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Electromagnetic form factors in a collective model of the nucleon
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We study the electromagnetic form factors of the nucleon in a collective model of baryons. Using the
algebraic approach to hadron structure, we derive closed expressions for both elastic and transition form
factors, and consequently for the helicity amplitudes that can be measured in electro- and photoproduction.
Effects of spin-flavor symmetry breaking and of swelling of hadrons with increasing excitation energy are
considered[S0556-28186)01910-3

PACS numbeps): 13.40.Gp, 14.20.Dh, 14.20.Gk, 11.30.Na

I. INTRODUCTION Il. COLLECTIVE MODEL OF BARYONS

E fact . tant i dient i derstandi We begin by reviewing the algebraic approach to baryon
orm tactors are an important Ingredient in understan Ir‘%tructure[lZ]. This approach can be used for any constituent

the structure of hadrons. Elastic form factors of the nucleon,, j4el but we consider in this article a collectiigringlike)

have been measured several timebup to relatively large o qe| with the configuration depicted in Fig. 1. The relevant

2 2 . . . .
momentum transferQ~20 (GeV/kc)“. In the absence of gegrees of freedom of this configuration are the two Jacobi
detailed solutions of QCD in the nonperturbative regime,cgordinates

they have been described by models. Traditionally, vector
dominance modelf2] have been used to fit the data in the R R
low-Q? region. ForQ?s>M?2, whereM is the nucleon mass, p= E(rl_rZ)a A= %(r1+r2—2r3), (2.9
perturbative QCD has been usgg]. Other approaches in-
clude constituent quark mod€l4], QCD sum ruleg5], and
guark-diquark model§6]. Inelastic(transition form factors
have also been measurgd, although not as accurately as - - ) , - -
the elastic ones. A remeasurement of these form factors wilfatesp and\ and their conjugate moment, andp, are
form an important part of the experimental programs at vari-duantizedup to a canonical transformatipwith boson op-
ous facilities. Extensive calculations have been carried out if"at0rs
the nonrelativistic and relativized quark modgss-11].

In this article we present another method that can describe |t :i(p —ip,m), b :i(p +ip, m
simultaneously both elastic and inelastic form factors. This = ~™ 2 ' /o™ Tem prEme Eeme
method is semiphenomenological in the sense that it assumes

wherery, r,, andr, denote the end points of the string
configuration. In the algebraic approach, the Jacobi coordi-

a certain form for the elastic form factors and then calculates bt _i()\ i )b _i()\ i )
all other form factors by making use of the algebraic ap- A,m— N Poum)s Dxm= N Px.m),
proach to hadron structuf&2]. The main aspect of the paper

is the presentation of results for form factors and helicity (2.2

amplitudes in an explicit analytic form that allows one to

study models of hadron structure having the same spin-flavd’l’”tg m=d—_|%r,]0,1, and art1 addmgnal scala}rbbosdn SIS m_t i
structure. In addition, we investigate two additional aspect§ro uced. These operators satisfy usual boson commutation

of the nucleon form factors, arising from breaking of the relations and operators of different type commute. Their

“effective” spin-flavor symmetry in the three constituent
channel and of swelling of hadrons with increasing excita-
tion energy. We find that, even if we attribute the entire
neutron electric form factor to breaking of ${B), this
breaking still does not significantly affect other observable )
guantities, while the stretching of hadrons with increasing
excitation energy plays a significant role. The phenomeno- {
logical breaking needed to descril&! is much too large ‘
when compared with QCD flavor breaking mechani$t&

and it worsens the description G . We conclude, there- FIG. 1. Collective model of baryons and its idealized string
fore, as other authors do, that meson cloud corrections playonfiguration(the charge distribution of the proton is shown as an
an important role irGg . example.
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number-conserving bilinear products generate the Lie alge- lll. ELECTROMAGNETIC FORM FACTORS
bra of UW7) whose elements serve in the expansion of physi-
cal operatorg(the mass operator and transition operators
The U7) algebra enlarges the(B) algebra of the harmonic-
oscillator quark mode]l13], still describing the dynamics of
two vectors. Thes boson does not introduce a new degree o
freedom, since for a given total boson numberit can
always be eliminated— yN—n,—n, [Holstein-Primakoff
realization of U7)]. Its introduction is just an elegant and
efficient way by which the full dynamics of two vectors can
be investigated, including those situations in which there i
strong mixing of the oscillator basisollective models For

Electromagnetic form factors appear in the coupling of
baryons with the electromagnetic field. In constituent mod-
els, the(pointlike) constituent parts are coupled to the field
1‘[17]. The current is then reducd®8,10] to a nonrelativistic
part, a spin-orbit part, and a nonadditive part associated with
Wigner rotations and higher-order corrections. We discuss
here the nonrelativistic contribution to the form factors for
nonstrange baryons. Transverse, longitudinal, and scalar cou-
é)lings can be expressed in terms of the operdib?$

a system of interacting bosons all states of the model space U=e K2R

are assigned to the totally symmetric representatidh of

U(7). This representation contains all oscillator shells with ~  imzko 2 . o [2
n=n,+n,=0,12,... N. The value ofN determines the Tn=— ( §>\mef'k“‘ g K2Ry §>\m)

size of the model space and, in view of confinement, is ex-
pected to be large. The geometric structure of baryons is thus
described by the algebra of

(3.9

(with m==1,0) that act on the spatial part of the baryon

wave function. Her&=kZ is the photon momentunk,, the
G =U(7). (2.3 photon energy, anth; the mass of the third constituent. The
form factors of interest in photo- and electroproduction as
well as in elastic electron scattering are proportional to the
The full algebraic structure is obtained by combining thismatrix elements of these operators between initial and final
part with the internal spin-flavor-color part states. These matrix elements can be evaluated in coordinate
or momentum space as done in the nonrelativisti, 8] or
the relativized quark mod¢lL6,9—-11. Following Ref.[12],
Gi=SUs(6) ®SU,(3). (2.4 we prefer to use an algebraic method to evaluate the matrix
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
As discussed in detail in Reff12], the object of Fig. 1is  U(7),
a top. If the three strings have equal length and equal relative
angles, the top is oblate and hag, point-group symmetry.
The classification undeD s, is equivalent to the classifica-
tion under permutations and par{ty4]. States are character-
ized by ©,,v,);K,L{ where @,v,) denote the vibrations o _imzkop
(stretching, bending K denotes the projection of the rota- m2Xp
tional angular momentunh on the body-fixed symmetry 3.2
axis, P the parity and the symmetry type of the state under
D5 (a subgroup oDg;,) or, equivalently, the symmetry type . N =~ (1) .o
underS;, the group of permutations of the three end points;ﬂere the di??nle Opera-.tOD)\’m—(b)\XS—STXb)\)En) with
(S; and D; are isomorphi Both groups have one- Pxm=(—1)"""by _n, is @ generator of \F) that trans-

; ; : . . . P_q- : .
dimensional symmetric and antisymmetric representationforms as a vectorl("=1") under rotations, is even under
and a two-dimensional representation, cal&é,M for S, time reversal, and has the same character under permutations

andA, A, ,E for Ds, respectively. The notation in terms of 2S the Jacobi coordinaig,. The coefficienXp, is a normal-

S, is the one used in constituent quark moddls,16. The ization factor given by the reduced matrix element
permutation symmetry of the geometric part must be the<o=K1y||D,l|0$)| and 3 represents the scale of the coor-
same as the permutation symmetry of the spin-flavor part ilinate.

order to have total wave functions that are antisymmetric The calculation of the matrix elements of these operators
(the color part is a color singlet, i.e., antisymmetrithere-  presents a formidable task since it involves matrix elements
fore one can also use the dimension of the,&8) represen- Of exponentiated operators. However, since the operator
tations to label the statesS«A,;+56, A«—A,+20, and D, ,is a generator of (¥), the matrix elements df are the
M« E«70. In Ref.[12], an S;-invariant mass operator was group elements of () (the generalization of the Wigner
used, consisting of spatial and spin-flavor contributions, tdD functions of the rotation groypand hence can be evalu-
obtain a description of the mass spectrum of nonstrangeted exactly in a basis provided by the irreducible represen-
baryons with a rms deviation of 39 MeV. The nonstrangetation[ N] of U(7). A computer program has been written to
baryon resonances were identified with rotations and vibrado this evaluation numerically, but in the limit of a large
tions of the string. The corresponding wave functions, whermodel space N—») the results can also be obtained in
expressed in a harmonic oscillator basis, are spread ovetosed form. Using harmonic-oscillator wave functions, one
many shells and hence are truly collective. recovers the familiar expressions of the nonrelativistic

Oze_ikﬁﬁ}\,z/XD,

(Dy e KEOL/X0 4 o= TkED) L 1X0 ) ).
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TABLE I. Matrix elements of the transition operators of E§.2) in the largeN limit. The final states are
labeled by[dim,LP](vlvvz);K, where dim denotes the dimension of the §6) representation. The initial

state is[56,0"](.g.0-

Final state (l//f|0|l/fi> (1//f|%o|l/fi>/m3koﬁ <'J/f|:|—¢|l/fi>/m3koﬁ
[56,0"1(0.0:0 jo(kB) j1(kB) 0
[20,7 J00:0 0 0 0
[70.8 Jg, ~i3](kp) 1 | i k)
(0,01 1 |ﬁ[]o(k,3)_2J2(k,3)] iVElio(kB) +ia(kB)]

56,2100 15j.(k T ;
(56,2 J0.0:0 25 2(kp) —%[Zjl(k,@)—:ﬂs(kﬁ)] = \E11(kB) +j(kB)]
[70.2 J100:1 0 0 0
[70.2")0.0:2 ~ 2V15j2(kB) WE2i,(kB) - 3ia(kB)] =3V 1(kB) +ia(kB)]
[56,0"1(1.0:0 ~ 17R2k . 17R2k o B ik 0

2R\/N Bj1(kB) —6R\/ﬁ Bl2jo(kB)—j2(kB)]
[70,@](01);0 \/1 B \ 1+ ) 0

2R\/— kBj1(kB) 8RN kﬁ[ZJo(kﬁ) j2(kB)]

harmonic-oscillator quark mod¢ll7,10 (see Table VIl of wherea is a scale parameter. The collective form factors are
Ref. [12]). Explicit analytic results can also be obtained for obtained by folding the matrix elements of and T,,, with
the collective oblate top, for which partial results were pre-this probability distribution
sented in Tables VIII and IX of Refl12]. Here we present
the complete results. zf I
The evaluation of the collective form factors proceeds FK) dBa(A) | V1),
along the lines of the appendixes of Rgf2]. We first evalu-
_at_e_ the matr_lx elements of t_he operators in B2) between _ Gr(K) = f dBg(B) | Tl ). (3.4)
initial and final states, which corresponds to the case in
which the charge and magnetization are concentrated at t . :
end points of the string of Fig. 1. These matrix elements ar!fere"/’ _denotes the spatial part of the baryon wave func'_uon.
. ) N ccording to Table |, for largeN the elastic spatial matrix
expressed in terms of spherical Bessel functiprfi&s) and
are given in Table I. This table, which completes Table VIl element ofU is given by the spherical Bessel function
of Ref.[12], forms the backbone from which form factors for Jo(kB). The ansatz of EQ3.3 for the probability distribu-
: . ion is made to obtain the dipole form for the elastic form
collective models are built. We note that form factors depentiactor
only on two quantities: the scale of the coordingtand the
guantityR that measures the collectivifgee Appendix B of
Ref.[12]). The latter quantity appears only in the transition ]:(k)zf dBa(B)io(kB)=1/(1+k?a?)?. (3.5
form factors to the vibrational excitations of the string. In the
nonrelativistic limit the resonances wiff20,1"]o0).0 and  Closed expressions for selected collective transition form
[70,2 J(0,0);1 are decoupled from the nucleon ground statefactors of the distributed string are given in Table II, which
[56,0"10.0):0 completes Table IX of Ref[12]. It is instructive to study
Table | can be used to study form factors in collectiveboth the small- and largk-dependence of the form factors.
models of the nucleon. A collective model of the nucleon isThis dependence is given in Table Ill. For small values of
defined here as an object with the geometric shape of Fig. k the transition form factorsF(k) behave as-k" for rota-
and with a specified distribution of charge and magnetizational excitations withv=v;+v,=0 and orbital angular
tion. We consider, in particular, the model specified by themomentumL and as~k? for vibrational excitations with
(normalized distribution v=1 andL =0. More interestingly, for large values kf all
form factors drop as powers &. This property is well
known experimentally and is in contrast with harmonic-
g(B)=B%e #22a3, (3.3  oscillator quark models in which all form factors fall off
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TABLE II. Collective form factors in the largé} limit. H(x)=arctax—x/(1+x%. The notation is the

same as in Table I.

Final state F(k) Go(K)/mzkoa G- (k)/mskoa
[56,0+:|(010);0 1 4ka 0
(1+k%a?)? (1+KZ%a?%)?3
[20,1](0,0:0 0 0 0
(70,1 10,01 3 ka 31—3k2a2 -
N1 Tk%a?)? NeTTkZa?)? +INO T KZa?)?
56,2 . _ 2.2
[ l0.9:0 l\/g 1 _l\/g 3+ 7k“a +\/E
2V¥1(1+k%a?)? 2V ka(1+k%a?)3 ~ V2| ka(1+k?a?)?
3 9 3
+T%‘3H(ka) T oKia SpazaH(ka) 2k4 SpazaH(ka)
[70,2 J100:1 0 0 0
[70,2"0,9:2 3+ 7k%a?
l\/_ 11 k242\2 1\/— Yal1a k2a2)\3 +2\/_ Yalltk2a2)\2
(1+k ) ka(1+k?a?) ka(1+k )
3 9 3
+T%‘3H(ka) T oKia SpazaH(ka) 2k4 SpazaH(ka)
[56,0"](1.0:0 1-R?  2k?a? 1-R? 4ka(1-2k%a?) 0
RN (1+k%a?)?3 RYN (1+k“a%)*
[70,0 J(0.0:0 JI+R?  2k%a? JVI+R? 4ka(1-2k%a? 0
(0,9);
RN (1+Kk%a?3 T RIN (1+K%)7

exponentially[17,8,10. The elastic form factofF(k) drops IV. EXPERIMENTAL OBSERVABLES

ask™* (by constructioln, whereas the transition form factors

for all rotational excitations withv=v,+v,=0 drop as The form factors of Sec. Il can be used to calculate quan-
k3. For vibrational excitations with=1 andL=0, it drops tities that can be measured. We begin with the elastic electric
ask™%. The form factorsG,(k) drop as the derivatives of and magnetic form factors of the nucleon. The elastic collec-
F(K). tive form factors are given by

TABLE lll. Behavior of the collective form factors of Table Il fdta<1 andka>1.

ka<1 ka>1
Final state FK)  Go(k)/mgkoa  G.(K)/mgkea  F(K) Go(K)/mskea G (K)/mskoa
[56,0"1(0.0:0 ~1 ~ka 0 ~(ka)~4 ~(ka)~5 0
[70,1 1091  ~ka ~1 ~1 ~(ka)®  ~(ka)~* ~(ka)~*
(56,2 J0g90 ~(ka)? ~ka ~ka ~(ka)~3 ~(ka)™4 ~(ka)™*
(70,2 1092 ~(ka)? ~ka ~ka ~(ka)®  ~(ka)~* ~(ka)~*
[56,0' 1190 ~(ka)? ~ka 0 ~(ka)™*  ~(ka)~® 0
[70,0']0n0 ~(ka)? ~ka 0 ~(ka)~* ~(ka)~® 0




54 ELECTROMAGNETIC FORM FACTORS IN A ... 1939

TABLE IV. Analytic expressions for the transverse proton helicity amplitudes of some nucleon reso-
nances, derived using E@4.6) and Tables Il and VI witha,=ay=a, my=my=my, g,=gq=9, and
o= pg=p. Z(X)=—1(1+x3)%+ (3/23)H(x) with H(x)=arctax—x/(1+x%) and y=(1-R?/RYN. ¢
denotes an additional multiplicative sign factor in accord with the convention explained in the text.

Resonance State v AP 4
N(1535)Sy; 281470,1 1001 1/2 = 1 mgkoa +1
2\ —n 7.772| 2 +k%a
ko™ (1+k“a%) g
N(1520)D 15 2844 70,1 1001 1/2 _ \/; 1 Mgkod +1
2 kM (1+K%2)?| g k'a
3/2 2'\@\F 1 mgkoa +1
VP ViH (1+Ka2? g
N(1650)S;; 481470,1 J(00:1 1/2 0
N(1700)D 5 483470,1 J(00:1 1/2, 3/2 0
N(1675)D 5 *85470,1 1(00:1 1/2, 312 0
N(1720)P,4 284456,2 10,00 1/2 7 \/; mgkea  , |1 -1
-2 k—o,u 3T+k a GZ(ka)
3/2 7 mgkoa 1 -1
V6Vt g kalka
N(1680) 5 285456,2" 10,00 1/2 G \/; mkoa , |1 -1
—v3 k—o,u 2 g —kaEZ(ka)
312 m Mmgkoa 1 -1
2\6 K S Z(ka)
N(1440)P; *81456,0" 11,00 1/2 \/; ok2a? -1
“2N K TR
3 ’ ’ ’ MT(1+Kk%%)?2 TM 3(1+k%a?)?
N _ M — A M —
GM—3f dBg(B)(¥;M,= 112 ugeso3,U|W;iM,;=1/2), The corresponding magnetic moments are
4.2
where ¥ denotes the nucleon wave function Mp=M,  pp=—2ul3, (4.5

281456,0 ](00):0 With N=p,n. Furtheres, uz=egs/2ms,
M3, O3, and s;=03/2 are the charge(in units of e: ]
e,=2/3, andey= — 1/3), scale magnetic moment, mass, respectively. Here we have assumed that the mass an_d the
factor, and spin, respectively, of the third constituent. Usingd factor of the up ¢) and down (1) constituents are identi-
the results of Table Il, we obtain cal, m;=mg=my andg,=gq=9. Henceu,= uq= u in Eq.
(4.4) is given byu=eg/2m,. The proton and neutron mag-
netic radii are identical to the proton charge radius of Eq.
ngm, Gg=0 (42 (4.3. The form factors in Egs(4.2) and (4.4) satisfy
Gh=uGE and obey the SU(6) relations GE=0 and
for the charge form factors. The corresponding proton charg&w/Gh= —2/3.
radius is found to be Other (observablg quantities of interest are the helicity
amplitudes in photo- and electroproduction. The transverse
(r®)R=12a2 (4.3 helicity amplitudes between the initiéground state of the
nucleon and the finalexcited state of a baryon resonance
Similarly, we obtain for the magnetic form factors are expressed d42]
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TABLE V. Analytic expressions for the transverse helicity amplitudes of sdnresonances, derived
using Eq.(4.6) and Tables Il and VII witha,=ag=a, my=myg=my, 9,=9q=9, and u,= ug=pu. The
notation is the same as in Table IV.

Resonance State v AP=A" ¢

A(1232)Pg, #1044 56,0" 10,00 1/2 22 \/; 1 +1
“ 73 Vi M (1+k%a?)?

3/2 2\/— 1 +1

N KT

A(1620)S3; 210,470, Ji00:1 172 _ \/E\/? 1 Mgkod -1
Vit ik |y KR
A(1700)D 5 2104 70,1 J(0,0:1 1/2 2 \/; 1 JMked -1
'3 Ak Tka
3/2 T 1 mgkpa -1
—ZiE\ﬁMTq—O
ko™ (1+ka%) g
A(1600)P 4, #10,/456,0" ](1.0:0 1/2 22 ok2a? +1
T Vi T
1+|<2 2)3

- same collective wave functioni48]. The values of;, corre-
AN=6 \/k:[k(L,O;S,v|J,v>B—<L,1;S, v—1|J,v)A], sponding to the lowest nucleon andresonances, are shown
0 4.6 in Tables IV and V.

' When comparing with the experimental data one must
still choose a reference frame that determines the relation
between the three-momentuk? and the four-momentum
Q?=k2—K3. It is convenient to choose the equal momentum
or Breit frame where

wherev=1/2, 3/2 indicates the helicity. The orbit- and spin-
flip amplitudes (4 and B, respectively are given by

B:J dﬁQ(ﬁ)(‘I’f?MJ:V|M33353,+0|‘I’i My=v-1),

mqre MY 4.8
—Qt oMWY+ Q7 “8
A:f dBY(A(Y M= v uaesT /93 Wi iMy=v—1). HereM is the nucleon mas¥Y is the mass of the resonance,

(4.7 and—Q?=k5—k? can be interpreted as the mass squared of
the virtual photon. For elastic scattering we h&de=Q? .

Here|¥;) denotes thespace-spin-flavgrwave function of If we assumem,=my=m, andg,=gy=d, then, just as
the initial nucleon WichB?/z[56,0+](0,0);o andN=p,n and, inthe case of the nucleon electric and magnetic form factors,
similarly, |¥¢) that of the final baryon resonance. The helic- u,= uq=u in Eqg. (4.7). In general, thé3 and A amplitudes
ity amplitudes extracted from experiment include the sign ofof Eq. (4.7) are proportional to the collective form factors
the subsequent strong decay into th&l channel and an Fandg, of Eq. (3.4), respectively. Explicit expressions for
extra conventional sign-(+) for nucleon(A) resonances the helicity amplitudes of Eq4.6) can be obtained by com-
[11]. Therefore, to compare with the experimental results, webining the corresponding entries of Table Il with the appro-
multiply the helicity amplitudes of Eq4.6) with a coeffi-  priate spin-flavor matrix elemen{d2]. Some of these are
cient {=-sgn(N*—N) for nucleon resonances and given in Tables IV and V.
{=+sgn(A* —N) for A resonancef8]. Although the ex-
traction of this sign and of the resultant helicity amplitudes is V. BREAKING OF SPIN-FLAVOR SYMMETRY
model dependent, we shall conform in this article with stan-
dard practice and extract the sign from a calculation of strong In the previous sections we have assumed8) spin-
decays in a simple model, in which it is assumed that thdlavor symmetry. This leads t6¢=0 andGy,/G},=—2/3
pion is emitted from a single constituent and which uses théor all values of the momentum transfer, which is not obeyed
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TABLE VI. Orbit- and spin-flip amplitudes of Eq4.7), associated with transverse helicity amplitudes for
nucleon resonancéproton-target couplingsaccording to Eq(4.6). y;=x;/g; andx;= u;e;; Fi(k),G. ; are
obtained from the corresponding entries in Table Il vath-a;, my—m; with i =u,d. Neutron-target cou-
plings are obtained by interchanging-d.

AP
State v A B
‘8[56] 112 12y G0.+ () +YaGa + (K)] L ax,Fu(K) ~ X Fa(K)]
3/2 H2YGu,+ (K)+YaGq + (K)] 0
28[70] 1/2 1 1
ﬁ[yugw(k) ~Y4Ga+ (k)] ﬁ[f»xufuwwxdfd(k)]
3/2 1 0
373 1Y0+ (0 =Yoo ()]
28[ 20] 1/2 0 0
3/2 0 0
48[ 70] 1/2 0 1
ﬁ[xuﬂ(szxdﬂ(k)]
3/2 0 1
%[xuﬂ(kmxdﬂ(k)]

by the experimental data. Within a truncated three-With this dependence, the electric nucleon form factors be-
constituent configuration space, in order to have a nonvarcome

ishing neutron electric form factor, as experimentally ob-

served, one must break ${6) [20]. This breaking can be 2e, ey

achieved in various ways, e.g., by including in the mass op- GE:(1+k2a2)2 + (1+K2a2)?’

erator a hyperfine interactiof21] or by breaking theD, Y d

spatial symmetry allowing for a quark-diquark struct{2&] 2eqy ey

and flavor-dependent mass terms. Within the model dis- GE:(1+k2a2)2+ (1+KaD)?" (5.2
cussed heréan effective model with three constituent parts d u

we study the breaking of the S}6) symmetry by assuming . . .

a flavor-dependent distribution of the charge and the magneghe corresponding proton and neutron charge radii are given
tization along the strings of Fig. 1, y

9u(B)=pB% Paui2a3, gy(B)=pe F'%2a]. (rR=12(2e a2 +e4a2), (r?)1=122e4a3+e,a2).
(5.2) (5.3

TABLE VII. Orbit- and spin-flip amplitudes of Eq4.7), associated with transverse helicity amplitudes
for A resonances. The notation is the same as in Table VI.

AP=AD
State v A B
2107 70] 12 -1 1
ﬁ[yugu,+(k)*ydgd,+(k)] ﬁ[xufu(k)*xdfd(k)]
3/2 1 0
ﬁ[yugu,+(k)_ydgd,+(k)]
41056] 1/2 0 ~ 2
T[Xu]:u(k) —XgFy(K)]
3/2 0 2

_[Xu}—u(k) _Xd]:d(k)]

3V3
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FIG. 2. Comparison between the experimental
neutron electric form facta®f and the collective
form factor with and without flavor breaking
(dashed and solid lingsThe experimental data,
taken from[28], and the calculations are divided
by the dipole form factof ,=1/(1+ Q?/0.71Y.

In the limit k— o, the electric form factors behave as 4u,e, MLd€qd

P — _
G 3(1+k%a%)? 3(1+k%a3)?’

1[2e, e 1[2e4 e 4nq€q M€y
p J— _U _d n J— _d _U n_— — 5
GE - k4 aﬁ ag ) E k4 aal + 3 . (54) M 3(1+ kZaS)Z 3(1+ k2a5)2' ( 5)

where e, and uqyeq are the magnetic moments of the
and d constituents. The proton and neutron magnetic mo-

If the length of the string in Fig. 1 is slightly different for ments are now

u andd, so is their mass and thus, in principle, their mag-
netic moment. Applying the same procedure to the magnetic
form factors gives

Mn=(4pgeq— 1y ey)/3

Mp=(4py€y— pugey)/3,
(5.6)

) v ) v | ! ) v | ! | v ) v ) * | ! ) ! |
20 | e
15 | =
o e —— —I ———————————— - FIG. 3. Comparison between the experimental
L 10 [ 2 | I ]‘- | ] proton electric form factoGE and the collective
Jul O ey g l | form factor with and without flavor breaking
O] (dashed and solid lingsThe experimental data,
taken from[27], and the calculations are divided
: by the dipole form factoF p=1/(1+ Q%/0.71Y.
05 |- =
I N(939)P;;
oo [P NP SNV MR MR RPN | 1 ! 1 L
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7 T —— 1
[ N(939)P,, 1
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w I l ] FIG. 4. Comparison between the experimental
3‘ - $ + * # * | . neutron magnetic form factdsy, and the collec-
<210 | | 1 } 1; 1 . - tive form factor with and without flavor breaking
o | \*I_\lsl ! 1 i | (dashed and solid lingsThe experimental data,
————————————————————— - taken from[29] (¢ ), [30] (O), and[31] (*),
i and the calculations are divided y,Fp, .
0.5 |- -1
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We note at this stage that if the masses of the up and
down constituents are slightly differer8; (D) symmetry is
also broken in the wave functions and spectrum, causing a
splitting of the degenerate rotations and vibrations. This ef-

and the proton and neutron magnetic radii are given by

2p _ 2_ 2 _

(PN =124p08, ~ po€ady)/ (41,80~ Ha€y), fect will be analyzed in detail when studying strange baryons
where it is much larger due to the large difference in the

(rn=124pgeqai— pueuad) (Augeq— muey). mass of the strange constituent relative to that of the up and

(5.7) down constituentWe also note that our main interest is to
present results for observable quantities due to spin-flavor
breaking in a truncated space, independently from its magni-
tude. Different QCD spin flavor mechanisms give different
values for the effective masses; and m,, magnetic mo-
mentsuy and u,,, and sizesa, anday, both witha,<ay
anda,>ay [19].)

The breaking of spin-flavor symmetry has influence also
(5.9 on the helicity amplitudes. Inserting the appropriate spin-

The asymptotic limit k>— o) of the magnetic form factors
is

1
K4

dpyey  Md€q

3a;  3aj

1
n

_ dpgey My
1 M P -

3.4 T 24|
3ay 3a,;

Gh—

15 |- -

FIG. 5. Comparison between the experimental
10 b —7* ' - proton magnetic form facto}, and the collec-
et t tive form factor with and without flavor breaking

] (dashed and solid lingsThe experimental data,
taken from[27], and the calculations are divided

GPu/ MpFp
%

I " 1 " 1 " 1 N 1 " 1 " 1 N 1 N 1 " 1 . 1
0.0 1.0 2.0 3.0 4.02 5.0 6.8 7.0 8.0 9.0 10.0
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flavor coefficients in Eq(4.7), one obtains the results for the
orbit- and spin-flip amplitudest and B given in Tables VI

3.0
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FIG. 6. Comparison between the experimental
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 lingsThe experimental
values are fron{29,32 (<), [30,27 (O), and
[31,27 (*).

VI. STRETCHABLE STRINGS

In a stringlike model of hadrons one expects on the basis
of QCD [23,24 that strings will elongaté¢hadrons swellas
their energy increases. This effect can be easily included in
the present analysis by making the scale parameters of the
strings energy dependent. In order to study the swelling of

for the various helicity amplitudes are f?“’_a"ab'e on requesty - jrons with increasing excitation energy, we use here the
Table VI shows that two sets of helicity amplitudes thatsimple ansatz

were previously zero due to spin-flavor symmetry are non-

and VII. The helicity amplitudes of Eq4.6) are now given

in terms of the flavor-dependent collective form factors
Fu(k), Gy + (k) and Fy(k),Gq +(K), which depend on the
size parametera, anday, respectively. Explicit expressions

vanishing in the presence of flavor-dependent distributions:
(i) the Moorehouse selection rule for the proton helicity am-
plitudes for the*8,[ 70 ] resonances is broken afiil) the
neutron helicity-3/2 amplitudes for th8,[ 56 L ] resonances
are nonvanishing.

a=ag| 1+¢ (6.1

W—M)
M ’

where M is the nucleon mass ari/ the resonance mass.

— T —— T
200
H’ N(1520)D,,
[+
100 h’
5 t
(%D) ‘H’ v=3/2 FIG. 7. Proton helicity amplitudes for excita-
o tion of N(1520)D,5 (a factor of +i is sup-
o } pressefl The calculations with and without fla-
= 0 Wq; vor breaking are shown by dashed and solid lines,
o > | ¢ + respectively. The experimental data are from
i } [34].
s il I —
00 0 NS e
[ v=1/2
| L s s A 1 " " 1 1 1 1
0.0 1.0 2.0 3.0
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FIG. 8. Same as Fig. 7, but fd{(1535)S;; (a
factor of +i is suppressed
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This ansatz introduces a new parameter, the stretchability of VII. ANALYSIS OF EXPERIMENTAL DATA
the string,£. The arguments of Ref23] and the analysis of
the experimental mass spectriRegge trajectorigssuggest . _ . _
é~1. Spin-flavor SU{(6) symmetry breaking may also ef- In this section we investigate the effect of the flavor de-

A. Spin-flavor breaking

fect the value of¢, but this is likely to be a higher order Pendence on the elastic and transition form factors of non-
effect. Hence we parametrize the breaking as strange baryons. We begin by discussing the determination

of the parameters. For all cases we tgke=gy=1. For the
calculations in which the SI{6) symmetry is satisfied

W—M (,uu_z,udz,u anda,=ag=a), we determine the_ scale mag-
1+¢ , netic moment w from the proton magnetic moment
M m=pp=2.793uy, Which corresponds to a constituent mass

(6.2 of my,=my=0.336 GeV. Since the values of the helicity am-
plitudes AY are usually given in GeV'? we express the

scale magnetic moment appearing in E4.7) in units of

i.e., we assume the stretchability to be flavor independent. x=0.127 GeV ! (=c=1). In[12] the scale parameter

M

A=y 1+¢ y  d9=3a4p0

— —_— — —
200 -
— 10T N(1650)S,, ]
8 L 4
< 100 |- —
B i ] FIG. 9. Same as Fig. 7, but fo{(1650)S,, (a
= R J]  factor of +i is suppressed
‘:,:: 50 N *} * * .
ofF ~—————————————————————————- .
[ N ] 2 N N N 1 N " N 2 1 L N M N 1 N ]
0.0 1.0 2.0 3.0

Q? [ (GeV/c)’]
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was determined from the proton charge radjsee Eg.
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o I ' FIG. 10. Same as Fig. 7, but for
[ 1 N(1680F ;.
+ * + I 1 15
-100 | -
- v=1/2 1
1 s M M N 1 " L N L 1 1
0.0 1.0 2.0 3.0
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electric and magnetic form factorg,=0.230 fm and

(4.3]. Here we prefer to use a simultaneous fit to the protoray=0.257 fm. We note that the magnitude of the breaking

and neutron charge radi25,26], to the proton electric and
magnetic form factors up Q=5 (GeVk)? [27], and to the

neutron electrid 28] and magnetic form factof29-31 up
to Q?=4 (GeVic)?. As a result we finda=0.232 fm.
In order to study the sensitivity of the form factgedastic

and transitionto breaking of SU{(6) symmetry, we assume
that the constituent massesg, andmy are determined from

the magnetic moments with quagkfactorsg,=gq=1. Us-
ing u,=2.777uy and uyg=2.915y, we find m,=0.338

GeV andmy=0.322 GeV, respectively. The scale param-
etersa, anday are determined from a simultaneous fit to the

both in the effective masses and scales so determined is too
large when compared with estimates based onnthe my
mass difference of the “current” quarks and on QCD per-
turbation estimates witla=0.5[19]. The necessity to use
a,# a4 in the present model should be interpreted as a con-
sequence of the truncation of configuration space to the pure
three-constituent states. Our purpose, however, is to under-
stand what happens to the form factors when one breaks
SU.(6) in the truncated space. Since thganday are ef-
fective quantities that incorporate all complexities of the
non-three-constituent configurations, they may have a sig-

proton and neutron charge radii and the proton and neutron

A", [10° (GeV)™?)

FIG. 11. Neutron helicity amplitudes for

N(1680)F ;5.

T T v 4 T T T ' 1
50 L ///’ ————————————————— —
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I | | |
-50 -
"_’>‘ FIG. 12. Helicity amplitudes for the excitation
8 of A(1232)P5;. The calculations with and with-
@ 150 | out flavor breaking are shown by dashed and
Q solid lines, respectively. Only the data@f=0
= (photoproductiop[33] are shown, since the other
s experimental results have not been analyzed in
< A(1232)P,, { terms of helicity amplitudes.
-250 [I] -
I T PR R

0.0 1.0 0 3.0

2.
Q° [ (GeV/c)? ]

nificant final-state dependendgvhich is ignored in the with QCD estimates, the simple mechanism for spin-flavor
present study breaking discussed in Sec. V does not produce the right phe-
We first discuss the elastic form factors. Figures 2 and shomenology and other contributions, such as polarization of
show the electric form factors of the neutron and the protorthe neutron intop+ 77—, play an important role in the neu-
divided by the dipole fornF,=1/(1+Q?%0.71¢. The divi-  tron electric form factor{19]. (A coupling to the meson
sion by Fp emphasizes the effect of the breaking of spin-cloud throughp, » and ¢ mesons is indeed expected to
flavor symmetry. Figures 4 and 5 show the results for thecontribute in this range of?, see Fig. 1 of Ref[2].) This
neutron and proton magnetic form factors, respectively. Wesonclusion(i.e., worsening the proton form factorapplies
see that while the breaking of spin-flavor symmetry can acalso to the other mechanisms of spin-flavor symmetry break-
count for the nonzero value &@¢ and gives a good descrip- ing mentioned above, such as that induced by a hyperfine
tion of the data, it worsens the fit to the proton electric andinteraction[21], which givesa,<a4 (“moves the up quark
neutron magnetic form factors. This implies that, in additionto the center and the down quark to the periphery”
to not being of the right order of magnitude when comparedalthough it was not discussed in Ref21]. This

— — T T
60 - -
40 F -
3 A(1620)3;,
S I
©
S FIG. 13. Helicity-1/2 amplitude for excitation
% 20 1 of A(1620)S;, (a factor of +i is suppressed
— The calculations with and without flavor breaking
g are shown by dashed and solid lines, respectively.
ﬁ;( oLk | The experimental data are frof83,34.
20 -
| " " . " 1 " " 1 1 1 2 " 1 : |

0.0 1.0 2.0 3.0
Q° [ (GeV/c)*]
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140 | ' -

120 |- -
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1 FIG. 14. Same as Fig. 13, but for

60 |- 41 A(1700)Ds; (a factor of+i is suppressed

AP" L, [10° (GeV) ™)

40

20 -
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pattern is a consequence of the fact that within the frameboth the collective and the harmonic-oscillator case. The
work of constituent model&f, G¢, G, , andGy, are inter-  breaking of spin-flavor symmetry brings the value of the
twined. ratio for Q?— closer to thep-QCD value. From Fig. 6 we
We note in passing that spin-flavor breaking also altergan see that the experimental situation does not show any
the ratio of the magnetic form factoGy,/Gf,. From Eq. indication that the perturbative regime has been reached, at
(5.8 we find that for k>~ this ratio approaches least up toQ%<3 (GeVl)Z.
Gh/Gh— (dugeqal— woe,ad)! (duyeal— nqeqal). With Next we discuss the transverse helicity amplitudgs,
the values ofa,,ay and u,,uq given above, we calculate and Ag,. The results of the calculations with and without
this ratio to be—0.541. On the basis of perturbative QCD the spin-flavor breaking are shown in Figs. 7—11 for nucleon
ratio is expected to approach1/2+ O(InQ?) for large val-  resonances and in Figs. 12—15 foresonances. From these
ues of Q2 [9]. With harmonic-oscillator form factors this figures it is seen that the effect is rather small. Only in those
ratio approaches-1/4. Without the breaking of the spin- cases in which the amplitude with S6) symmetry is zero
flavor symmetry this ratio is-2/3 independent of? for  is the effect of some relevance. Such is the case for the

140 | 4

120 -

o0 I A(1700)Ds, ]

80 -
FIG. 15. Same as Fig. 13, but for helicity-3/2

amplitude ofA(1700)D 45 (a factor of +i is sup-
pressedl

60 -

AP, 1107 (GeV) 2]
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20 |
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1.0
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A(1232)Pg,

Helicity Asymmetry

FIG. 16. Helicity = asymmetry  for
A(1232)P53. The experimental data are from
[33].

S
3,1

LU S S B s B s
—o

0.0 1.0

neutron amplitude\},, of the N(1680)F ;5 resonance shown
in Fig. 11 and for the proton amplitudes of thE1650)S;,
(see Fig. 9 N(1675D;5, and N(1700)D,3 resonances,
which all belong to the*8,[70L =1"] multiplet. The small

2.
Q? [ (GeV/c)? ]

0

3.0

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. 8
and 9 we have shown only the amplitudes with no mixing,

effect of the spin-flavor symmetry breaking is emphasized in?=0° [see Eq(10.3 of Ref.[12]], since our purpose is that
Figs. 16—18, where the helicity asymmetries

2 2
Al Agp
VIV

Al A3,

of displaying the effects of spin-flavor breaking induced by
a,<ay. (The mixing between the tw&,; states may be
effected by meson cloud corrections, specificalyy; con-
tributions)

The helicity amplitudes shown in Figs. 7—15 all describe
rotational excitations in the collective model. It is of interest
to comment briefly on vibrational excitations. As one can see

are plotted versu®?. The conclusion that one can draw from Tables Il and IV, the matrix elements of transition op-
from this analysis is that, for all purposes, except the electrierators to the statd¢$6,0" 1 ).0 and[ 70,0" ] 1.0 vanish in

FIG. 17. Proton helicity asymmetry for
N(1520)D,5. The experimental data are from
[34].
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the largeN limit of the collective modelandR?#0). Nev- B. Stretching
ertheless, it is instructive to study these matrix elements for
finte N (but large and R®?#0,1. Denoting by In this section we analyze what happens to the helicity

X=(1—R2)/R\/N the strength of the coupling, we show in amplitudes with the stretching mechanism of Sec. VI. Fig-
Fig. 19 the corresponding transverse helicity amplitude foures 20—22 show the effect of stretching on the helicity am-
N(1440)P,; (the Roper resonangeéWe note that the calcu- plitudes forA(1232)Pz3, N(1520)D 13, andN(1680)F 5. It
lated amplitude has the opposite sign of the experimentdb seen that the effect of stretching, especially if one takes the
amplitude (just as in[11], as well as in the harmonic- value é~1 suggested by the arguments [&3] and the
oscillator limit of the algebraic mode[12]). However, Regge behavior of nucleon resonancsse, e.g., Fig. 5 of
the behavior of the amplitude witQ? is particular enough [12]), is rather large. In particular, the data fs(1520)D 5

to be able to say something concerning the nature o&ndN(1680) 5 show a clear indication that the form factors
the Roper resonance once more accurate data will be avaére dropping faster than expected on the basis of the dipole

able. form. (Of course, for the elastic form factors there is no
— ——— — T
120 + -
e 0 |
Q -
o 4L 05 /_\ - FIG. 19. Proton helicity amplitude for excita-
S tion of N(1440)P,,. The calculations with and
D » without flavor breaking are shown by dashed and
— o} 00 + 4 solid lines, respectively. The curves are labeled
Y I + | by the value ofy (see Table IV. The experimen-
< 40 tal data are fronj34].
+ N(1440)P,, ]
-80 .
1 L : s s " 1 N . s s 1 1 1 L . 1 "
0.0 1.0 2.0 3.0

Q° [ (GeV/e)*]
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— 7T T T
50 | .
o A
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1] [ 1 FIG. 20. Effect of hadron swelling for excita-
% 150 | < tion of A(1232)P33. The curves are labeled by
r, ] the value of the stretching parametérof Eq.
> | (6.2).
a
< A(1232)P,, ]
-250 - Elj ]
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stretchingl We suggest that future data be used to analyzexcited states. In the ‘“collective” model, this procedure

the effects of stretching on the helicity amplitudes. yields a power dependence of all form factoslastic and
inelastio on Q2. We have analyzed two aspects of hadronic
VIIl. SUMMARY AND CONCLUSIONS structure:(i) the breaking of SWk(6) symmetry andii) the

stretching of hadrons with increasing excitation energy. We

In this article, we have exploited the algebraic approach tdind that, whereas the breaking of the spin-flavor symmetry
baryon structure introduced ifl2] to analyze simulta- hardly effects the helicity amplitudes, the stretching of had-
neously elastic form factors and helicity amplitudes in photo+ons does have a noticeable influence.
and electroproduction. The use of algebraic methods allows The disagreement between experimental and theoretical
us to study different situations, such as the harmonicelastic form factors and helicity amplitudes in the 16)%-
oscillator quark model and the collective model, within theregion 0<Q?<1 (GeV/)? requires further investigation.
same framework. The logic of the method is that, by startingVe think that this disagreement is due to coupling of the
from the charge and magnetization distribution of the grounghoton to the meson cloud.e., configurations of the type
state(assuming a dipole form to the elastic form factor of theq®—qq). In the case of the elastic form factors, these effects
nucleon, one can obtain the transition form factors to thewere in part analyzed in vector dominance modé&k by

i ) | |
200 |- -1
[ * N(1520)D,;, ]
S 100 -
= s
[3)
S
% - FIG. 21. Same as Fig. 20, but for
- (VN b - N(1520)D 5 (a factor of +i is suppressed
o 1]‘@ 1.0 1
< 0.5
S p 0.0
-100 =
i ' v=1/2 1
[ " i 1 ' 1 2 1 ' ' 1 1 1 1 " ' N 1 L ]
0.0 1. 2.0 3.0

0 k
Q? [ (GeV/c)?]
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%™ FIG. 22. Same as Fig. 20, but for
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A + Lo
°Z< * 0.5
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0
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writing the amplitude as the sum of two terms. We think thatdifferent channels, this effect will be state dependent.

this analysis(which was done before the advent of quark  Another aspect that requires further investigation is the
model calculationsshould be repeated by using for the “in- contribution of the spin-orbit and nonadditive part in the
trinsic” part the constituent form factors discussed in thistransition operators. Since the algebraic formulation is now
article. Coupling of the photon tp (isovectoj, w and ¢ in place, these effects can be investigated. The corresponding
(isoscalay vector mesons can produce a nonzero neutromesults will be reported elsewhere.

form factor that describes the data without worsening the
proton form-factor description. For the helicity amplitudes,
the effects could either be calculated dired®p] or be pa-
rametrized by mesorinot necessarily vectbrdominance This work is supported in part by CONACYT, Mieo
models. We note, however, that in either case, since configuinder Project No. 400340-5-3401E, DGAPA-UNAM under
rations of the typeg®—qq have much larger spatial extent Project No. IN105194R.B.), DOE Grant No. DE-FG02-
than g%, these effects are expected to drop faster with mo91ER40608F.l.), and Grant No. 94-00059 from the United
mentum transfef)? than the constituent form factors. Also, States—Israel Binational Science FoundatiB$F), Jerusa-
since meson exchange corrections contribute differently téem, Israel(A.L.).
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