ISSN1330-0016
CODEN FIZBE7

THE GLOBAL COLOURMODEL OF QCD FORHADRONIC PROCESSES A
REVIEW

REGINALD T. CAHILL andSUSANM. GUNNER?
Departmenbf Physics Flinders University, GPOBox2100,Adelaide5001,Australia

Receved23 July 1998
Accepted? Septembet998

Theglobal colourmodel(GCM) of QCD is a quark-gluonquantunmfield theorythatvery
successfullynodelsQCD for low enegy hadronicprocessesAn effective gluon corre-
lator modelsthe interactionbetweenquark currents.Functionalintegral calculusallows
the GCM to be hadronisedThe dominantconfigurationof the hadronicfunctionalinte-
gralsis revealedto bethe constituenquarkeffect, andis identicalto the truncatedquark
Dyson-SchwingeequationgtDSE). However the GCM shaws that hadronicphysicsre-
quiresprocessethatgo beyondthetDSE. In this review examplesof mesonandnucleon
processearegiven. The GCM alsoplaysa pivotal role in shaving how QCD maybere-
latedto mary otherhadronicmodels.
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1. Introduction

We review theglobalcolourmodel(GCM) (CahillandRobertg1985)[1]) of quantum
chromodynamic¢QCD) with particularemphasion its hadronisatiorand the resulting
applicationgo low enegy mesonandnucleonprocessesOtherreviews of the GCM are
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Cahill (1989)[2], Cahill (1992)[3], RobertsandWilliams (1994)[4], Tandy(1996)[5],
Cahill and Gunner(1997) [6] and Tandy (1997)[7]. QCD is definedby the quantisa-
tion of the quark-gluonfields with classicalaction §g, g, A7]. However all evidencefor
the quarksandgluonsis provided by the propertiesand interactionsof the hadronsand
by processegvolving the electraveakparticles. Thesehadroniclaws areencodedn an
effectiveactiong, p, w,..,N,N,.], wherem(x), ..,N(x),N(x), ... arefieldsdescribingcom-
positeconstituen{equialently coreor bare)hadronswith centre-of-massoordinate.
Thesehadronicfields areto be quantisedsubjectto this effective action, yielding finally
the obsenablesof QCD. Suchan effective action must clearly be non-localbecauseof
the compositenatureof thesehadronsWhile a generalderivation of g,..,N, N,.] from
S[q,q,Af}] hasnot beenachiered, it is possibleto do this hadronisatiorwithin the GCM.
The hadronisatiorusesfunctional integral calculus(FIC) techniqueswhich amountto
dynamicallydeterminedchange®f integrationvariablesn the functionalintegral formu-
lation of the GCM,;

| DaDADAEXR(~SeculA,8,cl) = [ DrL.DNDN..exp(~ S, NN, ()

Herethe constituenhadronsareessentialljthe normalmodes A particularfeatureof the
GCM is thatit playsa pivotal role in relatingvariousseeminglydifferentmodellingsof

QCDasshavnin Fig. 1, andtheserelationshipsvill bediscussedhter. A key taskin using
the GCM is the determinatiorof the low enegy quark-gluonprocessefrom experimen-
tal data.In recentyearstherehave beenthreesuchextractionsof increasingcompleity:

GCMO95(8], GCM97[9] andGCM98[10]. We reportherenew detailedab initio studies
of the nucleonwithin the GCM in which oneproceedsn arigorousmannerfrom the ex-

perimentallydeterminedow enegy quark-gluonprocesseto detaileddynamicalstudies
of thenucleon,ncludingdressindy the pions.

Trunctated DSE _

NJL, ChPT

\

QCD —— GCM —— Hadronisation — OBSERVABLES

\ MIT,Cloudy Bag, /

Solitons,QHD,QMC

Lattice — Hadron Correlations

Fig. 1. Relationalmapof the GCM to QCD andvariousothermodellings.

2. Global colour model
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Here we discussthe constructionof the GCM from QCD. In the functionalintegral
approachcorrelatorsaaredefinedby

J DGbgDADCDC....q(X).....exp(—Socp[A, 6, 9,C, C))

X)) = — — ——— 2
5 ) J DADGDADCDCexp(—Socn[A, 6,6, C,C]) @
wherethe‘classical’actiondefiningchromodynamicss, in Euclidearmetric,
d4 Fa Fa 1 a ay2
+ 2_5( wAD
_ AN
+ Au(Ou—ig5A) +M)a). 3)

This involvesthe quarkandgluonfields andthefield strengthtensorfor the gluonfields.
M = {my,my,..} arethe quarkcurrentmassesandghost(C,C) andgaugefixing terms
mustbe addedto Socp in (3). The chromodynami@actionclearly hastwo importantin-

variancegroups Poincaé symmetryandthelocal coloursymmetry Thevariouscomplete
(denoteddy scriptedsymbols)correlatorsg leadto experimentabbsenablesThey arere-

latedby aninfinite setof coupledDyson-SchwingeEquationgDSE),andby the Slavnov-

Taylorgauge-symmetriglentitiesand,in thechirallimit, to theaxial Ward-Takahashiden-
tity (AWT]I). Theusualtruncationof theseDSE causegheviolation of all theseidentities.
Thecorrelatorsn (2) maybeextractedfrom the generatingunctionalof QCD,

Zoep[N,N,J) = / DgDgDADCDCexp(—Socp[A G, 0,C,Cl+Ng+an +JA).  (4)

Functionaltransformationsindapproximationseadto the GCM; briefly andnot shaving
sourceermsfor corveniencethegluonandghostintegrationsareformally performed

| DADADADCDCeXp(— Soco) = [ DaDaeR(- [ a(-v.0+ M)
8 [ 0010 G- ytty+ D [aisgier )ty @)

where ji(x) = q(x)A—zayuq(x), go is the barecoupling constantand G, (x) is the gluon
correlatowith no quarkloopsbut includingghostsC,C)

J DADCDCA](X)A3(y)exp(—SacnlA,C,C))
fDADCDCexp( Soen[A,C,C))

G (x—y) = (6)

Figure2 shavssuccessietermsin (5). Thisinfinite sequences adirectconsequencef the
local non-abeliarcoloursymmetry Thetermsof higherorderthanthetermquarticin the
quarkfields aredifficult to explicitly retainin ary analysis.The GCM modelsthe effect
of higherordertermsby replacingthe coupling constantgy, by a momentumdependent
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quark-gluoncouplingg(p?), andneglectingtermslike ggvbg andhigherorderin (5). This
g(p?) is a restrictedform of vertex function. The modification g3 Gy (p) = D (p) =
9(p?) Gw (P)9(p?) andthe truncationthen definesthe GCM. We also call this effective
quark-quarkcouplingcorrelatorD,y (p) the effective gluon correlatorandshaw included
processem Fig. 3. As discussedhereD,, (p) maybedeterminedrom experimentadata.
We thenformally definethe GCM asthe quark-gluorfield theorywith theaction

oA 1 a1,
SconlAa,d = [ (a-yo+ A+ AT wa+ SADE@K) ()
andthegeneratingunctional

Z[J,n,n] = / DgDqDAexp(—Seem[T, g, A7l +Na+an + JFAY. (8)

(a) (b) (c)

Fig. 2. Diagrammatiaepresentatiof successie termsin the quarkactionin (5). The
quark-gluorvertex strengthis go, while thegluon-gluorvertices(includinggluoncorrela-
tors)arefully dresseaxceptfor quarkloops.

(b) (©

Fig. 3. (a) The GCM effective Dy, in (7), (b) exampleof correlationdormally includedin
(a), andin (c) ann = 4 processot formally includedin (a), but which is modelledin the
GCM via the specificform of D, .

HereD;vl(p) is thematrixinverseof theFouriertransformof D,y (X). TheactionSscm
is invariantunderq — Uq, g — gu’ and AAA® — UAﬁ)\aUT, whereU is a global 3 x 3
unitary colour matrix; this is the global colour symmetryof the GCM. The gluon self-
interactionghatariseasa consequencef thelocal colour symmetryin (6) andthe ghost
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andvertex effectsleadto D;vl(p) in (7) beingnon-quadraticHence,in effect, the GCM
modelsthe QCD local gluonicaction f K&, [AJFS[A] in Saep of (2) which haslocal colour
symmetry by a highly nonlocalactionin the last term of (7) which hasglobal colour
symmetry It is importantto appreciatehat while the GCM hasa formal global colour
symmetrythedetaileddynamicalconsequencesf thelocal coloursymmetryof QCD are
modelledby the particularform of D(p). Thereis anInfrared(IR) saturatioreffectwhich,
in conjunctiorwith thedynamicabreakingof chiral symmetryappears$o suppressletails
of the formal colour gaugesymmetryof QCD. As well, in the chiral limit 4 — 0, the
GCM actionhasU (Nr) ® Ur(Nr) symmetry:theq— q partof S may bewritten Gy, =
ORrYuOR + 0LYudL, Wheregr = PrLg andTg = R r. Thesetwo partsare separately
invariantundergr — UrQR, Or — qRU,l andg. —» ULqL, g, — qLUJ.

A key featureof the GCM analysisis the demonstratiorthat this effective gluon cor-
relatorD,y (p) is successfuin avarietyof hadronicprocesses,e. it is a univeisal feature
of low enegy hadronicprocessesThe succes®f the GCM appeardo be basedon the
phenomenowf anlR saturatiormechanisnin whichtheextremelR strengthof the mary
contributing quark-quarkcouplingsis easilymodelledby this oneeffective gluoncorrela-
tor. This wasusedin the contet of the truncatedDyson-SchwingetDSE) approactby
MunczekandNemirovsky [11] who useda delta-functionform. Of particulardynamical
interestis the comparisorof this D,y (p) with one constructedheoreticallyfrom only a
gluon correlatorandvertex functions,sayfrom continuumor lattice modellings,for this
givessomeinsightinto thelR strengthof the higherordergluoniccouplings.

3. Hadronisation

Hadronisations ageneralisationf thebosonisatiorroncepto includethefermionic(baryonic)
states.Bosonisationis naturally and corveniently inducedusing the FIC methods,and
indeedthe GCM is a spinorbosonfield theory which may be exactly bosonisedn 4-
dimensionabkpacetimeA key featureof the GCM bosonisations the useof bilocalfields
which simply indicatesthat the completetheoryis expressibleusing two-point correla-
tors asan equialentsetof functionalintegrationvariables.As we shall seethe bilocal
bosonisatiorfwhich precedeshe hadronisationjot only generateshe mesoniceffective
action,but alsocarriesstructuralinformationwhich is essentiain understandinghe cou-
plings of thesemesonsThis information(i.e. vertex functions)is essentiato the predic-
tion of hadronicpropertiesandinteractionsIf we throw away this emegentinformation
we areleft with a non-renormalisableffective field theorywith no predictive properties.
Therearetwo alternatve first stagebosonisation®f the GCM. The first onein 1985in
which Cahill andRobertg1] introducedcoloursinglet,andcolouroctetmesoniccorrela-
tions hadtwo problems:(1) the colouroctetcorrelationgdid not appeaito have ary clear
physicalsignificance,and (b) the baryonicstateswere not manifest. However, in 1989
Cahill, Praschifkaand Burden[12] discorereda meson-diquarkosonisatiorwhich was
inducedby new colour and Dirac spinor Fierz identitiesand which involved the colour
singletmesonicstatesandthe colour 3 (qo) and3 (qg) diquark/anti-diquarlstatesthese
beingthe very colour subcorrelationgresentin colour singletbaryonsandanti-baryons.
The meson-diquarkosonisatiorthenled to the meson-baryohadronisatiorof the GCM
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(Cahill 1989)[13]. This hadronisatiorautomaticallyproducedhe covariantFaddee for-
mulationof the constituenbaryonstatesandalsothe mesondressingof thesestatessee
later sections.In this review we concentratenainly on this modernhadronisatiorof the
GCM, whichis summarisedby thefollowing sequencef FIC transformations:

z ~ [ DaDaDAR(-SocolA, gl + A +Tn)
~ [ DaDaDAS(—SccuA,8,dl +Ta+Tn)  (GCM)
- / DBDDDDexp(—SB, D, D])  (bilocalfields) 9)
= /DNDN..DTDpr...exp(—&ad[N,N,..T[,p,oo....]) (localfields). (10)

The basicinsightsare that (i) the quark-gluondynamicsin (2) is fluctuationdomi-
nated,whereaghe hadronicfunctionalintegrationsin (10) arenot, (ii) the bilocal stage
in (9) produceghe constituentquark effect asthe dominantconfiguration,and (iii) this
entailsthe IR saturatioreffect andthe dynamicalbreakingof chiralsymmetryandits sig-
nificantconsequencesnd(iv) the inducedhadroniceffective actionin (10) is nonlocal.
Thehadronisatiormasalsobeenfurtherstudiedin Refs.14-19.

3.1. Meson-diquarlbosonisation

Herewe review the meson-diquarkosonisatiorf2] of the GCM, giving (9). The FIC
techniqguesmountto analogue®f various‘tricks’ of ordinaryintegral calculus.Integrat-
ing outthegluonfieldsZ becomes,

Z[,n] = / DGquxp(—S[G,q] +ﬁq+qn), (11)

where, SG,al = [ (00(3+ )5 (x-Y)a()
1 A8 AP
+ 5009 %5 WAIDR (= Y)AW) FWaW) )ty (12)
Usingthenew Fierzidentities[12] thequartictermin (12)is rearrangedo give
_ a4 [ 4 1, M
Sa.d = / d"xd y[q(X)v-66 (x=y)aly) = 5909 5 "a(y)D(x=y).

0 ¢ ?
90) a0 ~ 2300 ) DYy T R e, (13)

with g° = Cq, §° = qC. The Fierzidentitiesarethe two Dirac matrix identitiesyFsyh, =
KRUKE where{K®} = {1,iys, 75V, 75¥¥s}, andyisvtu = (K3CT)rt(CTK?)us whereC =
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VY4, C2 = —1 andCyC = yT. We alsousethe set {K*} = {1, —iys, ﬁiy“, ﬁzV“VS}-
thentr[K®KP) = 48,p. For the colour algebra[12] )\gﬁ)\;‘é = 36a563y+ % zgzlsmyspég,
while for the N¢ = 3 flavour algebra,;jdy = Ff Fk"J for the mesonswhere {F¢,c =
0,..,8}= {\/31 \A/lz, . \/2} andd;joy = HiLHlfj for thediquarkswhere{H',f =1,..,9} =
{F%c=17,5,2,0,1,3,4,6,8} and Where{%a} are the generatorof SJ(3) in the usual
Gell-Mannrepresentationie definethetensomproducts{M$} = {\/3K3F} and{M3} =
{iv/ZK3PH T}, where(eP) qp = €pqp. We seethatt(y)ME,a(x) arelc bilocalgg fieldswith
theflavour (1¢ or 8¢) determinedy theflavour generatorg{ F°} or {F18}) in M8, while
a(y)"™Mda(x) are3; bilocal g fieldswith theflavour (3f or 6¢) determinedy theflavour

generator§{H>2%} or {H4-°}) in MJ. Theseresultsfollow from the colourandflavour
representationf the quarkfields. The (integral) spin of thesebosonfieldsis determined
by the K@, By rewriting (12) as(13) we caninitiate a bosonisationhichis adaptedo the
attractve channelsmplicit in (12). The 1985GCM colour Fierz identity [1] leadsto the
colour8 channelsvhich arerepulsve.

We male thefirst FIC changeof variablesby notingthatthe quartictermsin exp(—9S)
may be generatedby thefollowing bilocal FIC integrations,

z :/ DquD‘BDQ)DQ)*exp(/d“xd“y[—q(x)(y.d+M)é“(x—y)q(y)

BUY)B(%,X) D%, y) D% y)*
2D(x~y) 2D(x~Y)

0 ]
00 M (4) B y) ~ 5 )T D)

—%QD“’(x,y)q(y)CT qu + [ @a+am), (14)

whereB®(x,y) = B9(y,x)* are‘*hermitean’bilocalfields. Integrationover the quarkfields
completeghe changeof variablego bilocal mesonanddiquarkfields,

o T

DA% Y) D%, y)*
4,44 T
/d xd'y 2D(x—vy) 2/@:}'6 (15)

NIH

Zimn] = [ DEDDDD* (DT (B, D, D))

— _ —1T
Where@E (ﬁa_nT)a j-'—l[ﬁ, Q)a Q)] = ( _GQ_)l G_@ ) 9

LW [B]) = (.0 + M) (x—y) + B(x,Y), B(xYy)=B(x, 3/)7m

¢ ¢
5(x,y) = Q)(p(x,y)* %CT and Q)(X, y) — Q)(P(y, X)CT %

FIZIKA B 7(1998)3,171-202 177



CAHILL AND GUNNER: THE GLOBAL COLOUR MODEL OF QCD FOR . ..
Usingthedeterminantdentity [12] DetF 1 = (Det(G~1))2Det(1+ DG' DG),

Z= / DBDDDD* exp (Tan(G[‘B]_l) + }Tan(1+5G[£B]TQ)G[Z?])+

2

BOBO DODP 1 -
-[5H-[5 +§/G):FG)). (16)
3.2. Baryons

Thediquarksectorof the meson-diquarkosonisatiorgenerate§2] the coloursinglet
baryonstatesof the GCM. Considetthediquarkpartof Z;

_ DD
Z:/DQ)DQ)*exp(%Tan(l+ 56T 06) - [ —2 +/(J*Q)+ Q)*J)),

wherethe bilocal diquarksourcetermsfacilitatethe analysis,andin which the B depen-
denceof G[B] will affectboththe non-trivial dominantconfiguratiorandthemesonsand
will providethemeson-baryorouplings.Theexpansion

o 1y(n+1) -
EV™ o @6T oo, (17)
n=1 n

TrLn(1+ DG' DG) =

givessingleloop processefFig. 4a)with thequarklinesalternatingn direction,in accord
with their couplingto the diquarkandanti-diquarkfields. Using (17) the diquarkpart of

the action hasthe expansiong 2%, D] = 5, S[D*, D] andwith S = [ D (A1) DY

andS =S-S5,

o 9o

z = exp(—S’[ﬁ,a])/DQ)DQ)*exp (—/@*A51@+/(J*£D+ Q)*J))

= exp(—S’[%, %])exp (—Tan(Ad‘l)+/J*AdJ) . (18)

178 FIZIKA B 7(1998)3,171-202



CAHILL AND GUNNER: THE GLOBAL COLOUR MODEL OF QCD FOR ...

Fig. 4. (a) Exampleof diagramsfrom expansionof diquarkTrLn in (17). (b) Diagrams
afterdiquarkfield integrations.

Keepingonly thetranslationinvariantpartof B, Bco(x—y) - laterto beidentifiedasthe

constituengjuark(CQ) effec:t,A(]l haseigervaluesandeigervectorgdiquarkform factors)
from

4
/ (g”(;“( 8™ (PGP (A P) = AdPAT(PiP) (19)

andwe have theorthonormalitycompletenesandspectrakquations
d4q re P*re P = § re Pr(P Py = (2 46 64
Z 24 k(G P)* T (0 P) = klag k(G P)M (P P)* = (21m)"3ge0™ (a4 — ),
25 (p,q;P) = AR P)A(P?) 7T (a; P)". (20)
Usingcompleteneswe constructhelocal-diquark-field=IC representation
TrLn(A7Y) =3 / o' /

exp(—TrLn(AgY) = / dedeexp / Ak (X)*Ak(—02)8* (x — Y)dk(y)) (22)

ZTan A(—02)3%(x—y)), (21)

Introducinglocal sourcesik(X) = f d*Yd*I 2(x, X — Y)*3%(x,Y), sothat

5 .5
3 X) Z/ YIRY =X 55, vy

but keepingonly a singlecomponenbf the scalardiquarkto simplify notation,

211711 = el-STg gD ew (~Tan@g) + [ 1F00n- ). @)

Evaluatingthe effect of the functionaloperatorwe find thatZ[0, 0] hasthe form exp(W)
whereW is the sum of connectedoop diagrams,with the verticesnow joined by the
diquarkcorrelatorsho(P?)~t = (P? + mp(P?)?) f2, in which mp(P?) is the diquarkmass
function,andwith 'o(p; P) atthevertices.Of particularsignificances the infinite subset
of diagramswhich will be seento have the form of three-quark(i.e. baryon)loops (Fig.
5a). Thesecomewith acombinatoridactorof 2 (exceptfor the ordern=3 diagram)which
cancelsthe % coeficient of the TrLn. These3-loopsare planarfor even order, but non-
planar with onetwist, for oddorder To exhibit thethree-quarkkoop structurewe shaw, in
Fig. 5a,atypical diagramfrom Fig. 4b afterdeformationrevealinga closeddoublehelix:
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adiagramof ordern is drawn onaMobiusstrip of n— 1 twists. This infinite seriesmaybe
summedasthediagramsaregeneratedy thekernelK, definedby the one-twistdiagram,
shavnin Fig. 5b.

(a) (b)

Fig. 5. (a) Similarto Fig. 4b afterredraving to revealbaryonloop. Thesdoop functionals
determinghe corebaryonmassspectrum(b) Kernelof the nucleonloop.

The weightings are such that all the double helix diagramsmay be summedto
Trln(1+K) — TrK =Wg — TrK. ThusZ[0, 0] = exp(Ws + DR), in which Dr is the sumof
theremainingconnectedliagrams.To determinghe contentof Ws we considettheeigen-
valueproblem(1+ K)W = AW, which, for B = Bcq, hasthe following momentunrspace
form, andis illustratedin Fig. 6

d4 oh .
| Gk (paPE @R = A(P?) - 98 (piP), 24)
; 1 . . _
K(p,q; P)Ejf’f\’ﬂh =3 1—2rosya5£| fiiysCT GTCTiysepsp€jinl 0GAG ™. (25)
5

Equation(24) is a boundstateequationfor a three-quarkstatein which the paired
quarksform a scalardiquark.W in (24) is a Dirac spinorand,aswell, a rank-2tensorin
both colour andflavour. It shouldalsobe clearwhy the baryonloop functional consists
of twisted quark-diquarKines; (24) is preciselyof the form of the Fadde#& equationf
standardhree-particleheory- the twisting merelyarosesothatthe diagrammatiaepre-
sentationof (24) in Fig. 6 hasthe samelegs in the samepositionson both sidesof the
equationconventionallyFig. 6 would be

=(-D

P P
274 2

P

Fig. 6. The corebaryoneigervectorequation.The diquarkvertex is shavn shaded.The
diquarkis essentiallythe samesizeasthe baryon.
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drawn in untwistedform. In fact (24) was also derived by corventionalnon-FICthree-
particlemethodq?2] (seeRefs.20 and21 for early quark-diquarkmodels).We notethat
becaus€20) is a discretesum,(24) is of separabldorm. We separateolourandflavour
multipletsin (24), by decomposingﬂﬁgh accordingto (3®3)c® (3®3)F = (lc®1F) @
(L ®8r) @ (8c® 1) @ (8 ® 8F),

1 1 1
W= 5 vl aildin + 38y Wah — 5 Wakdi

1 1 1 1 1

+§[WZT< - §“Pglﬁ5vp]5lh+ [“PZ)'h - §L|Jg|h5pv— gq’m&h + 5”’3‘? pdin].  (26)
Eachmember® = [....]) of onemultipletis thenseerto beaneigervectorof
d*q . . 2 .

| Gy (P-aPIV(GP) = (A(P?) - )W(piP), (27)

oy _Nm_ P p.P P qP

K(p,aiP) = ——=To(7 +d+ 55 = Plo(7 +P+5: 5~ 0

P _ P

-AO((E—Q)Z) 1G(—q- p)G(§+Q)7 (28)

wheretheN[m| dependbnthemultiplet,andwe find N[1c ® 1¢] = —2, N[1c ® 8] = +1,
N[8c®1r] =+1andN[8c® 8F] = — % Thelc ® 1r and8c ® 8 multipletshave negative
valuesfor N andthusthe quarkrearrangemergrocesss repulsive, andthe corresponding
A(=M?)s have no zeros. However the colour octet - flavour singlet ‘baryons’ have an
N value which meansthey are degenerateén masswith the coloursingletflavour-octet
baryons.Like the diquark stateswe expectcolour non-singletdo not have a mass-shell,
i.e. to be confined.It is known thatcrossedyluon processesanperformthis taskfor the
diquarkg22] (seeSect.6), but therehasbeenno correspondingnalysisfor thesecoloured
baryonicstates.

Letusnow constructfor thecoloursingletstatesanappropriatd-1C representatiofor
exp(TrLn(1+ K)). To this endnotethatan eigervaluefor positive enegy solutions,with
degeneray 2 (for spint and}), hastheform ATH(P2) = (M(P?) +i,/P2a(P?))F, (define
F sothata= 1 when\ = 0, thenM(P?) arebaryonrunningmasses)while for negative

enegy soIutions(anti—baryons)\ii = ()\_Tj)*. Thus, from the spectralrepresentatioffior
1+K,

exp(TrLn(1+K)) = exp (E/j“?f

(

wherek sumsthe groundstateand excited baryonsstatesof (24), the squaresn the In
termsarisefrom the spin degenerag andn = 8 arisesfrom the flavour degenerag (the

d*P
2

mAmmEm%%+mmﬁm%m> (29)
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otherbaryonstatesarenot shavn). Thereforewith a = 1 for simplicity,

exp(TrLn(1+K)) ( / d*x

i (P2 P D
—ep (ZTan [(y.6+ Mi(—0%))RZS* (x— y)D

= / DNkDNk exp (— Z / d* XN (X) (y.0+ Mk(—az))szNk(x)> , (30)

in termsof Ny andNg, eachof which is a flavour octetof local baryonicspin—% FIC vari-
ables.Hencethe exponentiatedsumof the closeddoublehelix diagramss representable
asa (free) baryonfield theory The Fx maybeabsorbedvith a re-definitionof the baryon
fields. Othermore complicated(including baryonmulti-loops) diagramsare presentand
constitutea wealthof dressingandinteractiondbetweerthese(bare)baryons.

3.3. Mesons

We now briefly indicatehow thenon-diquarkpartof (16), § 8], givesthemesorsector
ThecompleteZ hastheform

z= [ DBop(~S8)~ 5 TN~ Beos-)

+ 3 Tan((y.6+Mk(—az;[ﬁBcQ])64(x—y)))+....). (31)

baryons

We first determinethe dominantconfiguration(and constituenigquark effect) Bcq, asthe
solutionof the EulerLagrangesquations[S+ ..]/ (88°) = 0, which gives

0 Mf
8o(063) = D) [1(G0x¥ [Zq) ) + ., 32)

a non-linearequationfor the {ﬁgQ}. - a Dyson-Schwingetype equation,where‘+....’

arethe diquarkand baryonparts. Dynamicallyit describeghe extensve self-enegy of
the quarksdueto dressingby gluons,leadingto the quarkrunning mass.This is finite
andextendsover distancesomparabléo hadronicsizesandwith anenegy densitythat
impliesthatit hasthe dominantrole in determininghadronstructure Only coloursinglet
translation-imariantsolutions(dependingpnly on x — y) areknown. Fourier andinverse
Fierztransforming(32) we obtain,on retainingonly the mesoncontrikutions,

1
3/ |yq+M+‘BCQ( ) (33)
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Herec= 3 3 from themeson-diquarkosonisationwhile normalFeynmanruleswould give
¢ =1, asdoesthe 1— 8 GCM bosonisatiorj1]. Thatc < 1 in the 1— 3— 3 bosonisation
indicatesthatsomestrengthis generatedby additionalmechanismén (32) involving me-
sonanddiquarksprocesses,e. the ‘book-keeping’is moresubtlein thisbosonisationand
is soto avoid doublecounting.At presentve adoptthe practiceof usingc = 1 until these
additionalprocessesanbeincludeddynamically This CQ equationhasuniquesolutions
whenM =0 andG hastheform G(q) = [iA(q)g.y+ M + B(q)] ~*. ExpandingSB] about
its minimumgives§B] = ¥ —o.23. Si[B], where$, is of ordern in B and,for example,

=1 [ 8801 % BY. Introducingbilocal sourcetermsin (31)we have, with S = S— S,
andshawing only themesonpart,

Z = / DB exp(— B + / 302
/D'Bexp /2139 9¢58¢+/1=939

2
51 /DweXp ;Z/rm ()Ak(—07) +/kak

Herewe have usedtechniquessimilar to thatfor the diquarksand {my(x)} is aninfinite
setof local mesorfields. Eachmy correspond$o onephysicalmesontype,andthe Ay are
theeigervaluesof themesorform of (19)- a Bethe-Salpetezquationwhich alsogivesthe

mesonform factorsl(p, P). Applying thefunctionaloperatorexp(—S’[Bﬁj]),

Z= /DrmeXp (— Z %/W(X))\(—az)mk(x) - S’[w]) - (34)

By evaluationof S[my], andidentifying the mesongy their quantumnumbersyve obtain
thefull local FIC representatiofor the mesorsectorof QCD [2,23,24],assummarisedh
Sect.3.5.

3.4. Hiddenchiral symmetry

Whenthe quarkcurrentmassegW — 0 the fundamentabctionS[g, g, A7] hastheim-
portantadditionalglobal U (Ng) ® Ur(Ng) chiral symmetry The consequencesf this
follow naturallythroughthe GCM hadronisation.The first significantresultis that the
dominantconfiguration(33) hasdegeneratesolutions[1,2,25]

G(q;V) = [IA(@)a.y+VB(q)] "t = '6(q; 1), (35)

where { = WV, V = exp(iv/2yF?) and {m®} are arbitrary real constants
|T] € [0,21]. Thusin the chiral limit the dominantconfigurationis degenerateandis the
manifold (U_ ® Ur)/H (a cosetspace)whereH = Uy C U ® Ur. Thusthe chiral sym-
metryis representedsa hiddensymmetry This occursbecausé¢heactionin (31) hasthe
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form of a‘Mexican-hat’in therelevantvariableg2]. The Namhu-GoldstongNG) bosons
form homogeneouRiemanncoordinatedor this dominantconfigurationrmanifold. There
is a technicalcompleity in expandingS[my] in the chiral limit which is causedoy the

actionhaving degenerateminima, sincewe do not have a unigueminimum aboutwhich

to expand.First we needfields adaptedo the compactdominantconfigurationmanifold.

For this we usethe angles{rt} asnew field variables{m(x)} [25,26]in placeof some
of the B%(x,y). The dependencef the actionon thesedominantconfigurationvariables
is suchthat the action will increaseonly if the dominantconfigurationpoint is differ-

ent at different space-timepoints, and so a derivative expansionin d,V(x) mustarise.
The Dirac algebraallows finally the useof the matrix U (x) = exp(i+/2m(x)F?) where
V(X) = PLU(X) T+ PRU (x) = exp(i/2ysT®(x)F?). Thenthe NG sectorof 8] is

2
/ d4x(%”tr(auu ouU ™) +Kk1tr(02U9?U ™) + Katr([aU o,V T12)

t

M)+ ... (36)

wherefy, K1,.. aregivenby explicit integrals[25,26]in termsof A(q) andB(q) andp is the
quarkcondensat@arameterin the chiral limit it is importantto note[2,25] thatB(q) in

thequarkcorrelatoris alsothe NG bosonon-mass-sheform factor I'(p; P = 0) = B(p).

In the chiral limit the groundstatepseudoscalarglay a dual role: they are at the same
time boththe NG bosonsassociatedvith the hiddenchiral symmetryandalsoqq bound
states.Undera chiral transformatiorwe find [25] U (x) — U.U (x)U%. This is a derived
resultof the FIC analysiswhich is usuallyassumedn phenomenologicahodelling. We
have includedthe lowestordertermwhich dependon 4, i.e. for small breakingof the
chiral symmetryby the quarkcurrentmasses.

Thecouplingof thebaryonstatedo theabore mesonsequiresusto keepthefull B in
analysingthe baryonsector andnotjust the dominantconfiguratiorvalue Bcq. However
the long wavelengthlimit of the NG-boson-baryorcoupling may be inferred from the
chiralinvarianceof (31). Now

TrLn| (y.0 + M(=0%))3*(x— y)] =TrLn [(y.6+ VM(—02))3*(x—y)

reflectsthatinvariancein (31), where?’ = exp(i/2ysm®T2), with {T?2} the generatorsf
SJ(3¢) 8representation.

3.5. Hadronic laws

Gatheringthe above resultsandkeepingonly thelow ordersin the hadronicvariables
andin thederivatives(appropriatgo alow-enepgy long-wavelengthexpansion)

Z= /DTDpr..DNDN...exp(—Shad[T[, p,,..N,N..]), (37)
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Shad [T[) pawa"'ama Na] =
/ d*xtr{N(y.0 + Mo+ Ao — Moy/2iysTET2 + )N}

f2

v d4[ @4+ M)+ 2 [—py(~09)py (2, + P

+ 5 [p — ] — fp F2GomPy.TIX OuTT— i foo F3€ o100y TLAGTIX B TT
— iy fnGupr€pvor Wudy Po. 01 TT

+ ———&worll(TLFOUTLF Oy TLFOGTLF O TLF) + ...... , (38)

Ai
80P
in whichthebaryonoctetis finally writtenasarank-2tensor N = N&72, Wherethe{Ta}
aregeneratorsf theSU (3¢) 3representationVe havewrittenj(P?) = (P? +m;(P?)? )sz

wherem;(P?) arethe runningmesonmasseshut only the physicalmassegfrom A(P?) =
0) areshavn above. The imaginarytermsin this mesonactionarethe chiral anomalies
of QCD, includingin particularthe Wess-Zuminaerm. In (38) we have shavn my; and
Amy whicharemasgermsfrom thechiral symmetrybreakingguarkcurrentmassesyhile
my is the ‘chiral mass’of the constituenbaryons For non-zeroquarkcurrentmasseshe
NG bosonmasseqmy} andthebaryonoctetmasssplittings{Amp} areseerto satisfythe
Gell-Mann-OkubandColeman-Glashe formulae[27].

In generalthe couplingtermsin the hadronicactionare non-localandthe actionsin
(36) and(38) will alsocontainhigherorderderivative termslike tr{N(my+/2iys0?1T72 +
..JN}. Theseshouldnot be thoughtof as‘dif ferent’ couplings,but ratherasjust arising
from the expansiornof the meson-baryonertex functionlo(p, ). Henceratherthanmak-
ing thiseffectiveactionnon-renormalisabl@softenoccursn effectiveactions suchterms
whenproperlyretainedaspartsof completevertex functionsactuallyrendedoop diagrams
finite (anexampleis the pion-nucleoroopin Sect.9).

Thefull non-localmesorsectorof (38) [24] hasbeenusedin mary studiessuchasthe
p — Tmdecay[23], w— p masssplitting [28], chagesymmetrybreakingvia p — wmixing
[29], pionloop contritutionto p — w mixing [30] andpion andp mesonobsenables[31],
for extensiongo includeelectromagnetimteractiond32,33], andfor n andn’ [36]. For
the pion loop contritution to the electromagnetipion chage radiusseeRef. 34. The
chirally invariantform of the NG bosonsectorin (36) in particularhasbeeninvestigated
in [35] andthet— Tt scatteringengthsin Ref. 26.

4. Effectivegluoncorrelator

We now considethedetailedmplementatiorof the GCM. Firstwe mustdeterminghe
effective gluoncorrelatorby fitting GCM obsenablesto experimentaldata. This involves
the determinatiorof the dominantconfigurationj.e the constituenjuarkeffect. This ef-
fective gluon correlatorand quarkcorrelatorarethenusedin the constituent-mesoBSE
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equationsn orderto determinanesormassesandalso f. Thedominantconfigurations
definedby equations,

0S

5B(xy) 172~ %)
Of the set Bco(x,y) only A(x—y) and B(x—y) (their Fourier transformsappearin
(41)) arenon-zerobilocal fields characterisinghe dominantconfiguration.They arealso
translation-imariant. This is the dynamicalbreakingof chiral symmetry Suchnon-zero
dominantconfiguration@realsoknown ascondensatedVriting outthetranslationinvari-
antCQ equationsve find thatthe dominantconfigurationis indeedsimply the constituent
quarkeffectasthey maybewrittenin theform of (32) or (33), or

. 4 r diq
—1 _ _ —
G(p)=ip+m+o / (2n)4D“V(p DWG(AD Y- (40)
whichis thegluondressingf a constituenfjuark.lts solutionhasthe structure

G(a) = (IA(G?)a.y+B(0?) + m) ™ = —ig.you(6?) + os(P). (41)

In thechirallimit therearemore®Bcq fieldsthatarenon-zeroandtheresultandegenerag

of the dominantconfigurationis responsibldor the masslessness the pion. The con-
stituentquark correlatorG shouldnot be confusedwith the completequarkcorrelatorG

from (2) which would be neededo analysehe existenceor otherwiseof free quarks.The
G ontheotherhandrelatesexclusively to theinternalstructureof hadronsandto thefact
thatthis structureappeardo be dominatedoy the constituentjuarkeffect. The evaluation
of G is avery difficult task, evenwithin the GCM, while G is reasonablyeasyto study
using (40). Thetruncationof the DSE in which thefull quark G is approximatedy this

G amountdo usinga meanfield approximation(see(52)); however from the tDSE there
is no systematidormalismfor going beyondthe meanfield asthereis in the GCM. The
hadroniceffective actionin (31) ariseswhenS3, ..] is expandedaboutthe dominantCQ

configurationthefirst derivative is zeroby (39), andthe secondderivatives,or curvatures,
give the constituenbr coremesoncorrelatorsGm(g, p; P)

G:}(q,p;P) =F.T. (L‘% ) (42)
m A 3B(x,y)dB(u,v) 1R

after exploiting translationinvarianceand Fourier transforming.Higher orderderivatives
leadto couplingsbetweerthe mesoncores.The Gy (g, p; P) aregivenby laddertype cor-
relatorequationsandthe non-laddeeffectsareinsertedby thefinal functionalintegralsin
(10), giving the completeGCM mesorcorrelatorsGm(g, p; P). It is interestingo notethat
thetruncatedandmodified DSE in Maris andRobertg37] areidenticalto (40) and(42),
in theform of (43).

In the presentanalysisthe w anday mesonsaredescribedy theseconstituentmeson
correlators;that is, we ignore mesondressingsof thesemesons.The massM of these
stateds determineddy finding the pole positionof Gy (g, p; P) in the mesonmomentum
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P2 = —M?2 andthis, or equivalentlythemesorversionof (19) which for themass-shehas
A(P?) = 0, leadsto the homogeneousertex equation

=3[ Hdoua-pWea+ DraPsa-S. @3

To solve (40) for variousDyy (p) andthento proceedo useA(s) andB(s) in meson
correlatorequationdor fitting obsenablesto mesondatais particularlydifficult. A robust
numericattechniques to usea separablexpansion8] asfollows.We have in the Landau
gauge

PuPv

0 )G(P), (44)

D (P) = (8w — 5 )D(P?), and Gu(p) = (B —

whereD(p?) = g(p?) G(p?)g(p?). FirstexpandD(p — q) in (40)into O(4) hyperspherical
harmonics

D(p—q) = Do(p?, 9% +0.pD1(p?,6°) + ..., (45)

Do(P2, ) / dBsir?BD(p? + G2 — 2paco)... (46)

Introducea multi-rankseparabl@®g expansionheren = 3)

Do(p?, %) = 2 Fi(p)ri(a?), (47)

andthe constituengjuarkequationghenhave solutionsof theform

B(s) :'—Z Bi(s), Bi(s) =hili(s), os(s) :'—Z os(9)i, (48)
:4T12/sdsl3(s)os(s), and Bj(s) = %. (49)
0

However ratherthanspecifyingl in (47) we proceedby parametrisingorms for the gg;
andoy; therl ; thenfollow from (48) and(49):

252 — dp(1— exp(—28%/d2)) ) ?
25 ’

0s(9)1 = crexp(—chs), Ox(S)2 = C. (

25— d3(1 — exp(—2s/d3))

0x(8)s = Ca.0(8).0(=sIn(0(9A?), a(s) = = :
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2s— B?(1— exp(—25/p?)
252 )

ov(s) = (50)
Theseforms avoid spurioussingularitiesdevelopingin the quarkcorrelatorG. Thethree
Osi termsmainly determinethe IR, midrangeand UV regions; the os(s)3 term describes
the asymptoticform of os(s) ~ 1/s?In(s/A?) for s — « andensureshe form for D(s) ~
1/sIn(s/A?).

Thetranslationinvariantform for the effective gluon correlatoris easilyreconstructed
by usingD(p?) = Do(p?,0) in (45) andthenfrom (47)

1 o5(0); 0s(pz)i
Z b2 05(0)2 p20,(p?)2 + as(p?)?’

(51)

With theseparametrisediormswe cannumericallyrelate,in a robustandstableman-
ner, theparametesetin Tablel to themassof thea; (1230MeV) andw(783MeV) mesons
from (43),to f;(93.3MeV) andto nineexperimentatail pointsfrom theParticleProperties
Databookletfor s> 3 Ge\~.
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TABLE 1.04(s) andoy(s) Parameters.

ci 1.839GeV1[d; 3.620GevZ]| B 0.4956GeV
c, 0.0281GeV’ | d» 1.516GeV* A 0.234GeV
c3 0.0698Ge\B | d3 0.8727Ge\?

With the parametesetin Table1 the resultingquark-quarkcouplingcorrelatorD(p?)
is shavnin Fig. 7. A significantfeatureof QCD s thattheinfrareddominanceasrevealed
by thelargevalueof D(s) atsmalls, causeshe CQ equationgo saturatej.e. theformsof
the solutionsA(s) andB(s) atlow s areindependentf thedetailedIR form of D(s). This
saturatioreffect meanghatlow enegy QCD is surprisinglyeasyto model,andthis effect
is utilisedin the GCM.

D(s) (GeV?)

s (GeV?)
Fig. 7. Plotsof D(s): GCM98is the solid line; dashedine is Jainand Munczek;lower
solid line is two-loop form (with A = 0.234 GeV, N; = 3 andt = 10); anddataplot is
combinedattice datafor g(s) G(s)g(s) with G(s) from Marenzoniet al. andg(s) from
Skullerud. Insertshavs g(s) from Skullerud (lower dataplot), and from GCM98/5(s)
(upperdataplot).

In Fig. 7 we plot the new GCM98quark-quarkcouplingcorrelatorD(s) which shows ex-
cellentoverall agreemenwith the Jain-MunczekD(s) [38,39], andwe alsoplot D(s) =
9(s) G(s)g(s) constructedrom the Marenzonietal. G(s) andSkullerudg(s) latticeresults
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whichshavsagreemendownto s= 1.8 Ge\2. Thenormalisatiorandshapeof theMaren-
zonietal. G(s) agreesvith thatof Leinweberetal. [40]. Howeverthenormalisatiorof the
muchmoredifficult lattice computatiorof g(s) is uncertainrandwe have choserit sothat
the combinedlattice D(s) agreeswith the experimentalParticle PropertiesDatabooklet
for s> 3 GeV2. As shown in Fig. 7 all threeD(s) departfrom the two-loop form below
s= 2.5 Ge\2. Thedifferencebetweerthe GCM98 (or Jain-Munczekpandthe lattice con-
structioncould be anindicationof contrikutionsto the quark-quarkcouplingfrom higher
ordergluonself-couplingsatlow enegy, sinceprocessebke Fig. 3cwould beincludedin
the GCM fit, but arenotin thelattice constructionThe earlierGCM95andGCM97 gave
D(s) thatdifferredmainly in theasymptotiaegion, seeplotsin Ref. 10.

Theinsertin Fig. 7 shavs the g(s) from g2(s) = D(s)/ G(s) thatthenfollows from
our analysis.This is the effective quark-gluoncoupling vertex if the gluon correlatoris
taken to be that of Marenzoniet al. (or Leinweberet al.) and herethe error barsnow
indicatecombinederrorsand uncertaintiefrom the lattice spacing.Also shavn is g(s)
from Skullerud[41] with thenormalisatiorasdiscusse@bove.

We summarisan Table 2 someof the hadronicobsenablesthat may be computed
within the GCM, shawing in particulartheir sensitvity to the evolving modelling of the
effective gluoncorrelator Furthermesombsenablesarereviewedin Tandy[7].

TABLE 2. Hadronicobsenables.

Observable GCM 1995 GCM1997 GCM1998 Expt/Theory
fre 93.0MeV* 93.2MeV*  92.40MeV* 93.3MeV
a; mesonmass 1230MeV* 1231MeV* 1239MeV* 1230MeV
numesormass(fomy q) 138.5MeV*  138.5MeV*  138.5MeV* 138.5MeV
a(s) - - fitted t
K mesommasg(for mg) 496MeV* - - 496MeV
(Mu+my)/2|r(p= 1GeV) 6.5MeV 4.8MeV 7.7MeV ~8.0MeV
mg|r(H = 1GeV) 135MeV - - 130MeV
w mesonmass 804MeV 783MeV* 783MeV* 782MeV
a§ TI— Tt scatt.length 0.1634 0.1622 0.1657 0.26+ 0.05
ati TI— Tt scatt.length -0.0466 -0.0463 -0.0465 -0.028+ 0.012
agj TI— Tt scatt.length 0.0358 0.0355 0.0357  0.038+ 0.002
a% Ti— Tt scatt.length 0.0017 0.0016 0.0018 0.0017+ 0.003
a5 T— Tiscatt.length -0.0005 -0.0005 -0.0003 .00013£0.0003
r pionchageradius 0.55fm 0.53fm 0.53fm 0.66fm
%+(0+)nuc|eon-coremas§* 1390MeV 1435MeV 1450MeV  >1300MeVTtt
const.quarkrmssize 0.51fm 0.39fm 0.58fm -
chiral quarkconst.mass 270MeV 267MeV 325MeV -
0t diquarkrmssize 0.55fm 0.55fm 0.59fm -
0t diquarkconst.mass 692MeV 698MeV 673MeV >400MeV
1t diquarkconst.mass 1022MeV 903MeV 933MeV -
0~ diquarkconst.mass 1079MeV 1049MeV 1072MeV -
1~ digquarkconst.mass 1369MeV 1340MeV 1373MeV -
MIT bagconstant (154MeV)*  (145MeV)*  (166MeV)* (146MeV)*
MIT N-core(nocmscorr) 1500MeV 1420MeV 1625MeV  >1300MeVtt
* fitted obserable;- notcomputecdr notknown; T a(s) from Particle Properties

Databooklet; GCM1995:[8]; GCM1997:[9]; GCM1998:[10].

** only O™ diquarkcorrelation;1* diquarkcorrelationlowersnucleoncoremass.

T1 nucleoncoremasg(i.e. no mesondressing).
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5. Constituengjuarks

The constituentquark effect [42] is the dominanteffect in determiningthe structure
of hadronsandalsotheirresponsén scatteringevents,particularlydeepinelasticscatter
ing. The constituenmasseffect manifestedtself in the early studiesof baryonmagnetic
moments.The GCM analysisrevealsratherdirectly both the effective massandthe ef-
fective size of the constituentguarks,andrelatestheseto the effective gluon correlator
We considerchiral limit constituenguarksandwe carefullydefineconstituentjuarksand
constituenhadronsasthoseconstructsappearingn exponentiateaffective actionsin the
functionalformulationof the GCM anddistinguisithemfrom theexactcorrelationsyhich
follow from the completefunctionalintegrations We canexpressthefull quarkcorrelator
G(x,y) in termsof thebosonisedrIC variableswith (2) and(16) giving

_ /DBDDDD*G(x,Y, B, D, D*)exp(—§ B, D, D*])

G(xy) J/ DBDDDD*exp(—YB, D, D*]) 2

The bilocalfield functionalintegralscanbe further decomposethto local hadronicfunc-
tional integrals. The constituenuarkeffect appearsasthe dominantconfiguratiorabout
whichthemeson-diquarkosonisedsCM actionin (52)is expandedThisis characterised
by © = 0 andtwo of the B+£0 (with ¢ = 1in (33), andto simplify the discussiorwe have
useda Feynman-like gauge but the morerealisticLandaugaugemaybe used),

_ 16 dq B(c)
B(pz) - ? (2.,_[)4 (p_q)'qu(q2)2+B(q2)27 (53)
8 r d Al

Here B(¢?) andC(q?) = A(g?) — 1 arethe Fourier transformsof the only two non-zero
B(x,y) fields,andwheretranslationainvariancds used:B(x,y) — B(x—Y). Thesearethe

sameastheoftenusedtDSE for the constituenfjuarkcorrelator We seefrom (52) thatthe

full quarkcorrelatoris givenby the dressingof the constituentjuarkcorrelatorby various
hadronicfluctuations.In the context of the tDSE the rainbav diagramsare usedas an

approximatior{37] to thefull quarkcorrelator therebyconfusingthe full andconstituent
quarkcorrelatorsThe GCM formulationclearlyrevealsthatthetDSEapproachs actually
usinga meanfield or Gaussiarapproximation.The additionalprocessesanifestin (52)

shav upin the FIC hadronisatiorasthedressingpf constituenhadronsby otherhadrons,
of whichthepiondressingf thenucleonis themostpronouncedxample.Thesedressings
incorporateadditionalprocessesorrespondingp furtherdressingf theconstituentjuarks
aswell asfurtherinteractiondbetweerthe constituentjuarks.

Whenconsideringonly the constituentjuarksthe bilocal effective actionin (52) may
be simplifiedby keepingonly thetranslationinvariantB andC dependencéhis definesa
reducedactionperquarkflavour,

eolB, 0=V (- 2 [ dacin(A(@)+ B
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9 B(x?2 9 C(x)?
+ 3¢ oo DR+ 5 [aoe ) (e9)

whereV is the (infinite) spacetimerolume.The minimizationof Sq[B,C] gives(53) and
(54).Expression(55) for theconstituengjuarkactionprovidesaninsightful alternatve but
equialentexpressiorto the morefamiliar DSEin (53) and(54). TheactionScg[B,C] has
theform of asumof akineticenegyterm(definedasthatpartwhichis localin momentum)
and a potential enegy term (definedas that part which is local in relative spacetime).
Bothhaveuncorventionaformsbecausé55) describeself-interactioreffects. Thekinetic
enepgy terminvolvesthe constituenguarkrunningmassM(s) = B(s)/A(s).

0.5 (b)

1

M(s) (GeV)

o~ —

0 0.25 0.5 0.75 1.0 1.25 1.5 0 0.2 0.4 0.6 0.8 1.0 1.2
q(GeV) x (fm)
Fig. 8. (a) QuarkrunningmasaM(s) (solidline) andtheintegrandof thekineticenegy part
of theconstituentjuarkaction.(b) Integrandof the potentialenegy partof the constituent
quarkaction.

Sincethekey constituentjuarkeffectivemasds associatewith thekinetic partof (55),
we subtractthe B = 0 form. In this way we comparethe non-perturbatie configuration
with the perturbatve configurationandit is this differencewhich alsogenerateshe MIT
bagconstantiscussedh Sect.10,

—+o0

So[B] = V ( - % 0/ dq [q3ln (A(qz')a\zz(éz_);(qz)z)]

+o0
9 B(x)?
+ZT[2/dx[x3 550 D (56)
0
The kinetic enegy and potentialenegy integrands,indicatedby the squarebracletsin
(56), areshown in Fig. 8. Figure 8aalsoshaws the quarkrunningmass.The chiral limit

constituenguarkmassof approximately300MeV is revealedasthe valueof therunning
masghatdominateghekinetic enegy integrations.Thewidth of the g-integrationsbeing
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a ‘fermi-motion’ effect. The integrandof the potentialenegy term shaws that gluon ex-
changeaip to somel.2 fm arerelevant. Hencewe seedirectly thatthe constituenguark
characteristicareimplicit in theaction(55).

6. Constituenmesons&anddiquarks

¢ Fromthe hadronisatiorwe saw thatthe constituenmesonsnddiquarksariseaslad-
derBSEstateswith their correlatorgdescribedsthegeneralisedurvaturesof themeson-
diquarkbosonactionwhenexpandingaboutthe dominantor constituenguarkconfigura-
tion. This providesa particularlyinstructive insightinto the truerole of suchladderBSE
statesTraditionallytheseladderstatesarose

(a) (b) (c)

Fig. 9. (a) Diagramshavs a mesonexchangdrom thefunctionalintegral in (55), dressing
constituentfladderdiquark correlations.(b) a low order gluon processwithin the meson
exchange.ln (c) we redrav (b) to shawv the crossedjluon processe#sertedvia meson
exchange.

asaseveretruncationof thefull coupledDSE,howeverwe seethatthey actuallyplay akey
dynamicalolein thehadronisatiolin thatthey naturallyariseasappropriatd-IC variables,
ratherthanfrom someunstructure@pproximatiorschemeThe crossedliagramghatare
normally neglectedin the tDSE are automaticallyinsertedin the GCM via the hadronic
functionalintegrationsin (37),andit is theseprocessethatcorverttheconstituentmesons
andbaryonsinto the obsenablehadronicmodes,asseenlaterin Sect.9 for the nucleon.
Hencethe GCM hadronisatiorrevealsa ‘book-keeping’that was not previously known.
In this connectiorBender Robertsandvon-Smecka[22] have found evidencethatthese
additionalcrossedyluon processemay beresponsibldgor confiningthe diquarks,which
is particularlyinterestingsincetheladderBSE have amass-shellor thediquarksandit is
thesemassesvhich areshovn in Table2, seealsoRef. 43. Thatstudyexplicitly included
the crossedliagramsby extendingthe BSE equationto includethe lowestordercrossed
diagram Howeverin the GCM hadronisatiorsuchcrossediiagramsareseerto arisefrom
mesonexchangesasshaowvn in Fig. 9. Evidencefrom the nucleoncomputationsuggests
that due to the high ‘constituentmass’of the diquarksthe presenceof the pole in the
diquarkcorrelatoratthe mass-shelis not dynamicallysignificant.

Theconnectiorbetweerthebilocal meson-diquarkctionandtheladderBSE statesn-
spiredaninsightfulalternatveto thesolvingof thelinearhomogeneouBSE. Thisanalysis
in Cahill, Robertsand Praschifkg44] involved re-formulatingthe ladderBSE, in which
thebosonmassof interestM occursimplicitly in thequarkcorrelatorsasanexplicit mass
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functional. As anexample for the scalardiquarkstate0™ we find

_ 24 r d'q r(g)? 9 M (x)2
Mir? = -1 | e a@e s - e orer )

where f[I'] is a normalisatiorfunctional[44]. The minimisationof M[I'] with respecto

thebosonvertex functionl” thenyieldsthe massM, at leastasa goodapproximatiorfor

thelow massmesonsanddiquarks.However anotheffeatureof the GCM comesinto play

whenwe usethe propertythatall the low massmesonsanddiquarkshave approximately
thesamd (q), andthatthisis merelythe B(q) functionof theconstituentjuarkcorrelator
This is exactfor the pions, asfollows from the dynamicalbreakingof chiral symmetry

Thisintricaterelationshifds againaconsequencef thedominancef theconstituentjuark
effect. Henceusingl™ = B in (57) thenyieldsan explicit valuefor the constituentmassof

theO™ diquark.Similar massfunctionalsfor the otherstatesaregivenin Ref.44.

7. ConstituenNamhu-Goldstonanesons

The propertiesof the pion continueto be the subjectof considerableheoreticaland
experimentalinterestin QCD studies.The pionis an (almost)massles®NG bosonandits
propertiesare directly associatedvith dynamicalchiral symmetrybreakingandthe un-
derlying quark-gluondynamics.The GCM is particularly effective in revealingthe NG
phenomenghatfollows from the dynamicalbreakingof chiral symmetry[25,26]. Indeed
the GCM resultsin the completederivation of the chiral perurbatiortheory (ChPT)phe-
nomenologybut with the addedeaturethatagaintheinducedNG effective actionis non-
local, sothatthe usualnon-renormalisabilityproblemsdo not arise(seeSect.3.4). How-
ever againwe mustdistinguishthe full NG degreesof freedomfrom the constituentNG
modesasagainthis distinctionis oftenmissing,particularlyin thetDSE formulation.

Thefull NG (pion) correlatorGry is the connectegart of
Gr(3,2w) =[ DUDADATO)iYST AW ADivsTaW) ep(~SeculA T (58)
or, from thehadronisatior{10),
Gr(X,Y) = / DTL.DNDN...7(X)TI(Y) €XP( = Shad[TG s N, N, .]) (59)

in whichX = ”Ty andY = HTW arecentre-of-massoordinategor the pion. We notethat
now the pionfield appearsn Syad[Tt, ..., N, N,..] in theexponentof (59), with aneffective-
actionmasgparametemy. It isimportantto clearlydistinguishthis masstogethemwith the
equationsvhich defineits value,from the pion massthatwould emege from the evalua-
tion of thefunctionalintegralsin (58) or (59). Equation(58) or (59) definesheobsenable
pion mass,whereasthe massin the exponentdefinesthe constituentpion mass.There
is no reasonfor theseto be equalin magnitude thoughthey may well both be given by
thegenericGell-Mann-Oalks-Renne(GMOR) [45] formula. Recentlytherehasbeenre-
newedinterestin the massformulaefor the pion [46—48].
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8. Constituennucleon

We reporthereprogressn calculatingthe constituentnucleonwhich emegesfrom
the GCM hadronisatioras a three constituent-quarlstate,boundby the effective gluon
correlator This nucleonstateis treatedasa correlationbetweenra constituenguarkanda
constituendiquarksubcorrelationn the separablé-adde& approachThefirst suchcom-
putationwasin 1989[48] anduseda rank-1descriptionof the scalardiquark;this yielded
a constituentore massof approximatelyl.3 GeV, which wasvery closeto the expected
coremasg50]. A full calculationof the nucleoncoremasss particularlydifficult andhas
yet to be attemptedasit requiresthe inclusionof the constituentquark correlatorsand
thevariousconstituentliquarkcorrelatorsput particularlythatof thescalar0™ andvector
1+ diquarks.This nucleoncorestatethenhasits massfurther reducedby pion dressing.
As preparatiorfor theseextensve ab initio computationsve have beenmonitoringthe
respons®f the nucleoncoreto theunderlyinglow enegy quark-gluorprocesseby com-
puting the quark- scalardiquarknucleoncore state. The resultsare shavn for GCM95
(rank 2), GCM97 (rank 3) and GCM98 (rank 3) in Table2. We now briefly outline the
preseniproceduresisedin thesestudies.Working in a Euclideanmetric the equationfor

thespin %Jr nucleonform factorseparableomponentgeacha spinor)is

2—30 o~ 1 2-3a_,
Wi(p;P) = 62/ (Pt 50+ 25 PT ((a+ 5+ 2 PY)

G((2a - 1)P— p—q)G((1— a)P+q)Zjk((aP — 0)*)Wi(q;P),  (60)

wherethe Wy are definedin termsof an arbitrary momentumpartitioning paramete.
Herethe scalardiquarkcorrelatoris modelledusingthe separabldéorm

A, p,P Z Fi(a)z(P)ri(p), (61)

whereq and p arethe relative quark momenta,and P is the diquarkmomentum.This
nucleoncore equationrequirescareful determinationof its only ingredients,the quark
correlatorandthe diquarkcorrelator andparticularlyits vertex functions.Thesearedeter
minedby solvingthediquarkBSE usingtheseparableepresentationf theeffective gluon
correlator No integrationcutoffs arerequired.

We seeksolutionsto (60) (which beinga homogeneouknearequatiorwill only have
solutionsfor particularP? = —Mg) which give thenucleoncoremassWe work in therest
frameof the nucleonandaccordinglysetP = (0,iMp). With the above choicesof I', G, Z
andP, (60) enjoys a spatialO(3) symmetry A direct calculationshows that the integral

operatorommutesvith theangulamomentunoperatold =L + S= i% Xp+ %0, sowe
take the Wy to beoneof thegeneral =0, S= %Jr states

- ( é)UK(p) or Wy= S
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whereuy andvg arefunctionsonly of ps and|p|. Equation(60) thenbecomes
ui(p) _ / d4q K; . . uk(q) 63
(o8 ) =3/ gakutpnolanllna) (13 63

Kik(pa, |pl; a4, l0l;p-q) =

ol

_ 1 2-30. . .- 1,
;F|((p4+2q4+ > iMo) +|p+2<1|)

Ti(pe 9)G162Zjk(ss),

. 1
G = s Bs)
(20 -D)Mo+i(Pa+0e)As) + B(s)  (1al+ P)A(s1)
(1Pl + 9)A(s) Gz :
where  (G1)2z = [—((2a—1)Mo+i(pa+0a))A(s1) + B(s1)] %,
& 1
2 T M%)+ BAs)
( ((1~a)Mo—igs)A(s) + B(s) — ol A(sz) )
' lal A(s2) —((1-a)Mo—iga)A(s2) + B(s2) )’

andtheamgumentof the quarkanddiquarkcorrelatorsare

%= (Gu+ (1- )iMo)?+|q|?, (64)

s1= (pa+0a— (20— DiMo)2+ p+ 7, }
s = (Ga—iaMo)? +]ql°.

Equation(63) reducesto n (the rank of the gluon correlatormodelling) coupledtwo-
dimensionalintegral equationsafter performingonetrivial and one numericalanglein-
tegrations.We searchor eigervectorsby introducingan eigervalueA(Mp) andchanging
Mo until theeigervalueA = 1. Valuesfor Mg arein Table2.

Therehave nov beenmary quark-diquarkFadde# studiesof the nucleon[51-60],
with applicationdo hadronicform factors[61,62].

9. Piondressingof constituennucleon

The GCM hadronisatiorileadsdirectly to the formalismfor dressingthe constituent
nucleonby mesonssnotedin Sect.3.5. Thefull determinatiorof this nucleonstateis not
yet completed however we illustrate herethe natureof the mesondressingcalculations.
While chiral symmetrymandateshe on-mass-shelion-nucleoncoupling,asin (38), it
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is clearly necessaryo include the TNN form factorin calculatingloop processesThe
nucleoncorrelatorGy is thendeterminedy the Euclidearmetric DSE:

Gulp) = ip+Mo+3

MMO/ d*q 1
f2 J (2m*(p—q)2+ma
T(p—0,0)iysGn(Q)ivsTo(pP—a,9),  (65)

Where'\f"—T? andfMTI arethe coreanddressediNN couplingsand

Gn(p) = (IA(P?) p.y+ B(p?) +Mo) 2. (66)

HereMp is theconstituenhucleonmasswhile themassof thedressedar physicalnucleon
M is givenby the mass-sheltondition p?A(p?)2 + B(p?)?| 2—_y2 = 0. This zerois situ-
atedin thetime-like region andis determinedy analyticcontinuatiorfrom the Euclidean
supportp? > 0in (65). As M occursin oneof the couplingswhensolving (65) we must
find self-consisteng for the value of M. This addsto the non-linearityof this DSE. We
modelthe dressedndconstituenform factorsby the sameseparabl@pproximation,

1

A+ 5+ )
p? p?
in which p is the pion momentumandq the nucleonmomentumwherethe parametef3
is computablausingthe nucleonstructurefrom Sect.8, but herewe shaw results,in Fig.
10a,for threetypical values Despiteits non-linearity(65) corvergesafterafew iterations,
indicatingthatthepiondressingf thenucleoncoreinvolvesonly asmallnumberof pions.
Neverthelesslueto thelow massof the pionthe nucleonmassshift of typically some300
MeV is significant,aresultthatis alsoseenin MIT bagmodelling[63].

M(p,q) =To(p,q) = (67)

M (GeV)
B4l (MeV)

M (GeV) : | o
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Fig. 10. (a) MassM of the dressednucleonfor various constituentnucleon masses
Mo (GeV), for NN form factorparametef = 0.55GeV (longdash)3 = 0.65GeV (solid)
andp = 0.75 GeV (shortdash)(b) Plotsof the MIT bagconstantB**(a) for valuesof
thescalarfield 0 < 0 < 1. The curvesshav resultsfor GCM98-solid, GCM95-dashednd
GCM97-shortdash.

10. Connectiorto othermodels

By furtherapproximationshe GCM providesa derivationof mary othermodels,and
somalkesit possibleto link thesemodelsto QCD asillustratedin Fig. 1. A particularfea-
ture of this GCM linking is thatit canpredictthe valuesof mary of the phenomenological
parametersccurringin thesemodels andrelatetheir valuesto theunderlyinglow-enegy
quark-gluonprocessedderewe briefly indicatethe connectiorto someof thesemodels.

The Namhu-Jona-Lasinianodel (NJL) is an obvious specialcaseof the GCM. For-
mally the NJL model[14] is the contactinteractionlimit of the GCM: Dy (X —y) —
9?8, 8(x —y) or D(p) — g But in the CQ equationthe contactlimit is undefinedoe-
causeit leadsto divergencesin (53) and (54). A cutoff A is then always introduced
in NJL computationswhich is equivalentto using the ‘step-function’ gluon correlator
D(p) = g?6(g? — A?). Hencethe NJL modelis the GCM but with a box-shaped(p),
ratherthana ‘running’ D(p).

As we have alreadynotedin Sect.3.4 the GCM providesa comprehensie derivation
of the NG sectoreffective action. This is the ChPT effective action[64], but with the
addedinsightthatall coeficientsare given by explicit and corvergentintegralsin terms
of A andB, whicharein turn determinedy D,y. The higherordertermscontrituteto Tt
scatteringandthe sensitvity of theseto changesn Dy, areshavn in Table2. The GCM
formalismalsoprovidesthe non-localNG-baryoneffective action,andthis leadsto finite
valuesof obsenables,andso obviatesthe non-renormalisabilitproblemsthat plaguethe
local-ChPTphenomenology

While the GCM hadronisations the main result,at anintermediatestageoneobtains
[1] extendedmesomuark-mesomouplingtype models(QMC) [65]. Applying mearfield
technigueso the GCM quark-mesorouplingeffective actionleadsto solitontypemodels,
which have beenstudiedin detailin Ref. 31 andthe significanceof the extendedmesons
demonstrated-romthesolitonmodelsafurtheransat41] for theform of thesolitonleads
to the MIT andcloudybagmodel(CBM). In Ref. 66, baryonsaremodelledashybridsof
solitonsandthreequark boundstates.An expressionfor the MIT bagconstantderived
fromthe GCMis [1]

B =

° 2 2 2
(12?;/315 [In(A (s)s+B(s) B?(s) (68)
0

A2(s)s )_Az(s)s+ B2(s) |’

whichis basedntheenegy densityfor completerestoratiorof chirally symmetricpertur
bative configurationinsidea cavity. This bagconstanis for corestatesbecaus&o meson
cloudeffectis included.With a meanfield descriptionof the pion sectorvia o(x), which
describesheisoscalapartof o(x)V(x), whereo(x) is a ‘radial’ field multiplying the NG
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bosonfield V (x) (seeSect.3.4), B becomesfor constant,

_ lom r AZ(s)s+02B?(9) 02B2(s)
B0) = (2n)40/ sds ['”( s ) A5+ (69)

whichreducego (68) wheno = 1, beingthe non-perturbatiefield externalto anisolated
nucleoncore. Here g < 1 describesa partial restorationof chiral symmetryoutsideof

the core. Using the gluon correlatordiscussedn Sect.4, we obtainthe plot of BY/4(o)

shavn in Fig. 10b, for the three GCM gluon correlators.Again we emphasizehat the
GCM provided not only the MIT bagphenomenologyut alsothe valueof the MIT bag
constantDressingof the nucleoncoreby mesonsusinga meanfield modelling,is partly
describedby a reductionin o in the surfaceregion, causinga reductionin the nucleon
mass.

Howeverin nucleiameanmesorfield description[67,68] meanghato is evenfurther
reducedoutsideof the nucleons,andthe effective bag constantis further reduced.The
o field canmodelin part correlatedrit exchangesand, alongwith the w mesonfield, is
believedto beimportantin ameanfield modellingof nuclei.In Ref.69it hasbeenargued
thatthereductionof the effective bagconstanfor nucleonsnsidenucleiis essentiato the
recovery of featuresof relatiistic nuclearphenomenologyThe GCM thusallows B(o)
anddetailsof relativistic nuclearphenomenologyo be directly relatedto the low enegy
quark-gluonprocessethathave beenextractedfrom low enegy mesondata.

11. Conclusion

The GCM hasturnedout to be a very efficaciousmodelof QCD whenappliedto low
enegy hadronicprocessest his succesappearso arisefrom afeatureof QCD thatmight
be thoughtto make low enegy hadronicphysicstoo difficult to sustainfundamentahln-
alytical models,namelythe strengthand numberof gluonic processei the IR regime.
Howevertheir very strengthseemgo leadto anIR saturatioreffectin which the hadronic
processepecomesomavhatinsensitve to detailsof thesegluonic processesrThis fortu-
itous circumstancerobablyalsoexplainswhy therearea considerablenumberof seem-
ingly differentbut apparentlysuccessfuhadronicmodels.The GCM appearso mostsuc-
cessfullyincorporatethe manifestationf this simplifying featureof QCD. It doesso
by beingitself a well-definedquantumfield theoryin which the consequencesf the dy-
namicalbreakingof chiral symmetryare automaticand significant. It also supportsthe
powerful hadronisatioranalysisfrom which the appropriatedynamicalvariablesfor low
enegy hadronicprocessesaturallyemege. A key partof this hadronisations a bilocal
meson-diquarkosonisatiorof the GCM. It is throughthis non-localbosonisatiorthatwe
avoid the spuriousintroductionof a non-renormalisableffective actionfor the hadrons.
Becauseof this we canuniquely relatethe numericalvaluesof numeroushadronicob-
senablesto the underlyingmodellingof the quark-gluonprocessesThis procedurds so
robust that recentprogressis alreadyseeingthe comparisonof lattice-determinedow-
enegy quark-gluonprocessewith thoseextractedfrom experimentaldata.Until now the
GCM hasmainly beenappliedto the mesonsector however asreportedherework on an
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ab initio computationof the nucleonpropertieswithin the GCM is now well advanced.
The nucleonis a complicatedstateto studynot only becausef its threequarkcharacter
but alsobecausehe mesonicfluctuationsplay a significantrole. The study of the bary-

onic sectorof the GCM will providearich field of phenomenan which complex hadronic
processesay be determinedn the contet of properlycomputableguantumamplitudes
devoid of thenon-renormalisabilitproblems.
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GLOBALNI MODEL BOJEQCDeZA HADRONSKEPROCESSE

Globalni model boje (GCM) kvantne kromodinamile (QCD) je kvantnateorija polja
kvarkova i gluonakojom se vrlo uspje&no modeliraju procesiQCD na niskim enegi-
jama. Efektivni gluonskikorelatorsluwzi za opisivanje metudjelovanja struja kvarkova.
Funkcionalniintegralni raCun dozwljava opis hadronizacijau GCM. Najvaznije konfigu-
racije hadronskihfunkcionalnihintegralasejavljaju kao ucinak konstituentnitkvarkova,
Sto je jednalovrijedno krnjoj kvarkovskoj Dyson-Schwingereoj jednadbi (tDSE).
Medutim, GCM pokazujeda hadronskdizika zahtijeva opis procesakoji prelazetDSE.
U ovom pregledudaju seprimjeri zamezonsk i nukleonsle procese GCM je vazanjer
pokazujekako seQCD odnosipremamnogimhadronskinmodelima.
&
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