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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 $#— N* transition form factors. The intern&l and N*
dynamics is described by a constituent quark md@DM) Hamiltonian with gluon, pion, andr-meson
exchange potentials as residual interactions. Nlfend N* -resonance wave functions are obtained by solving
the Schradinger equation in a harmonic oscillator basis which contains Up+@® 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 clqacbai‘rs,
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 nearlyMdN* amplitudes. For some observ-
ables, e.g., th€2/M1 ratio in theyN— A (1232) transition, and thi®l 1 transition to theN* (1440), exchange
currents provide the most important contribution.
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I. INTRODUCTION lead to a comprehensive understanding of the inner compo-
sition of the nucleon and the dynamics of its quark-gluon
Several continuous electron beam accelerator facilitiesonstituents.
and high energy photon sources are currently used to study Photon induced reactions on the nucleon were already
the inner structure of the nuclediN) and its excited states Studied in the 1960s and 1970s. At that time, most data were
(N*) with higher precision. From the cross sections for electaken at the real photon point, for which the energy transfer
tromagnetic pionproduction with real or virtual photops @ IS equal to the three—mo;nentum transtgri.e., at four-
+N—N* N+, the scalar and transverse helicity ampli- Momentum transfeQ”= — g, = »®—g*=0. On the theory
tudes(see Fig. 1 for nucleon resonance production can beSide, a nonrelativistic quark modéNRQM) was used to
extracted and compared with thedty]. The electromagnetic analyze and interpret the dd@4]. In these investigations a

pionproduction data are complementary to pion-nucleorharmon'c oscnlato_r(h.o.) basis _for the baryon wave func-
scattering experiments, such as- N—N* —N-+ 1, which tions (usually a single Gaussiarwas used. Furthermore,

revealed the existence of a rich spectrum of excited nucleon
states. However, knowledge of th& masses alone does not
allow to discriminate between models. Rather different mod-
els of nucleon structure lead to nearly the same spectrum of
excited states.
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Using the electron as a probe, further details of nucleon (o, q) Aap2 .
structure can be explored. Because the e.m. interaction is .
well known, and because the electron is pointlike, the mea- S B e /
. . 172 i
sured cross sections are directly related to the structure of the S,
proton. With the help of polarization and coincidence experi- Y N*

ments, the contribution of individual electromagnetic multi-
poles to the e.my+N—N* helicity amplitudes can be iso-
lated. The e.m. multipoles carry information about the
geometrical shape of thd andN* and the degrees of free- p P

dom that are being excited. In electron scattering, the helicity

amplitudes are measured at different photon four-momentum

transfers, and the intemnalandN* structure can be mapped FIG. 1. Electroproduction of pions on the nucleon in the

out.from small to Iargt_—z diStanceS,' It is hoped ,that these €Xzenter of mass system. A virtual photop)(with energy transfew,
periments together with theoretical efforts will eventually i ee-momentum transfe=qe,, and spin projection 1 or 0 hits a

proton and produces an excited nucleon stéte which strongly
decays, e.g., into a proton antf. The yNN* vertex is described
by the transversah, and scalaiS, helicity amplitudes. The index
denotes the total spin projection of the incomim@ndN which is
equal to the spin projection of tHé* resonance.
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one-body quark currents were assumed to provide the mairounding the valence quark core. Several years ago we found
mechanism for the electromagnetic excitation of these resahat the neutron charge form factor and e+ A quadru-
nances(single quark transition modelAlthough the single pole transition form factor are mainly governed by the two-
quark transition model describes the photocouplings of manpody exchange currents. Using a small quark core radlius
resonances quite well, for some resonances, e.g., the0.6 fm consistent with the excited nucleon spectrum, a
A(1232), theN*(1440), and the negative parity resonancegood agreement with the experimental neutron charge radius
N*(1535) large discrepancies between theory and experand theN— A transition quadrupole moment has been ob-
ment remained. In addition, the single quark transition modetained[14,15. Furthermore, we found that these observables
employed inconsistent nucleon size parameters in various ajie closely related and derived a parameter-independent re-
plications. For example, in order to describe the experimenlation between therhl5]
tal nucleon spectrum and the empirical helicity amplitudes
for the yN—N*(1535) transition small quark core radius 1
b~0.5 fm was necessary, whereas the experimental proton Qpoa+= —r2. (2)
and neutron charge radii demanded a valub-sflL fm [5]. V2

One has tried to solve these problems by including rela- =~ )
tivistic corrections in the one-body current and in the waveThis is in good agreement with the value extracted from the
functions[6—9]. Relativistic corrections to the single quark Pion production dat§22—25. _
current helped to increase the proton charge radius, but the Similarly, for the photoproduction of the,;(1440) and
neutron charge radiug and theN— A quadrupole moment S11(1535) resonances, the inclusion of exchange currents
Q,_.a+ were still much too small compared to experiment!€@ds to a better agreement with the dt@l. In a first step
[10]. These investigations showed that some important de& used unmixed harmonic oscillat@r.o) wave functions
grees of freedom were still missing in the single quark tranin the evaluation of the exchange current contribution.
sition model. In the present work, we generalize our previous calcula-

Thus, also in these improved versions of the NRQM sevlion to electron inducec_N_* excita_tion, and investigate the
eral problems remain. For example, almost all quark model§€pendence of the helicity amplitudes on the photon four-
underpredict the magnetic dipole transition strength to thénomentum transfe@”. Furthermore, we enlarge the Hilbert

A(1232). At the real photon point, the calculated transitionSPace and expand baryon wave functions in terms of h.o.
magnetic moment eigenstates up tdN=2 harmonic oscillator quanta. The

nucleon is then a superposition of five different h.o. states
[pat=— ﬁﬂn (1) (configuration mixing. In addition, we study the effect of
exchange currents and of configuration mixii@M) on the
is some 30—40 % lower than experim¢fi]. This discrep- C2/M1 andE2/M1 ratios forA electroexcitation, and other
ancy exists since the early days of the quark mdda). observables. We will show that exchange currents give im-
Another problem is the simultaneous description of theportant contributions to nearly all observables.
A, amplitude for theP,(1440) excitation at the real pho-  The paper is divided in five parts. In Sec. II, we present
ton point, where it is large, and for finite momentum trans-the chiral quark model QM) used to calculate the baryon
fers where it is very small. For real photons, #hg, ampli-  wave functions, and the electromagnetic one- and two-body
tude calculated with one-body currents is three times smallegurrents. In Sec. Il we present our results and compare them
than the experimental value. This holds for both the protorwith the experimental data and with the results obtained by
and neutron. Addition of relativistic corrections to the singleother authors. In Sec. IV, we summarize our findings and
quark current did not improve matters in this c48é In give an outlook to future research. The formulas connecting
contrast to the underestimation of the experimental photothe e.m. helicity amplitudes and the electromagnetic multi-
couplings, most quark models overestimateAhg andS,,,  Pole form factors are listed in an Appendix.
amplitudes at finite momentum transfers. There, the experi-

mental helicity amplitude is nearly zero. This phenomenon, IIl. THE CHIRAL QUARK MODEL
called electroquenching, cannot be reproduced in most quark o
models[1]. At present, the experimental transverse and sca- A. The Hamiltonian

lar helicity amplitudes to the Roper are described best in the The chiral quark modelfQM) was devised to effectively
approach of Liet al. [13]. These authors assume that thedescribe the low-energy properties of quantum chromody-
Roper is not a pure three-quark resonance, but that its Wa\mmms(QCD) As a conseguence of the spontaneous break-
function contains an admixture of a three-quark/constituengown of chiral symmetry of QCD at the 1 GeV scale, the
gluon configuration [@qqg)). nearly massless quarks in the QCD Lagrangian transform
Our way has been to include two-body exchange currentgto massive quasiparticles called constituent quarks. A con-
[14-21 in order to improve the single quark transition stituent quark is an extended quasiparticle with finite had-
model. Exchange currents are necessary in order to satisfgnic and e.m. size, a mass of about 1/3 of the nucleon mass,
the continuity equation for the electromagnetic current if theand strong effective interactions. The spontaneous chiral
quarks interact via momentum-dependent and/or isospinsymmetry breaking leads to the appearance of an octet of
dependent interactions. In more physical terms, the exchanggseudoscalar Goldstone bosdi®B) and their scalar chiral
currents effectively account for the cloud qfy pairs sur- partners, which couple to the constituent quarks. This is in
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with r=|[r;—r;|. Here, 7 are theSU(2);sospin Pauli matrices,

A; are theSU(3)q10r Gell-Mann matricesm, is the constitu-

ent quark masan,. is the pion mass, andh,, the o meson
hoaaanooan| ———— A mass. For the pion and meson exchange potentials, we
describe the extended quark-meson vertices by a form factor

A2 |12

A2+Kk?

F(k?)=

)

(@) (b) (©)

FIG. 2. Residuala) one-gluon,(b) one-pion, andc) one-sigma  Here,k is the three-momentum of the exchanged meson and
exchange potentials between constituent quarks. The hadronic sizg is the cutoff parameter. In coordinate space this leads to a
rq of the constituent quarks is indicated by small dots. second Yukawa term with a fictitious meson mass
_In the meson exchange potentials the quark-meson cou-
plings @.q.94q), the cutoff parameterd, as well as the
meson and quark masses are related via the chiral symmetry
fé)nstraints[26,27_|:

contrast to the elementary particle picture of quarks and glu
ons at high energies. There, pointlikeurren} quarks with

massesm,~5-10 MeV interact rather weakly via one-
gluon exchange, and perturbative QCD can be used to mal

guantitative predictions. 92, o2
The QM Hamiltonian contains besides the confinement = =m
interaction {/¢), two-body potentials originating from one- 4w Am
pion (V™),! one-sigma Y?) and from one-gluon\(%) ex- A=A 8
change: o St ®
3 p? p2 3 m5 = 4mz+m?.
H= mq+—')——+ > [VE(ri,r)+Vr(ri,r) . .
i=1 2mg) 6mg =1 Unlike nuclear physics where the mass and therN cou-
- ling strength are fitted to experimental nucleon-nucleon
+VI(ri,r)+Ve(ri,ryl, 3 piing g P

scattering data, the parameters of thg QM are fixed by the

wherer; andp; are the position and momentum of the coor- empirical pion mass and the pion-quark couplimg,. The
dinates of theéth quark. The center of mass momentérof  latter is determined by the experimentaiN coupling
the nucleon is subtracted so that the calculated baryoﬁtrengthfer/47T=0.0749 via
masses contain only the internal kinetic energy. Apart from 5 be2
the confinement interaction, the other potential terms are ob- Omq (3| “fan 9
tained from the Feynman diagrams in Fig. 2. 47 \5) 47 ©)
We use the following spin-dependent quark-quark poten-
tials in the calculations of the baryon wave functions: We also include the one-gluon exchange potentialas
an effective description of the short-range quark-gluon dy-
2 2 . . .
- 97q A7 77 namics. The one-gluon exchange potential was introduced by
Vilri=nb= 47 2o am2” de Riula et al. [28], and later successfully used to explain
E— q certain regularities in the spectrum of excited baryon states
[29]. In V9, «y is the effective quark-gluon coupling con-
), 4 stant (independent of the gluon momentum trangférhis
parameter is determined from the experimeat A mass
92 A2 e Myl g Al splitting.
V"(|ri—rj|)=— = > z 2( - ) (5) Recently, the baryon mass spectrum has been described
4 Ag—mz 1 T r by GB octet exchange alone without a gluon-exchange inter-
action[30]. However, we found it difficult to attribute all of
Qs ™ the N—A mass splitting to one-pion exchange without
Ve(ri—rih= N AJ’{F_ ﬁ( 1+ 301 UJ') a(r) stretching some of ?he pgrameters ll))eyond whatgis physically
q meaningful. For example, if one wants to attribute all of the
L 1 N—A mass splitting to one-pion exchange, one must make
- —30y-10y- 1= 07-09) 5, (6)  the quark core radius of the nucleon smaller than 0.45ee
q r Fig. 2 in Ref.[14]) in which case it is nearly impossible to
describe the electromagnetic form factors of the nucleon
[31]. Furthermore, including an effective one-gluon ex-
lBecause we study the nucleon aAdsector, we neglect the Cchange potential has certain conceptual advantages com-
strange mesons of the pseudoscalar nonet octet. From the noRared to a pure Goldstone boson exchange pi¢@2 The
strange mesons we only include the pion and its chiral partner, thformer has the same spin-color symmetry as QCD, and pre-
o meson. We do not include the. Its contribution to various ob- dicts a continuous increase of the hyperfine splittings be-
servables is suppressed because of its larger fia%s tween vector and pseudoscalar mesons when going from

2
2mq
m’TT

A_r

T

e M e~

r r

~Vr0']-~Vr(
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TABLE I. Quark model parameters. Set I: for quadratic confinement and unmixed wave functions. Set II:
for exponential confinement and configuration mixed wave functions. The constituent quark mass is denoted
by my, b is the harmonic oscillator constanig is the quark-gluon coupling strengtajs the confinement
strength,u the color screening lengtl; a constant term in the confinement potential, and the cutoff in
the meson exchange potentials.

mg (MeV) b (fm) ag a w (fm™1) C(MeV) A (fm™1)
SetI(quad. confi 313  0.613 1.093 20.20 (MeV/fi 4.2
Set Il (exp. conf) 313 0.695 0.978 447.448VleV) 2.0 —913.741 4.2

heavy to light quark flavors in agreement with experimentground state baryon wave function is an inner product of the
[33]. In addition, the color factor in the color-magnetic spin- orbital, spin-isospin, and color wave functions and given by
spin interaction of QCD explains why the-p splitting is 24 . S
nearly twice theN-A splitting. A pure Goldstone boson ex- 23S (ay = (137b?) ¥ 2exp(— (p?/4b
change model does not provide such connections. 2012 N(A) N(A)

The constituent quarks in the nucleon are confined by a +A30%) ST X[ 111]) cgir + (12)

long-range, spin-independent, scalar two-body potential. Fof, o e jacopi coordinatgsand \ are defined ap=r,
convenience a harmonic oscillator potential is often taken = : : .
—ry,andA=r3;—(r,+r,)/2. Here,b is the harmonic oscilla-

Ve(|r;— r,—|)= —ah;-Aj(ri— rj)z_ (10) ftor pa}rameter also r_efer_red to as quark core radius. The spin-
isospin wave function is denoted H$T), and the com-
In order to facilitate a comparison with our previous resultspletely antisymmetric color wave function By111])cojor-
with a harmonic oscillator confinement potent[dl6], we In the case of unmixed wave functions, we follow the
evaluate the matrix elements of the Hamiltonian and e.mprocedure described in Réfl5], where the parameters are
current for unmixed wave functions with our standard set ofchosen in such a way that the experimental nucleon/nd

parametergset | in Table ) based on Eq(10). masses are reproduced, and the so-called stability condition
However, from lattice calculations we know that a linear

radial function is more realistic. A linear confinement, which My

at larger distances is screened by quark-antiquark pair cre- b (13

ation is found in some lattice calculations. The effect of these
color screening confinement potentials on the baryon spegs satisfied. We then obtain the parameters of set | given in
trum has recently been investiga{&dl|. Here, we consider a Table |I.

color screening potential of the form In this paper, we go beyond this approximation, and ex-
. o pand the baryon wave functions in a larger h.o. basis includ-
VE([ri—rj[)=—ani-\(1—e #)+C, (1) ing up to N=2 excitation quanta. For the negative parity

) . sector we continue to use unmixed wave functions because
and a corresponding set of parameteset Il in Table ) for  he cajculated mixing coefficients are small with the present
mixed wave functions. In contrast to the standard h.o. CONgonfinement potential. With configuration mixing, the
finement, the color-screened confinement potential of EqN(939) andN* (1440) wave functions are superpositions of

(11) is very strong. For smalf it grows linearly withr, and e h o states, while tha(1232) is a superposition of four
its strength is about 1 GeV/fm. This corresponds to the phep 4 ctates:

nomenological(universal string tension needed to explain
the Regge trajectories of excited meson and baryon states. NY=ac [ 2S) +ae 12Se)+ae 12S,)+an 4D
Spin-orbit potentials arising from the confinement poten- IN) Ssl 5o SS" Ss) SM' W) DM| W)
tial the residual gluon and sigma interactions in Fig. 2 are not +ap |2P,a),
included for the calculation of the masses and mixing param- A
eters. _ 4 4 4 2
In summary, the chiral quark potential model provides an |A>_bss| SS>+st'| SS’>+st| DS>+bDM| Dw)-
effective description of low-energy baryon properties. It de- (14)
scribes the symmetries and dynamics of the underlying field o641 )
theory of QCD including important low-energy dynamical ~°F the h.o. states we follow the notatipft " 'Ly with S

features, such as spontaneous chiral symmetry breaking. P€ing the total spin, ant the total orbital angular momen-
tum. The amplitudes andb are determined by diagonaliza-

tion of the Hamiltonian of Eq(3) in this restricted h.o. basis.
The results are given in Table Il. The Roper is dominated by

As usual, the radial three-quark wave function of thea radial excitation of th&l(939) ground state wave function,
baryon is expanded in the harmonic oscillator basis. In ahe so-called “breathing mode.” The mixing with the
previous study 16] we used unmixed wave functions where P-wave is for both the nucleon and its resonances about two
all three quarks remain in their lowest h.o. sté#g). The  orders of magnitude smaller than tiiewave amplitudes.

B. The baryon wave functions
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TABLE II. Admixture coefficients in the wave function of E(L4) calculated with the Hamiltonian of Eq.
(3) and parameter set Il in ai=2 harmonic oscillator wave function space.

Set |l as as, as,, ap,, ap,
P11(939) 0.898 —0.408 —0.161 —0.0120 0.0002
P14(1440) 0.381 0.907 —0.178 0.0098 0.0004
Set II bs, bs,, bo, bo,,
P33(1232) 0.983 —0.143 —0.0981 0.0662
Therefore we neglect the-wave contribution in the calcu- 3 _
lation of the e.m. helicity amplitudes. p[l](q)=z ee'dri
The baryon mass spectrum alone does not provide suffi- =1
cient constraints in order to find the best overall fit and to fix (16)

the parameter set uniquely. For that reason we studied the 3 e _ ‘

e.m. nucleon form factors. Parameter set Il of Table | gives a J[l](Q)=2 Z—(i[oix p;,e' 9 i)+ {p; %"}

reasonable fit to the experimental baryon mass spectrum and =1 2Mq

the nucleon e.m. properties. The masses of some selected

nucleon resonances are listed in Table lll. The calculatethave been considered, where the sum dvardicates the

e.m. properties of the nucleon ground state are similar tgarticle number of the three valence quarks, angé the

those calculated in Ref14]. photon three-momentum. Here, the quark chagis given

as e=e(1+3m3;)/6. The first term inJjy; is called spin

current and the second term convection current. In impulse

approximation, quark dynamics is neglected in the current
In order to calculate photon induced reactions on theoperator, i.e., a single quark absorbs the entire photon four-

nucleon we have to know its e.m. four-vector currépt In - momentum while the other two quarks are not affected. This

first order perturbation theory the transition matrix elementsapproximation is often referred to as the single quark transi-

of the photon-nucleon current interaction have to be calcution model.

C. The electromagnetic current

lated. The e.m. interaction Hamiltonian is given by It is well known that in a system of interacting quarks the
usual approximatiod~J;1; violates the continuity equation
HyN:f d4xJM(x)A“(x), (15) fpr tr_]e e.m. current. In .order to satisfy the continuity equa-
tion in the presence of interactions between the quarks, it is

necessary to include the two-body exchange currépts
with A, (x)=[¢(x),—A(x)] being the photon field. The @associated with the various quark-quark potentigls in the
nucleon e.m. current density,(x)=[p(x),—JI(x)] is ex- Hamiltonian. The total charge and current density is then a
pressed in terms of quark degrees of freedom. In most invesum of one- and two-body terms
tigations only the one-body terfm&mpulse approximation
of the e.m. current p=pr e, I=Jnt - (17

In principle one could also include three-body currents. We

°The one-body nature of these operators is indicated by the sulﬂ-0 not consider them in .this. WO.I’k. Compared to the two-
script[1]. ody currents, their contribution is suppressed by at least a

TABLE lII. Contributions of the rest mass, kinetic energy, and the two-body interactions to the masses of the nucleon and its low-lying
excitedN* resonances. The parameter set Il from Table | is used. All entries are in MeV. The spectroscopic hotatidor the pion
nucleon partial scattering waves is used to label these resonances.

Resonance By Tkin Ve V9 V7 A4 Total Exp.[11]
P,1,(939) 939 599 106 ~502 —146 —58 939 939
P.,(1440) 939 453 516 ~306 —47 —21 1533 1430 1470
P35(1232 939 458 206 —298 —26 —-47 1232 1236-1234
S11(1535) 939 515 415 — 363 —-33 —26 1447 1526-1555
D15(1520) 939 515 415 —355 —-41 —26 1447 15151530
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& _r e S
7
7 7 T"’ 7
() (b) () @

© — i ag .
play(ri T, a)=— rcmg}‘i’)\j{eielq fi(q-r+(ayxq)

Ji21 =3+ 351+ I T+ I+ I (21

The two-body exchange charge densities corresponding to
the Feynman diagrams of Figs(b3—3(e) are

FIG. 3. Feynman diagrams for the electromagnetic curdént
=(p,J): (a8 one-body current{b) gluon qq pair; (c) pion qq pair;

(d) pion-in-flight; (e) scalarqq pair, i.e.,c meson or confinement o L i
exchange currents. The finite e.m. size of the constituent quarks and (07X D)+ (o] )}r ' (22
the pion is denoted by the large black dots.
. . o ie f2 .

factor 1/3. This has recently been shown for thg contri- p[”ﬁq(ri J)= = _md — (7 7+37h)
bution to theN and A charge radii in two different ap- 6 4m mgmz
proacheg35,36. iqer; o

We obtain the two-body exchange currents by an explicit x{e%Noi-qoy- Vit (i)}
calculation of the Feynman diagrams displayed in Figs. A2 e M @A
3(b)—3(e). In this way we simultaneously obtain the time and X— i 5 ( — . (23
spatial components of the four-vector exchange curdént AL—m LT
The spatial exchange currents due to gludjl), pion o 0 24

qc S . . I 1r' ’ ~U,
(5%, I, and scalar J5f") exchange interactions are P2y (i1, 0)
given by B 1

oo PoP(r 1) =——eedig?VS+(i—]). (25
Iz (risrg,a) 4m

— %s iq-ril N
—_4_rn§hlkj ee E(O'|+O'J)><r+(IHJ) r—s,

(18

o ef; .
I 'Q):ﬁ{(ﬂx 7)3€'%"ioy( 0y V)

A2 e Mal @ Agr

w

2

ymT efﬂ'q
W "(rir @ = — 7 (71X 7)s(01- V)

AfT 12
x(aj-vj)ﬁf dve'd (R7vn
AL—mJ-12
e tmf e bt
X|Zym ———2 , 19
M Lt Lyt (19

- i :
Jf’zﬁq(ri Ti.0)=— ——e€ed Vg Xq+(i]). (20)
2my

In lowest order in the nonrelativistic expansion there is no
contribution of the pion-in-flight diagram in Fig(@® to the
charge density. In contrast to our previous wgik,15 the
scalar exchange charge operator is ingtpart by a factor
4/3 larger, and does not contain any gradient terms. The total
two-body charge density is then
PL21=PEal '+ Pl P T PL) (26)
All two-body charge operators vanish in the lingt—0.
Therefore, they do not modify the total charge of the baryon.
In order to take the finite e.m. size of the constituent
quarks into account, all charge and current operators in this
section are multiplied with a single electromagnetic mono-
pole form factor as given by the vector dominance model
applied to constituent quark87]

F yq( qz) = (27)

1+g2m}
The photon-pion coupling in Fig.(8) has the same e.m.

form factor in order that the total pion current satisfies the
continuity equation with the one-pion exchange potential.

Ill. RESULTS

In the pion-in-flight exchange current, where the photon in In this section, we give our results for the e.m. coupling of
S TS y th iti it 1232) andP,4(1440), and
teracts directly with the exchanged pion, we use the follow-y, - Poo e Party resonancly( ) andPy( ) an

) o - - . ‘the two negative parity stat&,(1535) andD 15(1520). The
ing abbreviationsR=(r;+1;)/2 and z,(q.r) =Lnf +ivra, photocouplings of these resonances have already been dis-

whereL ,,= \/2g2(1-4v?)+m? In the scalar exchange cur- cussed in Ref[16]. The new points of this paper are the
rent,V® stands foiv® andV?. The total two-body current of investigation of the e.m. helicity amplitudes for finite four
the yQM is then given by momentum transfer, and the inclusion of configuration mix-

035203-6



EXCHANGE CURRENTS IN NUCLEON ELECTROEXCITATION PHYSICAL REVIEW 64 035203

ing for the positive parity states. Furthermore, we study the O o L L R B s B B B B B
scalar helicity amplitudes of th&(1232) andN* (1440) - — Imp.(CM) ]
resonances. No attempt has been made to fit the e.m. helicity -20.0 - _ TotéI(CM) N
amplitudes. After calculating the admixture coefficients in= i —-—- Imp.(unmixed) A
fch?_ ba(;yon wave functions and the baryon masses the mode§|> -40.0 |- ——— Totalunmixed) """ -
is fixed. I # o7
As conventional, the e.myNN* coupling is expressed in m8 -60.0
terms of the transverseA() and scalar §,) helicity ampli- =)
tudes originally defined ifi3,10]: = -800
‘©
5 =5 -100.0
AN(GP) = —e\/—(N*,M; =\|€;- J(q)|N,My =\ —1), =
w : -120.0
(29 L |
~140.0 TR TN N T (N T [ T NN S T I T N
. 00 01 02 03 04 05 06 07 08 09 1.0
S\(0%)=e\| —{N* My =X[p(@)[N,My=)), (29 Q* [GeV?]
L o e L LA B B B B
where w is the energy transfer ane, = —(ex+iey)/\/§ the 200F Imp.(CM .
right circular polarization of the photon. The transverse he- _400 - TrZ?éE(CN?) ]
licity amplitudesA, describe the transition of the nucleon to 600 L —-—- Imp.{unmixed) .
an excited stateN*) through the absorption of a spatial gl'_' P Totél(unmixed) /,///f;_:
photon A= ¢; exp(—iqg-x) with positive helicity (spin 1 of S T R Tl
photon alongz axis). A, describes the case whenandN @ 1000 1 ]
spin projections are antiparallel a#d,, when they are par- o ~1200 | g
allel (see Fig. 1 Thus, the transverse helicity amplitudes are = -140.0 ]
the matrix elements of the sphericdy component of the “‘g -160.0 -
spatial current. The transverse helicity amplitudes can be re- _$ _180.0 _'
lated to the electric and magneti®achs form factors for the 2000 |- ]
vy+N—N* ftransition by expanding the current operator 2200 |- ]
J(q) into electromagnetic multipoles. Similarly, the scalar VPN T S R R R T R R

helicity amplitudesS, describe the transition induced by the 00 01 02 03 04 05 06 07 08 08 10
time compo_nent o_f the photc_m fiel@o, ?.e., the scalar _Cou— Q° [GeV]
lomb potentiakb with zero spin projection. After a multipole
expansion of the charge densjiyq), they can be related to FIG. 4. The transversA;; and Ay, helicity amplitudes of the
the Coulomb transitiofiSachg form factors(see the Appen- ¥N—P33(1232 transition as a function of the four-momentum
dix). transferQ?= —qi. The energy transfer of the photon in E88) is

The helicity amplitudes contain all information about the kept fixed to itsQ?=0 value in theyN center of mass system, i.e.,
yNN* vertex. We obtain two independent helicity ampli- {0 @cm=258 MeV. The dashed-dotted curifenp. (unmixed] is
tudes G,/,,A,,,) for resonances with; = 1/2, corresponding the one-body current evaluated between unmixed wave functions.
to two e.m. transition form factors, and three helicity ampli- The dotted curvéimp. (CM)] is the one-body current calculated
tudes Gy/5,Ay/,Agp) for excitation,s with total angular mo with configuration mixing in the wave functions. The dashed curve

11/2:77\1/2 -

" . - [Total (unmixed] includes all spatial currents of Fig. 2 evaluated
mentumJ; = 3/2, corresponding to three e.m. transition form between unmixed wave functions, and the full cufVetal (CM)]

factors. uses the total spatial current calculated with mixed wave functions.
A. The electromagnetic excitation of theA (1232 netic moment by the Beg-Lee-P4BLP) relation
1. The N—A(1232) magnetic dipole transition 2\/5
The transverse helicity amplitudes;;, and A5, for yN Mp—a="3  Hp= ™ V2pn. (30

—A transition are shown in Fig. 4. We observe that two-

body exchange currents do not drastically modify the predicin the last step th&U(6) relationu,/u,= —3/2 has been
tion of the single quark transition model but that the combi-used. Equatiori30) underestimates the data by about 30%.
nation of two-body currents and configuration mixing has aThe problem exists since the early investigations of Dalitz
sizeable effect at higher momentum transfers. and Sutherlan@12], Copleyet al.[3], Koniuk and Isguf4].

The transverse helicity amplitudes are completely deterThese authors used h.o. states for the baryon wave functions
mined by the magnetic dipoleM1) mode as can be seen and the impulse approximation for the e.m. transition opera-
from the multipole analysis in Table IV. In the single quark tor.
transition model, théM 1 transition is described by the spin-  We have studied the effect of two-body exchange currents
isospin flip of a single quark, and related to the proton mageon theM1 excitation of theA before. In Refs[15,16 we
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TABLE IV. Transverse(A) and scalarS) helicity amplitudes of theyN— P34(1232) transition a?=0 in 10 GeV 2 including
exchange currents and configuration mixing. Results with configuration mixed wave functions and parameter set Il; the numbers in paren-
theses are calculated with unmixed wave functions and parameter sek =limpulse, Ag=gluon, A_ ;= pion pair, A, .
=pion-in-flight, A.=confinement, and ,=sigma meson exchange current contributiohg is the sum of all spatial current contributions.

The M1 andE2 parts ofA;, andAg, are separately givenEQ); refers to the spatial currents of Fig. EZ),,; contains the contribution
of the two-body charge densipy,; using Siegert's theorem. The double spin-flip term containgg.inof Eq. (22) gives the most important
contribution to the electric quadrupole transition. See RE3] for further explanation.

P4x(1232) A A, Avaq Ay A A, Aot Exp. [11]
Ay (M1) -90.3 -9.2 13.7 ~-17.1 19.7 -10.9 941 ~149.4
(—94.4) (-9.9) (13.9 (—16.8) (34.7) (—10.9) (-83.3)
AyAE2), 1.9 -0.1 0.4 -0.2 -05 0.0 15
(0 (0 (0 (0 (0 (0 (0
AuAE2)0r 1.9 5.3 3.3 -0.2 0.1 0.0 10.4 13.7
()] (6.0 (2.9 (@) (0) (0) (8.9
Ay(tot) -88.4 -3.9 17.0 -17.3 19.8 -10.9 -83.7 —135.7£55
(—94.4) (-3.9) (16.9 (—16.8) (34.7 (—10.9) (—74.5)
Az (M1) —156.4 ~15.9 23.8 —29.6 34.1 -18.8 ~162.9 —258.8
(—163.5) -17.1) (24.2 (—29.1) (60.4) (—18.0) (—144.3)
AgAE2), -1.1 0.1 -0.3 0.1 0.3 0.0 -0.9
(0) (0 (0 (0) 0 0 (0
AzAE2)or ~1.1 -3.0 -2.0 0.1 -0.1 0.0 -6.1 -7.9
(0 (—3.5) (=1.7) (0 0 (0) (=5.2)
Agtot) —157.5 ~19.0 21.8 -295 34.0 -1838 —169.0 —266.9-9.4
(—163.5) (-20.6) (22.5 (—29.1) (60.4 (—18.0) (—148.3)
SyAC2) 0.7 5.1 2.7 0.0 0.6 0.0 9.1 12.9
(0.0 (5.9 2.7 (0.0 (0.0 (0.0 (8.4)

have used unmixed h.o. wave functions and found no inthe ones obtained earlier with unmixed wave functions
crease in the theoreticll 1 strength compared to the im- [15,16.
pulse approximation result of E¢30). This is due to a can- Table V compares our results with other models. Our re-
cellation of various exchange current contributions. A relatedsults qualitatively agree with those found in other models.
cancellation has been found for the exchange current contriFhe ratio between the experimental transition strength and
bution to the nucleon magnetic mometst]. The present most model predictions iBS°YASP~0.7, i.e., a 30% de-
calculation shows that an enlargement of the Hilbert spaceiation. Compared to the good agreement of the CQM pre-
and the use of a more realistic confinement potential does naliction for the nucleon magnetic momeiftist] with experi-
significantly reduce the discrepancy with experiment. A simi-ment, this is a disturbing discrepancy. Configuration mixing
lar result was obtained by Capstif8]. There, the relativis- in combination with the use of standard two-body current
tically extended one-body current has been evaluated beperators does not solve this problem.
tween relativized wave functions including h.o. states up to Recently, we have studied the effect of two-body retarda-
N=6, but the discrepancy between theory and experimerton currents and three-body currents on he: A transition
remained at the 30% level. Another relativistic calculationmagnetic moment. In a quark model with gluon exchange as
[38] gave values 30—-40% below the experimental amplitesidual interaction, one finds that both effects are too small
tude. to explain the empirical valugt2]. On the other hand, it has
Table 1V shows the\;,, and Az, helicity amplitudes with  been shown that gluon type three-body currents may increase
and without(numbers in parenthesesonfiguration mixing.  u, .+ to the empirical valug43]. However, theN—A
One notes that the overall effect of configuration mixing istransition magnetic moment is closely related to the diagonal
small and the total amplitudes do not differ appreciably fromA* magnetic momeng.,+. A large three-body current con-

TABLE V. Transverse helicity amplitudes of theN— P54(1232) transition aQ?=0 in various nucleon models in comparison with the
quark model with exchange curreriget I)). All entries are in units of 10° GeV~*2

P3y(1232) [39] [40] [41] (8] [6] [9] [38] [19] [ Exp. [11]
A (Q?=0) -91  —101  —113 -81  —101  —108  —107 -75 -84  —141+5
Ag(Q?=0) -157  -18  —195 —170 —176 —186 —189  —131  —169  —258+6
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netic moment extracted from the data is actually close to & 4,

tribution tou, o+ Will lead to a very smalj, -, i.e., a large 0L e e e e e LA N m
violation of SU(6) spin-flavor symmetry44]. A measure- 350 - i
ment of u,+ would therefore be a quantitative test of the - .
predictions of SU(6) spin-flavor symmetry. A yp 30.0 - B
—y'p’ w° experiment sensitive to the™ magnetic moment &~ 554 [ \_'
[45] is currently being carried out at MAMI in Mainz6]. S L .
Finally, the exact value of thi,, pionproduction mul- & 200 7
tipole is uncertairf47] as is the method of extraction of the %, 5, /~ Total (CM) i
yNN* vertex from the physical amplitude shown in Fig. 1;it — L —-— Total (unmixed) ,
cannot be excluded that the intrindic— A transition mag- Na 10.0 7

devoted to the extraction of tié— A quadrupole transition 140

Mp_.a+=3.0uy and the violation oBU(6) spin-flavor sym- »n L
metry is compatible with that observed in other baryon mag- 0.0 =
netic moments. [ EEPE S R N R N B B B
In summary, there is a close connection betweenNhe 00 01 02 03 04 05 06 07 08 09 1.0
— A magnetic dipole transition and the nucleon magnetic Q° [Gevz]
form factors, as given by the Beg-Lee-Pais relation in Eq.
(30). The inclusion of exchange currents does not break this oof oo ' I
relation [21]. This does not only hold for unmixed wave Y T ]
functions, where the relation is a consequence of the spin- c 1
flavor SU(6) symmetry, but also for configuration mixed 40 ]
states. __ 60 =
8 a0 %
2. The N—»A(1232) quadrupole transition S 100 N
Considerable theoretical and experimental effort has beend> -12.0 .
N

strength from the pion production daf48]. The scalar ~  + — ... Imp.(CM) Y

charge quadrupoleG2) and transverse electric quadrupole -160 Total(CM) ™~

(E2) transitions and the relate@2/M1 andE2/M1 ratios -18.0 - Total{unmixed) .
give information about the intrinsic deformation of the ool s
nucleon. In the single-quark transition model, the nonvanish- 00 01 02 03 04 05 06 07 08 08 10
ing C2 amplitude has been attributed to thestate admix- Q’ [GeVZ]

tures in theN and A wave functions D waves in the
nucleon [49]. However, recent work in the quark model with
two-body exchange currents has shown thatBEReandC2
transition amplitudes to th& are not governed by the small
D-state components in the nucleon aadwave function.

FIG. 5. ScalarS;;, helicity amplitude of theyN— P33(1232)
transition and theC2/M 1 ratio as a function of the photon four-
momentum transfer. The energy transfer of the photon in2R).is
kept fixed to itsQ2=0 value in theyN center of mass system, i.e.,

; . . t0 w. ;=258 MeV. The dotted curvgimp. (CM)] is calculated
Instead, the quark-antiquark pair currents of Fig) &ind with the one-body current from Fig(& and mixed wave functions.

3(c) g_'\,/e the dominant contribution to tfé— A quadrupole The dashed-dotted curjd@otal (unmixed] uses the total current

transltlon in the CQN[15,]' evaluated between unmixed wave functions. The full ciiatal
Figure 5 shows the influence of exchange currents angc)) is our result including the two-body exchange currents of

configuration mixing on the scalar helicity amplitude at finite rigs " 2b)—2(e) evaluated between mixed wave functions. The re-

moment transfers. For unmixed wave functions @2 am-  sylts for the proton and neutron excitation are the same. The experi-

plitude vanishes in impulse approximation, and is completelynental data are from Refg50] (V), [51] (A), [52] (O), [53] (O),

given by the exchange current diagrams of Figd) &nd  [54] (*), and[55] (@).

3(c) (dashed-dotted curyein particular by the spin tensor

(double spin-flip termin the two-body charge operatfsee M3 —MZ—Q?

Eqg. (33)]. Evidently, this double spin flip term dominates not Oem=——F——— (3D

only at Q?=0 but also for finite momentum transfers. For 2M,

mixed wave functions there is a small one-body contribution . itation in the hadroni

shown by the dotted curve, which enhances the double spi orresponding ta\ resonance excitation in the hadronic rest

flip term by some 30% at intermediate momentum transfers, o e the pion prodggtion mu_ltipoles can be expres.sed via
There exist various definitions of the2/M 1 ratio. Ex- the yN—A(1232) helicity amplitudes and one can write the

perimentalists usually define it in terms of the measured pior?znvI 1 ratio as follows| 24]:

production multipoless; , andM ., while theorists prefer a

2 2
definition in terms of the helicity amplitudeS,, and A,,, E(qz)z 1 SuAC2)(@) _ lalMy Fca(a%) -
which describe the/lNN* vertex directly[56]. If the photon M1 232 Ay (M1)(0P?) 6 Fuudd)
energy transfer is equal to (32
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The connection between the helicity amplitudgs andA4, 2L e B B B B B
and theN— A charge quadrupole and magnetic dipole form I Imp.(CM) i
factorsF¢, andF,,; calculated in Refs[15,1§ is given in 60 | —-— TotalcCM), ]
the Appendix. In the limilg—0 we findC2/M1=0, and at 40 Total(CM)
the real photon point we obtai@2/M 1= —0.036(— 0.035) L
with (without) configuration mixing. S 20
The main contribution to th€2/M 1 ratio comes from the < r
tensor term in the exchange charge operator, which, e.g., fos %0
gluon exchangésee Eq(22)] can be rewritten ag57] ﬁ 20 B
-40
p2)(C2)=B2, &(30,05,~ 7y 7)), (33 l
= 60 |
where B stands for the color and radial part. The matrix e Y A R T R R N R NN NP I
elements of the above operator exceed the single-quark tran -0.1 00 01 02 03 04 05 06 07 08 09 1.0
sition amplitude by a large factor. The reason for the domi- Q [GeVZ]

nance of thep,; term is easy to understand. In impulse
approximation(dotted curvg the scalar transition amplitude
S,/, receives the main contribution from tf&-D (andD

—S) transitions. Because thB-state components in the
nucleon andA wave functions are very small compared to

::Z(Ta?;:?]ilr??rglsuvl\ézv?(sriii;Zkiilgnmi,stzﬁ)séngI;l{(g:lgicag Fig. 2 into account. The full curvETotal (CM)] contains the con-
d ht P " PP d with . t O t% th tribution of the two-body charge densipy,; using Siegert's theo-
and much too small compared with experiment. On the o elrem(see Ref[15] for further explanatiop The experimental values

hand, the spin tensor term in E@3) induces a double spin- ..o tom Refs[22] (0), [23] (*), [51] (A), [52] (O), [53] (),
flip transition between th& state in theN(939) and theS [55] (@), and[59] (X ).

state in theA (1232)[15]. No D states are required to make
this double spin flip quadrupole transition from tNeto the
A

FIG. 6. E2/M1 ratio of the yN— P35(1232) transition ampli-
tudes as a function of the four-momentum transér The dotted
curve[lmp. (CM)] is calculated in impulse approximation with con-
figuration mixing(CM) in the baryon wave functions. The dashed-
dotted curve Total (CM)]; takes the spatial exchange currents of

transferQ?. In [18] we keptw. , appearing in the definition
At small momentum transfers our theory is in good agree-Of E2/M1 fixed to 258 MeV, and no sign change occurred.

ment with the data. At higher momentum transfers most data A S'zgr.] change from negative to posnnﬁﬂ/M 1 ata cer-
from the beginning of the 1970s are slightly above our CQM’["]“n Q IS gxpected ffOF" perturbative QCD Accordlng to
calculation. Using the quark model relation between lthe quark helicity conservation the2/M1 ratio will asymptoti-
—A and the neutron charge and magnetic form facf2ig cally approach unity61]

one can express thé2/M 1 ratio in electro-pionproduction

in terms of the elastic neutron form factors. T@2/M 1 ratio lim E2 =1.

predicted from the neutron elastic form factatais in bet- QszM 1

ter agreement with the electro-pionproduction data than the

explicit quark model calculatiof68]. We conclude that €X- |n the low momentum transfer limg— 0, we obtain without
change currents dominate t&2/M1 ratio. Their inclusion  configuration mixing the simple resylt5]

significantly reduces the discrepancy between the impulse

approximation and experiment. E2 wemMy Q (My—MpyMy 12
.. . . .0 = .m.! pHA:_ A N N_n
The E2/M1 ratio is defined as in Ref15] M1 (g—0) 6 1pos 7 a’
) ) (35
E2( 2)25 A1(E2)(Q7)  wcmMn Fea(q®) 34
M1 q 3 A(M1)(g?) 6 Fui(g?) using the relations in Eqg1) and (2). With (without) con-

figuration mixing we obtairE2/M 1= —0.040(— 0.035).

and plotted in Fig. 6. In the last equation we have made use In summary, a comparison of th€2/M1 and E2/M1

of Siegert’s theorem which relates tf@2 and theE2 mul-  ratios with and without exchange currents shows that the
tipoles in the low-momentum transfer regifi®]. In contrast ~ quark-antiquark pair currents in Fig. 3 are necessary to cor-
to the C2/M1 ratio we observe a sign change @f rectly describe these ratios in the CQM. This suggests that
=0.64 Ge\f as in Ref[60]. In our theory, this is due to the the quadrupole transition proceeds mainly via an excitation
kinematical factor in Eq.31). While the energy transfer of the peripherafjq cloud degrees of freedom. Recently, this
w¢m in the normalization factok/27/w. , of the A;, and  picture has been used to estimate the intrinsic quadrupole
A, helicity amplitudes in Eq(28) is kept fixed in order to  moment of theN and A in the CQM [57]. The intrinsic
keep the individual helicity amplitudes fini{@], the kine- quadrupole moment of th&l(A) is found to be positive
matical factorw, ,, entering the definition oE2/M 1 ratio in  (negative corresponding to a prolateblate intrinsic defor-

Eq. (34) must be considered as a function of four-momentummation.
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TABLE VI. Transverse helicity amplitudes of theN— P;;(1440) transition atQ?=0 calculated in
different nucleon models. Details of the present calculatibnare given in Table VII.

P,(1440) [39] [40] [41] [9] (6] [64] [65] 1] Exp. [11]
AFl’,Z(Q2=O) +67 —30 +10 +4 -5 =77 —66 —-90 —65+4
AL {Q?=0) -45 +19 -11 -6 +4  +35 +44  +56 40+ 10
B. The electromagnetic excitation of theN* (1440 value at the real photon point to very small values at finite

The P,(1440) (Rope) resonance is one of the most in- momentum transfers. The helicity amplitudes (_)f rr_lost oth_er
teresting excitation modes of the nucleon. It is the lowesfe€Sonances approach zero only gradually with increasing
lying nucleon resonance with the same spin, orbital angu|a§our-momentum transfer. This pecgllar behavior of the Roper
momentum, parity, and isospin as the nucleon ground stat&Sonance cannot be reproduced in most md@e$s69. For
In the h.o. quark model it is described as Br-2 radial €xa@mple, Aielloet al. [65] get a good agreement of the e.m.
excitation, corresponding to a spherically symmetric expanROPEr coupling strength at the real photon point. They use a
sion and contraction of the three-quark core radiusathing medel where three-body forces are included through the use
moda. It should therefore have a higher energy than thedf hypersphe_rlcal harmonic wave functions. However, _alsom
S,4(1535) andD,(1520) nucleon resonances with=1 thglr calculations the problem Wlth the electroquench!ng for
and negative parity. This is not observed experimentally, Afinite momentum transfer remains unsolV&b]. A relativ-
calculation of the Roper resonance excitation in a coupled?®d guark model based on the light-front formali$8]
channel meson-nucleon model provides evidence for an extould describe the electroquenching of the helicity ampli-
ceptionally strong coupling of the resonant three-quark statiHdes. However, the problem with simultaneously predicting
with nonresonant meson-baryoal, wA) scattering chan- the emplrlqal value at the _reaI photon point remains. The
nels[62]. This strong channel coupling may be responsibleMode! of Li et al.[13], in which the Roper is characterized
for the low Roper mass and its peculiar e.m. properties. AnPY the excitation of explicit gluon degrees of freedom, in
other possibility is that the Roper is strongly deformed. In aaddmon to the*three valence_ quark c_onﬂgurgnon d_escrlbes
deformed h.o. quark model the positive paifity=2 excita- the e.m. N—N*(1440) transition satlsfactor[ly. This ap-
tion has a lower energy than tié=1 negative parity state proach_should be further tested by calcq_latlng other e.m.
[63]. properties of the nucleon, e.g., charge radii.

Also with respect to its electromagnetic coupling, the
Roper resonance is rather different compared to other
nucleon resonances. At present, no quark model is able to In contrast to the magnetic form factors of tR€939) and
describe the experimental e.m. coupling of the Roper satishe magnetic dipole excitation of the(1232), the two-body
factorily. If only single quark currents are considered, thecurrents add constructively in th®1 excitation of the
photocouplings of the proton and neutron are underestimate* (1440). This result was already obtained in Hé6] us-
by a factor of 2 or mordgsee Table VI and Table VI In ing unmixed wave functions. It is confirmed in the present
contrast, at finite momentum transfers the absolute values @@lculation including configuration mixing.
the calculated transverse and scalar helicity amplitudes over- At the real photon poinfTable VII), exchange currents
estimate the data by a large factor in most quark models. improve the agreement with the data for the neutron excita-

Electroquenching refers to the fact that thg, amplitude  tion. For the proton, the total result including exchange cur-
of the Roper decreases rapidly from its large and negativeents overestimates the experimental coupling of the Roper

1. The magnetic dipole excitation of the y1440)

TABLE VII. Transverse(A) and scalarS) helicity amplitudes of theyN— P,(1440) excitation aQ?=0 in units of 10° GeV 2 The
calculations are based @) configuration mixed wave functions, parameter set Il, and a theoretical mass of 1533iMevimixed wave
functions, parameter set I, and a theoretical mass of 1440 Members in parentheses-or further explanation see Table IV.

P14(1440) A Ag Arqq A n A A, Aot Exp. [11]
Al(M1) —25.7 —-8.4 +3.4 -6.3 —43.9 —-8.9 —89.8 —65+4
(—29.7) (-15.8) (+5.7) (—12.0) (—20.4) (—14.9) (-87.3)
Al(M1) +15.1 +2.6 -34 +6.3 +30.0 +5.7 +56.3 +40+10
(+19.8) (+5.2) (-5.7) (+12.0) (+13.6) (+10.0) (+55.0)
S Sg Sﬂqa Syﬂ'ﬂ' SC SU' S[Ot
SP,(CO) ~218 +5.2 ~14 0.0 +24.4 +47 +11.1
(—31.8) (+7.4) (-2.6) (0.0 (+9.5) (+6.9) (-10.5)
S1(C0) +7.9 -2.9 -0.8 0.0 +1.8 -05 +5.5
(+0.0) (—4.9) (—-1.8) (0.0 (0.0 (0.0 (—6.7)
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FIG. 8. ScalarS, helicity amplitude of theyN— P,,(1440)

FIG. 7. (@ TransverseAf, helicity amplitude of theyp transition as a function of the photon four-momentum trangfér
— P44(1440) transition as a function of the four-momentum trans-The notation is the same as in Figby.
fer Q2. The one-body currendotted curvg the contributions of
the different two-body currents, and the sum of one- and two-bodynodel (Fig. 7). The inclusion of two-body currents does not
currents(full curve) are given separatelyb) The curve labeled solve this problem. The experimentally required suppression
Imp. (CM) is the result in impulse approximation including con- of the transverse helicity amplitude could only be obtained
figuration mixing. The curvdTotal (CM)] denotes the totah}, with an unrealistic large value of the quark core radis

amplitude with two-body exchange current operators evaluated beyhich however, would be in conflict with the value bf
tween mixed wave functions. The experimental results are fronmrequired by most other observables.
Ref.[67] (Gerhardt and Ref.[11] (PDG).

by some 30%. Nevertheless, it is closer to the data than the 2. The Coulomb monopole excitation of the’1440)

impulse approximation. We emphasize that the sum of all For the scalar e.m. excitation of the Roper, corresponding
two-body exchange currents is about twice as large as th® a charge monopoleQQ) transition, our result is compat-
contribution from the one-body current. Note that the experiible with the experimental dai@ee Fig. 8 The shape of the
mental result foA}, /Al ,,~ —3/2, corresponding to the ratio impulse approximation curve and the one including ex-
of proton and neutron magnetic moments is also obtainedhange currents is qualitatively the same. However, due to
after inclusion of two-body exchange currents. Thus, outhe two-body currents, the strength of the coupling is re-
theory preserves the success of the single quark transitioiuced and the agreement with the experimental data is some-
model, while improving the agreement between theory andvhat improved. For the neutron, the effect of the exchange
experiment for the individual proton and neutron amplitudescurrents is nearly vanishing for small momentum transfers,
A glance at Table VI shows that this ratio is not alwayswhereas for momenta from around 0.5 up to 1 GéWo-
preserved. body currents make an important contribution. In contrast to

The rapid decrease of thg;, amplitude at finite momen- the impulse approximation, we obtain a sign change at about
tum transfers seen in the data is not described in the presefit8 Ge’.
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FIG. 9. Ratio of the scalar and transverse couplingyqf 10 L e S

— P44(1440) transition as a function of the four-momentum trans- 0 N

fer Q2. The curves denoted by TotdCM) and Imp.(CM) are the -10 ]

results for the total current and the one-body current evaluated be- -20
tween configuration mixed wave functions. The curves labeled To- _30 -

]

tal (unmixed and Imp.(unmixed show the corresponding results
with unmixed wave functions.

A quantity which is supposedly quite insensitive to the
size of the Hilbert space of spatial wave functions is the ratio
of the scalar and transverse helicity amplitud8gy,/A4)»

A, [10° Gev™
|
3

. ) . . -100
[13], or alternatively theCO/M 1 ratio. If this assumption is 110 ’
justified, this ratio should be more sensitive to the degrees of 120 L

-
=3

freedom included in the e.m. transition operator than to the 0.0 , 0.52
size of the Hilbert space in which the baryon wave function Q" [GeV]
is expanded. That this is indeed the case can be seen by FIG. 10. TransverseAy, helicity amplitude of the yN

comparing the curves labeled “unmixed” and “CM"in Fig. _ 5 (1535) transition as a function of the photon four-momentum

9. The total result including exchange currents is very differransferQ2. The energy transfer of the photon in Bg8) is kept

ent from the one-body result. Whereas the impulse approxifixed to its Q=0 value in theyN center of mass system. Here,

mation (dotted curve decreases by a factor of two in the ®.m=318 MeV corresponding to a resonance mass of 1310 MeV

rangeQ?=0-1 Ge\?, the total ratio with exchange cur- ©btained with unmixed wave functions. The full curt#tal) is the

rents (full curve) is approximately constant over the entire result for the total cur_rent |nclud|ng Fwo-body exchzimge' currents.

momentum transfer range considered. Figure 9 shows th%the dptted curvélmp.) is the result in impulse approximation. The
. o ) xperimental data are from R¢fL1] (PDG) and from the data com-

the 51/2/A1/2,rat'0 IS mpre sensitive to the dynamical degr(':":‘Spilation of Burkert(COM) as quoted in Ref{69]. The full circles

of freedom included in the e.m. current operator than to thge recent data taken at Jefferson [A).

size of the h.o. basis. This ratio can therefore be used to

isolate the effect of exchange currents in the nucleon. We Finally, we remark that our prediction for th&} /A%,

obtained a similar conclusion for thE2/M1 and C2/M1  ratio is completely different from the light-front impulse ap-

ratios of the e.mA (1232) excitation. Also these observables proximation result§38]. These authors predict a dominance

provide clear evidence for the importance of two-body cur-of S/, in the range 0.2 Q2<0.6 Ge\? and a sign change at

rents. Q?~0.25 GeVf caused by the transversaf,, amplitude.

TABLE VIII. Transverse helicity amplitudes of theN— S;;(1535) transition in units of 10° GeV~?
at the real photon poini@?=0) without configuration mixing. In contrast to R€L6], the calculation is now
based on the theoretical mass of 1310 MeV. For further explanation, see Table IV.

$11(1535) A Ay Awg A Ac A, Ag Expfil]
AD(E1) +142.4 —34.0 —19.3 +17.4 —25.7 +2.7 +83.5 +90=30
Al(E1) -111.2 +374 +193 -—174  +86 -—1.0 —643 —46+27
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TABLE IX. Transverse helicity amplitudes of theN— D4(1520) coupling in units of 10° GeV ' at the real photon pointQ?
=0) without configuration mixing. In contrast to R¢L6] the theoretical mass of 1310 MeV is used. For the notation, see Table NEThe
andM2 multipoles are given separately.

D15(1520) A Ag Arqq Aymr Ac Ag Atot Exp. [11]

AP (E1) +51.0 +12.0 ~13.6 +12.3 +9.1 ~1.0 +69.9

Al(M2) —49.6 —-7.4 0.0 0.0 +27.3 —-2.9 —32.6

AP (E1+M2) 1.4 46 ~13.6 +12.3 +36.4 -39 +37.3 —24+9
1(E1) —62.1 —-13.2 +13.6 —-12.3 -3.0 +0.3 —76.7

AT (M2) +16.5 +3.9 0.0 0.0 -9.1 +1.0 +12.3

Al(EL+M2) —455 —-9.4 +13.6 —-12.3 —-12.1 +1.3 —64.4 —59+9

AL (E1) +88.4 +20.8 —23.6 +21.3 +15.8 —-1.7 +121.1

AB(M2) +28.6 +4.3 0.0 0.0 -15.8 +1.7 +18.8

AL (E1+M2) +117.1 +25.1 —23.6 +21.3 0.0 0.0 +139.9 +166x5

Al(E1) -107.5 —22.9 +23.6 ~21.6 -53 +0.6 ~132.9
n(M2) -95 ~2.2 0.0 0.0 +5.3 -0.6 ~-7.1

AL(E1+M2) ~117.1 —25.1 +23.6 -21.3 0.0 0.0 ~139.9 ~139+11
C. Electric dipole excitation of the S;;(1539 resonance probably beyond the region of validity of the nonrelativistic
We turn now to nucleon excitations with negative parity, Potential model. _

namely theS,;(1535) with total angular momentuth= 1/2. For the neutron, there is only one datum at the real photon

In the single quark transition model, this resonance correPOint. Exchange currents reduce the result obtained in the

sponds to alN=1 orbital S— P wave excitation of a single Single quark transition model by approximately a factor of 2

quark. After coupling the orbital angular momenturs=1  (Table VIIl and Fig. 10 in agreement with the data. This

with the quark spinS=1/2, one obtains a state with total reduction only occurs for momentum transfers below

angular momentumJ=1/2, which is identified with the 1 Ge\?. For higher momentum transfers the results with

S;1(1535), and al=3/2 state, theD;5(1520). The experi- and without exchange currents are nearly the same.

mental fact that these states &émos) energetically degen-

erate requires that the total spin-orbit force between constitu- D. Electromagnetic excitation of theD ;5(1520 resonance

ent quarks be very small in this channel. TBg(1535)
. ) . «

rfsonancg 's mainly observed in the-p—N*(1535}~p excitation of a single quark, where the orbital angular mo-

7 reaction[68]. :

Diagonalization of the Hamiltonian shows that the mixing MentumL =1 and the spir6=1/2 of the three-quark state
with higher oscillator states is larger for positive than foraré coupled to total angular momenturs 3/2. Table IX lists
negative parity resonances. This can be seen from the admif€Aw2 andAg, helicity amplitudes at the real photon point.
ture coefficients calculated by Giannifs]. Therefore, the Note that the experimentahf, amplitude is very large
results are given only for the unmixed wave functions ob-WhereasAl), is comparatively small. In the single quark tran-
tained with parameter set I. In contrast to §&6] where the  sition model, theA},, amplitude is smaller than the experi-
experimental mass of 1520 MeV has been employed, thenental result. In order to solve this problem, the use of a
theoretical mass of 1310 MeV for unmixed wave functions issmaller quark core radius of abdut0.48 fm has been sug-
used here. gested 3]. As a result of this choice a cancellation between

Table VI lists the transverse helicity amplitude,, for  the spin and convection part of the one-body current in Eq.
the excitation of thé;;(1535) resonance. As already pointed (16) appeared and th&,, amplitude could be made very
out[16] the long-standing problem that the photocoupling tosmall while theAs, amplitude could be increased. The fact
the S;1(1535) is overestimated in impulse approximationthat the required value for the size paraméteras not com-
disappears after including two-body exchange currents. Expletely unreasonable was considered as an early success of
change currents strongly reduce the photocoupling, and thihe quark mode[70]. On the other hand, the same model
total result is in better agreement with the data. requiresb~1 fm in order to describe the neutron charge

At finite Q?, the experimental helicity amplitude is well radius[5,14]. We adhere to the value bf=0.613 fm, which
described for low momentum transfers, but falls off too fastwas obtained from the nucleon stability condition as de-
for Q?>1 Ge\? (Fig. 10. In this kinematical region the scribed in Sec. Il B. This value fds is also consistent with
difference between impulse approximation and the total curthe empirical neutron charge radius if exchange currents are
rent is small, and exchange currents do not reduce the disacluded[14].
crepancy between theory and experiment. However, one We find that the inclusion of exchange currents allows us
should not forget that momentum transfers of 1 GeV argo improve the agreement between theory and experiment for

In the CQM, theD 5 resonance corresponds tdPavave
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the yN—D5(1520) transition and the nucleon charge radii oL s s L L S L B B e
using a single size parametes0.613 fm for both observ- 60 E OPDG E
ables. For theAS, amplitude, a discrepancy of about 15% 40 _ ________f&%“_”(E“MZ) _
between theory and experiment remains, whereas the agree¢ A -~ Total(E1) ]
ment is perfect for the neutron. We obtain both for the one-<— 20 | T ety
body current and for the total current the relatiff,= % o b ) E
—Ajj,. The deviation from this relation inherent in the data O 8 .
indicates the importance of configuration mixing for the o 20|
negative parity states. =  f

While the inclusion of two-body currents improves the Ng s E =3
agreement with experiment for both, and A3, ampli- “u s ]
tudes, the smalhP, amplitude differs very much from the < -80F 3
experimental value. This is partly connected with the fact -100 [ 3

. P T I TN TR (NN N T AT ST T I
that the calculated resonance mass of 1310 MeV is 200 MeV 010001 02030405 060708081014 1.2
lower than the experimental value. For the neutfdp am-

. g Q° [GeV’]
plitude the situation looks much better. Due to the exchange
currents we obtain a result which is within the experimental L L5 e s . ) L B B
error bars. 20 E ////” e ]
Additional evidence for the importance of exchange cur- 10F.-" T B
rents in the negative parity states comes from comparing the S 3
12(S11) andAl,(D15) amplitudes. The single quark transi- & _10 £ oo 3
tion model (see columngA; in Table VIII and Table IX S oF E
predicts that\],,(S;1) dominates oveA] (D) in disagree- 8 -af 3
ment with experiment. After including two-body exchange T, 40 o 3
currents, the A}(S;;) amplitude is reduced and the = _5F 3
n . , . — 3 CPDG E
Al,z(_Dlg) is enhanced in agreement with the plgta. . N 7 A 2 — Imp.(E1+M2)
Figures 11 and 12 show the transverse helicity amplitudes <, 70 £ ~7 7 TotalEy) E
for the yN—D,5(1520) excitation. At finiteQ? no experi- <  gF — Tg::éEp)er) 3
mental data are available for the neutron. The calculated -90 3
amplitude falls off too rapidly above 0.5 GéVAround qoo Pl b bbb b b b b b )]
QZZO, the Ag/Z hellClty amplitude for,yp*)Dls(lszo) is -0.10.0 0.1 0.2 0.3 04 20.5 0.62 0.7 080910 1.1 1.2
much larger than the correspondiAg, amplitude(see Table Q [GeV']

IX). In contrast to thisAj, dqminates oveAg,z'f(')r higher FIG. 11. TransverseA;, helicity amplitude of the yN
momentum transfers according to quark helicity conserva-p_ (1520) transition as a function of the photon four-momentum
tion. This behavior is also reflected in the dominance of thgransferQ?. The energy transfer of the photon in Eg8) is kept
E1l (M2) amplitude for smalllarge) momentum transfers. fixed to its Q?=0 value in theyN center of mass system. Here,

The relative size of theé\,, and theAz, amplitudes is 4 =318 MeV corresponding to a resonance mass of 1310 MeV

often expressed via the helicity asymmefthy: obtained with unmixed wave functions. The dotted curve is the
impulse approximatioimp.). The full curve includes the two-body
Af,z— A§,2 exchange currents. The short-dashed curve shows the total electric
A1/2,3/2:m- (36) dipole [Total (E1)] and the long-dashed curve the total magnetic

qguadrupole[ Total (M2)] contributions. The experimental data are
from Ref.[11] and from the data compilation of Burkdi€OM) as

From the multipole expansion of the helicity amplitudsse quoted in Ref[69].

the Appendix

A=Ay EL)+ Ay M2) 11 and Fig. 13 this behavior is reproduced for the proton and
vz vz ’ neutron. Both for the proton and neutrOmhere again only
1 the value atQ?=0 is given for comparison the exchange

Ag—= \/§A1,2(E1)— ——A(M2), (37) currents improve the agreement with the experimental data.

V3

we see that the asymmetry givés,, 3= *=1/2 when one
multipole vanishes. In the present modal,, 3,=—1/2 is We have extended our previous calculation of the trans-
obtained atg?=0, where theM2 amplitude vanishes. Fur- verse helicity amplitudes for the photoproduction of the
thermore, as a consequence of hadronic helicity conservatidR;5(1232), P44(1440), S;;(1535), andD5(1520) nucleon
one finds Agx(Q*—»)=0, Aypzp=1, and Ap(M2) resonances to electroproduction. A constituent quark model
=3A;(E1). In the limit Q?—0, Ay, dominates,A;;, 3,  With residual gluon, pion, and sigma-exchange interactions
=—1,andA;,(M2)=—A,,(E1). As can be seen from Fig. including the corresponding two-body exchange currents has

IV. SUMMARY
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FIG. 12. TransverseAs, helicity amplitude of the yp V2T 71 T T T T
—D13(1520) transition as a function of the photon four-momentum 1.0 -
transferQ?. The experimental data are from Rgf1] (PDG) and 08 4
from the data compilation of Burke(€OM) as quoted in Ref.69]. 06 L o
For further explanation, see Fig. 11. g’ L E

GEJ 04 |- =
been used to describe the hadronic and electromagneticE 02 - 7
. . > r 1
structure of the nucleon. The new points &nethe calcula- b 00 —
tion of transverse and scalar helicity amplitudes for finite > _g» [ ]
four-momentum transfer®?; and (ii) the inclusion of con- 8 04 L h
figuration mixing for the positive parity nucleon resonances. £ 06 B .
The helicity amplitudes are further decomposed into electro- P i
magnetic multipoles and connected to thid— N* transi- -08 - ]
tion form factors. The main results can be summarized as -1.0 - .
fO”OWS_ 1.2 1 1 L L L | 1 1 1 1 | '

The Coulomb and electric quadrupole transitions to the
P33(1232) are dominated by the two-body exchange cur-
rents. This conclusion holds with and without the inclusion g 13, Helicity asymmetry of theN— D,4(1520) transition

of configuration mixing. Due to the exchange currents Weys a function of the four-momentum trans@#. Upper figure: pro-
obtain a better agreement with experiment for @2/M1  ton, lower figure: neutron. The dotted curtlenp.) is the impulse
and E2/M1 ratios in the electroexcitation of th#(1232).  approximation result. The full curvéTotal) includes the exchange
The present theory shows that the electromagnetic quadrigurrents. The experimental data are from REF€] (Breukeh and
pole excitation of the\ is predominantly an excitation of the [11] (PDG).
gq cloud degrees of freedom effectively described by the
two-body exchange currents. The valence quark core dod¥nd, the experimentally observed electroquenching of the
not significantly contribute to this mode of excitation. Roper excitation at finite momentum transfers cannot be ex-
The long-standing problem of the underestimation of thePlained by adding exchange currents. This suggests that the
M1 excitation of theA by some 30% persists. Exchange Roper involves the excitation of adgitional degrees of free-
currents do not solve this problem. The Beg-Lee-Pais reladom, beyond the valence quark agd cloud considered in
tion between the nucleon amti— A transition magnetic mo- this work.
ment remains intact after including two-body exchange cur- In the case of the electric dipole excitation of the
rents. We find that the nucleon magnetic moments and th&,;(1535), the inclusion of two-body exchange currents con-
N— A transition magnetic moment are tightly related in thesiderably improves the agreement between theory and ex-
quark model with exchange currents. It seems impossible tperiment. The discrepancy @2=0 between the single
generate a 30% change pa, o+ without simultaneously quark transition model prediction and experiment largely dis-
spoiling the quark model predictions for the nucleom A * appears after including exchange currents. Problems remain
magnetic moments. for momentum transfers above 0.5 GeWhere the abso-
For the magnetic dipole transition to ti&1(1440), the lute value of theA}, amplitude of theD,5(1520) is under-
addition of two-body exchange currents improves the agreesstimated.
ment with experiment aQ?=0, while preserving the suc- In summary, exchange currents provide important contri-
cess of the single-quark transition model in correctly predictbutions for nearly all observables. Their inclusion allows to
ing the experimental raticA},/A],,~—3/2. On the other extend the region of validity of the CQM: more observables

05
Q" [GeV]
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can be simultaneously described. For example, the electro- *

magnetic transition to excited nucleon states and the ground p(qQ)=\arY, i'N23+ 1T (), (A4)
state charge radii can now be described with a single size J=0
parameter. Exchange currents must be included in the CQM [ )
before one can conclude that one has seen a failure of tHéhereT~"is the Cou_lomb multlpole operator. _ _
constituent quark model description of baryon structure. 1he electromagnetic multipole operators are defined in
Equally important is the observation that certain observablede€ms of the charge and current density as follpWs):

which are dominated by two-body exchange currents are in- (—i)]

terrelated. It would be interesting to apply these concepts to Clay ey V! ~ed J

other nucleon properties such as the electric and magnetic TR"] (@)= A J’ dalY (@@ p(a) v (A5)
polarizabilities and the weak form factors of the nucleon

[73). (DY
Tw(@)=—_— | dalY(@ej@l, (A6
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APPENDIX: HELICITY AND MULTIPOLE AMPLITUDES A7)

In this appendix the scalar and transverse helicity ampli-
tudes are given in terms of Coulomb, electric, and magnetic For the transverse and scalar helicity amplitudes we then
multipole amplitudes. We recall the definition of the trans-obtain
verse(A) and scalaKS) helicity amplituded8]:

2 o]
[om A =e\[ =S (N My =A[ V2?23 + L[ T{"(q)
A (g?)=—e K(N*,MJf=A|el.j(q)|N'MJi:)\_1>, N

(A1) +TE(@IINMy =)~ 1),

2 27
S\(62) = \/(N* M, =) [ p()|N.M; =), (A2) S(a?)=e 2 (N* My =A| Jari*\23+1

[c19 _
whereq,=(w,—q) is the photon four-momentum, ang| XTo"(@)N,Mj=)\). (A8)

= —(ex+iey)/\/§ is the photon polarization vector for right

circularly polarized photons. The three-momentum trangfer ~ Due to the conservation of the total angular momentum,
points in thez direction (see Fig. 1 Here,N stands for the Ji+J=J; and paritysr;m,=m; only a few transition multi-
nucleon with total angular momentudy=1/2 andN* stands  poles contribute. For the positive parity excitations with
for the excited nucleon resonance with angular momentun+ 1/2M1 andCO radiation contributes. For the positive par-
J;. In order to connect the helicity amplitudes with the e.m.ity resonances witld¢=3/2, such as thé(1232), only the
multipole amplitudes we decompose the three-vector currer¥l1, E2, andC2 multipoles are nonzero.

density according to Ref74] in electric (TF) and magnetic Using the Wigner-Eckart theorefi6], the helicity ampli-

(TM) multipole operators tudes for the positive parity resonances may be expressed in
terms of reduced matrix elements of the multipole operators:
(@) == 27 2, Y23+ 1[m T (a) + TEH ()], =3t
J=1
(A3)
. . NI L
Here,m=0,+1 are the spherical components of the spatial Ayg°) = —leﬁ<N [T (@)[IN), (A9)

currentj® andJ stands for the total angular momentum of the
photon. Similarly, we obtain for the zeroth component of the

current density 27
SuAq%) =e—=(N*[|T(q)[IN}), (A10)
Vo
3We use instead of] in this appendix in order to avoid confusion 7= §+

with the angular momenturd
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Am(qZ):%(wi<N*||TMl<q>||N>

+\3m(N*[| T ()| [N)),

Ao ) = %(ﬁwuN*llTMl(q)llm

—a(N*[[TF(q)[IN)),

2me
sl,z(q2)=—%m*llTCZ(q)llN»

For the negative parity resonances with=1/2, we ob-
tain C1 andE1 contributions. Thel=3/2 resonances with 1257 1
negative parity can, in addition be excited with2 radia- N* =

tion.

m_1—
Ji=3

2
A1/2<q2>=—ieJ—g<N*llTE1(q>||N>.

sl,z<q2>=iej—g<w*||T°l<q>||N>,

m_ 3 —
Ji=3

Aul ) = \/%(wi(N*HTEl(q)HN}

+\3a(N*[[TM2(q)|IN)),

A3/2<q2>=%(ﬁwuN*llTEl(q)llN)

—a(N*[[TY2(q)[IN)),

SuAq’ )— \/— (N[ TS Q)|IN).

PHYSICAL REVIEW C64 035203

For the positive parity resonances we also express these in
terms of e.m. transition form factors, defined[#5]

F(0?) = m<N*,MJf=

1 1
Ll +co =
> T (Q)‘N.Mji 2>,

(A11)
(A19)
FM(g?)= J_ <N* M, = ZTMl(q)N,MJi=§ :
(A12) (A20)
(A13) FE2(9%) = 12;/25_7T<N*1MJ,=%TE2(Q) N,MJi=%>,

(A21)

1
FC(q?) = =5 T°%a) N,MJi=§>-
(A22)

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

(A14) ‘];T: %+
€ T
(A15) Audd*)= My —2|q[F"(g?), (A23)
SuAa®)=e \/%Fco(qz), (A24)
m_3+
2
A \/\| F M1/ ~2 | ql F E2/ .2
(A16) 129 al (9%)— \/— g% |,
(A25)
A3/2 : \[ | |<FMl(q2)+| |\/— FEZ( 2))
(A17) (A26)
[2mq?
(A18) Sl/2(q2): —e 7EFCZ(qZ) (A27)
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