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Electromagnetic structure of the nucleon in the perturbative chiral quark model
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We apply the perturbative chiral quark model~PCQM! 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 physics~weak pion decay constant, axial nucleon coupling, strong pion-nucleon form factor! and
of only one model parameter~radius of the nucleonic three-quark core!. A detailed numerical analysis of the
nucleon magnetic moments, charge and magnetic radii, and also the momentum dependence of form factors is
presented.

DOI: 10.1103/PhysRevC.64.065203 PACS number~s!: 14.20.Dh, 12.39.Ki, 13.40.Em, 13.40.Gp
he
t

n
I

re
u

tie
or
w
tio
D
g
ty
a
cl

th
th
in
r
a

in

th
e

de

e
io
t

o
od
ar

the
ral
ters

ully
in
re
hi-
on

i-
on-
, for
l
the
ous
c-

-
of

up
he
ds
pin
is

els

a

on
-
of
I. INTRODUCTION

The study of the electromagnetic form factors of t
nucleon is of fundamental importance in hadron physics
gain a deeper understanding of baryon structure and the
terplay between strong and electromagnetic interactio
Completed and ongoing experiments at ELSA, JLab, MAM
MIT, NIKHEF, and other laboratories on improved measu
ments of the elastic proton and neutron form factors stim
lated a comprehensive theoretical study of these quanti
The theoretical description of electromagnetic form fact
was performed in detail within different approaches of lo
energy hadron physics: QCD sum rules, chiral perturba
theory, relativistic and nonrelativistic quark models, QC
motivated approaches based on solutions of the Schwin
Dyson/Bethe-Salpeter and Faddeev equations, soliton-
models, etc. For recent experimental and theoretical
vances with respect to the electromagnetic structure of nu
ons see the proceedings of the last conferences@1–3#.

Since the early 1980s chiral quark models@4–8#, describ-
ing the nucleon as a bound system of valence quarks wi
surrounding pion cloud, have played an important role in
description of low-energy nucleon physics. These models
clude the two main features of low-energy hadron structu
confinement and chiral symmetry. With respect to the tre
ment of the pion cloud these approaches fall essentially
two categories.

The first type of chiral quark models assumes that
valence quark content dominates the nucleon, thereby tr
ing pion contributions perturbatively@4–6,8#. Originally, this
idea was formulated in the context of the cloudy bag mo
@4#. By imposing chiral symmetry the MIT bag model@9#
was extended to include the interaction of the confin
quarks with the pion fields on the bag surface. With the p
cloud treated as a perturbation on the basic features of
MIT bag, pionic effects generally improve the description
nucleon observables. Later, similar perturbative chiral m
els @5,6,8# were developed where the rather unphysical sh
0556-2813/2001/64~6!/065203~16!/$20.00 64 0652
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bag boundary is replaced by a finite surface thickness of
quark core. By introducing a static quark potential of gene
form, these quark models contain a set of free parame
characterizing the confinement~coupling strength! and/or the
quark masses. The perturbative technique allows a f
quantized treatment of the pion field up to a given order
accuracy. Although formulated on the quark level, whe
confinement is put in phenomenologically, perturbative c
ral quark models are formally close to chiral perturbati
theory on the hadron level.

Alternatively, when the pion cloud is assumed to dom
nate the nucleon structure this effect has to be treated n
perturbatively. The nonperturbative approaches are based
example, on Refs.@7#, where the chiral quark soliton mode
was derived. This model is based on the concept that
QCD instanton vacuum is responsible for the spontane
breaking of chiral symmetry, which in turn leads to an effe
tive chiral Lagrangian at low energy as ‘‘derived’’ from
QCD. The classical pion field~the soliton! is described by a
trial profile function, which is fixed by minimizing the en
ergy of the nucleon. Further quantization of slow rotations
this soliton field leads to a nucleon state, which is built
from rotational excitations of the classical nucleon. On t
phenomenological level the chiral quark soliton model ten
to be advantageous in the description of the nucleon s
structure—that is, for large momentum transfers—but
comparable to the original perturbative chiral quark mod
in the description of low-energy nucleon properties.

As a further development of chiral quark models with
perturbative treatment of the pion cloud@4,6,8#, we extended
the relativistic quark model suggested in@8# for the study of
the low-energy properties of the nucleon@10#. Compared to
the previous similar models of Refs.@4–6# our current ap-
proach contains several new features:~i! generalization of
the phenomenological confining potential,~ii ! SU~3! exten-
sion of chiral symmetry to include the kaon and eta-mes
cloud contributions,~iii ! consistent formulation of perturba
tion theory both on the quark and baryon level by use
©2001 The American Physical Society03-1
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renormalization techniques and by allowing to account
excited quark states in the meson loop diagrams,~iv! fulfill-
ment of the constraints imposed by chiral symmetry~low-
energy theorems!, including the current quark mass expa
sion of the matrix elements~for details see Ref.@10#!, and~v!
possible consistency with chiral perturbation theory as,
example, demonstrated@10# for the chiral expansion of the
nucleon mass. In the following we refer to our model as
perturbative chiral quark model~PCQM!.

The PCQM is based on an effective chiral Lagrang
describing quarks as relativistic fermions moving in a se
consistent field~static potential!. The latter is described by
scalar potentialS providing confinement of quarks and th
time component of a vector potentialg0V responsible for
short-range fluctuations of the gluon field configurations@11#
~see also recent lattice calculations@12#!. The model poten-
tial defines unperturbed wave functions of quarks which
subsequently used in the calculation of baryon propert
Baryons in the PCQM are described as bound states of
lence quarks surrounded by a cloud of Goldstone bos
(p,K,h) as required by chiral symmetry. The interaction
quarks with Goldstone bosons is introduced on the basi
the nonlinears model@13#. When considering mesons field
as small fluctuations we restrict ourselves to the linear fo
of the meson-quark interaction. With the derived interact
Lagrangian we do our perturbation theory in the expans
parameter 1/F ~whereF is the pion leptonic decay consta
in the chiral limit!. We also treat the mass term of the curre
quarks as a small perturbation. Dressing the baryon th
quark core by a cloud of Goldstone mesons correspond
the inclusion of the sea-quark contribution. All calculatio
are performed at one loop or at order of accura
o(1/F2,m̂,ms). The chiral limit with m̂,ms→0 is well de-
fined.

In Ref. @10# our approach was successfully applied to t
study of sigma-term physics. Our result for thepN sigma
term spN'45 MeV is in good agreement with the valu
deduced by Gasser, Leutwyler, and Sainio@14# using
dispersion-relation techniques and exploiting the chiral sy
metry constraints. A complete analysis of meson-nucleon
meson-delta-isobar sigma terms is given including
strangeness content of the nucleon. We have a physic
reasonable prediction for the quantityyN50.07660.012@10#
characterizing the strange quark contribution to the nucl
mass. Our predictions for the strangeness content of
nucleon and forKN sigma terms are important for the ong
ing DAFNE experiments at Frascati@15#.

In this paper, we apply the PCQM to analyze the elect
magnetic structure of nucleons. The main intention of
present work is to develop the full formalism for the effe
tive Lagrangian of the PCQM, where Goldstone boson fl
tuations are treated as higher-order effects to the pure
lence quark core results. We give a detailed consideratio
gauge invariance in a noncovariant chiral quark model tre
ing the pion cloud perturbatively.

In the present article we proceed as follows. In the f
lowing section, we first describe the basic notions of o
approach: the underlying effective Lagrangian, choice of
rameters, and fulfillment of low-energy theorems. We exte
06520
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our model Lagangian by including the electromagnetic int
action. A consistent formalism of the perturbation series
to one meson loop and up to terms linear in the current qu
masses is presented. We utilize a renormalization techni
which, by introducing counterterms, greatly simplifies t
evaluation. Thereby, local gauge invariance of the elec
magnetic interaction is shown to be fulfilled both on t
Lagrangian level and for baryon matrix elements set up
the Breit frame. In Sec. III we concentrate on the spec
application of the PCQM to the electromagnetic properties
the nucleon. We derive analytical expressions for the nucl
charge and magnetic form factors expressed in terms of
damental parameters of low-energy pion-nucleon phys
~weak pion decay constant, axial nucleon coupling, stro
pion-nucleon form factor! and of only one model paramete
~radius of the nucleonic three-quark core!. Numerical results
in comparison with data are presented to test the basic
standard phenomenological implications of the model.
nally, Sec. IV contains a summary of our major conclusio

II. PERTURBATIVE CHIRAL QUARK MODEL

A. Effective Lagrangian and zeroth-order properties

The perturbative chiral quark model@10# is based on an
effective chiral Lagrangian describing the valence quarks
baryons as relativistic fermions moving in a self-consist
field ~static potential!, Ve f f(r )5S(r )1g0V(r ), with r 5uxW u
@8,5,16#, which are supplemented by a cloud of Goldsto
bosons (p,K,h). Treating Goldstone fields as small fluctu
tions around the three-quark~3q! core we derive a linearized
effective LagrangianLe f f . The LagrangianLe f f5L inv

l in

1LxSB, derived in Ref.@10#, includes the linear chiral-
invariant term

L inv
l in ~x!5c̄~x!@ i ]”2S~r !2g0V~r !#c~x!

1
1

2
@]mF̂~x!#22c̄~x!S~r !ig5

F̂~x!

F
c~x! ~1!

and a termLxSB which explicitly breaks chiral symmetry,

LxSB~x!52c̄~x!Mc~x!2
B

8
Tr$F̂~x!,$F̂~x!,M%%,

~2!

containing the mass terms for quarks and mesons@10#. The

octet matrixF̂ of pseudoscalar mesons is defined as

F̂

A2
5(

i 51

8
F il i

A2

5S p0/A21h/A6 p1 K1

p2 2p0/A21h/A6 K0

K2 K̄0 22h/A6
D .

~3!
3-2
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HereF588 MeV @10,17# is the pion decay constant in th
chiral limit, M5diag$m̂,m̂,ms% is the mass matrix of cur
rent quarks,1 B52^0uūuu0&/F2 is the low-energy constan
which measures the vacuum expectation value of the sc
quark densities in the chiral limit@18#. We rely on the stan-
dard picture of chiral symmetry breaking@18# and for the
masses of pseudoscalar mesons we use the leading te
their chiral expansion~i.e., linear in the current quark mass!:

Mp
2 52m̂B, MK

2 5~m̂1ms!B, Mh
25

2

3
~m̂12ms!B.

~4!

Meson masses obviously satisfy the Gell-Mann-Oak
Renner equation~4! and the Gell-Mann-Okubo relatio
3Mh

21Mp
2 54MK

2 . In the evaluation we use the followin
set of QCD parameters@19#:

m̂57 MeV,
ms

m̂
525, B5

Mp1
2

2m̂
51.4 GeV. ~5!

Furthermore, the linearized effective Lagrangian fulfils t
partial conservation of axial vector current~PCAC! require-
ment @10#, consistent with the Goldberger-Treiman relati
~as shown later on!.

To derive the properties of baryons, which are modeled
bound states of valence quarks surrounded by a meson c
we formulate perturbation theory. At zeroth order, the unp
turbed Lagrangian simply describes the nucleon by th
relativistic valence quarks which are confined by the eff
tive one-body potential in the Dirac equation. The ma
mN

core of the three-quark core of the nucleon is then related
the single-quark ground-state energyE0 by mN

core53E0.
~Here we do not discuss the removal of the spurious con
bution to the baryon mass arising from the center-of-m
motion of the bound state. It will be subject of a future pu
lication.! For the unperturbed three-quark state we introd
the notationuf0& with the normalization̂ f0uf0&51. The
single-quark ground-state energyE0 and wave function~WF!

u0(xW ) are obtained from the Dirac equation

@2 iaW ¹W 1bS~r !1V~r !2E0#u0~xW !50. ~6!

The quark WFu0(xW ) belongs to the basis of potential eige
states~including excited quark and antiquark solutions! used
for expanding the quark field operatorc(x). Here we restrict
the expansion to the ground-state contribution with

c~x!5b0u0~xW !exp~2 iE0t !, ~7!

whereb0 is the corresponding single-quark annihilation o
erator.

At the unperturbed level the current quark mass is
included in Eq.~6! to simplify our calculational technique

1Here we restrict to the isospin symmetry limit wit

mu5md5m̂.
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Instead we consider the quark mass term as a small pe
bation@19#, as will be discussed later on. Inclusion of a fini
current quark mass leads to a displacement of the sin
quark energy which, for example, is relevant for the calcu
tion of the sigma term~see discussion in Ref.@10#!, a quan-
tity which vanishes in the chiral limit. On the other hand, t
effect of a finite current quark mass on observables wh
survive in the chiral limit, like magnetic moments, char
radii, etc., is quite negligible.

For a given form of the potentialsS(r ) and V(r ) the
Dirac equation~6! can be solved numerically. Here, for th
sake of simplicity, we use a variationalGaussian ansatz@20#
for the quark wave function given by the analytical form

u0~xW !5N expF2
xW2

2R2G S 1

ir
sW xW

R
D xsx fxc , ~8!

where

N5@p3/2R3~113r2/2!#21/2 ~9!

is a constant fixed by the normalization condition

E d3xu0
†~x!u0~x![1; ~10!

xs , x f , and xc are the spin, flavor, and color quark wav
functions, respectively. Our Gaussian ansatz contains
model parameters: the dimensional parameterR and the di-
mensionless parameterr. The parameterr can be related to
the axial coupling constantgA calculated in zeroth-order~or
3q-core! approximation,

gA5
5

3 S 12
2r2

11
3

2
r2D 5

5

3

112g

3
, ~11!

whereg is a relativistic reduction factor:

g5

12
3

2
r2

11
3

2
r2

5
9

10
gA2

1

2
. ~12!

Note that since PCAC is fulfilled in our model@10#, on the
tree level the axial chargegA is on the tree level related to
the pion-nucleon coupling constantGpNN by the Goldberger-
Treiman relation

GpNN5
5mN

3F S 12
2r2

11
3

2
r2D [

mN

F
gA , ~13!

wheremN is the physical nucleon mass.
The parameterR can be physically understood as th

mean radius of the three-quark core and is related to
3-3
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charge radiuŝ r E
2&LO

P of the proton in the leading-order~or
zeroth-order! approximation as@10#

^r E
2&LO

P 5
3R2

2

11
5

2
r2

11
3

2
r2

5R2S 22
g

2D . ~14!

In our calculations we use the valuegA51.25 as obtained in
chiral perturbation theory~ChPT! @17#. We therefore have
only one free parameterR. In the numerical evaluationR is
varied in the region from 0.55 fm to 0.65 fm correspondi
to a change of̂r E

2&LO
P in the region from 0.5 fm2 to 0.7 fm2.

The use of the Gaussian ansatz~8! in its exact form restricts
the scalar confinement potentialS(r ) to

~15!

expressed in terms of the parametersR andr. The constant
part of the scalar potentialM can be interpreted as the co
stituent mass of the quark, which is simply a displacemen
the current quark mass due to the potentialS(r ). The param-
eter c is a constant defining the radial~quadratic! depen-
dence of the scalar potential. Numerically, for our set
parameters, we getM5230620 MeV and c50.007
60.002 GeV3. Error bars for theoretical results quoted he
and in the following correspond to the variation of the p
rameterR. For the vector potential we get the followin
expression:

V~r !5E02
113r2

2rR
1

r

2R3
r 2, ~16!

where the single-quark energyE0 is a free parameter in th
Gaussian ansatz.

B. Perturbation theory and nucleon mass

Before setting out to present the renormalization sche
of the PCQM, we first define and discuss the quantities
evant for mass and wave function renormalization. Follo
ing the Gell-Mann and Low theorem@21# we define the mass
shift of the nucleonic three-quark ground stateDmN due to
the interaction with Goldstone mesons as2

DmN5 N^f0u (
n51

`
i n

n! E id~ t1!d4x1•••

3d4xnT@LI~x1!•••LI~xn!#uf0&c
N . ~17!

In Eq. ~17! the strong interaction LagrangianLI treated as a
perturbation is defined as3

2We do not take into account the electromagnetic contribution
the nucleon mass since this effect is quite negligible.

3In the calculation of matrix elements we use the interaction
grangian and Wick’sT-ordering product for field operators@22#.
06520
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LI~x!52c̄~x!ig5
F̂~x!

F
S~r !c~x! ~18!

and the subscriptc refers to contributions from connecte
graphs only. We evaluate Eq.~17! at one loop to order
o(1/F2) using Wick’s theorem and the appropriate propag
tors. For the quark field we use a Feynman propagator fo
fermion in a binding potential. By restricting the summatio
over intermediate quark states to the ground state we ge

iGc~x,y!5^f0uT$c~x!c̄~y!%uf0&

→u0~xW !ū0~yW !exp@2 iE0~x02y0!#u~x02y0!.

~19!

For meson fields we use the free Feynman propagator f
boson field with

iD i j ~x2y!5^0uT$F i~x!F j~y!%u0&

5d i j E d4k

~2p!4i

exp@2 ik~x2y!#

MF
2 2k22 i e

. ~20!

The superscriptN in Eq. ~17! indicates that the matrix ele
ments are projected on the respective nucleon states.
nucleon wave functionuN& is conventionally set up by the
product of the SU~6! spin-flavor WF and SU(3)c color WF
~see details in@23#!, where the nonrelativistic single quar
spin WF is replaced by the relativistic ground-state solut
of Eq. ~8!. Projection of ‘‘one-body’’ diagrams on the
nucleon state refers to

x f 8
† xs8

† I f 8 fJs8sx fxs →
Pro j

^Nu(
i 51

3

~ IJ !( i )uN&, ~21!

where the single-particle matrix element of the operatorI
andJ, acting in flavor and spin space, is replaced by the o
embedded in the nucleon state. For ‘‘two-body’’ diagram
with two independent quark indicesi and j the projection
prescription reads as

x f 8
† xs8

† I 1
f 8 fJ1

s8sx fxs^ xk8
† xs8

† I 2
k8kJ2

s8sxkxs

→
Pro j

^Nu(
iÞ j

3

~ I 1J1!( i )
^ ~ I 2J2!( j )uN&. ~22!

The total nucleon mass is given bymN
r 5mN

core1DmN .
The superscriptr refers to the renormalized value of th
nucleon mass at one loop—that is, the order of accuracy
are working in. The diagrams that contribute to the nucle
mass shiftDmN at one loop are shown in Fig. 1: meson clou
@Fig. 1~a!# and meson exchange diagrams@Fig. 1~b!#. The
explicit expression for the nucleon mass including one-lo
corrections is given by

mN
r 5mN

core1DmN53~E01gm̂!1 (
F5p,K,h

dN
FP~MF

2 !

~23!

o

-

3-4
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with

dN
p5

171

400
, dN

K5
6

19
dN

p , dN
h5

1

57
dN

p ,

wheredN
F are the recoupling coefficients defining the part

contribution of thep, K, and h-meson cloud to the mas
shift of the nucleon. For the following it is also useful
separately indicate the contributions todN

F from the meson
cloud (dN

F;MC) and the meson exchange diagrams (dN
F;EX):

dN
p;MC5

81

400
, dN

K;MC[dN
K5

54

400
, dN

h;MC5
9

400
~24a!

and

dN
p;EX5

90

400
, dN

K;EX50, dN
h;EX52

6

400
. ~24b!

The self-energy operatorsP(MF
2 ), corresponding to meso

cloud contributions with definite flavor, differ only in the
value for the meson mass and are given by

P~MF
2 !52S gA

pF D 2E
0

` dpp4

wF
2 ~p2!

FpNN
2 ~p2!. ~25!

For a meson with three-momentumpW the meson energy is
wF(p2)5AMF

2 1p2 with p5upW u andFpNN(p2) is thepNN
form factor normalized to unity at zero recoil (p250):

FpNN~p2!5expS 2
p2R2

4 D H 11
p2R2

8 S 12
5

3gA
D J .

~26!

Finally, the effect of a finite current quark massm̂ on the
nucleon mass shift is taken into account perturbatively~for
details see@10#!, resulting in the linear term 3gm̂ in Eq. ~23!.

C. Renormalization of the PCQM

To redefine our perturbation series up to a given orde
terms of renormalized quantities a set of countertermsdL
has to be introduced in the Lagrangian. Thereby, the co
terterms play a dual role:~i! to maintain the proper definition
of physical parameters, such as nucleon mass and, in par
lar, the nucleon charge, and~ii ! to effectively reduce the
number of Feynman diagrams to be evaluated.

FIG. 1. Diagrams contributing to the baryon energy shift: mes
cloud ~a! and exchange diagram~b!.
06520
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1. Renormalization of the quark field

First, we introduce the renormalized quark fieldc r with
renormalized massM r , substituting the original fieldc.
Again, we restrict the expansion of the renormalized qu
field to the ground state with

c i
r~x;mi

r !5b0u0
r ~xW ;mi

r !exp@2 iE 0
r ~mi

r !t#, ~27!

wherei is the SU~3! flavor index;E 0
r (mi

r) is the renormalized
energy of the quark field in the ground state obtained fr
the solution of the Dirac equation

@2 iaW ¹W 1bmi
r1bS~r !1V~r !2E 0

r ~mr !#u0
r ~xW ;mr !50.

~28!

Using the derivations of the previous section, the renorm
ized massmi

r of the quark field is given by

mu
r 5md

r 5m̂r5m̂2dm̂5m̂1
1

3g (
F5p,K,h

dN
F;MCP~MF

2 !,

ms
r5ms2dms5ms1

2

3g
@dN

K;MCP~MK
2 !12dN

h;MCP~Mh
2 !#.

~29!

The meson exchange contribution will be included when
troducing nucleon mass renormalization. For the qu
masses we will use in the following the compact notation

M r5diag$m̂r ,m̂r ,ms
r% and dM5diag$dm̂,dm̂,dms%.

~30!

The solutions of Eq.~28!, E 0
r (mi

r) and u0
r (xW ;mi

r), are func-
tions of mi

r . Obviously, the difference between nonstran
and strange quark solutions is solely due to the flav
dependent quark massmi

r . In the limit mi
r→0 the solutions

for nonstrange and strange quarks are degenerate:E 0
r (m̂r)

[E0 andu0
r (xW ;0)[u0(xW ) @see Eq.~6!#. For the renormalized

wave functionu0
r (xW ;mi

r) we again consider the Gaussian a
satz

u0
r ~xW ;mi

r !5N~mi
r !expF2c~mi

r !
xW2

2R2G S 1

ir~mi
r !

sW xW

R
D xsx fxc ,

~31!

with normalization

E d3xu0
†r~x;mi

r !u0
r ~x;mi

r ![1. ~32!

In Eq. ~31! the functionsN(mi
r), c(mi

r), andr(mi
r) are nor-

malized at the pointmi
r50 as follows:

N~0!5N, c~0!51, r~0!5r. ~33!

The productr(mi
r)c(mi

r) can be shown to bemi
r invariant

and we therefore obtain the additional condition

n

3-5
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r~mi
r !c~mi

r ![r. ~34!

Treatingmi
r as a small perturbation, Eq.~28! can be solved

perturbatively, resulting in

E 0
r ~mi

r !5E01dE0~mi
r !, u0

r ~xW ;mi
r !5u0~xW !1du0~xW ;mi

r !,
~35!

where

dE0~mi
r !5gmi

r ,

du0
r ~xW ;mi

r !5
mi

r

2

rR

11
3

2
r2
S 1

2
1

21

4
r2

11
3

2
r2

2
xW2

R2
1g0D u0~xW !.

For our set of model parameters the ground-state quark
ergyE0 is about 400 MeV and for the energy correctionsdE0
relative toE0 we obtain

UdE0~m̂r !

E0
U'14%, UdE0~ms

r !

E0
U'18%. ~36!

Given the small corrections expressed in Eq.~36!, the per-
turbative treatment of a finite~renormalized! quark mass is a
meaningful procedure.

2. Renormalized effective Lagrangian

Having set up renormalized fields and masses for
quarks we are in the position to rewrite the original Lagran
ian. The renormalized effective Lagrangian including t
photon fieldAm is now written as

L f ull
r 5L c

r 1LF1Lph1L int
r . ~37!

The renormalized quark LagrangianL c
r defines free nucleon

dynamics at one loop with

L c
r 5L c̄c

r
1L (c̄c)2

r ,

L c̄c
r

5c̄ r~x!@ i ]”2M r2S~r !2g0V~r !#c r~x!,

L (c̄c)2
r

5cp(
i 51

3

@c̄ r~x!ig5l ic
r~x!#2

1cK(
i 54

7

@c̄ r~x!ig5l ic
r~x!#2

1ch@c̄ r~x!ig5l8c r~x!#2. ~38!

The parametersdM of Eq. ~30! guarantee the prope
nucleon mass renormalization due to the meson cloud
grams of Fig. 1~a!. The terms contained inL (c̄c)2

r are intro-
duced for the purpose of nucleon mass renormalization
to the meson exchange diagram of Fig. 1~b!. The correspond-
ing renormalization parameterscp , cK , andch are deduced
from Eqs.~23! and ~24! as
06520
n-

e
-

a-

e

cF52
9

200

~2pR2!3/2

~12g2!
P~MF

2 !. ~39!

The free meson LagrangianLF is written as

LF52
1

2 (
i , j 51

8

F i~x!~d i j h1Mi j
2 !F j~x!, ~40!

whereh5]m]m andMi j
2 is the diagonal meson mass matr

with

M11
2 5M22

2 5M33
2 5Mp

2 ,

M44
2 5M55

2 5M66
2 5M77

2 5MK
2 , M88

2 5Mh
2 . ~41!

For the photon fieldAm we have the usual kinetic term

Lph52
1

4
Fmn~x!Fmn~x!,

with

Fmn~x!5]nAm~x!2]mAn~x!. ~42!

The renormalized interaction LagrangianL int
r 5L str

r 1L em
r

contains a part due to the strong interaction,

L str
r 5L I

str1dL str, ~43!

and the electromagnetic interaction,

L em
r 5L I

em1dL em. ~44!

The strong interaction termL I
str is given by

L I
str52c̄ r~x!ig5

F̂~x!

F
S~r !c r~x!. ~45!

The interaction of mesons and quarks with the electrom
netic field is described by

L I
em52eAm~x!c̄ r~x!gmQc r~x!2eAm~x! (

i , j 51

8 F f 3i j 1
f 8i j

A3
G

3F i~x!]mF j~x!1
e2

2
Am

2 ~x! (
i 51,2,4,5

F i
2~x!. ~46!

The termL I
em is generated by minimal substitution with

]mc r→Dmc r5]mc r1 ieQAmc r ,

]mF i→DmF i5]mF i1eF f 3i j 1
f 8i j

A3
GAmF j , ~47!

whereQ is the quark charge matrix andf i jk are the totally
antisymmetric structure constants of SU~3!.

The set of counterterms, denoted bydL str anddL em, is
explicitly given by
3-6
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dL str5dL 1
str1dL 2

str1dL 3
str ,

with

dL 1
str5c̄ r~x!~Z21!@ i ]”2M r2S~r !2g0V~r !#c r~x!,

dL 2
str52c̄ r~x!dMc r~x!,

dL 3
str52cp(

i 51

3

@c̄ r~x!ig5l ic
r~x!#2

2cK(
i 54

7

@c̄ r~x!ig5l ic
r~x!#2

2ch@c̄ r~x!ig5l8c r~x!#2,

and

dL em52eAm~x!c̄ r~x!~Z21!gmQc r~x!.

Here,Z5diag$Ẑ,Ẑ,Zs% is the diagonal matrix of renormal
ization constants (Ẑ for u,d quarks andZs for s quark!. The
values ofẐ and Zs are determined by the charge conserv
tion condition. The simplest way to fixẐ and Zs is on the
quark level. The same set of values forẐ and Zs is also
obtained when requiring charge conservation on the bar
level. Results forẐ andZs will be discussed below.

Now we briefly explain the role of each counterterm a
why the set of constantsẐ andZs is identical indL 1

str and
dL em. The countertermdL em is introduced to guarante
charge conservation. The countertermdL 1

str , containing the

same renormalization constantsẐ and Zs as in dL em, is
added to fulfil electromagnetic local gauge invariance on
Lagrangian level. The same term also leads to conserva
of the vector current~baryon number conservation!. Alterna-
tively, dL em can also be deduced fromdL 1

str by minimal
substitution. In covariant theories the equality of the ren
malization constants indL 1

str and dL em is known as the
Ward identity. The countertermsdL 2

str and dL 3
str compen-

sate the contributions of the meson cloud@Fig. 1~a!# and
meson exchange diagrams@Fig. 1~b!# to the nucleon mass
mN

r . ~The contribution of meson cloud and exchange d
grams is already taken into account in the renormali
quark LagrangianL c

r .!

3. Renormalization of nucleon mass and charge

Now we illustrate the explicit role of the counterterm
when performing the calculation of the nucleon mass and
nucleon charge. The renormalized nucleon massmN

r is de-
fined by the expectation value of the HamiltonianH c

r ~as
derived from the LagrangianL c

r ) averaged over stateuf0&
and projected on the respective nucleon states:

mN
r [ N^f0u E d~ t !d4xH c

r ~x!uf0&
N. ~48!
06520
-

n

e
on

-

-
d

e

By inclusion of the counterterms the strong interaction L
grangianL r

str should give a zero contribution to the shift o
the renormalized nucleon mass at one loop—that is,

DmN
r 5 N^f0u (

n51

2
i n

n! E id~ t1!d4x1•••d4xn

3T@L r
str~x1!•••L r

str~xn!#uf0&c
N

5 N^f0u2
i

2E d~ t1!d4x1d4x2

3T@L I
str~x1!L I

str~x2!#uf0&c
N

2 N^f0u E d~ t !d4x(
i 51

3

dL i
str~x!uf0&

N

[0. ~49!

The propagator of the renormalized quark fieldc r is given
by

iGcr~x,y!5^f0uT$c r~x!c̄ r~y!%uf0&

→u0
r ~xW !ū0

r ~yW !exp@2 iE 0
r ~x02y0!#u~x02y0!.

~50!

It differs from the unperturbed quark propagatoriGc(x,y)
by terms of orderm̂r , which in turn only contribute to the
two-loop calculations. Thus, to the order of accuracy we
working in ~up to one-loop perturbation theory! it is suffi-
cient to use the unperturbed quark propagatoriGc(x,y) in-
stead of the renormalized one.

To prove Eq.~49!, we first note that the contribution o
the countertermdL 1

str is equal to zero due to the equation
motion ~28!—that is,

N^f0u E d~ t !d4xdL 1
str~x!uf0&

N[0. ~51!

The countertermsdL 2
str anddL 3

str compensate the contribu
tion of the meson cloud@Fig. 1~a!# and exchange diagram
@Fig. 1~b!#, respectively, with

N^f0u2
i

2E d~ t1!d4x1d4x2T@L I
str~x1!L I

str~x2!#uf0&c
N

2N^f0u E d~ t !d4x@dL 2
str~x!1dL 3

str~x!#uf0&
N[0.

~52!

Hence Eq.~49! is fulfilled. The calculation of the nucleon
massmN

r at one loop can then either be done with the ‘‘u
renormalized’’ LagrangianLe f f or with the ‘‘renormalized’’
versionL f ull

r ~37!. Both results formN
r are identical and are

given by Eq.~23!.
Now we consider the nucleon charge and prove that

properly introduced counterterms guarantee charge conse
3-7
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tion. Using Noether’s theorem we first derive from the ren
malized Lagrangian~37! the electromagnetic, renormalize
current operator:

j r
m5 j cr

m
1 j F

m 1d j cr
m . ~53!

It contains the quark componentj cr
m , the charged meson

componentj F
m , and the contribution of the countertermd j cr

m :

j cr
m

5c̄ rgmQc r[
1

3
@2ūrgmur2d̄rgmdr2 s̄rgmsr #,

j F
m 5F f 3i j 1

f 8i j

A3
GF i]

mF j

[@p2i ]mp12p1i ]mp21K2i ]mK12K1i ]mK2#,

d j cr
m

5c̄ r~Z21!gmQc r

[
1

3
@2~ Ẑ21!ūrgmur2~ Ẑ21!d̄rgmdr

2~Zs21!s̄rgmsr #. ~54!

The renormalized nucleon chargeQN
r at one loop is defined

as

QN
r 5N^f0u (

n50

2
i n

n! E d~ t !d4xd4x1•••d4xn

3T@L r
str~x1!•••L r

str~xn! j r
0~x!#uf0&c

N . ~55!

Charge conservation requires that the nucleon charge no
changed after renormalization—that is,

QN
r [QN5H 1 for N5p ~proton!,

0 for N5n ~neutron!.
~56!

Thereby,QN is the nucleon charge in the three-quark co
approximation, which is defined as the expectation value
the quark charge operatorQ̂c5*d3x jc

0(x) taken between the
unperturbed 3q statesuf0&:

QN5N^f0u E d~ t !d4x jc
0~x!uf0&

N. ~57!

Equations~55!–~57! completely define thecharge conserva-
tion conditionwithin our approach.

From nucleon charge conservation at one loop we obta
condition on the renormalization constantẐ. To fix the con-
stantZs we should consider the charge conservation of ba
ons containings quarks, e.g.,S1 baryon. In the one-loop
approximation following diagrams contribute to the nucle
chargeQN

r @see Figs. 2~a!–2~l!#: three-quark diagram@Fig.
2~a!# with insertion of the quark currentj cr

m , three-quark
diagram@Fig. 2~b!# with the countertermd j cr

m ~three-quark
counterterm diagram!, meson-cloud diagram@Fig. 2~c!# with
the meson currentj F

m , vertex correction diagram@Fig. 2~d!#
06520
-

be

f

a

-

with the quark currentj cr
m , self-energy diagrams@Figs. 2~e!

and 2~f!# and exchange current diagrams@Figs. 2~i! and 2~j!#
with insertion of the quark currentj cr

m . We also obtain a se
of diagrams@Figs. 2~g!, 2~h!, 2~k!, and 2~l!# generated by the
countertermsdL 2

str(x) anddL 3
str(x). The contribution of the

FIG. 2. Diagrams contributing to the nucleon charge: trian
diagram ~a!, triangle counterterm diagram~b!, meson-cloud dia-
gram ~c!, vertex correction diagram~d!, self-energy diagrams~e!,
and ~f!, self-energy counterterm diagrams~g! and ~h!, exchange
current diagrams~i! and~j!, and exchange current counterterm di
grams~k! and ~l!.
3-8
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countertermdL 1
str(x) is equal to zero due to the equation

motion ~28!. By definition of the countertermsdL 2
str(x) and

dL 3
str(x), the self-energy and the meson exchange cur

diagrams of Figs. 2~e!, 2~f!, 2~i!, and 2~j! are compensated b
the counterterm diagrams of Figs. 2~g!, 2~h!, 2~k!, and 2~l!,
respectively.

The contribution of the three-quark diagram@Fig. 2~a!# to
the nucleon charge is trivially given by

QN
r ;a5N^f0u E d~ t !d4x jcr

0
~x!uf0&

N[QN . ~58!

The three-quark counterterm diagram@Fig. 2~b!# is simply
related to the one of Fig. 2~a! with

QN
r ;b5~ Ẑ21!QN

r ;a

5~ Ẑ21! N^f0u E d~ t !d4x jcr
0

~x!uf0&
N

[~ Ẑ21!QN . ~59!

The meson cloud diagram@Fig. 2~c!# generates the term

QN
r ;c5

27

400S gA

pF D 2E
0

`

dpp4FpNN
2 ~p2! (

F5p,K

qN
F;c

wF
3 ~p2!

,

~60!

where

qN
p;c5H 2

3
for N5p,

2
2

3
for N5n,

qN
K;c5H 4

3
for N5p,

2

3
for N5n.

The contribution of the vertex correction diagram@Fig. 2~d!#
is given by

QN
r ;d5

27

400S gA

pF D 2E
0

`

dpp4FpNN
2 ~p2! (

F5p,K,h

qN
F;d

wF
3 ~p2!

,

~61!

where

qN
p;d5H 1

3
for N5p,

2

3
for N5n,

qN
K;d5H 2

2

3
for N5p,

2
2

3
for N5n,

qN
h;d5H 1

9
for N5p,

0 for N5n.

To guarantee charge conservation, the sum of meson-c
and vertex correction diagrams must be compensated by
counterterm contribution:

QN
r ;b1QN

r ;c1QN
r ;d[0. ~62!

The last requirement fixes the value of the renormalizat
constantẐ at one loop to
06520
nt

ud
he

n

Ẑ512
27

400S gA

pF D 2E
0

`

dpp4FpNN
2 ~p2!

3H 1

wp
3 ~p2!

1
2

3wK
3 ~p2!

1
1

9wh
3~p2!

J . ~63!

In the two-flavor picture—that is, when we restrict to th
pion cloud contribution only—we obtain a value ofẐ50.9
60.02 for our set of parameters. The contribution of ka
andh-meson loops to the constantẐ is strongly suppressed
due to the energy denominators in Eq.~63!. In the three-
flavor picture we getẐ50.8860.03, which deviates only
slightly from the two-flavor result. The minor role of kao
and h-meson loop contributions to nucleon properties w
also found in our previous analysis of meson-nucleon sig
terms @10#. As already mentioned, the renormalization co
stant Zs is fixed from the charge conservation of baryo
containing strange quarks~e.g.,S1 baryon!. Here we obtain
the analytical result

Zs512
27

400S gA

pF D 2E
0

`

dpp4FpNN
2 ~p2!

3H 4

3wK
3 ~p2!

1
4

9wh
3~p2!

J . ~64!

In the SU~3! flavor symmetry limit (mu5md5ms) both
renormalization constantsẐ and Zs are degenerate. Again
charge conservation within our approach is fulfilled both
the quark level~when we directly calculate the charge ofu, d
or s quark at one loop! and on the baryon level. With the
value ofẐ being close to unity for our set of parameters t
perturbative treatment of the meson cloud is also justifie

III. ELECTROMAGNETIC FORM FACTORS
OF THE NUCLEON

It is well known that noncovariant hadron models shou
explicitly address the question of local gauge invariance
electromagnetic form factors~for a detailed discussion se
Refs. @24–28#!. Particularly, even when starting from
gauge-invariant Lagrangian the resulting physical amplitu
are not necessarily gauge invariant in an arbitrary frame
to the use of noncovariant techniques~e.g., noncovariant par
ticle propagators!. The lack of Lorentz covariance in ou
approach is linked to the static potential solutions for t
quark fields and, as consequence, to the use of a nonco
ant quark propagator. However, when restricting our kin
matics to a specific frame—that is, the Breit frame—gau
invariance is fulfilled due to the decoupling of the time a
vector components of the electromagnetic current operat

Next we follow the original work by Sachs and co
workers@24,25# and Thomas and co-workers@4,26,27# to set
up the formalism for the electromagnetic form factors of t
nucleon. In the Breit frame the initial momentum of th
nucleon is p5(E,2qW /2), the final momentum isp8
5(E,qW /2), and the four-momentum of the photon isq
5(0,qW ) with p85p1q. With the spacelike momentum trans
fer squared given asQ252q25qW 2, in the Breit frame the
nucleon chargeGE

N and magneticGM
N ~Sachs! form factors

are defined by@27#
3-9
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K Ns8S qW

2
D uJ0~0!uNsS 2

qW

2
D L 5xNs8

† xNs
GE

N~Q2!,

K Ns8S qW

2
D uJW~0!uNsS 2

qW

2
D L 5xNs8

† isW N3qW

2mN
xNs

GM
N ~Q2!.

~65!

Here,J0(0) andJW (0) are the time and space components
the electromagnetic current operator~53!; xN and xN

† are

s s8

e

on

o

06520
f

the nucleon spin WFs in the initial and final states;sW N is the
nucleon spin matrix. Electromagnetic gauge invariance
the baryon level is fulfilled in the Breit frame. In particula
for on-mass-shell nucleons we verify the Ward-Takaha
identity without referring to the explicit form of the nucleo
charge and magnetic form factors:
~66!
we
in-
a-
-

e
ion

or

ark
-

At zero recoil (q250) the Sachs form factors satisfy th
following normalization conditions:

GE
p~0!51, GE

n~0!50, GM
p ~0!5mp , GM

n ~0!5mn ,

~67!

wheremp and mn are the magnetic moments of the prot
and the neutron, respectively.

The charge radii of the nucleons are given by

^r 2&E
p526

dGE
p~Q2!

dQ2 U
Q250

, ^r 2&E
n526

dGE
n~Q2!

dQ2 U
Q250

,

^r 2&M
N 52

6

GM
N ~0!

dGM
N ~Q2!

dQ2 U
Q250

. ~68!

In the PCQM the charge and magnetic form factors
nucleon are defined by

xNs8

† xNs
GE

N~Q2!

5 N^f0u (
n50

2
i n

n! E d~ t !d4xd4x1•••d4xne2 iqx

3T@L r
str~x1!•••L r

str~xn! j r
0~x!#uf0&c

N ,

xNs8

† isW N3qW

2mN
xNs

GM
N ~Q2!

5N^f0u (
n50

2
i n

n! E d~ t !d4xd4x1•••d4xne2 iqx

3T@L r
str~x1!•••L r

str~xn! jW r~x!#uf0&c
N . ~69!
f

The diagrams of Figs. 2~a!–2~d! contribute to the charge
form factor of the nucleon. For the magnetic form factors
have to include an additional term due to the ‘‘meson-
flight’’ diagram indicated in Fig. 3. The other possible di
grams at one loop~like self-energy current and meson
exchange current diagrams of Fig. 2! are compensated by th
counterterms~see previous discussion about renormalizat
of the nucleon charge!.

In the following we indicate the analytical expressions f
the relevant diagrams.

~a! Three-quark diagram~3q! @Fig. 2~a!#:

GE
p~Q2!u3q5GE

p~Q2!u3q
LO1GE

p~Q2!u3q
NLO , GE

n~Q2!u3q[0,

GM
p ~Q2!u3q5GM

p ~Q2!u3q
LO1GM

p ~Q2!u3q
NLO ,

GM
n ~Q2!U

3q
[2

2

3
GM

p ~Q2!U
3q

, ~70!

whereGE,M
N (Q2)u3q

LO are the leading-order~LO! terms of the
three-quark diagram evaluated with the unperturbed qu
WF u0(xW ); GE

p(Q2)u3q
NLO is a correction due to the modifica

tion of the quark WFu0(xW )→u0
r (xW ;m̂r) referred to as next-

to-leading order~NLO!:

FIG. 3. Meson-in-flight diagram.
3-10
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GE
p~Q2!u3q

LO5expS 2
Q2R2

4 D S 12
r2

11
3

2
r2

Q2R2

4 D ,

GE
p~Q2!u3q

NLO5expS 2
Q2R2

4 D m̂r
Q2R3r

4S 11
3

2
r2D 2

3S 117r21
15

4
r4

11
3

2
r2

2
Q2R2

4
r2D ,

GM
p ~Q2!u3q

LO5expS 2
Q2R2

4 D 2mNrR

11
3

2
r2

,

GM
p ~Q2!u3q

NLO5GM
p ~Q2!u3q

LO
•m̂r

Rr

11
3

2
r2

3S Q2R2

4
2

22
3

2
r2

11
3

2
r2
D . ~71!

~b! Three-quark counterterm~CT! @Fig. 2~b!#:

GE
p~Q2!uCT[~ Ẑ21!GE

p~Q2!u3q
LO , GE

n~Q2!uCT[0,

GM
p ~Q2!uCT[~ Ẑ21!GM

p ~Q2!u3q
LO ,

GM
n ~Q2!U

CT
[2

2

3
GM

p ~Q2!U
CT

. ~72!

~c! Meson-cloud diagram~MC! @Fig. 2~c!#:

GE
N~Q2!U

MC

5
9

400S gA

pF D 2E
0

`

dpp2E
21

1

dx~p21pAQ2x!

3FpNN~p2,Q2,x!tE
N~p2,Q2,x!U

MC

,

GM
N ~Q2!U

MC

5
3

40
mNS gA

pF D 2E
0

`

dpp4E
21

1

dx~12x2!

3FpNN~p2,Q2,x!tM
N ~p2,Q2,x!U

MC

, ~73!

where

FpNN~p2,Q2,x!5FpNN~p2!FpNN~p21Q212pAQ2x!,
06520
tE
p~p2,Q2,x!uMC5Cp

11~p2,Q2,x!12CK
11~p2,Q2,x!,

tE
n~p2,Q2,x!uMC52Cp

11~p2,Q2,x!1CK
11~p2,Q2,x!,

tM
p ~p2,Q2,x!uMC5Dp

22~p2,Q2,x!1
4

5
DK

22~p2,Q2,x!,

tM
n ~p2,Q2,x!uMC52Dp

22~p2,Q2,x!2
1

5
DK

22~p2,Q2,x!,

DF
n1n2~p2,Q2,x!5

1

wF
n1~p2!wF

n2~p21Q212pAQ2x!
,

CF
n1n2~p2,Q2,x!5

2DF
n1n2~p2,Q2,x!

wF~p2!1wF~p21Q212pAQ2x!
.

~d! Vertex-correction diagram~VC! @Fig. 2~d!#:

GE(M )
N ~Q2!uVC5GE

p~Q2!ULO

3q

9

200S gA

pF D 2E
0

`

dpp4

3FpNN
2 ~p2!tE(M )

N ~p2!U
VC

, ~74!

where

tE
p~p2!uVC5

1

2
Wp~p2!2WK~p2!1

1

6
Wh~p2!,

tE
n~p2!uVC5Wp~p2!2WK~p2!,

tM
p ~p2!uVC5

1

6
Wp~p2!1

1

3
WK~p2!2

1

6
Wh~p2!,

tM
n ~p2!uVC52

2

3
Wp~p2!1

1

3
WK~p2!1

1

9
Wh~p2!,

WF~p2!5
1

wF
3 ~p2!

.

~e! Meson-in-flight diagram~MF! ~Fig. 3!:

GE
p~Q2!uMF[0, GE

n~Q2!uMF[0,

GM
n ~Q2!uMF[2GM

p ~Q2!uMF ,

GM
p ~Q2!uMF5

9

100
mNS gA

pF D 2E
0

`

dpp4E
21

1

dx~12x2!

3FpNN~p2,Q2,x!Dp
22~p2,Q2,x!. ~75!

We do not include the modification of the quark WF in th
calculation of one-loop diagrams@Figs. 2~b!, 2~c!, 2~d!, and
3# since it only gives corrections to the next~two-loop! order
in perturbation theory.
3-11
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We start our analysis with the magnetic moments
nucleons,mp andmn , given by the expressions~in units of
nucleon magnetons!

mp5mp
LOF11d2

1

100S gA

pF D 2E
0

`

dpp4FpNN
2 ~p2!

3H 26

wp
3 ~p2!

1
46

wK
3 ~p2!

1
4

wh
3~p2!

J G
1

mN

50 S gA

pF D 2E
0

`

dpp4FpNN
2 ~p2!H 11

wp
4 ~p2!

1
4

wK
4 ~p2!

J ,

mn52
2

3
mp

LOF11d2
1

400S gA

pF D 2E
0

`

dpp4FpNN
2 ~p2!

3H 21

wp
3 ~p2!

1
21

wK
3 ~p2!

1
4

wh
3~p2!

J G
2

mN

50 S gA

pF D 2E
0

`

dpp4FpNN
2 ~p2!H 11

wp
4 ~p2!

1
1

wK
4 ~p2!

J ,

~76!

where

mp
LO5GM

p ~0!u3q
LO5

2mNrR

11
3

2
r2

is the leading-order contribution to the proton magnetic m
ment. The factor

d52m̂rRr

22
3

2
r2

S 11
3

2
r2D 2 ~77!

defines the NLO correction to the nucleon magnetic m
ments due to the modification of the quark WF@see Eq.
~71!#. Note that the well-known SU6 relation between
nucleon magnetic momentsmn /mp522/3 can be easily de
duced from Eq.~76! if ~i! we restrict to contributions from
one-body diagrams in Figs. 2~a!–2~d!, corresponding to the
additive quark picture and~ii ! apply the SU~3!-flavor limit
(Mp5MK5Mh5MF). In particular, we have

mp
(SU6)

[2
3

2
mn

(SU6)

5mp
LOF11d2

23

200S gA

pF D 2E
0

`

dpp4
FpNN

2 ~p2!

wF
3 ~p2!

G
1

9

50
mNS gA

pF D 2E
0

`

dpp4
FpNN

2 ~p2!

wF
4 ~p2!

. ~78!
06520
f

-

-

Taking into account the meson-in-flight diagram~Fig. 3!
generated by two-body forces leads to a deviation of the r
mn /mp from the naive SU6 result.

In general case, for our set of parameters we obtain

mp52.6260.02, mn522.0260.02,
mn

mp
520.7660.01,

~79!

where the range of theoretical predictions reflects the va
tion of the size parameterR. The separate LO (mp

LO , mn
LO)

and NLO (mp
NLO , mn

NLO) contributions to the magnetic mo
ments are given by

mp
LO51.860.15, mn

LO[2
2

3
mp

LO ,

mp
NLO5mp2mp

LO50.8260.13,

mn
NLO5mn2mn

LO520.8260.08. ~80!

Our results formp andmn are close to the ones of the chir
soliton quark model by Diakonov and Petrov@7#: mp52.98
and mn522.26. For the electromagnetic nucleon radii w
obtain

r E
p50.8460.05 fm, ^r 2&E

n520.04660.006 fm2,

r M
p 50.8260.02 fm, r M

n 50.8560.01 fm. ~81!

The LO contributions to the charge radius of the proton@see
Eq. ~14!# and to the magnetic radii of proton and neutron a
dominant:

r E
puLO50.7760.06 fm, r M

p uLO[r M
n uLO50.7360.06 fm.

~82!

For the neutron charge radius squared we get the obse
~negative! sign, but its magnitude is smaller than the expe
mental value. As in the naive SU~6! quark model, the
LO contribution to the neutron charge radius is ze
and only one-loop diagrams give nontrivial contributio
to this quantity: the meson-cloud~MC! ^r 2&E;MC

n

520.07260.006 fm2 and vertex-correction ~VC!
^r 2&E;VC

n '0.026 fm2 diagrams. The total contribution to th
neutron charge radius is given by

^r 2&E
n5^r 2&E;MC

n 1^r 2&E;VC
n 520.04660.006 fm2.

~83!

The magnitude of our result for the neutron charge rad
which is too small compared to the experimental value
due to the reduced contribution of the pion cloud diagr
@Fig. 2~c!#. The size of the meson cloud effects is in tu
related to the magnitude of the renormalization consta
which for our model isZ50.9 and therefore close to unity
With an increased contribution of the pion cloud, that is
decrease ofZ, one is able to reproduce the experimental
sult for the neutron charge radius, but one also obtain
worse description of the magnetic moments and the pro
3-12
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charge radius. Also, perturbation theory up to one loop
comes less reliable in terms of good convergence proper
For example, choosingr50.12 ~or gA51.5) and R

50.52 fm we obtain ^r 2&E
n520.08 fm2 and Ẑ50.73.

However, for the other quantities we get a worse fit w
mp52.56, mn522.18, r E

p50.75 fm, r M
p 50.9 fm, andr M

n

51 fm. In comparison, the cloudy bag model@4# gets a
value of^r 2&E

n520.14 fm2 by an increased contribution o
the pion cloud withZ'0.73 @27#. As a result, the predicted
values for the proton magnetic moment are also less satis
tory with mp52.2 as in the original version of the cloudy ba
model @4# and mp52.46 in the improved version@27#. The
prediction for the proton charge radius is also relativ
small: r E

p50.73 fm @4#.
An improved fit to the neutron charge radius, while kee

ing the good results for the other static observables, can
sibly be achieved by including center-of-momentum corr
tions and also Lorentz boost effects@4,5,29–36#, which are
based on approximate techniques and are not included y
the present evaluation. Furthermore, additional contributi
of excited quark/antiquark states in the meson loop diagr
will further enhance the meson-cloud effects, which up
now were not studied yet consistently.

In Table I we summarize our results for the static elect
magnetic properties of the nucleon in comparison with
perimental data@37#. Finally, in Figs. 4–8 we indicate theQ2

dependence of the electromagnetic form factors. In Fig. 4
present the result for the proton charge form factor at a ty
cal value for the free size parameterR50.6 fm. The dotted
line corresponds to the LO result, and the short-dashed
marks the NLO contribution, while the solid line correspon
to the total result at one loop. And, finally, the long-dash
line indicates the dipole fit to experimental data given by

GD~Q2!5
1

~11Q2/0.71 GeV2!2
. ~84!

The dependence of the proton charge form factor on the
parameterR is presented in Fig. 5. We plot three curv
corresponding to R50.55 fm, R50.6 fm, and R
50.65 fm. An increase ofR leads to a decrease of the pr
ton charge form factor and vice versa. In Fig. 6 we give
results for the proton charge and the nucleon magnetic f
factors forR50.6 fm and compare them with the commo

TABLE I. Static nucleon properties.

Quantity Our approach Experiment@37#

mp 2.6260.02 2.793
mn 22.0260.02 21.913

mn

mp
20.7660.01 20.68

r E
p (fm) 0.8460.05 0.8660.01

^r 2&E
n (fm2) 20.04660.006 20.11960.004

r M
p (fm) 0.8260.02 0.8660.06

r M
n (fm) 0.8560.01 0.8860.07
06520
-
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dipole fit. In Fig. 7 we plot our predictions for the rati
mpGE

p(Q2)/GM
p (Q2) at R50.6 fm and compare them with

experimental data taken from@38# and@39#. Our predictions
for the ratioGM

n (Q2)/@mnGD(Q2)# are presented in Fig. 8
Experimental data are taken from@40–43#. Finally, in Fig. 9

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

FIG. 5. Proton charge form factor for different values of t
3q-core radiusR50.55, 0.6, and 0.65 fm.
3-13
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we plot the results for the neutron charge form factor
different values of R: R50.55 fm, R50.6 fm, and R
50.65 fm. Our results are lower than the experimen
points taken from Refs.@44–48#.

IV. SUMMARY AND CONCLUSIONS

In this paper, we have considered the perturbative ch
quark model based on an effective chiral Lagrangian wh

FIG. 7. The ratiompGE
p(Q2)/GM

p (Q2) at R50.6 fm. Experi-
mental data are taken from@38# ~JLAB! and @39# ~MIT-Bates!.

FIG. 6. Proton charge and nucleon magnetic form factors aR
50.6 fm.
06520
t

l

al
h

includes confinement phenomenologically. The Lagrang
basically describes nucleons as bound states of three val
quarks surrounded by a perturbative cloud of pseudosc
mesons as dictated by the chiral symmetry requirement.

The main aim of this investigation was to present a co
sistent formalism when treating the Lagrangian in the o
loop expansion. We thereby employed a technique which
appropriate introduction of counterterms allows consist

FIG. 9. Neutron charge form factor for different values ofR
50.55, 0.6, and 0.65 fm. Experimental data are taken from@44#
~MAMI-1 !, @45# ~MAMI-2 !, @46# ~MAMI-3 !, @47# ~MIT !, and@48#
~PARIS!.

FIG. 8. The ratioGM
n (Q2)/@mnGD(Q2)# at R50.6 fm. Experi-

mental data are taken from@40# ~MIT-Bates!, @41# ~NIKHEF!, @42#
~ELSA!, and@43# ~MAMI !.
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mass renormalization both on the quark and the nucl
level. In a further extention of the PCQM we considered
coupling of the photon field to the nucleon. Again, char
renormalization was introduced to keep a proper definition
the nucleon charge. Local gauge invariance of the elec
magnetic interaction is fulfilled on the Lagrangian level
construction. As a result of the noncovariant nature of
effective confinement we introduced, local gauge invaria
is not necessarily fulfilled for physical amplitudes in a
reference frame. Only when working in the Breit frame we
nucleon matrix elements shown to be consistent with
Ward identity without further need to introduce extra term
like contact interactions, in the Lagrangian.

As one basic application of the developed formalism
considered the electromagnetic form factors of the nucle
Two approximations were introduced.

~i! Restriction of the relativistic quark states to the grou
state—that is,N andD intermediate states occur in the on
loop terms.

~ii ! Gaussian form of the ground-state single-quark wa
function, modeled for low-Q2 physics of the calculated ob
servables.

The derived quantities~magnetic moments, radii, an
form factors! contain only one model parameterR, which is
related to the radius of the three-quark core, and are ot
wise expressed in terms of fundamental parameters of l
energy hadron physics: axial coupling constantgA , weak
pion decay constantF, and set of QCD parameters~current
quark massesm̂ andms and quark condensate parameterB).
n

on
is

ns
h

,

-
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Predictions are given for a variation of the free parameteR
in a physical region from 0.55 fm to 0.65 fm correspondi
to ^r E

2&3q-core
P ranging from 0.5 fm2 to 0.7 fm2. Our low-Q2

results—that is, for the nucleon magnetic moments—
charge radius of the proton and the magnetic radii of
nucleons are in reasonable agreement with data, strengt
ing the phenomenological validity of the PCQM. For th
charge radius of the neutron we obtain the correct sign bu
magnitude is smaller than the experimental value.

We also presented a detailed discussion of theQ2 depen-
dence of the nucleon form factors in the spacelike regi
Although the model underestimates the finiteQ2 behavior of
the form factors, certain additional physics aspects, such
c.m. correction and Lorentz boost effects, are known to
prove the phenomenological fit~see detailed discussion i
Refs. @4,5,29–36#!. The issue of c.m. corrections as eval
ated in the PCQM machinery and their consistency with
chiral expansion of the nucleon mass will be addressed
forthcoming publication. With the formal and phenomen
logical foundation established, the proposed model serve
a basis for further applications to recent issues of nucl
structure—for example, such as photo- and electroproduc
of pseudoscalar mesons—which will be pursued in
future.
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