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V. E. Lyubovitskij}? Th. Gutsché,and Amand Faessfer
Lnstitut fir Theoretische Physik, Universttaibingen, Auf der Morgenstelle 14, D-72076blgen, Germany
2Department of Physics, Tomsk State University, 634050 Tomsk, Russia
(Received 5 May 2001; published 19 November 2001

We apply the perturbative chiral quark modBICQM) at one loop to analyze the electromagnetic structure
of nucleons. This model is based on an effective Lagrangian, where baryons are described by relativistic
valence quarks and a perturbative cloud of Goldstone bosons. Including the electromagnetic interaction we first
develop the formalism up to one loop in the Goldstone boson fluctuation relying on renormalization by use of
counterterms. Local gauge invariance is satisfied both on the Lagrangian level and also for the relevant baryon
matrix elements in the Breit frame. We apply the formalism to obtain analytical expressions for the nucleon
charge and magnetic form factors, which are expressed in terms of fundamental parameters of low-energy
pion-nucleon physicéveak pion decay constant, axial nucleon coupling, strong pion-nucleon form)faatbr
of only one model parametéradius of the nucleonic three-quark cprA detailed numerical analysis of the
nucleon magnetic moments, charge and magnetic radii, and also the momentum dependence of form factors is
presented.
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[. INTRODUCTION bag boundary is replaced by a finite surface thickness of the
quark core. By introducing a static quark potential of general
The study of the electromagnetic form factors of theform, these quark models contain a set of free parameters
nucleon is of fundamental importance in hadron physics taharacterizing the confinemefwoupling strengthand/or the
gain a deeper understanding of baryon structure and the imuark masses. The perturbative technique allows a fully
terplay between strong and electromagnetic interactiongjuantized treatment of the pion field up to a given order in
Completed and ongoing experiments at ELSA, JLab, MAMI,accuracy. Although formulated on the quark level, where
MIT, NIKHEF, and other laboratories on improved measure-confinement is put in phenomenologically, perturbative chi-
ments of the elastic proton and neutron form factors stimufral quark models are formally close to chiral perturbation
lated a comprehensive theoretical study of these quantitiesheory on the hadron level.
The theoretical description of electromagnetic form factors Alternatively, when the pion cloud is assumed to domi-
was performed in detail within different approaches of low-nate the nucleon structure this effect has to be treated non-
energy hadron physics: QCD sum rules, chiral perturbatiomperturbatively. The nonperturbative approaches are based, for
theory, relativistic and nonrelativistic quark models, QCD-example, on Refd.7], where the chiral quark soliton model
motivated approaches based on solutions of the Schwingewas derived. This model is based on the concept that the
Dyson/Bethe-Salpeter and Faddeev equations, soliton-typ@CD instanton vacuum is responsible for the spontaneous
models, etc. For recent experimental and theoretical adsreaking of chiral symmetry, which in turn leads to an effec-
vances with respect to the electromagnetic structure of nucldgive chiral Lagrangian at low energy as “derived” from
ons see the proceedings of the last conferefte§]. QCD. The classical pion fiel@he soliton is described by a
Since the early 1980s chiral quark modgds-8|, describ-  trial profile function, which is fixed by minimizing the en-
ing the nucleon as a bound system of valence quarks with argy of the nucleon. Further quantization of slow rotations of
surrounding pion cloud, have played an important role in thethis soliton field leads to a nucleon state, which is built up
description of low-energy nucleon physics. These models infrom rotational excitations of the classical nucleon. On the
clude the two main features of low-energy hadron structurephenomenological level the chiral quark soliton model tends
confinement and chiral symmetry. With respect to the treatto be advantageous in the description of the nucleon spin
ment of the pion cloud these approaches fall essentially intstructure—that is, for large momentum transfers—but is
two categories. comparable to the original perturbative chiral quark models
The first type of chiral quark models assumes that thén the description of low-energy nucleon properties.
valence quark content dominates the nucleon, thereby treat- As a further development of chiral quark models with a
ing pion contributions perturbative[yt—6,8. Originally, this  perturbative treatment of the pion clo[#6,8], we extended
idea was formulated in the context of the cloudy bag modethe relativistic quark model suggested[8] for the study of
[4]. By imposing chiral symmetry the MIT bag modg] the low-energy properties of the nuclept0]. Compared to
was extended to include the interaction of the confinedhe previous similar models of Refgl—6] our current ap-
quarks with the pion fields on the bag surface. With the piorproach contains several new featurés: generalization of
cloud treated as a perturbation on the basic features of ththe phenomenological confining potentiél) SU(3) exten-
MIT bag, pionic effects generally improve the description of sion of chiral symmetry to include the kaon and eta-meson
nucleon observables. Later, similar perturbative chiral modeloud contributions(iii) consistent formulation of perturba-
els[5,6,8 were developed where the rather unphysical sharpion theory both on the quark and baryon level by use of
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renormalization techniques and by allowing to account forour model Lagangian by including the electromagnetic inter-
excited quark states in the meson loop diagrains,fulfill- action. A consistent formalism of the perturbation series up
ment of the constraints imposed by chiral symmetow-  to one meson loop and up to terms linear in the current quark
energy theoremsincluding the current quark mass expan- masses is presented. We utilize a renormalization technique,
sion of the matrix element$or details see Ref10]), and(v)  which, by introducing counterterms, greatly simplifies the
possible consistency with chiral perturbation theory as, forevaluation. Thereby, local gauge invariance of the electro-
example, demonstratdd0] for the chiral expansion of the magnetic interaction is shown to be fulfilled both on the
nucleon mass. In the following we refer to our model as the_agrangian level and for baryon matrix elements set up in
perturbative chiral quark modglPCQM). the Breit frame. In Sec. Ill we concentrate on the specific
The PCQM is based on an effective chiral Lagrangianapplication of the PCQM to the electromagnetic properties of
describing quarks as relativistic fermions moving in a self-the nucleon. We derive analytical expressions for the nucleon
consistent fieldstatic potentigl The latter is described by a charge and magnetic form factors expressed in terms of fun-
scalar potentials providing confinement of quarks and the damental parameters of low-energy pion-nucleon physics
time component of a vector potentiafV responsible for (weak pion decay constant, axial nucleon coupling, strong
short-range fluctuations of the gluon field configuratipt§ pion-nucleon form factgrand of only one model parameter
(see also recent lattice calculatiofi®?]). The model poten- (radius of the nucleonic three-quark cprBlumerical results
tial defines unperturbed wave functions of quarks which arén comparison with data are presented to test the basic and
subsequently used in the calculation of baryon propertiesstandard phenomenological implications of the model. Fi-
Baryons in the PCQM are described as bound states of varally, Sec. IV contains a summary of our major conclusions.
lence quarks surrounded by a cloud of Goldstone bosons

(m,K,7n) as required by chiral symmetry. The interaction' of II. PERTURBATIVE CHIRAL QUARK MODEL
guarks with Goldstone bosons is introduced on the basis of
the nonlinearr model[13]. When considering mesons fields A. Effective Lagrangian and zeroth-order properties

as small fluctuations we restrict ourselves to the linear form The perturbative chiral quark modgl0] is based on an

of the meson-quark interaction. With the derived interactiongffective chiral Lagrangian describing the valence quarks of
Lagrangian we do our perturbation theory in the expansiotharyons as relativistic fermions moving in a self-consistent
parameter # (whereF is the pion leptonic decay constant field (static potential Vi (r)=S(r)+ y°V(r), with r=|>2|

in the chiral limif). We also treat the mass term of the current !
: : 8,5,14, which are supplemented by a cloud of Goldstone
quarks as a small perturbation. Dressing the baryon three- ; )
osons r,K, 7). Treating Goldstone fields as small fluctua-
quark core by a cloud of Goldstone mesons corresponds tto

the inclusion of the sea-quark contribution. All calculations lons around the three-quatBq) core we derive a finearized

; ; R _ plin
are performed at one loop or at order of accurz‘;lcyeﬁec'['ve LagrangianLes. The LagrangianLe=_Lin,

- . N . +L derived in Ref.[10], includes the linear chiral-
2 xSB1 y
fc;r%/c'j: ,m,m). The chiral limit with m,ms—0 is well de- invariant term

In Ref.[10] our approach was successfully applied to the N (o — T T _ .0
study of sigma-term physics. Our result for thdN sigma £iny(x)=¢1=S(0) =y V(N 1$(x)
term o y~45 MeV is in good agreement with the value 1 R . &)(X)
deduced by Gasser, Leutwyler, and Sairib4] using + E[aMCI)(x)]Z—(//(x)S(r)iy5?z/;(x) (1
dispersion-relation techniques and exploiting the chiral sym-
metry constraints. A complete analysis of meson-nucleon and
meson-delta-isobar sigma terms is given including the?nd & termc
strangeness content of the nucleon. We have a physically

ss Which explicitly breaks chiral symmetry,

reasonable prediction for the quantjy=0.076+0.012[10] _ _ E 2 2
characterizing the strange quark contribution to the nucleon Lyse¥) =~ g My(x) 8Tr{<D(x),{<I>(x),/\/l}},
mass. Our predictions for the strangeness content of the 2
nucleon and foKN sigma terms are important for the ongo-

ing DA®NE experiments at Frascdti5]. containing the mass terms for quarks and megd6s The

In this paper, we apply the PCQM to analyze the electropctet matrixd of pseudoscalar mesons is defined as
magnetic structure of nucleons. The main intention of the

present work is to develop the full formalism for the effec- -

tive Lagrangian of the PCQM, where Goldstone boson fluc- 322 %
tuations are treated as higher-order effects to the pure va~2 =1 |2
lence quark core results. We give a detailed consideration of

gauge invariance in a noncovariant chiral quark model treat- 702+ ! J6 " K™
ing the pion cloud perturbatively. o — 702+ 77/\/6 KO
In the present article we proceed as follows. In the fol- = _
lowing section, we first describe the basic notions of our K™ K —277/\/6
approach: the underlying effective Lagrangian, choice of pa-
rameters, and fulfillment of low-energy theorems. We extend ()]
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HereF=88 MeV [10,17 is the pion decay constant in the Instead we consider the quark mass term as a small pertur-
chiral limit, M=diag{m,m,mg} is the mass matrix of cur- bation[19], as will be discussed later on. Inclusion of a finite
current quark mass leads to a displacement of the single-
ark energy which, for example, is relevant for the calcula-
ion of the sigma terngsee discussion in Ref10]), a quan-
tity which vanishes in the chiral limit. On the other hand, the
ect of a finite current quark mass on observables which
survive in the chiral limit, like magnetic moments, charge
radii, etc., is quite negligible.
R R 2 For a given form of the potential§(r) and V(r) the
M2=2mB, MZ=(m+my)B, Mf]:§(m+ 2mg)B. Dirac equation(6) can be solved numerically. Here, for the
4) sake of simplicity, we use a variation@aussian ansat20]
for the quark wave function given by the analytical form

Meson masses obviously satisfy the Gell-Mann-Oakes-

rent quarks, B=—(0|uu|0)/F? is the low-energy constant
which measures the vacuum expectation value of the scal
quark densities in the chiral lim[tL8]. We rely on the stan-
dard picture of chiral symmetry breakirjg8] and for the
masses of pseudoscalar mesons we use the leading term
their chiral expansiofi.e., linear in the current quark mass

Renner equation(4) and the Gell-Mann-Okubo relation - g
3M2+M2=4M2. In the evaluation we use the following - X X
7 T K =N - . oX , 8
set of QCD parametefd 9]: Uo(X) =N ex 2r?|| 1P XsXtXe ®
~ mg Mi+
m=7 MeV, —=25, B=—7—=14 GeV. (5 where
m 2m
N=[7*2R3(1+3p?/2)] 12 9)

Furthermore, the linearized effective Lagrangian fulfils the
partial conservation of axial vector curre®CAC) require-  is a constant fixed by the normalization condition
ment[10], consistent with the Goldberger-Treiman relation
(as shown later on 3t L

To derive the properties of baryons, which are modeled as J d*Xup(X)Ug(x)=1; (10
bound states of valence quarks surrounded by a meson cloud,
we formulate perturbation theory. At zeroth order, the unperxs, xs, and x. are the spin, flavor, and color quark wave
turbed Lagrangian simply describes the nucleon by threéunctions, respectively. Our Gaussian ansatz contains two
relativistic valence quarks which are confined by the effecimodel parameters: the dimensional param&emnd the di-
tive one-body potential in the Dirac equation. The massmensionless parametgr The parametep can be related to
mg°"® of the three-quark core of the nucleon is then related tdhe axial coupling constam, calculated in zeroth-ordepr
the single-quark ground-state enerdy by m$’'®=3&,.  3g-corg approximation,
(Here we do not discuss the removal of the spurious contri-

bution to the baryon mass arising from the center-of-mass 5 2p? 5 1+2y
motion of the bound state. It will be subject of a future pub- gA:§ 1- 3 ~37 3 (1)
lication.) For the unperturbed three-quark state we introduce 1+ EPZ
the notation|¢,) with the normalization{ ¢o|bo)=1. The
single-quark ground-state ener§yand wave functiofWF) wherey is a relativistic reduction factor:
uo(i) are obtained from the Dirac equation
3 2
[—iaV+BS(N+V(r)—&lug(x)=0.  (§) 172" 9 1

) Y=—73 ~109 3 (12

The quark WFuy(x) belongs to the basis of potential eigen- 1+ Epz

stateg(including excited quark and antiquark solutipnsed
for expanding the quark field operate(x). Here we restrict

the expansion to the ground-state contribution with Note that since PCAC is fulfilled in our modglO], on the

tree level the axial chargg, is on the tree level related to

B - e the pion-nucleon coupling consta@t. .y by the Goldberger-
$(x)=boug(X)exp —i&t), @) Treiman relation
wherebg is the corresponding single-quark annihilation op- 5
erator. SMmy 2p M
' - Gann= 1- =—=0a, (13
At the unperturbed level the current quark mass is not 3F 3, F
included in Eq.(6) to simplify our calculational technique. 1+ 5P

wherem, is the physical nucleon mass.
Here we restrict to the isospin symmetry limit with The parameteR can be physically understood as the
m,=Mmg=m. mean radius of the three-quark core and is related to the
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charge radiugrZ)", of the proton in the leading-ordeor 2

— d(x
zeroth-order approximation a$10] Li(X)=—(X)i yS(T)S(r) P(X) (18
5
3R2 1+ 2P y and the subscript refers to contributions from connected
(r@foz— —Rz(z—)_ (14) graphs only. We evaluate Eq17) at one loop to order
2 1+ §p2 2 o(1/F?) using Wick’s theorem and the appropriate propaga-
2 tors. For the quark field we use a Feynman propagator for a

In our calculations we use the valgg= 1.25 as obtained in fermion in a binding potential. By restricting the summation
chiral perturbation theoryChPT) [17]. We therefore have OVer intermediate quark states to the ground state we get
only one free parametd®. In the numerical evaluatioR is _

varied in the region from 0.55 fm to 0.65 fm corresponding G y(X,¥) = (ol T{t:(X) ¢(y)}| bo)

to a change ofr2), in the region from 0.5 frhto 0.7 f?.

The use of the Gaussian ansé in its exact form restricts —Ug(X)Ug(y)exd —i&(Xo—Yo)]0(Xo—Yo)-
the scalar confinement potenti&(r) to (19
1-3p> For meson fields we use the free Feynman propagator for a
S(r)= +—r’=M+cr?, (15  boson field with

2pR  2R? _

-~ iAjj(x—y)=(0|T{®;(x)P;(y)}|0)
expressed in terms of the parametBrand p. The constant d* exd —ik(x—y)]
part of the scalar potentidll can be interpreted as the con- = 5ijf 2m%  MI—K—ie (20

P

stituent mass of the quark, which is simply a displacement of
the current quark mass due to the poterfi@l). The param-
eter c is a constant defining the radi@juadrati¢ depen-
dence of the scalar potential. Numerically, for our set of
parameters, we getM=230+20 MeV and c=0.007
+0.002 Ge\l. Error bars for theoretical results quoted here
and in the following correspond to the variation of the pa
rameterR. For the vector potential we get the following

The superscripN in Eq. (17) indicates that the matrix ele-
ments are projected on the respective nucleon states. The
nucleon wave functiofN) is conventionally set up by the
product of the S(B) spin-flavor WF and SU(3)color WF

(see details if23]), where the nonrelativistic single quark
“spin WF is replaced by the relativistic ground-state solution
of Eq. (8). Projection of “one-body” diagrams on the

expression. nucleon state refers to
1+ 3p?
V(r)=5o—2—;+$r2, (16) -~ Proj 3 0
P Xi X! XX — (NI 1DOIN), - (21)
where the single-quark enerdy is a free parameter in the
Gaussian ansatz. where the single-particle matrix element of the operators
andJ, acting in flavor and spin space, is replaced by the one
B. Perturbation theory and nucleon mass embedded in the nucleon state. For “two-body” diagrams

. L with two independent quark indicasand | the projection
Before setting out to present the renormalization SCheerescription reads as

of the PCQM, we first define and discuss the quantities rel-
evant for mass and wave function renormalization. Follow-

Tt ,f'fq8's T 1t kK'kqo'o
. : Xolg X Xl
ing the Gell-Mann and Low theoref@1] we define the mass XirXsl1 1 XIXsOXwXori2 2 XkXo

shift of the nucleonic three-quark ground statey due to Proj 3 _ _
the interaction with Goldstone mesong as — (N>, (113D D@ (1,d,)D|N). (22
%)
oo in
Amy= (o >, —'f i 8(t)d*y - - - The total nucleon mass is given lg=mg " *+Amy.
n=1M: The superscriptr refers to the renormalized value of the
XA TLL(Xe) - Ly(%) ] o) (17) nucleon mass at one loop—that is, the order of accuracy we

n n Cc -

are working in. The diagrams that contribute to the nucleon

explicit expression for the nucleon mass including one-loop

corrections is given by
2We do not take into account the electromagnetic contribution to

thefe nucleon mass since this_ effect is quite negligiblg. _ m;\l: m&ore+AmN:3(gO+ yﬁ1)+ 2 dﬁH(Mé)
In the calculation of matrix elements we use the interaction La- o=7,K,n
grangian and Wick'sT-ordering product for field operatof&2]. (23
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5y 1. Renormalization of the quark field

First, we introduce the renormalized quark fiefd with
renormalized mass\ ", substituting the original field.
Again, we restrict the expansion of the renormalized quark
field to the ground state with

(a) (b) r r M wom’ iolor
i (x;my) = bouo(x;my)ex —i&o(my)t], 27
FIG. 1. Diagrams contributing to the baryon energy shift: meson
cloud (a) and exchange diagraft). wherei is the SU3) flavor index;Eq(m)) is the renormalized
energy of the quark field in the ground state obtained from

with the solution of the Dirac equation

. 171 4o 6 4 1 : [—iaV+Bm+BS(r)+V(r)—E5(m")Juh(x;m")=0.

NT4000 TNT19N TNTB7 (28)

IUsmg the derivations of the previous section, the renormal-

whered? are the recoupling coefficients defining the partia
N ping g P ized massm; of the quark field is given by

contribution of thew, K, and »-meson cloud to the mass
shift of the nucleon. For the following it is also useful to

separately indicate the contributionsdf§ from the meson ~ m'=mj=m'=m—-sm=m+-— >  d>MC°II(M3),

: X u
cloud (dy™€) and the meson exchange diagrard§ €%): 37 omK .y
. 81 54 . 9 r 2 M 2 MC 2
mMC_ °~ KiMC_ 7mMC__~ mi=ms— dme=mg+ —[dy" “II(Mg)+2d3"~TI(M?)].
diM =250 IN"=dN=750 " =750 5= Mg OM= Mg+ ZZ[dy ™ TT(Mie) +2d T M? )]
(243 (29
and The meson exchange contribution will be included when in-
troducing nucleon mass renormalization. For the quark
90 _ _ 6 masses we will use in the following the compact notation:
dN =200 OV =0 diF'=—255. (24D

M =diagim",m",m} and &M =diag{sm,sm,smg}.
The self-energy operatoH(pr), corresponding to meson (30)

cloud contributions with definite flavor, differ only in their

i r r (ol
value for the meson mass and are given by The solutions of Eq(28), £4(m;) anduy(x;m;), are func-

tions of m{ . Obviously, the difference between nonstrange
ga dpp? and strange quark solutions is solely due to the flavor-
WF) f 2 00) F2un(p?). (25  dependent quark mass] . In the limit m{—0 the solutions
o w2

for nonstrange and strange quarks are degenefzg(ehr)

For a meson with three-momentumthe meson energy is =<0 anduB(i;O)iuo(i) [see Eq(6)]. For the renormalized
Wo(p?)= W with p=|5| andF _yn(p?) is themNN ~ Wave functionug(x;m{) we again consider the Gaussian an-

I(M3)=— (

form factor normalized to unity at zero recop{=0): satz
1
p2R2 p2R2 5 =5
2= — - - X
Fann(P?) exp( 2111t 304 ug(x;mi’):N(m{)ex;{—c(m )= oX | XsXtXe
. - - (31)
Finally, the effect of a finite current quark masson the
nucleon mass shift is taken into account perturbatiédy  with normalization
details se¢10]), resulting in the linear termg’in in Eq. (23).
f d3xud’ (;miuf(x;m)=1. (32

C. Renormalization of the PCQM

To redefine our perturbation series up to a given order inn Eq. (31) the functionsN(m;), c(m{), andp(m;) are nor-
terms of renormalized quantities a set of counterte@ds malized at the point/ =0 as follows:
has to be introduced in the Lagrangian. Thereby, the coun-
terterms play a dual rol€i) to maintain the proper definition N(0)=N, c(0)=1, p(0)=p. (33
of physical parameters, such as nucleon mass and, in particu-
lar, the nucleon charge, an@) to effectively reduce the The productp(m{)c(m{) can be shown to ben| invariant
number of Feynman diagrams to be evaluated. and we therefore obtain the additional condition
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mc(m!)=p. 34 9 (2mR?)¥?
p(m)c(m)=p (34) com s @9
Treatingm{ as a small perturbation, E€28) can be solved (1=79)

perturbatively, resulting in The free meson Lagrangiafy, is written as

£6(mf)=Eg+ 8E(M),  UHOX; M) = Ug(X) + SUg(X; M), .8
(35) z¢=—§ij:1@i(x)(aijD+Mﬁ)<bj(x), (40
where
; . whered=9"d,, andMizj is the diagonal meson mass matrix
550( mi ) = 'yml y W|th
E.,.EPZ - Mi=MZ=M3=MZ,
(. ..M pR |2 4 x> .
Sug(x;mj) =— 3 3 —§+7 Ug(X). Mi=MZ=MZ=M%=Mg, Mz=M2.  (41)

1+ Epz 1+ Epz
For the photon field\, we have the usual kinetic term
For our set of model parameters the ground-state quark en-

ergy & is about 400 MeV and for the energy correctiaity Lon=— E F L0 F#(x),
relative to&, we obtain 4

&o

SE(m'
‘ o(m’) ~18%. (36)

o

~ 145,

F (X)) =3,A,(X)=3,A,(X). (42

Given the small corrections expressed in E2f), the per-  The renormalized interaction Lagrangidl,,,= £+ L5
turbative treatment of a finiteenormalizeglquark mass is a  gntains a part due to the strong interaction
meaningful procedure.

L=L3"+oL5", (43)

2. Renormalized effective Lagrangian
Having set up renormalized fields and masses for thé@nd the electromagnetic interaction,

guarks we are in the position to rewrite the original Lagrang- F aem om

ian. The renormalized effective Lagrangian including the Lem=L T+ LN (44)

hoton fieldA , is now written as . . o
P " The strong interaction ternd ;"' is given by

Elr‘uIIZEZp_{—E(D—}_Eph—}_ﬁirnt' (37)

— (0
The renormalized quark Lagrangialj, defines free nucleon Li= =y ()ivy° E S(r) ¢ (). (45)
dynamics at one loop with
The interaction of mesons and quarks with the electromag-

LY=Ly 4L netic field is described by
,CL o ih— r_ — 0V r , o 8 fo
o VOO M=V LE7=—e AT () QU (0~ eAX) 3|+~
3 i,j=1 \/§
L= =c, > [F(X)iy N (0)]? 2
Ge=Cr 2y [V 001 Y N ()] XD ()P, () + = AE(x) S D). (46)
. 2 Hi13245
+C|<i=24 [0 ()i Y*N iy ()] The term£ £™ is generated by minimal substitution with
+ 0, [ (07 Net (X)), (39) Ou =D =0,y +ieQALY,
The parameterséM of Eq. (30) guarantee the proper _ faij
nucleon mass renormalization due to the meson cloud dia- 9, Pi—D,i=0,Pi+e fg+ E APy, (47)
r

grams of Fig. 1a). The terms contained ifd (w2 are intro-

duced for the purpose of nucleon mass renormalization dughereQ is the quark charge matrix arfg, are the totally
to the meson exchange diagram of Fig)1The correspond- antisymmetric structure constants of GV

ing renormalization parametecs., ¢k, andc,, are deduced The set of counterterms, denoted B¢ 5" and 5£°™, is
from Eqgs.(23) and (24) as explicitly given by
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LM =6L5"+6L5"+ L5, By inclusion of the counterterms the strong interaction La-
grangianZ " should give a zero contribution to the shift of
with the renormalized nucleon mass at one loop—that is,

str_ " r _ ih— r— — 40 d Nk
SLS =y (X)(Z=1)[16—=M"=S(r) = ¥V(1) 1P (x), Amk:w%@l;—lfiﬁ(tl)d“x1-~-d4xn
str— _ r r
OL3"= =y (X) MY (x), XTLLEM(Xq) - - - LX) ]| o)y

3 |
8L5"=—cr 2, [V (01N (0] =Ml 5| atwaad

—CKiZ74 L4 ()i Yo\ (x) ]2 XT[ﬁlSIr(Xl)ﬁIS”(XZ)“¢0>2‘
e Mol [ 80105, 25001 0)"

—C LY Iy A (X)]7, =1

and =0. (49

The propagator of the renormalized quark fieldis given

SLEM=—eA, ()¢ ()(Z~1)¥*Qy' (x). by

Here,Z=diag{Z,Z,Z} is the diagonal matrix of renormal- . _ P

ization constantsZ for u,d quarks andzZ for s quark. The 1Gyr(x.y) <¢O|:r{_¢ EX)W )} o)

values ofZ and Z, are determined by the charge conserva- —Ug(X)ug(y)exHd —i€o(Xo—Yo)16(Xo—Yo)-

tion condition. The simplest way to fiX and Z is on the (50)

quark level. The same set of values forand Z; is also

obtained when requiring charge conservation on the baryolt differs from the unperturbed quark propagat@ ,(x,y)

level. Results foZz and Z will be discussed below. by terms of ordem’, which in turn only contribute to the
Now we briefly explain the role of each counterterm andtwo-loop calculations. Thus, to the order of accuracy we are

why the set of constant& and Z; is identical in5£5" and working in (up to one-loop perturbation theorit is suffi-

SL°™ The counterterms£e™ is introduced to guarantee Ci€Nt to use the unperturbed quark propaga@j(x,y) in-

charge conservation. The countertedfi}'", containing the ste_?d of the renormahzed. one. I

. A . om o prove EQ.(49), we first note that the contribution of
same renormalization constanisand Zs as in SL™% IS - e counterterns. $'is equal to zero due to the equation of
added to fulfil electromagnetic local gauge invariance on tht?ﬂ otion (28)—that is
Lagrangian level. The same term also leads to conservation ’
of the vector currentbaryon number conservatiprilterna-
tively, 6£°™ can also be deduced fro®L 3" by minimal N ol f S()d*x 8L 5" ()| po)N=0. (51)
substitution. In covariant theories the equality of the renor-
malization constants iL3" and §£°™ is known as the
Ward identity. The counterterm&Z5" and 6£3" compen-
sate the contributions of the meson clolklg. 1(a)] and
meson exchange diagrarfisig. 1(b)] to the nucleon mass
my . (The contribution of meson cloud and exchange dia- i
grams is already taken into account in the renormalized N<¢O|—§J S(t)d*x d*GTL P (Xq) £ (X2) 1] dho)
quark LagrangiarC;, .)

3. Renormalization of nucleon mass and charge =N ¢o|f S(tyd*X[8L5"(x) + 6L gtr(x)]|¢o>NEO-

Now we illustrate the explicit role of the counterterms (52)
when performing the calculation of the nucleon mass and the
nucleon charge. The renormalized nucleon magsis de-  Hence Eq.(49) is fulfilled. The calculation of the nucleon
fined by the expectation value of the Hamiltoniafi, (as  massmj at one loop can then either be done with the “un-
derived from the Lagrangiari;) averaged over staiehy)  renormalized” LagrangiarCe; or with the “renormalized”
and projected on the respective nucleon states: versionL§,, (37). Both results fomy are identical and are
given by Eq.(23).

Now we consider the nucleon charge and prove that the
properly introduced counterterms guarantee charge conserva-

The countertermg£ 3" and £ 3" compensate the contribu-

tion of the meson cloudiFig. 1(a)] and exchange diagrams
[Fig. 1(b)], respectively, with

=N ol f SOdXHLX o). (@8)
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tion. Using Noether’s theorem we first derive from the renor-with the quark currenl':;r , self-energy diagramiFigs. 2e)
malized Lagrangian37) the electromagnetic, renormalized and 2f)] and exchange current diagrafifégs. Zi) and 2j)]
current operator: with insertion of the quark currejt, . We also obtain a set

=l il (53)

It contains the quark componerjmgr, the charged meson
componeni4 , and the contribution of the counterteidyy,, :

_ 1 _ _ _
=9y QY= 20Ty —dTyHd = sTys T,

fo
faij+ —=

V3

=7 iotm T —wTioFr +KTig*KT =K ig*K ],

jo= D" P,

8jl =y (Z—1)y"Qyf

1 . o
3[2Z2- Dy = (2= Dd yd

—(Zs—1)sTy#s']. (54)

The renormalized nucleon char@s, at one loop is defined
as

2 n
Q=M T o[ adtxa -at,
XTLLEM(Xy) - - LT (X)) o). (55)

Charge conservation requires that the nucleon charge not be
changed after renormalization—that is,

) 1 for N=p (proton, 56
Qn=0Qn= 0 for N=n (neutron. (56)
Thereby,Qy is the nucleon charge in the three-quark core
approximation, which is defined as the expectation value of
the quark charge 0perat@r¢=fd3xj°¢(x) taken between the

unperturbed 3q stateég):

QN=N<¢o|f S(1)d*j5(x)[ po)™. (57)

Equations(55)—(57) completely define theharge conserva-
tion conditionwithin our approach.

From nucleon charge conservation at one loop we obtain a
condition on the renormalization constahtTo fix the con-
stantZ; we should consider the charge conservation of bary-
ons containings quarks, e.g.> " baryon. In the one-loop
approximation following diagrams contribute to the nucleon
chargeQy [see Figs. @—2(1)]: three-quark diagraniFig.
2(a)] with insertion of the quark current,, three-quark

of diagramgFigs. 2g), 2(h), 2(k), and Zl)] generated by the
countertermsS£ 5"(x) and 5£3"(x). The contribution of the

1 B
|
@) (b)

-

(c) (d)

()

)

sLET sLgr

&

() (h)

@)

S Lgtr ) Lgtr

ORIt
L.alis

(k) M

FIG. 2. Diagrams contributing to the nucleon charge: triangle
diagram (a), triangle counterterm diagranth), meson-cloud dia-
gram (c), vertex correction diagrand), self-energy diagramée),

diagram[Fig. _Z(b)] with the countertermyj ’J,'(three-qu.ark and (f), self-energy counterterm diagrandg) and (h), exchange
counterterm diagrajpnmeson-cloud diagraiffig. 2(c)] with current diagramsi) and(j), and exchange current counterterm dia-
the meson current} , vertex correction diagrarfFig. 2(d)] grams(k) and(l).
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counterterms£ $"'(x) is equal to zero due to the equation of .
motion (28). By definition of the counterterm&. 5"(x) and
SL3"(x), the self-energy and the meson exchange current

4
400( o f dpp'FZan(p?)

diagrams of Figs. @), 2(f), 2(i), and Zj) are compensated by

the counterterm diagrams of Figsig® 2(h), 2(k), and 2I),
respectively.

The contribution of the three-quark diagrgfig. 2(a)] to
the nucleon charge is trivially given by

=00l [ 6005001 0)"=Qu. (58

The three-quark counterterm diagrdifig. 2(b)] is simply
related to the one of Fig.(@ with

NP=(2-1)
=(Z—1) ¢y f () d*xj 5 (x)] o)™
=(Z-1)Qy. (59

The meson cloud diagrafirig. 2(c)] generates the term

No= 400< gA) f dpp'Fonn(p?), 2

d=7,K W
where

CI>c

wa(p?)
(60)

for N=p, for N=p,

mC__ K;c_
an' = aN' =

for N=n, for N=n.

WIN W N
Wi Wb

The contribution of the vertex correction diagréfig. 2(d)]
is given by

9a an’
rid_ 2

™K. Wq>(pz)
(62)
where
1 2
— for N=p, —— for N=p,
. 3 . 3
md__ K;d_
aN' = aN' =
2 2
— for N=n, — — for N=n,
3 3
— for N=p,
af =
0 for N=n.

To guarantee charge conservation, the sum of meson- Cloqcﬁdeon
and vertex correction diagrams must be compensated by thgicleon is p=(E,—§/2),

counterterm contribution:

Q"+ QK+ Qf=0. (62)

The last requirement fixes the value of the renormalizatiomucleon Charg@E and magnetidG

constantZ at one loop to

X ! + 2 + ! (63
wi(p?)  3wg(p?)  owi(p?)]

In the two-flavor picture—that is, when we restrict to the

pion cloud contribution only—we obtain a value 8f=0.9
+0.02 for our set of parameters. The contribution of kaon

and 7-meson loops to the constaztis strongly suppressed
due to the energy denominators in E3). In the three-

flavor picture we getZ=0.88+0.03, which deviates only
slightly from the two-flavor result. The minor role of kaon
and n»-meson loop contributions to nucleon properties was
also found in our previous analysis of meson-nucleon sigma
terms[10]. As already mentioned, the renormalization con-
stantZ, is fixed from the charge conservation of baryons
containing strange quarks.g.,X " baryor. Here we obtain
the analytical result

27 A2
400 7TF pp Fﬂ'NN(p )

><| 4 + 4 ] (64)
3wi(p?)  owy(p?))

In the SU3) flavor symmetry limit fn,=my=m,) both
renormalization constantd and Z, are degenerate. Again,
charge conservation within our approach is fulfilled both on
the quark levelwhen we directly calculate the chargewfd

or s quark at one loopand on the baryon level. With the

value ofZ being close to unity for our set of parameters the
perturbative treatment of the meson cloud is also justified.

Z=1-

lIl. ELECTROMAGNETIC FORM FACTORS
OF THE NUCLEON

It is well known that noncovariant hadron models should
explicitly address the question of local gauge invariance of
electromagnetic form factoror a detailed discussion see
Refs. [24-28). Particularly, even when starting from a
gauge-invariant Lagrangian the resulting physical amplitudes
are not necessarily gauge invariant in an arbitrary frame due
to the use of noncovariant techniguesy., noncovariant par-
ticle propagators The lack of Lorentz covariance in our
approach is linked to the static potential solutions for the
quark fields and, as consequence, to the use of a noncovari-
ant quark propagator. However, when restricting our kine-
matics to a specific frame—that is, the Breit frame—gauge
invariance is fulfilled due to the decoupling of the time and
vector components of the electromagnetic current operator.

Next we follow the original work by Sachs and co-
workers[ 24,25 and Thomas and co-workel4,26,27 to set

the formalism for the electromagnetic form factors of the
In the Breit frame the initial momentum of the
the final momentum isp’
=(E,§/2), and the four-momentum of the photon @
= (O,d) with p’ = p+ g. With the spacelike momentum trans-
fer squared given aQ?= —qg?=¢?, in the Breit frame the
N (Sachs form factors
are defined by27]
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q o q ; Ny o the nucleon spin WFs in the initial and final states; is the
Ns'| 5 |3°(0)|Ns ~ 5] | = xngxnGe(QY), nucleon spin matrix. Electromagnetic gauge invariance on
the baryon level is fulfilled in the Breit frame. In particular,
a a i5N><5| for on-mass-shell nucleons we verify the Ward-Takahashi
< (5) |J(0)|Ns ( 2) > =XLS,2—WXNSG,’\\',,(Q2). identity without referring to the explicit form of the nucleon

65) charge and magnetic form factors:

Here,J°(0) andj(O) are the time and space components of
the electromagnetic current operatéi); XN, and XLS' are

O ) B M A P S R AP EA IRDI )
=0
=Xk, 4" iiNX+XNGZ(Q) 0. (66)

At zero recoil @?=0) the Sachs form factors satisfy the The diagrams of Figs. (8—2(d) contribute to the charge

following normalization conditions: form factor of the nucleon. For the magnetic form factors we
have to include an additional term due to the “meson-in-
GE(0)=1, Gg(0)=0, G}(O0)=pu,, Gu(0)=pu,, flight” diagram indicated in Fig. 3. The other possible dia-

grams at one looplike self-energy current and meson-
(67) exchange current diagrams of Fig.&te compensated by the
countertermgsee previous discussion about renormalization
where u, and u, are the magnetic moments of the proton of the nucleon charge

and the neutron, respectively. _ In the following we indicate the analytical expressions for
The charge radii of the nucleons are given by the relevant diagrams.

(a) Three-quark diagrant3g) [Fig. 2@)]:

dGR(Q?) dGg(Q%)
2p_ _ E 2an_ _ E
R0 |y T e |, GRQILm GRQI+GRQIILS,  GRQINs=0,
- 6 dGN(Q?) Gh(Q%)]3q=GM(Q?) 55+ Gh(Q™[5°,
(Mm=-—= 5 (68)
GM(O) dQ Q2=0

— 2 2
=—300(@)| (70)

3q

n 2
(Q°)
In the PCQM the charge and magnetic form factors of M 3q
nucleon are defined by

whereG¢g \,(Q?)|5; are the leading-ordeiO) terms of the

three-quark diagram evaluated with the unperturbed quark

in WF ug(x); GR(Q?)|3+C is a correction due to the modifica-

= Mol 2 n_lf S(t)d*xd*; - - - d*x,e 1% tion of the quark WFus(x)—ug(x;m') referred to as next-
n=0 7% to-leading ordefNLO):

Xt Xn GE(Q?)

XTLLE (X)) - - L37(x) ] 200 ]| o),

XNS/ 2mN

Xn.Gm(Q%)

XTLL(Xy) - - 'Ef"(xn)ﬂ(X)]l¢o>§- (69) FIG. 3. Meson-in-flight diagram.

2 in
| )
= N((ﬁolz,o HJ S(t)d*xd¥x, - - - dx,e 19

065203-10
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QZRZ p2 QZRZ
P/2)|LO_ _ _
GE(Q )|3q eXF{ 4 1 1 3 ) 4 3
+Ep
QZRZ Q2R3p
GR(Q? >|NL°—exp( m———
4 1+ Epz)
2
1+7p°+7p QR
x L3 a
+§p
Q%R?\ 2mypR
GR(Q?)[55=exp — :
4 1+3 )
EP
N Rp
Gh(Q?)3g = Gh(Q%)[5q-m' —
1+ Epz
3
_ 2
Q2R2 2 2p -
R (r
+§p
(b) Three-quark countertertCT) [Fig. 2(b)]:
GR(QY)|cr=(Z-1GRQI[5]. GR(QY)|cr=0,
Gh(QY)|cr=(Z-1)GR(QA55 .
2 2
=-36h(Q (72
CT

(c) Meson-cloud diagraniMC) [Fig. 2(c)]:

N _ 9 Ja 2 [ 1
GE(Q?) MC—4—OO<F) fo dpszlldx(pzﬂLp\/QTx)

X Faan(P2Q%X)E(P?,Q2,X)

MC
GN(QZ) zim % Zde 4J’1 dX(l_XZ)
M 20™\ 7E] J, pp .
MC
XfWNN(pZ!QZ!X)t'l\\jl(pZ!QZ!X) ’ (73)
MC
where

Fuun(P2Q2,%) = F un(P?)F aun( P2+ Q%+ 2pQ%x),

PHYSICAL REVIEW 64 065203
tE(pzinvx)|MC:C}Tl(perzvx)_i_chkl(plezlx)!
tg(pziQZIX”MC: _C:Iq:rl(pQOzvx)+C]k1(p2!Q2!X)l

4
th(p% Q% X)lmc=DZ(p? Q%) + £ D(p?,Q% ),

th(p%Q% %) wc=—DZ(p%Q%x)— D22<p ,Q%.X),

1
Wal(p?)wiX(p+ Q%+ 2pQ2%x)

D"(p%, Q% x) =

2D5"(p%, Q2 %)
Wo(P?) +We (p?+Q%+2p Q%)
(d) Vertex-correction diagranivC) [Fig. 2(d)]:

2?)0( TrF) f pp’

Ca"(p%,Q2%x) =

GE(M)(QZHVC:GE(Q

XF2 NPt (PD| (74)
VvC
where
p 2 1 2 2 1 2
tB(P?) o= Wa(P?) ~ Wi(P?) + S W, (p?),
te(p?)|ve=W.(p?) —Wk(p?),
2 2 1 2
th |vc— W, (p%)+ WK(p)—— 2(P%),

1 1
tu(P?)lve= — 3Wa(p?)+ 3 Wi(p?) + g W,(p?),

Wy (p?) = :

»(P°) W3¢(p2)
(e) Meson-in-flight diagram{(MF) (Fig. 3):

GR(Q)|wr=0, GE(Q)|we=0,

GnM(Q2)|MFE_GIF\)/I(Q2)|MFa

9 - 1
(gA f dpp“f dx(1—x?)
-1

Gh(Q%)|me= T00™| —F
X Faun(P?,Q%X)DZ(p%,Q% ). (75)

We do not include the modification of the quark WF in the

calculation of one-loop diagranj&igs. 2b), 2(c), 2(d), and
3] since it only gives corrections to the ndiwo-loop) order
in perturbation theory.
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We start our analysis with the magnetic moments ofTaking into account the meson-in-flight diagraffig. 3
nucleons,u, and u,, given by the expressior@ units of  generated by two-body forces leads to a deviation of the ratio

nucleon magnetons tnlpp from the naive Sy result.
In general case, for our set of parameters we obtain
QA) f
°l1+6——=|—=| | dpp’F
Ho™ 100( PR Foan(P) j1p=2.6250.02, pn=—2.02£0.02, ~"=—0.76+0.01,
p
" 26 . 46 . 4 (79
Wi(pZ) Wﬁ(pZ) W:j’(pZ) where the range of theoretical predictions reflects the varia-
tion of the size parametd®. The separate LO/M(p ; MrL]O)
. mN( ga zf” 0 (pz)[ 11 . 4 } and NLO (up*°, un*®) contributions to the magnetic mo-
0l B 7TNN '
50\ 7F wh(p?2)  wh(p?) ments are given by
2
2 L0=1.8£0.15, wupO=—Zpup°,
_ LO 2 P
Mn= " 3 Mp 1+5—400( ) f dpp*Fonn(p?) 8
0= pp— up°=0.82£0.13,
« 21 N 21 N 4
NLO_ LO__
W?-r( p2) Wi(pZ) W?y( pZ) My = MpnT Mg = —0.82+0.08. (80)
Ja 11 1 Our results foru, and u,, are close to the ones of the chiral
50( F) f dpp*F2 (PP e +— , soliton quark model by Diakonov and Petrpr]: wu,=2.98
™ 0 wz(p%)  Wi(p) and u,=—2.26. For the electromagnetic nucleon radii we
(76)  obtain
where r=0.84+0.05 fm, (r?)g=-0.046-0.006 fnf,
2mypR rP=0.82+0.02 fm, r[,=0.85-0.01 fm. (81
=GU(O0)lsg=—73—
1+ = p? The LO contributions to the charge radius of the prdteee
2 Eqg. (14)] and to the magnetic radii of proton and neutron are
. . I ) dominant:
is the leading-order contribution to the proton magnetic mo-
ment. The factor r2| 0=0.77+0.06 fm, rP| o=rylL0=0.730.06 fm.
(82
3 2
2- 2P For the neutron charge radius squared we get the observed

1+ = p? mental value. As in the naive $6) quark model, the
2 LO contribution to the neutron charge radius is zero
and only one-loop diagrams give nontrivial contributions
to this quantity: the meson-cloud(MC) (r?)g ¢

—0.072£0.006 fnf and vertex-correction (VC)
(rZ)E;VCwO.OZG fnf diagrams. The total contribution to the
neutron charge radius is given by

S=—m' Rp—g)z (77 (negative sign, but its magnitude is smaller than the experi-

defines the NLO correction to the nucleon magnetic mo-
ments due to the modification of the quark Wsee Eq.
(71)]. Note that the well-known S}J relation between
nucleon magnetic moments,/u,= —2/3 can be easily de-
duced from Eq(76) if (i) we restrict to contributions from
one-body diagrams in Figs(&-2(d), corresponding to the 24N _ /. 2\N 20 _
additive quark picture andi) apply the SW3)-flavor limit (rR=(r)Rmc+ (r*)Eve=—0.046+0.006 fnf. 83)
(M,=M¢=M,=My). In particular, we have
The magnitude of our result for the neutron charge radius,
(SUg)_ E (SUg) which is too small compared to the experimental value, is
p— 2Fn due to the reduced contribution of the pion cloud diagram
[Fig. 2(c)]. The size of the meson cloud effects is in turn
2 (e 4F37NN(p2) related to the magnitude of the renormalization constant,
fo W which for_ our model isZ=_ 0.9 and theref_ore close to uni_ty.
With an increased contribution of the pion cloud, that is a
Zfoo 4FETNN(p2) decrease OF, one is able to reproduce the experimental re-

5 (78 sult for the neutron charge radius, but one also obtains a
0 W (P°) worse description of the magnetic moments and the proton
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TABLE |. Static nucleon properties. 1
Quantity Our approach Experimef87] N Lo
. 2.62+0.02 2.793 .. NLO
. —2.02+0.02 —-1.913 075t \y
%

fn —0.76+0.01 ~0.68 3 —— Total
Mp )
r2 (fm) 0.84+0.05 0.86-0.01 i )

o ) NN - == Gp(@
(r5)g (fm?) —0.046+0.006 —0.119+0.004 05 + N
P (fm) 0.82+0.02 0.86:0.06 AN
ry (fm) 0.85+0.01 0.88-0.07 AN
charge radius. Also, perturbation theory up to one loop beo2s| N ™ T~el -
comes less reliable in terms of good convergence properties | N e el )
For example, choosingp=0.12 (or g,=15) and R | N e
=0.52 fm we obtain(r?2=-0.08 fn? and Z=0.73.
However, for the other quantities we get a worse fit with
fp=2.56, po=—2.18,r2=0.75 fm, rf;=0.9 fm, andrj, R R
=1 fm. In comparison, the cloudy bag model] gets a oo ,
value of(r?)f=—0.14 fn? by an increased contribution of 0 0.25 0.5 075 1
the pion cloud withZ~0.73[27]. As a result, the predicted \ ,
values for the proton magnetic moment are also less satisfac Q" (GeV?)

tory with u,=2.2 as in the original version of the cloudy bag
model[4] and u,=2.46 in the improved versiof27]. The
prediction for the proton charge radius is also relatively

P —
sm:ll._rE—O.Y?:j ;m [4].h h i hile K dipole fit. In Fig. 7 we plot our predictions for the ratio
n improved fit to the neutron charge radius, while keep- _pGE(QZ)/G,ﬁ’,,(QZ) atR=0.6 fm and compare them with

g e g el o e tver st o, o ook e 16188 an 551 Ot reosions
y Y 9 for the ratioG,(Q?)/[ unGp(Q?)] are presented in Fig. 8.

tions and also Lorentz boost effedt,5,29—36, which are X . -
based on approximate techniques and are not included yet Expenmental data are taken frdm0—43. Finally, in Fig. 9

the present evaluation. Furthermore, additional contributions

of excited quark/antiquark states in the meson loop diagram:

will further enhance the meson-cloud effects, whichupto |} e R =055 fm

now were not studied yet consistently.
In Table | we summarize our results for the static electro- % — R —06fm

magnetic properties of the nucleon in comparison with ex-grs| &

perimental dat§37]. Finally, in Figs. 4—8 we indicate th@? B

dependence of the electromagnetic form factors. In Fig. 4 we DREY

present the result for the proton charge form factor at a typi- AR

cal value for the free size parameter0.6 fm. The dotted AN --=- Gp(@

line corresponds to the LO result, and the short-dashed lin¢o.5 | AR

marks the NLO contribution, while the solid line corresponds SN\ s

to the total result at one loop. And, finally, the long-dashed AN

line indicates the dipole fit to experimental data given by N ~

FIG. 4. Proton charge form factor: LO, NLO, and total contri-
butions.

l 0.25 hES

= . 84 N
(1+Q?0.71 Ge\?)? &9 S

_________

Gp(Q?)

The dependence of the proton charge form factor on the free |  "TT==-T
parameterR is presented in Fig. 5. We plot three curves o . . .
corresponding to R=0.55 fm, R=0.6 fm, and R 0 0.25 0.5 0.75 !
=0.65 fm. An increase oR leads to a decrease of the pro- Q? (GeV?)

ton charge form factor and vice versa. In Fig. 6 we give the

results for the proton charge and the nucleon magnetic form FIG. 5. Proton charge form factor for different values of the

factors forR=0.6 fm and compare them with the common 3g-core radiu)R=0.55, 0.6, and 0.65 fm.
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1 T T T 1.2 r .
— &@ 3 .I. +
\ 1.1
S ey Gﬁ/I(Q2)/Np
\
] T N CH(@) | lowe
| —
N === Gp(@?) & é ¢
‘\ ‘\\ QQ {> __NIKHEF
R 09 ]
N 2 L]
N\ N\ ~
| \‘-»“ N fen *
0.5 NS AN < 0s b
R LN N o=
" S Q:%
.'-... S “ 0.7 F
0.25} S, S~o
N ~ .. 0.6 |
Nhbr 0.5 . : :
0 0.25 0.5 0.75 1
(1] . . L
0 0.25 0.5 0.75 1 @ (GeV?)
Q* (GeV?) FIG. 8. The ratioGy(Q?)/[ 4 Gp(Q?) ] atR=0.6 fm. Experi-

mental data are taken frofd0] (MIT-Bates, [41] (NIKHEF), [42]
FIG. 6. Proton charge and nucleon magnetic form factof® at (ELSA), and[43] (MAMI ).
=0.6 fm.
includes confinement phenomenologically. The Lagrangian
we plot the results for the neutron charge form factor atbasically describes nucleons as bound states of three valence
different values ofR: R=0.55 fm, R=0.6 fm, and R quarks surrounded by a perturbative cloud of pseudoscalar
=0.65 fm. Our results are lower than the experimentalmesons as dictated by the chiral symmetry requirement.

points taken from Refd44-48§. The main aim of this investigation was to present a con-
sistent formalism when treating the Lagrangian in the one-
IV. SUMMARY AND CONCLUSIONS loop expansion. We thereby employed a technique which by

appropriate introduction of counterterms allows consistent
In this paper, we have considered the perturbative chiral

guark model based on an effective chiral Lagrangian which 0.1
11
¢
0.08

¢ M)

I 0.06

g
H

HoH o1 @ B B
g
>
=
w

o]
>
2
]

% 09 | ;0_;3 ........... R =055 fm
2,
&}
= 0.04} % s
o % =0
W08 )
= % ------ R =065 fm
0.02} ﬂ %
0.7 F ] ";.:’: ------------------------------------------------
0 " L L
0 0.25 0.5 0.75 1
0.6 n L L 2 2
0 0.25 0.5 0.75 1 Q° (GeV?)
Q? (GeV?) FIG. 9. Neutron charge form factor for different values Rf
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mass renormalization both on the quark and the nucleoPredictions are given for a variation of the free paramBter
level. In a further extention of the PCQM we considered thein a physical region from 0.55 fm to 0.65 fm corresponding
coupling of the photon field to the nucleon. Again, chargeto <r§>§q_core ranging from 0.5 frA to 0.7 fn?. Our low-Q?
renormalization was introduced to keep a proper definition ofesults—that is, for the nucleon magnetic moments—the
the nucleon charge. Local gauge invariance of the electrocharge radius of the proton and the magnetic radii of the
magnetic interaction is fulfilled on the Lagrangian level by nucleons are in reasonable agreement with data, strengthen-
construction. As a result of the noncovariant nature of théng the phenomenological validity of the PCQM. For the
effective confinement we introduced, local gauge invarianceharge radius of the neutron we obtain the correct sign but its
is not necessarily fulfilled for physical amplitudes in any magnitude is smaller than the experimental value.
reference frame. Only when working in the Breit frame were, We also presented a detailed discussion of@iedepen-
nucleon matrix elements shown to be consistent with thelence of the nucleon form factors in the spacelike region.
Ward identity without further need to introduce extra terms,Although the model underestimates the fir@é behavior of
like contact interactions, in the Lagrangian. the form factors, certain additional physics aspects, such as
As one basic application of the developed formalism wec.m. correction and Lorentz boost effects, are known to im-
considered the electromagnetic form factors of the nucleorprove the phenomenological fisee detailed discussion in
Two approximations were introduced. Refs.[4,5,29-38). The issue of c.m. corrections as evalu-
(i) Restriction of the relativistic quark states to the groundated in the PCQM machinery and their consistency with the
state—that isN and A intermediate states occur in the one- chiral expansion of the nucleon mass will be addressed in a
loop terms. forthcoming publication. With the formal and phenomeno-
(if) Gaussian form of the ground-state single-quark wavéogical foundation established, the proposed model serves as
function, modeled for low@? physics of the calculated ob- a basis for further applications to recent issues of nucleon
servables. structure—for example, such as photo- and electroproduction
The derived quantitiegsmagnetic moments, radii, and of pseudoscalar mesons—which will be pursued in the
form factorg contain only one model paramet@r which is  future.
related to the radius of the three-quark core, and are other-
wise expressed in terms of fundamental parameters of low-
energy hadron physics: axial coupling constapt, weak ACKNOWLEDGMENTS

pion decay constarft, and set of QCD parametefsurrent This work was supported by the Deutsche Forschungsge-
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