,,"" 

The vacuua expectation value of f in the preaence of an external lource 

J i. g1.en by the functional derivat1v. 

'" = J J" (fJ ..,c. _ 1 (,c) 

The "true phyaical" vâcuua expectatlon value of the dyneaical field i. 

the liait of 'c. a. J->o.. We nov aak tbe queation: vbat aource function 

J viII produce a given, preacribed 'cf To anaver thia queation, it i. 

convenient to replace the independent variable J by ~caa the 

independent variable. Aa in ther.odynaa1ca, thi. i. achieved by a 

Legendre tranaforaation: 

(t-1-t) 

r [ f, J 11 called the "effective action" (38). The Maxftll-like relation. 

corr.apoadina to (2.12) iaply that 

To talte the liait J->O _ notice tut for J-o ;&.abould he 

x-lnfependeGt by trenal.tional in.ar1ance. 50 the funcUonal derivaUve 
\ 

heccniMi a "atra1,ht" derhathe and <+> auat he ..on, the root. of tbe 

equation 

o 

Va conclude tbat •• cuua cORdenaate. can be calcula tact once the effective 

1 
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action i. knovn. Of cour.e, to co.pute r froa the Lagrangian of a theory 

like QCD i. a higbly Dontrlvlal aetter. 

Let u. deflne the -.tfective potenti.l" corre.ponding to r by 

r IJ 1--jlU(/ ), vith ! .~,- con.tant and 11. being the total voluae of 

the .pau-U .. doaain where the field 11 .upported. We .hall .how that 

the evaluation of the effective potentlal c.n be a worthwhll •• hortcut 

to tbe e.aentlal quantua phy.lc. of vacuUM conden •• te •• 

To proceed. va h.ve to actually do the path-integral for WIJJ. 
1 
\ Thi. requirea that ve .pecify the Integration .... ure 10;1. Con.ider the 

• 
• tandard Gaulei.n integral over one reai v.riable x: 

j: th «-A~) '::: (~)~,h Ûp ('.'/Z.) 

6'!Gt) = !Ax'--Io" 1 
Next .uppo.e we have a quadrat1e fora Q(u)-(u.Hu)/2-(u.v) where U 1. a 

n-coaponent argu.ent vector (u., •• ou.), v a conatant n-vector. M a nxn 

.y..etrie non.lasular aetrlx and (.) denotea the .c.lar product. Tben 

(2.75) generall,a. tr 

r ll"f"V2 .l'4f' . .a ..... ~-A{.J :: ( tlt~ Hfflt.txr [{ (v, M-~») 
-- (lotS') 

To d.te. the only knovn analytical .. thod to do a funetional int.grai 

for quantua field. , 1. to u.e (2.75'). In order to ,et a quadratie 

fora ln the field. one expand. the action around it •• addIe point and 

only k.ep. the tara of order ho If on. now deUne. (Df J-CQd ;(x). then 

one cao take over the re.ult (2075'): 

~ [D;)txr [-1 (;1 M p) of (v) ;)]:: C(4IM)~ l.llv)~f~) 
(1.·1S" ) 
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In uling thil analogy, ve have thui dilcretlaed the Ipace-ti .. lupport 

of ;: 11: la con.idared to be a di.crete variable. lt i. iaplicitly 

a •• uaed that the final re.ult re .. in. true a. the continuua liait i. 

taken at the end of the calculation. Ve .. y al.o iaagine that ve have 

enclo.ed the field in a large but fini te .pace-tiae box. integrated over 

aach of the inde pendent Pourier ~01Iponent. of ; and fiataUy tabn the 

infinite-voluae liait (boping nothing dr ... tic happen. a. va do '0). 

In epplytng thi. procedure to our ex .. ple, it 1. conveulent to 

evaluate the .calar product in Euclideen rather than in Hinkovaki 

.pace-ti .. (Appendix Al. The re.ult 1. (3~): ( 
• 

where V1 contain. the leading-order ("oue-Ioop") quantua correction. to 

the cla •• ieal potential V, and i. given br a divergent integral over 

Euclid.an aoaentua .pace. W. au.t ther~for. renoraal1&e the "bar." 

par ... ter. appearing in Eq. (2.70) in tera. of fixed end finite value • .. 
0(. ': tIl, -+ III 
,. -:'1'4 + ~ 

and of a renoraaliaaUon ..... cale ft: (in favor of which 1IC. and 0 are 

aliaiuatad by the aubtraction procedure, a. di.cue.ed in Section 2.2). 

The re.ult for the effective poteuUal to one-loo, ord'Ir 11 

""-ra V i. nov vritten in tera. of 6(, and.',. The expeetation value of ; 

vith relpect to the true vecuua auat corre.poncl to .n ab.olute ainiaua 

\ 
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of the function U(~»: 

An extreau. of U vhlch i. not an ab.olute .iniaua indicate. a aeta.table 

v.cuua. The renoraaliled •••• and coupling .trength can be evaluated a. 

ri -= LA. " (J -:: ~; > ) 

0( -:: U'" (f -; (rp» 

It i. obvlou. that <~O 1. alway. an extre.ua of U in thi. 

approxiaaUon. If ,,1.<0. thia la a unique Itable vacuua. The effective 

potenti.l then has the shape .hown in Plg. 2.9a. On the other band, the 

.ituation depicted in Fig. 2.9b corre.ponde to apontaneoua .yœaetry 

breakdowo. A. we have repeatedly .trelled. the latter ca.e II often . 
preferred by phYlicl. 

Con.ider the f..oua lin.ar .igaa-.adel ln it. original foraulation 

by Gall-Kann and ~vy (15). It d •• cribe. the int.raction of nucleona (an 

SU(2)-ilodoubl.t of f.ralon fi.ld.) vith plona (a p.eudo.calar 

1.otrlplet) and vith th •• calar O· .iga.-...on: 

l ~ :tt"1't + ~f{OI+ l~ ""1 f )'f- i [(?c'):" (~;.J]-
_ g1. (CS'l-+;1-1. _ A"')1. 

C2-1o) 

If A~ .. re nelative. th. correaponding eff.ctive pote~ti.l would have 

-' ~ ..-\, 
iu only aini_ at (CI >-or :>-0. Then the n and cr vould have equai .. 
...... ,i v.n by (-4A\.a1.)1/1 but the nueleona would be ... ale .. r 50 

phYlicl fore •• ua to tak. A~>O. ln thi. ca.e we bave tbe .ltuatlon of 

FI,. 2.9b. tbe true vacuua la charact.rl.ed by • nonvanllhlng vacuU8 

• 
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condensate for the sigma. (~/>1 0, and i8 no longer invariant under the 
... 

chiral SU(2)xSU(2) of the Lagrangian but ooly uoder 5U(2). Redefioing 

the field <S" as 

~ - (l"' - ~<s' > ( 7. -81) 

we find that the pions are nov aa •• le •• , as becoae. the Gold.tone boson. 

of chiral-.,...try breaking. The nucleon. and the .igaa .eson have their 

correct, ob.erved •••• e •• It i. cu.toa.ry to expre •• the vacuua 

conden.ate wbich .ignal. chiral-.yaaetry breaking ln tera. of the Mpion 

, decay conatant M ftr which ha. the 'Piric.I value 

nora.liaation we sh.ll uae throu~out our work): 

The Goldberger-Trei.an relation 

~ 93 MeV (in the 

then reaulta froa the sodel, to all order. in the ~N interaction. 

g~~ 1.24 ia the renoraaliaed axial-vector coupling (~-1 to loveat 

arder, where .~-gf,). 

Let u. nov return to the Lagrangi.n (2.70) and ••• u.e~,-O 

( .... le •• neutral .calar field vith quartic coupling). The apparent root 

of the equat10D UJ-o 

Cl.-84) 

aust be reJected bec.u.e .. are not allo .. d ta equ.te a quantlty of 

order h in the loop exp.nsion to a qu.ntity of arder 1. <~-O is the 

only solution in ~s c •••• 
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Con8ider. bowever, .assle8s scalar electrodyna_ic8 (40J: 

L ~ - ~ ~'" f"" + [ (t-': ~Ar )~"l U~-f l' LÂ)'")?) - ~. (QIt~) '1. 

l'L·85") 
This Lagranglan den.lty has been obtained u.lng the generai principle of 

U(l)-gauge-invariant .1ni .. l coupling (Appendlx BI. The .elf-coupllng 

18 neces8ary ln arder to renoraallze the .calar-8calar 8c&ttering 

aaplitude. The phase of ~ cao he eliainated by going to unltary gauge; 

the vector field ia subjected to the auxiliary condition ~A~-o; e i8 

considered to he the renol'1llal1zed charge whereu ).D is to he 

renormallzed by radiative corrections. Under the8e conditions, the 
t. 

action of the theory 18: 

One integrate. out the vector field ta obtain an action for ~ aIone: 

The corre.pondlng one-loop effective patential i. 

U~) = lC iT + ~:;~H -tt .. Sf)J 
Nov the equatlon U'-o ha •• legiti •• te nanzero root <;> which •• ti.fie. 

'let ~ (!.t.(;>h1t ) ~ _ 1. 
'4~~ ~~ 

Thi. relation can he u.ad to ellain.te A in f.vor of ~): 

The Initially .... 1 ••• • cal.r fi.ld bas acqulred ••••• 

1}\\1.= U"(!)lt~(~;> = 1~! ~~>"1 
~ 

"-... 

Î 

1 
1 , 

/ 
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which la entlrely due to Ita Interaction vith the gauge field. We thus 

aee that a nontero vacuu. condenaate need not be expllcitly generated by 

a tera in the Lagrangian but can also appear dynamlcally, as a result of 

the "dimenslonal trans.utation- Dechanism we have just descrlbed. Ita 
1 

acale ls set, in th1s case. not by a para_ter l1ke f rr but by the 

renoraallzation acale A . 

By Eq. (2.86). the vector field has al.o acquired ma88 by the 8a.e 

tolr.P.n: 

Thus. a dyn~ical Higga phenomenon has taken pl~e. It is not knewn 

whether the electroweak Higga is of explicit or of dyna.ical origio. 

The .odel (2.85) i. the relativistic generalization of the 

Ginzburg-Landau phena.enological theory of 8upercorductlvity. It has 

many tantaliting features wh!ch ve wou Id a180 expect of QCD (purely 

dynaaical generation of quantities not present ln the fundamental 

Lagrangiani a fini te range for the gauge field configuration). We shall 

now review the indlcations that this 8imilarity might not he accidentaI. 

-- .. . c) <FItf .Fr > and conf1ne.ant in QCD. 
1 

The effective-action fo~ls. has been applied ta SU(2)c 
1 

Yang-Mlll. theory vithout feralon. [411, vith the re.ult that a mini.ua 

.... '" occur. at a nontero value of Tr(~~ ): 

One .. y think of th!. condition a. heing realit.d by a con.tant, 

... 
ho.ogenou. color-sagnetic field B pointing in a fixed direction of 



t -

52 

)-space (let us ~ho08e the z-direction for deflniteness). Its magnitude 

t 
ia B-" 1'1,. lt turna out, however, that this minimum cannot he absolute 

{42J: the energy of the state develops an imaglnary part for distances 

larger than d,_l/~. The gauge field must have an unstable mode W ta 

cauae the decay of this taIse vacuum. 

In the presence of the fields W and B, the only nonvanishlng field 

strength la (42): 

(2· 3lt) 

The clsssicai energy Is therefore 

The decay of the false vacuum (2.93) can thus he deacrlbed 8S a 

dynamical Higgs phenomenon and the unstable mode W can be though~ of 88 

a Hlggs fleld of mass 

This analyais can he generalized ta SU(N)c gauge theory (42) and, in 

particular, the reault ls valid for N-3. The physical implication is 

that in the true vacuum of QCD, the color-magnetic field cannot he 

- 1 
homogenou8 over distances larger than dC',f • The Copenhagen school has 

extenslvely pursued thia clue [42,43J, using in partlcular the 

laoaorphisa of the Higgs model (2.86) to the relativlstlc 

superconductor. It now appears (43J that the vacuum of pure glue QCD 18 

a conden.ste of vortlcea of characterlstlc dimension d,_ With respect ta 

this vacuum: 

) 
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ConfineJient can be thought of as a chroao.agnetic Heil8ne'r effect and 

the conflneHnt scale de corresponds ta the Glnzburg-Landau coherence 

length. 

This p1cture of conf1neaent 1.plie. that chra.o.agnetic flux .Ult 

he quantized according to the group Z( 3), the center of the gauge group 

SU(3)c. Z(3) 18 thus identified a8 the dynaalcal s~try vhlch 

characterlzes the confining phase of QCD. Z(J)-lnvariance can be shawn 

to taply that the vacuum expec tation value of the "Wilson loop" operator 

obeys an .. area law": 

(k-O,I,2) (44). This behavior ia co..only u.ed as an indicator of 

cOnfineaent in nonperturbative calculation. of QCD. 

In 80lid state phy.ics there are tvo di.tinct type. of 
, .------' 

superconductou: type l il characterized by poaiUve aurface energy at 

tts interface vith nonaal .. terial, wherea. type II ha. negative aurface 

energ,. Nat rand koaenzweig 145 J have ahown that. aa nai vely expected 

fro. the requireaent that the doaain ahape .hould II1Dl.1&e the total 

ener", type l corresponds to bag-like spherical vacuua dca.in. and type 

II to stringlike do .. ina. Hovever. do.ain vans could have violent 

long-"avelength fluctuation. and ev.n becOile delocaU&ed a. a 

conaequence of quantu. corrections which cannot be a.en in the 

seadcla.sieal analy.is. By the aa~ tolten, the field Itr.ngth. could 

preaent large dispersione about tbe .. an value. (2.97). 



\ 

,4 
We have seen that the nonvsnhhlng of the v.cuma conden.ste 

..., -'t 

.<~ .,'r> 11 conafltent vith a08e of the a&in fe.tures nonperturbative 

QCD aUllt dellOnlltrate. The effective-action foraaU .. la, hovever, unable 

ta produce a quantitative deriv.Uon of 8uch beh.vior froll the 

chroaodynaaic Lagrangian wlthout introducing a large nuaber of ad-hoc 

approd .. tloDi. Anotner prob1ea 11 the interplay vith the quark fields, 

ta vhich ve now turne 

d) < > and chiral-II 

The nonv.niahing vacuua expecta on value <:ft> aixes left-handed 

and r1ght-handed quarks and thua confinas the brealt1ng of chiral 

syœaetry by QCD. Cornwatl, Jackiv and To.boulla [46J have general1zed 

-
the effective-actlon foraalle. ta study <"ft>. Cona1der a theory of 

lIIas.1elll fera10ns in Euclidean .pace-UIM: 

(2- (DO) 

(aee Appendix A for the transition fro. the Hinkovakian to the Euclidean 

actlon; ve nowaet h-l). Olleard the pure gauge field Laaunglan ln 

arder to concentrate on the apeclfle effecta of the feraion •• Turning on 

the aource funetion Jlx,y) we have 

We can aga in deflne an effective action by • Legendre tranlforaation ta 

the Inde pendent variable A -<11'>. The condena.te with reapeet ta the 

true v.cuua la then again 880Dg the roots of tl'!e equatlon drld~ -O. Eq. 

(2.101) can he rewritten.a 

!~(-Wcal) ~ f [lY+')l.Itp ~- fJ~~ (if~ .. ~~ 'f'(j-lçl)tf+ /1'tJ 
~r ~--Tr1....à-' +rr (ll-'-')d+ D 1 (2./02) 

/ 
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vbere 0 .tands for the .ua of III vacuua diagr ... vith et leaat one 
1 

gluon vertex. In perforaing the functional integration over feraion 

field., (2.75-) ha. been general1zed by repretentlng the .pinor fieldl 

''l'(x). ~x) as antica..uting c-nuabere ( .. Gr ... ..,.n vlrtablu N

) , • f 
deUned at each di.crete .pace-ti .. point. then u.ing the theory of 

Gra •• aann integration to Und (47): 

( 

50 the effective sction il 

Nov the ,ource ter. J .Ult be adju.ted .uch a. to cancel aIl corrections 

to the prucrlbed propagltor /J. • For exa.pIe. the two di.grus in Fig. 

2.10 .uat cancel exactly. Therefore. the only diagr ... contrlbuting to 

(generated by)r[6) are 2-parUcle irreduc1ble (2PI) •• ee Fig. 2.11. 

The final expression 

11 thua inde pendent of J and Invol vea onl)' A. 

We are again faced vith the generic pro),l •• of havin, to IUII an 

infini te lerie. of di_cr.... To obtain an)' re.ult. at .U one .uat 

truncate the aeriel aa.ehov. lteeplng only the fi ra t diagr_ ln Plg. 2.11 

Ield. to 

O,:::r ';:: i [ir.k.Â-tTr(~rf-1)4-üJ 
:: A-

f
_ 6-1 ~ 6-' -+ (d-'-1) + 0 

~") A- 1 =-1- t:) 

• 
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Thi. i. preci.ely the Hartree-Fock approd .. t1on ta the equatione of 

.otion. obtained .fter integrating out the gauge field •• If the gluon 

propagator h denoted by ~(x-y). the equation of .otion for tex) .. y 

he vritten a. 

rr (~r -iIAr)'fbt): 0 

. r' [~r of f Jl'y~(x-y)fIY)1~11,)]tfK) -= 0 

• 

In the Hattree-lock approxt .. tion t~. 

? "fIfJ() + f' (S ~~y r' 1)"." l~-)') A ),~1'6t) ~ {) Cl·/01) 

1 

whlch t. lndeed equlvalent to (2.105). Thi. tact rea .. uree u. u~~~~ 

~l1dlty of ai.ply neglecting the gauge field Lagrangian in wrlting dovn 

!q. (2.101) - the re.ult la the .AIIe a. that obtained. to the .AIIe 
degree of .pproxl .. tion. by properly tntegratinf. out the gauge field. 

One cao again drav an analogy to .uperconductivity. thia tl_ to the 

alero.copie BeS theory vh1ch leadl to an equat10n andogous to (~. 105) 

(the -gap equation"). 

The effective-action radl .. for the evaluation of <11> ha. 

even .fter one cure. the laclt of .. nife.t 

g'Ule-invariance ln 1 the above Ii.plitied pre.entation. In particular, 

exa.ple. are knovn vhere r [,,6 J ta not bounded belov. Nevertbele ••• one 

juttitiably hopel that even the .pproxi .. Uon (2.105) containl .uch of 

the right phy.ic., for it lead. to re.ulta wbich are qual1tathely 

1 
conflraed by .are rellable coaputation.. For future reference, ~et u. 

quote a calculation by Pe.Un (48) vb1ch indicatu a .. jor difference 

bet.en chiral-.,...try breaking ln OCD and .uperconductivity in BCS 

.~ry. 1 

~ 
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Upoo 1naertinl the Landau-gaule trial fora for the propagator 

1 
(2-/0B) 

into Iq. (2.105) aod nellecUq coupling .trenlth renoRal1zaUon, he 

Und. that the chiral-.~tr1c v.cuua de.cribed by 'l: -0 1'. unat.ble a • 

• oon a. 

In les theory. an arbitrarily -..11 attractive force due to phonon 

exchange cao brinl about the conden."tion of Cooper pain. In QCD. gluon 

exchange can brin, about condan.aUon o! ~-aouquar ... pair .. onl)' vhen 

the couplinl .trenlth exceeda a certain critical value. 

,. . 
'\. . 

d) S .... r)'. 

The aucee.a of the lTEP (or "SVZ") .ua rule. auggeat. that 

nonperturbaUva chroeodynaaic. ia 'characterlaed by nonvao1lh1ng vacuua 

... -- J.It expectatlon value. for the operatora PI'" .~. and ,,"r. Such objecta are 

centr.l ln the affective-action approach to the a.aiclaaaicai .olution 

of quantua field theoriea. Qualitatively. effectlye-action .tudiea do 

produce ancourqiDl re.ulta, linkiol the ,hlOn condan.ata to confin ... nt 

and the pair condenllte to ch1ral-.~trJ bre.Ung. Ho ... ver. the 

approd .. tion .chaMa they are forcH to .ploy in order to actually 

calculate are not .y.t ... Uc enoUlh tt field truly depenclabla re.ul ta. A 

80re .y.t ... tic approac:h to the calculation of Z[J] 11 thua required. 

) 
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2.4. LAlTICE QCD 

a) Lattlcl •• tlon. 

laeall •• t thl_ point, equation_ (2.75") and (2.75"'). In 

deflnln, the Integration .... ur. whicb .a. uaed to e.,aluate the boaonlc 

and f.ra1onlc functlonal Inte,ral. In tbe Gaua.lan approxi .. tion. 

apace-ct .. had to he dhcreUaed a •• IDt.~l.t. atep. The other 

tactlcal deY1ce which ai.pl1fled the calculaUon of Z[J) ".a to do the 

int.graUon in Euclldean .pace-U ... Let u. talte ltucl1deanhaUon and 

aub .. quent di_cretl.atlon .ore .. rloual, and vrite down the 

corr •• pondiq Z-functlonal for the Icalat field ; : 

where f,·· f(x;,) and .. bave t .. porarUy relntroduced h. Iut thi. loob 

exactl, 11lte the partition functlon for a .t_tlatlcal a,.t .. of n ato.a 

vith .elocit,-Independent Int.raction. at a teaperatur. ~I Thua .. bav. 

upped the original probl_ in quant.. field theor, onto a 

four-di .. nalonal proh!e. ln cla •• ical equl1ibrlu. atattetleal .. chanlea. 

Slnce ataU_Uc&! _chaulca ha_ a rlcb technolOlJ of wlytlcal and 

Du.rlcal _thoda, on. trie. to _olva QCD ln lU .utiUleal for-.ulaUon 

and tben tranalate the r •• ult. back l~to quanta. field thaoreticai 

lan,uaae and into the att.adant pbenoaen~10.,. The diacrete aet of 

apace-U .. pointa on vtl1cb the .. Uer fielde are .upportecl la caUed • 
, ...J 

-btttee- and the Euclid •• dllcreti.ed verdon of QCD 11 caU.f • 

It 11 cuatOlUry to lattic1H On a -bypercublc" r.pIar latUc. vith 

\ 
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conltant "lattlca .pacine" a ( ... rlS. 2.12 for d-2). The lund ... nta! 

lalIIth .cala a introduce. an ultravlolet .,..ntua cutoff A • 50 

latUct.aUon t •• rep1ari.atlon preacriptlon (note that a .taU.tical 

.odelilka (2.110) &1"a,.11 finita). Whila it 11 natura! to i.pl ... nt 

.aup-tD .. rianC'a on the lattic~ ( .. e belov) thll regulariaaUon ache. 

11 DOt 0(4) rotaUon Invariant a. 'lOD, .1 al"O. O( 4) rotation invarlance 

had beuer be r •• tored wban the continu .. llait a-!..)O 11 taun at the 

and of the calcul.tion, otbervi •• th. ori.lna! quantua field theory in 

Minto_1d .pace ha. lOlt iu Lorentz tn .. r1anc •• 

Nov con.ldar • d-l !ucUdeanbed Icalar field th.ory 

and let u. di.craUae the derivaUve ln a natve vay: 

t h .; ..... )- t(x..) 
A. 

Since J clz-) at, 

SE ---'> SL:: 4" ( t,o.:; fi y-... 411JA"I. f cP? (2 ·1~3) 

SatUq h-l, .. Icale aIl dl .. na1onal quant 1 Ua. fi th reapect to a: 

llanca. dropplns the aublcript L froa the field variabl ... 

Tbh ta the partition fUllction of a one-di.anaional .pin chain at 

tnparatura 1/,- 1/2 vitb neareet-oei.bbor Interaction. Thil probla. 11 

asactl,. .olvable in atati.tical .. chanicl. But va DOtice that by the ACt 
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of .caling the lal-tice 'Pleina hal di.appeared froa the partition 

funcUon. Ho" .re lN then to tau the continuua liait a-)01 

Me.aurlnl .U 1anlthl ln unit. of a .ana tbat Any ~i][ed phy.lcal 

length L .,Ul .ppear l.rger on a flner taUlee (II la ... U) than on a 

coar.er latttce (a 11 large) •• ee Pia. 2.13. In a .tatiltie.l .y.te. of 

apin.. the .pin-.pln correlaUon length depend. on the inver.e 

teaperature ~. Thil correlation length diverge. at a pb .. e tranlition 

of order ~ 2, and only if .uch a tranaition ia pre.ent. Tberefore, • 

glven lattlce vertioo of a qu.ntua field .y.te. ooly .tanda chancea of 

havlng a .entible contlnuua liait if It ha. a phan tranl1tlon of order 

tvo or hlgher vhen vleved .. a .t.U.tlcal .yaUa. Aa IIIMltioned above. 

aU phyalcal .y..etrlea of the conUnuua .hould he reator.d ln thi. 

tranl1t1on (and Any unphydcal latUce .y.eetriea .hould di •• ppear). 

PurthenlOre. ditferent choices of the lattice. of the dilcrete 

derivlUve or of irrel"vant teraa in the Lalr.nglan C.uch aa total 

derivIUve.) .hould le.d to the .ue continuua liaiti ho~r. they do 

aive ri.e to widely differeot .tati.tic.l .y.t .... Thu. ...t expeet 

that III .tati.tical eodela one can obtain f,ro. a given q ntua field 

.y.te •• hould be in the .... -univera.lity cl ..... a. far a. the 

trant1tioD to the continuua il concerned: their crltical hehavior .hould 

be ,overned by the .... crlUcal uponent •• 

Mathe .. tically, an ob.enable of cli_nllon .... .bould beha ..... 

If 1t 11 to Ile un.ffected by our takina tha continU\la liait .-)0. tben 

there aaat ed.t a crltical point (le .ueh tut f(~)- O. Por a quantity 

of-.... di_n.lon cl ,.. ~at have 

HI. -:: a: t Ffi) (~) j f(4I)(fi) ~ c [1(~)1.{ 

• 

1 
j 
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The l .. t relation 11 the ".caling hypothe.ta". To tran.cribe the •• 

requir ... nu for QCD va need ta ~dentlfy ~. Let u. tllerefore con.truct 

the htttee action for pure-,lue QCD. 

b)· Glue on the lattlee. 

In aany re.pech. i t 11 .are natural to atate the ldea of local 

.auce-invariance on the latUee than in the eoaUnuUII. Conaider a 

four-di_a.ional hypereubic latUc • .M plac. on eaeh Unit connecUng 

dt. n ta .lte n+i'- Cf -1.2,3.4) an sU(3~ utrh 

Ure,,) -= bf (I:a"" Ar-T) ('L·1~8) 

With a l1nlt in the b.cnard dlr.eUon oae can a •• ociate the ... trh 
_1 Dr (n).u?," (rt+,. ). If.. iaqine a local color fr ... at each .ite, then 

th. orientaUon of the.e fr.... in color .paee .bould he locally 

arbitrary (49,sa]. 50 if a local rotation ln color Ipace 11 

then local gaUle-invariance .an. that Ur (n) .u.t tran.fon a. 

(1..-120) 

The acelon of pur. SU0>C theory on the lattle. ahould thul he 

bu11t out of li'. ~h 1. the continu .. action va. butlt out of A'.. A 

l1~ple vay eo lehie .. a ,aup-ioyariant actioll i. to fon the produet of 

U .. tric .. taUn aro",d a cloNd path, because thi. wiU eau .. all 

SU(3), ,roup indic •• to contract. TM .aU •• • (.,.t local) clo .. d patha 

ar. ele_ntery .quar •• or "plaquett •• - ('l,. (2.12». '1'h1. l .. ct. to the 
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original Wihon-Polyaltov-Wegner acUon (50-52): 

vhere 0 atand. for pl.quette. 

The cla .. ic.l (g - con.t.nt) liait of tht. action aa a-)O 11 juat 

the .tand.rd continua Eucl1de.n actton S -0/4) J d"x ~ :;1" and 0(4) 

rotation invariance i. properly re.tored in thia 1181 t. The difference 

betveen the hypereubic and the O(4)-invariant theory cao explicitly he 

aeen to di8appear ioto higher-order tenaa in a. 

The quantUII eontinuUII liait au.t he obtained .. outlined in our 

geoeraI preuntation on latticizaUon: the httlce theory .hould he 

c.lculated at n.lter and walter color coupling (dnce ~ -6/';') and 

.caling ahould set in et aoae (1. The 8ignifieence of going froe strong 

to _ait coup11ng 1. depleted in Fig. 2.13. Wealt coupl1ng latUce QCD 

.hould be equiva!ent ta perturbative continuua -QCD. 50 aetting A -a-' • 

the appro.ch to the continua liait ahould be governed by the aolution 

to the renonul1z.tion group equation (2.18) for an obaervable vith 

dl .. nllon ..... To tllO-loop orde r .. have (lee Bq. (2. 25» 

(2.122) 

NeglecUnl the o(g"') correction ln (2.122) 11 eall.d .... ,.ptotic 

.e.lin," (53). '!,r .. aa r.Uo .... upeet 

,.~, -:; c.,Z of- 0[( .~l.). ~ (SJA)] (? 12':5) 

• 
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Thi. il called "pre-a.,.ptotic Ic.ling" [53) because the correction 

te ra. are exponentially ... U in g .0 (2.123) Ihould he seen at lover 

th.n (2.122). Pre-•• ,.ptotlc .callng II generally dee.ed a 8ufficient 

lignal for the contlnuu. tr.nsition. 

In the opposite liait of Itrong coupling. or high te.perature in 

the statiatic.l lIOdel. one can con aider the queation of confineaent. The 

equivalent of the Wilaon loop (2.98) talten around a eloaed contour of 

lattlce links i. 

becaulle. by the interpretation of Z as a partition function. the 

expectation value of Any obaervable 0 .uat he given by 

(2 121t ') 

In a coyact group lib SU(3),. the integration "'.Sure (dU) is the 

iovariant "Haar .aaure" deUned by the propertie. (50-52) 

)[tlu) = f 
~ [.lU] 1(U) -= J[t1Ul {l UoU) 

wber\ _0 la an arbitr.ry ele.nt of the group and f an arbitrery but 

Hosl\le function. For ~« 1 ve c.n vrite 

-s e. ~ 

and the properU.a of the Haar .... ure yield the leading-order atrong 

couplilll re.ult 

Cl·fZ1) 
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vhere N 11 the n_ber of pl.quettu enclo.ed in the .ini.al lurf.ce 

detendned by the contour C~ Thil h ju.t the loop .rea .... und in 

di_n.ionl ... unit ••• 0 Me conclude that the etrol\g-coupl1ng a.it of 

the Wil.on action doe. exhlbit confine_nt. , 
The "he.vy quark potenti.l" V( r) vhlch .c t. betveen a static color 

.ource (toUnitely •••• iv. quark.) and a .t.tie color dnk (Infinitely 

lU.aive antiqu.rk) c.n he defined on the lattiee a. [.51 J 
, 

V(r)= t~ Lt <QUr(") 
T~ .. 

where C(r,T) le the Euclid.an "world line" of the at.tic QQ pair 

configuration held ap.rt at a diatance r for • ti .. T (.ee Fig. 2.14). 

The le.ding-order .trong coupling rnult (2.127) i.pliea 

V(r) 'X. 'ri 
4<. -= ~~<t ~ .•. 

CL·/~1) 

/ 
In thh liait, V(r) ta lin.arly confining and the ".tring tendon" 14 il 

deflned. Sophi.ticated c.lcul.tional _thod. b •• ed on hlgh-te.peratuce 

The Willon .ction thu. appeara to contain the ri.ht phy.ic. in both 

extra .. liait. (g -)0. 1 -,..). If conflne_nt 11 to .urYive the 

trandtion to the continu .. , the extrapolaUon fra. .trong to .. ait 

coupl1ng .u.t he .aooth. lIo .. v.~, eveD the 110ft Involved analyti<t&! 

.tron,-coupl1ng calcul.tion. bave .0 f.r been unahle to utch uP, 

a.oothly vith analytical ... k-coupl1ng calcuhtlon. [55). The only known 

.ucc ... ful vay to interpolat. bet ... n .tronl and .. ait coupling h to 

evaluate the partition funetioD DUMric.Uy, U.iD, t'tle Monte C.rlo 
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_thod (56) or raaif1cat1ons thereof. 

This d tuation can he de.cribed by an analogy to tbe Riesann 

integral: we recaU that it too la defined in tera. of fini te 

differences. In the 18~ century the only vay to evaluste integrala 

to develop the calcul ua • but no"adays one .ay use fast co.putera to 

calcula te Any integral directly fro. ltl discrete definition (even 

integrals which are not solvable by the calculul). For the 

was 

nonperturbaUve evaluation of funcUonal integrala we have been 

1llustrating the fact that .~vanced calculu. does not even eX~8t. One 

therefore tries (not vithout succesa) to evaluste functional integrala 

nu.erical1y on the lat tice. Analytical calculationa resain of course 

f1f1!cea.ary ln order to guide. Interpre t and check nUJllerlcal co.puta tians. 

In particular. Honte Carlo calculaUons of the average plaquette energy 

l-lleTrUo/3 and of the string tendon reproduce all rel1able analytical 

resulta at Itrong and weak coupl1ng vhile interpolating slaOothly between 

the. (55). 

Hora generally, Monte Carlo IMthods hsve been appl1ed to the .tudy 

of the ph .. e atructure of the Willon action. Subject to the ubiqultoua 

coaputer-power related liait.tions of aueh calculationa, all indicatio.91 

are that for SU(N)L' N>".. 2 pure gauge theorles there 1. no pha.e 

trandUon at Any finite ~ but that there i. a hlgber-order contlnuo. 

re.toution tranaition st ~ ->~ {55}. Thia la exactly Ilhat 18 

nece .. ary for lattlee QCD to .alte .ense: a phase transiUon st flnite(3 

would .. an atrong-coupllng e-onfinelMnt could not he a property of the 

conUnuua. but a higher-order tranaition suat occur as a-)O. 

Reatoration of 0(4) .,...try in this trandUon hal been deaonatrated 

for bath SU(2)c. and for SU(J), [57). In the latter case, rotation 
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invariance seems to be approximately restored at r - 5.7. 

Obviously, the inclusion of quark fields into lattice QCD 18 

.andatory before any confrontations w1 th experiatent can he attellpted. 

There are, however. certain quantitiea specificaUy assoc1ated vith the 

pure glue sector wholle study on the lattice _ay alresdy be 

phenollenologically sign! ficant. Of these. 1ft! shaU he matnly interested 

in the gluonic vacuUII condensate <~ .'foo' >. the heavy quark potential 

v( r) and the fate of confinellent in fini te-teaperature lattice QCD. 

Present calculations of the gluon condenaate. aa reported in [58}, 

are consistent with the SVZ value (2.65). The Copenhagen group 18 

attellpting to test the1r p1cture of the vacuum using numerical lattice 

methods [59]. We have seen that the naive strong-coupling analysts of 

the Wilson partition function indeed suggests the existence of thin flux 

tubes ("stc1ngs") betnen a heavy quark and antiquark. The same 

conclusion la reached in the Ha .. ilton1an formulation of pure glue 

la t tice QCD (60). In going beyond the Gaussian approxi .. ation, lattlce 

QCD can analyze the effec~ of string fluctuations. Let us show in more 

detail how string fluctuations show up in recent calculations of V(r) 

and of the string tension. 

Hotivated by the phase structure of lattice QCD, let ua assUile that 
, 1 

the glue configuration belltveen static color poles 1& a fluctuating thin 

flux tube even in the continuUII. Let the enda of the tube he p1nned down 

st x-O and x-r. "Thin" lIeana that the w1dth w of the tube 1& s .. all 

cOIDpared to r. The string i8 alloved to fluctuate in a tranaverse 

di_nsion y so the fluctuating string can he described by a .. 
two-co_ponent vector field î (x,y). At the ends of the string. 
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~(O,Y)-"i(r.y)-o. AlI relevant physics .hould he contained in a 

long-vavelength Cl.» v) effective Lagrangian vhich should he built out ... 
of ~ and H. derivaUve •• One require. [61 J that this effective 

Lagrangian density he invariant uoder Poincari tranaforutlon. in tbe 

(x,y) plane .nd under 0(2) transl.tlon. and rotation. of the veetor'f • 

~e latter requireaent preclude ••••• ~er.. for the fluctuation field. 

Therefore L aust he aade up of derhati ve. only: 

(1·130) 

By db.en.ional analylis, the ter.. proportional to the para.eten b. 

c ••••• re of higher order in v/À. • 50 the effective Lagrangian denaity 

for long-vavelength lIodee reducee to 1 

( 
" 

Let u. now enclose these .... le •• veetor boson. in a 

tvo-di_n.ionaI box of aide r. The ground atate of the .yate. i. the 

nonfluctuating straight atring 1-0 and ve knov iu energy 1a 

E-V( r)- ')(r. To compute tbe ahUt ln the energy due to the leadlng-order 

long-vavelength fluctuations ft bave to do •• ua over Dontal .ad .. 

(1 132) 

vhich h diversent. Ve aust fiut do the .\111 vith a conversence flctor 

e-tf1l and let 1->0 lit the end. We obtain 

A El r j") -: .1[ L ?1 t-11\ ";!!: 
1 Zr "" 2.r 

" "-( 4 ) ~ -];" ~ ~; -~ -

/ 
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vhere B~ are Bernoulli nuabera. Only the n-2 tehl 8urvives' as "(->0 80 

Ti 
14 

In d-2 tran.verae dl.endons Ife .ust thua expect that the potential for 

luttlc1ently large quart-antiquart dhtancea ha. the for-. 

(d-'l)r. 
'24 

Stact (62) h .. u.ed the para.etrhaUon (2.135) to fit hil Monte 

Carlo .a.ure_nU of the potential in pure glue SU(Z)c. and SU(3)c. 

lattice QCD. A. expected froa the tact that a potential vith the .a.e 

functional fOIll has been propo.ed for a.all r by perturbative argUilenta 

[63J. one Und. that (It. and ?f.. are actually functiona of r (different 

values for (1( and "K- give the be8t fit to data talten in dlfferent 

region. of r). HoVever. 1t 1. tound that an effective glob.l tit vith 

"coapound" r-lndependent p.r_ter value. give! an excellent account of 

aU n .... ric.l data obtained fra. r-o.OI f. to r-l f.. The corresponding 

SU (3 ).:,. .tring tendon a. reported by Otto and Stack (62) la A 1 r;t -

(9.4t. O.3)xlO-'l. By vorking vith the .ue functional for. but fra. the 

Alyaptotic:-freedoa aide. the authon of 163) Und "Ifi - 9.6xlO-'l. 

Their vork alao indieate. that a.,.ptotic: acaUng only hold. for f\ ~ 6 

11h11. prea.,.ptotic acallns .. y hold for ~ ~ 5.6 (cOtipare thh to p= 5. 7 

for the reatoration of 0(4) invariance). 

Ve have aeen that the very act of lattlehat10n deUn •• a 

te.perature ln the .tatlatieal analo,ue of a quantu. field .y.t ••• 

Varylng thi. par ... ter .. an. to .tudy the .y.t •• at varioù8 value. of 

the hypercublc lattiee .p~ng. On the other band. a •• UM that we .tart 
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fra. a continuo. .calar field whicb i. .upported not over aIl of 

Euclidean .pace-ti. but only over a .lab of finite exten.1on 1: in the 

·ti.· direction. Since the final and initial .tate. are identical in 

the Z-functionl1l1, ft .u.t have '(x.O)- +(x.~). With thh con.tralnt. 

we can vrite 

Upon lattic1zation the factor ~ which h .. thu. been nuggled into the 

theory will give ri.e ta a .ecoM teaperature variable T-I/E vh1ch vill 

he pre.ent even if we decide ta fix ~ to unity. Since nuaerical 

coaputation. inevitably deal vith finite lattice •• aIl nu.erical result. 
/ 

on tbe lattlce will he affected not only by fini te-valu.. effect. but 

a~so by f1nite-te.perature effect. due to tbe finite nlaber nt of 

lattice dt .. in the tiae direction: T-lIant • One auat therefote .tudy 

.uch effect. in order to correct for thea in ·ordlnary· calculations. 

linHe fleld-teaperature lattlce QCD 18 furtheraore believed ta be 

of phy.ical intere.t in it.elf. the aoat often Invoked potential 

appUcationa heing heavy-lon coUhion •• the aarly unlvene and 

aatrophy.lcal .. tter under extreae condition. (64J. The crucial 

par ... ter in flnite flald-teaperature lattice QCD 1. tbe .peclal Wll.on 

loop defined ln Pig., 2.14b (65 J. It la the product of aU linlt .. tric .. 

for the Unite orlented in the te.pora! direction at a fixed .pace 

coordinate 1 and i. clo.ed by vlrtue of perlodlcity. It would cotre.pond 

to the vorld line of a .1ngle .tatlc color charge placed at a fixed 

.patlal po.ition. Thu. it. expect.tlon value aea.ur •• the fre. energy 

requlred to produce .uch a configuration: 

.. L~·131) 
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A confinins tbeory ahould he characterhed by &,. _ and hence by 

<L1 >-O. Svetiuky and Yaffe [66] have pointed out that the order 

~r--:ter <L~ > au.t be zero a. long a. the ground etate of the theory . 

• 1'1 invarIant under Z'l' the center of 3U( 3)c. lndeed, it 11 ea.y to He 

that the Vihon action la invariant under the aultipl1caUon of aU the 

link .. tric .. vith an ele.nt of the center but l,ie not, eo it. 

elltpectaUon value changee silO: <Lï >--> -<L~ >. Note that thia h in 

asree_nt vith the analolY ta euperconductivity (Section 2.3c). The.e 

authou point out, however, that one ebould elltpect Z3 e,..try to he 

broken for .uffieiently bigh field te.parature, at leaet in the 

etrong-coupl1ng region. 

Thi. 1a preehely vh.t one eeee in Honte C.rlo etudiee of the 

probl .. [67]. Thare i. undoubtedly a atroDg fir.t-order pha.e traneition 

frOll a confine.ant pha.e at low teaperature, vhere <L:~ >-0. to a 

high-t.aperature ·color pl .... • pha.e vith <L;) >f O. The critical 

t .. perature 'te i ••• U .. ted to \»8 of the order 260 MeV if the string 

tendon is uaed to •• t the .cale (vhich h not an un_biguou. 

procedure). Would thb pheno.enon still be preeent in full QCD vith 

dynaa1caI quark.? 

c) Quaru on the latUce. 

Tbere 18 a fundaaental probl. vi th the 1attlclzaUon of the Dirac 

aquatiou.' Tbb .. y be anUcipated fra. the lact chat Lorentz invariance, 

vh1ch la the guidin, principl. of the Dirac equatlon, 11 aber nt on the 

!attice. While it 11 naturel to .. l1p (VIctor) ,aqe fielda to the -

link. of the lattice, boaonie .. tter lleld. to the ai te. and ten.ora to 

the plaquette., theu 18 no obvioua place for the f.ratons. If one 

.. 
,t 
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place. the te raton. on the link. all the .... one run. into trouble. 

Ta uoder.tand the origtn of the trouble, let ua briefly retum to 

contlnuua QCD. If the current quark •••• e •• re aet to aero, the 

chr~ynaa1e Lqraqhn vUI Dot only have H. SU(Nf >.. xSU(NI)' chiral 

.,...try but will al.o be invariant under the axi.l U(l) tran.foraation 

Thi. 1. due to the decoupling of left-and ri,bt-hand.d feraion.. It i. 

knovn, ho_ver, that IDy theory of .... 1... f.ndon. inter.ctins vi th 

•••• le •• ,auge field. i. pathologieal due to infrared .ingularitie. (.ee 

Section 2.2). !berefore one .. y never .i.pl~ .et the quark .... to zero 
/ 

but auat .tart vith ••••• iv. theory and then take the liait a--> 0 

(note that our .r,u.ent in Section 2.1 va. th.t the electro.ak curnot 

quark ...... are lrrelevant for chroaodyn .. ic. reg.rdle •• of their 

value.). Nov, if one .tart. vith ••••• ive theory, then the feraion. 

vill have a def1nite hel1city ln the .... le •• liait and will be able to 

aaka a tran.ltion to a virtuel .tate of the oppo.ite helicity by 

e.dttiDi an on-.beI1 gauc. bo.on. ~refore the radiative correction. 

.Ult de.troy the foraal invariance under (2.1l8). 

The current Jfeorre.pondiDi to the tran.foraation (2.138) i. 

lnd •• d not div.rg.nc.l •••• GaUle-invariant, Lorenta-inv.rlant continuua 

r"Jî~rlaation of the -triangle Iraph- .hovn ln Pi,. 2.15 lntroduc •• an 
.:. 

anOll&loua t.ra: , 
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(Iu..ation ovar color indic.I il i.pli.d). Thil i. the vell-knovn 

Adler-lell-Jackiv (ALI) ana.aly (9,68 J • 

At firet lilht ft ..... that the anoaaly lhould vanilh .. .-> 0 
,., 

lince Pl can be vritten al a lurface intelral: 

(t.14o) 
-4 __ .. 

lut if ~(x) 11 to van1lh a. l:xt->-, ~;;~.T auat tend to a gauge 

tran,fora of~~-o: 

where the SU(3)e .. trix U i. a .. pping of the tbree-diaenlional .phare 

at l:xl-" into the gauge group. ror a co.pact Lie group 11ke 8U(3), luch 

.appin,. fall into hoaotopy clallel each of vh1ch i, characteriaed by an 

inteler value of the Pontriyagin index n: 

1){ -:::- J â'«1( 31'- FF 
2.w'L 

Ther.fore continuua Euclidean QCD .Ult adait field configurationl vith 

nta if the ABJ anoaaly il to perlilt. The aini.~action lolutionl to 

the clallica! field equationl vith n-+l are called -inltantonl- (69J. 

The effective-action analylia ve aketcbed ln Section 2.3 ha. be.n 

appli.d to f.ratonl in a on.-inltanton gauge fleld configuration 148J. 

It i. found that. alide fra. br.aking the U(I) axial I,...try, 

inltantonl add a further t.ra to the rlgbt-band lide of Bq. (2.105) •• 

tera vb1ch dyn..tcally breaka 8O(./)X80(.,) chiral I,...try\for 

Iuffleiently large 1 (correlpondlng to lufficiently large inltanton 

radii). The effectl of pair condenlate foraatlon tbroUlh one-gluon 

ex change and of inltantona tbui both deatabllia. th. ehiral!y I,...trie 
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YACuua • 

Can the lattice .. tbod ot regularizatlon break the axial U(I) 

.,..etry? Con.lcSer the .... 1... fre. Dirac action 

anct ·nahely· deU.ne the latUe. der1vaU .... in Bq. (2.112), .0 tbat 

the ___ nua operator becOlle. (ain ap,.)/a, Pre (-tr/a, fr/a). Thu. the 

lover.. fer.ion propagator on the lattice will read 

1 • 

6- (p) ~ ~ yt "":fr ) rr E (-rI [] O-- .. ~~) 

TM. C) .ero. (e.cb I!o- ... ho 0 or fr/.) corre.pond'" to 2.1 

feraion. vith 2Jb co.ponent •• &king a total of 2~h degree. of freedoa. 

Rach of the 24 feraton field. 1. affUeted by an aoouly ln the 

weak-eoupl1ng Hait, but the anOll&1i .. cancel betveen the P,.-o ant! the 

P,... - rr /a aodea (70). Thua ·apeeie.-doubl1ng" 11 j ult a vay of'aaltiog the 

pre.ence of UO) axial lnvariaoe~ 00 the lattice coapetlble vith H. 

ab.ence ln the continua. 

t 

The Sualk1nd-blut approaeh to the fera10n probla i. to aaIte the 

be.t out of thll fact (71 J. The e ••• aUaI point 1. tbat lattiee fardon. 

do not need to ha.. 21/1 coaponent. lib their continuua count.rparu 

vhich are ruled by Lorentz invariance. ODe CIO therefore diagonal he the 

naive aeUon in .pin apace b, ultilll • ao-called hvaoto-Sait 

tranaforuUon (72) tr. 2'-coaponent tt -apinora to one-coaponent 

·.t .... r.CS ... pi~ore ~. lor cl-., 

The feraton d.greee of freHoa ha.,. be.n epread out O"f the let tic •• 

1 • 
-Î\ 

1 
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vith one co.ponent at e.ch aite. The aixteen apeciel of quarkl (per 

fl.vor) corre.pouding ta Iq. (2.144) heve been reali.ed .s four spinor 

coaponents tt.s four "odars" of ?t' s. The l.ttic~ (;n therefore be 
. 

divided into -even" and "odd" lite., dep.nding on vhether ~n; (i-1.4) , 
1. an e.en or .n odd lnteler. One can deflne the fOllo~g 

"-
tranlforaations: \ 

;t.l,,) ~ e i«a wC ,,) 
;t{~) ~ ~ilco %(,,) 

In the .... le .. liait. thi. 1. a eontinuou. U(l~ xU(l)o .~tr1 vh1ch 

- / 11 broken if <'j(ny!< n»~ 0 (in partieular, by • feraiun .... tera). In 

the Sua.k1nd foraulatlon there i. thu. a dlrect lattlce analogue of 

chiral-s,...t!1, of ite breakina and re.toration. In the eontiDuua 

liait, the .pinor and odor delree. of freedo. untangle, the odore 

collap.e lnto a .1nlle flavor and eontinuua regularization create. the 

correct ABJ ano .. 1y. Generalizing fro. the free Dirac action ta QCD. 

the lattiee feraton action aceording ta SU8.kind and logut ha. the fora 

s;s = ~ L: .%(.J1 .. [U('!I')~( .. "t-U.t ("r,.)Z<"'/J] . 
~r r ) 

l' ~ i ) 1(1: Hl"" 1 lF H)",,·tI: "f~: (-1J~,"ffIJ 
(2·1'fl) 

Alternatively, one .. , expllcitl, break the axial U(l) on the 

lattice by add1na an artificial .... tera to the naive action (73): 
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Thi. i. the lattice feraion acti~n according to Vil.on. The pre.ence of 

an explicit .... tera even ln the li.it of .... le •• quark. (.--)0) . ' . 
reaove. the .purioue pole.: the inver.e proPAgator for free .... le •• 

quarka nov read. 

On the other band, there 1. no longer any trace of the phy.ically 

crucial continuua chiral .,..etry and it i. quit. tricky to take the 

liait of zero quark ... s in the interacting theory wbere the "criticai 

..... H .uat he renoraalized fro. it. free-field value 1'/8. 

Still &nother approach to the lattice teralon proble. con.i.t. in 

con.tructlng the action .uch a. to .ake the axial U(I) current diverge 

in the continuua liait. Thl. 1. the clole.t reproduction of the 

.ituation in the continuua but it require, the u.e of a noniocai 

derivative operator on the lattice ("SLAC derivatlve" [74J). Such an 

action i. quite inconvénient for the .taadard aethod. of nu.erlcal 

coaputatlon. The Nlel.en-Nlnoaiya "no-go theore •• " (75) rlgorou.ly .tate 

the condition. under vbich no turther alternative of puttlng feralon. on 

• lattlce i. po •• lble. 

The generic fora of the lattlce QCD action 1. thu. 

I! 

vbere the .. trh Q depend. on the feraton .cbeM. ror n ..... rlcal 

r 
.iaulation purpo.e., it 1. convenient to Integrate out the feralon 

field. ln the partition funetion. Thi. i. done anaioloualy to the 

( procedure for integratins out the photon field in tha Coleaan-Weinberg 

.odel (Section 2.3) but tak1ng Into accoune the rule. of Gra.aaann 
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integration. The reluIt ia 

50 the generaliaation of pure-glue calculatlona to full QCD vith 

dyuaa1cal current quarta boll. down to the calculation of the "feraion 

deterainant" detQ. 

Since thil ia a difficult nu.erical proble •• the firlt hiltorieel 

att .. pt. to include light feraion. have been ba.ed on the lo-called 

-quenched approxi.ation", vhich conli.ta in ai.ply aetting detQ-l 176}. 

Thil aaountl to neglecting aIl cloled feralon loopa in the Feynaan 

diagr .. expanlio~ of the theory'. functionala (n -0 in the language of 

• Bq. (2.14». lt haa been ahown that thia rather draltic approxi.ation 

doel contaln auch of the rlght phy.ica- in partlcular lt peraitl the 

~ atudyof chlral-aya.etry breaking (77). It hal ..tnly been uled in 

hadron .... lpectrua calculationl (78). where the re.ult. can (aa uaual) 

he d •• cribed .a -encouraging". In thia approxi .. tion, the finite 

field-t .. perature deconfinlng pha.e transition per.i.t. and re .. inl 

atron,ly fir.t arder [79}. At the .... ti ... the atudy of the order 

par ... ter <~ haa ravealed the exi.tence of a chiral-.,...try 

re.toration tranlition at a certain t .. perature ~: <~>t 0 balo. T~ 

(pha.e of broken chiral .,...try) ~ <~>.O for T)/ T~[79}. 

Moreovar, the tranaitioQ appear. to he fir.t ord.r and lt ..... that 

T,.~ Tc [791. Thi. la.t r.lation.h1p 11 not underatood. Baaber and Parlai 

have ob.erved .a,aptotic Icaling for <~ in the quenched approxi .. tlon 

[76.80) • 

What happena if on. actually calculate. the quark deter.1nantT 
• , ... 

Thi. 1. currently the aain tapie in lattice QCD and a lot of effort i • 

.. 
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heins .ade; bath nu.erically and analyticaliy, to go beyond the quenched 

approxl .. tion. A. vaa pointed out by aeveral authors (81), the influence 

of dynaa1cal 11ght feraiona on the d-4 gauge syste. ia equivalent to 

that of an external aagnettc field on a d-3 spin aystea. lndeed, the 

feraton ter. expllcitly breaka the ~-1nvariance of the lattice QCD 

Lalrenglan. The Wl1aon line L, can no longer serve as an order 

para.eter because it i8 nonzero for aIl valuea of r due to color 

8ereening by dynaaical quarka. In the d-3 apin ayate. vithout a 

.. gnetic fleld there ia a second-order phaae tranaition in te.perature. 

lt dlaappear. if the external field 1. strong enough. Doe. the 

firat-order deconflneaent tranaition in QCD ahare a aiallar fate? In the 

context of nu.erical calculationa thl. 1. a quantitative prob1e. vhich 

dependa crucially on the dependence of the aa.. pareaeter on the QCD 

coupling (82). These .1.ulatione ~re a180 very vulnerable to 

flnite-volu.e effect. (83). Reault. obtained ao far (84) indlcate that 

the deconfineaent transition per.iata but it ia not yet elear vhether it 

reaaina firat order. AI far aa the chiral-.y.aetry re.tor.tion 

tran.tt1on 1. coneerned. tta exlatenee ln the preaence of dynaalcal 

quarka has been rilorou.ly e.tabli.hed by analytical aethoda ln the cas~ 

of atronl-couplinl lattice SU(2)~ (85) and it i. argued to he 

a.cond-order ln .trong-coupltng SU(3)c (86). Nuaertcally, it see •• to 

.till occur at the .... critlcal te.perature a. the deconfine .. nt 

tran.ttion and to ahare it. order (84). 

The Influence of t~e feraton deterainant on the QQ potential haa 

been atudied by Jooa and Montvay (87J for the .adel .yate. of SU(2), 

vith dynaaical Wilaon quarka. Phyaleally, one expecta tbat 11ght 

quark-antiquark pair. vould .cr •• D the color char ••• of the .tatic pair 

fra. each other. Tbu. the Q and (i could expertenc. each other'a force 

• 
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field only up to a certain. fini te distance whlch .hould set th~ .cale 

of hadron radil. This .uggests an .n.logy to the Schwinger .odet (881. 

(spinor electrodynaa1cs ln d-2). whos. Lagranglan ia _ade up of 

el ... nt.ry feraton. and of photona. while the ob.ervable, 

g.uge-invariant particle apdctrua only consista ln boaonic baund atatee 

of •••• -J. The correspondlng potential betveen tvo external chargee ie 

Jooa and Montvay put thl. an •• tE together vith Eq. (2.135) and fit their 

nuaerical data with the paraaetri •• tion: 

Note that for r«.-i the .econd tera h ~ 'ltr. vhlch aean. that ~II 

defines an effective string tension ln the .aall-r region where 

a acreening i. aa yet reaote. (2.153) gives a good deacription of thelr 

Monte Carlo data but the particular value. of the be.t fit para .. tera 

have no physical .. anlng since they are obtalned for SU(2), and there le 

no corresponding hadron spectro.copy. Only fev tentatlwe atte.pte to 

include the fera10n deterainant Into the direct calcul.tion of hadron 

•••••• have been .ade ao far (89J. 

d) Concluelon •• 

1 

The nu.erical inve.tilation of th. lattlee .odel of QCD i. 

potentially the .ost .yat ... tic app.roxi .. tion ache .. tovards the 

aolution of the functional-integral probl •• of the full th.ory. lt 

relies beavily on adv.nced and advanclng coaputer technology and has 

L aany qua.i-experi .. ntal a.pects. In particular. it neede a lot of 

guidance fro. analytica1 and nuaerical aodel c.lculation •• We knov. 
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however, that a theory can only be tested and developed by making "bard" 

predictions for exper1aenta vhose results are not yet known or are at 

lealt unexplalned. This il not the case for the static propertles of .. 
hadronl vh1ch canltitute the standard phenomenological "testing" ground 

for laktice QCD and other nonperturbative methods: the results are known 

in advance and the theory merely tries ta reproduce thea. On the other 

band, it i. natural to alk whether non-static properties of hadrons, as 

manifested for instance in scattering experi.ents, can ln any way be 

related ta the results of nonperturbative calculations. 

2.5. RELATION TO HADRON STRUCTURE 

Deep inelastic lepton-hadron scattering probes badron structure at 

small distances betveen partons. Perturbative QCD expresses this 
, s 
structure by means of the Q -dependent Wilson coefficients. By going 

back ta the functional-integral formulation of QCD, one gives up 

factorization in the hope of calculating hadron structure at aIl 

diltance Icales. This means that some nonperturbative quantlties should 

1. explicitly depend upon Q • 

The effective-action analYlil reveall that the gluonic condensate 

ia indicative of the structure of the QCD vacuua over distance scales of 

a- f 
the arder of I\c • It il henee relevant for the confinement problem but 

doe. not relate directly ta the internaI structure of hadrons. as probed 

1n acattering expertaents at finite momentua-transfer. On the ather 

band, the pair condensate must depend explicitly upon the QCD coupling 

.trength g. In the weak-coupling liait, ve knov how g depends in turn 

on Q~. If one could extend thi. connec tian ta the nonperturbative 

region, one could thus uae the .. chani •• of chiral-aymaetry break!ng to 
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calculate hadron structure. 

Lattice QCD is weIl suited for the study of the g"-dependence of 

me.surable quant1ties. The ~ -dependence of lattice observables 18 

u8ually investigated in connection vith the continuua liait. Le~ us 

reaark, however, that Fig. 2.13 can also he Interpreted ar a succession 

of iaages seen by s "aicroscope" vith increa.lng re8olutf~n, that 18, by 

a photon which co .. unicatea increa.inl four-.o.entum to the target 

hadron. In this context, the absence of phase transit~ons at fini te (t 

confirms that hadron structure evolves smoothly from high to lov Q~ and 

that QCD should be able to interpolate between asymptotic freedom and 

confinement. By Identifying a suitable observable related to 

chiral-syœmetry breaklng and meaauring Its r-dependence, on~ ~ould thus 

extract the nonperturbatlve dependence of hadron structure on g1. 

What ls the physical meaning of the "field" temperature 1? In 
t 

relation to heavy-ion collisions it 1s argued (641 to be Interpretable 

as a real, thenaodynaaic temperature variable which expresses the 

depoaltion of center-of-.ass energy (8 into the ayste. of colliding 

t 
nucleons. Quasi-.acroscopic equilibriua conditions may he realized in 

cert.l. kln ... tl •• 1 regl0 •• lf the nuaber of .. rtlcl .. tl~l.on. 1. 

high enough. Deposition of 8ufficient energy den8ity can preauaably 

destroy the structure of ordinary hadron .atter, which we know to be 

characterized by confineaent and chiral-.ymaetry breaking. The critical 

temperatures for deconfine.ent and chiral syœmetry-breaking messure (by 

the Stefan-Boltz .. nn lav) the necessary energy densities. 

On the other band, lt ia conaidered unlikely that "QCD plasma" 
" 

~< 

could be obt.ioed in any practically realizable hadron-had~n 
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eollieiona. Furtheraore. thet'1lOdynaaieal te.perature can probably not be 

defined for Juet tvo colliding hadrone. But thh situation aleo has 

certain advantages: collldlng hadrons at bigh energies are etill 

ordinary hadrons. so hadron-h8dron leattering probes dynaaical 

-excitations- of ordinary hadron structure. The point now is that 

finite T on the lattice la relevant for sueh excitations even If 1t ls 

not physieally realhed in the syste. of colliding QCD fields. If r is 

held fixed. T h idenUeal to the teaperature variable of the 

staUIUcal model of QCD. The conjugate theraodyn .. ic potential 11 the -free (Hel.holtz) energy which .. pa onto the vacuua energy of the quantUII 

field systea [90]. Therefore flnite lattice teaperature at fixed gt le a 

measure of the c ••• energy G of the colliding hadron-hadron systea. 

lt foiiowl that any observable teaperature .easured in lattice 

" calculationa should depend on r-. In partieular, deconfinellent and the 

restoration of chiral .,..etry should occur at different values of nI; 

for different values of {l. Thia polnt ought to he investigated 

nuaerically. Coabined vith the knowledge of the nonperturbatlve 

Callan-Symandk function. ,this œ1ght pendt the derivation of a 

-scalingM law hetween 8 and t--Q~. characteristic of hadron-hadron 

sca t tering. 

Our vork 1& a prelinnary invesUg6ion of these point~ We Urst 

idenUfy a quantity whlch !leaeures chlral-sy..etry breaking and a180 

provides us vith a picture of hadron structure. Uaing the perturbative 

one-loop Callan-Syaanzik beta-function •• _ crude Uret approxiaaUon to 

the relaUonship between color eoupl1pg' and parton four-aoMntU81, one 

can then calcul_te electroaagnetlc fora factor. of ha4ronl. 

GeneraUdng the aode:!. to the phenoaenological an1ly.i. of hadron-hadron 
f 

1 
/ 

1 
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.cattering data, ve flnd an appealing physical Interpretation of the 

.ost salient pheno_nological trends. ln particular, we e.pirically 

discover a relationship between an observable scale of Q'L and the c ••• 

energy. 

o 
Once ft have a picture of hadron structure which 11 con.istent vith 

nonperturbative QCD and vith acattering phena.enology, ft' can addres. 

the detaUed _chants. of conf1ne~:. bcaU that th_ aain question in 

thie context ta the effect of long-.avelength fluctuations on the 

dolUlin structure. We have seen ho. this has been preliainarily 

Inveatigated vithin the fruaework of lattice calculaUona 'of the 

heavy-quark potenUai. Alter correcting !q. (2.153) accord1ng ta our 

sodel of hadron structure, _ can co.pare its predictions to heavy-quark. 

.pectro8copy and then propose a direct experillental test for the 

large-di8tance propertiea of the potenUal. 

L 

.. 
j 
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CBAPTER 3: nIE TWo-SCALE PICTURE 

3.1. DYNAMlCAL Qt'AlUC MASS 

Any quark •••• ter4. destroy. the chiral 8)'1.."'Ietry of the 

chrOIIOdynaa1c Lagrangian. The navordynaaic .... aes whlch are in.erted 

into QCD Aby hand A provide an expl1ci t bre.king. We have seen, however, 

that nonperturb.Uve QCD .uat break cbiral .~try even if expl1cit 

breaki ng ia neglected. An obviou. and popular [91-93) ".Y to expre •• 

thia i. to .ay th.t QCD generates a dynaa1cal, nooperturbative _ •• tera 

- in addition to the fl.vor-dependent "b.reA curnnt quark ..... 80th .a.at 

teras .uat depend 00 cf-: dyriaa1cal cbiral-s~try breaUng depend. on 

the QCD coupling and any .... il .ubjected to renor.alhation. The •••• 

of a coloree! feraton ia thu. 

('S. -1) 

In partlcul.r. the spectro.copical waa •• of • con.tituent quark can he 

deUned •• M
f
- Mf(QL-o). In the folloving we .han conçentrate on the 

purdy chroaodyn8lÛc tera Mll_ and Deglect the runnilll current quark -r-. , • 
....... Let U8 ~deDote pt. M .. ", (Qt-o). Thi. au.t he of the order of the U ',.,.. 

and D .a •• (350 MeV). 

Bearing in .1nd the conclusion. of Chepter 2, the _dn queltion of 

relevance to hadron structure 11 the functlonal dependence of H.,.. on 

Q1.. Thia probl •• ha. a dynaaic.l and a kinUlat1cal co.ponent. al can he 

Uluatrated ln the lhort1liaoc:e liait where the OPE and perturbativ. 

QCD .re applicable. Conll1der a curr.nt quark of four-.oaentua p. Ita 

lover •• propa.ator can he expre •• ed in te ra. of • runnlng noraal.lz.tlon 

\ 

'-... 
1 

'l 
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Bere CIl .(l.re apinor indicel and a,b are color Indice •• Por p-->_ the 

invene ~opalator can he expreled ae an OPE, folloving Eq. (2.60) : 

;~ S-' (p);:;:. :fi CI (r)"-~ c,.,frl<-h'> + :~ CfF! pK~· f"",/ 
(~:J) 

The coefficient functionl can he calculated by perturbatlve QCD and the 

SVZ val uel (2.65) can he uled for the conden.atu, therefore the 

functional dependence of ~ on p ~an he coaputed. The reluIt 11 of the 

foI'1l 

(1-4) 

were the value. of A and B are IUII r .... rch topic. in per,turb.tive 

QCD (91). 

What 11 the phydc.l Interpretation of %(p)1 ln Eq.(3.2), the 

quark ie tn.ted Uke an electron ln a cry.tal: it ia deecrlbed a. a 

fue .-rUele even though ft ihteracte with otber color field •• AlI H. 
--'" . 

interactionl ere ablOrbed into the p-dependence of lu .eIf-energy Z. 

Graphic.Uy. ~ can he repre_nted by the seneraUzation of Fig. 2.4 to 

..ny-gluon exchange dong the quark line.(FiI. 3.1). For nonalyaptotlc 

four-.,..enta p, the ____ tion over aIl po .. lble gluon exchangel would 

bave to he done nonperturbatlva1.y. Tbta 11 tbe dynaalcal part of tbe , 
c:&lc:uùt10D of ~( p). On the other band. tI." ,uanti <~ one <An ""po 

to relaie to experll1ent~1 ~ro/~I of hadr,on atructure ~I ~Qt~_~ _~tiere 

t. thus the It1neaaUcal pt'~~ ~ relaU" tha four ta Q (of toi 
inddent electrovu!t gauge l ~.on) and p (of tbe atruck quark) luch ttrt 

.., 
~(p) li v •• rl.. to an expre •• lon for M ~'/"( Qt.) vhlcb in ~urn .Ult hav • 

.xper1MD~a1l1 obeenable con.~uenc ••• 

-
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The flut atep h to Und • nonperturbatl.e e.pra.aion for Z<p). 

T'be only one ve bave aocounterad ln the Uterature he. been obtainecl by 

Paatin - ( 48] for K « p -«-, vi thin the Hartraa-rock approx1aation 

(2.105). Be Ituclte. the Inveue quark propasator 10 the Landau 'Iug.t L 
wbera lI( p)->1 for p»~. (It i .... U1Ied that S-f 11 gauge-iovariant .0 
thet ... ca pick aDy,aua. convanient for calculaUona). Theo S aa given 

by Iq.(3.2) can be Id.nt1fled vith Il Ilven by Iq.(2 .108). Coupl1ng 

atreqtb 

J " 

r.ooraaliaaUon 11 t.nt.~h.ly iDcorporatecl by ul1q the 

- one-ndop 
/ 

r.auIt (2.23): 

(~-S") 

P •• Un finda It convenlent to def1n. Ic-g(p.) wben 

.. 

'L " (Ca.- (1 -1)/21 1. tbe quaclr.t1c Caa1a1r oparator 

of 5O(1)c in the funel_ntal repu •• ntation). 

1.. 
4« ! (1.-v 

.. 

The g.aeraU.ltton of Bq. (2.14) to 5O(R), aod n nlvon 

iap118" t~t the v&licl1ty o~ the coDdlt1on (3.1) cl.panel. OD the value. 

of D aDd)i: )1 ia ':0.36 for "'0-3 ancl =0.28 for "'3. 0-6. 

/"'. 

Vitbin tbe •• n.t'fict.lon., pe.tin find. an analytiea1 IOlu~OD "to 

-r 

- ' -

~ 
1 
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the gap equatlon •• tl.fied by ~(p): 

y----._.6 

(s.r) 

where Ai standa for the Airy function and D 18 8 conatant. In Flg. 3.2 

va ahow the ahape of thia funetion aa coapared to a Gau.alan (the 

.eanlng of the p-.cale and of the varioui para.eter choic.a viII be 

explaloed ln Chapter 4). For p->_, 

Thil expreaa10n faUe to lero taeter than Any 10 •• re. pover of p and il 

~hu. lncon.i.tent vith the perturbat1.e r •• uLt (3.4). Bow.ver, thia 

rapld fa1loff a1eo .. anl that the approxi88tion ache .. whieh led to 

(3.8) breaka dovn at luffic1ently higb value. of p [48], 10 that' tbe 

.. -true- ~(p) (a.,uaing 1t exiata) would;.lle well .pprox188~ed by (J.8) 

for valuea of p of the order of the .cale Pc but would revert to (3.4) 

.. p->--: Phy.lcally, one .. y argue tbat the solution (3.1) la valtd at 

nrong QCD coupl1ng .men the dynaa1c, 18 e .. e~tlally collective 

(Section 2.1) but that lt il bound to bnak dovn at ... 11 dhtances 

.bere radiative proce.ee. can be delcribed by perturbetlve QCD. 

On the other hand, PeaUn ahoVi that not Just (3.8), but lodeed Any 

----'2: which aolve. Bq. (2.105), auat tend to a conatant %(0) •• p-)O 

[48f. This te preehely vhat one would expect of H.)'"' and lucge,U that 

'2: aight dlffer fro. K~ only by noraal1zation. Hovever, ve aUlt 

re.aber that thia analya1l 18 not valid for p( H. Ve 88,. tharelore not 

draw any concluslona before ve 

reference IIOMntua pc. Let ua 

, 

-~-~-~-

obtain a quantltative 

firo, ~.".'ig.t. tto 

, . 

eaU_te of the 

phyalcal ... nlng. 

\ . 

/ . 
. , 

• 

\ 
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3.2. THE SCAL! OP CHUAL-sntŒTRY BR.EAKING 

If quarb beeoae .... ive. chiral 8~etry vill be brolten. Clearly, 

d~Cal fendon .... leneration 11 a val1d Mt)lod for 8tudlt~ 
chir.l-.,...try br •• Ung only if the inverse i.plieation 11 alao true. 

We tberefore aalt (94): does the br.aking of chiral .,....try taply that 
, 

eon.t1tuent quaru are .... ive? We .hall ba •• our anaver to th1a 

que.tton upon a tbeore. first given by 't Hooft (95) and rlgorously 

proven by Prbhllan et al. and by Cole .. n and Gro.sun (96). 

\ , 

eonaider Fig. (2.15) .s reprelenting the vertex function of t.br .. e 

" .,..atry eurrents of SU(3) • That 11 to 8.y,~. dbgr_ can be 

coaputed at any ener,y scale. vi th curr.Jt. foraed out of the parUelee 

of tbe effeethe tbeory vaUd at that Icale. Out of tbe 'tbree current. , 

tvo are conaerved but tbe tblrd <t. aay) 11 affUcted br the ABJ 

Iblouly. The .on leneral odd-partty aapl1tude vblch 18 .,...etrie under 

the intercta.nce of J" and Jl. hae tbe atructure (9~ 1 

'Iv}. -= A, (1t.)~,,>..c (fl-p)'" + Al (1'l.)<fre~,...(\ kl(' pP of 

+ ~> (,t) (lot" ~~r - p).. .L)'.wp ) k"" ft" ... 
, -t A~ (ft) ( l-l i .t~".,p - f>~ ~~(\ ) lA- rf1 

ln perturbation theory, Âf(q'1) ya • r.al conetant tlalue C detenl1nad by 

the ano.a1y (91). Sinee It""~). -0 .by current conservation at the vertex oJ ,. 

o 

vblch can furtber be vritten a •• clbpera10n re1ati011 for A 

A'(11) ~ ~ f,ls J;~At(si li·/2) 
2:.. i S'Cf 

• 
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aise At~1.) = -t dite .A., (,t) -= 0 

The only .olution to the •• equatiou. il 

In perturbaUve QCD, there ar. two po •• lble explanat:ion. for Eq. 

(3.14)6: eltbe1:' tbere 1; a tvo-quark interaddiate .tate Ç"";he tbeory 

cODtaln. phy.ical zero:..... .tate. [97). Howver. if .... apply the re.ul t: 

to energy Icale. lover than or equal to the confinellent .cale Ac:., the 

flr.t: poea1bil1ty i. ruled out. The theofy of color-Ilnglet _Iona and 

buyonl IIUlt cont.in &ero-...a bound atltee of the ... ale •• ele.-ntary 

quarlte. Two dilferent typee of .as.leu bound atate. could give ri •• to \ 

Bq. (3.14): a 81ngle p.eudoacalar partiele created by ~. with C given 

by the product of the couplinga to the axial and to the vector currenu, 

or a ~ir of ... ale.a laraton. producad by 7' The Uut alternative 

'., clearly dlOalli ch1ral-.~try breaking; in the aecond ca.e, chiral 

.,..try la unbroken but the co.po.ite, .... le ... feraion •• u.t aatiat, 

the .a.e ano.a.ly equation. a. the original .leeentary quarkl \ .. , t Booft 

anOÙly utehina condition." [95,96}). 

Vben applied to .cal .. belov Ac... thU anal,.18 tbu. agreee vith 

Goldnone'. tbeor •• in the conte)(t of bronn chlral .,...try, .... 1 ••• 

pionl and ~.alve baryonl. In fact, it can be lbown tbat the anOll&1y 

;ilatchins candi tion. cannot' he fulfllled ln QCD vith .are than tvo 
1 ~ 

... al ••• flavor. (95,96). We are, however, not lntereated in .... ive 

baryon. but 1n _.uive conltituent quarka. Pheno.nology tells u. that 

chiral .,..try ta .brolten belov Ac.. but let u. nov ••• UIM that it 1. 1'4 

.. \ 

., .. 

4 
o :~ 
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fact already broken at .oee hilher, inclependent .cale A)'~Ac. • Theo Bq. 

(3.14) forbid ..... 1 ... con.Utuent quarlte: an effecUve theory val1d 

bet_en A."aDAJ Ac. contain ..... ive colored fendon. and ... ale •• 

Ile conclude tut the d.llcr1ptioo of chiral-.,...uy brealting by . 
d~ca1 f.ndon .... ,.neration 1. ollly cond.telll if oa. po.tubte. 

the .xiatence of a dhUnct .cal. ,4), iod_pendelle of the eontin_ot 

.cale and •• thfylag A,~.AL" laryon. vould thue becoae .... ive ln tvo 

acage.: .... le •• parton. bind lnto .... lv. con.tituent quarb vh1.ch, ln 

turn, bind into color-ainglat baryon.. Plon. vould he ... d ••• bound 

.tate. of .... iv. con.U tuenta, vhere the bindlq .n.ray cancel. th. .ua 
of the ...... (Section 3.:n. 

Vartoua foraa of .uch a -cwo-.cale pictu.re" bave been propo.ed io 

the literatur. [22 .23,98J. In r.alil1q that the coneapt of two .cal •• 

• 1. inU .. tely l1nked vith feraion .... ganantion, lM have, ho_ver, 

lained a .ub.tantlal advantage over other approache •• The fact that 

Z (p) can be npl1cl tly c.lculated aUoV8 u. to sa beyond the' rough 
r 

".cap-functloo- picture of hadron .tructure which ta chanet_rlaUc of 
,. ~ 

all other two-rqion aodeh. Condder Bq. 0.8). Colo!.d feraion. plck 

up dynaic.l •••• •• they a.oothly avol ve fro. quar{-parton. to 
- 1 

full-nedged conatituent, quarka., Let ua deftne Po a. the ___ ntua .t 

vhicb "L(p. )·~(O). lapo •• that 2(p) ra.ch lu aaxlaua at p. ad 

nonaalhe '2:(0)-1 for cODvenlenca: 

wr~.) :: 1 
~"1/~p \,-: t. 0 

"\ 

'" 

\ 

.... 

.. 

, 
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follovf.ng relation.hip. between p.' Pc:.. and D follov: 

f 

( 

l . 
.men u. i. the unIque root of tbe equatlon 

!n thl. picture, chiral .,...try i. thu.-gradually approachad a. 

p-->_. lt la co.pletely brobn for ~ P.' !q. (3.8) 18 cbaucterhed by 

the fact that Po (wb1ch unlquely datendne. Pet a'Ccord11l1 to Eq. (3.16» 

18 the only par_ter gov.mIng the hIOoth evolutlon fre. current quark 
1 

to con.Utuent t'ark. More g.nera11y, the exi.tence of a -.enta .cale 

wbere con.tltu.-bt quark. are fully grown 11 det,ra1ned by the 

Hartree-Fock .pproxiaetlon, provided p.>M. If thi. condition 1. true, it 

la natura! to .uoctate the fund_nta! .cale A", vi h ~.' 
" 

1.3. COLOI. FIILD CON1IGUUTtOHS 

Cornwall (99) bu propo.ed that dynaa1cal .... generation ln QCD 

al.o .ppU,. to gluou,. Aa in the aGalolou. c .. e o'f'"the 2d-Schvf.n,er 

.ocIel. d~c:al geueraUon of a l!Uon .... doe. not violate SUC ~)c

iQwariance. Ha •• tve Ilug.-lnvartant QCD ha. vortex .olutlon. and 

Cornwall conjecture. tbat 1t 11 th~_. color field confll-,raUon wb1c!h 1. 

r •• pon.tble for conflne .. nt. ln otber word. t the vacuua .tructure of 

pur.-glue QCD. a. dIe.crlbed ln Section 2.3, woulcl he d~ to dydaa1c:al 

gluon .... ,eneratlon. U 11 Inter .. t1ns that the Mehaalla 1. 

.. 
• :r .... ~ t. ~.. .. .. 1::- ... 1 .• , 

( 
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re .. onable only if the gluon .... depend. on the four-.o .. ntua and 

vani.he. a. p--~. 

Even though no nonperturbaU ve opr ••• ion for the p-dependence of 

thia dynaa1cal gluon .... ha. ,et been found. let ua accept Corn.all', 

Ar.,nt and a •• octate the confine .. nt .cale A, vith gluon ... . 

g.oeration by an.logy to the a .. oct.tlon of A~ vith quark .. .. 

leneration [94J. In full QCD one vould expect an interplay betnen the 

tllO _chanh... Recall that bath <ff> and d· ... . 11" > contribute to 

't(p) in t~raaevorlt of the OPE enh.nced by SVZ .ua rulea. The.e 

~ vacuua cond.n.ate. are each characterized by an Inde pendent dl.~ance 

.cal. (the range of t~e bilinear conden.ate i •• borter becau.e it ha. 

canonlcal di .. n.ion 3) which it .e ... natural to a •• ociate vith our 

ordered .et of lIOaentua .cai~. A,,> .... Ac... In our nonperturbative ex_pIe. 

for L( p). the Bartr.e-Pock approxi .. tion, vbich i. ao à •• uaptlon about 

the gluon fteld, deterain •• the .tructure of con'tituant quark •• 

w. nov ha ••• un1fi.d p1cture of the intern.l .tructure of hadron. 

in t.n. of ao.entn-dependent quark and gluon ........ ". In phyl1c.l 

terae, the .... e "........ .re •• en to corre. pond to color fi.ld 

configuration. vhich c.n be ob •• rved br .ui t.ble probe. exploring the " ~ 

hadron at variou. di.tance .ca~e. (re.olution.). Since quark. and 

gluon. interact at all aoaentua .cale •• then ia only on. hadronlc 

configuration •• bodying both confine.nt (gluon .... ) and 

ch1ral-.,..try bre.Uq (quark .... ) &long vitb a.yaptotic fr •• do.. We 

ha •• thu. found quant1U •• which Ar. calculable in Donperturbat1ve QCD 

and vhich directly de.cribe hadron .tructur.. Bov vould one relate thea 

to .xpert_ntt 

f 

.. 

.. 1·. 

\ 
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Ve have polnted out that the natural experl_ntal tool for 

obaerving the quark configuration in • hadron la a , (or. V,Z) 

aicroacope. Let ua train it on • proton. By v.rying Q ~ fro. 0 to e>e lie 

re.ohe ..aller and .aa11er di.tance .calee in.ide the proton. If the 

acale li)' characteriz .. the "full grovth" of the .... lve con.Utuent 

<fUark, then .uat exht • corre.ponding re.olution scale Q; such that 

ve ob •• rve the foUoving succe.don of iuge. (ae. 'lg. 3.3): for 

Q"l,"(O,Q~ ) ft ahall •• e thue atructurelell, •••• ive, confined 

conltituent quark. U,U ,D. 'or cl ~ Q~ , ft .tart .eelog into • 

constituent qu.rk. The plcture' becOlMl. co.p,licated. lt .ight be 

vlaual1zed in teras of a cut.in dhtribution of partonl. The exht.nce 

of other con.Utuent quarka and of confiae.ent would not be .pp.rent .t 

thia scal •• At very high Q \ .. would ... uncorrelated parton. (valence, 

•• a, glue). 

Obv! oull y , if lM .re to explain the fI.vor of tbe con.Utuent qu.rk 

U .. one of the "u" CUIr.nt quark.s vitMn 1t euet play a speci.l role. 

Let us i.agine th.t a certain MU" quark. il .created at hilh Q'1 in .oae,' 

producUon proee .. (Plg. 3.4). If Q1. la hllCh enough, thia quark vill be 

nonlnterecting at the tree l.ve1 but it .uat undergo 'radi.U~e 

pT~c.ase •• ther.by evolv! .. to lo-ar Q .... and cre.Ung p.in and gluona. 

In the perturb.t!ve QCD re,ion, ita evolution wiU be governed bJ th. 

AltarelU-Pariai equation •• The coaput.Uon of ~(p) can " done by " 

.olving the gap- equatlon perturb.Uvely. ,Thua our "v.lence" u quark /haa 
1 

a "cloud" of partona of, whtch 1t ia the .. par.nt ...... (it ha. radiated 1h.a) 

and which ean be ... \J8eCl to be flavor-neutral (they! are 

gluonl) • 

Àt atill fower Q'", 8 ha. Me_ larg. enoUSb that c:oll.ct1~. pdr 

) 
.-

) 

fi 

,; 
~ l, 1 

/ 
'? 



1 , 
r 
~ 

. ' 
\ 

( 
1 
i 

93 

creation (inatabillty of the chira11y 8)'!Detric vacuwa) dominstes over 

perturbat1ve radiative proce.ses. Thil would be the region of ~ld1ty 

of the approxiaations leading to (3.8). The reaul twill be a contt\. tuent 

U quark vbich conahts of the parent u quark and of 8 flavor-neutral 

cloud of ocean paira and gluons. 

'. 

lt 18 interuting to ex saine the coneequences of thia tva-acale 

plcture for the Cold.tone bosona of chiral-s:r-etry brealting. By virtue 

of the conUnuoua character of chiral-s,.etry bieaking in ~odel. 

thea •• ust exi.t at any finite Q"L. (however large'1t aay t4. Tii8~n8 
that a fraction of the pairs radiated by the vale~,~~~d together 

in the atrong1y attractive a-vav. color-singlet channel/such a 

"proto-pion" la of course tachyonic becauae ita conatituents are 
, 

aasales. 1Ihile the blnding energy E is large. Now downward Q'l.-evolution 

•• ts ln. It aee •• reaaonable to anuae that the blnding energy 18 

inde pendent of the ev01ution proceu (Pig. 3.5). Hence, "hen the 

constituant quark and antiquark are fully grovn, the pion ceasea to be 

tachyonic and reaches lts on-ahell .aS8 (zero in tbl. approxiaation) • 

Our aodel thu .... i.pliea the!". aust he rea1 piona in the "ri." of any 

hadron. That h. an effective theory of hadron structure valid for 

r.solutions betveen "i:. and A,., ahould de.cribe the interaction of 

constituent quaru with pions. ln thia ft agree with references (21-23). 

Nc?te. however, that plons dont t ae .. to be good degrees of freedoll for 
l • 

the de.cription of the interior of a co~tituent ~ark becau6e there 

tbey are tachyouic. w. do Dot th.refore favot .,dela which ad.ft plona 

througbout the hadron. lt 18 better to con.tder otf-.~ll color ei1l81eu J. 

.. part., of the navor-neutral parton cloud ol the cou.Ut_nt quar~. 

.. 
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.. "" raises an obvious question. The notion 

that of colored partons in ta color singlet8 can take 

thus precede evolution see.s to contradict our 

argu.ents that nfinement should aet upon full y formed consti tuent 

quarks. ln facto confine.ent 1s not equivalent to cOlor-SinC 

for-.atlon: it is e aracteristlc of on-ahell, hadron8 only. Cr verBiop 

of the t"o-seale ture t hus ~Bvides B natural reconei 1 iatian of the 

Goldatane eharacte of the pion r th !ts statu8 as an ordinary hadron. 

j 

Electrorak 

bl! nd ta gluons. 

IDicroscopy ha. the disadvantage af being 

gluonie eomponent of a proton we need gluon 

microecopy. But onie probe cao be carried into !ts target only by 

another hadron. must do hadron-hadron scattering. Now, a 

hadron-hadron scatter g proceu ia eharacterhed by two indeperident 

Mandelstam variables: t_Qt. as in lH 8cattering along vith. 

s, the c.m. energy squared. 2.5 WI bave argued that s 

detet]ainea the degree of hadron structure ln a 

hadron-hadron collision. ndence of hadron-hadron scat te ring 

observables upon sand t thua r the internaI structure of the 
• -1 

eoliiding hadrons at vadoue energlea. The temperatures Te and T~ are 

Inde pendent of the Q'l..-acales Ac. and 11,):. They aeasure the energy 

densi tlea needed to break up the ordinary atructure of hadrona. 

Â 

" Tb cl.rUy theee point. t let us auuae f1r~t-order deconflneJlent 

and c"blral-sy..tItry restoration phase tran.it1ons. Then the tvo-acale 

picture seen by th. eleetroweak .ucroseope would ,be valid belov the 

value of s whlcFt corre.ponds to Tc t but the paraaeterQ!" wou Id now have 

to depend 00 s. If T.c>T, 1 a phue of deèOofined .. aseive constituent 

quarlta would follow bettreen the tvo correeponding value. of Si aboya the 

( 

.. . 
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energy corresponding to T~ there would be no more constH:uent quarks. 

elther. Note that our inequal1ty ~~~Ac.. in no vay impl1es a slmilar 

11lequal1ty for Tc. and T)I; in fact, if we believe that ,chiral-symmetry 

breaking and confinement result from the same dynamlcs 1 t ls rea80nable 

ta expect Tc. -T-"" as suggested by finite-temperature lattice QCD. In our 

interpretation, this would confirm t!tat the chiral-symet't'y brea~ing 

configuration is just the cl1nfining color field configuration seen at a 

smaller distance seale (at higher resolution). This discussion would be 

only sl1ghtly mod1fied in the case of "rapid-cr08sover' second order 

transitions, in that ordinary hadron structure wou Id "meIt" over a 

small, finite range of s. 

3.4. VALONS 

The "Valon Model" has been proposed by HWB and cowork.ers [100 J 

following variou8 earI1er attempts at 8 phenomenologicaf Implementation 

of the two-scale idea (101 J. We have chosen i t &li the bridge between our 

version of the two-scale pictun and scattering experiments becauae ft 

expresses the same physics and cao he successtully appl1ed to a wide 

J variety of hard and 80ft 'hadronic processes. These inc1ude hadronlzation 

(100), deep inelastic scattering (study of DIS 8tructu~ functions [1021 

and of DIS fragmentation (103 J )., low-p, fragmentation (104 J , 

electromagnetic fona factors of hadrons (105,106,94) and hlgh-energy 

elastlc hadron-hadron scattering (107,108,109 J. We consider this 

"universal1ty" of the model to he especially important 1 becauae 1 t ls a 

necessary feature of Any serious atte1Dpt tl' describe hadron structure. 

In the language of this IIlOdel, fully grown constituent quarks are 

called "valons" to indlcate that they are clusters of sea and glue 
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partons around the parent v,slence quark, of which they inherit the 

.> 

flavor. Although they are spin-l/2 color triplets. their color Irnd the1 r ., 
\ 

spin projection perpetually fluctuate due to absorbtion and emlsaion of 
'. 

"vee" infrared sOft gluons (103) of which there always ls 8 cloud 

surrounding aoy partonic Fock state. 

Let U8 write down 8uch a state for 1 say. the proton P: 

.. 

where u ,u ,d are valence current quarks, qq are ocean pairs and 't are 

non-wee gluons. Our discussion up to th1s point can he 8W11111arhed by \ 

. Inserting the "valon basls": \ 

1f,:~<P'UUD><UVDIt.{"'~"·· ~> 
VVP 

where the sum indlcates Integration over aIl valon coordinates. To 

express the independence of the internaI 9tructure of a valon from the 

existence of other valons, one factorizes one step further: 

<VVD \uuel'f,' "f >:: (U,""·"t><Ulu,, ·(:;~<DI.t,;··,> 
. ('!,·2o) 

Thu9, the distribution of partons in a hadron 18 expressed as the 

convolution of t.he d1etribution of valons in the hadron 1ii-tlL,.the 

distribution of partons in Il valon. 

~w in Section 2.2, deep Inelastic scattering (DIS) probes 

the structure functions of hadrons in the parton basis. lit sose high 
'. . 

Il vaiue of --Ql f!xed by the C.II. energy of the lep"t'On-lepton Bcattering 

experiment. One might try te trana,fora theae structure functions into 

\ 
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Here F; (z/x.Q .... ) ia the structure function of a valan in the parton 

basi St wt:ich 1& calculable by perturbati ve QCD if ~..1s high e.nough. 

The IDOlient equation for (3.21) is obviausly related "ta the OPE (Eq. 

(2.36». Thereforf. Eq. (3.2I) 18 formally independent of the valon model 
~ 

~ ~ 
and is valld st all Q • In arder to interpret the Q -independent factor 

as the distribution of valons in' the host hsdr:an. the calclllation must 

"L 't. 
take place at some 10w Q ~Qv which Bstisfies 

expresBing c:he existence of Â;e (it corresponds to the Q; of our 

microscope in Secu~ 3~3). Ther~fore one would nee4 to know the exact 

function F~ st low Q'- where perturbstive QCD should no longer apply. 

Howeve\t,. the vaUdity of the decomposition (3.21) at bath 10wand high 

'Q'1 hints at the possibllity of ~slng BOille sensible extrapolation of the 

" perturl>ative evoluti?n function to represent F.z • 

, 
, r 

Hwa and Zahir [102} have used the LLA of the perturbatlve evolution 

2. • 
function in order to extrapolate down to Q V • the value of whlch 

determines the evalution parame ter 

For the functional form of the longitudinal distribution of valons in 

the hadro~ they use an ansatz inspired by the shape of the wavefunctlons 

calculated in the harmonic-osc1l1ator model of confinement (110J as weIl 

as by the canonicaI form of the distribution of hadronic const1tuents: 

(~·24 ) 

The paralltlters are detet'llined by fits to the data on DIS structure 

functions in various reacUODS and at vadous values of Q"2. 1102J. For 

• 
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the proton. tHe re8u~ting coefficients in Eq. (3.24) are listed in Table 
\ 

l ~ " ,3.1. The corresponding values for Q~anctl are 

) (~·îS-) 
/ 

These results are compatible witlÎ the solutions of the 

, , 
harmonic-oBcUlator model. Once the valon distributions are detemined, 

one can use (3.21) to predict the structure functions at other values of .. .. 
Ql.. The results are very good [102}. 

" Of course, these distributions must he regarded a8 "effective" in 

the sense that they depend upon the approximations used in their 

derlvatlon. In particular, the numerical values for Q" and especilllly 

for 1\ have no physical s1gn1ficance- they are the priee one pays for 

obtaining a reasonable solution within the LLA. It is therefore 

important to check these solutions agllinst distributions obtllined by 

independent methods, pre"rably from low-Q'1. physics in order to avoid 

the éxùapolation problem. This will be addressed in Cha;ters 4 and S. 

We shaH Und that the val1dity of these solutions is conf~rmed. so that 

the x-distributions of valons within hadrons can be considered as known. 

In practice. they have been determined for nucieons and piona. For 

convenience, the coefficients obtained froa DI~ and from charge form 

factors are collected in Table 3.1. 

On the other hand, Eq. (3.19) demands the existence of analogous 

distributions of partons in a vaion. Given the flavor-independence of 

the internaI structure of valons, there are two types of longitudinal 

distributions of charged partons in a valon: let L 4 represent the 

distribution of current qual'ks of t~e Use flavor as the valon and LZ 

the distribution of current quarks and antiquarks of a different fl·avor. 

• 

) 
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Instead of L, Qne uses the "flavor-:nonsinglet" distribution 

, 
As far as gluons are concerned, the very sdl1 probabil1 ty that 

hadronization will result ln the production of a g1ueball indicates that 

it la a very good approximation to asaume that gluons convert into ocean 
, .f 

pai ra (" aa tur a t 1en of' &l uons by the ocean", [ 1041')-. Thus t he gluons 

vould ~ included ln the flavor-n4htral distribution L20 Also 1ncluded 

in this distribution should be the o.ff-ahell pions ahd other color 

a1nglets which may fOnD out of ocean pairs according to our discuRsion 

in Section 3.3. 

In references (104]. patticle production data at 10v laboratory 

transverse momentum (PT) were used to extr,ct and to test the , 
d1stributions L~and Lz. 'Consider inclu5ive pion production in 

hadron-hadron 8cattering. Partona wlth large longitudinal 

momentum-fraction (z>~ 0.2) are Wi~ely separated ln rapidlty and will 

not interact effectively in the collision. Therefore they fly through 

the interaction region essentially unchanged in their z-d1atribution. , 
This means that by observing the produced pions ln the forward direction 

in the lab (at small PT) ve can learn about the orJginal longitudinal 

diatribut:f,ons of partons in the initial valons. Recall tha~ theae 

diatribut~are defined to he Independen: of the 'flavor of the valon 

as weIl as of the host hadron. 8y the ana1y.18 of the reaction 
'1, 

lC."p->('X àt P.w,. -70 GeV/c vith the piona in the proton frag.entation 

region. us1ng the va10n distribution from DIS. the reaulta for L~ and 

Lt
are L,\I~Lt)":: O.4f"è412 (._t)-0.1.1 

L"lJ~) --= ~~ [O·,. (~_~)'S"'1~1 
l 
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of lavor. active ln the Gce,an 'and gluons are 

a •• Wled to he .aturated by the ocean. Por n "3, these di8tribution8 

satisfy the aoa.ntWl cônstraint 

~ce the L-dht~ibut1ontl are known 1 they can he used to predict t,he 

diatribution of YT* in ,the salM experi_nt. The results "are good [104 J. 

3.5. CONCLUSIONS 

We have invesUgatp.3 the phya1ôal i .. pUcaUons of the 

that the fora,lle .. of dynaa1cal quark .. aS8 generation can 

co.pute chiral-syaœetry breaking. ~ find that this approach 

con.i~tent only,!f the dynaalcal quark aelf-energy ~(p) de8cribes the 

internaI structure of hadrons in' teras of color fielda: this structure 

aust be characterlzed by tva inde pendent effective somentum Bcales 

A">/A,, 0 The shape of ~(p) 1& deten-i.ned by the interàction of gluon 

and quark. degree. of freedom. Perturbatlve QCD enhanced by ITBP sua 

" rule., arguaenta about dynaaical gluon Jaa88 generaUon and the 

Hartree-Pock approxl .. tion to the gap equation 8uggast that the , 

confineaent Icale il aaeociated with the vacu .. structure of pure-glue 

QCD a,. ~ vith the aoaentua scale at which c.JD8tituent quarlta are fully 

grown. ln Eq. (3-.8) the par ... ter Pc signala the exhtence of~. ru.· 

interpretation only uke. senle if we can .hov that pc»Me350 MeV. 

Exploring the 'interior of an ordinary hadron vith a t-aicrolcope 

do •• not1reveal any phase transitions according to th!a picture: 
\ 

cbtral-.,...try 1. broken saoothly, follovtng the function ~(p), and ls 

co.plete at the full-grovth scale of the con.tituent quark. The 

c 
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constituent q~rk ls viewed as a cloud of partons distributed around a 

"pârent" valence quark. This distribûtioo is Just a local detail of the ), 

global hadron structure: li, is associated with the 8ize of a hadron and 

~ vith the she of. a constituent quark. 

belov ~; above Ac. they cOlist ~th the 

wldch tbey intetac t. ' 

Goldston~ pions must exlst 

ma8s1ve con8titue&t qu~rks with 

Assuaing rapid-crossover ".elting" of ordlnary hadron structure 

upon deposJ.t1on of 8uffic1ent center-of-aass e~ergy into a system of 

colliding hadtohs. the above plcture 8hould. he val1d belov the thresho.1d 
?-

lIleasured by· T, -T)'. Our InterpretaUon ln term8 of color field 

conf iguration •• uggests .• ~ .• tter equality ahould hold exactly. 

.... ,. 
We are now ln a p081 tian ta puraue our orogram outllned ln Section 

2.5. We consldn the dyna1rlcal problem of calculating Z(p) to be solved 

by Eq. 0.8) and use the two-scale plcture to 80lve the kinemat1cal 

problem and to relate Bq. (3.8) to observ41ble quantities. To this end t 

ft use the "valon'" model t which ls a quantitative t phenomenologically 

applicable formulation of the two-scale picture. It transforms the 

wavefuncUon of a hadron from the parton basia iota a representation 

spanned by valons (alias coostituent quarks). 

Simple parametrizatioos of the distributions of valoo,; ln hadrons 

and of partoos in valons (in teras of the parton-.odel aomentua-fractlon 
, . 

variable x) are obtained froc the study of deep inelastic scatterlng and 

of lov-PT fragmentation. The fact that one can ~e e~trapolations of 

one-loop perturbatlve QCD to obtain satisfactory re.ulta for tbese 

distributions ta grounded ln tbe compatib111ty of the convolution 

property of valon model distributions with the OPE. In other words, the 

(, 

1 
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valon .odel cao deecribe x-dhtrlbutiona by interpreting t~ 

nonperturbatlve Wilson operato} matrix eleaenta • .. 

The Feynaan x-vari~ble_ doeo nOh hovever. shed any Ught on the 

s.a.etric dle;ributlons of cénetltuentl vithln hadrons and valons (for 

exaaple. on the aiEe of à ;"alon). 'Such question. are tradiu(nallY 

addre .. ed by .eaaur~ns the electrougne,tic fora factors of t~e extended 
: 
Il 

charge di.t~ibutlon. We sball see that the study of hadron and valon 

chargf! fora factors connects the geosetry 01 parton d1strlbuttonl to 

2:"( p) and alao pe, .... edfleaUon 4 t 
longitudinal the resulta on 

distributions • 1 .. 

• 

... 

\ 

j 

• 
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CH~R 4: HADRON AND VALON CHARGE FOHM FACToRS 

4.1. CBAR.GE FOIM FACTORS IN TIIE TWo-SCALE' PICTURE f 

The spatial distribution of char,ed constituents ~thin'a compOsite 
! 

Gystes is aeaeured by the eyete.'e eharge for. factor (CFF), which la 
~ 

defined as the 'purier tranafora of the charge denslty. For the case' of 

a htd(on, va first need to specify a auitahle set of kinematica! 

variables in teras of whlch the charge distributions sha!l he expressed. 

We shall uae "transvers. coordinates", a kinematica! framework 

introduced by Soper [110 J for the very purpose of relatlng the parton 

distribution in a hadron to scattering experiaenta. Let any four-vector 

sr be described by !ta compone.nta (a4 ,:2.,a",.-) with a t -Cao±. a~)/ri. 

The acalar product 18 a,.hI" - a+tJ +a-bt -a-.1r, where 1-(a'" ,al). NJ 1& 

custosary ln the parton .odal, consider a reference. frame ln which the 

hadron H maves in the z-direction close to the velocity ol light. The 

wavefunetion of the partons which are distributed ln this hadron, when 

vieved from the rest frame of H. Ioolul as if it had been deterained by 

local .easurements on a spaee-tise surface of equat~on r·+r~-con8t.-->O. 

Transverse coordinates in the rest fr~e of H are'defined by treating r t 

a8 a -ti .. " coordinate so that the distribution of partons in H ia 

described at fixed r t • This reduees the hadron to a aystea of 

nonrelatlvistic particles, beeause the subgroup of the Poineare group 

whlch leaves the surface rot -const. invariant i8 iso1llOrphic to the 

GalUei group in two dimensions [110). Let RIA, PI' refer to the hadron 

and rr, pr to any component parton. p+ playa the rol~ of the total 

"aass" of the GaIllean parton systèm and pT la the "aass" of parton, 

"1". The center of p'" la lite the center of lIast
lrr
of the parton 

r 

'-
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collection. By evaluating the invariant ,>-P/ ft Und. that p- phys the 

roIe of the total energy of a parton (P- corre,aponds to the total energy 

of the hadron) 80 the .ot10n of a parton in H i8 deecribed only by 

Wlth re8~ct to the center of pt .1n H con.ider parton "i" vith l 

and po8ition "1 and denote by 1 ft. positlon"relatlve to the center of + 

1I01IeDtWl ln the residual .y.te. H\{L). If the longitudinal 

" IIOlIIentwa-fraction is defi~ed as x-p" Ip t it follows that [105) 

,. 

Let us then denote the probability distribut10n for str1k1ng a 

current quark of flavor "1" and of longitudinal 1IOmentum-fractlon x and 

transverse position t in a hadron H vith a virtual photon at Q~ by 

q~ (x,1,Q1.). The correaponding CFF is [105] 

" 
'tH (~'ll = t= t;(t. fd~ i"&1.,r ()',1,&') (4'2.) 

'1. 
As Q -).,.. the osc111atory factot ln the Fourier tran.form 8elect~ the 

", 
'/. ... 

doa1nant contribution ta FH ta come froll the region r--}O. By Eq. (4.1). 

this means either x-)l or y->O or both. If qr (x,~ ,Q'1.) does not varM.sh 

'Very fast as x--) 1 , perturbative QCD leads ta the Drell-Yan-West 
J, 

relation between the. hadron' 8 CFF F.., and tbe DIS structure function Wt 

[Ill]: 

. 
) 

lt has been argued that, in the generaI ca8e, QCD will cause q ~ to .. .. 
vanish 80 fast as x->1 that Eq. (4.2) beC01lleS InvaUd and the y-)O 

reg10n dominates at high Q'1. (1)2]. A 8chellatlc diagraa for the pion 

II"" 
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electric fora factor correaponding to this situation ls shown in Fig. 

4.1. There 18 large lIo.ent\JII tranater between the probed coldred 

fendons (which can he considered aa current quarks), mediated by hard ' 

gluQjl exchange. Perturbative QCD 18 directIy applicable to this 

situation and leada to beautiful, clesr-cut predictions 1112). 

Unfortunately, these would apply only'at 8symptotically large Q\j it 

-
appuis that they can'llot he tested againat presently ekiatins CFF data ; '-

[113J (the highest available Q1. 1s 33 GeV2. for the proton [114]). 

)Perturbative QCD thus does not seem to he applicable as a 

theoretical framework for the explanation of exlst1ng CFF data. Tbese 

appear to be dominated by nonperturbative, Msoft" contributions. The 

problem ls Ideal for the application of the two-scale picture. The 

basic valon-model equations (3.18-3.20) suggest the following 

'" ..., 'l. representat10n for q. (x,r,Q ): 
~ 

--

However, ae opposed to the case of Eq. (3.21), Eq. (4.4) canuot. be 
.... 

related to the OPE beca\lse of t.he r'-depend~nce of thé' integrand. Tbis 

lOeans .tbat this represencatlon, chara.cteristic of ,the valon model, mliet 

break down before a8Y11ptotically large Q'l. are reached. 

To explore the consequences of Eq_ (4.4) for Ft4(q'L), let us insert 

-"1 ..... 
it. lnto (4.2) (lE)5J. Deflning z-x/x', J -r-r', we have 

Fw (~'t) -::: [r tj r· Âx J ~t~ii.1 ~H (v;~)] • 

· [t~ [hf~1LiÏ'tpj(t11&)1 
\l H (Q.."l). F~ (Qi..) l~·S) 

\ 
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We see that the "'alon-model ansatz (4.4) predicts the factorlzatlon of 

~he hadron' s CFF into a facto!" due ta the distribution of valons in R 

(KM whlch 18 nOIllallzed to eH at 02._0 ) and the CFF of the valon 1 tself 

(Fy which is nOIllalized ta 1 at Q'Z_O). The val on form factor must be 

uni versal spart from the overall charge e i (independertt of the valon' s 

flavor and of the hast hadron) because it eJ[p~e8IJ.eS the inte!nal 

structure of the valon in terme of its component partons. This 

fsctorhabllity clearly only .akes senSe in the impulse approximation 

for the inter action of the p}foton with the probed colored fermions (Fig. 

4.2) • 

J 

On the other band. there 18 no mult~plicative val on CFF in the 

amit deplcted i/).ig. 4.1. This suggests that the mechanlsm by which 

" .... ~ 
E~ (4.4) breaks down '88 Q ->_ has' to do with the gluons exchanged 

f 

between colored fermions becomlng sa hard that the Id1pulse approximation 

, 1 
fails and the very notion of a valon loses Hs meaning. Therefore. we 

cannat to calculate Fv by' any downward extrapolation scheme from 

perturb we addres8 the probl~m of finding 8 

nonpertu ative calculation scheme for the valon' s CYF. let U8 revlew 

the detenin\tion of valon diatdbutions ln hadrons from CFF' s. 

4.2. VALON DISTRIBUTIONS FROM CFF'. 

Hwa and Lam (105 J po.tulate that the L-diatribution of valon j in H 

H -shal1 be related to V· (x,r) by 
J 

L~ ()(') == J Jl? 1 ~H (J(',-;/) 

-so that V factorizes Into an x-dependent and an y-dependent part: 

\ 

( 
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where 
\. 

.",). .. 
Note that factorization in x

A 
and y i8 8uggè8ted by the fona of Eq. 

}lu ... 

.. (4.1). If one further détines the Fourier transfotlll of T·n Cy): , .... \ 

T)" t'k,) -= 1~1.; eik
.; f/ (1) (~ ~) 

one can finally expres. K,.(Ql.) as 

.. 'l" 

. Kw(t;i'J '" f t.j fL. L~ (x) lj" rOlï: .ll..,,'\& 

'or Q~hat valon. are .".ctur.l .... 'y .hou1d be oq.al 

to one and KN by it8~lf should account for the measured CFF' s. Hwa and 

Lam 8tudy ,the CFF data for P. n and the pion at Q't..{ 1 GeV2 • The ansatz 

for the longitudinal distributions is the 8ame 8S ln F;q. (3.24) for DrS. 

As for the transverse distribution of valons in hadrons, we know that it 

ta governed by confinellènt. Bssed on thia observation, Ref. [105) uses a 

Simple Gsu881an ansatz for T(It): 

With tbe pa rallie ter values l1sted in the second column, of Table 3.1, they 

obtaln a good simultaneous fit to tbe data (see Fig. 2 ln Ref. [105)). 

Furthermore. they observe r.hat the factorizability predicted by Eq. 

(4.5) can be cheeked by cancelling the uni versal val on CFF between t~e 

pioo and the-
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Por values of 0'1. up to 10 GeV'Z., the pion CPF predicted from proton CFF 

data (parametrized by the dipole approximation 

which 1s a good description of the' data up to 0'1.-33 GeV1.) agrees very 

weIl with the measured values (Fig.2 in Ref. [lOS)). therefore Eq. (4.4) 

is good at least up to 10 GeV 1 • 

In Ref. [106 J. Bwa goes on to build a "macroscopic" model for the 

valon CFF itself. Without reference to the dynamicai mechanism which 

generates thF parton distribution in a valon, he argues that the 

emplrlcally strlking universal' I-pole structure of hadronic CFFs must be 

an intrinsic property of the uni VF rss! valon CFF. Ris e ffecU ve 

expression for F" reads 

To obtain the corresponding fit to nucleon and pion CFF' s. Hwa uses the 

valon distributions as given by DIS along vith " 

T M ;'""',\ 
- L tt. } -::: 

j (~ '1'» 

to ob tain essentiall:y the aame results as had been obtained ln the paper 

[1051 (compare Fig. 5 in (106) to Fig. 2 in [l05». This underl1nes the 

compatibllity of the variou8 parametrizations and shows that. regardleas 

of the method used. the valon picture allows a good s1mUltaneou~ 

description of DIS and of charge fOfll factors. However. the I 1 channel 

has not ,been isolated in Rwa' s analysis and the global !i t to cha e 

form factors alao depends on the effective parametrizations used for the 
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1. 
valon dlstlributions. The fair quality of the fit, impl1es that there IIUSt 

he some 1-0 admixture in th1s effective, Maacroscoplc" description of 

the val,?o' s CFF. We sha11 therefore seek' a~-·Mmlcroscopic·, dynamical 

model of the internaI structure of valons. 

4.3. A MODEL OF V ALON STRUCTURE [94 J , 

We begin by expressing the val on ' .. CFF io terms of longitudinal and 

transverse parton distributions, by analogy vith Eq. (4.10): 

. 
Like Eq. (4.10), this ia justified by the fom of Eq. (4.1). Recall 

that the longitudinal distributions of charged partons ~n the valon are 

given by Eq. (3.27). We assume that gluons are sat'tfated by ,thE ocean 
1 

and take n-3. 

The Alfficult part 18, of course, to find a dynamlcelly motivated 

expression for T(p). We know-that this expresslon èannot he inferred 

froll perturbative QCD, and we expect that it should he common to the 
~ 

flavor-singlet and non-slnglet coaponents because it describes the 

geolDetry of the entire valon and does not refer to individuaJ. partons. 

Now, since our two-scale picture ls ba8ed ~the description of 

chlral-symmetry breaklng by dynamical quark mase generatlon, it 18 
• 

natural to correlate valon structure vith the moment~ependence of the 

colored fermion' s self-energy. 

Specifieally, let us use ~::<p) as given by Eq. (3.8). In transverseJ 

t 

coordinates, all structural InfoTllation about the parton distribution is 

carried by the p-dependence. We tberefore Interpret the argument of 



) 

uo 

as 'pl (a180 88suming thst the parton distribution is isotropie in 1>. 
Accordln~ to the convention for fOTm factors, we Dormalize :[(0)-1. At 

this point, using Eqs. (3.15-3.17), we can write down an explicit model 

for the distribution T(p): 

l Ipl ~ p. 
TCr> - (r: Ip' ) 

L(r> Ipl ~po 
( 4.41) '-

"' ~ 

) 
./ 

We combine this with the longitudinal distributions (3.27), 

ac~ording ta Eq. (4.16). 

In arder ta use the longitudinal distributions consistently. we must 

work with a three-flavor ocean. If we take N-3 for the number of colors, 

the parameters Band u. in Equation 0.8) cao be evaluated from their 

definitions (3.7) and (3.17): 

(~ 18) 

Ve conclude that (3.8) should indeed be applicable for not tao large 

values of p. 

To test our •• odel and to determlne the fundamental parameter Po. 

we have calculated the proton's CFF by uslng Bq. (4.17) ln Eq. (4.16). 

For K f we have Jsed the expressions gl ven by Blla and Làm (105] (the 

longitudinal valon distributions from low-Q2. CFF' s along w!th the 

QauS81an form of the transverse valoo distribution). The result for 

p.-600 MeV i8 compared ta the dlpole approximat!on (4.13) ln Figure 4.3. 

Note that ve have not attempted any systeaa~lc best fit in order to 

improve the determination of p.' because ve can already see that our 

~I 
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one-parameter model is ~y a (good) firat guess and because we have not 

compèred to actual data but only to the dipole approximation. 

We are now ln a position to explain Figure 3.2: :r(p) is plotted 

for .three values of P. and its ahape ia compared to a Gaussien chosen ta 

be numerically close to the curve parametrized by po·600 MeV. Since the 

~ <P.Ç >"1 of th;is Gaussian would 'have ta be ~ 2.6 GeV, we s.e that our 
'1 . 

distribution differs signlficantly from a simple Gaussian 

representation. !ts detaHed shape crit1cally determines the arder of 

magnitude of the valon size parameter. 
L 

î 
1 

Another essential test of our model ls the calculation of the pion 

decay constant f~. In Ref. (105) Rwa and Lam have argued that one can 

relate ffrto the transverse-momentum distributions of valons in the pion 

and of partons in the valon, by the following formula: 

By uslng our expression for Tep) t we obtain fr?-87.8 MeV for p 0.600 MeV 
'1 

as compared to the experi.entai value of 93 MeV. 

4.4. DISCUSSION 

Ve conclude from these results that our model seems to be 

phenomenological1y reasonable for p. of the order of 600 MeV. Within 

the approximations whlch define our model, p. ia the on1y parame ter 

governing the Bize of a valon. By Eq. (3.16), it 18 related ta pc, which 

in turn corresponds to the cdtical QCD coupling for ,t.SB. po ls 

therefore an expression of the fund&llental scale parlUlleter A,a:> ... A '" . 
Most illportantly, note that po 18 of the order of 2M ao that the 
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two-sca1e picture based on the Hartree-Fock approximation does make 

sense (see Chapter 3). The nomerical value for Po is in roug~ agreement 

with Po1itzer's estimate that M~- M at a momentum sca1e of 2M (first 

reference under (91) as weIl as ~~h the usua11y emp10yed value of the 

"priaordial" average transverse moœentum of partons participati~g in 

bard coll~sions (massive lepton-pair pro~uction; large-PTreactioos) 

(115). 

By studying the CFF problem, va have also solved the problem of 

relating 2Jp) to K~(Qt.). Indeed, ,since Fv(QfJ.) is generated by ~(p) 

and the same must he true. by definition, for M.t,a(Qt..), these quantities 

should be proportional. The factor of proportionality must he K beoause 

( t,·2.0) 

In this context, it is interesting ta compare an expression used by 

Cornwall (92) to calculate f~ from the effective propagator of a 

conflned constituent quark: 

~} + 6(.t 

vith the effective expression of the valon'I CFF wrltten down, by Rwa 

(Eq. (4.14». Cornwall also sets the scale by the rho ma.1 and obtains 

the experimental value for f". for K- 340 KeV. This tend. to conflt'111 our 

conclusion that bott M.y'" and Fv are generatad by ~(p). 

o 
The aain shortcoming of our one-parameter model (as vell a. of 

Rwa's effective fit ln [106]) is that the CFFs go too hlgh as Q~ 
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inereasea. To atay cloaer to the data we ahould decreaae p - but the~ 
the CFF goea too lov for lov Q~. Od-~he other hand, if we :anted to ~ 
i.prove ~ur nuaerical value for f", ve ahould increaae p.o We auat 

eonelude that our T(p) needa iaproveaent- one par ... ter i8 not enougb 

beyond a good firat .pproX1.atlon~ fact, th1s situation lends 

.upport to the id~a that the aechani •• vh1ch leada to the breakdovn of 

the approxi •• tion (3.8) for ~(p) as p»p au.t he identieal to the one 
• • 

vh1cb •• tea the notion of a aultiplicative valon fora factor Inadequate 

~ at bigb,Q 0 What la needed ia, of courae, a rigorous calcula tian of 

2:(p) at all P, directly fro. the QCD Lagrangian. This could he done, 

for instance, by calculating the (appropriately defined) quark 

propagator in full lattice QCD vith dynaœ1eal feratons as a function of 

the inverae coupling. In conjunctlon vith the extraction of the 

nonperturbative Callan-~yaanzik function froa, say, Monte-Carlo 
,1 

renoraaliEation group 'tudies, this vou Id ..aunt to a calculation of 

~(p) in lattice QCD. 

1 
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CRAPTER 5: BADIlON AND V ALON MATTER POR.M PACTORS 

5. 1. ELASTIC HADRON-BADItON SCATTERING AT ~IGH BNERGIBS 

We pursue our progr .. by tuming to the study of the "gluon 

aicr08CoPY" of hadron structure, vbich 11'8 have argued to be revealed in 

hadron-hadron acattering. ~he elastic channel obviou8ly contains the 

.ost direct Infôraatlon about the structure of the colliding hadrons. 

Ela.tic RH scattering i. a field of the ut.ast historical 1mportanee in 

hadron phy.ic8 (116J, where a huge body of data and a wealth of 

phenoaenological models have accumulated but wh! 

succesafui connection to QCD. One of the fundame tal facts whicb have 

been eatablished in long years of study i8 that he relationship of the 

me8sured observables to hadron structure becomes simpler and clearer 8S 

s, the c .m. energy squared of the collision, increases [ .. 16 ~YÙ] • 

Consequently, we"shall be concerned vith "high energles~. More 

specifically, va shall analyze differential cross-section (dcs) data 

taup ln pp scattering st the CERN rSIl for fi between 23 and 63 GeV and 
.... 

-t-Q' up to 10 GeV I , in pp scattering at Fermilab (PHAL) for rs.{19,28) 

GaV and -t up to 14 GeV"l., in Ir·p scattering at PHAL for ra:- 19 GeV .nd 

-t up to 10 GeV~ and in pp scattering at the CBRN SppS for ra- 546 GeV 

& -rd -t (at present) up to 1.5 GaV. As an output of out study, 

predictions will emerge for the dcs to be'measured at the SPpS for 

1. ' larger Q and f0f, the a-dependence of elastie scatterieg observables. 

In the energy range under study, the following aas~ption8 are weIl 

juatified by their reaults [118): 
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1. Asymptotie Pomeron doainanee is valid: 

:IMr 
where H will be p or "- in our applications. , 

2. The analys1s can he performed in teIlls of only one, 

predominant!y imag1nary (absorptive) spin non-f!ip Bcattering amplitude 

f{s,t). As ve sbal! see in more detail belov, the real part of f(s,t) Is 

lutomatically generated from Im f by the even Grossing symmetry of Bq. 

~(5.1). • 

3. S i8 higb enough that the impact-parameter formalism la a 

consequence of partial-vave analysi8. 

This formalism i8 the natural framework for connectlng 8cattering 

observables (the amplitude f) to the structure of the co!liding hsdrons 

[117-126]. Let us collect the formulae relevant to our tasks. The 

elastic differentia! cross-section (dcs) is re~ted to the elastlc 

amplitude f(s,t) by 

(S·l) 

"' 
f(8,t) can be represented a8 the Pourier-les.el tran.fora 

(twc-di.ensional Pourier transfora)' of a quant1ty b(s.b) called the , 

"elastic profile": 

/ 

(S·'1) 

- , 
(this fol~ovs fra. pàrtial-wave analysie if 8 is high enoug~: Assomption 

-
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3 above). The optical theorem reads: 
....--_J 

/ 

~+~ (~T -= 4rr T~ 1(1,6) 

By uni tari ty ln b-space. ve must have for any s: 

t!'l~+.f. 
'l, P 

t4 1G"d J!\riM!:l "1.t - .11.. =e -+ 
el1t 

vhich ls ~quivalent to 

(S·ç) 

Tbe quantity G(s.b) defined by (5.6) ls called the "lnelastle overlap 

function". Assumlng it to he purely laaginary. one can solv~ (5.6) for 

the elastic profile: 

( ~ '1-) 

The subscrlpt re.lnds us that tbla la an approxlmate solutIon. obtained 

by neglecting the rea! part of h. The positive root to the quadratie 

equatlon (5.6) 18 ruled out by the requlrement that G be continuoua and 

vanlsh at large b together with h(s,b). lt is eustomary to define the 

"eikonal" .n(e,b) from h.(8.b) 

(S'8) 

In ter1ls of G: 

;p 
The full cmBplex amplitude can Je obtalned from fo.'h.\ by Impos1ng 

ASluaptlon 1 above (cros.log-even .ymmetry): 

.. 
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Equlvalently, the relationsh1p between the full elastic profile and h 

18: 

t. " '1 

5.2. BADRONIC MATTER FORH FACTORS 

The classical connection between elastic scattering and the 

structure of the col1iding hadrons, pioneered by Chou and Yang CI 17 ) , 

consists in building models of the eikonal Jl(s,b), in principle 

8tartlng from some quantity related to the intrahadronic matter 

d!stributions. In general, such "geometric" models assume that the 

elkonal of the reaetlon AB--)AB is a funetion of the eleetromagnetic 

form factors of the hadrons [117,120,121J: 

Stnee electroaagnetie for. factors on1y de pend on the variable t. the 

s-dependenee must neee8sarily faetorize ln aIl such models. lt turns 

out, hovever, that th18 faetorizablilty conditlo~ ls too 8 

aeeomodate the observed dependenees of quantitiee llke the 

total cross-section and the ~ward logarithaic slope on sand t [119J. 

ln order to fit the data, the funetion ~ in (5.12) must actually de pend 

on 8 a8 vell a8 on a hoat "flf ad-hoc parallleters and factoU [120-125). 

o 

To us, thia failure of the 8imple connection (5.12)' seeme hardly 

surprielng, hecause ve see no reaeon why the dynaadcally excited matter 

distributions in the overlapping hadrons at higb c.m. energies should be 

. ..... 

• 

.. 



, 

, 
? 

118 

be identical to the static charge distributions. If lepton-hadron 

elastic scattering defines the electromagnetic form factor of the / 

hadronic target, then hadron-hadron elastic scattering must be expected 

to define its own "matter form factor" which should, in principle, 

de pend on the two hadrons involved as weIl as on the s-value of the 

collisien. We define this matter form factor (MFF) as [108,109] 

t~·I'S) 

and, wtthout imposing Any a priori theoretical constraints upon it, 

extract it from the differential cross-sections measured in the 

experiments quoted in Section 5.1. Concerning our definition Eq. 

(5.13), note that the so-called HFF actually has the dimensions of a 

sc~g amplitude. Hy analogy with CFF's, one can normalize HFF's to 

unit y at t-O by redefining 

The two definitions should be physically equivalent at fixed s, but in 

order to analyze the s-dependence of HFF's one must use (5.13) because 

any factorizable contribution F(s) cancels out upon normalization. 

We have used two methods to extract the (normalized) MFF from the 

differential cross-sections measured in pp elastic scattering in .the ISR 

range [108]. The input to the firet is the tabulation of G(s,b) at the 

five ISR energies by Amaldi and Schubert "!7~ We transform to eikonal 

values according to Eq. (5.9), performing a n~ cubic 60-node 1Ipl1ne 
" 

"" ' at each energy. Then we extract Ktf by Eq. (5.14), usinfa 

doubl~-precision 32-point Gaussian quadrature between Bessel-function 

zeros. The results for four ISR energies are shown in Fig. 5.1. We have 

... 
r 

.< 

• -(r 

• .. 
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not included the top ISR energy because the resulting HFF had violent 

oscillations, probably due to several questionable data points signaled 

in [126J. This numerical method can he trusted only up to -t~ 5 GeV~. 

To do better, we fit the pp dcs measured at the ISR for fS-52.8 GeV 

" [128J and at FNAL for PlA~-400 GeV/c and large -t (129). Taking data at 

very large -t into consideration improves the numerical Fourier-Be8sel 

transforme Generalizing a form used in Ref. (118), ve set 

) (!,i: ') ":: L. i-" Aj ~ ~) t 
~ j-:::f 

( S-.''S) 

vith J-5. A, and Bj as obtained by using the CERN-MINUIT fittlng routine 

are listed in Table 5.1. The fit ls shown in Fig. 5.2.~e perform the 

Fourier-BesBèl transform of the eikonal obtained from <j.lS) and get an 

inde pendent extraction of the pp HFF at (approximately) fi-52 GeV. The 
(-

extracted HFFs at that value of 8 by bath methods are compared in Fig. 

5.3. 

Note that Method 2, whicb should he reliable at large -tt reveals a 

!DOst strik1ng feature of the pp HFF: 1t' bas a zero et Q'l. '::5.65 GeV~ and 

then remains negative. This had been observed before (120,130). 

, Let us now use Method 2 in order to extr.ct the n'p HFF froll thé 

dlfferential croBs-section lIeesured et PHAL (p~-200 Gev/c) [131J. We 

co.pute d~/dt at t-O from the total croBs-section given in Ref. (132). 

With a four-exponential fOrll for the scattering amplitude (J-4) we 

ob tain the dashed curve in Fig. 5.4. The fit to the rr-p different1el 

cross-eection i8 shown in Fig. 5.5 and the corresponding values of Aj 

and Bl 
the MFF 

given in Table 5.1. We see that the occurrénce of a zero in 

- for this reaction st this energy, it 18 at 
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Ql. ':;; 8.5 GeV\ We may sùspect at this point that tbe presence of the MFF 
>; 

zero has to ~o with the absence ~f further diffraction dips in our flts 

to the dcs. Indee~. let us replace our parametrlzation by the following 

form used-by Lai et ~l. (133): 

(their coefficients are reproduced ln Table 5.2). This &Mounts to 

~nterpreting the data point at -t-9 GeV t as a second dip. The resulting 

extraction 18 almo8t identlcal ta ours ln the Q~-range shown ln FIg. 5.4 

t 
but staya positive up to Q -20 GeV • 

The preceding results definitely suggest that MFFs explicitly 

depend upon 8. However, as ls'apparent from Fig. 5.1, there is no clesr 

trend in the s-dependence over the narrow range covered by the ISR. On 

the contrary, we may expect a well-defined change from the ISR to the 

SppS. Let U8 therefore proceed to the extraction of the pp MFF 

correspondlng to the data collected up to no~ by the UA4 collaboration 

at the CERN SppS llQ9J. Their elastic dcs data [134,1351 are 

o repreaented by the full dots in Fig. 5.6.' We ahal! use the followtng 

parametrization of f.(t), ba8ed on the UA4 fits of Ref. [135} 

11.'S e ".'i:- D ~ IH ~ D·ifS 

I~ ~.(t) =- 1~ . ~t,.(..1·ft 0·1 S" ~ Il: 1 !5 () .'l " 

1o'1lj e'·lt O·U ~ If:( !E" o·'Ç 
(S'!=r) 

'L 
For Itl~o.5 GeV we take [119,1261 

::- ~t. r O. ~o11~.eLe (~'5 ·c.-ç(f-t.) +.ti1 +l'1a-~)) ] 
( Ç·iS) 
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vith -t -0.81 GeV~. f- rr-o.39 and 9-0.13. We calculate the 

corresponding#(normalized) MFF as in Hethod 2 above. The results are 

represented by the dotted curve in Fig. 5.7. This extraction can only he 

trusted up ta roughly 1 GeV 1 because the dcs has as yet only been 

mea8ured up ta -t-I.S GeV~. We have verified by explicit computation 

that the MFF for -t~ 1 GeV 1 18 unsensitive ta the changes in Eq. (5.18) 

which are required in,order to fit the newest UA4 data (third paper 
..... 

under [135]). 

To make a Btatement aoout the HFF at larger Q~, and most 

Importantly about the occurrence of a zero, we must thus rely on some 

prediction for the des at large -te By Assumption 1 in Section 5.1, the 

pp and pp MFFs at the same (high) s must be identical, therefore we ean 

perform a simultaneous fit to the measured SppS des and to the pp dcs at 

(8-52.8 GeV, using the Short Range Expansion (SRE) ansatz [118,129,1361 

for G(s,b): 

GI$,\.) -= Pe-';;;/~R t. t .. (1~' t.~.k -r11.)l/lfE·t 

This is an expansion of G(s,b) around a Gausslan form, in terms of the 

short-range variable (he -(1 .... )\/48) ; the argument of the power seri~s 1s 

chosen such that its maximal value be unity. Given the simpl1fylng 
'1 

assumptions that r 18 constant and J'f-/1 /4 [136J, a slmultaneous fit to 

the des data at two c.m. anergies determlnes a well-defined evolutlon of 

each of the three remaining parameters vith the inerease of s. Setting 

y-lnt(s/s.) with so-100 GeV one writes 

'-'of c.y 
1-f' (.7 
d+t.../ 

-= ft s/ 
'r 
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as discuB,.sed in the Bern t alk of Ref. [136 J and in the Syracuse talk of 

Ref. [119J. The MINUIT fit to a selected set of data shawn in Fig. 5.6 

1f! obta1ned for the parame ter values l1sted in Table 5.3. 

The errors on these parameters (corresponding to those of the 

fitting routine) induce errora in the corresponding HFFs. In Fig. 5.7, 

the full curve corresponds 1..0 the lowest value of B( ~-546 GeV) 

compatible with the fit and the error bars show the effect of the 

uncertainty in the SRE parameters upon the extracted MFF. We have 

represented this curve (inatead of the one cotresp~ing to the central 

values of the parameters) because it coincides with the direct 

extraction (dotted curve) up to 1 GeV'l.. and clearly shows our prediction 

for the HFF at large Q1., ~orresponding to the dashed curve for the dcs 

in Fig. 5.6. We note thst our predicted S"ppS MFF has a zero at Q'L ~3.2 

GeV"l... 
\, 

Finally, let us note that, once having adopted a parametrization 

such as (5.19,5.20) as s trustworthy representative of the data, we can 

generate the HFF at inter'mediate (as,.yet unmessured) values of s. We can 

thus diBplay the motion of the zero in the MFF from ISR to SppS 

energies. The result of this ~xerclse is shown in Fig. S.8b. Fig. 5.8a 

displays the normalization function F(s) defined in Eq. (5.14). Error 

bars are again induced by the parameter uncertainties listed in Table 

5.3. Sl1ghtly larger error bars are obtained if we compare different 
, 

versions of the SRE/BEL analysis: one which gives a detailed description 

of the ISR regime and yet another one which 1'!..7specially deslgned for 

the analysis at very high energies (the SSC and beyond) aince it 

explicitly satisfies unitarity at asymptoU'cally large s by saturating 

the edge strength lZ(Y) with an anal y tic form simhar to that for pey). 
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We find that this does not affect the conclusions we draw from Figures 

5.8a and 5.8b. namely that F( s) is very weIl described by 

and that the zero in the HFF decreasés in a very specifie way as s 

increases. 

The question arises whether the decrease of the zero required by 

~ 

tlle SRE foraalism also takes place at Idw s (in the ISR range and 

below). where the quality of the data is not sufficient to aHow thé 

extraction of a clear signal. We ha~e performed an SRE extraction of the 

pp MFF at PlA\. -400 GeV/c and have f~~ ~~ zero at c:: 6.02 GeV'1.. 

Together vith our observation that the rrp MFF at p-u- -200 GeV/c has ils 

1-zero at 8.5 GeV • this tends to confirm tha't the MFF zero decreases with 

the increase of s also at lower energies. However, Fig. 5.1. seems to 

indicate that. in this region, the relevance of the motion 1)-f the MFF 

zero for the des 1s oversbadowed by Regge effects. 

5.3. MFF's IN THE rwo-SCALE PICTURE 

We shall now try to undersliand these empirical facts starting from 

our two-scale picture of hadron structure. Let us assume that we stay 

below the deconfinement/chiral-s}'llDetry restor4tion threshold for .aH 

a-values under study. It follows that the confinement mechanism acts 

upon valons in the seme way at all .s. so that the matter distributions 

of valons in tpe1r host hadrons only dApend upon Q7-. We write [109,137) 

This 18 obviou81y a generallzation of the Eq. (4.5) for charge form 

~--------------------------------------~_ .. ----
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factors. The "reduced MFF" V(s.Q"l.) describes the elastic scattering of 

two valons, one fro1ll each hadron, at a c.m energy squared of i-x.+x/f. 

The existence of a multiplicative valon-valon MFF must alain he 

considered as a low-energy approximation which should break down when 

bard gluon exchanges between partons become important. 

" KA stands for the matter distribution in hadron A in terms of its 
,.. 

component valons and K& denotes the corresponding distribution in hadron 

8. These are easlly obtained from the distributions extracted from DIS 

or from CFF t s, by, weighln~ the contributions from various valon flavors 

by the number of such valons in the hoèt hadron rather than by their 

charges. We shall use 

Kr ()()l) -= ~ii tnk) = ~ [2l~ ex1TJ (k)+L~()( )T»f(k)l-\ -» 
r Jk=U-Jt~ 

- L lT~) Tri lI) \k~(1-Jt)~ (S·23) 

wi th \he coefficients marked by an asterisk in Table 3.1. 

,. 
While the Kt s afe thus completely de te~ned. we don' t know much 

about the reduced MFF. From our DIOdel of the static parton distribution 

in a valon we may. however, expect that the scale À): should again play 

an essential raIe. We have seen in the preceding chapter how thls scale 

determinea the momentum scale at which a valon is full y grown -

equivalently, the spatial size of the valon: lt 18 also related to the 

momentum scale at which the notion of a valon' fona factor becomes 

Inadequate. We shall therefore Interpret the emplr1cal zero ln the MFF 

as a manifestation of A~ and as a measure of the relative size of a 

va10n within 1ts hosto In other wards, as the s-dependent 
J 

generalization of the resolution Beale Q;-. lt i8 natural that a ecaie 

Il 
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of Q"L should run vith Si this corresponds to a "scal1ng" Iaw between Q'2. 

and s which phy~ically means that .a given resolution with the gluon 

microscope can be ach1.eved by varying ei ther s or Q\ The decreae~of 
, \ 

the position of the MFF zero with growing s 18 then intuitively \ 

understandable: the higher s 1s, the Iower need Q'3. he to bring the \ 
complicated internaI dynamics of the colliding valons into play. 

If this Interpretation 18 to mate any sense in the context of Eq. 

(5.22), we must show that the relative size of a valon compared to its 

hos t does not depend on s. Let us take -t , the pos1 tion of the single 

zero in the pp or pp elastic amplitude f(s,t), as an indication of the 

size of the colliding' hadronic system at a g1ven s. Then the radii of 

the VV and of the pp systems are in the ratio 

At fS-52.8 GeV, we 

the SppS, -t}'Q.a 

(S-·24) 

,.. '2. "1.-.. 'l. .... 
have -to-l.3 GeV and Q. -5.65 GeV so R- O.48i at 

$ 

GeV'" and Q~':3.2 GeV2. therefore R::0.5. We conclude 

that the VV system etays roughly balf the s1ze of the pp system while 
l 

bath grow by a factor of ~1.7 hetween ISR and SppS. These findings are 

\ 

qualitatively compatiole vith what ons would expect from the increase of 

6M ( s) or by using the forward dopes of the pp and VV amplitudes a8 an 
, 

indication of the relative slzes. Equations (5.19) and (5.20) imply 
/ 

that the proton becomes Blacker, Edg1er and Larger (or "BEL") as P, ( 

and B 1ncrease vith s, respectively. The above discussion thus suggests 

that the evolution of the shape of the proton 1s driven by the evolution 

of th~ shape of its consti tuent quarks. The same exerclse, applied te) 

the n""P system (see Figs. 5.4 and 5.5), reveals that the ratio ls 

approxillately 2/3 in that case. This 111, of course, in agreement with 

the fact that the (Goldstone) pion is a very tightly bound atate in 
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wbich the constituent quark and antiquark overlap signific~nt1y so that 

the fi!ling r.tio is large. 

Now let us note that the two-scale picture also requires the 

presence of a purel,. s-dependent factor in the HFF. As we have mentioned 

in Section 3.4. one can ~nly define the color and the spin projection of 

a valon in the average, because they are perpetually changed by randolll 

em1ssion and absorption of "wee" infrared gluons. Like in QED (see 

Section 2.2) there must be an infini te cloud of such wee gluons 1Ilixed in 

vith any Fock states containing valons at any stage of their 

~ 
Q -evolution. It has been known for a long Ume (138) that wee gluons 

contribute slgn1flcantly to the rise of the total cross-section vith 

increasing s, so the collision of these clouds should have important 

effects on the MFF, but their contribution should not depend on Q~. 

The presence of a factor of the fora 

(S-1S) 

has long ago been argued to be a generaI consequence of field-theoretlc 

models vith soft infrared quanta (139). In fact, these arguments 

underlie the s-dependence of "factorlzable-eikonal" (FE-type) geometric 

model. (Eq. (5.12». The value of E. for QCD has not been ca~culated by 

field-theoretic considerations, but, as in a11 problems involvlng soft 

Infrared quanta, one can only expect an effective value obtained from 

phenomenology. 

This seem8 therefore a natural physlcal explanation of the functlon 

F(s) in the e.pirical HF'8, and Fig. S.S. 1. a lurprilingly good 

confirmation of Bq. (5.25) with f. ': 0.105. Thil value for e is 
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consistent vith the estimates ~f FE modellers [120,123,139]. 

The tvo-scale rticture thus 

can further be written as 

" 10Plie, tbat the factor V in Eq. (5.22) 

(s·u) 

where F(s) Is of the form (5.25) and G ratures an :-dependent zero in 

Q1. • 

5.4. MFFs IN THE VALON MODEL 

The present status of nonperturbatlve QCD does not allow any direct 

derivation of W(s,t). We are therefore compelled to use certain 

simplistic guesses and assumptions in any attempt to go beyond the 

purely qualitative discussion of the preceding section. Observing that 

the simplest aosatz for a form factor wblch has a zero in Q&, vhose 

value also determines the effective size of the corresponding matter 

distribution (cf. Eq. (4.14» is 

A 
ve employ this as a simple model for W. Bq. (5.27) vith s-independent 

parame ter values has been written down origioally by Bourrely et al. 

[119]. 

To test the valon-model description of MFFs at some fixed s for a 

'1 1. A 
ghen reaction, without knowing the function a (s), .ve might approximate 
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-a,,<x,.,Q'L)- 1 (XH-XN )K,.(Q"I.) wlth XH appropriately defined for each 

hadron. Indeed, in this approximation Eq. (5.22) reduces to a fact'orized 

expression: 

(S-lf) 

" 
where 

o 

For pp scat te ring at .fe-52. 8 GeV we use the appropriate valon 

distributions from Eq. (5.2;3) to generate te, and t upon +lng a" to the 

observed Q; at that en(>rgy, we obtain the dashed-dotted curve in Fig. 

5.3. We repeat this exercise for the SppS HFF (with 2-
a - 3.2 GeV'l) and 

obtain the dashed curve in Flg. 5.7. A result of the saille quality 18 

obtained for the rrp MFF (this valon-model curve la not shown in Fig. 

5.4). These approximations are quite good, considering th~t there ls no 

free parameter (the coefficients in the t-distrlbutions are 

Independent:ly determlned and a" Is constrained to coincide with the zero 
\ 

in the MFF). Obviously, one could improve them "esthetically" either by 

untying At. from tbe value of the zero te come closer to the positive 

portion of the MFF (we have done thls st 52.8 GeV and obtained a close 

reproduction of the full curve in Fig. 5.3 for a~-7 GeV") or by 

redetermining tbe coefficients in the valon distributions ta givè'the 

best fit to the HFFs at aIl energies. HOWéver, such procedures would not 

bring ua any closer to the solution of tbe real problem, which i8 the 

calculaUon of the true ~(a,t) from nonperturbative QCD. In this 

interpretation, Fig. 5.8b displays the dependence of a% on s (not o.n ~) 

which corresponds to BEL phenomenology. 



! 
1 
i 

• t 
f 
t. 

r 

129 

The fac:torlzed expression (5.-2B) Is of course unable ta describe 

A 
the s-dependence of the MFF al' to correlate HFFs for dlfferent 

reacUons. In partlcular. if we try toC reproduce the valon-1llOdel 

predi'cUon of the trp CFF frOIl the pp CFF in the case of matter fora 

factors, by computlng 

k7l"" -Kr 

we obtain t'he solid curve in Fig 5.4 which actuaHy is a quite good 

approximation ta the empirical dashed c:urve up to near' the zero in the 

pp MFF (5.65 GeV'2. as opposed to 8.5 GeV2. for the dashe!i Jrp HFF). Ta 

understand this result, note that Bq. (5.22) implies the nistence of 

"equlvalent energies"Fs at which Bq. (5.28) could indeed he used ta 

correlate the HFFs for reacUons AB-)AB and Co--)CD. Fig. 5.4 

indicates that, due ta the shape of the valon distributions in pions an1i' 

protons,ra ~19 GeV 1& not tao far froll the II'"p energy which would be 

equivalent ta a pp c.m. energy of 52.8 GeV. In fact, if we calcula te the 

pp MFF by applying Eq. (5.30) to the ellpirical tr'p HFF, ve obtain a curve 

which is nearly the median of the HFF'. over the Q'l-~ange shawn in Fig. 

5.1. '{ 

We conclude that, e'7en vith the subsçanUal sillplifications forced 

uyon us by our lack of knowledge of the nonperturbaU'lTe valon-valon MFF, 

the valon model provides tàntalizingly cl08e approxillations to the 

ellplrical MFFs. 

5.5.D~ 

We have shawn that our two-acale picture of hadron structure, when 

.. 
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suitably generalized to the dyn8lllicai excitations produced in 

hadron-hadron scattering, provides us with a qualitative understanding 

of the essential features of the KPF's extracted from pp, pp and np 
elastic differential 

requirements imposed 

are compatible vith 

cross-sections at varlous values of s. The 
\ 

by the anlllysis' of valon-*sfon elastic scattering 

the "BEL" effect whlch bas ~en convinclngly shown 

to characterlze a11 aspects of elastic hadTon-hadron scattering froll ISR 

to SppS and beyond rt~9,136). The SRE analys18 improves upon the 

perforaance of both geometrical scal1ng (GS) and FE models, whose 

s-dependences can be vlewed as tao restrictive particular cases of BEL 

behavior. lndeed, GS, hadrons only become larger as s Increases, whl1e FE 

hadrons become excessively black at the expense of an insufflcient size 

Increase which causes too sma11 an increase of the forward logarithmic 

dope of the dcs as a function of increasing s. We have seen that the 

two-scale plcture also 1eads to an MlF which is reœinlacent ôf FE modela 

(the factor F(a» but which at the same tlme features a scaling 

co.ponent embodied in the function ."(s). This scaling expresses the 

requireaent that the confinement mechanism must act in 'the same way st 

al! 8, even though valons expand as s increaaes. TbJs, the she of the 

overlapping valon-valon 8ystem relative to the overall hadron-hadron 

system appears to he s-independent for a given reac l lon (approximately 

1/2 for pp, 2/3 for If"p). 

The relationship betveen the t:wo-Icale .ode! and other geolDetric 

aodel. of elastic hadron-hadron acattering can ,be aeen by noting that 

the latter can he cOQa1,dered a. particular casee of the generic fora 

whlch 18 the factorlzed approximation to our Eql. (5.22) and (5.26). 

,. 

\ 
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The nev "edgy" version of the Chou-Yang model pa~ametrizes the eikonal 

&s [122J '.' 

(5'32) 

Upon Fourier-Bessel transformation, this will yield an expression of the 

fom (5.31). 

.' 

Chiu [124J writès 

H(s,t) -:::: i. K (Etc&:rr!z)G br [:- B (lt -ey(f2 -1] 
B = \0 0 ", ~, [.t...( f/Ei ) - irrh] j E"f = {~OOGt-V 

(ç.~~) 

with E-s!2.p' His p-.rêiJlletrizatlon of W(s,t) does not have a zero because 

it does not apply for 1 tl ~ 1.2 GeV~. 

Glauber and Velasco (125) analyze the small-t SppS data using 

with G, given by various parametrizations of the proton'. electric fom 

Q factor at small 1 tl • A future extension of their aodel to variable s 

and to large -t would presumably also lead to the fora (5.31). lndeed, 

if we too reBcriet our analysis to sma11 -t data, we see that, aince our 

a'l{s) increases from SppS to ISR, the1r equivalent pa~8Jlleter in tf<t) 
has to follow sui t, a fact! which these authors" preliminarily report. 

Thelr f(t) wou Id thus becoae s-dependent, like the factor W(s,QI.) in 

Eq. (5.31). 

Bourrely, Soffer and Wu (BSW) still uae a purely FE-type ansatz 
; 

(ç.gç) 

, 
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The presence of the HFF zero enables the. to analyze the large Q1. reg10n 

but its lack of s-dependence leads to the aforementioned, generic FE 

problea vith the forward logarithmic slope. However, ~t ls 1nterest1ng 

to note that the siaultaneous BSW fit to ISR and SppS data reported in 

Ref. [123) requires at.: 3.8 GeV"', wherea8 their previous fit to ISR data 

alone required at.;5.1 GeV ~ [119 J • 

We conclude that our model embodies the data-reproducing features 

of other mod~s while explaining them in terms of fundamental 

characteristics of hsdron structure. The hope ls, of course. that we can 

estab1ish valon-valon scat tering as the nonperturbat1 ve dynamics behind 

BEL behavior. Recal! o~i suggestion in Section 2.5 that one might obtain 

a scaling law between s and Q~ by studying the deconfinement temperature 

for various values of the number of lattice si tes in the timelike 

direction. In this context, It is interesting to compare Figure 3 ln 

Kripfganz's report on the work of Kennedy et al. [58) to our Fig. 5.8b: 

the right tendency seems already to be seen ln pure-glue lattice QCD. 

Once a1.(~) were known from many more su ch measurementa, performed 

in full lattice QCD vi th dynam.c.al fermions, one 1II1ght try to use ft in 
,. 

the sillple W given by Eq. (5.27) to calculate the G correaponding to 

M(s,t) as given by Eq. (5.13). Hopefully this ~nelast~c overlap function 

would then be describable by an SRE vith parameters close to those 

presently imposed by phenomenology. A more ambitious project woqld be 1:0 

calculate the "true" O(;,Q~) by latt1ce QCD, generalizing the r180rous 

version of the computation of '1:( p) • 

7 
., 



133 

CHAPTER 6: INTERQUARK AND INTERHADRON POTENTIALS 

.. 
6.1. THE QQ POTENTIAL IN THE rwo-SCALE PICTURE 

./ 

In the preceding two chapters we have used the valon model to 

explore the phenomenological implications of the two-scale picture for .. 
lepton-hadron and hsdron-hadron elastic scattering. The valon model, 

however, has nothing to saf about the confinement mechanism itself -

confinement is imposed at an effective level by the parametrizations 

chosen for the valon distributions in their host hadrons. We recall from 

Sections 3.3. and 2.3. that the main problem concerning the confinement 

mechanism has to do with the importance of vacuum domain fluctuations at 

A. -1 
distance scales > "e... To apply the two-scale picture to this problem, 

we have to explic1 tly parametrize the eff.!!ctive theory of interacting 

valons and pions which describes hadron structure at resolutions lover 

than Az. 

/-----_...-'~ 

Bag modela [20-22 J and poten tial modela [5. 19) are two broad 

categories of phenomenological descriptions of th1s resolution region. 

As we have already lIlentioned, the potential picture differs from the 
~ 

"classical" ba.s models by the Interpretation of A,. In the latter type 

of models, confinement is "sharp" in that l/Ac.. ~ 1 fm is a cutoff on t~e 

possible hadron radii. On the other hand. unboundedly rising potentials 

allow for arbitrarily large ms radii of (exc1ted) hadrons, sa that Ac. 

has a probabil1stic Interpretation. Color screening by dynamical quarks 

(Section 2.4.) can be expected ta limit the possible bound-state rad11 

in the potential model, while the inclusi~n of pions could in principle 

lIodify the characteristics of bath modela. 
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Iî An itaport ... nt effort is being made in the literature to combine the 

bag model with the existence of Goldstone pions [21,22,24; lB]. The 

problem is a compl1cated one and requires the use of ingenious 

analytical techniques. No definite conclusions about the confinement 

mechanism (the large-scale structure of QCD vacuum domains) have been 

reached 88 yet. The spectroscopy of all such modela is only qualitative 

at present. On the otper hand. we have seen in Section 2.4. that the QQ 

potential can be rel.,Uvely easily calculated from lattice QCD, both in 

the presence and in the absence of dyoamica! fermions. lt 18 well-known 

that even flavor- and spin- independent potentials (flavor-dependent 

masses are parametera of such models) can give a surprisingly good 

description of quarkonium spectroBcopy. As we have explicitly seen 1n 

the model described by the effectb,e Lagranglan (2.13-1), which leads ta 

the potent!al (2.135), such models automatically incorporate the effect 

of long-wavelength fluctuations. Therefore, it seema more 

stra~ghtforward to incorporate pion effects into the potential-model and 

ta explore the phenomenologic.h consequences of this modification. 

Let us tirst reformulate the poténtial picture accordlng to the 

two-scale idea 1140 J. V(r) acts between flavor non-singlet "valence" 

current quarks. It should amount to an effective. low-resolution 

description of the flavor-independent structure of the valons formed 

around the parent valence quarks by JSB. of the color interactions 

between these constituent quarks and of their interactions with pions. 

,If the flavors of the valence quarks are heavy enough (f- c, b) V(r) can 

be used in the nonrelativistic Schrodinger equation to calculate hadron 

masses i for light flavors a relati vistte waye equation would be req,ired 

[141] • 
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Thus. some of the effects of dynamical sea pairs - those related to 

their dressing up the valence quarks to form constituent quarks - are 

absorbed into the definition of the color string !tself. On the other 

band, dynamical pairs can also screen the valence quark and antiquark 

from each other and thereby lead to the saturation of V( r). In the 

language oi fluctuating color strings, this phenomenon can be 

represented as a competition between stretching the string out further 
) 

than a gi ven r and the al ternati ve of creating a valence quark-antiquark 

pair out of the vacuum, sa that the original string ls replaced by two 

strings of length r: one connecting the original quark to the new 

antiquark and the second one connecting the new quark to the original 

antiquark. If r is large enough the second alternative would become 

energetically more favourable and very long strings would he suppressed. 

Therefore V(r) would not increase indefinitely but reach a constant, 

Unite Um1t for r--~. We have Introduced a possl.ble parametrization 

of this effect in Eq. (2.153). Note that the Schwinger-model description 

of screening can also be viewed as a "decay law" whlch governs the 

suppression of long strings. We shall now try to Incorporate pions in ta 

Fhe model leading to Eq. (2.153). 

We have interpreted the string fluctuation field ~ as an effective 

strong-coupling description of the structure and color interactions of 

constituent quarks. To Implement our assumption that this effective ... 
theory is vaUd at resolutions lower than A", the ')-field must also 

interact with pions. 

Let us co,nsider the fluctuating-string picture ta hold in a ce:rtain 

reference frllJle where' the two-dimensional transverse fluctuation vector 

=s i8 defined. However, we postulate that the description of the hadron 

Il 

-
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ln terms of string fluctuations holds in any reference frame so that 

can be "extended" Co a four-vector r. . ~'the other hand, pions are to 
'r " 

he considered as scructureless elementary fields U (they must not be 

replaced by cheir internaI string-fluctuation field) and shaH .>e 

defined as che Goldstone bosons of ,~SB. These requiremencs can be 

satlsf1ed by considering 3 aB a masBless "gauge field" exchanged 

hetween Bigma-model pions, in analogy wi th (pseudo )scalar 

electrodynami.cs (Eq. (2.85»): 

Q 

,---,~ Since <U>--f1T in the chUal limit. where f rr ; 93 MeV is the pion decay 

~nsNnt, the Higgs mechanism operates ln the usual way and glves mass 
"-

to ~fluCCuat10n field: 
"'-. 

1 ~ ~ a ftr ('.2.) 

• 

Radiative corrections à la Coleman ... Weinberg will also contrlbute to the 

') mass as would the u and d eurrent quark masses if we vere to consider 

them. Let us denote the resultant ~ -mass by ml" 

..., 
Physically, ft is known that ~ is to be Interpreted as the 

Goldstone boson field corresponding to the spontaneous breakdown of the 

Euclidean symmetry enjoyed by the straight-string state (142). In the 

present model. the pion would thus act as a Higgs field which gives maS8 

to the would-be Goldstone mode. 

The Coulomb term in the interquark potentials (2.135) and (2.153) 

was due to the masslessness of the j"-field. Now that 1" has becolDe 

massi ve, the Coulomb term should he replaced by a Yukawa potential of 

range r". Our tliscusslon thus suggests the following generaUzat10n of 
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the 8creened potentia1 (2.153): 

Let us see if there are values of the parameters in Eq. '6.3) for which 

<'\f' and 'i. spectroscopy can he reasonably dèscribed. 

We use the potential (6.3) in the computer progralJlllle employed by 

Margolis, De Taucsy and Roslt1es [143) to solve the nonrelativistic 

Schrodlnger equation for the n- 0,1,2,3, 1-0 i' and ~ masses. The 

parameters are estimated by fitting the calculatéd masses to the 

experimental values [144], using the CERN-MINUIT routine. The masses 

cofresponding to the parameters listed in Table 6.1 are compared ta 
~ . 

experiment in Table 6.2. 

The large values for E;" and r. lead ta a large effective string 

tension which le coun ... erbalanced by a value of (11.. a factor 1.7 larger 

than ;'-/12. Since r%, is a1so very large, the good reproduction of 

spectrosc9.pic data means that our potential is close ta the traditional 

potentials for the range of r probed by i' and.r spectroscopy (see Fig. 

6.1). The fact that rt,>rt is ln agreement with Peskin's arguments that 

the Coulomb term should survive string breaking [145J. Equation (6.3) 

with the parameter values in Table 6.1 wou Id imply that string breaklng 

is a very slow process. the conflning potential being felt out to 

interquark separations of the order,of 3 fm (see Fig. 6.1). 

The inclusion of pions and the determination of the screenlng 

parameters from spectroscopic data has radically modlfied the .. JM 

potential" (2.153). A cOllparison of the potentials (2.153) and (2.135) 

(with the parameter values glven in Table 6.3) to the ellplrlcal 

" , . 
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flavour-and spin-independent quark-antiquark potentlal between 0.1 and 1 

fm (Fig. 6.2) confirms that our modification g~s in the rlght 

directlort: ev en though it neglects vacuum polarizatlon effects. Stack's 

SU(2)c potential (2.135) resembles the empirlcal potentials better than 

the JM potential. which ls seen ta start flattening out at too low r -

it takes tao long to reach its asymptotic value. Ciearly, the value of 

() gi ven by Joos and Montvay ls unrealistical1y low. 

We have thus formulated a potential-model of confinement which 

expresses the two-scale picture and which gives a reasonable 

reproductlon_ of spectroscopie data. It only beglns to differ from the 

conventional, unboundedly rising conftnlng potentials st QQ separations 

of the order of 3 fm. Su ch distance scales are elearly not 

experimentslly accessible to spectro8copYi to do a lattice esiculation 

at 3 fm would require a huge latUce. beyond present techntcai 

~apabilitles. It would therefore seem difficult ta discrlminate between 

our potential and any other potential ,which reproduees spectroscopy. 

There is. however, one aspect of potentiai-models which 18 extremely 

sensitive to the detailed shape of Ver) and which can therefore 

distingutsh between various parametrizatlons (and possibly between the 

potential and the bag descriptions of confinement). 

6.2. THE COLOR VAN DER WAALS PROBLEM 

The Yukawa potential 18 a !tey concept ln the theory of the strong 

interaction; it describes the force due to the exchange of an ordinary 

hadron of lIaS8 ID. It falla off exponentially with the distance between 

the interacting partlcles, within a range of the order of the COlIpton 

wavelength of the exchanged hadron, X- ~/.c. The maxla\Dll'"'range 

• 
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potential, vith 'S.:: 1.4 fm, 18 that due ta the exehange of a pion, the 

lightest state ln the hadron spectrum. Is there room for a strong 

interaction of a longer range? There ia an experlmental and a 

theoretical side to the anaver of thia question: there is room but no 

signal yet. 

No experiments, up ta now, have been done vith the specifie aim to 

search fo~ such a strong, long-range interaction. Existlng experiments, 

however, have been analyzed by a number of authors ,[146-148) to see 

whether there was any evldence for the presence of su ch a force. Theae 

efforts resulted in a set of upper limita for its atrength. On the 

experimenta1 aide, then,'the answer ta our question Is, indeed: there ls 

room but no signal yet. Thia situation has prompted a group of 

experimentalists at SIN to plan a dedlcated hlgh-preclsion search 

experiment [149J in which they will atudy the energy levela of pionic 

atoms, correct for electromagnetie and m.son-exchange effects and thua 

place iaproved upper bounda on the strong long-range ~+p interactipn. 

Theoretical considerations may be grouped into three categories~ 

general prlnelples of field theory, quantua chromodynamics (QCD) 

arguments for and agaiost such a force. The usual. geoeral princlples of 

quantum field theory see. to exclude the strong long-range interaction ~ 
because it entalla a singu1arity in the famous singularity-free 

Lehasnn-Martin ellipse [150,ISIJ at zero square of aomentua-transfer. 

t-D. ln the case of a lIR'" interhadron potential. The sBJIle gi!!neral 

principles would correlate auch a 81ngu1arlty vith phyalca1 states whose 

aa811 spectrwa extends down ta zero (no Lehmann-Martin ellipse). Since 

the observed spectrwa of hadrons does not do th1s, the d18Fovery of a 

strong, long-range force between hadrons .1ght profoundly affect the 
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choice of what are considered ta be the general principles of field 

theory (tradition~lly, Wigh~man's axioms). The~e considerations, at 

present. unfortunately allow n~definite conclusion about tbe occurrence 

of a long-range force in QCD because it is not known yet whether QCD 

satlsfies the usual axioms. 

Quantum cbromodynamic arguments in favor of the Btrong long-range 

force hold that, in analogy ta the well-known Van der waa~force due to 

the exchange of two photons between two electrically neutral atoms. the 

exchange of two or more massless gluons can give rise ta a strang, 

long-range force between two color-neutral hadrons. By analogy with 

electrodynamics, this is called the "Color Van der Waals (CVDW)" force. 

Such forces have been calculated from perturbative QCD<[147,152,153] and 

from potential-models [146.154,155]. 

QCD arguments against the CVDW force typically maintain,tbat the 

gluons are confined Inside a hadron bag and cannot travel ta another 

hadron far away. Somewhat similar ta this, Greenberg and Hietarinta 

(156) extended the traditional interquark potential model by adding a 

particular version of the string c~ncept: tbere is no strong long-range 

force between hadrons because the confining string stays within the 
, 

hadron. Then there is the belief held by some that, although hadron. 

fundament~lly interact through multiple-gluon exchange (and quark 
, 

interchange), thi. interaction, at large distance, i8 equivalent ta 

me.a~-exchange effects. Neither of these arguments, bowever, bas been 

derived from general field tbeory or fram QCD • 

• 
On the theoretical side. then. ODe aees that the apparent 

nonob8e~ation of ... 81e8. hadron. makes tbe occurence of the strong 

\ ',' 
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long-Tang~ fOTce less trlvial but nevertheless not impossible at 

present. So t~e answer to our~~tial question is, once again: therc Is 

rooD but no "signal" yet. lt ls clear, however, that either the 

existence or the nonexistence of CVDW forces has profound Implications. 

lndeed, the issue ls the detfiled confinement mechanism, or, 

equivalently, the true large-scale 8~ructure of the ~CD vacuum. CVDW 

forces exist il conflnement Is "soft" and allows Yirtual gluons "ta 

tunnel through the vacuum. They must be absent if vacuum domain walls 

are very rigid<to long-rbnge fluctuations. Thls i(~ wh, CVDW forces are 

characteristic of potentlal models but are automatlcally ellqdnated in 

the bag plcture. 

As we have Indicàted above, th~ré are two "tradlt~onal" methods for 

calculating CVD~ forces: perturbative QCD applied to thl! exchange of tw~ 

or more gluons and the use of the potential approach. Perturbative 

many-gluon exchange calculations cao yiel~ CVDW forces which fall off 
~ , 

11ke llR vith N large enough that existing experimental bounds 

(146,147,152) are not vlolated. However, the use of perturbative QCD at 

distance scales R»1 fm seems impossible to justlfy. 

The methods for deriving the CVDW potential UeR) between, say, two 

Mesons, given the quark-antiquark potential Ver) as an input 

[146,154,155J, assume the existence of a virtual' color-octet 

interaediate state for each meson, in which the two octets combine ta 

give an o~l color singlet. Color sources Iocated in different 

.inglet .asons will thus interact by means of an octet potential VIer), 

which is argued to be proportional to -Ver). 

In tbe ca.e of the conventionai confining potentials of the fOTa 
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V(r)akr-(a) 0), the correspondtng color-octet potential is clearly 

unrealist1c: it i8 unbounded below since it tends to -~ 8S r-->~. The 

CVDW potential one obtains if one uses the method in s~ite of this grave 

f •• ~ problem is o~ the ora KR and strongly v.iolates existing experimental 

bounds [146-148]. 

We have seen that color screening reduces the "sÔftness" of 

confinement in tbe potential picture by li.iting the possible radii of 

hadronic eystems from above. Correspondingly, It Is easy ta see that 

the saturating JM potential does not lead to the problems encountered by 

unboundedly increasing potentials. Indeed, we note that the color-octet 

potential correspondlng to Eq. (2.153) 18 bounded below by -5 and yet 

It does not allow the formation of unphysical colo~-octet bound states 

because the finite-energy minimum is only reached at inflnite 

eeparation. The same is true for our two-scale potential model (~3). 

lt is therefore Interesting to calcula te the CVDW potentials 

corredponding to the interquark potentials (2.153Î and (6.3). A word of 

caution Is, however, required concerning the applicability of the 

pOtential picture to multlhadron systems. The concept of an Interquark 

potential is phenomenologically juatified for color-.inglat hadrons 

only. There is no corresponding arguaent for the applicability of this 

concept to the virtual color exchange interactions between hadrons, even 

If these exisl. The otber arguaent for the Interquark potential as a 

va1id description of color-singlet hadrons ia its calculabillty from 

lattice QCD; because of the large distance .cales involved, lattice QCD 

can of course not he applied yet to the calculation of CVDW forcea. 

!berefore, the traditional approach to the derivation of tbe CVDW 

potential from the interquark potential auat'be viewed a. y~t another 

ai.plistic approxl .. tion we have to .&ke in order to eatiaate the 
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consequences of our ideaB about hadron structure. With these 

considerations in mind, we proceed to the calculation of the CVDW 

potential. 

6.3. CALCULATING CVDW PDTENTIALS 

In the textbook problem of the clasaical, interatoaie Van der Waals 

potential [157] , the input is the Coulomb potential. The interaction 

hamiltonian can he treated 8S a small perturbation at lsrge R and the 

classica! R- C power law results from second-order perturb.ation theory • 

The atomic excitation energy serves a8 energy denominator. This 
• 

procedure can obviously not apply to an unboundedly rising interquark 

potential. The standard treatment (146,154,1551 , known as "modified" 

second-order perturbation theory, consiats in replacing the atomic 

excitation energy by VeR), which ls the dominant large-R te~ ln thls 

case. For the JM potential, the aituation ls lnteraedlate between these 

two extremes. lt is hence natural to still use s04if1ed perturbation 

theory, but with V(R)-V( r,,~) as energy deaominator. The foHoring 

foraura 

UCfO -= - k 
2.(~ v,)'l./r~R. + V "'l./r:;fl 

V 1 ft) - V l r'1 ) 

has been written down by Greeaberg and Lipkin [154J to de.cribe the CVDW 

poteDtlal betveen tvo ... on •• They calculate the "absolute 8trength" 

"l. 1-K-<r14> 1162 for atationery .e80ns and then argue that the effecta of 

kinetic energy should re.cale ~ to about 31. Gavela et al. [1461 uae 

the aeme foraula (6.4) for the large-Il CVDW potenUal between tvo 

nueleons, but lfith 1-2<rtl" >1. /3. where rAil tbe distance of a 

constituent quark from the center of ••• 8 of tbe Dueleon. 
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The SIN experi.ent [149] will Beatch for the tr+-p Vap der Waals 

interaction. A firat gQeSS for the correapondlng K would he the 

gea.etrlc .ean of the meaon-.eson and baryon-baryon strengths (including 

the effects of kinetic energy accordlng to [154J). With a realistic 

choiee of <r~.>.<r:>- 0.25 fa1 
, one finda 

We ahall, however, treat K aa a free par .. eter. For Any given input 

potential Ver), comparing the reault of (6.4) to existing experiaental 

data placea an upper bound on K. One can then check hoy thia bound 
~ 

compare a to "the 8stiaate (6.5). 

One should not forget that œodified perturbation theory onlY( 

applies to the asyaptotic large-R r~gion. For the case of the lin r 

interquark potential, Liu fl55 J has used a more generai aethod to 

calculate an Interhadron potential which is valid for aIl R. He finds 

the corrections to the asyaptotic result ta ha 8mall. We thus feel 

juatified to proceed on the basis of foraula (6.4). 

To hegin vith, we compute UeR) for R betveen 1.5 fa and 100 fa, 

using (2.153) with the paraaeters ~ and~ listed in Table 6.3. Fig. 6.2 

... tells us that v(r~ii)' the value of the interquark potential 

corresponding ta a typica! separation of the constituent quark and 

antiquark ln a aeson (r1~=0.5 fa), ahould be of the arder of 200 MeV. 

,Next, va investigate the aayaptotie bahaviour of U by dropping aIl 

exponentially damped teras in the nuaerator of (6.4) and by neglecting 

the Coulomb tera in the deno.tnator with respect to~. This yielda a -, 
_London-type R la1l UMr -~K«1. n-' 

~s - 1\.. ,cr-



f 
\ 

( -

• 

145 

Ve find that Bq. (6.6) is a very good approximation to (6.4) down to 

about 10 f. (see Fig. 6.3). The presence of the non-saturated screened 
~, 

interquark potential at -interaedlate" distances (betveen 1.5 and la fm) 

gives rise to a stronger Interhadron attraction than predlcted by the -, . 
R lave Let us caU 1.5 fm~R~lO fm the "near-foree zone" ,and _R>" 10 

f. the "far-force zone". 

The rise of the lnterhadron attraction in the near-force zone 
J 
\ requires an upper 11mit on the otherw1se free parame ter K, auch as to 
" 

avoid confliet vith exiatlng experimentsl data. Lyth {148) condenses the 

experiuental bounds obtained up to June 1982 from-accurate ~-p 

scatterlng data and from pionle stom energy levels into an analytic 

parametrlzation of the upper limlt 1lne: 

valid for interhadron separations ranging from 1.5 to 100 fm. This 11ne 

ls labeled "EL" in FIg. ~.3. Ve choose a maximal value of K such that 

the liait (6.7) be saturated by Eq.(6.4) at R-I.5 fm (see Table 6.3). 

This '(-.ur -4.72xl0-'l fm" ls seen to he a factor 2.54 lover than our 

apriori estimate (6.5). lt yields the theoretical upper bounds shown in 

Fig. 6.3. The full curve labeled "R-'" represents Eq.(6.4) for the JM 

potential: lt saturates the Lyth bdund at 1.5 fm and merges into the 

correspondipg a-' asymptote 81ightly above 10 fm. 

In the claaslcal l~terrtoa1c case. the London R~' lav la vall~ up 

to values of R which are sufflciently large coapared to the largeat 

vavelength ~ a880clated ~th electrie dipole excitations of the atomic 

ground state - when R»~, a R-~ law takes over [158J. Let us assume the 

vavelength of the color-slnglet to color-octet transition in hadroDs t9 

) 

\ 
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be of the order of 1 fm [146]. We would then conclude that measurements 

b of the interhadron attraction at distances of more than, say, 5 fm 

should detect the retarded force, not the one we calculated above. 

AlI past discussions of the color Van der Waals force have assumed 

that the retarded asymptotic potential can he estimated from the 

nonretarded one by aultiplication with l/R, as is done in the classical 

interatomic problem. In our case, application of this rule would simply 

change the asymptotic interhadron potential (6.6) to 

and its effect on the complete eq. (6.4) is in Fig. 6.3 by 

the full curve labeled "R-l ". As a finishing touch. we might argue that 

the true intermediate-range potential would start off nonretarded and 

merge smoothly into the retarded curve. We have drawn the dashed curve 

in Fig. 6.3 as a possible example of 8uch interpolation. Needles8 to 

say, the future complete theory of U(R) will have to include a rigorous 
" 

treatment of retardation. 

Let us now compute the CVDW potential corresponding to our 

potential (6.3). Fig. 6.4 shows the retarded U(R) hetween 2 and 100 fm 

predicted for the parame ter values in Table 6.2 by setting the CVDW 

strength equal to '0.011 fm~ in order to satura~e the exi8ting 

experiaental upper bound at 2 fa. The agreement of this K .. with the 

expected value (6.5) is strikingJ In uSing Eq. (6.4), V(r
lif
,-0.5 fa) has 

been computed direct~y froft (6.3). ' 

The JM Interquark potenFlal has two components: the Coulomb tera 

and the parametrization of the approach to saturation. Ta Sée how each 

~ ( 
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of these components influences the result for the CVDW potential, let us 

delete them one at a time and compute the corresponding U(R). First 

define a Mfast-screening N (FS) potential: 

where r~ is determined by the condition ~C-~. If we use the values of 

~ and ~ corresponding to the empirical "Cornell" potential shown in 

Fig. 6.2 t~ether with JH's ~, we obtain r~- 0.8 f~. Calculating the 

corresponding CVDW potential, ve find that the asymptotic regime appliee 

aIl the vay down to 1.5 fm. As cao be seen from Fig. 6.3, K~ 18 

shifted to 0.49 fml(. 

Nov let us delete the Coulomb term from V(r) beyond 1 fm: 

Vlr) 
{

- ~ -t ~ (1_e:f/r, ) 

6" ( 1- t.- r/ r,) , 

This "eut-off Coulomb" (CC) potenti~l results in the rapid falloff 

indicated by the dash-dotted curve in Fig. 6.3. If 8creening were more 

abrupt, the Van der Waals potential would, vanish stIll earlier. Ooly if 

a long-range Coulomb term is present can one expect a de tee table Van der 

Waals force beyond R>~ 10 fm. Therefore, we can explain the twa 

characteristic regions of the CVDW potential in Fig. 6.3 in terms of the ., 
componenta of the input JH potential: screening controls the 

"near-force" and the Coulomb tera controls the "far-force" (see Table 

6.4). 

This.discussion nov allows us to lnterpret the three regiona in the 
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CVDW potential shown in Fig. 6.4 in terms of the parameters in our 

potentia! (6.3): the first is dominated by color screening (the 

parame ter r.) the second by the as yet nonvanishing Coulomb term and the 

third by the Yukawa-type vanishing of this term (the parameter ~). 

6.4. DISCUSSION 

\ 
We have seen tha,t potential models which take the c~lor screening 

effects of dynamical quarks into account do not lead to unphysical 

potentials in the color-octet channel and cab avoid conf li ct with 

existing upper limits on CVDW forces. The chara~teristics of these 

forces depend on the detailed screening mechanism and on the shape of 

the interquark potential at large distances (several fermi). In 

particular. the conjectured large-distance Coulomb term implies that the 

CVDW force extends out to large interhadron separations. 

The potential (6.3) with the parameters listed in Table 6.1 is a 

definite prediction for the outcome of SU(3)c LQCD calculations with 

dynamical quarks at large values of r. It is a generalization of the 

standard Cornell-type pRrametrization to .,clude the screening effect of 

dynamical current quarks and the effect of the i'nteraction between pions 

and constituent quarks. The parameter values imposed by ~ and Jè 
spectroscopy mean that these additional effects are only felt at 

interquark separations of about 3 fm. This slow saturation fIs a feature 

of the Schw1nger-model description of color screening by vacuum 

polarization. 

....> 
If our potential is correct, the experimentalists at SIN should 

.-
detect a CVDW s~gnal, becau~e our prediotion between io and 20 fm is 
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quite close ta the present experimental limit (Fig. 6.4). What could a 

negative result of the search mean? Obviously, our parametrizations of 

screening and of valon-pion interactions could be WTong •. Another 

possibility is that the traditional potential-model approach for 

deriving the CVDW force ia not val id. If one could eliminate both of 

theae possibilities, this would indicate that potential models for 

color-singlet hadrons can only "mimic" real hadrons up to a certain 

point, while failing to deacribe the true confinement mechanism. This 

conclusion would then favor the bag picture. 

Future progress in lattice QCD should be able to solve these 

problems. In addition ta the investigation of the QQ potential at 

distances larger than 1 fm, a promising approach seems to be the 

computation of the gluonic vacuum condensate or, equivalently, of the 

dynamical gluon mass [Section 3.3]. This would go beyond the limitations 

of model representations (potentials, bags ••• ) and would amounl ta a 

rigorous theory of multihadron systems. 

• 

, , 
, , 
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CHAPTER 7: SUHMARY AND OUTLOOK 

7.1. SUHHARY OF THE TWo-SCALE PICTURE 

We were led to a '"two-scale plcture of hadron structure by examinlng 

the implicatIons of the assumptlon that ch1ral-syœmetry breaking by QCD 

cao be deserlbed as dynamieal quark mass generatfon. If this 

description ls ta be consistent, the breakdown of chiral sYJlllletry must 

imply that not only baryons, but also constituent quarks are aasslve and 

_ are accompanied by masslees Goldstone bosons (which are transmuted into 

pions ln the real world of non zero electroweak masses). This requlres 

the existence of a aeparate scale }.Xt inde pendent of the confinement 

scale Ac. ( A~' -1 fm is the characteristlc hadron size) so that ~>/Ac' 

(see Section 3.2). 

At seales between II. c. and A", QCD glves rise to an effective theory 

of pions interacting with confined constituent quarks. In terms of the 

Mandelstam variable _t_Q2.. which can be physlcally represented as the 

resolution of a pieture of hadron structure seen by means of an 

"electroweak gauge boson microscope", the existence of "Je Is expressed 

by a scale Q~ which characterizes the size of a constituent quark. The 

"9a10n model" i8 used to determine tbe effective distribution of 

c~tuent quarks (-";valons") withln a glven hadron frora deep InelasUc 

scatterlng or frOID low-Q'J,. charge fOrla factor data. These distributions 

presusably incorporate the effect of confinement as weIl as that of the 

interactIon of valons vith pions. 

To ~lucldate the confinement _ecbani •• , that is, the large-scale 

structure of the QCD vacuu., the plon-valon interactions .uet he 

Î 
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expl1cltly taken into account, since pions dOllinate the 

non-electrollagnetic interactions betveen hadrons. We have studled tMs 

effect within the potential picture of confinement and have been led to 

a test of the valldity of the latter picture as a description of 

large-dlstanc~ hadron physlcs in teras of the en8uing color Van- der 

Waals forces. 

At scale8 higher t~n Ah corresponding to hadron 8tructure as 

explored at resolutions higher than Q; . QCD generates a certain 

distribution of partons wd.thin the valon. This distribution is the SalIE! 

for a11 va~ons and is independent of the ln te~s 

of transverse coordinates (Section 4.1). the 

lor:.gitudinal lIomentUII-fraction ("Feynman x") in 

the hadron into 8 parton-in-valon and a valon-in-hadron tel"11l 18 

explic1tly cOllpa~lble with perturbative QCD. Thts la not true for the 
, 

transverse (geometric) distributions. which must therefore be ca1culated 

nonperturbatively. Slnce our two-scale plcture la based on dyn8llical 

quark .. ss generatlon. we use the only av ail able nonperturbative 

paraaetrizat10n of this mechant.IB t", generate the transverse 

distribution of partons in the valon. By calculadng hadronic charge 

fora factors and the pio'd'- decay conatant. VI! show that thi. approach 

givea good phenOlHnologlcal reeulu. 

ln hadron-hadron ela.tic scatterlng at high c ••• anergies';;. the 

Bcale A)llUIlife.u 1Uelf by the occurrence of a zero in the valon-valon 

scatterlng _plitude ( .... tter fOrD factor") as a functlon of Q'1.. The 

position of the zero 1& found to decrea.e vith groving s ln luch a vay 

that the valon-valoo .yate. alwaya stays 4Pprod.ately one-half the size 

~ " 
of the proton-{anti)proton .yate •• Por tp. plon-proton .y.tea, this 
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ratio 18 about 2/3, in agreement vith the fact that the pion 18 a very ... 

tightly bound system. Physically, the collidlng valons ~come larger 

with the lncrease of a whereas the confinement lIIecbanism acts upon them 

1 
in the same way at aIl s. The exiatence of "veeN infrared soft gluons 

radiated by colored feraions at aIl stages of their Q"-evolution ls 

manifested in the function F(s)",sE in the matter tom factor. 

7 • 2. SUMKARY OF RESULTS 

The application of the phenomenological valon model ~o the stOOy of 

hadron1c charge fora factors has been cODlpleted by the foraulttion of 
\ . 

our microscopie model of tbe transverse distribution of charged parton~ 

ln a valon. The resulting proton CFF reproduces the data up to Q .... =::s 10 

GeV"l. while the deviation observed for higher Q1. expresses the fact that 

radiative contributions have been neglected ln the slmple 

i nonperturbatlve model for the dynamical quark lIass whlch we have used. 

In the field of high-energy elastic hadron-hadron scatterlng, our 

application of the two-scale picture has led to a qualitative dynamlcal 

Interpretation of the observed trends in the differential cross-sections 

of pp, pp and frp scattering at varioua c.m. energies. Valon-valon 

elastic scattering eaaerges as a proaising candidate for the dynauaical 

machanis. behind the BEL effect. 

By incorporating the interaction of valons vi th pions into an 

expreslion for the QQ potential which 11 favored by recent studies in 

lattice QCD, ve have obtained a nev potentlal-model for the confinement 

of valons in hadrons which gins a good reproduction of 'Y' and:l. s-wave 

energy levels whUe offering a defln1te prediction for the 

.1 
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large-distance region wh1ch 18 as yet unexplored by hadron spectroscopy 

and by lattice QCD calculations. This potential, in conjunction vith the 
• , 

tradi tiona! foraal18l1l for the calculation of t'he color Van der Waals 

potenUal from tbe interquark potential, lapl1es tbe exIstence of 

long-range virtual color-exchange forces wh1ch should be observable ln 

the dedlcated higb-preci.lon search 'experi~nt [149]. If this 

prediction fails to 1Uterlal1ze, whereas the prediction for tbe 

interquark potential ls independently conflI11ed. one would conclude that 

tbe standard potent!a! picture fails to describe either the dynaatC8 of 

multihadron Interact1.,ons or the true nature of the confine1llent aechanin 

ltBelf. In particular, bag models of confinement naturally suppre8s CVDW 

forces. In the tenrlnology of Section 2.3. thia experiaent mlght thus 

help to dec1de whether hadron. are "type 1" or "type II" color 

superconductors. 

7.3. CONCLUSIONS AND OUTLOOK 

Our attelllpt to relate resu1t8 of calculationa in nonperturbàtve QCD 

to atatic and dynwc hadron structure as mantfested in various types of 

experiœents has been quite successful, in that the outcoae i8 consistent 

vith phenomenology and generally 111provu upon the perforaance of 

exlstlng tlode1s ln the respective f~elds while offerlng a fundaaaentai 

Interpretation of the proble •• under study. Therefore. lt see8S 

worthwhile to pur sue this li.ne of research on a IIlOre tigoroUB and 

systeaatic basis. 
0" 

The Hill liaitation of our vort i. the use of eiaple gueues for 

kay nonperturbat~ quantit1e ... The distribution. of partons and valons '-

withln hadron •• thelr dyn&1lical excitations in the course of 

.'/ .. 
t \ 

.' 

:i 
-1 
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hadron-hadron collision8 at varioue c.m. energi~s a8 weIl as the 

large-scale structure of the QCD vacuum should aIl be calculated 

directly trom th~~ Lagranglan, without the use of other a88uaptions, 

of supplementary constructs or of effective theories. As we reviewed at 

length ln Section 2.4., lattice QCD appears to offer reallstic hop8s of 

achieving these goals in a not-too-remote future. 

The study of quark and gluon propagator8 ln fu~l lattice QCD at 

zero field-teaperature should, by the arguments of ~tion 3.3, yield ..... ( , 

the true !:(p) and eluc1date the exact confinement mechanism. One would 

have to define theae quantitie8 in an optimal fashion (with respect to 

the approach to the continuum l1Jlit and to computational requirellents) t 

to measure their dependence on the inverse coupling and would need to 

know the nonperturbative Callan-Symanzik function to ob~ain the 
, ' 

I~ "1 

mOlllentum-dependent quark and gluon 113sses. lt 8bould also be possible to 

calculate the longitudinal distributions, of partons in hadrons by uslng 

la~ QCD to evolve known perturbative distributions down to 

intermediate and low Q~. Hopefully, th. valon picture would (to 80me 

approximation) eaerge at a scale Q; detenained by the "true" l:(p). The 

next step would be to do these' calculations at finite field-teaperature, 
/ -_.:. 

aiaicldng the depen4~nce 'of' hadron -peure upon tbe c.a. energy in 

ault1hadron collisions. 

One lattice QCD calculation wbicb one could do lIluch aore eaeily 18 

the 8tudyof the dependence,of the deconfineaent/chiral-8ya.etry 

f re.toration transition ln full lattice QCD upon the nuaber of ,ites ln 

the tiaelike lattice direction (Section 2.5). A, ve have reaarked in 

Section 5.4, the "scalinr lav" between , and t which would thus he 

e.tabl1.hed aight he of i-..diate belp in understanding valon-valon 

1 

\\ 
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elastic Icattering. AllO, vith the advent o~ parallel proceltOrs, of 

supercoaputer., ôf the flfth generation ••• , one .. y bope for a .. 
calculation of the QQ potentia! at lufficiently large di.tances to te.t 

our potenttal (6.3), even before the huge coaputing power which il being 

developed for the benefit of la~ce gauge theorie. can he brought to 

beat upon the ratber aàbitioU8 progr .. outli~ed in' the previou. 

paragraphe 

'. 
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APPENDIX A: CONVENTIONS 

1. Unita. 

The eyatel! af unita ueed tbrougbout tbh work il defined froll SI hy 

aetting the apeed of l1ght in vacuua (c-3xlO' al a) and the reduced 

Planck'. Cfln.tant (ti. 1..05xlO~14 J •• ) to (di_naionless) unity. ln 

these units t 

[L 1 -= [Tl ::: ['·'n-' (04.4) 

Ma .. il ... aurèd in HeV (leV- 1.6xlO·" J) and length in fil (Ifa-IO- tr ID). 

the fOllowing converston relation hold. true: 

(,4.'2.) 

Sc.ttering croaa-sectiona are aeasured ln ab. The following converaion 

relation holda true: 

2. Special Relativity. 

Minkowski apace-tiae h defined by the constant diagonal aetric .. 
tenaor: 
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A contravariant M1n~ski 4-vector ha8 co.ponents: 

, 

( 

and the corre8ponding covariant 4-vector ia given by: 

J4 (0 f ~ 'J) X)A:- J( J - X J -J( 1 - X 

Eucl1dean 8pace-ti_ ia defined by the con.tant diagonal _tric 

ten8ot: 

/' 

(A·') 

Note that x~ -ixo is real. The corresponding Eucl1dean aomentUlll apace 

18 defined such that: 

--
Hence, 

CA .g) 

Lorentz invariance 1n Minkowski .pace tranllates into 0(4) 

invariance in Eucl1dean space. A ree! scalat field defined on Minkowski 

apace-tbae can, be continued inl:o a re.l .calar field defined on 
, ) , 

Eucl1dean ~~e-t1-:. The correapoud1ng funct:1oual inte,IlS for the 

vacuua-to-vacuum 8IIpl1tude are related by: 

("..·1) 

l 
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Derivatives vith respect to .pace U.e shall be denoted by ,,-at~xt, 

'f!. 311"r- 4-1ndicea are denoted by Greek lover-case lettera while 

2-indlcee and 3-1ndlcee are denoted by the Latin lettera l,j ,k •••• 

Su.aatlon over repeated indices 15 i.p11ed unleal ezpl1e1tly stated 

othervise. 

• 
Dirac .. trice. are 4x4 •• trices vith the foHonng properUeè 

(r e
): ':: 1 0 

~ ti')t ";: -ri 

where the dag~er denotea heraitian conjugation. 7r1s defined by 

'YS -= -"'r~ r' ,t'Y' ; (7')2.:=: j (A.N) 

Spinor indice8 are denoted by ()(., ~ ,.;. • We shall uae the notation 

ct -1f?J! ,!~. 

3. Interna! Sym.etr1ea. 

, 
The Pauli matrices are: 

(~ :) , (Q -~ ) -r.-= . ~1 ': ..: J . 
1 

'r3 :: (~ ~) LA·I2) 

, 

\. 
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The Gell-Mann matrices are 

. 
) 
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(

4 0 
~J:: ()-1 

o 0 

o 0 ; 1., -= 0 0 -( . 
o -~) (0 0 0) 
o 0 0 "0 .) 

-=.L (b ~ ~ ) 
fi D, f)-2 

Internal-symDletry indices are denoted by a.b,c,.... We shal! 

& ~ t;eprasent the generators of 8U(3) 8S T -0/2».': (see Appendix B). 

Vector8 in Internal-symmetry spaces are denoted by arrOW8 

(two-dimenslonai spatial vec tors are dso denoted by àrrowa: no 

confu8ion 18 posalble since the contexte are clearly separated). AlI 

"local" notations specific to a glven argument or cal~ulatlon are 

defined in the corresponding portion of text. 

• 
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APPENDIX B: QCD AS A GAUGE THBORY 

1. ~ll's equations without matter fields can be derlved from 

the following Lagrangian density: 

(g. ~) 

where ~~(x) ia the electrQmagnetic field tensor obta1ned from the 

vector pote~tial AI'(x) which represents the sp1n-1 photon field: 

(g. z) 

This object is invariant under the "gauge transformations" of the vector 

potential 

Arûc) -> Ar&) + ~ €(x) ( 8·'3) 

, " 

where (x) ls an arbitrary functlon of sp~~e-tlme. Thus the Lagrangian 

of free electromagnetiam 18 invarlant under a one-parame ter group of 

"local" ~space-time dependent) transformations. 

2. In coupl1ng èharged matter fields to the photon field. 1 t is 

desirable to keep th1s invariance property intact. Consider a Dirac 

field with electric charge -e and mass m. It is straightforward to check 

that the Lagrangian density , 
~~ " ~[Lrl'(~-':"-AI':»)-.... J1' 

is invariant under the simult.neoua transformations 

Ar (x) 4> A)' Cx) - î tif ((x) 

'fi (x) ~ !~(.E.(,c) "f/(x) 

(g.~) 
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inducea by tex) on the photon and the lepton fields. Bq. (8.4) de scribes 

the "mnillal gauge-invariant coupllng" of photons to charged leptons. 

The full Lagrangian density of clasaical electrodyn8llics la glven by the 

sum of (B.l) and (8.4). FrOID this one derives the equations of 

electromagnetism with sources 

~ Fr\1 "=' j v 

~ f'l). + 'd~ Fr" 1"" ~.., f~1"' -= 0 

., - v 
whHe j -e1'1' T ia the electr!c current dens1ty. Quantum electrodyn8lÛc8 

~, 
18 obtained from the clasaical Làgranglan denslty by ad,ding a 

gauge-flx1ng terme We conchsde that the requireœent of invariance under 

the local u(1) group of gauge transformations affecting matter fields as 

ln Bq. '(B.5b) completely deter1ll1nes electrodyn81111cs. 

3. We have seen ln the main text that quarks are Dirac fermions 

transfoming in the fundamental representation of the !:leal color ~roup 

SU(3)c; and that gluons are spin-l vectors transforaing in the adjoint 

representation of the salle group. QCD fa defined by the requirement that 

~,) quarks couple to gluons in the minimal gauge-invariant way. A local '. 
;' SU(3)G tr.8f!sforaaUon 

U(x) = LXf [ft 1;, ~o.t-WJ ~ Ùf[i~T'€Vc)J (g'1) 

where kA (a-l, ••• 8) are the Gall-Mann lIatrices (A. 13 ), transforms a 

three-coaponent spinor t-(qreA ,qyatt.w ,q,-~.> representing one flavor of 

colored quarks loto the spinor u1'. Arrows iJ;ldicate vectors in SU(3' 

group space. The group generators TA. (a-l,2, ••• 8 is the color index) 

satisty the Lie commutation relations 

[TQ) 110 1 -:=: (' ia~e ,e. ( B.g) 
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where fd.'oc. are the structure conatants of SU(3)C. The main difference 

between SU(N)/2) and UO) gauge theoriea is that [T", Tc.JfO whereas the 

generator 'of U(l) c01llJlutes vith itself (the latter group is "abelian" 

_\ whereas the former are "nonabelian"). This observation allows us to 

generallze the transfonaaUon law of the gauge field froll the abelian 

(the vector product 1n group space 1& induced by Eq. (B.8». The field 

atrength tensor ls 

Correspondlngly, the "covarlant der1vative" of electrodynamlca 

(IS. 4 ') 

generallzes to 

where g Is the color coupl1ng constant. 

Vi th these properties, the classlca1 chromodynamlc Lagr anglan 

de,.1ty for a gi ven quark flavor, wri t teR by 8Oa10gy to Eqs. ( B.l) and 

d.4) 

( l3.4Z) 

ia indeed SU(3)c. gauge-invar1ant. ' Stnce th~ covar1ant derivative 18 

\ 
diagonal in navot' space, the fenion Lagrangian for Nf flavors 1s just 

the SWD of Nf fermion terms dlffering only in the1r masses. The 
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unrenormalized quantum Lagrangian density is obtained from Eq. (B.ll) 

upon adding a gauge-fixing tenn and some prescription to preserve 

ullitarlty in aIl gaugee (a popular way to do this la to add a 

"Fadeev-Popov gh08t" tem in troublesome gauges). 
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TABLES 

< 

Table 3.1: CoefficIents of the dIstributions of valons fn protons and 

pions. ae extracted by two different methods. -- H H BM Cff 
._~oefficient8 are defined. by Lv (x)-A v x "( l-x) v 

and T~(k).exP(-D~k1..), where H-p,", and V-U,D. 

Asterisks denote the values which we employ in the study 

of hadronic matter form factors (8~e Eq. (5.23). 
j 

Oeel! Inelastlc Scatterins (102) Hadron Charse Fo.rm Factors [105 ] 

" 
.1 Af 

V 7.98 * 10.74 
l 

f . BI'· 0.65 * 0.9 
~ V 

{- C' 2. * 2. 
i fi 

i . nP 6!1 * " l'1-
·1 J, '3 

1 A' 1> 6.01 * 4.63 

r BP 0.35 * 0.1 D 

C' 2.3 '"' * 2.8 r<i D 

DI' 3. * » -
A" 1.77 • . '- ~ 

B1f '-r 0.3 • 
C1r . . . 0.3 • ... 
D'" 6-. * 
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Table 5.1: Parget6r& for tiu to the pp and trp differential 

croll-sections. Aj 18 in Cab)fJr. GeY'" J Bi in Gev-1• 

pp , 
------_. ------------- ---------------------
j A' ) s.' l A' 1 

B • 
J 

1 0.60666 15.042 1.8075 6.4557 

2 3.2310 6.6985 1.2652 2.8597 

3 1.6289 3.8590 0.03529 1.0190 

4 -0.03443 1.0353 if 00426 0.42199 

5 -0.0008 0.38062 ~ 

Table 05.2: Parueters for tbe fit to' the trp des ae repotted in 

Ref. {133]. AlI parameterà are in Gey-1. 

.... 
0(, 2.863 r, '6.120 

0(1 2.038 flt 2.886 • 

OC, 0 .• 01265 rs, 0.4461.-

1'- ' 0.6237 
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Table 5:3: p.r~eter. used for the fit shown in F1g. 3.6. d and c are 

in GeV·%. 

b 

d 

f 

0.912 :t 0.004 

6.530 ± 0.211 

0.118 ± Q.0026 

c 

e 

g 

0.026 ± 0.006 

0.045 ± 0.008 

0.0009 ± 0.0001 

Table 6.1: Parametera in Equation (6.3) which lead to the 
- 1 

predicted 1'and 'i lIasaes l1sted in Table 6.2. 
1 

CS'" 3076.2 KeV 

. 88.55 
....-

KeV.fll' 0( 

2.:15 

~ 

ri f. 

r.l. 12.11 f. 
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Table 6.2: Propertie. of 'f and i a-states a8 calculated from 

" , 
. ~~. /"\ h\:~~'" 

the 'potential (6.3) with the p~rameter v,ùuea given in 

Table 6.1. Masses are listed 1n MeVi in brackets 

we show ratios of leptonlc widths of the exc1ted states 

-with respect to the ground state of the respective QQ system. 

The c and beurrent quark III&s.e. vere also treated . 
aa,parallleters: for the predictions below, their values are 

IR~- 1304.7 MeV and Ill\.- 4722.4 MeV. 

Experimental values are from Ref. [ 144 J • 

n 

o 

1 

2 

3 

0 

1 

2 

3 

'l, 

Expert_nt 

3097 

3686 (0.46) 

4030 (0.16) 

4415 (0.11) 

9460 

1002.5 (0.44) 

103.5.5, ~0.32) 

10575 (0.24) 
J 

~'-..-

.' 

;. ,-..... . 
"" 

, . 
" 

Prediction 

3096 

3683 (0.45) 

4077 (0.22) , 

4379 (0.09) 

9463 

10013 (0.40) 

10342 (0.28) 

10596 (0.25) 

.. - , ~ 'l , 

1 ~.~ ~_j'1 ( .. ,: 1·...:'~tl\<' .... -:tL:t:\"~ .... ' .. ~ .............. ~ l ... ·~ ,-.".fi>- :..~- ., ~, 3 ~ .. l.:'.~~i~ ~,·~:I~ 
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Tablè 6.3: Parametera of the CVDW potentials shown in Fig. 6.3. 

Parallleter Value used Unita 

C'( 
32.3 MeV.fm 

tS" O~ GeV 

r 0.8 fm 

K 1 x..-4 • 72*10-'1 flll it 

V(r14 ) 0.2 GeV 

À 1 flll 

Table 6.4: Relationahlps b~tween the compo~ent8 of the Ver) input and 

the retarded CVDW force. 

The near-force 18 taken to include aIl ex.ponentially· 

damped terme in the derivative of Eq. (6.4). , 

lnterquark V CVDW Force 

Near-Force Far-Force 

(2.153) than R-' :..C 
JM, Eq. stronger R '" 

FS, Eq. (6.9) R-1 R-' 

J l .. 
-C CC, Rq. (6.10) etrong~r than R absent 
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FIGURE CAPTIONS 

Figure 2.1: Feynman diagraIBs up to order"'s for et- e---)qq annihilation. 

The 

and 

photon carries i" _Q'1; the quark four-moaenta are i?" .. 
P.' "1". 

Figure 2.2: Feynman diagraIBs up to order '4 for e+ e--)qqg. 

F1gu~e 2.3: Feyn""graphs of order «':- in et-e- annlhilacion. 

" 

Figure 2.4: Quark self-energy subgraph. 

Figure 2.5: Inelastic lepton-hadron 8cattering IH->l'X. 

X stands for any final-state hadrons produced in the 

collision. The process i8 "deep inelastic" if the c.m. 

~mergy 18 large. 

Figure 2.6: Parton-model Inter~tation of deep Inelastic 8cattèring. 
\-

Figure 2.7: 

The electroweak gauge boson (photon, W or Z) interacte 

with a slngie .quark-parton which carrlé. a.fraction x 

of the proton'a longitudinal light-cone momentum • 

Feynman di~gra.a up to order ~ fqr photon-quark 
\; 

acattering. 

Figure 2.8: Contour ~8ed for coaputing JlC)ll8nta of T(x.cf) • 

• ~ ,...... '" 
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F1gure 2.9: The effective potential of the theory Eq. (2.70) in the 

ab8ence (A) and in the pre8ence (B) of spontaneous 

8ymmetry breaklng. 

Figure 2.10: J in the second di.gram mU8t be adjusted ta cancel the 

contri'but1on of the first diagram ta the effective 

action ••• 

Figure .2.11: ••• which leaves only two-particle 1rreducible dtagrams 

ln the SUlI D. 

Figure 2.12: "Hypercubic" 3x3 latUce in d-2 dimension8. a is the 

"lattice apaclng". n. rr+-p •••• are the "sites", 

, • 'l, • ", are the "links" and the closed contour is a 

"plaquette" • 

Figure 2.13: To take the con~fnuua l1a1t of lattice QCD 18 

/ a) to aake any physical length measul'ed in units of a 

diverge; 

b) to resolve .. aller and 811aller dietancè 8cales inaide 
, < 

a hadron (indicated by the circle in8cribed into the 

lattlce) • 

A coaner latUce corresponds to stronger QCD c:oupling. 

Figure 2.14: a) A "Wilson loop", used to compute the static potential 

in a heavy QQ syatell on the lattice. r 18 lIIea8ured in 

... 
the "space" d~re~t1on x and T in the "tille" dlrecti~n. '-

• -
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b) A "Wilson-polyakov line", used as the order parameter 

of the deconfinement phase transition at finite 

... 
field-temperature (x is fixed). Rere n" -4. 

Figure 2.1S: The "triangle graph" which spoils the conservation of the 

'\ 
flavor-singlet axial current Jl'formed out of colored 

fermions. 

Figure 3.1: The nonperturbative self-energy of a colored fermion can 
~ 

be visualized as the ~um of aIl Feynman diagrams having 

aU poss1ble gluons exchanged along the internaI Une 

which represents the fermion propagator. 

Figure 3.2: The function 2:(p) for three values of the parameter Po 

(see Eqs. (3.8), '(3.16». The full curve 18 for 

Figure 3.31' 

p.-600 MeV t the dash-dotted curve for po-400 MèV and the 

dash-double-dotted curve for po·SOO MeV. The origin of 

these parameter values 1s explained in Section 4.3. 

For comparison, the dashed curve represents a Gaussian 

'" chosen to he numerlcally close to the other curves. 

.1 ... i ., 
!ts '(Pt> would have ta he ~2.6 GeV. 

Images of a proton seen by an "electroweak gauge boson 

microscope" at increasing resolution Q'&. (indicated by the 

\ 
boxes and arrows). The interior of a constituent quark 

appeau as an ordered distribution of partons for 

JI 
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Figure 3.4: 

Figure 3.5: 

Figure 4.1: 

Figure 4.2: 

"I!I?derate Q'L; at high Q'1. the partons appear uncorrelated. 

1-Downward Q' -evolution of a "u" current quark into the 

"U" constituent quark in a proton. 

~ Downward Q -evolution of a "protopion" ioto an on-shell 

pion. 

0/ 

Schellla~gram for the pion CFF at high Q'&. (from 

Ref. [105]! The photon ioteracts with a current quark 

which can exchange hard gluons with the 8pectator 

partons. 

The pion CFF at low Q1. (foUonng Ref. [105]). The photon 

interacts with a valoo (antivalon) which does not exchange 

ha rd gluons with the spectator antivalon (resp. valon). 

"' 

Figure 4.3:, Our c,?mputed proton charge form factor (fuU curve) as 

Figure .5. 1 : 

. , 

Figure 5.2: 

compared to the standard dlpole approximation (dots). 

No best fit W8S attempted. 

The pp matter form factor from over1sp d-1lta at four ISR 

energies. Dotred curve at rs-23. 5 GeV,' dashed curve at 

\a-30.7 GeV, dash-dotted curve st (8-44.7 GeV arJd 801id 

carve at fa-520'8 GeV • 

.. 
Flve-exponenti~l fit to the pp differential iross-section. 

.. 

. ) 

... 
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1~2. 

Data are fro. the ISR at fi-52. 8 Ge,.V and froa Pera11ab at 
, 

Pla\. -400 GeV and large -te TYPical error bars art! shown • 
.. • 

Figure 5.3: pp .. Uer fora factora by varlou. aethods at (;-52.8 GeV 

vith Q~5.3 GeV~. The pointa repr04uee the aol1d curve of , 
Pig. 5.1. Sol1d cunel extraction by _tbod 2. 

The da.hed "J-eune rapresenta lp. The daah-dotted curve 

'. repreaenta ~p (a~-Q"1/.(a"+Q'J vith a"-5.65 GaV1. 

Figure 5.4: The Ir·p .atter fora factot. Solid cune: prediction froa 

the pp .. tter fora factor ~xtracte~ at V.-S2.8 GeV. 

Da.hed curve: direct extraction frOll Ferailab data et 

Pa..\. -200 GeV. 

Figure 5.5: Pour-exponential fit to the ''-p differentlal. ' 

croa.-aection. ~ta froa Penilab at Pt.-\. -200 GeV. 

Typlcal error ~r. are ahown. 

l'ipre 5.6: Si.w.taneou. SU fit to the pp,dlfferential 

cro •• -aection at fi-S2.8 Gel ancl to the pp dUferenUal 

cro.a-aeçtion at {;-546 GeV. ISIl data are repr ••• nted by 

open dota and SppS, data by full dota. Tbè full cune 1. 

the fit to the ISil data and tbe daabed curve la the fi t to 

the OM data (up to -t-l.' GeV"). "yond -t-l.S GeV". 

the d •• bed cane la • prediction. Typlcal error bara are 

abovn. 

» 'Y_., .. 

.' 
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Figure S. 7: Various pp MFFs at fa-546 GeV. Do .. t8 represent th.;' <. 

extraction fro. UM dcs data. The full curve corresponds 

to the saallest value of the SR! .parsaet'er B eoapat1ble 

vith the fit in Fig. 5.6. The error bars. STe Induced by . 
the errora Ihted in Table 5.3. The d.shed curve 

Figure 5.8: P(a) (Pig. 5·.8a) and a'3.(s) (Pig. 5.8b) accordlng to the 

Figure 6.1: 

S~fit' ln Fig. 5.6. Error bars are induced by the errors . \ 
11. ed ln Table 5.3. The straight line in Fig. 5.8a 

corresponds to t:O.I05 ln Eq. (5.21). 

The potential' (6.3). The full curve repreaenta 
" 

.,V(r)/'" vith the paraaeter values ln Table 6.1. 

The duhed curve 1. obtained ~roa the ... plrical" 

potential ~ovn in Plg. 6.2 •• c has the value quoted 

in the caption of Table 6.2. rus oncè, -ft-197.3 

(di1l8nlionle •• : coapare to Bq. (~.2». In thet.e ,mits. 

the a.yaptotic value of tite full curve la et 

~lb3"".l 
) 

1 

Figure 6_.2: Varioua qq potentiell. '1'be full cu"e rspre.ene. the 

8taudard _pideal potentiala f~llow1ng Ilefa. [19). 

Shaded are.. reprsaent tha dlaperaion of the variou, 

potentiala vh1ch colncit~. between O., fa ao4,l fa. 

The d .. bed curve repre •• nt. Bq. (2.135) and the 

. -

\ 

\ 

\ 
, 



'''i' 1 

r 

• 

. ,. 
"'-.-"--~~~.- .. - ..... _----- -- ~ ~_ .. --~ -. ~ - -- -. _ .. - ... - ----. -- -- - ~ , 

d ... d-clotted cu"e. which belo" .0.'3 hl 

colnelel .. vith the ela.heel cune, reprennt. Bq. (2.153). 

The full liue labeleel "6''' indic.te. tbe a.,.ptotic v~ue 

of the JM pounUa1, •• quot"cl in Table 6.3. 

Figure 6.3: VarioUl upper boUnd. Ga the .tr.ngth of the colour 

f 

- ) 
Van d. Waal. pot.ntial. The full lin. :t1ed "EL" 

r.p~oduc .. Bq. (6.7). The aoUcl curvè.' la led -K~" 

and .... -l" corre.pond to the nonretardecl reap. retarded 

potentiala di.cu .. ed in the texte The cl •• hed cu"e abo .. 

a poeeib1e Interpolation betveen the nonretarded and 
. l ' 

retard.el regi... Dotentrea. tbe .. ,.pto-tle cbar8Gter 
~ 

of the .traight Hne, wbich repre.ent Bq •• (6.6) and 
~. ' 

(6.8). The 1111e repreaentiug. Ici'. (6.8) ,has ,-been 
v 

contlnuH clown to 1.5 fit to illuttrate the effect of 

rep1aciq the JM potenUal (2.1S3) b)' the YS potenUal 
1 

(6.9). The d •• h~otted cu"e inclicate. the CVDW potentiel 
l' • 

wh1ch eornpond. to the CC int,rquark potentiel, 

.... 'Bq. (6 .. 10) 

• 

ripre 6.4: The retarcl.ct CVDW potenUal COTre.poudj.1lI to the 

interquark potetltlal in Pige 6.1. l'be 11_ label .. "IL" 

11 the ..... in ri,. 6.3. 

The full cune te C;.. upper liait QG the 

pruiee_ CVDW pot~t1al, eqrrelpoDding to • uxiaal 

atn...-ch par ... ter I ... • 0.011 fa' • 
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