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We study the electromagnetic form factors of the nucleon in a collective model of baryons. Using
algebraic approach to hadron structure, we derive closed expressions for both elastic and transitio
factors, and consequently for the helicity amplitudes that can be measured in electro- and photoprod
Effects of spin-flavor symmetry breaking and of swelling of hadrons with increasing excitation energy
considered.@S0556-2813~96!01910-3#
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I. INTRODUCTION

Form factors are an important ingredient in understandi
the structure of hadrons. Elastic form factors of the nucle
have been measured several times@1# up to relatively large
momentum transfer,Q2'20 ~GeV/c)2. In the absence of
detailed solutions of QCD in the nonperturbative regim
they have been described by models. Traditionally, vec
dominance models@2# have been used to fit the data in th
low-Q2 region. ForQ2@M2, whereM is the nucleon mass,
perturbative QCD has been used@3#. Other approaches in-
clude constituent quark models@4#, QCD sum rules@5#, and
quark-diquark models@6#. Inelastic~transition! form factors
have also been measured@7#, although not as accurately a
the elastic ones. A remeasurement of these form factors
form an important part of the experimental programs at va
ous facilities. Extensive calculations have been carried ou
the nonrelativistic and relativized quark models@8–11#.

In this article we present another method that can descr
simultaneously both elastic and inelastic form factors. Th
method is semiphenomenological in the sense that it assu
a certain form for the elastic form factors and then calcula
all other form factors by making use of the algebraic a
proach to hadron structure@12#. The main aspect of the pape
is the presentation of results for form factors and helici
amplitudes in an explicit analytic form that allows one t
study models of hadron structure having the same spin-fla
structure. In addition, we investigate two additional aspe
of the nucleon form factors, arising from breaking of th
‘‘effective’’ spin-flavor symmetry in the three constituen
channel and of swelling of hadrons with increasing excit
tion energy. We find that, even if we attribute the enti
neutron electric form factor to breaking of SUsf(6), this
breaking still does not significantly affect other observab
quantities, while the stretching of hadrons with increasi
excitation energy plays a significant role. The phenomen
logical breaking needed to describeGE

n is much too large
when compared with QCD flavor breaking mechanisms@19#
and it worsens the description ofGE

p . We conclude, there-
fore, as other authors do, that meson cloud corrections p
an important role inGE

n .
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II. COLLECTIVE MODEL OF BARYONS

We begin by reviewing the algebraic approach to baryo
structure@12#. This approach can be used for any constitue
model, but we consider in this article a collective~stringlike!
model with the configuration depicted in Fig. 1. The relevan
degrees of freedom of this configuration are the two Jaco
coordinates

rW 5
1

A2
~rW12rW2!, lW 5

1

A6
~rW11rW222rW3!, ~2.1!

where rW1, rW2, and rW3 denote the end points of the string
configuration. In the algebraic approach, the Jacobi coord
natesrW andlW and their conjugate momentapW r and pW l are
quantized~up to a canonical transformation! with boson op-
erators

br,m
† 5

1

A2
~rm2 ipr,m!, br,m5

1

A2
~rm1 ipr,m!,

bl,m
† 5

1

A2
~lm2 ipl,m!, bl,m5

1

A2
~lm1 ipl,m!,

~2.2!

with m521,0,1, and an additional scalar bosons†, s is in-
troduced. These operators satisfy usual boson commutat
relations and operators of different type commute. The

FIG. 1. Collective model of baryons and its idealized string
configuration~the charge distribution of the proton is shown as a
example!.
1935 © 1996 The American Physical Society



f
-

th
s
r
u-

s
e
al
ate

rix

ons

t

rs
ts
or

n-

e
c

1936 54R. BIJKER, F. IACHELLO, AND A. LEVIATAN
number-conserving bilinear products generate the Lie al
bra of U~7! whose elements serve in the expansion of phy
cal operators~the mass operator and transition operator!.
The U~7! algebra enlarges the U~6! algebra of the harmonic-
oscillator quark model@13#, still describing the dynamics of
two vectors. Thes boson does not introduce a new degree
freedom, since for a given total boson numberN it can
always be eliminateds→AN2n̂r2n̂l @Holstein-Primakoff
realization of U~7!#. Its introduction is just an elegant an
efficient way by which the full dynamics of two vectors ca
be investigated, including those situations in which there
strong mixing of the oscillator basis~collective models!. For
a system of interacting bosons all states of the model sp
are assigned to the totally symmetric representation@N# of
U~7!. This representation contains all oscillator shells w
n5nr1nl50,1,2,. . . ,N. The value ofN determines the
size of the model space and, in view of confinement, is e
pected to be large. The geometric structure of baryons is t
described by the algebra of

Gr[U~7!. ~2.3!

The full algebraic structure is obtained by combining th
part with the internal spin-flavor-color part

Gi[SUsf~6! ^SUc~3!. ~2.4!

As discussed in detail in Ref.@12#, the object of Fig. 1 is
a top. If the three strings have equal length and equal rela
angles, the top is oblate and hasD3h point-group symmetry.
The classification underD3h is equivalent to the classifica
tion under permutations and parity@14#. States are character
ized by (v1 ,v2);K,Lt

P where (v1 ,v2) denote the vibrations
~stretching, bending!; K denotes the projection of the rota
tional angular momentumL on the body-fixed symmetry
axis,P the parity andt the symmetry type of the state unde
D3 ~a subgroup ofD3h) or, equivalently, the symmetry type
underS3, the group of permutations of the three end poin
(S3 and D3 are isomorphic!. Both groups have one-
dimensional symmetric and antisymmetric representatio
and a two-dimensional representation, calledS,A,M for S3
andA1 ,A2 ,E for D3, respectively. The notation in terms o
S3 is the one used in constituent quark models@15,16#. The
permutation symmetry of the geometric part must be t
same as the permutation symmetry of the spin-flavor par
order to have total wave functions that are antisymmet
~the color part is a color singlet, i.e., antisymmetric!. There-
fore one can also use the dimension of the SUsf(6) represen-
tations to label the states:S↔A1↔56, A↔A2↔20, and
M↔E↔70. In Ref.@12#, anS3-invariant mass operator wa
used, consisting of spatial and spin-flavor contributions,
obtain a description of the mass spectrum of nonstran
baryons with a rms deviation of 39 MeV. The nonstran
baryon resonances were identified with rotations and vib
tions of the string. The corresponding wave functions, wh
expressed in a harmonic oscillator basis, are spread o
many shells and hence are truly collective.
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III. ELECTROMAGNETIC FORM FACTORS

Electromagnetic form factors appear in the coupling o
baryons with the electromagnetic field. In constituent mod
els, the~pointlike! constituent parts are coupled to the field
@17#. The current is then reduced@9,10# to a nonrelativistic
part, a spin-orbit part, and a nonadditive part associated wi
Wigner rotations and higher-order corrections. We discus
here the nonrelativistic contribution to the form factors fo
nonstrange baryons. Transverse, longitudinal, and scalar co
plings can be expressed in terms of the operators@12#

Û5e2 ikA2/3lz,

T̂m5
im3k0
2 SA2

3
lme

2 ikA2/3lz1e2 ikA2/3lzA2

3
lmD

~3.1!

~with m561,0) that act on the spatial part of the baryon
wave function. HerekW5kẑ is the photon momentum,k0 the
photon energy, andm3 the mass of the third constituent. The
form factors of interest in photo- and electroproduction a
well as in elastic electron scattering are proportional to th
matrix elements of these operators between initial and fin
states. These matrix elements can be evaluated in coordin
or momentum space as done in the nonrelativistic@17,8# or
the relativized quark model@16,9–11#. Following Ref.@12#,
we prefer to use an algebraic method to evaluate the mat
elements of Eq.~3.1!. In order to do this, we first express the
operators in Eq.~3.1! in terms of generators of the algebra of
U~7!,

Û5e2 ikbD̂l,z /XD,

T̂m5
im3k0b

2XD
~D̂l,me

2 ikbD̂l,z /XD1e2 ikbD̂l,z /XDD̂l,m!.

~3.2!

Here the dipole operatorD̂l,m5(bl
†3s2s†3b̃l)m

(1) with
b̃l,m5(21)12mbl,2m , is a generator of U~7! that trans-
forms as a vector (LP512) under rotations, is even under
time reversal, and has the same character under permutati
as the Jacobi coordinatelm . The coefficientXD is a normal-
ization factor given by the reduced matrix elemen
XD5 z^1M

2 uuD̂luu0S
1& z andb represents the scale of the coor-

dinate.
The calculation of the matrix elements of these operato

presents a formidable task since it involves matrix elemen
of exponentiated operators. However, since the operat
D̂l,z is a generator of U~7!, the matrix elements ofÛ are the
group elements of U~7! ~the generalization of the Wigner
D functions of the rotation group! and hence can be evalu-
ated exactly in a basis provided by the irreducible represe
tation @N# of U~7!. A computer program has been written to
do this evaluation numerically, but in the limit of a large
model space (N→`) the results can also be obtained in
closed form. Using harmonic-oscillator wave functions, on
recovers the familiar expressions of the nonrelativisti
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TABLE I. Matrix elements of the transition operators of Eq.~3.2! in the large-N limit. The final states are
labeled by@dim,LP# (v1 ,v2);K , where dim denotes the dimension of the SUsf(6) representation. The initial
state is@56,01# (0,0);0.

Final state ^c f uÛuc i& ^c f uT̂0uc i&/m3k0b ^c f uT̂6uc i&/m3k0b

@56,01# (0,0);0 j 0(kb) j 1(kb) 0

@20,11# (0,0);0 0 0 0

@70,12# (0,0);1 2 iA3 j 1(kb)
i
1

A3
@ j 0(kb)22 j 2(kb)#

7 iA2
3 @ j 0(kb)1 j 2(kb)#

@56,21# (0,0);0
1
2A5 j 2(kb)

2
1

2A5
@2 j 1(kb)23 j 3(kb)#

6A 3
10@ j 1(kb)1 j 3(kb)#

@70,22# (0,0);1 0 0 0

@70,21# (0,0);2 2
1
2A15j 2(kb) 1

2A 3
5 @2 j 1(kb)23 j 3(kb)# 73A 1

10@ j 1(kb)1 j 3(kb)#

@56,01# (1,0);0
2
12R2

2RAN
kb j 1(kb)

12R2

6RAN
kb@2 j 0(kb)2 j 2(kb)#

0

@70,01# (0,1);0 A11R2

2RAN
kb j 1(kb) 2

A11R2

6RAN
kb@2 j 0(kb)2 j 2(kb)#

0

re

n.

m

f

-

harmonic-oscillator quark model@17,10# ~see Table VII of
Ref. @12#!. Explicit analytic results can also be obtained f
the collective oblate top, for which partial results were pr
sented in Tables VIII and IX of Ref.@12#. Here we present
the complete results.

The evaluation of the collective form factors procee
along the lines of the appendixes of Ref.@12#. We first evalu-
ate the matrix elements of the operators in Eq.~3.2! between
initial and final states, which corresponds to the case
which the charge and magnetization are concentrated at
end points of the string of Fig. 1. These matrix elements
expressed in terms of spherical Bessel functionsj L(kb) and
are given in Table I. This table, which completes Table V
of Ref. @12#, forms the backbone from which form factors fo
collective models are built. We note that form factors depe
only on two quantities: the scale of the coordinateb and the
quantityR that measures the collectivity~see Appendix B of
Ref. @12#!. The latter quantity appears only in the transitio
form factors to the vibrational excitations of the string. In th
nonrelativistic limit the resonances with@20,11# (0,0);0 and
@70,22# (0,0);1 are decoupled from the nucleon ground sta
@56,01# (0,0);0.

Table I can be used to study form factors in collectiv
models of the nucleon. A collective model of the nucleon
defined here as an object with the geometric shape of Fig
and with a specified distribution of charge and magnetiz
tion. We consider, in particular, the model specified by t
~normalized! distribution

g~b!5b2e2b/a/2a3, ~3.3!
or
e-

ds

in
the
are
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wherea is a scale parameter. The collective form factors a
obtained by folding the matrix elements ofÛ and T̂m with
this probability distribution

F~k!5E dbg~b!^c f uÛuc i&,

Gm~k!5E dbg~b!^c f uT̂muc i&. ~3.4!

Herec denotes the spatial part of the baryon wave functio
According to Table I, for largeN the elastic spatial matrix
element of Û is given by the spherical Bessel function
j 0(kb). The ansatz of Eq.~3.3! for the probability distribu-
tion is made to obtain the dipole form for the elastic form
factor

F~k!5E dbg~b! j 0~kb!51/~11k2a2!2. ~3.5!

Closed expressions for selected collective transition for
factors of the distributed string are given in Table II, which
completes Table IX of Ref.@12#. It is instructive to study
both the small- and large-k dependence of the form factors.
This dependence is given in Table III. For small values o
k the transition form factorsF(k) behave as;kL for rota-
tional excitations withv5v11v250 and orbital angular
momentumL and as;k2 for vibrational excitations with
v51 andL50. More interestingly, for large values ofk, all
form factors drop as powers ofk. This property is well
known experimentally and is in contrast with harmonic
oscillator quark models in which all form factors fall off
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TABLE II. Collective form factors in the large-N limit. H(x)5arctanx2x/(11x2). The notation is the
same as in Table I.

Final state F(k) G0(k)/m3k0a G6(k)/m3k0a

@56,01# (0,0);0 1
(11k2a2)2

4ka
(11k2a2)3

0

@20,11# (0,0);0 0 0 0

@70,12# (0,0);1
2 iA3

ka

(11k2a2)2
iA3

123k2a2

(11k2a2)3
7 iA6

1
(11k2a2)2

@56,21# (0,0);0 1
2A5F 21

~11k2a2!2
2

1
2A5F 317k2a2

ka~11k2a2!3
6A 15

2 F 21

ka~11k2a2!2

1
3

2k3a3
H~ka!G 2

9

2k4a4
H~ka!G 1

3

2k4a4
H~ka!G

@70,22# (0,0);1 0 0 0

@70,21# (0,0);2
2

1
2A15F 21

~11k2a2!2
1
2A15F 317k2a2

ka~11k2a2!3
7

3
2A10F 21

ka~11k2a2!2

1
3

2k3a3
H~ka!G 2

9

2k4a4
H~ka!G 1

3

2k4a4
H~ka!G

@56,01# (1,0);0
2
12R2

RAN
2k2a2

(11k2a2)3
12R2

RAN
4ka(122k2a2)
(11k2a2)4

0

@70,01# (0,1);0 A11R2

RAN
2k2a2

(11k2a2)3
2

A11R2

RAN
4ka(122k2a2)
(11k2a2)4

0

n-
tric
c-
exponentially@17,8,10#. The elastic form factorF(k) drops
ask24 ~by construction!, whereas the transition form factors
for all rotational excitations withv5v11v250 drop as
k23. For vibrational excitations withv51 andL50, it drops
as k24. The form factorsGm(k) drop as the derivatives of
F(k).
IV. EXPERIMENTAL OBSERVABLES

The form factors of Sec. III can be used to calculate qua
tities that can be measured. We begin with the elastic elec
and magnetic form factors of the nucleon. The elastic colle
tive form factors are given by
TABLE III. Behavior of the collective form factors of Table II forka!1 andka@1.

ka!1 ka@1

Final state F(k) G0(k)/m3k0a G6(k)/m3k0a F(k) G0(k)/m3k0a G6(k)/m3k0a

@56,01# (0,0);0 ;1 ;ka 0 ;(ka)24 ;(ka)25 0

@70,12# (0,0);1 ;ka ;1 ;1 ;(ka)23 ;(ka)24 ;(ka)24

@56,21# (0,0);0 ;(ka)2 ;ka ;ka ;(ka)23 ;(ka)24 ;(ka)24

@70,21# (0,0);2 ;(ka)2 ;ka ;ka ;(ka)23 ;(ka)24 ;(ka)24

@56,01# (1,0);0 ;(ka)2 ;ka 0 ;(ka)24 ;(ka)25 0

@70,01# (0,1);0 ;(ka)2 ;ka 0 ;(ka)24 ;(ka)25 0
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TABLE IV. Analytic expressions for the transverse proton helicity amplitudes of some nucleon r
nances, derived using Eq.~4.6! and Tables II and VI withau5ad5a, mu5md5mq , gu5gd5g, and
mu5md5m. Z(x)521/(11x2)21(3/2x3)H(x) with H(x)5arctanx2x/(11x2) and x5(12R2)/RAN. z
denotes an additional multiplicative sign factor in accord with the convention explained in the text.

Resonance State n An
p z

N(1535)S11
281/2@70,1

2# (0,0);1 1/2
iA2Ap

k0
m

1

~11k2a2!2 F2mqk0a

g
1k2aG 11

N(1520)D13
283/2@70,1

2# (0,0);1 1/2
2iAp

k0
m

1

~11k2a2!2 Fmqk0a

g
2k2aG 11

3/2
2iA3Ap

k0
m

1

~11k2a2!2
mqk0a

g

11

N(1650)S11
481/2@70,1

2# (0,0);1 1/2 0

N(1700)D13
483/2@70,1

2# (0,0);1 1/2, 3/2 0

N(1675)D15
485/2@70,1

2# (0,0);1 1/2, 3/2 0

N(1720)P13
283/2@56,2

1# (0,0);0 1/2
2A2Ap

k0
mF3mqk0a

g
1k2aG 1kaZ~ka!

21

3/2
A6Ap

k0
m
mqk0a

g

1

ka
Z~ka!

21

N(1680)F15
285/2@56,2

1# (0,0);0 1/2
2A3Ap

k0
mF2mqk0a

g
2k2aG 1kaZ~ka!

21

3/2
22A6Ap

k0
m
mqk0a

g

1

ka
Z~ka!

21

N(1440)P11
281/2@56,0

1# (1,0);0 1/2
22xAp

k0
mk

2k2a2

~11k2a2!3

21
e

e

GE
N53E dbg~b!^C;MJ51/2ue3ÛuC;MJ51/2&,

GM
N 53E dbg~b!^C;MJ51/2um3e3s3,zÛuC;MJ51/2&,

~4.1!

where C denotes the nucleon wave functio
281/2

N @56,01# (0,0);0 with N5p,n. Furthere3, m35eg3/2m3,
m3, g3, and s35s3/2 are the charge~in units of e:
eu52/3, anded521/3), scale magnetic moment, mass,g
factor, and spin, respectively, of the third constituent. Usi
the results of Table II, we obtain

GE
p5

1

~11k2a2!2
, GE

n50 ~4.2!

for the charge form factors. The corresponding proton cha
radius is found to be

^r 2&E
p512a2. ~4.3!

Similarly, we obtain for the magnetic form factors
n

ng

rge

GM
p 5

m

~11k2a2!2
, GM

n 5
22m

3~11k2a2!2
. ~4.4!

The corresponding magnetic moments are

mp5m, mn522m/3, ~4.5!

respectively. Here we have assumed that the mass and th
g factor of the up (u) and down (d) constituents are identi-
cal,mu5md5mq andgu5gd5g. Hencemu5md5m in Eq.
~4.4! is given bym5eg/2mq . The proton and neutron mag-
netic radii are identical to the proton charge radius of Eq.
~4.3!. The form factors in Eqs.~4.2! and ~4.4! satisfy
GM
p 5mGE

p and obey the SUsf(6) relations GE
n50 and

GM
n /GM

p 522/3.
Other ~observable! quantities of interest are the helicity

amplitudes in photo- and electroproduction. The transvers
helicity amplitudes between the initial~ground! state of the
nucleon and the final~excited! state of a baryon resonance
are expressed as@12#



1940 54R. BIJKER, F. IACHELLO, AND A. LEVIATAN
TABLE V. Analytic expressions for the transverse helicity amplitudes of someD resonances, derived
using Eq.~4.6! and Tables II and VII withau5ad5a, mu5md5mq , gu5gd5g, andmu5md5m. The
notation is the same as in Table IV.

Resonance State n An
p5An

n z

D(1232)P33
4103/2@56,0

1# (0,0);0 1/2
2
2A2
3
Ap

k0
mk

1

~11k2a2!2

11

3/2
2
2A2
A3
Ap

k0
mk

1

~11k2a2!2

11

D(1620)S31
2101/2@70,1

2# (0,0);1 1/2
2i

A2
3
Ap

k0
m

1

~11k2a2!2 F6mqk0a

g
2k2aG 21

D(1700)D33
2103/2@70,1

2# (0,0);1 1/2
2i

2

3
Ap

k0
m

1

~11k2a2!2 F3mqk0a

g
1k2aG 21

3/2
22iA3Ap

k0
m

1

~11k2a2!2
mqk0a

g

21

D(1600)P33
4103/2@56,0

1# (1,0);0 1/2 2A2
3

xAp

k0
mk

2k2a2

~11k2a2!3

11

3/2 2A2
A3

xAp

k0
mk

2k2a2

~11k2a2!3

11
t
n

f

,

An
N56Ap

k0
@k^L,0;S,nuJ,n&B2^L,1;S,n21uJ,n&A#,

~4.6!

wheren51/2, 3/2 indicates the helicity. The orbit- and spin
flip amplitudes (A andB, respectively! are given by

B5E dbg~b!^C f ;MJ5num3e3s3,1ÛuC i ;MJ85n21&,

A5E dbg~b!^C f ;MJ5num3e3T̂1 /g3uC i ;MJ85n21&.

~4.7!

Here uC i& denotes the~space-spin-flavor! wave function of
the initial nucleon with281/2

N @56,01# (0,0);0 andN5p,n and,
similarly, uC f& that of the final baryon resonance. The heli
ity amplitudes extracted from experiment include the sign
the subsequent strong decay into thepN channel and an
extra conventional sign2(1) for nucleon~D! resonances
@11#. Therefore, to compare with the experimental results,
multiply the helicity amplitudes of Eq.~4.6! with a coeffi-
cient z52sgn(N*→Np) for nucleon resonances an
z51sgn(D*→Np) for D resonances@8#. Although the ex-
traction of this sign and of the resultant helicity amplitudes
model dependent, we shall conform in this article with sta
dard practice and extract the sign from a calculation of stro
decays in a simple model, in which it is assumed that
pion is emitted from a single constituent and which uses
-

c-
of

we

d

is
n-
ng
the
the

same collective wave functions@18#. The values ofz, corre-
sponding to the lowest nucleon andD resonances, are shown
in Tables IV and V.

When comparing with the experimental data one mus
still choose a reference frame that determines the relatio
between the three-momentumk2 and the four-momentum
Q25k22k0

2. It is convenient to choose the equal momentum
or Breit frame where

k25Q21
~W22M2!2

2~M21W2!1Q2 . ~4.8!

HereM is the nucleon mass,W is the mass of the resonance,
and2Q25k0

22k2 can be interpreted as the mass squared o
the virtual photon. For elastic scattering we havek25Q2 .

If we assumemu5md5mq andgu5gd5g, then, just as
in the case of the nucleon electric and magnetic form factors
mu5md5m in Eq. ~4.7!. In general, theB andA amplitudes
of Eq. ~4.7! are proportional to the collective form factors
F andG1 of Eq. ~3.4!, respectively. Explicit expressions for
the helicity amplitudes of Eq.~4.6! can be obtained by com-
bining the corresponding entries of Table II with the appro-
priate spin-flavor matrix elements@12#. Some of these are
given in Tables IV and V.

V. BREAKING OF SPIN-FLAVOR SYMMETRY

In the previous sections we have assumed SUsf(6) spin-
flavor symmetry. This leads toGE

n50 andGM
n /GM

p 522/3
for all values of the momentum transfer, which is not obeyed
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TABLE VI. Orbit- and spin-flip amplitudes of Eq.~4.7!, associated with transverse helicity amplitudes for
nucleon resonances~proton-target couplings! according to Eq.~4.6!. yi5xi /gi andxi5m iei ; Fi(k),G1,i are
obtained from the corresponding entries in Table II witha→ai , m3→mi with i5u,d. Neutron-target cou-
plings are obtained by interchangingu↔d.

An
p

State n A B
28@56# 1/2 1

3@2yuGu,1~k!1ydGd,1~k!#
1
9 @4xuFu~k!2xdFd~k!#

3/2 1
3@2yuGu,1~k!1ydGd,1~k!# 0

28@70# 1/2 1

3A2
@yuGu,1~k!2ydGd,1~k!#

1

9A2
@5xuFu~k!1xdFd~k!#

3/2 1

3A2
@yuGu,1~k!2ydGd,1~k!#

0

28@20# 1/2 0 0
3/2 0 0

48@70# 1/2 0 1

9A2
@xuFu~k!12xdFd~k!#

3/2 0 1

3A6
@xuFd~k!12xdFd~k!#
e-

en
by the experimental data. Within a truncated thre
constituent configuration space, in order to have a nonv
ishing neutron electric form factor, as experimentally o
served, one must break SUsf(6) @20#. This breaking can be
achieved in various ways, e.g., by including in the mass o
erator a hyperfine interaction@21# or by breaking theD3
spatial symmetry allowing for a quark-diquark structure@22#
and flavor-dependent mass terms. Within the model d
cussed here~an effective model with three constituent parts!,
we study the breaking of the SUsf(6) symmetry by assuming
a flavor-dependent distribution of the charge and the mag
tization along the strings of Fig. 1,

gu~b!5b2e2b/au/2au
3 , gd~b!5b2e2b/ad/2ad

3 .
~5.1!
e-
an-
b-

p-

is-

ne-

With this dependence, the electric nucleon form factors b
come

GE
p5

2eu
~11k2au

2!2
1

ed
~11k2ad

2!2
,

GE
n5

2ed
~11k2ad

2!2
1

eu
~11k2au

2!2
. ~5.2!

The corresponding proton and neutron charge radii are giv
by

^r 2&E
p512~2euau

21edad
2!, ^r 2&E

n512~2edad
21euau

2!.
~5.3!
s
TABLE VII. Orbit- and spin-flip amplitudes of Eq.~4.7!, associated with transverse helicity amplitude
for D resonances. The notation is the same as in Table VI.

An
p5An

n

State n A B

210@70# 1/2 21

3A2
@yuGu,1~k!2ydGd,1~k!#

1

9A2
@xuFu~k!2xdFd~k!#

3/2 21

3A2
@yuGu,1~k!2ydGd,1~k!#

0

410@56# 1/2 0 2A2
9

@xuFu~k!2xdFd~k!#

3/2 0 2A2
3A3

@xuFu~k!2xdFd~k!#
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FIG. 2. Comparison between the experimenta
neutron electric form factorGE

n and the collective
form factor with and without flavor breaking
~dashed and solid lines!. The experimental data,
taken from@28#, and the calculations are divided
by the dipole form factorFD51/(11Q2/0.71)2.
o-
In the limit k→`, the electric form factors behave as

GE
p →

1

k4 F2euau
4 1

ed
ad
4G , GE

n →
1

k4 F2edad
4 1

eu
au
4G . ~5.4!

If the length of the string in Fig. 1 is slightly different fo
u andd, so is their mass and thus, in principle, their ma
netic moment. Applying the same procedure to the magn
form factors gives
r
g-
etic

GM
p 5

4mueu
3~11k2au

2!2
2

mded
3~11k2ad

2!2
,

GM
n 5

4mded
3~11k2ad

2!2
2

mueu
3~11k2au

2!2
, ~5.5!

wheremueu andmded are the magnetic moments of theu
and d constituents. The proton and neutron magnetic m
ments are now

mp5~4mueu2mded!/3, mn5~4mded2mueu!/3
~5.6!
l
FIG. 3. Comparison between the experimenta
proton electric form factorGE

p and the collective
form factor with and without flavor breaking
~dashed and solid lines!. The experimental data,
taken from@27#, and the calculations are divided
by the dipole form factorFD51/(11Q2/0.71)2.
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FIG. 4. Comparison between the experimenta
neutron magnetic form factorGM

n and the collec-
tive form factor with and without flavor breaking
~dashed and solid lines!. The experimental data,
taken from @29# (L), @30# (h), and @31# (*),
and the calculations are divided bymnFD .
d

a
f-
s
e
nd

or
i-
t

o
-

and the proton and neutron magnetic radii are given by

^r 2&M
p 512~4mueuau

22mdedad
2!/~4mueu2mded!,

^r 2&M
n 512~4mdedad

22mueuau
2!/~4mded2mueu!.

~5.7!

The asymptotic limit (k2→`) of the magnetic form factors
is

GM
p→

1

k4 F4mueu
3au

4 2
mded
3ad

4 G , GM
n→

1

k4 F4mded
3ad

4 2
mueu
3au

4 G .
~5.8!
We note at this stage that if the masses of the up an
down constituents are slightly different,S3 (D3) symmetry is
also broken in the wave functions and spectrum, causing
splitting of the degenerate rotations and vibrations. This e
fect will be analyzed in detail when studying strange baryon
where it is much larger due to the large difference in th
mass of the strange constituent relative to that of the up a
down constituents.~We also note that our main interest is to
present results for observable quantities due to spin-flav
breaking in a truncated space, independently from its magn
tude. Different QCD spin flavor mechanisms give differen
values for the effective massesmd andmu , magnetic mo-
mentsmd andmu , and sizesau andad , both with au,ad
andau.ad @19#.!

The breaking of spin-flavor symmetry has influence als
on the helicity amplitudes. Inserting the appropriate spin
l
FIG. 5. Comparison between the experimenta
proton magnetic form factorGM

p and the collec-
tive form factor with and without flavor breaking
~dashed and solid lines!. The experimental data,
taken from@27#, and the calculations are divided
by mpFD .
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FIG. 6. Comparison between the experimenta
ratio of the neutron and proton magnetic form
factors and the calculated ratio using the collec
tive form factors with and without flavor break-
ing ~dashed and solid lines!. The experimental
values are from@29,32# (L), @30,27# (h), and
@31,27# (*).
is

in
he
of
he
flavor coefficients in Eq.~4.7!, one obtains the results for th
orbit- and spin-flip amplitudesA andB given in Tables VI
and VII. The helicity amplitudes of Eq.~4.6! are now given
in terms of the flavor-dependent collective form facto
Fu(k),Gu,1(k) and Fd(k),Gd,1(k), which depend on the
size parametersau andad , respectively. Explicit expressions
for the various helicity amplitudes are available on reque

Table VI shows that two sets of helicity amplitudes th
were previously zero due to spin-flavor symmetry are no
vanishing in the presence of flavor-dependent distributio
~i! the Moorehouse selection rule for the proton helicity am
plitudes for the48J@70,L# resonances is broken and~ii ! the
neutron helicity-3/2 amplitudes for the28J@56,L# resonances
are nonvanishing.
e

rs

st.
at
n-
ns:
-

VI. STRETCHABLE STRINGS

In a stringlike model of hadrons one expects on the bas
of QCD @23,24# that strings will elongate~hadrons swell! as
their energy increases. This effect can be easily included
the present analysis by making the scale parameters of t
strings energy dependent. In order to study the swelling
hadrons with increasing excitation energy, we use here t
simple ansatz

a5a0S 11j
W2M

M D , ~6.1!

whereM is the nucleon mass andW the resonance mass.
,

FIG. 7. Proton helicity amplitudes for excita-
tion of N(1520)D13 ~a factor of 1 i is sup-
pressed!. The calculations with and without fla-
vor breaking are shown by dashed and solid lines
respectively. The experimental data are from
@34#.
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FIG. 8. Same as Fig. 7, but forN(1535)S11 ~a
factor of1 i is suppressed!.
-
n-
ion

s
-

This ansatz introduces a new parameter, the stretchabilit
the string,j. The arguments of Ref.@23# and the analysis of
the experimental mass spectrum~Regge trajectories! suggest
j'1. Spin-flavor SUsf(6) symmetry breaking may also ef
fect the value ofj, but this is likely to be a higher orde
effect. Hence we parametrize the breaking as

au5au,0S 11j
W2M

M D , ad5ad,0S 11j
W2M

M D ,
~6.2!

i.e., we assume the stretchability to be flavor independen
y of

-
r

t.

VII. ANALYSIS OF EXPERIMENTAL DATA

A. Spin-flavor breaking

In this section we investigate the effect of the flavor de
pendence on the elastic and transition form factors of no
strange baryons. We begin by discussing the determinat
of the parameters. For all cases we takegu5gd51. For the
calculations in which the SUsf(6) symmetry is satisfied
(mu5md5m andau5ad5a), we determine the scale mag-
netic moment m from the proton magnetic moment
m5mp52.793mN , which corresponds to a constituent mas
of mu5md50.336 GeV. Since the values of the helicity am
plitudesAn

N are usually given in GeV21/2, we express the
scale magnetic moment appearing in Eq.~4.7! in units of
m50.127 GeV21 (\5c51). In @12# the scale parametera
FIG. 9. Same as Fig. 7, but forN(1650)S11 ~a
factor of1 i is suppressed!.
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FIG. 10. Same as Fig. 7, but for
N(1680)F15.
g
too

-

n-
re
er-
ks

e
ig-
was determined from the proton charge radius@see Eq.
~4.3!#. Here we prefer to use a simultaneous fit to the prot
and neutron charge radii@25,26#, to the proton electric and
magnetic form factors up toQ255 ~GeV/c)2 @27#, and to the
neutron electric@28# and magnetic form factors@29–31# up
to Q254 ~GeV/c)2. As a result we finda50.232 fm.

In order to study the sensitivity of the form factors~elastic
and transition! to breaking of SUsf(6) symmetry, we assume
that the constituent massesmu andmd are determined from
the magnetic moments with quarkg factorsgu5gd51. Us-
ing mu52.777mN and md52.915mN , we find mu50.338
GeV andmd50.322 GeV, respectively. The scale param
etersau andad are determined from a simultaneous fit to th
proton and neutron charge radii and the proton and neut
on

-
e
ron

electric and magnetic form factorsau50.230 fm and
ad50.257 fm. We note that the magnitude of the breakin
both in the effective masses and scales so determined is
large when compared with estimates based on themu2md

mass difference of the ‘‘current’’ quarks and on QCD per
turbation estimates withas50.5 @19#. The necessity to use
auÞad in the present model should be interpreted as a co
sequence of the truncation of configuration space to the pu
three-constituent states. Our purpose, however, is to und
stand what happens to the form factors when one brea
SUsf(6) in the truncated space. Since theau andad are ef-
fective quantities that incorporate all complexities of th
non-three-constituent configurations, they may have a s
FIG. 11. Neutron helicity amplitudes for
N(1680)F15.
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FIG. 12. Helicity amplitudes for the excitation
of D(1232)P33. The calculations with and with-
out flavor breaking are shown by dashed an
solid lines, respectively. Only the data atQ250
~photoproduction! @33# are shown, since the other
experimental results have not been analyzed
terms of helicity amplitudes.
r
e-
of

k-
ne
nificant final-state dependence~which is ignored in the
present study!.

We first discuss the elastic form factors. Figures 2 and
show the electric form factors of the neutron and the prot
divided by the dipole formFD51/(11Q2/0.71)2. The divi-
sion by FD emphasizes the effect of the breaking of spi
flavor symmetry. Figures 4 and 5 show the results for t
neutron and proton magnetic form factors, respectively. W
see that while the breaking of spin-flavor symmetry can a
count for the nonzero value ofGE

n and gives a good descrip
tion of the data, it worsens the fit to the proton electric a
neutron magnetic form factors. This implies that, in additio
to not being of the right order of magnitude when compar
3
on

n-
he
e
c-
-
nd
n
ed

with QCD estimates, the simple mechanism for spin-flavo
breaking discussed in Sec. V does not produce the right ph
nomenology and other contributions, such as polarization
the neutron intop1p2, play an important role in the neu-
tron electric form factor@19#. ~A coupling to the meson
cloud throughr, v and f mesons is indeed expected to
contribute in this range ofQ2, see Fig. 1 of Ref.@2#.! This
conclusion~i.e., worsening the proton form factors! applies
also to the other mechanisms of spin-flavor symmetry brea
ing mentioned above, such as that induced by a hyperfi
interaction@21#, which givesau,ad ~‘‘moves the up quark
to the center and the down quark to the periphery’’!,
although it was not discussed in Ref.@21#. This
g
ly.
FIG. 13. Helicity-1/2 amplitude for excitation
of D(1620)S31 ~a factor of 1 i is suppressed!.
The calculations with and without flavor breakin
are shown by dashed and solid lines, respective
The experimental data are from@33,34#.
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FIG. 14. Same as Fig. 13, but for
D(1700)D33 ~a factor of1 i is suppressed!.
e
e

ny
, at

t
n

e

he
pattern is a consequence of the fact that within the fram
work of constituent modelsGE

p , GE
n , GM

p , andGM
n are inter-

twined.
We note in passing that spin-flavor breaking also alte

the ratio of the magnetic form factorsGM
n /GM

p . From Eq.
~5.8! we find that for k2→` this ratio approaches
GM
n /GM

p→(4mdedau
42mueuad

4)/(4mueuad
42mdedau

4). With
the values ofau ,ad andmu ,md given above, we calculate
this ratio to be20.541. On the basis of perturbative QCD th
ratio is expected to approach21/21O(lnQ2) for large val-
ues ofQ2 @9#. With harmonic-oscillator form factors this
ratio approaches21/4. Without the breaking of the spin
flavor symmetry this ratio is22/3 independent ofQ2 for
e-

rs

e

-

both the collective and the harmonic-oscillator case. Th
breaking of spin-flavor symmetry brings the value of th
ratio forQ2→` closer to thep-QCD value. From Fig. 6 we
can see that the experimental situation does not show a
indication that the perturbative regime has been reached
least up toQ2<3 ~GeV/c)2.

Next we discuss the transverse helicity amplitudesA1/2

andA3/2. The results of the calculations with and withou
spin-flavor breaking are shown in Figs. 7–11 for nucleo
resonances and in Figs. 12–15 forD resonances. From these
figures it is seen that the effect is rather small. Only in thos
cases in which the amplitude with SUsf(6) symmetry is zero
is the effect of some relevance. Such is the case for t
FIG. 15. Same as Fig. 13, but for helicity-3/2
amplitude ofD(1700)D33 ~a factor of1 i is sup-
pressed!.
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FIG. 16. Helicity asymmetry for
D(1232)P33. The experimental data are from
@33#.
-
-
. 8
g,
t
y

e
st
ee
-

neutron amplitudeA3/2
n of theN(1680)F15 resonance shown

in Fig. 11 and for the proton amplitudes of theN(1650)S11
~see Fig. 9!, N(1675)D15, and N(1700)D13 resonances,
which all belong to the48J@70,L512# multiplet. The small
effect of the spin-flavor symmetry breaking is emphasized
Figs. 16–18, where the helicity asymmetries

A5
A1/2
2 2A3/2

2

A1/2
2 1A3/2

2 ~7.1!

are plotted versusQ2. The conclusion that one can draw
from this analysis is that, for all purposes, except the elec
in

tric

form factor of the neutron, the breaking of spin-flavor sym
metry according to the mechanism of Sec. V is of little im
portance. As an additional comment, we note that in Figs
and 9 we have shown only the amplitudes with no mixin
u50° @see Eq.~10.3! of Ref. @12##, since our purpose is tha
of displaying the effects of spin-flavor breaking induced b
au,ad . ~The mixing between the twoS11 states may be
effected by meson cloud corrections, specifically,N-h con-
tributions.!

The helicity amplitudes shown in Figs. 7–15 all describ
rotational excitations in the collective model. It is of intere
to comment briefly on vibrational excitations. As one can s
from Tables II and IV, the matrix elements of transition op
erators to the states@56,01# (1,0);0 and@70,01# (0,1);0 vanish in
FIG. 17. Proton helicity asymmetry for
N(1520)D13. The experimental data are from
@34#.
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FIG. 18. Same as Fig. 17, but for
N(1680)F15.
ty
-
-

he

ole
o

the large-N limit of the collective model~andR2Þ0). Nev-
ertheless, it is instructive to study these matrix elements
finite N ~but large! and R2Þ0,1. Denoting by
x5(12R2)/RAN the strength of the coupling, we show i
Fig. 19 the corresponding transverse helicity amplitude
N(1440)P11 ~the Roper resonance!. We note that the calcu-
lated amplitude has the opposite sign of the experimen
amplitude ~just as in @11#, as well as in the harmonic-
oscillator limit of the algebraic model@12#!. However,
the behavior of the amplitude withQ2 is particular enough
to be able to say something concerning the nature
the Roper resonance once more accurate data will be av
able.
for

n
for

tal

of
ail-

B. Stretching

In this section we analyze what happens to the helici
amplitudes with the stretching mechanism of Sec. VI. Fig
ures 20–22 show the effect of stretching on the helicity am
plitudes forD(1232)P33, N(1520)D13, andN(1680)F15. It
is seen that the effect of stretching, especially if one takes t
value j'1 suggested by the arguments of@23# and the
Regge behavior of nucleon resonances~see, e.g., Fig. 5 of
@12#!, is rather large. In particular, the data forN(1520)D13
andN(1680)F15 show a clear indication that the form factors
are dropping faster than expected on the basis of the dip
form. ~Of course, for the elastic form factors there is n
d
d

FIG. 19. Proton helicity amplitude for excita-
tion of N(1440)P11. The calculations with and
without flavor breaking are shown by dashed an
solid lines, respectively. The curves are labele
by the value ofx ~see Table IV!. The experimen-
tal data are from@34#.
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FIG. 20. Effect of hadron swelling for excita-
tion of D(1232)P33. The curves are labeled by
the value of the stretching parameterj of Eq.
~6.1!.
ic

e
ry
-

cal

e

ts
stretching.! We suggest that future data be used to analy
the effects of stretching on the helicity amplitudes.

VIII. SUMMARY AND CONCLUSIONS

In this article, we have exploited the algebraic approach
baryon structure introduced in@12# to analyze simulta-
neously elastic form factors and helicity amplitudes in pho
and electroproduction. The use of algebraic methods allo
us to study different situations, such as the harmon
oscillator quark model and the collective model, within th
same framework. The logic of the method is that, by starti
from the charge and magnetization distribution of the grou
state~assuming a dipole form to the elastic form factor of th
nucleon!, one can obtain the transition form factors to th
ze

to

to-
ws
ic-
e
ng
nd
e
e

excited states. In the ‘‘collective’’ model, this procedure
yields a power dependence of all form factors~elastic and
inelastic! onQ2. We have analyzed two aspects of hadron
structure:~i! the breaking of SUsf(6) symmetry and~ii ! the
stretching of hadrons with increasing excitation energy. W
find that, whereas the breaking of the spin-flavor symmet
hardly effects the helicity amplitudes, the stretching of had
rons does have a noticeable influence.

The disagreement between experimental and theoreti
elastic form factors and helicity amplitudes in the low-Q2

region 0<Q2<1 ~GeV/c)2 requires further investigation.
We think that this disagreement is due to coupling of th
photon to the meson cloud~i.e., configurations of the type
q32qq̄). In the case of the elastic form factors, these effec
were in part analyzed in vector dominance models@2# by
FIG. 21. Same as Fig. 20, but for
N(1520)D13 ~a factor of1 i is suppressed!.



1952 54R. BIJKER, F. IACHELLO, AND A. LEVIATAN
FIG. 22. Same as Fig. 20, but for
N(1680)F15.
ng
writing the amplitude as the sum of two terms. We think th
this analysis~which was done before the advent of qua
model calculations! should be repeated by using for the ‘‘in
trinsic’’ part the constituent form factors discussed in th
article. Coupling of the photon tor ~isovector!, v and f
~isoscalar! vector mesons can produce a nonzero neut
form factor that describes the data without worsening t
proton form-factor description. For the helicity amplitude
the effects could either be calculated directly@35# or be pa-
rametrized by meson~not necessarily vector! dominance
models. We note, however, that in either case, since confi
rations of the typeq32qq̄ have much larger spatial exten
than q3, these effects are expected to drop faster with m
mentum transferQ2 than the constituent form factors. Also
since meson exchange corrections contribute differently
at
rk
-
is

ron
he
s,

gu-
t
o-
,
to

different channels, this effect will be state dependent.
Another aspect that requires further investigation is the

contribution of the spin-orbit and nonadditive part in the
transition operators. Since the algebraic formulation is now
in place, these effects can be investigated. The correspondi
results will be reported elsewhere.
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