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A versionof the chiral bagmodel, which containsthe linear c—modeldynamicsandis

quantizedy usingtheconstituentjuarkoperatorshasbeensolvedusinga Tamm-Dancdf

inspired approximation.Model gives reasonablesaluesfor the axial coupling constant
0a=Au—Ad = 1.28, for thecombinatiorh§ = Au+ Ad = 0.38, andfor the protonmag-
netic momentyy, = 2.77. Thesevalues,which matchthe combinationshAu+ Ad of the

quarkdensityfunctions,areconsequenced the chiral characteof themodel.
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1. Introduction

Thedeepinelasticscatteringevealsthata protonhasarathercomplicateccomposition
|uud; gg; g) consistingof valencequarks(u, d), quarkpairs(gq) andgluons(g). Thelow
enegy, quasi-staticpropertiesof a nucleon,suchas the axial-vector coupling constant
ga, or the nucleonmagneticnomenty,, canbereasonablyell understoodf the proton
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(neutron)s composeaf freequark-like piecessay|UUD > [1-3]. Herethecapitalletters
U andD areusedto distinguishthe constituengjuarkswhich appeaiin a quarkmodel[4-
8], from thevalencequarksu andd which areobsenedin thedeepinelasticscatteringAs
will beillustratedin this paper oneshouldnot identify the valencequark,definedby the
correspondinguarkdensityfunctionAqg, with theconstituentjuark[2]. Valenceor current
quarksbelongto a compositesystemof partonsj.e. quarks.antiquarksandgluons[9-11].
Neverthelessthe constituenguarkmodelshave beenemployed[10,11]in the discussion
[2,9] of thespinof the proton.Besidesconstituentjuarks,suchapproachebkadto include
somelessschematideaturessuchasa superpositiorof SU(6) configurationg10] or the
modified proton wave function [11] which contains(3Q)(QQ) componentbesideshe
corvential 3Q term[12]. Skyrme modelhasalsobeenused[13-16] with variousdegrees
of succes$2].

The internal structureof nucleonsis obtainedfrom experimentsat high enepies
[2,3,17-20],whosemassscalediffers significantly from the scaleat which constituent
quarkmodelsare formulated[21]. However, a quarkmodel, which usesthe constituent
quarksto describestatichadronicpropertiesshouldbe ableto reproducehe correctval-
uesof certaincombinationof the quarkdensityfunctions.Thesecombinationgetermine
[2,3,17-20]certainstaticpropertief hadronsFor example:

ga=Au—Ad (1.2)
hs = Au+Ad (1.2)

Here ga is the nucleonaxial-vectorcoupling constant(in units of gy). The quantity h,?

canalsobecalculatedn the constituenjuarkmodels It differsslightly from the constant
gﬁ which hasbeendiscussedn our earlierpaper[7]. The new quantitydoesnotinclude
strangequarkdensityAs, i.e.

2
hﬁ:gi—gAs (1.3)

Thequarkdensities\q canbeextrapolated2,3,17-20,22-2ifrom the deepinelasticscat-
teringdata.Thustherelations(1.1) and(1.2) constrairthe constituengjuarkmodelvalues
of ga and h,f. As is well known [11], theexperimentalalueof ga is closelyrelatedto the
chiralsymmetry Only amodelwhich satisfiegheserelationscanbe anacceptabléool for

theestimateof otherlow enegy quantities suchaselectraveakformfactors.

As anillustrationof suchageneraktatementthe quantitiega andhﬁ will beobtained
in the framework of a chiral bagmodel[4-6]. A particularversion,which involvesthe
linearsigma-modebutsidethebag([4], will beusedbecause®f its relative simplicity. This
modelwill be solved using the Tamm-Dancdf [25-32] inspired approximation(TDIA)
which was describedoreviously [33]. Evensuch”simple” approachdoeslead (seeSect.
2 belaw) to involved nonlinearsystemsof differentialandalgebraicequationswvhich are
to be solved simultaneouslylt is relatedto non-linearsigma-modelsand thusto their
Skyrme-solitonsolutions[13].

In our”simple” descriptionthechiralinvariancds explicitly violatedonly by theterm
proportionato thesigmafield o which ensureshe correctPCAC relation.All otherchiral
invarianceviolationsare causedspontaneous)yasdiscussedelow in Sect.2. Thus,the
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axial-vectorcurrentis, evenwhenexpressedn termof the modelsolutions awell defined
chiral vectorin the chiral symmetrylimit. As a consequencehe coupling constantga
tendsto staycloseto its chiral symmetrylimit ga = 1 (seeTablel). Ontheotherhand,the
modelproducesery reasonabl@aluesof the protonmagnetionoment(seeTablel).

TABLE 1. The resultsfor the chiral-quarkmodelin the TDIA. The bagradiusR is in
GeV1 units.

R | o | magnmoment ax.const.ga mpY®
Ho Hm Htot | 9a/Q | 9a/M | 9a/Tot

4.00| 2.10| 1.583 1.41 294| 1.01 | 0.12 | 1.13 | 0.208
5.00| 1.90 | 1.77 0.44 221| 106 | 0.23 | 1.29 | 0.142
5.00| 2.10| 1.01 0.91 192| 1.06 | 0.06 | 1.12 | 0.198
6.00 | 1.80| 2.09 0.28 237| 1.06 | 0.05| 1.21 | 0.132
6.00 | 1.90| 2.09 0.34 243| 091 | 0.25| 1.16 | 0.166
7.00| 1.80 | 3.02 0.25 3.27| 1.03 | 0.18 | 1.21 | 0.155
7.00| 2.10 | 2.55 0.06 2.61| 1.06 | 0.21 | 1.27 | 0.156
Theparameters
A=9.062 | my=12GeV Hexp = 2.79 My’ = 0.139GeV
V=0092 | fr=0093GeV | gajep =126 | my=0.140GeV

All theseresultsare madeout of two componentsvhich are calledgenericallyquark
and mesonphases.Theseapproximatesolutionsare more preciselydefinedin Sect. 2.
Roughly one can say that the quark phaseof a currentis built up of the constituent
quark”fields”. The”meson”phasegor "field”) is composeaf bilinearcombinationgi.e.
UU, DD) of constituenfjuarkoperatorsyaguelyreminescenof therealphysicalmesons.
In short,the modeldescribes nontrivial dynamicsof constituengjuarks,andit is closely
relatedto the modelsof Refs.5 and6 which have beenoftenused[6-8]. As it is madeof
QQ pairs,its physicalcontenthassomesimilarity with the approachegl1,12] which are
emplgying the modifiedprotonwave function.

As it turnsout, a particularmixture of the two contrikutionsis neededo reproduce
simultaneouslyhe experimentalaluesof ga, hﬁ andpuy. Theconstantga andpy, which
areindependentlyneasurablén the low enegy experimentscanbe explainedby several
setsof model parametersThe sameparameter®ughtto give a reasonablealue of the
constanlh,f. Thus, one cantestthe compatibility betweenthe constituentquark models
andthehigh enegy results[2,3,17-20,22-24£7].

2. Brief outlineofthemodel

ThelLagrangiarwith thelinearsigmamodelembeddedh thebagervironmenthasthe
usualform [4,34-37]:

L= LB+ Lintds + [Lon— U(0,T)]6, (2.1)
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where

Ly= 5( POIVO(X) — 0PIV W(N) —

Lin = ST (009 + TN W00,

L L (2.2)
Lon= Eauo(x)auo(x) + Ea“ﬁ(x)auﬁ(x),
U(o,7) = %Z[ozw +T2(x) — V22— frrBo(x)

and f; = 0.093 GeV. The self-interactionpotentialU includesthe symmetry-breaking
term fnmﬁc . Thevaluesof otherconstantsarefixed by the creationof masstermsfor
theTrando flelds,by the PCAC andby therequirement) (™" = 0. Theirvaluesaregiven
in Sect.3. In theframawork of this particularmodel,m; andmy arenot necessarilyequal
to the physicalsigmaandpion masseshut play the role of modelparameters.

In the Heisenbay picture [38] andin the leadingorder of TDIA [33], the bosonic
entitieso andtarenotthe elementanfields. The AnsatZor the quarkfield is

e (i o

Herecis aquarkcolourandf is aquarkflavour, whereasgn isthespinprojection.bﬁ“ and
dr%’f areconstituengjuarkandantiquarkannihilationoperatorstespectiely. Thequantities

io,1(r) aresphericaBessefunctionsof theorder(0,1) anden is the quarkisospinor(X ")
- spinor(Xm) product

Wi =

Xh=X"Xm. (2.4)

Theo andTtsolitonsaredeterminedy the boundaryconditions

(OHr(r))nuds— ZT()iTys()3s =0 (25)

and
(0o (r))nds— g—zf’rplpzss —o0. (2.6)
Onefinds
() = T(r) (bEF (AT v + S 16 1) - X, T, 1]

+T(r) (b5 b5 o (2.7)

+ et 1)< Xy ¢ (B7) o, 1]
and

0(r) = 0s(r) - (b5 ¢ by + Ay ¢Sy ) — (2.8)
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Heretheradialfunctionsos(r), Ts(r) andr,(r) outsidethebag(1— 6) correspondo the
solutionsof the EulerLagrangesquations:

OHAuTA(r) + A218(r)[o(r)2 + T(r)> = v =0 (2.9)

and
0Hauo(r) +A2o(r)[o(r)? + 72 — v?| + i = 0. (2.10)

To extract the equationsfor the gs 1 and 1, componentdrom the TDIA operator
equationsof motion, the equationg2.7)-(2.10)are "sandwichedbetweenthe final state

(f| = (0 ;| = (0[b§ , andtheinitial state]i) = |of,) = b{|0). This choiceyieldstheequa-
tion for og(r) :

2 2d
[m + =5 | 0s(r) = M[os(r) — fr][(05(r) = fr)? (2.19)
+3m5(r) — v + fug
andfor Ti(r) :
> 2d 2
[W + - r—z] (1) = Nmp(r)[(0(r) — f)? (2.12)

+3m5(r) - v7).
Theotherchoice,i.e. (f| = (0] and|i} = |of T ;) = di?Tu, biCL|O), givestheTs component

& 2d
drz " radr

] Ti(r) = A21%(r) [ f2 + 3612(r) — v?] . (2.13)

Now, one can specify the boundary conditions (2.5) and (2.6) using the same
initial/final-statecombinations:

0 N2 Jo/s

oo =~ i) - ),
2

0] =~ gl + e, (214
2

S0 =~ 2 2lio(e) ()]

At spatialinfinity, theo andrt "fields” (i.e. solitons)mustvanish:

os(r) =0 Ti5(r) =0 Tip(r) =0. (2.15)

r—oo r—sc0 r—sco
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For the fermionfield, oneobtainsthe boundarycondition

i(Yw(r) r=Rbag: igoa(r)(YF)W(r) r=Rpag

(2.16)

G0 -

This boundaryconditionis "sandwiched’betweenthe quark (Fock) states,aswasdone
with the equationf motion.

Severalequation/alid at R = Ryagfollow from thatexpression:

Jo(R)9o(fr— 05(R)) — j1(R)(1 - 3grypp(R)) = 0
0

(
J:O(R)(1+3gn/pnp( R)) — i1(Rga(fr—0s(R)) = 217
jo(R) = ja( )(gofn+39n/sT[s( R)) =0
jo(R)(go fi— 3grysTe(R)) — j1(R) = 0.

The quarkeigeneneagy w will be determinedrom the compatibility of the boundary
conditions(2.14)and(2.16). In this casejnsteadof a commonmesoncouplingconstant
g (Eg. (2.2)), flavour- and angularmomentumdependentouplingsds/s, 9nys andgry/p
appear This reflectschiral symmetrybreaking.As shown in (2.18) below, this appears
naturally when the non-linearsystem(2.2) is solved using the Angitze(2.3), (2.7) and
(2.8),whichleadto the systenmof equationg2.17).Onesolutionfor g/, = T(R) /3 gives
atrivial solutionfor gg, i.e. g = 0. Theothergives

1-J2

1
=32 — = —F
gO’ - ‘] + fT[‘]a gT[/S GJT[S(R) ?

2
J4—432+1 (2.18)

1
2 2
Oryp ="~ 3"+ Dm(R),  os(R) an’

J=j1(R)/jo(R).

Theproblemis to find asetof solutionsof thedifferentialequationdor {o(r), 1s(r), Tip(r) },
which satisfythe mathematicaboundaryconditiong(2.14)and(2.15).The solutionsmust
be compatiblewith (2.18) which is independentf r. As J presentdnformationon the
systemof differentialequationspnehasa stronglycorrelatedalgebraicsystem(2.18)and
thesystemof differentialequationg2.11)-(2.13).

The parametergA,v), which enter £ (2.2), arerestrictedby the symmetry-breaking
behaiour of thetheory Usually[4,39], the g particleis consideredo bea 1.2 GeV reso-
nance whereaghe pion "'mass”is a parametewhich, for simplicity (andlack of knowl-
edge),s assignedhevalueof the physicalpion masg0.137GeV). In thepresentpplica-
tion, thesevalueshave alsobeenused althoughm; andmy; can,in principle,beconsidered
asadditionalparameters.
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Thisresultedn asystemwhichdeterminedermionandbosorradialfunctionsappear
ing in Angatze for examplein (2.7)and(2.8).

In Eq. (2.15),the normalizationconstaniN canbe expressedn termsof Besselfunc-
tionsandquarkeigenfrequencies:

=g " (2.19)

The radial partsof the quarkwave functionsappearingn (2.3) are Besselfunctions
je(wr /R) for ary sphericabagwith theradiusR. At thebagboundarywherer = R, these
functionshave to satisfythe relations(2.18) which combinethe quarkfrequeng w with
thecouplingconstantgg, gn, fr, etc.

This comple systemhasbeensolvedusingthecodeCOLSY S, the collocationsystem
solver, developedby U. Ascher J. ChristianserandR. D. Russelfrom the University of
British Columbiaand Simon FraserUniversity, Canadg40]. From the asymptoticbe-
haviour andsomeearlierexperiencetheinputwassimpleandafastcornvergencehasbeen
achieved.

Theproblemis rathersensitve to thederivative boundaryconditionswhichin all cases
involve the coupling constant(s)Althoughthe asymptoticbhehaiour of the solutionscan
beinferredfrom the systemitself (seealsoRef. 39),the COLSYSis ableto handlerather
generalinitial (guess)solutions.The problemparametergan be graduallychanged(in-
creasedpy usinga continuatiormethodin COLSYS.

Thereareadditionalchiral-bag-modeparametersthe sameasthoseusedin the MIT
bag,i.e. B, Zy andas [4-6,29,36,41].They are relatedto the bag properties(B, Zp)
andwith the effective gluon exchange(as), which removesthe nucleon(N) - resonance
(A) massdegeneray. SomeearlierexperiencgseeRef. 4) suggestethattheseparameters
wouldremainwithin typical chiral-bag-modelalues Heretheseparameterareusedo fix
theN andA massesvithin a 1% accurag. Thenumericalvaluesdependon the particular
Angitzeused.Thus,for example,for onesolutiondisplayedn Table1 onefinds: R =5.0,
w=2.10,2p=2.6,BY/4=0.148andas=1.2.

The solutionsarecomparedagainstthe consisteng conditions(2.18)andtheiterative
procedures used.The iterationconsistsin performinga self-consistentalculation: the
couplingconstantaresetto be equalat the beginning,andafterevery iterationnewn cou-
pling constant@recalculatedrom (2.18). Thesenew valuesarereplacedn theboundary
conditionsto calculatenew solutionsuntil thematchingis achieved.

3. Resultsandcomments

Fromvariousanalyse$3,17-20,23,24,423 of the deepinelasticscatteringdata,one
canextractthefollowing valuesof the quarkdensities:

Au=0.78+0.06

(3.1)
Ad = —0.48+ 0.06.
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Thisleadsto thefollowing predictionof the axial vectorconstants

0a=1.26+0.12 (3.2)
ha = 0.30£0.12. (3.3)
Theresults(3.2) and(3.3) arein a sensea continuation,or a bridge,which connectghe

high enegy region,in which oneencountersurrentquarks quarkpairs,gluons,etc.,with
aregionin whichaneffective descriptionin termsof constituentjuarksmightbepossible.

In the constituentjuarkmodel(2.1) whichwasusedhere,onecancalculatebothaxial
vectorconstantsand the protonmagneticmomenty,. The quantitiesga and p, arealso
known from thelow enengy electraveakdatawhich give [44]

ga=1.264+0.0028 (3.4)
Mp = 2.7928473% 0.00000006.

Themagnetionomentoperatolis

S 1 -
() = 5% Jem (7). (36)
Here
JEm (r) = W(NVQU(r) + eaijm (r)okm (1) (3.7)
and
21413 1 1-T13
Q=372 "3 732 (38)
The protonmagnetianomentis givenby
tp = @ + " (3.9)
Herethe quarkcontributionto L is
U@ = 2 R ((9/2) - (3./8)sin20?+(m./4) co2w (3.10)
3w §(0) + jF(w) — 2jo(w) j1(w)/w
andthe”meson”contritutionis
16m 11 f
i = =05 [ )P, (3.11)
Rbag
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Theaxial-vectorcouplingconstanga hasthe quarkcontribution

3
ol = (p1l [ FTBOFP S WOInD)

i)+ i) |
13() + 2(9) — 2jo(e) j1(@)/@

For the neutron-protorransitiononeobtainsthe "meson” contrikution:

(3.12)

wl o
Wl

c;o|J>

S,
=3

/ { — ) [ + 2”‘;(”] - np(r)o;(r)} . (313
Roag

Finally:
o =g + ", (314

It is importantto notethatthe axial vectorcurrentoperator
A3(r) y3y5 STaW(n) + 930(N)T0(r) — o(r) 93t (3.15)

behaesasavectoraslongasthechiral symmetryis notbroken.From(2.1),onecaneasily
seethatit satisfiesPCAC aslong asall couplingconstantg2.18)areequal.The selfcon-
sistentnumericalproceduraisedin solvingour modelintroducessomeinequalityamong
couplingconstantsn (2.18). As this is somekind of the dynamicalsymmetrybreaking,
thechiralsymmetnyis still sufficiently presered,sothatchirality protectsagainstoolarge
ga values.As onecanseein Tablel, ga doesstayrelatively closeto its chiral symmetry
value.

Thenonlinearsigmamodelis usuallysolved[5-7] usingthe approximation

exp(fi—nnar )21+ fnn""T (3.16)

Theseresults,obtainedin TDIA, seemto indicatethat suchan approximationdestrys
the chiral vector currentproperty of the axial vector current, althoughit preseresthe
PCAC. Thechirality doesnot suficiently protectthe ga value,whichis usuallytoo large,
ga > 1.45,in suchmodels[5,6].
The chirality, which protectsga in the presentmodel, leadsalso to the reasonable

Up values.In both casesthe "'meson” phase which wasintroducedin (2.1) in orderto
constructa chiral-invariantmodel,works in theright direction. The "meson” phasecon-
tributionsare proportionallymuchlargerin the caseof pp, asit shouldbe. On the other

hand,the "meson” phasewhich is anisovector doesnot contritute to the isoscalarhs.
Thislowershg values asis visiblein Table1l.
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The nucleonstatesusedin our modelarethe well-known SU(6) spin-isospirsymme-
try eigervectors.Therefore the quarkphasecontritutionshave to satisfythe nave quark
modelratio[3], accordingto which

Q3
n= Q) — 5" 0.6. (3.17)

Thus,the MIT-bagmodel[5] would alwayspredictatoo large valuefor h,f.

Thechirality of themodel(2.1) s its mostimportantfeature Its "meson”phaseijntro-
ducedto satisfythe chiral symmetry leadsto a lower ratio (3.17). For thelastcolumnin
Tablel onefinds

n =0.296 (3.18)
whatis quite closeto theexperimentahvalue(see(3.2),(3.3))
n = 0.238+0.070. (3.19

It is probablynot accidentalthat our besth,f and/orn valuesin Table 1 are pairedwith
the bestga andyy, valueswhich differ from the experimentalvaluesby 1.5% and0.7%,
respectrely.

It seemghat a constituentguark model might be compatiblewith the deepinelastic
scatteringdataaslong asits chiral invariance[1] is only dynamicallyand gently (term
fimro in (2.2)for example)broken.
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STATICKA SVOJST\A NUKLEONA U PRISTUPUPOTAKNUT OM
TAMM-D ANCOFFO/OM APROKSIMACIJOM

Primjenompostupkgotaknutoglamm-DancdbvomaproksimacijomrijeSenge inacica
modelakiralnevretekojasadgi dinamikulinearnogo modelaj kvantizirange primjenom
operatoraonstitutivnih kvarkova. Model daje dobrevrijednostiza konstantuaksijalnog
vezanjauz vrijednostkaoi zamagnetskmomentprotona.Te vrijednosti,koje suu suglasju
svrijednostimaunkcija kvarkovske gustce, posljiedicasukiralnogznatajamodela.
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