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Exchange currents in nucleon electroexcitation
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We calculate the scalar and transverse helicity amplitudes for the electromagnetic excitation of nucleon
resonances as a function of the photon four-momentum transfer. The helicity amplitudes are decomposed into
electromagnetic multipoles and connected to thegN→N* transition form factors. The internalN and N*
dynamics is described by a constituent quark model~CQM! Hamiltonian with gluon, pion, ands-meson
exchange potentials as residual interactions. TheN andN* -resonance wave functions are obtained by solving
the Schro¨dinger equation in a harmonic oscillator basis which contains up toN52 excitation quanta. For the
electromagnetic current we include, in addition to the one-body current, two-body exchange currents associated

with the quark-quark potentials. Exchange currents provide an effective description of the cloud ofqq̄ pairs,
which together with the valence quarks are important degrees of freedom in physical hadrons. We obtain
sizable contributions of the two-body exchange currents for nearly allgNN* amplitudes. For some observ-
ables, e.g., theC2/M1 ratio in thegN→D(1232) transition, and theM1 transition to theN* (1440), exchange
currents provide the most important contribution.
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I. INTRODUCTION

Several continuous electron beam accelerator facili
and high energy photon sources are currently used to s
the inner structure of the nucleon~N! and its excited state
(N* ) with higher precision. From the cross sections for el
tromagnetic pionproduction with real or virtual photonsg
1N→N* →N1p, the scalar and transverse helicity amp
tudes~see Fig. 1! for nucleon resonance production can
extracted and compared with theory@1#. The electromagnetic
pionproduction data are complementary to pion-nucle
scattering experiments, such asp1N→N* →N1p, which
revealed the existence of a rich spectrum of excited nucl
states. However, knowledge of theN* masses alone does n
allow to discriminate between models. Rather different m
els of nucleon structure lead to nearly the same spectrum
excited states.

Using the electron as a probe, further details of nucle
structure can be explored. Because the e.m. interactio
well known, and because the electron is pointlike, the m
sured cross sections are directly related to the structure o
proton. With the help of polarization and coincidence expe
ments, the contribution of individual electromagnetic mu
poles to the e.m.g1N→N* helicity amplitudes can be iso
lated. The e.m. multipoles carry information about t
geometrical shape of theN andN* and the degrees of free
dom that are being excited. In electron scattering, the heli
amplitudes are measured at different photon four-momen
transfers, and the internalN andN* structure can be mappe
out from small to large distances. It is hoped that these
periments together with theoretical efforts will eventua
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lead to a comprehensive understanding of the inner com
sition of the nucleon and the dynamics of its quark-glu
constituents.

Photon induced reactions on the nucleon were alre
studied in the 1960s and 1970s. At that time, most data w
taken at the real photon point, for which the energy trans
v is equal to the three-momentum transferq, i.e., at four-
momentum transferQ252qm

2 5v22q250. On the theory
side, a nonrelativistic quark model~NRQM! was used to
analyze and interpret the data@2–4#. In these investigations a
harmonic oscillator~h.o.! basis for the baryon wave func
tions ~usually a single Gaussian! was used. Furthermore

FIG. 1. Electroproduction of pions on the nucleon in thegN
center of mass system. A virtual photon (g) with energy transferv,
three-momentum transferq5qez , and spin projection 1 or 0 hits a
proton and produces an excited nucleon stateN* , which strongly
decays, e.g., into a proton andp0. The gNN* vertex is described
by the transversalAl and scalarSl helicity amplitudes. The index
denotes the total spin projection of the incomingg andN which is
equal to the spin projection of theN* resonance.
©2001 The American Physical Society03-1
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one-body quark currents were assumed to provide the m
mechanism for the electromagnetic excitation of these re
nances~single quark transition model!. Although the single
quark transition model describes the photocouplings of m
resonances quite well, for some resonances, e.g.,
D(1232), theN* (1440), and the negative parity resonan
N* (1535) large discrepancies between theory and exp
ment remained. In addition, the single quark transition mo
employed inconsistent nucleon size parameters in various
plications. For example, in order to describe the experim
tal nucleon spectrum and the empirical helicity amplitud
for the gN→N* (1535) transition small quark core radiu
b'0.5 fm was necessary, whereas the experimental pr
and neutron charge radii demanded a value ofb'1 fm @5#.

One has tried to solve these problems by including re
tivistic corrections in the one-body current and in the wa
functions@6–9#. Relativistic corrections to the single qua
current helped to increase the proton charge radius, bu
neutron charge radiusr n

2 and theN→D quadrupole momen
Qp→D1 were still much too small compared to experime
@10#. These investigations showed that some important
grees of freedom were still missing in the single quark tr
sition model.

Thus, also in these improved versions of the NRQM s
eral problems remain. For example, almost all quark mod
underpredict the magnetic dipole transition strength to
D(1232). At the real photon point, the calculated transit
magnetic moment

mp→D152A2mn ~1!

is some 30–40 % lower than experiment@11#. This discrep-
ancy exists since the early days of the quark model@12#.

Another problem is the simultaneous description of
A1/2 amplitude for theP11(1440) excitation at the real pho
ton point, where it is large, and for finite momentum tran
fers where it is very small. For real photons, theA1/2 ampli-
tude calculated with one-body currents is three times sma
than the experimental value. This holds for both the pro
and neutron. Addition of relativistic corrections to the sing
quark current did not improve matters in this case@9#. In
contrast to the underestimation of the experimental pho
couplings, most quark models overestimate theA1/2 andS1/2
amplitudes at finite momentum transfers. There, the exp
mental helicity amplitude is nearly zero. This phenomen
called electroquenching, cannot be reproduced in most q
models@1#. At present, the experimental transverse and s
lar helicity amplitudes to the Roper are described best in
approach of Liet al. @13#. These authors assume that t
Roper is not a pure three-quark resonance, but that its w
function contains an admixture of a three-quark/constitu
gluon configuration (uqqqg&).

Our way has been to include two-body exchange curre
@14–21# in order to improve the single quark transitio
model. Exchange currents are necessary in order to sa
the continuity equation for the electromagnetic current if
quarks interact via momentum-dependent and/or isos
dependent interactions. In more physical terms, the excha
currents effectively account for the cloud ofqq̄ pairs sur-
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rounding the valence quark core. Several years ago we fo
that the neutron charge form factor and theN→D quadru-
pole transition form factor are mainly governed by the tw
body exchange currents. Using a small quark core radiub
'0.6 fm consistent with the excited nucleon spectrum
good agreement with the experimental neutron charge ra
and theN→D transition quadrupole moment has been o
tained@14,15#. Furthermore, we found that these observab
are closely related and derived a parameter-independen
lation between them@15#

Qp→D15
1

A2
r n

2 . ~2!

This is in good agreement with the value extracted from
pion production data@22–25#.

Similarly, for the photoproduction of theP11(1440) and
S11(1535) resonances, the inclusion of exchange curre
leads to a better agreement with the data@16#. In a first step
we used unmixed harmonic oscillator~h.o.! wave functions
in the evaluation of the exchange current contribution.

In the present work, we generalize our previous calcu
tion to electron inducedN* excitation, and investigate th
dependence of the helicity amplitudes on the photon fo
momentum transferQ2. Furthermore, we enlarge the Hilbe
space and expand baryon wave functions in terms of
eigenstates up toN52 harmonic oscillator quanta. Th
nucleon is then a superposition of five different h.o. sta
~configuration mixing!. In addition, we study the effect o
exchange currents and of configuration mixing~CM! on the
C2/M1 andE2/M1 ratios forD electroexcitation, and othe
observables. We will show that exchange currents give
portant contributions to nearly all observables.

The paper is divided in five parts. In Sec. II, we prese
the chiral quark model (xQM) used to calculate the baryo
wave functions, and the electromagnetic one- and two-b
currents. In Sec. III we present our results and compare th
with the experimental data and with the results obtained
other authors. In Sec. IV, we summarize our findings a
give an outlook to future research. The formulas connect
the e.m. helicity amplitudes and the electromagnetic mu
pole form factors are listed in an Appendix.

II. THE CHIRAL QUARK MODEL

A. The Hamiltonian

The chiral quark model (xQM) was devised to effectively
describe the low-energy properties of quantum chromo
namics~QCD!. As a consequence of the spontaneous bre
down of chiral symmetry of QCD at the 1 GeV scale, t
nearly massless quarks in the QCD Lagrangian transf
into massive quasiparticles called constituent quarks. A c
stituent quark is an extended quasiparticle with finite h
ronic and e.m. size, a mass of about 1/3 of the nucleon m
and strong effective interactions. The spontaneous ch
symmetry breaking leads to the appearance of an octe
pseudoscalar Goldstone bosons~GB! and their scalar chira
partners, which couple to the constituent quarks. This is
3-2
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contrast to the elementary particle picture of quarks and
ons at high energies. There, pointlike~current! quarks with
massesmc'5 –10 MeV interact rather weakly via one
gluon exchange, and perturbative QCD can be used to m
quantitative predictions.

The xQM Hamiltonian contains besides the confineme
interaction (Vc), two-body potentials originating from one
pion (Vp),1 one-sigma (Vs) and from one-gluon (Vg) ex-
change:

H5(
i 51

3 S mq1
pi

2

2mq
D 2

P2

6mq
1 (

i , j 51

3

@Vc~r i ,r j !1Vp~r i ,r j !

1Vs~r i ,r j !1Vg~r i ,r j !#, ~3!

wherer i andpi are the position and momentum of the coo
dinates of thei th quark. The center of mass momentumP of
the nucleon is subtracted so that the calculated bar
masses contain only the internal kinetic energy. Apart fr
the confinement interaction, the other potential terms are
tained from the Feynman diagrams in Fig. 2.

We use the following spin-dependent quark-quark pot
tials in the calculations of the baryon wave functions:

Vp~ ur i2r j u!5
gpq

2

4p

Lp
2

Lp
2 2mp

2

ti•tj

4mq
2

si

•“ rsj•“ r S e2mpr

r
2

e2Lpr

r D , ~4!

Vs~ ur i2r j u!52
gsq

2

4p

Ls
2

Ls
22ms

2 S e2msr

r
2

e2Lsr

r D , ~5!

Vg~ ur i2r j u!5
as

4
li•lj H 1

r
2

p

mq
2 S 11

2

3
si•sj D d~r !

2
1

4mq
2 ~3si• r̂sj• r̂2si•sj !

1

r 3J , ~6!

1Because we study the nucleon andD sector, we neglect the
strange mesons of the pseudoscalar nonet octet. From the
strange mesons we only include the pion and its chiral partner,
s meson. We do not include theh. Its contribution to various ob-
servables is suppressed because of its larger mass@17#.

FIG. 2. Residual~a! one-gluon,~b! one-pion, and~c! one-sigma
exchange potentials between constituent quarks. The hadronic
r q of the constituent quarks is indicated by small dots.
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with r 5ur i2r j u. Here,ti are theSU(2)isospinPauli matrices,
li are theSU(3)color Gell-Mann matrices,mq is the constitu-
ent quark mass,mp is the pion mass, andms the s meson
mass. For the pion ands meson exchange potentials, w
describe the extended quark-meson vertices by a form fa

F~k2!5S L2

L21k2D 1/2

. ~7!

Here,k is the three-momentum of the exchanged meson
L is the cutoff parameter. In coordinate space this leads
second Yukawa term with a fictitious meson massL.

In the meson exchange potentials the quark-meson c
plings (gpq ,gsq), the cutoff parametersL, as well as the
meson and quark masses are related via the chiral symm
constraints@26,27#:

gsq
2

4p
5

gpq
2

4p
,

Ls5Lp , ~8!

ms
254mq

21mp
2 .

Unlike nuclear physics where thes mass and thesN cou-
pling strength are fitted to experimental nucleon-nucle
scattering data, thes parameters of thexQM are fixed by the
empirical pion mass and the pion-quark couplinggpq . The
latter is determined by the experimentalpN coupling
strengthf pN

2 /4p50.0749 via

gpq
2

4p
5S 3

5D 2f pN
2

4p S 2mq

mp
D 2

. ~9!

We also include the one-gluon exchange potentialVg as
an effective description of the short-range quark-gluon
namics. The one-gluon exchange potential was introduce
de Rújula et al. @28#, and later successfully used to expla
certain regularities in the spectrum of excited baryon sta
@29#. In Vg, as is the effective quark-gluon coupling con
stant ~independent of the gluon momentum transfer!. This
parameter is determined from the experimentalN2D mass
splitting.

Recently, the baryon mass spectrum has been descr
by GB octet exchange alone without a gluon-exchange in
action@30#. However, we found it difficult to attribute all o
the N2D mass splitting to one-pion exchange witho
stretching some of the parameters beyond what is physic
meaningful. For example, if one wants to attribute all of t
N2D mass splitting to one-pion exchange, one must m
the quark core radius of the nucleon smaller than 0.4 fm~see
Fig. 2 in Ref.@14#! in which case it is nearly impossible t
describe the electromagnetic form factors of the nucle
@31#. Furthermore, including an effective one-gluon e
change potential has certain conceptual advantages c
pared to a pure Goldstone boson exchange picture@32#. The
former has the same spin-color symmetry as QCD, and
dicts a continuous increase of the hyperfine splittings
tween vector and pseudoscalar mesons when going f

on-
e

ize
3-3
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TABLE I. Quark model parameters. Set I: for quadratic confinement and unmixed wave functions.
for exponential confinement and configuration mixed wave functions. The constituent quark mass is d
by mq , b is the harmonic oscillator constant,aS is the quark-gluon coupling strength,a is the confinement
strength,m the color screening length,C a constant term in the confinement potential, andL is the cutoff in
the meson exchange potentials.

mq ~MeV! b ~fm! aS a m (fm21) C ~MeV! L (fm21)

Set I ~quad. conf.! 313 0.613 1.093 20.20 (MeV/fm2) 4.2
Set II ~exp. conf.! 313 0.695 0.978 447.443~MeV! 2.0 2913.741 4.2
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heavy to light quark flavors in agreement with experime
@33#. In addition, the color factor in the color-magnetic spi
spin interaction of QCD explains why thep-r splitting is
nearly twice theN-D splitting. A pure Goldstone boson ex
change model does not provide such connections.

The constituent quarks in the nucleon are confined b
long-range, spin-independent, scalar two-body potential.
convenience a harmonic oscillator potential is often take

Vc~ ur i2r j u!52ali•lj~r i2r j !
2. ~10!

In order to facilitate a comparison with our previous resu
with a harmonic oscillator confinement potential@16#, we
evaluate the matrix elements of the Hamiltonian and e
current for unmixed wave functions with our standard set
parameters~set I in Table I! based on Eq.~10!.

However, from lattice calculations we know that a line
radial function is more realistic. A linear confinement, whi
at larger distances is screened by quark-antiquark pair
ation is found in some lattice calculations. The effect of the
color screening confinement potentials on the baryon sp
trum has recently been investigated@34#. Here, we consider a
color screening potential of the form

Vc~ ur i2r j u!52ali•lj~12e2mr !1C, ~11!

and a corresponding set of parameters~set II in Table I! for
mixed wave functions. In contrast to the standard h.o. c
finement, the color-screened confinement potential of
~11! is very strong. For smallr it grows linearly withr, and
its strength is about 1 GeV/fm. This corresponds to the p
nomenological~universal! string tension needed to expla
the Regge trajectories of excited meson and baryon stat

Spin-orbit potentials arising from the confinement pote
tial the residual gluon and sigma interactions in Fig. 2 are
included for the calculation of the masses and mixing para
eters.

In summary, the chiral quark potential model provides
effective description of low-energy baryon properties. It d
scribes the symmetries and dynamics of the underlying fi
theory of QCD including important low-energy dynamic
features, such as spontaneous chiral symmetry breaking

B. The baryon wave functions

As usual, the radial three-quark wave function of t
baryon is expanded in the harmonic oscillator basis. I
previous study@16# we used unmixed wave functions whe
all three quarks remain in their lowest h.o. stateuSS&. The
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ground state baryon wave function is an inner product of
orbital, spin-isospin, and color wave functions and given

u2(4)SS&N(D)5~1/A3pb2!3/2exp„2~r2/4b2

1l2/3b2!…uST&N(D)3u@111#&color
N(D) , ~12!

where the Jacobi coordinatesr and l are defined asr5r1
2r2 andl5r32(r11r2)/2. Here,b is the harmonic oscilla-
tor parameter also referred to as quark core radius. The s
isospin wave function is denoted byuST&, and the com-
pletely antisymmetric color wave function byu@111#&color.

In the case of unmixed wave functions, we follow th
procedure described in Ref.@15#, where the parameters ar
chosen in such a way that the experimental nucleon anD
masses are reproduced, and the so-called stability condi

]MN

]b
50 ~13!

is satisfied. We then obtain the parameters of set I given
Table I.

In this paper, we go beyond this approximation, and
pand the baryon wave functions in a larger h.o. basis incl
ing up to N52 excitation quanta. For the negative pari
sector we continue to use unmixed wave functions beca
the calculated mixing coefficients are small with the pres
confinement potential. With configuration mixing, th
N(939) andN* (1440) wave functions are superpositions
five h.o. states, while theD(1232) is a superposition of fou
h.o. states:

uN&5aSS
u 2SS&1aSS8

u2SS8&1aSM
u2SM&1aDM

u4DM&

1aPA
u2PA&,

uD&5bSS
u4SS&1bSS8

u4SS8&1bDS
u4DS&1bDM

u2DM&.
~14!

For the h.o. states we follow the notationu2S11Lsym& with S
being the total spin, andL the total orbital angular momen
tum. The amplitudesa andb are determined by diagonaliza
tion of the Hamiltonian of Eq.~3! in this restricted h.o. basis
The results are given in Table II. The Roper is dominated
a radial excitation of theN(939) ground state wave function
the so-called ‘‘breathing mode.’’ The mixing with th
P-wave is for both the nucleon and its resonances about
orders of magnitude smaller than theD-wave amplitudes.
3-4
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TABLE II. Admixture coefficients in the wave function of Eq.~14! calculated with the Hamiltonian of Eq
~3! and parameter set II in anN52 harmonic oscillator wave function space.

Set II aSS
aS

S8
aSM

aDM
aPA

P11(939) 0.898 20.408 20.161 20.0120 0.0002
P11(1440) 0.381 0.907 20.178 0.0098 0.0004

Set II bSS
bSS8

bDS
bDM

P33(1232) 0.983 20.143 20.0981 0.0662
-
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Therefore we neglect theP-wave contribution in the calcu
lation of the e.m. helicity amplitudes.

The baryon mass spectrum alone does not provide s
cient constraints in order to find the best overall fit and to
the parameter set uniquely. For that reason we studied
e.m. nucleon form factors. Parameter set II of Table I give
reasonable fit to the experimental baryon mass spectrum
the nucleon e.m. properties. The masses of some sele
nucleon resonances are listed in Table III. The calcula
e.m. properties of the nucleon ground state are simila
those calculated in Ref.@14#.

C. The electromagnetic current

In order to calculate photon induced reactions on
nucleon we have to know its e.m. four-vector currentJm . In
first order perturbation theory the transition matrix eleme
of the photon-nucleon current interaction have to be ca
lated. The e.m. interaction Hamiltonian is given by

HgN5E d4xJm~x!Am~x!, ~15!

with Am(x)5@f(x),2A(x)# being the photon field. The
nucleon e.m. current densityJm(x)5@r(x),2J(x)# is ex-
pressed in terms of quark degrees of freedom. In most in
tigations only the one-body terms2 ~impulse approximation!
of the e.m. current

2The one-body nature of these operators is indicated by the
script @1#.
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3

eie
iq•r i,

~16!

J[1]~q!5(
i 51

3
ei

2mq
~ i @si3pi ,eiq•r i#1$pi ,eiq•r i%!

have been considered, where the sum overi indicates the
particle number of the three valence quarks, andq is the
photon three-momentum. Here, the quark chargeei is given
as ei5e(113t3 i)/6. The first term inJ[1] is called spin
current and the second term convection current. In impu
approximation, quark dynamics is neglected in the curr
operator, i.e., a single quark absorbs the entire photon f
momentum while the other two quarks are not affected. T
approximation is often referred to as the single quark tran
tion model.

It is well known that in a system of interacting quarks t
usual approximationJ'J[1] violates the continuity equation
for the e.m. current. In order to satisfy the continuity equ
tion in the presence of interactions between the quarks,
necessary to include the two-body exchange currentsJ[2]
associated with the various quark-quark potentialsV[2] in the
Hamiltonian. The total charge and current density is the
sum of one- and two-body terms

r5r [1]1r [2] , J5J[1]1J[2] . ~17!

In principle one could also include three-body currents.
do not consider them in this work. Compared to the tw
body currents, their contribution is suppressed by at lea
b-
w-lying
TABLE III. Contributions of the rest mass, kinetic energy, and the two-body interactions to the masses of the nucleon and its lo
excitedN* resonances. The parameter set II from Table I is used. All entries are in MeV. The spectroscopic notationL2I 2J for the pion
nucleon partial scattering waves is used to label these resonances.

Resonance 3mq Tkin Vc Vg Vp Vs Total Exp.@11#

P11(939) 939 599 106 2502 2146 258 939 939

P11(1440) 939 453 516 2306 247 221 1533 143021470

P33~1232! 939 458 206 2298 226 247 1232 123021234

S11(1535) 939 515 415 2363 233 226 1447 152021555

D13(1520) 939 515 415 2355 241 226 1447 151521530
3-5
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factor 1/3. This has recently been shown for ther [3] contri-
bution to theN and D charge radii in two different ap
proaches@35,36#.

We obtain the two-body exchange currents by an exp
calculation of the Feynman diagrams displayed in Fi
3~b!–3~e!. In this way we simultaneously obtain the time a
spatial components of the four-vector exchange currentJm.

The spatial exchange currents due to gluon (J[2]
gq̄q), pion

(J[2]
pq̄q , J[2]

gpp), and scalar (J[2]
Sq̄q) exchange interactions ar

given by

J[2]
gq̄q~r i ,r j ,q!

52
as

4mq
2
li•lj H eie

iq•r i
1

2
~si1sj !3r1~ i↔ j !J 1

r 3
,

~18!

J[2]
pq̄q~r i ,r j ,q!5

e fpq
2

4pmp
2 $~ti3tj !3eiq•r isi~sj•“ r !

1~ i↔ j !%
Lp

2

Lp
2 2mp

2 S e2mpr

r
2

e2Lpr

r D ,

J[2]
gpp~r i ,r j ,q!5

e fpq
2

4pmp
2 ~ti3tj !3~si•“ i !

3~sj•“ j !
Lp

2

Lp
2 2mp

2 E
21/2

11/2

dveiq•(R2vr )

3Fzmp

e2Lmp
r

Lmp
r

2zLp

e2LLp
r

LLp
r G , ~19!

J[2]
Sq̄q~r i ,r j ,q!52

i

2mq
2

eie
iq•r iVSi si3q1~ i↔ j !. ~20!

In the pion-in-flight exchange current, where the photon
teracts directly with the exchanged pion, we use the follo
ing abbreviationsR5(r i1r j )/2 and zm(q,r )5Lmr1 ivrq,

whereLm5A1
4 q2(124v2)1m2. In the scalar exchange cu

rent,VS stands forVc andVs. The total two-body current o
the xQM is then given by

FIG. 3. Feynman diagrams for the electromagnetic currentJm

5(r,J): ~a! one-body current;~b! gluon qq̄ pair; ~c! pion qq̄ pair;

~d! pion-in-flight; ~e! scalarqq̄ pair, i.e.,s meson or confinemen
exchange currents. The finite e.m. size of the constituent quarks
the pion is denoted by the large black dots.
03520
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J[2]5J[2]
gq̄q1J[2]

pq̄q1J[2]
gpp1J[2]

sq̄q1J[2]
cq̄q . ~21!

The two-body exchange charge densities correspondin
the Feynman diagrams of Figs. 3~b!–3~e! are

r [2]
gq̄q~r i ,r j ,q!52

ias

16mq
3
li•lj$eie

iq•r i
„q•r1~si3q!

•~sj3r !…1~ i↔ j !%
1

r 3
, ~22!

r [2]
pq̄q~r i ,r j ,q!5

ie

6

f pq
2

4p

1

mqmp
2 ~ti•tj13t3

j !

3$eiq•r isi•qsj•“ r1~ i↔ j !%

3
Lp

2

Lp
2 2mp

2 S e2mpr

r
2

e2Lpr

r D , ~23!

r [2]
gpp~r i ,r j ,q!'0, ~24!

r [2]
Sq̄q~r i ,r j ,q!5

1

4mq
3

eie
iq•r iq2VS1~ i↔ j !. ~25!

In lowest order in the nonrelativistic expansion there is
contribution of the pion-in-flight diagram in Fig. 3~d! to the
charge density. In contrast to our previous work@14,15# the
scalar exchange charge operator is in itsq part by a factor
4/3 larger, and does not contain any gradient terms. The t
two-body charge density is then

r [2]5r [2]
gq̄q1r [2]

pq̄q1r [2]
sq̄q1r [2]

cq̄q . ~26!

All two-body charge operators vanish in the limitq→0.
Therefore, they do not modify the total charge of the bary

In order to take the finite e.m. size of the constitue
quarks into account, all charge and current operators in
section are multiplied with a single electromagnetic mon
pole form factor as given by the vector dominance mo
applied to constituent quarks@37#

Fgq~q2!5
1

11q2/mr
2

. ~27!

The photon-pion coupling in Fig. 3~d! has the same e.m
form factor in order that the total pion current satisfies t
continuity equation with the one-pion exchange potential

III. RESULTS

In this section, we give our results for the e.m. coupling
the positive parity resonancesP33(1232) andP11(1440), and
the two negative parity statesS11(1535) andD13(1520). The
photocouplings of these resonances have already been
cussed in Ref.@16#. The new points of this paper are th
investigation of the e.m. helicity amplitudes for finite fou
momentum transfer, and the inclusion of configuration m

nd
3-6
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EXCHANGE CURRENTS IN NUCLEON ELECTROEXCITATION PHYSICAL REVIEW C64 035203
ing for the positive parity states. Furthermore, we study
scalar helicity amplitudes of theD(1232) andN* (1440)
resonances. No attempt has been made to fit the e.m. he
amplitudes. After calculating the admixture coefficients
the baryon wave functions and the baryon masses the m
is fixed.

As conventional, the e.m.gNN* coupling is expressed in
terms of the transverse (Al) and scalar (Sl) helicity ampli-
tudes originally defined in@3,10#:

Al~q2!52eA2p

v
^N* ,MJf

5lue1•J~q!uN,MJi
5l21&,

~28!

Sl~q2!5eA2p

v
^N* ,MJf

5lur~q!uN,MJi
5l&, ~29!

wherev is the energy transfer ande152(ex1 iey)/A2 the
right circular polarization of the photon. The transverse
licity amplitudesAl describe the transition of the nucleon
an excited state (N* ) through the absorption of a spati
photon A5e1 exp(2iq•x) with positive helicity ~spin 1 of
photon alongz axis!. A1/2 describes the case wheng andN
spin projections are antiparallel andA3/2 when they are par-
allel ~see Fig. 1!. Thus, the transverse helicity amplitudes a
the matrix elements of the sphericalJ1 component of the
spatial current. The transverse helicity amplitudes can be
lated to the electric and magnetic~Sachs! form factors for the
g1N→N* transition by expanding the current operat
J(q) into electromagnetic multipoles. Similarly, the sca
helicity amplitudesSl describe the transition induced by th
time component of the photon fieldA0, i.e., the scalar Cou
lomb potentialF with zero spin projection. After a multipole
expansion of the charge densityr(q), they can be related to
the Coulomb transition~Sachs! form factors~see the Appen-
dix!.

The helicity amplitudes contain all information about t
gNN* vertex. We obtain two independent helicity amp
tudes (S1/2,A1/2) for resonances withJf51/2, corresponding
to two e.m. transition form factors, and three helicity amp
tudes (S1/2,A1/2,A3/2) for excitations with total angular mo
mentumJf53/2, corresponding to three e.m. transition for
factors.

A. The electromagnetic excitation of theD„1232…

1. The N\∆(1232) magnetic dipole transition

The transverse helicity amplitudesA1/2 and A3/2 for gN
→D transition are shown in Fig. 4. We observe that tw
body exchange currents do not drastically modify the pred
tion of the single quark transition model but that the com
nation of two-body currents and configuration mixing has
sizeable effect at higher momentum transfers.

The transverse helicity amplitudes are completely de
mined by the magnetic dipole (M1) mode as can be see
from the multipole analysis in Table IV. In the single qua
transition model, theM1 transition is described by the spin
isospin flip of a single quark, and related to the proton m
03520
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netic moment by the Beg-Lee-Pais~BLP! relation

mp→D5
2A2

3
mp52A2mn . ~30!

In the last step theSU(6) relationmp /mn523/2 has been
used. Equation~30! underestimates the data by about 30
The problem exists since the early investigations of Da
and Sutherland@12#, Copleyet al. @3#, Koniuk and Isgur@4#.
These authors used h.o. states for the baryon wave func
and the impulse approximation for the e.m. transition ope
tor.

We have studied the effect of two-body exchange curre
on theM1 excitation of theD before. In Refs.@15,16# we

FIG. 4. The transverseA1/2 andA3/2 helicity amplitudes of the
gN→P33~1232! transition as a function of the four-momentu
transferQ252qm

2 . The energy transfer of the photon in Eq.~28! is
kept fixed to itsQ250 value in thegN center of mass system, i.e
to vc.m.5258 MeV. The dashed-dotted curve@Imp. ~unmixed!# is
the one-body current evaluated between unmixed wave functi
The dotted curve@Imp. ~CM!# is the one-body current calculate
with configuration mixing in the wave functions. The dashed cu
@Total ~unmixed!# includes all spatial currents of Fig. 2 evaluate
between unmixed wave functions, and the full curve@Total ~CM!#
uses the total spatial current calculated with mixed wave functio
3-7
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TABLE IV. Transverse~A! and scalar~S! helicity amplitudes of thegN→P33(1232) transition atQ250 in 1023 GeV21/2 including
exchange currents and configuration mixing. Results with configuration mixed wave functions and parameter set II; the numbers
theses are calculated with unmixed wave functions and parameter set I.Ai5 impulse, Ag5gluon, Apqq̄5pion pair, Agpp

5pion-in-flight, Ac5confinement, andAs5sigma meson exchange current contributions.Atot is the sum of all spatial current contribution
The M1 andE2 parts ofA1/2 andA3/2 are separately given. (E2)J refers to the spatial currents of Fig. 2; (E2)tot contains the contribution
of the two-body charge densityr [2] using Siegert’s theorem. The double spin-flip term contained inr [2] of Eq. ~22! gives the most importan
contribution to the electric quadrupole transition. See Ref.@15# for further explanation.

P33(1232) Ai Ag Apqq̄ Agpp Ac As Atot Exp. @11#

A1/2(M1) 290.3 29.2 13.7 217.1 19.7 210.9 294.1 2149.4
(294.4) (29.9) ~13.9! (216.8) ~34.7! (210.9) (283.3)

A1/2(E2)J 1.9 20.1 0.4 20.2 20.5 0.0 1.5
~0! ~0! ~0! ~0! ~0! ~0! ~0!

A1/2(E2)tot 1.9 5.3 3.3 20.2 0.1 0.0 10.4 13.7
~0! ~6.0! ~2.9! ~0! ~0! ~0! ~8.9!

A1/2(tot) 288.4 23.9 17.0 217.3 19.8 210.9 283.7 2135.765.5
(294.4) (23.9) ~16.8! (216.8) ~34.7! (210.9) (274.5)

A3/2(M1) 2156.4 215.9 23.8 229.6 34.1 218.8 2162.9 2258.8
(2163.5) (217.1) ~24.2! (229.1) ~60.4! (218.0) (2144.3)

A3/2(E2)J 21.1 0.1 20.3 0.1 0.3 0.0 20.9
~0! ~0! ~0! ~0! ~0! ~0! ~0!

A3/2(E2)tot 21.1 23.0 22.0 0.1 20.1 0.0 26.1 27.9
~0! (23.5) (21.7) ~0! ~0! ~0! (25.2)

A3/2(tot) 2157.5 219.0 21.8 229.5 34.0 218.8 2169.0 2266.969.4
(2163.5) (220.6) ~22.5! (229.1) ~60.4! (218.0) (2148.3)

S1/2(C2) 0.7 5.1 2.7 0.0 0.6 0.0 9.1 12.9
~0.0! ~5.8! ~2.7! ~0.0! ~0.0! ~0.0! ~8.4!
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have used unmixed h.o. wave functions and found no
crease in the theoreticalM1 strength compared to the im
pulse approximation result of Eq.~30!. This is due to a can-
cellation of various exchange current contributions. A rela
cancellation has been found for the exchange current co
bution to the nucleon magnetic moments@14#. The present
calculation shows that an enlargement of the Hilbert sp
and the use of a more realistic confinement potential does
significantly reduce the discrepancy with experiment. A sim
lar result was obtained by Capstick@9#. There, the relativis-
tically extended one-body current has been evaluated
tween relativized wave functions including h.o. states up
N56, but the discrepancy between theory and experim
remained at the 30% level. Another relativistic calculati
@38# gave values 30–40 % below the experimental am
tude.

Table IV shows theA1/2 andA3/2 helicity amplitudes with
and without~numbers in parentheses! configuration mixing.
One notes that the overall effect of configuration mixing
small and the total amplitudes do not differ appreciably fro
03520
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e
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the ones obtained earlier with unmixed wave functio
@15,16#.

Table V compares our results with other models. Our
sults qualitatively agree with those found in other mode
The ratio between the experimental transition strength
most model predictions isA1/2

theory/A1/2
exp'0.7, i.e., a 30% de-

viation. Compared to the good agreement of the CQM p
diction for the nucleon magnetic moments@14# with experi-
ment, this is a disturbing discrepancy. Configuration mixi
in combination with the use of standard two-body curre
operators does not solve this problem.

Recently, we have studied the effect of two-body retar
tion currents and three-body currents on theN→D transition
magnetic moment. In a quark model with gluon exchange
residual interaction, one finds that both effects are too sm
to explain the empirical value@42#. On the other hand, it ha
been shown that gluon type three-body currents may incre
mp→D1 to the empirical value@43#. However, theN→D
transition magnetic moment is closely related to the diago
D1 magnetic momentmD1. A large three-body current con
e
TABLE V. Transverse helicity amplitudes of thegN→P33(1232) transition atQ250 in various nucleon models in comparison with th
quark model with exchange currents~set II!. All entries are in units of 1023 GeV21/2.

P33(1232) @39# @40# @41# @8# @6# @9# @38# @19# II Exp. @11#

A1/2(Q
250) 291 2101 2113 281 2101 2108 2107 275 284 214165

A3/2(Q
250) 2157 2186 2195 2170 2176 2186 2189 2131 2169 225866
3-8
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EXCHANGE CURRENTS IN NUCLEON ELECTROEXCITATION PHYSICAL REVIEW C64 035203
tribution tomp→D1 will lead to a very smallmD1, i.e., a large
violation of SU(6) spin-flavor symmetry@44#. A measure-
ment of mD1 would therefore be a quantitative test of th
predictions of SU(6) spin-flavor symmetry. A gp
→g8p8p0 experiment sensitive to theD1 magnetic moment
@45# is currently being carried out at MAMI in Mainz@46#.

Finally, the exact value of theM11 pionproduction mul-
tipole is uncertain@47# as is the method of extraction of th
gNN* vertex from the physical amplitude shown in Fig. 1;
cannot be excluded that the intrinsicN→D transition mag-
netic moment extracted from the data is actually close
mp→D153.0mN and the violation ofSU(6) spin-flavor sym-
metry is compatible with that observed in other baryon m
netic moments.

In summary, there is a close connection between theN
→D magnetic dipole transition and the nucleon magne
form factors, as given by the Beg-Lee-Pais relation in E
~30!. The inclusion of exchange currents does not break
relation @21#. This does not only hold for unmixed wav
functions, where the relation is a consequence of the s
flavor SU(6) symmetry, but also for configuration mixe
states.

2. The N\∆(1232) quadrupole transition

Considerable theoretical and experimental effort has b
devoted to the extraction of theN→D quadrupole transition
strength from the pion production data@48#. The scalar
charge quadrupole (C2) and transverse electric quadrupo
(E2) transitions and the relatedC2/M1 andE2/M1 ratios
give information about the intrinsic deformation of th
nucleon. In the single-quark transition model, the nonvan
ing C2 amplitude has been attributed to theD-state admix-
tures in theN and D wave functions (D waves in the
nucleon! @49#. However, recent work in the quark model wi
two-body exchange currents has shown that theE2 andC2
transition amplitudes to theD are not governed by the sma
D-state components in the nucleon andD wave function.
Instead, the quark-antiquark pair currents of Figs. 3~b! and
3~c! give the dominant contribution to theN→D quadrupole
transition in the CQM@15#.

Figure 5 shows the influence of exchange currents
configuration mixing on the scalar helicity amplitude at fin
moment transfers. For unmixed wave functions theC2 am-
plitude vanishes in impulse approximation, and is complet
given by the exchange current diagrams of Figs. 3~b! and
3~c! ~dashed-dotted curve!, in particular by the spin tenso
~double spin-flip term! in the two-body charge operator@see
Eq. ~33!#. Evidently, this double spin flip term dominates n
only at Q250 but also for finite momentum transfers. F
mixed wave functions there is a small one-body contribut
shown by the dotted curve, which enhances the double
flip term by some 30% at intermediate momentum transf

There exist various definitions of theC2/M1 ratio. Ex-
perimentalists usually define it in terms of the measured p
production multipolesS11 andM11 while theorists prefer a
definition in terms of the helicity amplitudesS1/2 and A1/2,
which describe thegNN* vertex directly@56#. If the photon
energy transfer is equal to
03520
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vc.m.5
MD

2 2MN
2 2Q2

2MD
~31!

corresponding toD resonance excitation in the hadronic re
frame, the pion production multipoles can be expressed
thegN→D(1232) helicity amplitudes and one can write th
C2/M1 ratio as follows@24#:

C2

M1
~q2!5

1

2A2

S1/2~C2!~q2!

A1/2~M1!~q2!
5

uquMN

6

FC2~q2!

FM1~q2!
.

~32!

FIG. 5. ScalarS1/2 helicity amplitude of thegN→P33(1232)
transition and theC2/M1 ratio as a function of the photon four
momentum transfer. The energy transfer of the photon in Eq.~28! is
kept fixed to itsQ250 value in thegN center of mass system, i.e
to vc.m.5258 MeV. The dotted curve@Imp. ~CM!# is calculated
with the one-body current from Fig. 3~a! and mixed wave functions
The dashed-dotted curve@Total ~unmixed!# uses the total curren
evaluated between unmixed wave functions. The full curve@Total
~CM!# is our result including the two-body exchange currents
Figs. 2~b!–2~e! evaluated between mixed wave functions. The
sults for the proton and neutron excitation are the same. The ex
mental data are from Refs.@50# (,), @51# (n), @52# (s), @53# (h),
@54# (*), and @55# (d).
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U. MEYER, E. HERNÁNDEZ, AND A. J. BUCHMANN PHYSICAL REVIEW C64 035203
The connection between the helicity amplitudesS1/2 andA1/2
and theN→D charge quadrupole and magnetic dipole fo
factorsFC2 andFM1 calculated in Refs.@15,18# is given in
the Appendix. In the limitq→0 we findC2/M150, and at
the real photon point we obtainC2/M1520.036(20.035)
with ~without! configuration mixing.

The main contribution to theC2/M1 ratio comes from the
tensor term in the exchange charge operator, which, e.g.
gluon exchange@see Eq.~22!# can be rewritten as@57#

r [2]~C2!5B(
i , j

ei~3s izs jz2si•sj !, ~33!

where B stands for the color and radial part. The mat
elements of the above operator exceed the single-quark
sition amplitude by a large factor. The reason for the do
nance of ther [2] term is easy to understand. In impuls
approximation~dotted curve!, the scalar transition amplitud
S1/2 receives the main contribution from theS→D ~and D
→S) transitions. Because theD-state components in th
nucleon andD wave functions are very small compared
the dominantS waves~see Table II!, the amplitudeS1/2 cal-
culated in impulse approximation is close to zero~see Fig. 5!
and much too small compared with experiment. On the ot
hand, the spin tensor term in Eq.~33! induces a double spin
flip transition between theS state in theN(939) and theS
state in theD(1232) @15#. No D states are required to mak
this double spin flip quadrupole transition from theN to the
D.

At small momentum transfers our theory is in good agr
ment with the data. At higher momentum transfers most d
from the beginning of the 1970s are slightly above our CQ
calculation. Using the quark model relation between theN
→D and the neutron charge and magnetic form factors@21#
one can express theC2/M1 ratio in electro-pionproduction
in terms of the elastic neutron form factors. TheC2/M1 ratio
predicted from the neutron elastic form factordata is in bet-
ter agreement with the electro-pionproduction data than
explicit quark model calculation@58#. We conclude that ex-
change currents dominate theC2/M1 ratio. Their inclusion
significantly reduces the discrepancy between the imp
approximation and experiment.

The E2/M1 ratio is defined as in Ref.@15#

E2

M1
~q2!5

1

3

A1/2~E2!~q2!

A1/2~M1!~q2!
5

vc.m.MN

6

FC2~q2!

FM1~q2!
~34!

and plotted in Fig. 6. In the last equation we have made
of Siegert’s theorem which relates theC2 and theE2 mul-
tipoles in the low-momentum transfer region@15#. In contrast
to the C2/M1 ratio we observe a sign change atQ2

50.64 GeV2 as in Ref.@60#. In our theory, this is due to the
kinematical factor in Eq.~31!. While the energy transfe
vc.m. in the normalization factorA2p/vc.m. of the A1/2 and
A3/2 helicity amplitudes in Eq.~28! is kept fixed in order to
keep the individual helicity amplitudes finite@8#, the kine-
matical factorvc.m. entering the definition ofE2/M1 ratio in
Eq. ~34! must be considered as a function of four-moment
03520
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transferQ2. In @18# we keptvc.m. appearing in the definition
of E2/M1 fixed to 258 MeV, and no sign change occurre

A sign change from negative to positiveE2/M1 at a cer-
tain Q2 is expected from perturbative QCD. According
quark helicity conservation theE2/M1 ratio will asymptoti-
cally approach unity@61#

lim
Q2→`

E2

M1
51.

In the low momentum transfer limitq→0, we obtain without
configuration mixing the simple result@15#

E2

M1
~q→0!5

vc.m.MN

6

Qp→D

mp→D
52

~MD2MN!MN

12

r n
2

mn
,

~35!

using the relations in Eqs.~1! and ~2!. With ~without! con-
figuration mixing we obtainE2/M1520.040(20.035).

In summary, a comparison of theC2/M1 and E2/M1
ratios with and without exchange currents shows that
quark-antiquark pair currents in Fig. 3 are necessary to
rectly describe these ratios in the CQM. This suggests
the quadrupole transition proceeds mainly via an excitat
of the peripheralqq̄ cloud degrees of freedom. Recently, th
picture has been used to estimate the intrinsic quadru
moment of theN and D in the CQM @57#. The intrinsic
quadrupole moment of theN(D) is found to be positive
~negative! corresponding to a prolate~oblate! intrinsic defor-
mation.

FIG. 6. E2/M1 ratio of thegN→P33(1232) transition ampli-
tudes as a function of the four-momentum transferQ2. The dotted
curve@Imp. ~CM!# is calculated in impulse approximation with con
figuration mixing~CM! in the baryon wave functions. The dashe
dotted curve@Total (CM)#J takes the spatial exchange currents
Fig. 2 into account. The full curve@Total ~CM!# contains the con-
tribution of the two-body charge densityr [2] using Siegert’s theo-
rem~see Ref.@15# for further explanation!. The experimental values
are from Refs.@22# (L), @23# (*), @51# (n), @52# (s), @53# (h),
@55# (d), and@59# (3).
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TABLE VI. Transverse helicity amplitudes of thegN→P11(1440) transition atQ250 calculated in
different nucleon models. Details of the present calculation~II ! are given in Table VII.

P11(1440) @39# @40# @41# @9# @6# @64# @65# II Exp. @11#

A1/2
p (Q250) 167 230 110 14 25 277 266 290 26564

A1/2
n (Q250) 245 119 211 26 14 135 144 156 40610
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B. The electromagnetic excitation of theN* „1440…

The P11(1440) ~Roper! resonance is one of the most in
teresting excitation modes of the nucleon. It is the low
lying nucleon resonance with the same spin, orbital ang
momentum, parity, and isospin as the nucleon ground s
In the h.o. quark model it is described as anN52 radial
excitation, corresponding to a spherically symmetric exp
sion and contraction of the three-quark core radius~breathing
mode!. It should therefore have a higher energy than
S11(1535) andD13(1520) nucleon resonances withN51
and negative parity. This is not observed experimentally
calculation of the Roper resonance excitation in a coup
channel meson-nucleon model provides evidence for an
ceptionally strong coupling of the resonant three-quark s
with nonresonant meson-baryon (sN, pD) scattering chan-
nels @62#. This strong channel coupling may be responsi
for the low Roper mass and its peculiar e.m. properties.
other possibility is that the Roper is strongly deformed. In
deformed h.o. quark model the positive parityN52 excita-
tion has a lower energy than theN51 negative parity state
@63#.

Also with respect to its electromagnetic coupling, t
Roper resonance is rather different compared to o
nucleon resonances. At present, no quark model is abl
describe the experimental e.m. coupling of the Roper sa
factorily. If only single quark currents are considered, t
photocouplings of the proton and neutron are underestim
by a factor of 2 or more~see Table VI and Table VII!. In
contrast, at finite momentum transfers the absolute value
the calculated transverse and scalar helicity amplitudes o
estimate the data by a large factor in most quark models

Electroquenching refers to the fact that theA1/2 amplitude
of the Roper decreases rapidly from its large and nega
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value at the real photon point to very small values at fin
momentum transfers. The helicity amplitudes of most ot
resonances approach zero only gradually with increas
four-momentum transfer. This peculiar behavior of the Ro
resonance cannot be reproduced in most models@8,9,65#. For
example, Aielloet al. @65# get a good agreement of the e.m
Roper coupling strength at the real photon point. They us
model where three-body forces are included through the
of hyperspherical harmonic wave functions. However, also
their calculations the problem with the electroquenching
finite momentum transfer remains unsolved@66#. A relativ-
ized quark model based on the light-front formalism@38#
could describe the electroquenching of the helicity amp
tudes. However, the problem with simultaneously predict
the empirical value at the real photon point remains. T
model of Li et al. @13#, in which the Roper is characterize
by the excitation of explicit gluon degrees of freedom,
addition to the three valence quark configuration descri
the e.m. N→N* (1440) transition satisfactorily. This ap
proach should be further tested by calculating other e
properties of the nucleon, e.g., charge radii.

1. The magnetic dipole excitation of the N* (1440)

In contrast to the magnetic form factors of theN(939) and
the magnetic dipole excitation of theD(1232), the two-body
currents add constructively in theM1 excitation of the
N* (1440). This result was already obtained in Ref.@16# us-
ing unmixed wave functions. It is confirmed in the prese
calculation including configuration mixing.

At the real photon point~Table VII!, exchange currents
improve the agreement with the data for the neutron exc
tion. For the proton, the total result including exchange c
rents overestimates the experimental coupling of the Ro
TABLE VII. Transverse~A! and scalar~S! helicity amplitudes of thegN→P11(1440) excitation atQ250 in units of 1023 GeV21/2. The
calculations are based on~i! configuration mixed wave functions, parameter set II, and a theoretical mass of 1533 MeV;~ii ! unmixed wave
functions, parameter set I, and a theoretical mass of 1440 MeV~numbers in parentheses!. For further explanation see Table IV.

P11(1440) Ai Ag Apqq̄ Agpp Ac As Atot Exp. @11#

A1/2
p (M1) 225.7 28.4 13.4 26.3 243.9 28.9 289.8 26564

(229.7) (215.8) (15.7) (212.0) (220.4) (214.9) (287.3)
A1/2

n (M1) 115.1 12.6 23.4 16.3 130.0 15.7 156.3 140610
(119.8) (15.2) (25.7) (112.0) (113.6) (110.0) (155.0)

Si Sg Spqq̄ Sgpp Sc Ss Stot

S1/2
p (C0) 221.8 15.2 21.4 0.0 124.4 14.7 111.1

(231.8) (17.4) (22.6) ~0.0! (19.5) (16.9) (210.5)
S1/2

n (C0) 17.9 22.9 20.8 0.0 11.8 20.5 15.5
(10.0) (24.9) (21.8) ~0.0! ~0.0! ~0.0! (26.7)
3-11
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by some 30%. Nevertheless, it is closer to the data than
impulse approximation. We emphasize that the sum of
two-body exchange currents is about twice as large as
contribution from the one-body current. Note that the expe
mental result forA1/2

p /A1/2
n '23/2, corresponding to the rati

of proton and neutron magnetic moments is also obtai
after inclusion of two-body exchange currents. Thus,
theory preserves the success of the single quark trans
model, while improving the agreement between theory a
experiment for the individual proton and neutron amplitud
A glance at Table VI shows that this ratio is not alwa
preserved.

The rapid decrease of theA1/2 amplitude at finite momen
tum transfers seen in the data is not described in the pre

FIG. 7. ~a! TransverseA1/2
p helicity amplitude of thegp

→P11(1440) transition as a function of the four-momentum tra
fer Q2. The one-body current~dotted curve!, the contributions of
the different two-body currents, and the sum of one- and two-b
currents~full curve! are given separately.~b! The curve labeled
Imp. ~CM! is the result in impulse approximation including co
figuration mixing. The curve@Total ~CM!# denotes the totalA1/2

p

amplitude with two-body exchange current operators evaluated
tween mixed wave functions. The experimental results are fr
Ref. @67# ~Gerhardt! and Ref.@11# ~PDG!.
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model~Fig. 7!. The inclusion of two-body currents does n
solve this problem. The experimentally required suppress
of the transverse helicity amplitude could only be obtain
with an unrealistic large value of the quark core radiusb,
which however, would be in conflict with the value ofb
required by most other observables.

2. The Coulomb monopole excitation of the N* (1440)

For the scalar e.m. excitation of the Roper, correspond
to a charge monopole (C0) transition, our result is compat
ible with the experimental data~see Fig. 8!. The shape of the
impulse approximation curve and the one including e
change currents is qualitatively the same. However, due
the two-body currents, the strength of the coupling is
duced and the agreement with the experimental data is so
what improved. For the neutron, the effect of the exchan
currents is nearly vanishing for small momentum transfe
whereas for momenta from around 0.5 up to 1 GeV2 two-
body currents make an important contribution. In contras
the impulse approximation, we obtain a sign change at ab
0.8 GeV2.

-

y

e-

FIG. 8. ScalarS1/2 helicity amplitude of thegN→P11(1440)
transition as a function of the photon four-momentum transferQ2.
The notation is the same as in Fig. 7~b!.
3-12
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EXCHANGE CURRENTS IN NUCLEON ELECTROEXCITATION PHYSICAL REVIEW C64 035203
A quantity which is supposedly quite insensitive to t
size of the Hilbert space of spatial wave functions is the ra
of the scalar and transverse helicity amplitudes,S1/2/A1/2

@13#, or alternatively theC0/M1 ratio. If this assumption is
justified, this ratio should be more sensitive to the degree
freedom included in the e.m. transition operator than to
size of the Hilbert space in which the baryon wave funct
is expanded. That this is indeed the case can be see
comparing the curves labeled ‘‘unmixed’’ and ‘‘CM’’ in Fig
9. The total result including exchange currents is very diff
ent from the one-body result. Whereas the impulse appr
mation ~dotted curve! decreases by a factor of two in th
rangeQ25021 GeV2, the total ratio with exchange cur
rents ~full curve! is approximately constant over the enti
momentum transfer range considered. Figure 9 shows
theS1/2/A1/2 ratio is more sensitive to the dynamical degre
of freedom included in the e.m. current operator than to
size of the h.o. basis. This ratio can therefore be used
isolate the effect of exchange currents in the nucleon.
obtained a similar conclusion for theE2/M1 and C2/M1
ratios of the e.m.D(1232) excitation. Also these observabl
provide clear evidence for the importance of two-body c
rents.

FIG. 9. Ratio of the scalar and transverse coupling ofgp
→P11(1440) transition as a function of the four-momentum tra
fer Q2. The curves denoted by Total~CM! and Imp.~CM! are the
results for the total current and the one-body current evaluated
tween configuration mixed wave functions. The curves labeled
tal ~unmixed! and Imp.~unmixed! show the corresponding resul
with unmixed wave functions.
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Finally, we remark that our prediction for theS1/2
p /A1/2

p

ratio is completely different from the light-front impulse ap
proximation results@38#. These authors predict a dominan
of S1/2 in the range 0.2,Q2,0.6 GeV2 and a sign change a
Q2'0.25 GeV2 caused by the transversalA1/2

p amplitude.

FIG. 10. TransverseA1/2 helicity amplitude of the gN
→S11(1535) transition as a function of the photon four-momentu
transferQ2. The energy transfer of the photon in Eq.~28! is kept
fixed to its Q250 value in thegN center of mass system. Here
vc.m.5318 MeV corresponding to a resonance mass of 1310 M
obtained with unmixed wave functions. The full curve~Total! is the
result for the total current including two-body exchange curren
The dotted curve~Imp.! is the result in impulse approximation. Th
experimental data are from Ref.@11# ~PDG! and from the data com-
pilation of Burkert~COM! as quoted in Ref.@69#. The full circles
are recent data taken at Jefferson Lab@71#.
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TABLE VIII. Transverse helicity amplitudes of thegN→S11(1535) transition in units of 1023 GeV21/2

at the real photon point (Q250) without configuration mixing. In contrast to Ref.@16#, the calculation is now
based on the theoretical mass of 1310 MeV. For further explanation, see Table IV.

S11(1535) Ai Ag Apqq̄ Agpp Ac As Atot Exp. @11#

A1/2
p (E1) 1142.4 234.0 219.3 117.4 225.7 12.7 183.5 190630

A1/2
n (E1) 2111.2 137.4 119.3 217.4 18.6 21.0 264.3 246627
3-13
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TABLE IX. Transverse helicity amplitudes of thegN→D13(1520) coupling in units of 1023 GeV21/2 at the real photon point (Q2

50) without configuration mixing. In contrast to Ref.@16# the theoretical mass of 1310 MeV is used. For the notation, see Table IV. ThE1
andM2 multipoles are given separately.

D13(1520) Ai Ag Apqq̄ Agpp Ac As Atot Exp. @11#

A1/2
p (E1) 151.0 112.0 213.6 112.3 19.1 21.0 169.9

A1/2
p (M2) 249.6 27.4 0.0 0.0 127.3 22.9 232.6

A1/2
p (E11M2) 1.4 4.6 213.6 112.3 136.4 23.9 137.3 22469

A1/2
n (E1) 262.1 213.2 113.6 212.3 23.0 10.3 276.7

A1/2
n (M2) 116.5 13.9 0.0 0.0 29.1 11.0 112.3

A1/2
n (E11M2) 245.5 29.4 113.6 212.3 212.1 11.3 264.4 25969

A3/2
p (E1) 188.4 120.8 223.6 121.3 115.8 21.7 1121.1

A3/2
p (M2) 128.6 14.3 0.0 0.0 215.8 11.7 118.8

A3/2
p (E11M2) 1117.1 125.1 223.6 121.3 0.0 0.0 1139.9 116665

A3/2
n (E1) 2107.5 222.9 123.6 221.6 25.3 10.6 2132.9

A3/2
n (M2) 29.5 22.2 0.0 0.0 15.3 20.6 27.1

A3/2
n (E11M2) 2117.1 225.1 123.6 221.3 0.0 0.0 2139.9 2139611
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C. Electric dipole excitation of the S11„1535… resonance

We turn now to nucleon excitations with negative pari
namely theS11(1535) with total angular momentumJ51/2.
In the single quark transition model, this resonance co
sponds to anN51 orbital S→P wave excitation of a single
quark. After coupling the orbital angular momentumL51
with the quark spinS51/2, one obtains a state with tota
angular momentumJ51/2, which is identified with the
S11(1535), and aJ53/2 state, theD13(1520). The experi-
mental fact that these states are~almost! energetically degen
erate requires that the total spin-orbit force between cons
ent quarks be very small in this channel. TheS11(1535)
resonance is mainly observed in theg1p→N* (1535)→p
1h reaction@68#.

Diagonalization of the Hamiltonian shows that the mixi
with higher oscillator states is larger for positive than f
negative parity resonances. This can be seen from the ad
ture coefficients calculated by Giannini@5#. Therefore, the
results are given only for the unmixed wave functions o
tained with parameter set I. In contrast to Ref.@16# where the
experimental mass of 1520 MeV has been employed,
theoretical mass of 1310 MeV for unmixed wave functions
used here.

Table VIII lists the transverse helicity amplitudeA1/2 for
the excitation of theS11(1535) resonance. As already pointe
out @16# the long-standing problem that the photocoupling
the S11(1535) is overestimated in impulse approximati
disappears after including two-body exchange currents.
change currents strongly reduce the photocoupling, and
total result is in better agreement with the data.

At finite Q2, the experimental helicity amplitude is we
described for low momentum transfers, but falls off too fa
for Q2.1 GeV2 ~Fig. 10!. In this kinematical region the
difference between impulse approximation and the total c
rent is small, and exchange currents do not reduce the
crepancy between theory and experiment. However,
should not forget that momentum transfers of 1 GeV
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probably beyond the region of validity of the nonrelativist
potential model.

For the neutron, there is only one datum at the real pho
point. Exchange currents reduce the result obtained in
single quark transition model by approximately a factor o
~Table VIII and Fig. 10! in agreement with the data. Thi
reduction only occurs for momentum transfers belo
1 GeV2. For higher momentum transfers the results w
and without exchange currents are nearly the same.

D. Electromagnetic excitation of theD13„1520… resonance

In the CQM, theD13 resonance corresponds to aP wave
excitation of a single quark, where the orbital angular m
mentumL51 and the spinS51/2 of the three-quark stat
are coupled to total angular momentumJ53/2. Table IX lists
theA1/2 andA3/2 helicity amplitudes at the real photon poin
Note that the experimentalA3/2

p amplitude is very large
whereasA1/2

p is comparatively small. In the single quark tra
sition model, theA3/2

p amplitude is smaller than the exper
mental result. In order to solve this problem, the use o
smaller quark core radius of aboutb50.48 fm has been sug
gested@3#. As a result of this choice a cancellation betwe
the spin and convection part of the one-body current in
~16! appeared and theA1/2 amplitude could be made ver
small while theA3/2 amplitude could be increased. The fa
that the required value for the size parameterb was not com-
pletely unreasonable was considered as an early succe
the quark model@70#. On the other hand, the same mod
requiresb'1 fm in order to describe the neutron char
radius@5,14#. We adhere to the value ofb50.613 fm, which
was obtained from the nucleon stability condition as d
scribed in Sec. II B. This value forb is also consistent with
the empirical neutron charge radius if exchange currents
included@14#.

We find that the inclusion of exchange currents allows
to improve the agreement between theory and experimen
3-14
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EXCHANGE CURRENTS IN NUCLEON ELECTROEXCITATION PHYSICAL REVIEW C64 035203
the gN→D13(1520) transition and the nucleon charge ra
using a single size parameterb50.613 fm for both observ-
ables. For theA3/2

p amplitude, a discrepancy of about 15
between theory and experiment remains, whereas the ag
ment is perfect for the neutron. We obtain both for the o
body current and for the total current the relationA3/2

p 5

2A3/2
n . The deviation from this relation inherent in the da

indicates the importance of configuration mixing for t
negative parity states.

While the inclusion of two-body currents improves th
agreement with experiment for bothA3/2

p and A3/2
n ampli-

tudes, the smallA1/2
p amplitude differs very much from the

experimental value. This is partly connected with the f
that the calculated resonance mass of 1310 MeV is 200 M
lower than the experimental value. For the neutronA1/2

n am-
plitude the situation looks much better. Due to the excha
currents we obtain a result which is within the experimen
error bars.

Additional evidence for the importance of exchange c
rents in the negative parity states comes from comparing
A1/2

n (S11) andA1/2
n (D13) amplitudes. The single quark trans

tion model ~see columnsAi in Table VIII and Table IX!
predicts thatA1/2

n (S11) dominates overA1/2
n (D13) in disagree-

ment with experiment. After including two-body exchan
currents, the A1/2

n (S11) amplitude is reduced and th
A1/2

n (D13) is enhanced in agreement with the data.
Figures 11 and 12 show the transverse helicity amplitu

for the gN→D13(1520) excitation. At finiteQ2 no experi-
mental data are available for the neutron. The calculatedA3/2

p

amplitude falls off too rapidly above 0.5 GeV2. Around
Q250, the A3/2

p helicity amplitude forgp→D13(1520) is
much larger than the correspondingA1/2

p amplitude~see Table
IX !. In contrast to this,A1/2

p dominates overA3/2
p for higher

momentum transfers according to quark helicity conser
tion. This behavior is also reflected in the dominance of
E1 (M2) amplitude for small~large! momentum transfers.

The relative size of theA1/2 and theA3/2 amplitudes is
often expressed via the helicity asymmetry@1#:

A1/2,3/25
A1/2

2 2A3/2
2

A1/2
2 1A3/2

2
. ~36!

From the multipole expansion of the helicity amplitudes~see
the Appendix!

A1/25A1/2~E1!1A1/2~M2!,

A3/25A3A1/2~E1!2
1

A3
A1/2~M2!, ~37!

we see that the asymmetry givesA1/2,3/2561/2 when one
multipole vanishes. In the present model,A1/2,3/2521/2 is
obtained atq250, where theM2 amplitude vanishes. Fur
thermore, as a consequence of hadronic helicity conserva
one finds A3/2(Q

2→`)50, A1/2,3/251, and A1/2(M2)
53A1/2(E1). In the limit Q2→0, A3/2 dominates,A1/2,3/2
521, andA1/2(M2)52A1/2(E1). As can be seen from Fig
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11 and Fig. 13 this behavior is reproduced for the proton a
neutron. Both for the proton and neutron~where again only
the value atQ250 is given for comparison!, the exchange
currents improve the agreement with the experimental da

IV. SUMMARY

We have extended our previous calculation of the tra
verse helicity amplitudes for the photoproduction of t
P33(1232), P11(1440), S11(1535), andD13(1520) nucleon
resonances to electroproduction. A constituent quark mo
with residual gluon, pion, and sigma-exchange interacti
including the corresponding two-body exchange currents

FIG. 11. TransverseA1/2 helicity amplitude of the gN
→D13(1520) transition as a function of the photon four-momentu
transferQ2. The energy transfer of the photon in Eq.~28! is kept
fixed to its Q250 value in thegN center of mass system. Here
vc.m.5318 MeV corresponding to a resonance mass of 1310 M
obtained with unmixed wave functions. The dotted curve is
impulse approximation~Imp.!. The full curve includes the two-body
exchange currents. The short-dashed curve shows the total ele
dipole @Total ~E1!# and the long-dashed curve the total magne
quadrupole@Total ~M2!# contributions. The experimental data a
from Ref. @11# and from the data compilation of Burkert~COM! as
quoted in Ref.@69#.
3-15
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been used to describe the hadronic and electromagn
structure of the nucleon. The new points are~i! the calcula-
tion of transverse and scalar helicity amplitudes for fin
four-momentum transfersQ2; and ~ii ! the inclusion of con-
figuration mixing for the positive parity nucleon resonanc
The helicity amplitudes are further decomposed into elec
magnetic multipoles and connected to thegN→N* transi-
tion form factors. The main results can be summarized
follows.

The Coulomb and electric quadrupole transitions to
P33(1232) are dominated by the two-body exchange c
rents. This conclusion holds with and without the inclusi
of configuration mixing. Due to the exchange currents
obtain a better agreement with experiment for theC2/M1
and E2/M1 ratios in the electroexcitation of theD(1232).
The present theory shows that the electromagnetic qua
pole excitation of theD is predominantly an excitation of th
qq̄ cloud degrees of freedom effectively described by
two-body exchange currents. The valence quark core d
not significantly contribute to this mode of excitation.

The long-standing problem of the underestimation of
M1 excitation of theD by some 30% persists. Exchang
currents do not solve this problem. The Beg-Lee-Pais r
tion between the nucleon andN→D transition magnetic mo-
ment remains intact after including two-body exchange c
rents. We find that the nucleon magnetic moments and
N→D transition magnetic moment are tightly related in t
quark model with exchange currents. It seems impossibl
generate a 30% change inmp→D1 without simultaneously
spoiling the quark model predictions for the nucleonandD1

magnetic moments.
For the magnetic dipole transition to theP11(1440), the

addition of two-body exchange currents improves the ag
ment with experiment atQ250, while preserving the suc
cess of the single-quark transition model in correctly pred
ing the experimental ratioA1/2

p /A1/2
n '23/2. On the other

FIG. 12. TransverseA3/2 helicity amplitude of the gp
→D13(1520) transition as a function of the photon four-moment
transferQ2. The experimental data are from Ref.@11# ~PDG! and
from the data compilation of Burkert~COM! as quoted in Ref.@69#.
For further explanation, see Fig. 11.
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hand, the experimentally observed electroquenching of
Roper excitation at finite momentum transfers cannot be
plained by adding exchange currents. This suggests tha
Roper involves the excitation of additional degrees of fre
dom, beyond the valence quark andqq̄ cloud considered in
this work.

In the case of the electric dipole excitation of th
S11(1535), the inclusion of two-body exchange currents co
siderably improves the agreement between theory and
periment. The discrepancy atQ250 between the single
quark transition model prediction and experiment largely d
appears after including exchange currents. Problems rem
for momentum transfers above 0.5 GeV2, where the abso-
lute value of theA3/2

p amplitude of theD13(1520) is under-
estimated.

In summary, exchange currents provide important con
butions for nearly all observables. Their inclusion allows
extend the region of validity of the CQM: more observab

FIG. 13. Helicity asymmetry of thegN→D13(1520) transition
as a function of the four-momentum transferQ2. Upper figure: pro-
ton, lower figure: neutron. The dotted curve~Imp.! is the impulse
approximation result. The full curve~Total! includes the exchange
currents. The experimental data are from Refs.@72# ~Breuker! and
@11# ~PDG!.
3-16
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EXCHANGE CURRENTS IN NUCLEON ELECTROEXCITATION PHYSICAL REVIEW C64 035203
can be simultaneously described. For example, the elec
magnetic transition to excited nucleon states and the gro
state charge radii can now be described with a single
parameter. Exchange currents must be included in the C
before one can conclude that one has seen a failure o
constituent quark model description of baryon structu
Equally important is the observation that certain observab
which are dominated by two-body exchange currents are
terrelated. It would be interesting to apply these concept
other nucleon properties such as the electric and magn
polarizabilities and the weak form factors of the nucle
@73#.
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APPENDIX: HELICITY AND MULTIPOLE AMPLITUDES

In this appendix the scalar and transverse helicity am
tudes are given in terms of Coulomb, electric, and magn
multipole amplitudes. We recall the definition of the tran
verse~A! and scalar~S! helicity amplitudes@8#:

Al~q2!52eA2p

v
^N* ,MJf

5lue1• j ~q!uN,MJi
5l21&,

~A1!

Sl~q2!5eA2p

v
^N* ,MJf

5lur~q!uN,MJi
5l&, ~A2!

where qm5(v,2q) is the photon four-momentum, ande1

52(ex1 iey)/A2 is the photon polarization vector for righ
circularly polarized photons. The three-momentum transfeq
points in thez direction ~see Fig. 1!. Here,N stands for the
nucleon with total angular momentumJi51/2 andN* stands
for the excited nucleon resonance with angular momen
Jf . In order to connect the helicity amplitudes with the e.
multipole amplitudes we decompose the three-vector cur
density according to Ref.@74# in electric (TE) and magnetic
(TM) multipole operators

jm~q!52A2p(
J51

`

i JA2J11@mTm
[ M ]J~q!1Tm

[E]J~q!#.

~A3!

Here,m50,61 are the spherical components of the spa
currentj3 andJ stands for the total angular momentum of t
photon. Similarly, we obtain for the zeroth component of t
current density

3We usej instead ofJ in this appendix in order to avoid confusio
with the angular momentumJ.
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r~q!5A4p(
J50

`

i JA2J11T0
[C]J~q!, ~A4!

whereT[C]J is the Coulomb multipole operator.
The electromagnetic multipole operators are defined

terms of the charge and current density as follows@75#:

TM
[C]J~q!5

~2 i !J

4p E dq̂@YJ~ q̂! ^ r~q!#M
J , ~A5!

TM
[ M ]J~q!5

~2 i !J

4p E dq̂@YJ~ q̂! ^ j ~q!#M
J , ~A6!

TM
[E]J~q!5A6A2J11~21!J (

L5J61
A2L11S J 1 L

0 0 0D
3H J 1 L

1 J 1J ~2 i !J

4p E dq̂@YL~ q̂! ^ j ~q!#M
J .

~A7!

For the transverse and scalar helicity amplitudes we t
obtain

Al~q2!5eA2p

v (
J51

`

^N* ,MJf
5luA2p i JA2J11@T1

[ M ]J~q!

1T1
[E]J~q!#uN,MJi

5l21&,

Sl~q2!5eA2p

v (
J50

`

^N* ,MJf
5luA4p i JA2J11

3T0
[C]J~q!uN,MJi

5l&. ~A8!

Due to the conservation of the total angular momentu
Ji1J5Jf and parityp ipg5p f only a few transition multi-
poles contribute. For the positive parity excitations withJf
51/2 M1 andC0 radiation contributes. For the positive pa
ity resonances withJf53/2, such as theD(1232), only the
M1, E2, andC2 multipoles are nonzero.

Using the Wigner-Eckart theorem@76#, the helicity ampli-
tudes for the positive parity resonances may be expresse
terms of reduced matrix elements of the multipole operato

Jf
p5 1

2
1

A1/2~q2!52 ie
2p

Av
^N* uuTM1~q!uuN&, ~A9!

S1/2~q2!5e
2p

Av
^N* uuTC0~q!uuN&, ~A10!

Jf
p5 3

2
1
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A1/2~q2!5
e

Av
„p i ^N* uuTM1~q!uuN&

1A3p^N* uuTE2~q!uuN&…, ~A11!

A3/2~q2!5
e

Av
„A3p i ^N* uuTM1~q!uuN&

2p^N* uuTE2~q!uuN&…, ~A12!

S1/2~q2!52
2pe

Av
^N* uuTC2~q!uuN&. ~A13!

For the negative parity resonances withJf51/2, we ob-
tain C1 andE1 contributions. TheJ53/2 resonances with
negative parity can, in addition be excited withM2 radia-
tion.

Jf
p5 1

2
2

A1/2~q2!52 ie
2p

Av
^N* uuTE1~q!uuN&, ~A14!

S1/2~q2!5 ie
2p

Av
^N* uuTC1~q!uuN&, ~A15!

Jf
p5 3

2
2

A1/2~q2!5
e

Av
„p i ^N* uuTE1~q!uuN&

1A3p^N* uuTM2~q!uuN&…, ~A16!

A3/2~q2!5
e

Av
„A3p i ^N* uuTE1~q!uuN&

2p^N* uuTM2~q!uuN&…, ~A17!

S1/2~q2!5
2iep

Av
^N* uuTC1~q!uuN&. ~A18!
03520
For the positive parity resonances we also express thes
terms of e.m. transition form factors, defined as@75#

FC0~q2!5A4p K N* ,MJf
5

1

2UTC0~q!UN,MJi
5

1

2L ,

~A19!

FM1~q2!5A6p
2MN

i uqu K N* ,MJf
5

1

2UTM1~q!UN,MJi
5

1

2L ,

~A20!

FE2~q2!5
12A5p

q2 K N* ,MJf
5

1

2UTE2~q!UN,MJi
5

1

2L ,

~A21!

FC2~q2!5
12A5p

q2 K N* ,MJf
5

1

2UTC2~q!UN,MJi
5

1

2L .

~A22!

We then obtain the following relations between the e.m. fo
factors and the helicity amplitudes:

Jf
p5 1

2
1

A1/2~q2!5
e

2MN
Ap

v
2uquFM1~q2!, ~A23!

S1/2~q2!5eA2p

v
FC0~q2!, ~A24!

Jf
p5 3

2
1

A1/2~q2!52
e

2MN
Ap

v
uquS FM1~q2!2

uquMN

A6
FE2~q2!D ,

~A25!

A3/2~q2!52
e

2MN
A3p

v
uquS FM1~q2!1

uquMN

3A6
FE2~q2!D ,

~A26!

S1/2~q2!52eA2p

v

q2

6
FC2~q2!. ~A27!
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