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SU„6… breaking effects in the nucleon elastic electromagnetic form factors
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~Received 13 June 2000; published 2 November 2000!

The effects of both kinematical and dynamical SU~6! breaking on the nucleon elastic form factors,GE
N(Q2)

andGM
N (Q2), are investigated within the constituent quark model formulated on the light front. The investi-

gation is focused onGE
n(Q2) and the ratioGM

p (Q2)/GM
n (Q2), which within the SU~6! symmetry are given by

GE
n(Q2)50 and GM

p (Q2)/GM
n (Q2)523/2, respectively. It is shown that the kinematical SU~6! breaking

caused by the Melosh rotations of the quark spins as well as the dynamical SU~6! breaking due to the
mixed-symmetry component generated in the nucleon wave function by the spin-dependent terms of the
quark-quark interaction, can affect bothGE

n(Q2) andGM
p (Q2)/GM

n (Q2). The calculatedGE
n(Q2) is found to be

qualitatively consistent with existing data, though only.65% of the experimental neutron charge radius can
be explained without invoking effects from possible nonvanishing sizes of the constituent quarks and/or
many-body currents. At the same time the predictions for the magnetic ratioGM

p (Q2)/GM
n (Q2) turn out to be

inconsistent with the data. It is, however, shown that the calculations ofGM
N (Q2) based on different compo-

nents of the one-body electromagnetic current lead to quite different results. In particular, the calculations
based on theplus component are found to be plagued by spurious effects related to the loss of the rotational
covariance in the light-front formalism. These unwanted effects can be avoided by considering the transverse
y component of the current. In this way our light-front predictions are found to be consistent with the data on
bothGE

n(Q2) andGM
p (Q2)/GM

n (Q2). Finally, it is shown that a suppression of the ratioGE
p(Q2)/GM

p (Q2) with
respect to the dipole-fit prediction can be expected in the constituent quark model provided the relativistic
effects generated by the Melosh rotations of the constituent spins are taken into account.

PACS number~s!: 14.20.Dh, 13.40.Gp, 12.39.Ki, 24.85.1p
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I. INTRODUCTION

The nucleon elastic electromagnetic~e.m.! form factors
contain important pieces of information on the internal str
ture of the nucleon, and therefore an extensive program
their experimental determination is currently underway a
is planned at several facilities around the world@1#. In this
work we focus on the nucleon Sachs form factors, defined
@2#

GE
N~Q2!5F1

N~Q2!2
Q2

4M2 F2
N~Q2!,

GM
N ~Q2!5F1

N~Q2!1F2
N~Q2! ~1!

where F1
N(Q2) @F2

N(Q2)# is the Dirac @Pauli# form factor
appearing in the covariant decomposition of the~on-shell!
nucleon e.m. current matrix elements, viz.

^N~p8,s8!u j em
m ~0!uN~p,s!&

5ū~p8,s8!$F1
N~Q2!gm

1F2
N~Q2!~ ismnqn /2M !%u~p,s! ~2!

with Q252q•q and M being the squared four-momentu
transfer and the nucleon mass, respectively. As is w
known ~cf., e.g., Ref.@3#!, the spin-flavor SU~6! symmetry
predictsGE

n(Q2)50 andGM
p (Q2)/GM

n (Q2)523/2.
The term (2Q2/4M2)F2

N(Q2), appearing in the definition
of GE

N(Q2) @Eq. ~1!#, is usually referred to as the Foldy con
tribution and it is of relativistic origin. Its contribution to th
0556-2813/2000/62~6!/065201~14!/$15.00 62 0652
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neutron charge radius is known to yield almost totally t
experimental value of the latter (^r &n,exp

2 520.11360.005
fm2 from Ref. @4#!. This result has been viewed@5# as an
indication of the smallness of theintrinsic charge radius re-
lated to the neutron rest-frame charge distribution. Very
cently @6#, however, the interpretation of the neutron char
radius as arising from its internal charge distribution h
been addressed again, arguing that, going beyond the no
ativistic limit when the Foldy term first appears, the Dira
neutron form factorF1

n(Q2) receives a relativistic correction
that cancels exactly against the Foldy term inGE

n(Q2). Such
a statement was inferred from the observation that the w
known phenomenon ofZitterbewegung, which produces the
Foldy term, cannot contribute to the neutron charge rad
because the latter has zero total charge@6#.

The result of Ref.@6# has been recently derived from
relativistic calculation of the nucleon elastic e.m. form fa
tors, performed within the light-front~LF! formalism and the
constituent quark~CQ! model@3#. Namely it has been shown
that the Zitterbewegungapproximation of Ref.@6# corre-
sponds to neglecting the initial transverse motion in
Melosh rotations of the CQ spins. In Ref.@3# the predictions
of both the nonrelativistic~NR! limit and theZitterbewegung
~ZB! approximation have been carried out assuming a p
SU~6!-symmetric nucleon wave function. In both cases
was found thatGE

n(Q2)50 and GM
p (Q2)/GM

n (Q2)523/2.
While the latter is consistent with experimental data, t
former prediction is well known to be at variance with exis
ing data. Therefore, both in theNR limit and in the ZB
approximation the only way to produce a SU~6! breaking can
be of dynamical origin, i.e., related to the presence o
mixed-symmetry component generated in the nucleon w
©2000 The American Physical Society01-1
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FABIO CARDARELLI AND SILVANO SIMULA PHYSICAL REVIEW C 62 065201
function by the spin-dependent terms of the effective qua
quark potential. We point out that spin-dependent forces
important at short interquark distances, and their streng
are almost fixed by the spin splittings in the hadron m
spectroscopy~cf., e.g., Refs.@7,8#!.

However, in Ref. @3# the following has been demon
strated:

~a! The effects of the CQ initial transverse motion in t
Melosh rotations can be neglected to a good approxima
only when the average value of the transverse mome
^p'&, is much smaller than the CQ massm. However, in
QCD bothm and^p'& are expected to be at least of the ord
of the QCD scale,LQCD;300 MeV. Moreover, in quark
potential models, like those of Refs.@7,8#, ^p'& turns out to
be much larger thanm, because of the high momentum com
ponents generated in the hadron wave functions by the sh
range part of the effective CQ interaction~cf. Ref. @9#!;

~b! The Melosh rotations produce a kinematical SU~6!
breaking. Indeed, such rotations, being momentum and
dependent, produce a recoupling of the CQ orbital ang
momentum and spin; in other words, the nucleon LF wa
function cannot be expressed anymore as a product of a
tial part times a spin-isospin function, and therefore it can
be SU~6! symmetric. The inclusion of the effects of the C
initial transverse motion lead unavoidably toGE

n(Q2)Þ0
and GM

p (Q2)/GM
n (Q2)Þ23/2, even when the dynamica

SU~6! breaking, generated by the spin-dependent com
nents of the effective CQ interaction, is neglected. Moreov
it has been shown that LF relativistic effects may contrib
significantly toGE

n(Q2) when^p'&.m, and in particular the
calculated neutron charge radius can reach;40% of its ex-
perimental value;

~c! The SU~6! breaking associated with the Melosh rot
tions heavily affects also the ratioGM

p (Q2)/GM
n (Q2), lead-

ing however to a significative underestimation of the expe
mental data.

The aim of the present work is twofold:~i! to include the
effects of the mixed-symmetry wave function both in the N
limit and in the ZB approximation as well as in the full L
approach, extending in this way the analysis of Ref.@3#; ~ii !
to show that LF calculations ofGM

N (Q2), based on different
components of the one-body e.m. current, lead to quite
ferent results, because of spurious, unphysical effects rel
to the loss of the rotational covariance in the light-front fo
malism, while the same does not occur in case of the nuc
charge form factorGE

N(Q2).
It will be shown that~i! the predictions of the NR limit

and the ZB approximation underestimate significantly
data on GE

n(Q2), even when the effects of the mixed
symmetry wave function are considered, and~ii ! once spuri-
ous effects are properly avoided, the LF predictions are c
sistent with the data on bothGE

n(Q2) andGM
p (Q2)/GM

n (Q2),
though only.65% of the experimental neutron charge r
dius can be explained without invoking effects from possi
nonvanishing CQ sizes and/or many-body currents. T
means that the dynamical SU~6! breaking, predicted by
quark potential models based on the hadron mass spec
copy, appears to be consistent with the SU~6! breaking ob-
06520
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served in the nucleon elastic e.m. form factors, provided re
tivistic effects are properly taken into account.

Finally, we will address also the issue of the interpretat
of the recently observed@10# deviation of the ratio
mpGE

p(Q2)/GM
p (Q2) from the dipole-fit expectation

mpGE
p(Q2)/GM

p (Q2)51, wheremp5GM
p (0) is the proton

magnetic moment. It will be shown that a suppression of
above-mentioned ratio from unity can be expected in the
model provided the relativistic effects generated by
Melosh rotations of the CQ spins are taken into account. T
results of the calculations obtained using the nucleon w
functions arising from two of the most sophisticated qua
potential models@7,8#, are found to compare quite favorab
with the recent data@10# from Jefferson Lab~JLab!.

II. THE NUCLEON LIGHT-FRONT WAVE FUNCTION

Let us briefly recall the basic notations and the relev
structure of the nucleon wave function in the LF formalis
As is well known~cf., e.g., Refs.@11–13#!, the nucleon LF
wave function is an eigenstate of the noninteracting~LF!
angular momentum operatorsj 2 and j n , where the unit vec-
tor n̂5(0,0,1) defines the spin quantization axis. T
squared free-mass operator is given by

M0
25(

i 51

3

~ ukW i'u21m2!/j i , ~3!

where

j i5
pi

1

P1 ,

kW i'5pW i'2j i PW' ~4!

are the intrinsic LF variables. The subscript' indicates the
projection perpendicular to the spin quantization axis a
the plus component of a four-vectorp[(p0,pW ) is given by
p15p01n̂•pW ; finally P̃[(P1,PW')5 p̃11 p̃21 p̃3 is the
nucleon LF momentum andp̃i is the quark one. In terms o
the longitudinal momentumkin , related to the variablej i by

kin[
1

2
@j iM02~ ukW i'u21m2!/j iM0#, ~5!

the free-mass operator acquires a familiar form, viz.,

M05(
i 51

3

Ei5(
i 51

3

Am21ukW i u2 ~6!

with the three vectorskW i defined as1

kW i[~kW i' ,kin!. ~7!

1Note thatkW i are internal variables satisfyingkW11kW21kW350.
1-2
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SU~6! BREAKING EFFECTS IN THE NUCLEON . . . PHYSICAL REVIEW C62 065201
Disregarding the color variables, the nucleon LF wave fu
tion reads as

^$j ikW i' ;n i8t i%uCN
nN&5A E1E2E3

M0j1j2j3
(
$n i %

^$n i8%uR †u$n i%&

3^$kW i ;n it i%uxN
nN&, ~8!

where the curly braces$ % mean a list of indexes correspon
ing to i 51,2,3, andn i (t i) is the third component of the CQ
spin ~isospin!. The rotationR †, appearing in Eq.~8!, is the
product of individual~generalized! Melosh rotations, viz.,

R †5)
j 51

3

Rj
†~kW j' ,j j ,m!, ~9!

where

Rj~kW j' ,j j ,m![
m1j jM02 isW ( j )

•~ n̂3kW j'!

A~m1j jM0!21ukW j'u2
~10!

with sW being the ordinary Pauli spin matrices.
In what follows we neglect the very smallP andD waves

of the nucleon~see later on!, and therefore we limit ourselve
to the following canonical~or equal-time! wave function
~corresponding to a total orbital angular momentum equa
L50):

^$kW i ;n it i%uxN
nN&

5wS~kW ,pW !
1

A2
@FnNtN

00 ~$n it i%!1FnNtN

11 ~$n it i%!#

1wS
s8
~kW ,pW !

1

A2
@FnNtN

00 ~$n it i%!2FnNtN

11 ~$n it i%!#

1wS
a8
~kW ,pW !

1

A2
@FnNtN

01 ~$n it i%!1FnNtN

10 ~$n it i%!#

1wA~kW ,pW !
1

A2
@FnNtN

01 ~$n it i%!2FnNtN

10 ~$n it i%!#, ~11!

wherewS(kW ,pW ), wS
s8
(kW ,pW ), wS

a8
(kW ,pW ), and wA(kW ,pW ) are the

completely symmetric (S), the two mixed-symmetry (S8),
and the completely antisymmetric~A! wave functions, re-
spectively. The variableskW and pW are the Jacobian interna
coordinates, defined as

kW5
kW12kW2

2
,

pW 5
2kW32~kW11kW2!

3
~12!
06520
-

o

with kW i given by Eq.~7!. Finally, the spin-isospin function
FnNtN

S12T12($n it i%), corresponding to a total spin (1/2) and tot

isospin (1/2), is defined as

FnNtN

S12T12~$n it i%!

5(
MS

K 1

2
n1

1

2
n2US12MSL K S12MS

1

2
n3U12 nNL

3(
MT

K 1

2
t1

1

2
t2UT12MTL K T12MT

1

2
t3U12 tNL ,

~13!

whereS12 (T12) is the total spin~isospin! of the quark pair
~1,2!. The normalizations of the various partial waves in E
~11! are

E dkW dpW uwS~kW ,pW !u25PS ,

E dkW dpW uwS
s8
~kW ,pW !u25E dkW dpW uwS

a8
~kW ,pW !u25PS8 /2,

E dkW dpW uwA~kW ,pW !u25PA , ~14!

with PS1PS81PA51.
Generally speaking, the nucleon LF wave functionuCN

nN&
@see Eq.~8!# is an eigenfunction of a mass equation of t
form

$M01V%uCN
nN&5M uCN

nN&, ~15!

whereM0 is the free-mass operator~3! andV is a Poincare´-
invariant interaction term. Using the short-hand notati
uCN

nN&5R †uxN
nN&, where uxN

nN& is the nucleon canonica
wave function@see Eq.~11!#, one gets

H (
i 51

3

Am21ukW i u21VJ uxN
nN&5M uxN

nN&, ~16!

where V5RVR † is the Melosh-rotated interaction term
while the free-massM0 is invariant under Melosh rotation
and it has been expressed directly in terms of the thr
vectors kW i through Eq.~6!. The Poincare´ invariance ofV
implies simply thatV has to be independent of the total m
mentum of the system and invariant upon spatial rotati
and translations. Therefore, one can adopt forV any quark
potential model able to reproduce the hadron mass spe
simply interpretingkW i ascanonicalvariables and treating the
kinetic energy operator in its relativistic form.

In this work we consider one of the most sophisticat
quark potential models, based on the assumption of the
lence1 gluon dominance~the OGE model of Ref.@7#!. The
baryon~canonical! wave functions are calculated by solvin
the corresponding three-quark Hamiltonian problem throu
a variational technique, based on the expansion of the w
1-3
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FIG. 1. Canonical CQ momentum distribution in the nucleon,n(p) @Eq. ~17!#, versus the three-momentump5upW u @see Eq.~12!#. ~a!
Thick and thin lines correspond to the nucleon eigenfunctions of the OGE@7# and chiral@8# quark potential models, respectively. Solid line
are the results obtained using the full interaction models, while dotted lines correspond to the inclusion of their linear confineme
only. ~b! Contributions of various partial waves@see Eq.~11!# to the CQ momentum distributionn(p) obtained within the OGE interaction
model. Dot-dashed, dotted, and dashed lines correspond toSa8 , Ss8 , andS waves, respectively. The solid line is their sum.
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function into the harmonic-oscillator basis~see Appendix A
for more details!. The coefficients of the expansion and t
eigenvalues of the three-quark Hamiltonian are determi
via the Raleigh-Ritz variational principle. The presence
spin-orbit and tensor components in the OGE model give
to nonvanishingP andD waves in the nucleon, respectivel
The probabilities of the various partial waves in the nucle
turn out be PS598.04%, PS851.70%, PA,1022%, PP
50.05%, andPD50.21%. It can be seen that due to t
smallness of the spin-orbit and tensor terms of the O
model ~which is required by the smallness of the spin-or
and tensor splittings in the hadron masses! the P and D
waves in the nucleon are weakly coupled to the domin
symmetricS wave. Moreover, also the antisymmetric wa
wA(kW ,pW ) exhibits an extremely weak coupling to the dom
nant symmetricS wave. Finally, the probability of the
mixed-symmetryS8 component is of the order of few %
being governed by the strength of the spin-spin compon
of the OGE model, which is almost fixed by theN
2D(1232) mass splitting. We point out that the same ba
features are shared also by the nucleon wave function ari
from a recently proposed quark potential model, based on
exchange of the pseudoscalar mesons arising from the s
taneous breaking of chiral symmetry~the chiral model of
Ref. @8#!. As a matter of fact, in case of the chiral model t
partial wave probabilities are found to bePS598.73%,
PS851.27%, PA,1022%.2

In Ref. @9# the wave functions of the nucleon and of th
most prominent electroproduced nucleon resonances c
sponding to the OGE and chiral quark potential models h
been compared. Here, we have reported in Fig. 1~a! the ~ca-

2In the case of the version of Ref.@8# the chiral quark potentia
model does not contain any spin-orbit and tensor terms and th
fore the resulting nucleon wave function has noP andD waves.
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nonical! CQ momentum distributionn(p) in the nucleon,
calculated within the OGE and chiral models neglecting
small P, D, and antisymmetricwA partial waves, namely,

n~p5upW u![E dVpW dkW$uwS~kW ,pW !u21uwS
s8
~kW ,pW !u2

1uwS
a8
~kW ,pW !u2%. ~17!

From Fig. 1~a! it can clearly be seen that both quark p
tential models predict a remarkable content of hig
momentum components, which are generated by the sh
range part of the quark-quark interaction~cf. also Ref.@9#!.
In case of the OGE model the interaction at short range
mainly due to the flavor-independent central Coulomb-l
and spin-spin terms arising from the effective one-gluo
exchange, while in the case of the chiral model the inter
tion at short interquark distances is governed by the sp
flavor structure characterizing the exchanges of pions,h, and
partially h8 mesons. As a matter of fact, the abov
mentioned high-momentum components are completely
sent if one switches off the intermediate boson exchan
and only the linear confining term~dominant at large inter-
quark distances! is considered. In Fig. 1~b! we have reported
the individual contributions of theS, Ss8 , andSa8 waves to the
CQ momentum distributionn(p), calculated within the OGE
model. It can be seen that both theSs8 andSa8 components are
negligible at low momenta, while they may be important
high momenta, as expected from the short-range natur
the spin-spin interaction among quarks.

Finally, we have collected in Table I the predictions for
few observables which are of interest in this work, nam
the ~canonical! average CQ transverse momentum^p'&

^p'&[A2

3E0

`

dp p4 n~p!, ~18!re-
1-4
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SU~6! BREAKING EFFECTS IN THE NUCLEON . . . PHYSICAL REVIEW C62 065201
and the~canonical! CQ mass radiî r &u(d) in the proton

^r &u(d)[A1

2 (
np

^xp
npu(

i 51

3
1

2
~16t3

( i )!urW i u2uxp
np&, ~19!

whererW i is the conjugate variable tokW i . In terms of^r &u(d)
the squared~canonical! charge radii of proton and neutro
are given by

^r &p
25

1

3
~4^r &u

22^r &d
2!,

^r &n
25

2

3
~^r &d

22^r &u
2!. ~20!

From Table I it can be seen that~i! both models give rise to
a proton with a small size (;0.3 fm instead of;0.8 fm!,
and ~ii ! the predicted neutron charge radius has the cor
sign, but its absolute value is about one order of magnit
less than the experimental value,^r &n,exp

2 520.11360.005
fm2 @4#.

III. CALCULATIONS OF THE NUCLEON ELASTIC
FORM FACTORS

As in Ref. @3# ~cf. also Ref.@12#! we consider the one
body component of the e.m. current operator at the CQ le

TABLE I. Values of the average CQ transverse moment
^p'&, Eq. ~18!, the CQ mass radiîr &u(d), Eq. ~19!, and the charge
radii of proton and neutron, Eq.~20!, predicted by the OGE@7# and
the chiral@8# quark potential models.

OGE model Chiral model
Conf. only w/oS8 With S8 w/o S8 With S8

^p'& ~GeV! 0.33 0.56 0.58 0.60 0.61
^r &u ~fm! 0.49 0.31 0.32 0.31 0.32
^r &d ~fm! 0.49 0.31 0.31 0.31 0.30
^r &p ~fm! 0.49 0.31 0.32 0.31 0.32

^r &n
2 (fm2) 0.00 0.00 20.0083 0.00 20.0090
06520
ct
e

l,

viz.,

I n5(
j 51

3

I j
n5(

j 51

3 Fejg
n f 1

j ~Q2!1 ik j

snmqm

2m
f 2

j ~Q2!G , ~21!

wheresnm5 i /2@gn,gm#, ej is the charge of thejth quark,k j
is the corresponding anomalous magnetic moment,
f 1(2)

j (Q2) its Dirac ~Pauli! form factor @with f 1(2)
j (Q250)

51]. In the LF formalism the form factors for a conserve
current can be obtained using only the matrix elements of
plus component of the current operator and, moreover,
Q2>0 the choice of a frame whereq150 allows us to sup-
press the contribution of theZ graph~i.e., pair creation from
the vacuum@14#!. In what follows we adopt a Breit frame
where the four-vectorq[(q0,qW ) is given by q050 and qW

5(qx ,qy ,qz)5(Q,0,0), while the unit vectorn̂5(0,0,1)
defines the spin-quantization axis~as in Sec. II!. In the case
of the nucleon, one has

^CN

nN8 u I 1 uCN
nN&

5F1
N~Q2!dn

N8 nN
2 i

Q

2M
F2

N~Q2! ^nN8 usyunN&, ~22!

leading to

F1
N~Q2!5

1

2
Tr$I 1%,

F2
N~Q2!5

2M

Q

1

2
Tr$I 1isy%. ~23!

Using Eqs.~8!–~13! for the nucleon wave function, the
general structure of the Dirac and Pauli nucleon form fact
~23!, derived from the matrix elements of theplus compo-
nent of the one-body e.m. current~21!, is given explicitly by
Fa
p(n)~Q2!53Fda,12

2M

Q
da,2G E @dj#@dkW'#@dkW'8 #AE1E2E3M08

E18E28E38M0
(

b51,2
$ f 0, b

p(n)~Q2!@R 00
(ab) w̄00* ~kW8,pW 8!w̄00~kW ,pW !

1R 11
(ab) w̄10* ~kW8,pW 8!w̄10~kW ,pW !1R 01

(ab) w̄00* ~kW8,pW 8!w̄10~kW ,pW !1R 10
(ab) w̄10* ~kW8,pW 8!w̄00~kW ,pW !#

1 f 1, b
p(n)~Q2!@R 11

(ab) w̄11* ~kW8,pW 8!w̄11~kW ,pW !1R 00
(ab) w̄01* ~kW8,pW 8!w̄01~kW ,pW !1R 10

(ab) w̄11* ~kW8,pW 8!w̄01~kW ,pW !

1R 01
(ab) w̄01* ~kW8,pW 8!w̄11~kW ,pW !#%, ~24!
1-5
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wherea,b51,2 and

w̄00~kW ,pW !5
1

A2
@wS~kW ,pW !1wS

s8
~kW ,pW !#,

w̄01~kW ,pW !5
1

A2
@wS

a8
~kW ,pW !1wA~kW ,pW !#,

w̄10~kW ,pW !5
1

A2
@wS

a8
~kW ,pW !2wA~kW ,pW !#,

w̄11~kW ,pW !5
1

A2
@wS~kW ,pW !2wS

s8
~kW ,pW !#, ~25!

with

@dj#5dj1 dj2 dj3 d@j11j21j321#,

@dkW'#5dkW1' dkW2' dkW3' d@kW1'1kW2'1kW3'#,

@dkW8'#5dkW81' dkW82' dkW83' d@kW81'2kW1'1j1qW'#

3d@kW82'2kW2'1j2qW'#

d@kW83'2kW3'1~j321! qW'#. ~26!

The coefficientsRS
128 S12

(ab)
, appearing in Eq.~24! and contain-

ing the effects of the Melosh rotations, are explicitly given
Appendix B, while the quantitiesf 0, a

p(n)(Q2) and f 1, a
p(n)(Q2)

are appropriate isospin combinations of the CQ form facto
viz.

f 0, a51
p(n) ~Q2!5eu(d) f 1

u(d)~Q2!,

f 0, a52
p(n) ~Q2!5

Q

2m
ku(d) f 2

u(d)~Q2!,

f 1, a51
p(n) ~Q2!5

1

3
@eu(d) f 1

u(d)~Q2!12ed(u) f 1
d(u)~Q2!#,

f 1, a52
p(n) ~Q2!5

1

3

Q

2m
@ku(d) f 2

u(d)~Q2!12kd(u) f 2
d(u)~Q2!#.

~27!

In case of a SU~6!-symmetric nucleon wave function~i.e.,
wS

s8
5wS

a8
5wA50), it is straightforward to check that Eq

~24! reduces to Eqs.~10! and ~11! of Ref. @3#.
We show now the structure of the nucleon Sachs fo

factors in the NR limit and in the ZB approximation of Re
@6#. For sake of simplicity we consider the casewA50, be-
cause, as already observed, the completely antisymm
partial wave is very weakly coupled with the dominant sy
metric S wave. Moreover, as in Ref.@3# we will limit our-
selves to the case of flavor symmetric CQ form factors, i
06520
s,

ric
-

.,

f 1
j ~Q2!5 f ~Q2!,

f 2
j ~Q2!5 f̃ ~Q2!,

kj5ejk ~28!

with f (Q250)5 f̃ (Q250)51. In the NR limit the Fourier
transforms of the nonrelativistic charge and magnetizat
densities yield~cf. Ref. @3#!

GE
p~Q2!5Fs

NR~Q2!1Ds
NR~Q2!1Fa

NR~Q2!,

GM
p ~Q2!53$Fs

NR~Q2!1Ds
NR~Q2!

1k@ F̃s
NR~Q2!1D̃s

NR~Q2!#%

2@Fa
NR~Q2!1kF̃a

NR~Q2!#,

GE
n~Q2!52Ds

NR~Q2!,

GM
n ~Q2!522H Fs

NR~Q2!1
1

2
Ds

NR~Q2!

1kF F̃s
NR~Q2!1

1

2
D̃s

NR~Q2!G J
12@Fa

NR~Q2!1kF̃a
NR~Q2!#, ~29!

where binding effects in the nucleon mass have been
glected~i.e., M53m) and

Fs
NR~Q25uqW u2!5 f ~Q2! E dkW dpW FwS* S kW ,pW 1

2

3
qW D wS~kW ,pW !

1~S→Ss8!G ,
Ds

NR~Q25uqW u2!5 f ~Q2! E dkW dpW FwS* S kW ,pW 1
2

3
qW D wS

s8
~kW ,pW !

1~S↔Ss8!G ,
Fa

NR~Q25uqW u2!5 f ~Q2! E dkW dpW wS
a8

* S kW ,pW 1
2

3
qW D wS

a8
~kW ,pW !,

~30!

while F̃s
NR(Q2), D̃s

NR(Q2), and F̃a
NR(Q2) are given by Eq.

~30! with f (Q2) replaced byf̃ (Q2).
The ZB approximation can be worked out from Eq.~24!

following the procedure explained in Ref.@3# ~cf. also Ap-
pendix B!, which includes again the neglect of binding e
fects in the nucleon mass~i.e., M53m) for compatibility
with the NR reduction. One obtains
1-6
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FIG. 2. ~a! The neutron charge form factorGE
n(Q2) vs Q2 within the NR limit @see Eq.~29!#, assuming pointlike CQ’s. The data are fro

Ref. @15#, where the Reid soft core~open dots!, Paris~full dots!, and Nijemegen~diamonds! nucleon-nucleon interaction were adopted.~b!
The ratio GM

p (Q2)/GM
n (Q2) vs Q2. The shaded area corresponds to a615% deviation @3# from the dipole-fit expectation

GM
p (Q2)/GM

n (Q2).mp /mn.21.46~dot-dashed line!. Solid and dashed lines are the results obtained with and without the mixed-sym
S8 wave, respectively.
R

-
he

ce

e

the
of

he
-

f

this
ark
at
GE
p~Q2!5S 12

Q2

2M2D @Fs
ZB~Q2!1Ds

ZB~Q2!1Fa
ZB~Q2!#,

GM
p ~Q2!53H Fs

ZB~Q2!1Ds
ZB~Q2!1kS 11

Q2

4M2D
3@ F̃s

ZB~Q2!1D̃s
ZB~Q2!#J

2FFa
ZB~Q2!1kS 11

Q2

4M2D F̃a
ZB~Q2!G ,

GE
n~Q2!52S 12

Q2

2M2DDs
ZB~Q2!,

GM
n ~Q2!522H Fs

ZB~Q2!1
1

2
Ds

ZB~Q2!1kS 11
Q2

4M2D
3F F̃s

ZB~Q2!1
1

2
D̃s

ZB~Q2!G J
12FFa

ZB~Q2!1kS 11
Q2

4M2D F̃a
ZB~Q2!G , ~31!

where

Fs
ZB~Q2!5

f ~Q2!

A11Q2/M2E @dj#@dkW'#

3@dkW8'# J @wS* ~kW8,pW 8! wS~kW ,pW !1~S→Ss8!#,

Ds
ZB~Q2!5

f ~Q2!

A11Q2/M2E @dj#@dkW'#

3@dkW8'# J @wS* ~kW8,pW 8! wS
s8
~kW ,pW !1~S↔Ss8!#,
06520
Fa
ZB~Q2!5

f ~Q2!

A11Q2/M2E @dj#@dkW'#

3@dkW8'# J wS
a8

* ~kW8,pW 8! wS
a8
~kW ,pW ! ~32!

with J[AE1E2E3M08/E18E28E38M0. The quantitiesF̃s
ZB(Q2),

D̃s
ZB(Q2), and F̃a

ZB(Q2) are given by Eq.~32! with f (Q2)

replaced byf̃ (Q2).
From Eqs.~29!–~32! it can be seen that both in the N

limit and in the ZB approximationGE
n(Q2)Þ0 and

GM
p (Q2)/GM

n (Q2)Þ3/2 can obtained only when the mixed
symmetryS8 wave is considered, more precisely through t
interference between the dominant symmetricS wave and
the mixed-symmetrySs8 wave@cf. the definitions ofDs

NR(Q2)
and Ds

ZB(Q2)]. Such interference is expected to take pla
only at high values of the CQ momentum@see Fig. 1~b!#.
Finally, we stress again that in the full LF calculations~24!
both GE

n(Q2)Þ0 and GM
p (Q2)/GM

n (Q2)Þ3/2 can be ob-
tained simply via relativistic effects only, i.e., without th
inclusion of the effects of the mixed-symmetryS8 wave.

IV. RESULTS

We have calculated the nucleon form factors adopting
nucleon wave function of the OGE quark potential model
Ref. @7# both including and excluding the effects due to t
mixed-symmetryS8 wave.3 In the calculations we have em
ployed only the matrix elements of theplus component of
the e.m. current@see Eq.~23!#, assuming also the case o

3We have obtained results very similar to those presented in
section adopting also the nucleon wave function of the chiral qu
potential model of Ref.@8#, where the CQ mass has been chosen
the valuem50.340 GeV.
1-7
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FIG. 3. The same as in Fig. 2
but within the ZB approximation
@see Eq.~31!#.
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pointlike CQ’s in Eq.~21! @i.e., setting f (Q2)5 f̃ (Q2)51
andk50 in the right-hand side of Eq.~28!#. The CQ massm
has been always taken at the valuem50.220 GeV from the
OGE model. Moreover, as already pointed out in Sec.
both in the NR limit and in the ZB approximation the bin
ing effects in the nucleon mass have been neglected~i.e.,
M53m), whereas in case of the full LF calculations th
nucleon mass is taken at its physical value (M50.938 GeV!.

Our results obtained forGE
n(Q2) and the ratio

GM
p (Q2)/GM

n (Q2) in case of the NR limit~29!, the ZB ap-
proximation ~31!, and the full LF calculations~24!, are re-
ported in Figs. 2–4, respectively, and compared with
experimental data. In this respect, let us remind the rea
that existing data onGM

p (Q2) and GM
n (Q2) exhibit a well-

known dipole behavior, leading toGM
p (Q2)/GM

n (Q2)
.mp /mn.21.46 with only a 10–15 % uncertainty up t
Q2;1 (GeV/c)2 ~cf., e.g., Ref.@1#!.

From Figs. 2 and 3 it can be seen that both in the NR li
and in the ZB approximation the impact of theS8 wave is
quite limited. As forGE

n(Q2) @see Figs. 2~a! and 3~a!#, both
the NR and the ZB predictions are quite far from the expe
mental data. In particular the calculated neutron charge
dius is still given by its canonical expectation^r &n

2.20.01
fm2 given in Table I, which is about one order of magnitu
less than the experimental value,^r &n,exp

2 520.11360.005
06520
,

e
er

it

i-
a-

fm2 @4#. Such an underestimate is mainly due to the sm
ness of the CQ mass radii~19! predicted by the OGE~as well
as by the chiral! model ~cf. Table I!. Both in the NR limit
and in the ZB approximation the calculatedGE

n(Q2) receives
a positive contribution from the inclusion of theS8 wave. As
pointed out in Ref.@16#, the sign of this contribution can b
expected from the changes that theS8 wave produces on the
values of CQ mass radii~19!. As a matter of fact, the spin
spin force makes thed quark closer to the center-of-mass
the proton than theu quark, so that̂ r &d,^r &u ~cf. Table I!.
Thus the neutron charge radius receives a negative cont
tion @see Eq.~20!#, which implies an effect onGE

n(Q2) with
a positive sign. As forGM

p (Q2)/GM
n (Q2) @see Figs. 2~b! and

3~b!#, both the NR and the ZB predictions are only slight
modified by the inclusion of the mixed-symmetryS8 wave
and therefore they are still consistent with the experimen
data, as already noted in Ref.@3#.

In the case of the full LF calculations the effects of theS8
wave onGE

n(Q2) are more substantial@see Fig. 4~a!#. Indeed,
the LF prediction receives an important contribution fro
the inclusion of theS8 wave. The sign of this contribution is
again positive as in the cases of the NR limit and the
approximation, but with a significantly larger impact@cf.
Figs. 2~a!–4~a!#. Therefore, by including theS8 wave the LF
result becomes much closer to the data. However, it sho
,

.

FIG. 4. The same as in Fig. 2
but within the LF approach@Eq.
~24!# based on the use of theplus
component of the one-body e.m
current only.
1-8
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SU~6! BREAKING EFFECTS IN THE NUCLEON . . . PHYSICAL REVIEW C62 065201
be mentioned that only.65% of the experimental value o
the neutron charge radius can be at most reproduced by
LF calculations, which, we note, are based on the assump
of pointlike CQ’s. Note that a nonvanishing CQ size c
affect the calculated neutron charge radius only if it is flav
dependent, i.e., different foru andd constituent quarks. The
introduction of the effects of a possible nonvanishing C
size is suggested also by the overestimate of the experim
tal points forQ2*0.5 (GeV/c)2 @see Fig. 4~a!#, but the es-
timate of such effects is beyond the aims of the present w

As for GM
p (Q2)/GM

n (Q2) @see Fig. 4~b!#, the impact of the
mixed-symmetryS8 wave is quite limited and therefore, a
variance with the NR limit and the ZB approximation, an
the full LF calculation is not consistent with the data on t
magnetic form factor ratio. In the next section we illustra
that such a failure results from spurious effects due to
loss of the rotational covariance in the LF formalism, whi
occurs for approximate current operators, like the one-b
e.m. current given by Eq.~21!. On the contrary, we illustrate
also that the calculations of the nucleonchargeform factor
GE

N(Q2) based on thepluscomponent of the e.m. current a
free from unwanted spurious effects. To this end we w
make use of the covariant LF formalism, which has be
recently reviewed in Ref.@17#.

V. THE ROTATIONAL COVARIANCE PROBLEM

As is well known~cf., e.g., Ref.@11#!, in the LF formal-
ism the requirement of the full Poincare´ covariance of the
e.m. current operator is not fulfilled by the one-body curr
~21!. This failure is related to the fact that the transve
rotations ~with respect to the direction of the spin
quantization axisn̂) cannot be kinematical and therefore d
pend upon the interaction.

An explicit manifestation of the loss of the rotational c
variance is the so-called angular condition. As alrea
pointed out in Sec. III, the physical form factors appearing
the covariant decomposition of a conserved current can
expressed in terms of the matrix elements of only one co
ponent of the current, namely theplus component. It may
occur, however, that the number of physical form factors
less than the number of the independent matrix element
thepluscomponent, obtained from the application of gene
symmetry properties to the current operator. This means
in such situations a relation among the matrix elements~the
so-called angular condition! should occur in order to con
strain further their number. Within the LF constituent qua
model we have investigated two particular cases in R
@18,19#, namely the elastic form factors for ther meson and
the N2D(1232) transition form factors. In both cases t
angular condition can be formulated and we have shown
the use of the one-body current~21! leads to important vio-
lations of the angular condition, which can even totally fo
bid the extraction of the physical form factors from the m
trix elements of theplus component of the current. Thi
problem turns out to be particularly severe in the case
‘‘small’’ form factors, like, e.g., theE2/M1 ratio for theN
2D(1232) transition@19#.

In the case of the nucleon elastic form factors it is n
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possible to formulate an angular condition, because we h
the same number of physical form factors@i.e., F1

N(Q2) and
F2

N(Q2) appearing in the covariant decomposition~2!# and of
independent matrix elements of theplus component of the
current @see Eq.~22!#. However, this does not mean th
rotational covariance is fulfilled. Indeed, we now ma
manifest the loss of the rotational covariance in our LF c
culations by noting that the nucleon form factors can be
tracted using not only thepluscomponent of the e.m. curren
operator, but also through other components. As a matte
fact, adopting the Breit frame specified in Sec. III, it
straightforward to get

^CN

nN8 uI yuCN
nN&5@F1

N~Q2!1F2
N~Q2!#

iQ

2P1 ^nN8 uszunN&.

~33!

Therefore, the nucleon magnetic form factorGM
N (Q2) can be

obtained from the matrix elements of they component of the
e.m. current, wherey is the transverse axis orthogonal toqW' ,
viz.,

GM
N ~Q2!52

P1

Q
Tr@I yisz#. ~34!

For the exact e.m. current the use of Eqs.~23! and ~34!
should yield the same result forGM

N (Q2). However, this
would not be the case for an approximate current, like
one-body current~21! employed in our calculations. As
matter of fact, the results obtained forGM

N (Q2) using Eqs.
~23! and ~34! are reported in Fig. 5, where it can clearly b
seen that different components of the one-body current l
to quite different results. This finding is a clear manifestati
of the presence of spurious, unphysical effects related to
loss of the rotational covariance in the LF formalism. It

FIG. 5. The nucleon magnetic form factorGM
N (Q2) vs Q2. Dot-

ted lines: NR limit@Eq. ~29!#. Dashed lines: results obtained from
the plus component of the one-body e.m. current@Eq. ~23!@. Solid
lines: results obtained using they component of the one-body e.m
current@Eq. ~34!#. Upper and lower lines correspond to proton a
neutron, respectively. Pointlike CQ’s are assumed.
1-9
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interesting to note that we have carried out the calculati
of GM

N (Q2) using they component of the one-body e.m
current also within the NR limit and the ZB approximatio
In both approximations the use of theplusand they compo-
nents yield the same result, i.e., spurious effects are foun
be completely absent. While this finding is quite obvious
the NR limit ~because the loss of the rotational covarian
can occur only in relativistic approaches!, the absence o
spurious effects in the ZB approximation implies that t
loss of rotational covariance in the LF formalism is related
the occurrence of the CQ initial transverse motion. No
finally, from Fig. 5 that the LF calculations closer to th
results of the NR limit are those based on they component.

A possible way to circumvent the above-mentioned s
rious effects has been developed in Ref.@20#. There, it has
been argued that the loss of the rotational covariance fo
approximate current implies the dependence of its ma
elements upon the choice of the null four-vectorv[(1,n̂)
defining the spin-quantization axis. The particular direct
defined byv is irrelevant only if the current satisfies rota
tional covariance. Therefore, the covariant decomposition
an approximate current can still be done provided the fo
vector v is explicitly considered in the construction of th
relevant covariant structures. In the case of on-shell nucle
~i.e., p25p825M2), instead of Eq.~2! one has@20#

^N~p8,s8!uJ̃m~0!uN~p,s!&

5ū~p8,s8!H F1
N~Q2!gm1F2

N~Q2!
ismnqn

2M

1B1
N~Q2!F g•v

v•P
2

1

M ~11h!GPm1B2
N~Q2!

vm

v•P

1B3
N~Q2!

g•vvm

~v•P!2J u~p,s!, ~35!

where F1
N(Q2) and F2

N(Q2) are the physical form factor

related to a generic approximate e.m. current operatoJ̃,
whereas the form factorsBi

N(Q2) ~with i 51,2,3) areun-
physicaland multiply the covariant structures depending
v. Eventually, in Eq.~35! P5(p1p8)/2 andh5Q2/4M2.
Note that @20# ~i! in the decomposition~35! all possible
gauge-dependent terms are forbidden because of t
reversal invariance;~ii ! both the physical and unphysica
form factors do not depend explicitly uponv, because we
have chosen a reference frame whereq150; and~iii ! for the
exact current one must haveBi

N(Q2)50.
Considering theplus component in Eq.~35! one gets

^CN

nN8 uJ̃1uCN
nN&5FF1

N~Q2!1
h

11h
B1

N~Q2!Gdn
N8 nN

2 i
Q

2M FF2
N~Q2!1

1

11h
B1

N~Q2!G
3^nN8 usyunN&, ~36!
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which implies that for an approximate e.m. current an eq
tion similar to Eq.~22! holds, but with the physical form
factorsF1

N(Q2) andF2
N(Q2) replaced by the following com-

binations:

F̃1
N~Q2!5F1

N~Q2!1
h

11h
B1

N~Q2!,

F̃2
N~Q2!5F2

N~Q2!1
1

11h
B1

N~Q2! ~37!

containing the spurious form factorB1
N(Q2). In terms of the

Sachs form factors~1! one obtains

G̃E
N~Q2![F̃1

N~Q2!2hF̃2
N~Q2!

5F1
N~Q2!2hF2

N~Q2!5GE
N~Q2!,

G̃M
N ~Q2![F̃1

N~Q2!1F̃2
N~Q2!

5F1
N~Q2!1F2

N~Q2!1B1
N~Q2!ÞGM

N ~Q2!.

~38!

Therefore, the nucleon charge form factorGE
N(Q2) can be

safely determined from the matrix elements of thepluscom-
ponent of the e.m. current, while the same is not true for
nucleon magnetic form factorGM

N (Q2). However, from Eq.
~35! it follows that

^CN

nN8 uJ̃yuCN
nN&5@F1

N~Q2!1F2
N~Q2!#

iQ

2P1 ^nN8 uszunN&,

~39!

and thereforeGM
N (Q2) can be safely determined from th

matrix elements of they component of the e.m. current@as in
Eq. ~34!#.

In Fig. 6 we have reported our final results based on
use of Eq.~23! for GE

n(Q2) and on Eq.~34! for the ratio
GM

p (Q2)/GM
n (Q2). It can be seen that, provided spurio

effects are properly avoided, our LF results are fully cons
tent with the experimental data onGM

p (Q2)/GM
n (Q2).

To sum up, the most relevant SU~6! breaking exhibited by
the experimental data, namely GE

n(Q2)Þ0 and
GM

p (Q2)/GM
n (Q2)Þ23/2, can be understood qualitative

as well as quantitatively within the CQ model, provided t
effects of the spin-dependent components of the effec
quark-quark interaction are taken into account, as well as
relativistic effects arising from the LF composition of the C
spins are properly considered.

VI. THE RATIO GE
p
„Q2

…ÕGM
p
„Q2

…

In this section we will briefly address the issue of t
interpretation of the recently observed@10# deviation of the
ratio mpGE

p(Q2)/GM
p (Q2) from the dipole-fit expectation

mpGE
p(Q2)/GM

p (Q2)51, wheremp5GM
p (0) is the proton

magnetic moment. First of all let us note that if the mixe
symmetry S8 wave is neglected and pointlike CQ’s a
assumed, the NR limit~29! predicts a ratio
1-10
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FIG. 6. The same as in Fig. 2
but within the LF approach using
the plus component of the one-
body e.m. current@see Eq.~23!#
for the determination ofGE

n(Q2)
and the transversey component
@see Eq.~34!# for the calculation
of the nucleon magnetic form fac
tors.
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mpGE
p(Q2)/GM

p (Q2)51 ~i.e., coinciding with the dipole-fit
expectation!, while the ZB approximation~31! yields
mpGE

p(Q2)/GM
p (Q2)512Q2/2M2, where now mp is the

calculated proton magnetic moment.
The full LF calculations, based on Eq.~23! for GE

p(Q2)
and Eq.~34! for GM

p (Q2), and the results obtained in the N
limit and the ZB approximation are reported in Fig. 7~a! and
compared with the recent JLab data@10#. It can be seen tha
~i! the impact of the mixed-symmetryS8 wave is very lim-
ited in each approach, and~ii ! the predictions of both the NR
limit and the ZB approximation are completely at varian
with the JLAB data; in particular, the ZB approximation pr
dicts a negative value formpGE

p(Q2)/GM
p (Q2) for Q2

.2M2 ~with M53•0.220 GeV for the NR and ZB calcula
tions!; this clearly signals that the applicability of the Z
approximation should be limited only to low values ofQ2,
namelyQ2!M2 ~cf. also Ref.@3#!. To sum up, our findings
06520
imply that a suppression of the ratiompGE
p(Q2)/GM

p (Q2)
from unity can be expected in the CQ model provided
relativistic effects generated by the Melosh rotations of
CQ spins are taken into account.

The LF results obtained adopting the OGE and ch
quark potential models are reported in Fig. 7~b! and com-
pared with calculations corresponding to various values
the average CQ transverse momentum^p'&. It can clearly be
seen that the calculated suppression of the ra
mpGE

p(Q2)/GM
p (Q2) from unity exhibits a slight dependenc

on the value of̂ p'&, and moreover the results correspondi
to the OGE and chiral quark potential models are very si
lar and compare quite favorably against the recent JLab d
A nice reproduction of the latter appears to be achieved w
^p'&.1 GeV @see dotted line in Fig. 7~b!#, but it should be
reminded that our results have been obtained assum
pointlike CQ’s, while the introduction of CQ form
from

of
tial
FIG. 7. RatiompGE
p(Q2)/GM

p (Q2) versusQ2. Open squares are the recent experimental points from JLab@10#. ~a! Dotted, dashed, and
solid lines correspond to the predictions of the NR limit~29! and the ZB approximation~31!, as well as to our full LF calculations@namely
Eq. ~23! for GE

p(Q2) and Eq.~34! for GM
p (Q2)], respectively. Thick and thin lines are the results obtained with and without the effects

the mixed-symmetryS8 wave~dotted and dashed thin lines are undistinguishable from the thick ones!, respectively.~b! The thick solid line
is the result obtained using the full OGE interaction model@7# ~yielding ^p'&50.58 GeV!, while the dashed line corresponds to the case
its linear confinement term only~corresponding tôp'&50.33 GeV!. The thin solid line corresponds to the use of the chiral quark poten
model of Ref.@8# ~having ^p'&50.61 GeV!, while the dotted line is the result obtained adopting a pure SU~6!-symmetric HO ansa¨tz
corresponding tôp'&51.0 GeV, respectively. In all the calculations pointlike CQ’s are assumed.
1-11
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factors is expected to affect~at least partially! the ratio
mpGE

p(Q2)/GM
p (Q2).

VII. CONCLUSIONS

In this contribution we have investigated the effects
both kinematical and dynamical SU~6! breaking on the
nucleon elastic electromagnetic form factors within the c
stituent quark model formulated on the light front. We ha
shown that the most relevant SU~6! breaking exhibited by
the experimental data, namely GE

n(Q2)Þ0 and
GM

p (Q2)/GM
n (Q2)Þ23/2, can be understood qualitative

as well as quantitatively within the constituent quark mod
provided the effects of the spin-dependent components o
quark-quark interaction are taken into account as well as
relativistic effects arising from the light-front composition
the constituent spins are properly considered. We have
deed shown that the evaluation of the nucleon magnetic f
factors has to be performed using the transversey component
of the e.m. current in order to avoid spurious, unphysi
effects related to the loss of the rotational covariance in
light-front formalism, while the nucleon charge form fact
can be safely extracted from the matrix elements of theplus
component of the current.

Finally, we have shown that a suppression of the ra
GE

p(Q2)/GM
p (Q2) with respect to the dipole-fit predictio

can be expected in the constituent quark model provided
relativistic effects generated by the Melosh rotations of
constituent spins are taken into account. The strength of
suppression exhibits a slight dependence on the value o
average quark transverse momentum in the nucleon; m
over, the results of the calculations based on the nucl
wave functions arising from two of the most sophisticat
quark potential models@7,8#, compare quite favorably
against the recent data@10# from Jefferson Lab.
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APPENDIX A: EXPANSION OF THE WAVE FUNCTION
IN THE HARMONIC OSCILLATOR BASIS HAVING

DEFINITE PERMUTATIONAL SYMMETRY

The wave functionswS(kW ,pW ), wS
s8
(kW ,pW ), wS

a8
(kW ,pW ), and

wA(kW ,pW ), appearing in Eq.~11!, can be constructed by ex
panding them onto the complete harmonic oscillator~HO!
basis, viz.,

w[ f ]~kW ,pW !5(
r̃

Cr̃
[ f ]

cr̃,00
(HO,[ f ])

~kW ,pW ! ~A1!

where cr̃,LML

(HO,[ f ]) (kW ,pW ) is a function of the HO basis corre

sponding to total orbital angular momentumL and its projec-
tion ML , r̃ stands for all the other quantum numbers nec
sary to identify the basis functions~see later on! and @f#
06520
f

-

l,
he
e

n-
m

l
e

o

e
e
he
he
e-
n

-

-

identifies the component of the nucleon wave function~i.e.,
@ f #5S,Ss8 ,Sa8 ,A). Finally, the quantitiesCr̃

[ f ] are variational
coefficients, that can be determined by applying the Ralei
Ritz variational principle to the Hamiltonian of the thre
quark system.

The basis functioncr̃,LML

(HO,[ f ]) (kW ,pW ) can be written in the

form

cr̃,LML

(HO,[ f ])
~kW ,pW !5(

r
Urr̃

L,[ f ]
fr,LML

(HO,) ~kW ,pW !, ~A2!

wherer is a short-hand notation for the HO radial and orbi
quantum numbersr5$nk ,l k ,np ,l p% andfr,LML

(HO,) (kW ,pW ) is the

usual HO wave function given explicitly by

fr,LML

(HO) ~kW ,pW !5Rnkl k
(HO)~k!Rnpl p

(HO)~p! (
mkmp

^ l kmk ,l p ,mpuLML&

3Yl kmk
~ k̂!Yl pmp

~ p̂!, ~A3!

with Rnkl k
(HO)(k) and Rnpl p

(HO)(p) being the radial HO functions

depending on the HO lengthaHO @namely, taking into
account the definitions ~12!, one has Rnkl k

(HO)(k)

}exp(2k2/2aHO
2 ) andRnpl p

(HO)(p)}exp(23p2/8aHO
2 )]. Thanks

to the use of only one HO length, in Eq.~A2! the sum over
r is limited to the HO functions having the same number
HO excitation quantaNHO[Nk1Np52nkl k12np1 l p , the
same orbital parityp[(2) l k1 l p and the same orbital angula
momentumL and its projectionML . In Eq. ~A2! the matrix
Urr̃

L,[ f ] , which is independent onML thanks to the Wigner-
Eckart theorem, is explicitly given by

Urr̃
L,[ f ] 5S

5A 2

11d ñkñp
d l̃ k l̃ p

11~2 ! l k

2

3~2 !nk1 l k /21 l p^r;Lur̃;L&Dd,0 ,

U
rr̃

L,[ f ] 5Ss85A2
11~2 ! l k

2
~2 !nk1 l k /21 l p^r;Lur̃;L&

3@Dd,11Dd,2#,

U
rr̃

L,[ f ] 5Sa85A2
12~2 ! l k

2
~2 !nk1( l k11)/21 l p^r;Lur̃;L&

3@2Dd,11Dd,2#,

Urr̃
L,[ f ] 5A

5A2
12~2 ! l k

2
~2 !nk1( l k11)/21 l p^r;Lur̃;L&Dd,0,

~A4!

where ^r;Lur̃;L& is a short-hand notation for the Brody
Moshinsky coefficients @21#, d[Nk2Np52nk1 l k22np
2 l p , andDd,m51 if d5m @mod~3!#, while Dd,m50 other-
wise. Finally, the indexr̃ stands forr̃5$ñk , l̃ k ,ñp , l̃ p%, but
1-12
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the following constraints apply:~i! ñk>ñp , ~ii ! l̃ k> l̃ p if
ñk5ñp , and~iii ! ñkÞñp for @ f #5A and@ f #5S if L is odd.
Note that in the right-hand sides of Eq.~A4! the presence o
the factor (2) l p is related to the definition of the Jacobia
variablepW as given in Eq.~12!.

In the calculations presented in this work we have e
ployed the HO basis up to 20HO excitation quanta~i.e.,
NHO<20), which corresponds to a total of 67 basis states
the symmetricS wave, 94 states for the mixed-symmetryS8
wave, and 31 states for the antisymmetricA wave. By com-
bining these configuration states with the proper spin-isos
functions, one gets a total of 192~completely symmetric!
HO basis states for the expansion of the~canonical! nucleon
wave function~11!. Note that the number of HO function
fr,LML

(HO,) (kW ,pW ), which appear in Eq.~A2! and do not posses

any definite permutational symmetry, is 572 forNHO<20
andL5ML50.

APPENDIX B: EVALUATION
OF THE COEFFICIENTS RS128 S12

„ab…

In Eq. ~24! the coefficientsRS
128 S12

(ab)
contain the effects of

the Melosh rotations of the CQ spins and are defined as

RS
128 S12

(a51b)
5

1

2 (
nN

K S S128
1

2D 1

2
nNUR †ObRUS S12

1

2D 1

2
nNL ,

RS
128 S12

(a52b)
52

i

2 (
nNnN8

K S S128
1

2D 1

2
nNUR †ObRUS S12

1

2D 1

2
nN8 L

3K 1

2
nN8 UsyU12 nNL ~B1!

whereR † is given by Eqs.~9! and ~10!, O1 is the identity
232 matrix andO252 isy acting on the spin of the particl
3, and

US S12

1

2D 1

2
nNL 5(

MS
K 1

2
n1

1

2
n2US12MSL

3K S12MS

1

2
n3U12 nNL . ~B2!

The sums over the spin projections yield

R 00
(11)5N @A1A21BW 1•BW 2#A3 ,

R 00
(12)5N @A1A21BW 1•BW 2#Ã3 ,

R 00
(21)5N @A1A21BW 1•BW 2#B3 ,

R 00
(22)5N @A1A21BW 1•BW 2#B̃3 , ~B3!

R 01
(11)52

1

A3
N @A2BW 12A1BW 22BW 13BW 2#•BW 3 ,
06520
-

r

in

R 01
(12)52

1

A3
N @A2BW 12A1BW 22BW 13BW 2#•B̃W 3 ,

R 01
(21)5

1

A3
N @~A2B1y2A1B2y1B2zB1x2B2xB1z!A3

1~A1B2x2A2B1x2B2yB1z1B2zB1y!B3z

2~A1B2z2A2B1z2B2xB1y1B2yB1x!B3x#,

R 01
(22)5

1

A3
N @~A2B1y2A1B2y1B2zB1x2B2xB1z!Ã3

1~A1B2x2A2B1x2B2yB1z1B2zB1y!B̃3z

2~A1B2z2A2B1z2B2xB1y1B2yB1x!B̃3x#, ~B4!

R 10
(11)52

1

A3
N @A2BW 12A1BW 21BW 13BW 2#•BW 3 ,

R 10
(12)52

1

A3
N @A2BW 12A1BW 21BW 13BW 2#•B̃W 3 ,

R 10
(21)5

1

A3
N @~A2B1y2A1B2y2B2zB1x1B2xB1z!A3

2~A1B2x2A2B1x1B2yB1z2B2zB1y!B3z

1~A1B2z2A2B1z1B2xB1y2B2yB1x!B3x#,

R 10
(22)5

1

A3
N @~A2B1y2A1B2y2B2zB1x1B2xB1z!Ã3

2~A1B2x2A2B1x1B2yB1z2B2zB1y!B̃3z

1~A1B2z2A2B1z1B2xB1y2B2yB1x!B̃3x#, ~B5!

R 11
(11)5

1

3
N @~3A1A22BW 1•BW 2!A312~A1BW 21A2BW 1!•BW 3#,

R 11
(12)5

1

3
N @~3A1A22BW 1•BW 2!Ã312~A1BW 21A2BW 1!•B̃W 3#,

R 11
(21)5

1

3
N @2~B1yBW 21B2yBW 1!•BW 32~A1A21BW 1•BW 2!B3y

12~A1B2y1A2B1y!A3#,

R 11
(22)5

1

3
N @2~B1yBW 21B2yBW 1!•B̃W 32~A1A21BW 1•BW 2!B̃3y

12~A1B2y1A2B1y!Ã3#, ~B6!

where
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N5)
j 51

3
1

A~m1j jM0!21kj'
2
•

1

A~m1j jM08!21k8 j'
2

,

Aj5~m1j jM08!~m1j jM0!1kW8 j'•kW j' ,

Ã35~m1j3M08!k3x2~m1j3M0!k3x8 ,

Bjx5~m1j jM0!kjy8 2~m1j jM08!kjy ,

Bjy5~m1j jM08!kjx2~m1j jM0!kjx8 ,

Bjz5kjx8 kjy2kjy8 kjx ,

B̃3x5k3x8 k3y1k3y8 k3x ,

B̃3y52~m1j3M08!~m1j3M0!2k3x8 k3x1k3y8 k3y ,

B̃3z5~m1j3M08!k3y1~m1j3M0!k3y8 . ~B7!

The ZB approximation of Ref.@6# @see Eq.~31!# can be
obtained from the full LF results~24! and~B3!–~B6! making
the assumptions explained in Ref.@3#. One easily obtains
R 01

(ab)5R 10
(ab)50 and

R 00
(11)5

m

Am21Q2/9
,

te

06520
R 00
(12)5

1

3

Q

2m

m

Am21Q2/9
,

R 00
(21)52

2

3

Q

2m

m

Am21Q2/9
,

R 00
(22)52

m

Am21Q2/9
, ~B8!

R 11
(11)5

4m223Q2/9

4m21Q2/9

m

Am21Q2/9
,

R 11
(12)52

1

9

Q

2m

m

Am21Q2/9
,

R 11
(21)5

2

3

Q

2m

4m22Q2/9

4m21Q2/9

m

Am21Q2/9
,

R 11
(22)5

1

3

m

Am21Q2/9
. ~B9!
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