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Electromagnetic properties of theA(1232
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We calculate the electromagnetic moments and radii ofAfi#232) in the nonrelativistic quark model,
including two-body exchange currents. We show that two-body exchange currents lead to nonvanishihg
N—A transition quadrupole moments even if the wave functions havé® ratate admixture. The usual
explanation based on the single-quark transition model invdsssate admixtures but no exchange currents.
We derive a parameter-free relation betweenNhe A transition quadrupole moment and the neutron charge
radius, namerQNHA=(1/\/§)rﬁ. Furthermore, we calculate tHd1 and E2 amplitudes for the process
y+N—A. We find that theE2 amplitude receives sizable contributions from exchange currents. These are
more important than the ones that result fr@vstate admixtures due to tensor forces between quarks if a
reasonable quark core radius of about 0.6 fm is used. We obtain a rati@€26f1=—3.5%.
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PACS numbes): 14.20.Gk, 12.39.Jh, 13.40.Em, 13.40.Hq

I. INTRODUCTION 2\/5
#paA*ZTMp- (1)

Low-energy electromagnetic properties of baryons, such
as charge radii, magnetic moments, and quadrupole mo-
ments, are very useful observables. In particulaglectro-  Furthermore, it predicts that the—A™* quadrupole transi-
magnetic properties provide valuable information on thetion moment is exactly zerf8]
guark-quark interaction that would otherwise be quite diffi-
cult to obtain. For example, while the nucleon wave function
may contain a smalD-state admixture and may therefore be
deformed, angular momentum selection rules do not allow a
spin-1/2 particle to have a nonzero quadrupole momentBoth results contradict experimental findings. Equatidn
However, as a spin-3/2 particle, tiie can have an observ- gives u,_,,+=2.63uy if the experimental proton magnetic
able quadrupole moment. If this could be measured, it wouldnoment is used. This is about 30% lower than the empirical
provide additional constraints on the magnitude of thevalue 3.5(2uy [4]. Also, the empirical quadrupole transi-
D-state admixture in baryon ground-state wave functions. tion moment is small, but clearly nonzefs]. Various cor-

In addition to the electromagnetic moments and radii ofrections to the simple nonrelativistic quark mo@RRQM)
the A, the electromagnetig+N— A transition form factors results have been considered. There are several W6+
have received considerable attention during recent years. Thkat includeD-state admixtures to thd andA ground state
reason is clear. While the magnetic and quadrupole momentgsulting from one-gluon exchange induced tensor forces.
of the A are very hard to measure, there are new high-The inclusion of thes®-states leads to a nonvanishig@
precision pionproduction experiments with real and virtualtransition amplitude; however, the effect bfstate admix-
photons in theA-resonance regiofil] that will provide ac-  tures on theM 1 amplitude slightly increases the discrepancy
curate data on the electric quadrupolE2) and magnetic between theory and experiment. Other authors calculate rela-
dipole (M1) parts of the amplitude. These transition multi- tivistic corrections to the single-quark currg¢®t-11]. These
poles are sensitive to details of the quark dynamics. In pareorrections, although they are significant, are too small to
ticular, theE2 amplitude is crucial in getting a handle on the account for the data. The role of pions has been studied
tensor forces between quarks and the related question of theainly in the framework of the bag modgl2], in effective
deformation of the nucleon. Lagrangian modelgl3—-1§, or in the Skyrme moddil7,1§.

It has long been known that the reactipr- p—A ™ poses Recently, Robsofi19] calculated theA®? and A2 helic-

a problem for the additive quark model. The additive quarkity amplitudes for theN— A transition including the pion

model predicts a relation between thel transition moment pair exchange current but did not properly include the pionic

and the proton magnetic momdra current contribution. Also th&2 contribution to the helicity
amplitudes was omitted in this first calculation. The contri-
bution of pion tensor forces to thHe2 transition was calcu-

QpHA+=0. (2)

*Electronic address: alfons.buchmann@uni-tuebingen.de lated in Ref.[20], but in this work exchange current correc-
Electronic address: gajate@rs6000.usal.es tions were omitted. Most calculations of electromagnetic
*Electronic address: amand.faessler@uni-tuebingen.de properties in the constituent quark mod€lQM) have been
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performed in the so-called impulse approximation, which as-
sumes that the total electromagnetic current of the quarks is
given by a sum ofree quark currents. However, a calcula- g
tion based on the impulse approximation is incomplete be- ~  fMoay == -
cause it violates current conservation. Current conservation
demands that the total electromagnetic current operator of
bound quarks necessarily consist of two pieces: the one-body
quark currents and the two-body exchange currents associ- (a) (b) (c)
ated with the interactions responsible for quark binding.

In two previous paperf21,27] we have investigated the
effect of two-body exchange currents on the charge and mag- FIG- 1. Residuala) one-gluon,(b) one-pion, andc) one-sigma
netic form factors of the nucleon. We have shown that two-£Xchange potentials between constituent quarks. The hadronic size
body gluon and pion exchange currents are essential in sfa ©f the constituent quarks is indicated by small dots.
multaneously describing proton and neutron charge radii and ) ) )
the positive parity excitation spectrum of the nucleon with a  1he paper is organized as follows. In Sec. II, we review
single set of parameters. In particular, by including g|u0nthe chiral constituent quark. model that includes not only
and pion exchange currents we were able to get a nonze@Uon, but also pion and sigma-meson exchange between
neutron charge radius of the right size. Using ground-stat€onstituent quarks. Then, we list the two-body current opera-
wave functions we derived a relation between the neutrofOrs connected with these quark-quark interacti@ec. I1)).

charge radius, tha —N mass splitting, and the quark core Various electromagnetic observables of the N system are
radius b, namely r2=—b2(M,—My)/My, which clearly calculated and discussed in Sec. IV. The main results of this

shows the underlying connection between the excitatiofVOrk are summarized in Sec. V.

spectrum of the nucleon and its electromagnetic properties.

Although this relation was derived with ground-state wave Il. THE CONSTITUENT QUARK MODEL

functions, it remains approximately valid even after the in- ) )

clusion of configuration mixing21]. With respect to the tiS nowadays understood that constituent quarks are qua-
magnetic moments, we have shown that exchange currenfiParticles, i.e., bare quarks surrounded by a polarization
give individually large corrections but tend to cancel eachtloud of quark-antiquark pairs that are continuously excited
other globally[22,23, provided that the oscillator parameter TOM the QCD vacuuri24]. Constituent quarks are therefore
is consistent with the one required to describe the experimerfOMPplicated objects. They have a masg~M\/3 and a

tal neutron charge radius. Finally, we have noted that a|;‘|n_|te_ hadronic sizé.The constituent quark mass generation
though the direct effect of pions on electromagnetic properiS intimately related to the spontaneously broken chiral sym-

ties was not particularly large, their inclusion was essentiaM€try of QCD, i.e., to the fact that the QCD vacuum is not
for a satisfactory description of the data. chirally invariant. The concept of a massive constituent

In this work we extend our study of two-body exchangeq“ark incorporate§ much of the cor_nplexity of QCD in the
currents to the electromagnetic moments and radii ofhe OW-énergy domain of hadron physics. However, there are
Furthermore, we calculate the magnetic and quadrupolét'” some resu_jual interactions be_tween the constituent
N— A transition moments and the corresponding helicity am_quarks. The_se S|mule}te those dynam[cal f_eatures Of Q.CD that
plitudes Ay, and A, , for the photoexcitation of tha. In- &€ not yet included in the free quasiparticle description.

stead of focusing on just one observaldey.,E2/M1), we
simultaneously calculate a number of important low-energy A. The Hamiltonian

observablzs h'ndﬁdmg thg magnetic 3%‘:]”?[;]&”“‘)?'6 MO~ e consider a baryon as a nonrelativistic three-quark sys-
ments, and the charge and magnetic ra the nucleon tem, which, in the case of equal quark massegs is de-
and theA, using a single set of parameters. In addition to the,

: . _ sdcribed by the Hamiltonign
gluon, pion, and confinement exchange currents considere

previously, we include the-exchange current as suggested pi2 P2 3

by chiral symmetry. The aim of the present paper is to study H=2, | mg+ 2—) T > Verrir)

the role of two-body exchange currentsArelectromagnetic =1 Mq Mg 1<)

properties. In order to isolate and emphasize their contribu- 3

tion and to keep calculations to a simple level we will take + > Ve T (3)

pure L=0, ground-state, harmonic oscillator, orbital wave 1<
functions for both the nucleon ankl.

We show that two-body currents yield substantial correcwherer;, p; are the spatial and momentum coordinates of
tions for the quadrupole moment of theand the quadrupole theith quark, respectively. The Hamiltonian of E®) con-
transition moment. We find that tH@2 amplitude is largely sists of the standard nonrelativistic kinetic energy, a confine-
governed by the spin-dependent two-body pieces in thenent potential and residual interactiont$* (see Fig. 1 that
charge density operator, which in the long wavelength limitmodel the relevant properties of QCD.
also determine th&2 amplitude in photo-pionproduction by
application of Siegert's theorem. This implies that &2
transition to theA is presumably to a large extenttao- n this work we use 4=0.4 fm[see Eq(9)].
quark spin-fliptransition. 2For recent reviews of the CQM see REZ5].
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Asymptotic freedom is modelled in the CQM by the one- TABLE I. Quark model parameters.
gluon exchange interactiod®®E" of Fig. 1(a), which was - - -
first introduced by De Rujula, Glashow, and Georgi in 19750 [fm] a5 ac [MeVim™ m, [MeV] gi/(4m) A [fm™]

[26]: 0.613 1.093 20.20 675 0.554 4.2
o 1 = 2
VOSERT r)= N M| —— —| 1+ =0y 07 | 8(r)
] Nr ml 3 ] , . :
mqy wherek is the three-momentum of the pion. Thus, the chiral
1 1 symmetry breaking scal& is related to the hadronic size of
- — =(30-To;-T— 0y 07) the constituent quark via the usual definition
amg r b e
d 3
1 1 1 1 2_ _ 6 2 =
—Z—mgr—s[S rxi(pi—p;))-g(mﬂn) o= = Bgie Fra(KD ie=0= 12 ©
1 1 This finite hadronic size of the constituent quarks is denoted
—| 5 pitpp) |- 5 (o) |, (4)  py the extended vertices in Fig. 1. The larger the more

pointlike the constituent quark. Fe¥—oo the one-pion ex-

wherer=r;—r;; @ is the usual Pauli spin matrix, and is change potential of Eqd5) is unregularized and we recover a
the Co|0r operator of thah quark_ The One_g|uon exchange 5—funCtI0n Interaction betWeen pQInt|I!(e constituent ql!arks.
potential has the correct spin-color structure of QCD at shor¥Ve usually take for the hadronic size of the constituent
distances. quarksr4=0.4 fm, i.e.,A=4.2 fm~1 in connection with the
Chiral symmetry is probably the most important feature ofvertex function of Eq(8).
QCD in the nonperturbative regime. Its importance for had- It should be emphasized that we introduee and
ron physics has been highlighted in recent revi¢2®@. The  o-mesons as fundamental fielISoldstone bosons and their
spontaneous breaking of chiral symmeti§BCS by the  chiral partners and not asqq composites. One may also
physical vacuum is responsible for the constituent quarlargue that the vertex function of E¢B) describesboth the
mass generation and the appearence of pseudoscalar Goltgdronic size of the pion and of the constituent qudsee
stone bosons# mesons together with their massive scalar Table I for the quark model parameters
partners ¢ mesongthat couple to the constituent quarks. In  Finally, in the CQM the confinement of quarks and gluons
the chiral CQM[28], this is modelled in lowest order by is modelled by a linear or quadratic two-body quark-quark
introducing one-pion and one-sigma exchange potentials botential. According to Shuryal4], the confinement scale

tween constituent quarfsee Figs. (b)-1(c)] [29,30Q: is related to the_ chiral symmetry .breaking scale by
A con=Asgcd3. This means that the distances where con-
oPE gfrq A2 finement effects become important are somewhat larger than
VOPER, )= A2 2% 70 VoV, the distances where chiral symmetry is broken. However, the
4m(4mg) A —pn 4 )
boundary between the two mechanisms is not very well de-
@ K g AT fined. Here, we employ a two-body harmonic oscillator con-
X ===/ (5)  finement potential

Vconf(ri,rj)=—ac)\i~)\j(ri—rj)2. (10)

VOSEFzri er):

giq A2 e Mol g Ar
r r

- 7 — , 6

A Az—mlzr ) ©
B. Baryon wave function and determination of parameters

wherer =|r|=|r;j—rj| and u is the pion mass. Here, de- The total baryon wave functiofy,) is an inner product

notes the isospin of theth quark. The parameters of the of the orbital, spin-isospin, and color wave function and
o-exchange potentia/°SE” are fixed by the ones of the given by

m-exchange potential and the constituent quark a@kvia

the chiral symmetry constraints | Dy (a)) = (1\37b?)3%ex] — (p?/4b%+ N2/3p2) ]| STYND)
By 02 12g[2mg)? *[[111)87 (11
A7 Amw  Aw m - . .
where the Jacobi coordinateg and N are defined as
mZ~(2mg)2+ u? p=ri—r, and A\=r3—(r,+r,)/2. With the Hamiltonian of
B Eqg. (3) and the wave function of Eq11l) it is straightfor-
Az=A,=A=Agpcs: (7)  ward to calculate the nucleon addmass. One obtains
The terms in Eq(5) and Eq.(6) involving the chiral cutoff 3 21
A result from the use ofrgq and oq vertex functions in M y(b)=3m,+ 2+Vconf(b)_2as\ﬁ_
momentum space of the form 4 2mgb mb
2 S cres L L S vy, (2
Fﬂ-q(k ): A2+k2 ] (8) 3 mg /_277_ b3 4 77( ) ( )1 ( )
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TABLE II. Contribution of the kinetic energywithout the rest mass tepmand individual potential terms in the Hamiltonian to the
nucleon mass of Eq12) and the gluon §;) and pion §,) contributions to the —N mass splitting of Eq(16). cc: color Coulomb part of
VOCEP 5. s-function part ofVOCEP. All entries are i MeV].

Term Tkin \eonf VOSEP VOCEP VT Ve Total 8y 8n
496.6 182.2 ~561.2 49.5 ~118.9 ~48.1 0.0 197.9 95.1
3 21 A2 f2 21 ub
M 5(b) =3mg+ 5——— +VeNi(h) — 2 \/:— __ LN el I D il
A( ) q qubZ ( ) ag Tb 5,,T(b) 4m 477# b 2 1 w \/E
2 Ll s vy, (13 20215, e | HP
- ——3— =6, 7(b), b2/2 _
3m 2xb° 4 x et erfo 2 (p=A)y, (19

where the individual terms in Eq$12) and (13) are the
nonrelativistic kinetic energy, quadratic confinement, gluonyespectively. In the following we write §.(b)
pion, and sigma contributions, respectively. The confinement Ewﬂ(b)— 6., (b) for brevity. Numerical values for the in-

contribution to the nucleon anl mass is given by dividual contributions to the nucleon mass and to sheN
mass splitting are listed in Table II.
Veoni(b) = 24a.b?, (14) The residual interactions will admix higher excited states
to the pure (8)° ground-state wave functions of E¢L1)
and thes-meson potential contribution is (configuration mixing. If we restrict ourselves tNofzw e'3<ci—
tations, we have four excited state@g,, Ps, Pp,,
S
Vo(b)=—6 A2 g2, 11 - m,b @} ) for the N and three excited stated(, , ®p, 3, )
o — P § — — 7T S
Az—m(z, Am 24 b V2 for the A. The subscriptd g, describe the orbital angular
momentum [) and the symmetrysym) of the orbital wave
m2b2/2 msb) | function under particle exchange. Hefdenotes symmet-
X et erfc( 2 (M A) (15 ric, M mixed symmetric, and\ antisymmetric orbital wave

functions. TheN andA wave functions are then given by

Explicit expressions foby, &, are given below. Subtracting
Eq. (12) from Eq. (13) all spin-independent terms drop out _ N N N N N
and one gets Dy aSSCDSSJr aSS(I>Sé+ aSMCDSM + aDMCDDM + apACIJ Pa

A
D, = bSSCDéSJr bs @5, + bDSq>gS+ b, @5, - (20

May—My=64(b)+ 5,(b), (16
where &,(b) and 5,(b) are thespin-dependenpion and A detailed description of these wave functions can be found
gluon contributions to thé& —N mass splitting. in Ref. [37].
The parameters of the model afe: the harmonic oscil- In Ref. [21,27 we used the wave functions of E€0)

lator parameteb, (i) the confinement strength, (i) the  5n4 simultaneously calculated the positive parity excitation
strong coupling constants, (iv) the cutoff massA in the  gpectrum of theN andA and the electromagnetic properties
pion-quark and sigma-quark interaction. For the constituengs tne nucleon. In most cases this slightly improved the re-
quark mass we choose,=M/3=313 MeV. The param- gyits for the electromagnetic properties in comparison to a
etersa., as, andb are determined from the three conditions pyre ground-state calculation. The main effect of configura-
tion mixing was to increase the pion contribution and to
My(b)=3m,=939 MeV, reduce the gluon contribution to various observables. In ad-
dition, the value of the harmonic oscillator consténtvas
IMy(b) slightly reduced with respect to a pute=0 ground state
=0, calculation.
b In this work, we use the ground-state wave function of
(17 Eqg. (11) since this considerably simplifies calculations. Be-
cause the mixing amplitudes, as obtained by different groups
as previously describgl@1]. The gluon @) and pion ¢,)  [6,8—10,21 are small, our calculation provides the dominant
contributions to thed —N mass splitting are calculated as  part of the exchange current contribution to different observ-
ables. Certainly, the simple relations between different low-
dag energy obser_vables, which we will derive_ in Sec. IV, c_io not
8y(b)= —=—=——, (18)  hold exactly in a more complete calculation with configura-
3\/qub tion mixed wave functions. Still, we expect them to hold in

My—My=8,(b)+ 84(b)=293 MeV,
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IS/IV

Pimp. (i ,0) =e;e'd"
; : nERS - Iy, = 5 ([ 0y p, €01+ {p, &%),
bt 7 H qu
(a) () () ()

(22
@)

wheree,= % e(1+37;) is the quark charge operator agd
FIG. 2. One-body and two-body exchange currents betweers the three-momentum transfer of the photon. Here and in
quarks:(a) impulse, (b) gluon pair, (c) pion pair, (d) pionic, () he following 75 denotes the third component of the isospin
scalar pai_r. The_fini_te electromagr_letic s_ize of the constituent quarkaf theith quark. The decomposition of E(2) into isoscalar
and the pion is indicated by the filled circles. (IS) or isovector(IV) currents is obtained by taking only the
first or second term of the quark charge operator into ac-
count. Note that we do not use any anomalous magnetic
good approximation, for example, r2=—b?(M, moments for the constituent quarf&l].
—My)/My holds true at the level of 23% or better even if
configuration-mixed wave functions are usgtll]. There-
fore, we think that our conclusions concerning the role of o )
exchange currents will remain true also in a more consistent N most applications of the CQM the total electromagnetic
calculation employing the full wave functions of E(QO).  current has been approximated by a sum of single-quark cur-
We will discuss this in more detail in Sec. IV. rents of the form of Eq(22)

B. Two-body exchange currents

IIl. ELECTROMAGNETIC CURRENTS

3
The interaction of the external electromagnetic field NED N (23
A*(X)=[P(x),A(x)] with a hadronic system is described =t

by the Hamilton operator . .
y P However, the current of Eq23) is not conserved in the

presence of various residual interactions between the quarks.
In a bound system of quarks the electromagnetic current op-
Hem:f d4XJM(X)AM(X), (21) erator is not simply a sum of free quark currents as in Eq.
(23) but necessarily contains various two-body currents for
whered, (x) =[p(x),~J(x)] is the four-vector current den- the total electromagnetic current to be conserved. The spatial

sity of the quarks inside the system. Thus, in a quark modeparts of these two-_body currents are closely relate_d fo the
description we must know the charge and current operatofguark'quark potentials from which they can be derived by

of the interacting quarks in order to describe the electromagm'rl"mﬁI s%ultl)st|t_ut|or[22]l: h bodv ch d
netic properties of the baryon. n the following, we list the two-body charge and current

operators employed in this work. They have been derived by
a nonrelativistic expansion of the Feynman diagrams of Figs.
2(b)—2(e) up to lowest nonvanishing order. Only, in the case

First, we consider the standard nonrelativistic one-bodyof the isovector pion pair-current we also list the next-to-
charge and current operators of pointlike constituent quarkkeading order term for reasons discussed in Sec. IV C. For
[see Fig. 2a)] the gluon and pion exchange currents we obfaih22|

A. One-body current

P = — o N e G+ (07X Q) (0 X )] ()5
ggqq i 16m§' JUEl [ J r3

JIS/M(I._ rg)=— @s AN e_eiq~r£(g-.+a--)><r+(i<—>j) ! (24
gag i amg ™ T 22 r3
s |e giq A2 ) ) ) ef,U-r eiAl'
Pragti MW= 47(4mg) Az—/vbzri'ﬁ{elq‘rlo-i.qo-j'Vr+(IHJ)}( roor )
< ~ ie gi—q A2 igr, . . ei,‘” eiAr
‘]wqﬁr"rj’q)_g 47(8my) AZ—,uzri'TJ'{e QX Vo Vit (i)} ror ) (29
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" e 0z, AZ o i e H e Ar
Pagatliof ,Q)—z 477(4mg) Az_lefjse 0;-qoj-V +(i—])} p p
v _ ngq AZ ig-r; P e e*Af I [ ig-ri
Jw(fi,fj,Q)—eArﬂ_(qu)z Az_luzl{(ﬂxfj)se o0V, + (1))} PR +4m§1ﬁse igxV;

e M efAr

><0'J-~Vr+(i<—>j)}<

1/2 ) e~ Lﬂr e~ Lar
+(7ix7'])30'i'ViO'j'VjJA_llzdvelq'(Rirv) z, . (26)

—z —
r L,r Lar

The first two terms in Eq(26) are the leading-order pion 3 3
pair-current proportional to%X 7;)5 and its next-to-leading ‘]total(q):Z Jimp(ri)+2 [Jgqqtri ,rj)+J';’(ri )
order relativistic correction proportional t§; shown in Fig. =1 <]
2(b). The third term in Eq(26) is the pionic curreng.. . of +Jl7qu%ri D) HJogat o)+ Joond 1.1 -

Fig. 2(c). We have used the abbreviatiofs=(r;+r;)/2,

Zu(Q1)=Lor+iorg,  and  Lu(q)=[}q%(1-40?) @9
211/2

+m ] The extent to which the spatial current satisfies the continuity

. The ;calar pair-current correspondmg toa I‘Oremz'scalaéquation with the potential used in Sec. Il has been discussed
interaction was previously22] derived as

previously[22].

ISV 1 iq.r 3 2 iV 1 VZ) C. Electromagnetic size of the constituent quarks
r,ri,Q)=—-—z3 €9"el5q°—iq-V,+ = .
Pscaiak 1.1} 0) (2my) IPE A In Sec. Il we have seen that constituent quarks have a
finite hadronic size that is given by the hadronic form factor
X Ve, ,r,-)+(i<—>j)] of. Eq. (8). Simi!arly, thg electromagneticsize of the con-
stituent quarks is described by a monopole form factor
Flq(g?)= ! (30)
‘JIS%:{’:Il?/ar(ri !rj rq) 7a q 1+(1/6)q2r$q'
— —{ee oy X Qv 1)) + (i)} (27)  Inorder to take the internal electromagnetic structure of the
2my constituent quarks into account, the charge and current op-

erators of the previous section must be multiplied by the

form factor of Eq.(30).
Equation(27) is used to calculate both the confinement- and The finite e|ectr0magnetic radiu’syq takes into account
o-meson-exchange currents. To obtain the spatial part of thihat constituent quarks are dressed particles, i.e., current
current directly from the potential one must reduce the relaguarks surrounded by a cloud qfg pairs. The dominant
tivistic scalar potential to the same order imn%/as the one-  contributions come from quark-antiquark pairs with pion
gluon exchange potential. By minimal substitution quantum numbers. Vector meson dominance relates the elec-
pi—p;—€A(r;) in the scalar potential and by adding the tromagnetic radius of the constituent quarks to gheeson
contribution of the commutator of th@(l/mé) term in the  pole according to Fig. 3. The notion of a finite electromag-
one-body charge density with the leading-order scalar potemetic size of the constituent quarks has been used before
tial one obtains the scalar pair-current shown in Fige).2 [32-34. While the mass and size of the constituent quarks
This is explained in greater detail in R¢22]. are appreciably renormalized from the point particle values

The total charge operator consists of the usual one-bodgxplicit calculation in the Nambu-Jona-Lasinio model

charge operator and two-body charge operators due to thghows that the anomalous magnetic moment of constituent
interaction between the quarks guarks is small34]. This was previously anticipated on gen-

eral groundg31].

3 3
IV. A ELECTROMAGNETIC PROPERTIES
ptotal(q):igl Pimp(ri)+i2< [Pgqatri fj) + Paqatrinrg)
. A hadron with spinJ has, in general, 2+ 1 elastic elec-
+PoqqtFiFj) + Peonf i Fj)]- (28)  tromagnetic form factors. This result can be deduced by writ-

ing the most general Lorentz-invariant expression for the

electromagnetic current operator of a hadron with total an-
Likewise the total current operator consists of the usual onegular momentund. One then demands hermiticity, and that
body operator and two-body exchange current operatorthe diagonal matrix elements be invariant under time and
tightly related to the different quark-quark interactions parity transformations and satisfy the continuity equation for
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TABLE Ill. Nucleon andA (1232 charge radii including two-
body exchange currents.impulse;g: gluon; 7: pion; ¢: o meson;
c¢: confinementt: total=impulse+ gluon + pion + sigma+ con-

finement. A finite electromagnetic quark s'rﬁ;a: 0.36 fm? is used.
The experimental proton and neutron charge radii are

--® r,=0.862:0.012 fm and\[r?/=0.345-0.003 fm, respectively
Y e [43]. The charge radius of th&® is zero in the present model. All
/\/\j\/\/\/“ entries are ifffm?] except for the total result which is fiim].
R S R i
-~ - .
” p 0.736 0.119 -0.057 0.041 -0.174 0.815

0.000 -0.079 —-0.038 0.000 0.000 0.342
A 0.736 0.198 —-0.019 0.041 -0.174 0.884

=)

Fo(@?) = V4m(IM,=ITM]|

FIG. 3. Pion loop contribution to the electromagnetic form fac- 1 0,
tor of the constituent quarks. Vector meson dominance relates the XE qup(Q)Yo(Q)|JMJ:JTMT>- (32
finite electromagnetic size of the constituent quarks to the vector

2 a2
meson mass,,~6/m, [34] 1. Charge radius of theA

Using Eq.(28) and the ground-state wave functions of Eq.

the electromagnetic current. This reduces the number of ahl) we obtain the following analytic expressions:

lowed form factors to 2+ 1. The A thus has four elastic
form factors[35] (and references thergirthe charge mono- 2 2.2 b? SN

pole Fq, the charge quadrupoléc,, the magnetic dipole ra=b+rigt m(&sg_‘sw” WV try. (33
Fu1, and the magnetic octupoleys. It turns out that the K a

M3 form factor vanishes exactly for the ground-state waveEquation(33) is valid for charged\ states, While’i0 is zero

functions considered in this work. In order to describe thein the present model. The first two terms in E83) are due
electromagneti?N— A transition[36] one needs the trans- to the one-body quark current including the finite electro-

verse magnetic dipoIE,\N,lTA, the transverse electric quadru- magnetic size of the quarks, while the remaining terms rep-

pole FN,», and the charge quadrupol@ongitudina)  resent the gluon, pion, confinement, and sigma exchange cur-

F(N:;A transition form factors. rent contributions. An analytic expression fof can be

In this work we concentrate on electromagnetic moment@btained by replaciny*" by V* in Eq. (4.11) of Ref.[22].
and radii of theA, where the nonrelativistic quark model is Note that the spin-independent scalar two-body charge den-

expected to work best. Unlike the full form factors, the re-Sities have the same isospin structure as the one-body charge

sults for these static properties can be obtained in terms ﬁensity. Therefore, as in the case of the one-body charge

analytic expressions, which makes the relation between th ensity contr_ibut_ion, the spin—indepenq_ent spalar_ exchange
electromagnetic properties of the nucleon dnehore trans- current contributions to the charge radii are identical Nor

. . andA. Our numerical results are listed in Table Il
parent. In particular, the important role of nonvalence quark If we compare this with the corresponding result for the

degrees of freedom in various electromagnetic propertieBroton
will become evident. A review oA electromagnetic proper-
ties in the quark model has been given by Gianha]. b?

5
r2=b?+r2,+ q((sg— S+ —= V2 (39

2m emy
A. Charge radii and neutron
Charge radii measure the spatial extension of the charge b2 Mo—M
distribution inside the baryon. They contain information rﬁ:__(gng 5ﬂ):_b2u, (35)
about nonvalence quark degrees of freedom and about the 3my My

finite electromagnetic size of the valence quarks. Quite ge
erally, the charge radius is defined as the slope of the chal
form factor at zero-momentum transfer

"We obtain from Eqs.(33), (34), and (35 the parameter-
rg1ﬁdependent result

2_r2, (36)

2 _
rA—rp

6 d
2__ - = 2
re= Fc(0) dq2 Fc(qg )|q2:0, (31

Hence, the charge radius of tieis equal to the isovector
charge radius of the nucleon. Stated differently, the charge
radius of theA is somewhat larger than that of the proton,
where, according to the general definition of the elastic formand the difference is given by the neutron charge radius. This

factors[38], is in agreement with other models of nucleon struc{@€.
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We have noted that the charge radius of Mfeis exactly  lations for the neutron charge is bought by tolerating a severe
zero in this model. This is so, because all terms in 2§)  inconsistency: a value df~0.5—0.6 fm is typically used in
yield contributions to thel charge form factor that are pro- the calculation of the excitation spectrdm] while a value

portional to theA charge b~1 fm is employed in the neutron charge radius calculation
[37]. In addition, a large quark core radibs=1 fm contra-
1 dicts information from several other sources and seems to be
er=5(1+2My), 37 ruled out[37].

The present explanation of the negative neutron charge
where M+ is the third component of the isospin of tde  radius is based on the spin-dependent two-body gluon- and
Therefore, the form factor of Eq32) vanishes identically ~pion exchange current operatardhis allows us to get the
and the corresponding charge radius is zero. correct size of the neutron charge radius for a reasonably

In contrast to this, the neutron charge radius of 8§) is ~ small quark core radiup~0.6 fm. The exchange currents
clearly nonzero, but in this case we also obtain a particularlghat we discuss here are closely related to the spin-dependent
simple result. Because the neutron charge radius is given Bgrms in the potential which give rise to tdes = state. Yet,
the difference of isoscalar and isovector radii, the contributhere is an important difference between these two mecha-
tions of the one-body charge density, the finite size of thenisms. We will explain this in more detail in the next section.
quarks, and the spin-independent scalesnfinement and Of course, in a fully consistent calculation both configu-
sigma exchange currents all cancel hﬁ. Only the spin- ration mixing and exchange currents must be included and
dependent pion and gluon exchange currents contribute tine question concerning their relative importance arises. In
r2. The gluon and pion exchange currents can be expressedidition, the simple relation between the neutron charge ra-
in terms of 5, and &, i.e., the pion and gluon contribution dius and theN—A mass splitting will be modified in a more
to the N—A mass splitting, because the exchange currengonsistent calculation. However, according to Rét], Eq.
operators have a structure similar to the corresponding pd35) is satisfied to within 23% in a model with gluons only;
tentials. The particular combination &f, and 5, appearing in the model with gluons and pions it holds to within 12%
in Eq. (35 makes it possible to expresﬁ via the experi- €ven if configuration mixing is included. Therefore, we be-
mental A—N mass splitting of Eq.(17). Equation (35) lieve that Eq.(35) correctly describes the physics behind the
clearly shows that there is an intimate relation betwégn nonvanishing neutron charge radius and certain other observ-
the neutron charge radiusj) the spatial extension of the ables, that are very sensitive to nonvalence quark degrees of
quark distribution inside the nucledthe quark core radius freedom(gluons, pions, and sea-quarks
b), and(iii) the excitation energy to the first excited state of N our previous calculation of the neutron charge form
the nucleon. From Eq35) we determine the quark core size factor [21] including both configuration mixing and ex-

asb=0.612 fm, if the experimental numbers by, M, , change currents we have seen that the neutron charge radius
andr? are substituted. is clearly dominated by the gluon and pion quark-pair cur-
" rents[see Figs. th)—2(c)] if a reasonably small quark core
2. Configuration mixing vs exchange currents radius =0.5-0.6 fm) is used. This finding gets support

. o ) from other sources. For example, Christtval. [44] find in
Let us try to give a physical interpretation of the results ofihejr chiral Nambu—Jona-Lasinio-type quark model that the
Egs. (33 and (39). In previous works, the nonvanishing netron charge radius is completely dominated by sea-quarks
charge radius of the neutron was attributed to the perturbing,q not by valence quark degrees of freedom. In the lan-
effect of the color-magnetic interaction on the ground-statgy,age of quark potential models, it is most natural to include
wave function[40,41. The color-magnetic interaction pro- these nonvalence quark degrees of freedom in electromag-

vides a repulsive force between any two quarks that are in getic ghservables in the form afluon and pion exchange
symmetric spin state §=1). This makes theA-isobar . rrents

heavier than the nucleon, since the former contains more

spin-symmetric quark pairs. Similarly, the color-magnetic

force repels the two down quarks in the neutron that are B. Quadrupole moments

necessarily in ais=1 state(Pauli principlg. This leads to a QCD predicts effective tensor forces between quarks.

negative tail in the neutron charge distribution and to a negaconsequently, baryons should be deformed. Experiments at
tive neutron charge radius. On the other hand, feis )l major electron iaboratories are being devoted to measur-
symmetric in spin space and the spin-dependent forces dfg this deformation by photo/electroexcitation of tie

not introduce any asymmetry betweerd and dd quark  resonancd1]. From these measurements one hopes to ex-
pairs. Therefore, the charge radius of thé is zero. Thus,  {ract the D-state probabilitiesa? and b2 in Eqg. (20) and

the same physical mechanisiteie gluon- and one-pion ex- from these further information about the tensor force be-

change are responsible for th& —N mass splitting and the {een quarks.

negative charge radius of the neutron. . On the other hand, it is well known from nuclear physics
We point out that this effect, which is usually describednat rigorous bounds oB-state admixtures are difficult to

by a small admixture of the excited#ts  state of Eq.(20)  gptain from observables such as quadrupole and magnetic

into the nucleon ground state wave functios,much too moments. For example, in the case of the deuteron, meson

small It is aroundrﬁ(imp)= —0.03 fm? if a realistic quark exchange current corrections destroy the direct relation be-

core radius p~0.6 fm) is used(see the discussion below tween theD-state admixture and the measured magnetic and

Fig. 2 in Ref.[21]). The success of previous impulse calcu-gquadrupole moments. Before we can extract information
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TABLE IV. A(1232 quadrupole moments adi— A transition
quadrupole moments, including two-body exchange curréniis-
pulse; g: gluon; 7r: pion; o: o meson;c: confinement;t: total g g
=impulse + gluon + pion +sigma + conf. As in the neutron
charge radius, spin-independent scalar exchange currents do not E>0
contribute to theA quadrupole moments. The quadrupole moment
of the A% is zero in the present model. The experimental values for b
the transition quadrupole moment a€y;_, , = —0.0439 fn? using
the empirical values for the helicity amplitude§47]; (a) (b)
Qu_ 2= —0.0787 fn? using the phenomenological analysis of Ref.
[57]; a recent Mainz analysis favors an even larger value

Qun_a=—0.1109 fn? [58]. All entries are in[fm?]. FIG. 4. One-body and two-body contributions to the quadrupole

moment of theA and to theN— A transition quadrupole moment.
Q Qg Q. Q, Q. Q In diagram(a) the photon is absorbed on a single quark that remains

in a positive energy state after the absorption of the photon. The

AT 0.000 —0.158 —0.0761 0.000 0.000—0.234 dominant contribution of this diagram is obtained by sandwiching

At 0.000 —-0.079 -0.038 0.000 0.000 —-0.117 the standardone-bodycurrent between baryon wave functions.

A° 0.000 0.000 0.000 0.000 0.000 0.000 These wave functions must contain a tensor force indizedate

A~ 0.000 0.079 0.038 0.000 0.000 0.117 in order that the system can absorica or E2 photon through a

p—A* 0.000 —0.056 —0.027 0.000 0.000 —0.083 single-quarktransition. In diagram(b) the photon couples to a

n—A° 0000 —0.056 —0.027 0.000 0.000 —0.083 quark-antiquark pair in the baryon and the system can absorb a

C2 or E2 photon ontwo quarks even if all quarks are ii$ states.
This contribution is effectively described by theo-bodyexchange
about interquark forces from these observables, we mudtharge operators. Similar diagrams can be drawn for pion-exchange
have some knowledge of the effect of exchange currents. Petween quarks.

The quadrupole moment is defined as the 0 limit of

the quadrupole form factdss] quadrupole form factor vanishes, due to the orthogonality of
the spherical harmonics. For example, after expanding the
12\/_ plane wave in Eq(22), the one-body charge operator is pro-
Fo(d?)=——2—(IM;=JTM] portional to

1 pafe [ Y () x YUI()]000. (40)
o dQap(q)Y5(@)|IM;=ITMy), (38)
For a pureS-stateA wave function only the terrh=0 can
T contribute and consequently¥?!(q) term is not allowed.
whereJ=T=3/2. On the other hand, the two-body gluon and pion charge den-

1. Quadrupole moment of the sities contain a rank 2 tensor in Spin space

With the two-body charge densities employed in this pex]coc[[g-llx(r[l]][Z]X[Y[I](p)XY[Z (g) 21t

work we derive a parameter-independent relation between (41)
the neutron charge radius and the quadrupole moment of the
A, Therefore, it is possible to have¥d?!(q) part even ifl=0
and the quarks are all i& states. That is why the two-body
o ,(0gt ) L [My=My| charge densities derived from Figh and Fig. 2d) lead to
Qa=- 3mq ex=—b My ) oA "G a nonvanishing quadrupole moment. To state this in more

(39 physical terms we can say that due to the spin-dependent
interaction currents between the quarks, the system can ab-
wheree,=(1+2M7)/2 is the charge of thé. Hence, for sorb aC2 or E2 photon.
the A*" we predict a quadrupole moment of Asis evident from Eq(39), these two-body charge den-
Q,++=—0.235 f?. Numerical values for the other quad- sities describe the same gluon and pion degrees of freedom
rupole moments are listed in Table IV. A similar relation that are responsible for the tensor forces between quarks. The
between the neutron charge radius and thequadrupole physical interpretation of both types of contributiofensor
moment has been obtained on the basis of configuration miXerce vs two-body currentto the quadrupole moment is,
ing and aQ,++=—0.093 fn? has been founf#5]. We will however, quite different. This is illustrated in Fig. 4. The
discuss the relation between exchange current and configtwo-bodygluon and pion pair-charge densities of Figby
ration mixing (tensor force contributions toQ, in more de-  describe, as their name implies, the excitation of quark-
tail below. antiquark pairs by the photon, or, stated differently, the ab-
The first thing one notices is that even without an explicitsorption of aC2 photon ortwo quarks On the other hand, in
D-state admixture in thA wave function, we have obtained Fig. 4@ the photon is absorbed by single quark which
a nonvanishing quadrupole moment. In the following, weremains in a positive energy state between the absorption of
provide an explanation for this result. According to the defi-the photon and the emission of the gluon or pion. There is no
nition of the quadrupole form factor of E¢38), the charge electromagnetic coupling of the photon to the quark-
density operator must contain a teM?!(q), otherwise the antiquark pairs inside tha in this case. In Fig. @), gluon
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and pion degrees of freedom show up as tensor force induced

D-state admixtures to ground-state wave functifsee Eq. E2

(20)]. In most applications of the CQM, the single-quark —_—

current of Fig. 4a) has been used to estimate the effect of the

one-gluon exchange potential on electromagnetic properties.

Our results show that this is not a good approximation for the N A
charge properties of the, which are appreciably affected by
exchange currents. This is opposite to what one finds in light
nuclei. For example, the deuteron quadrupole moment i%z
mainly caused by th® wave in the deuteron and exchange
currents, for example, the pion-pair charge density in Eq

(29, pr.OV'de only a correction of ab_out 4%’2]'_ neously flips the spin ofwo quarksin the nucleon leading to the
Obv',OUSIy’ a complete calculation Comprlses. bdth A(1232). This process is more important than the one where an
waves in the nucleon and the exchange currents discussed @3 photon is absorbed on a single-quark moving B avave[see

this work. Corrections due td waves will modify the  Fig 4aq)].
simple result of Eq(39). However, according to our previ-

ous experience with the neutron charge radius, we expect sttem can absorb @2 or E2 photon by simultaneously

to remain largely valid. Let us discuss this more quantitaﬂipping the spin oftwo quarks(see Fig. 5. A glance at Eq.
tively. Including configuration mixing but no exchange cur- (41) shows that the two-body charge operators can indeed
rents one obtains neglecting the smafj contributions and  induce such a\S=2 transition. Using the total charge den-

FIG. 5. Pion and gluon exchange current contribution to the
transition form factor. A major part of the2 transition form
factor is due to photon absorption on a correlated pair of quarks,
interacting via gluon and pion exchange. TE2 photon simulta-

with typical values for the admixture coefficier|ts,37] sity of Eq. (28) and having replaced the initial state by the
nucleon wave function, we obtain from thqe- 0 limit of Eq.
Q b24 (b b +2b b 0.0872 39
=—-b*"— —bg e,=—0. e, -
A \/% Sg-Dg \/§ SS Dg/| ™A A
(42 2

1 ,(8+5,) 1 [My—My| 1
Qnoa=— b —F——=—-—=b" | ———|=—7=r;.

_ V2 3mq V2 My V2

For b=0.61 fm one obtains the@}"®=—0.032 fnfe, . (43
This has to be compared to our resuliy°=—0.119 . _ . _

fm 2eA . ThUS, in a more Comp|ete calculation we expect theThe Correspondlng numerical results are listed in Table IV.
corrections to Eq(39) coming from configuration mixing to Equation(43) relates the transition quadrupole moment to
be below some 30%. In any case, our results clearly indicatée neutron charge radius. As in E§9) no model parameter
that an eventual measurement of the quadrupole moment &tch asn, or b appears in the final expression. We view this
the A should not be interpreted in terms of an intrinsic de-result as quite significant. It is almost needless to say that the
formation O wave$ alone; it is more likely that quark- Simple result of Eq(43) will be modified in a more complete
antiquark pair currents provide the dominant contribution toc@lculation includingd waves in the nucleon ansi. Never-

the quadrupole moment of the. theless, we expect that E@3) captures the essential physics
that makes both observables special and interesting:rtﬁoth
2. N—A transition quadrupole moment and Qy_.» are dominated by nonvalence quark degrees of

freedom. Clearly, future experimental results must be care-
) , fully interpreted; the entire transition quadrupole moment
ment. This observable and the relae@/M1 ratio are ex-  capnotpe attributed to thé-state admixtures in thl and
actly zero in the symmetric additive quark mod8l. The 5 45 nd-state wave functions. The effect of two-body ex-
inclusion of tensor forces due to one-gluon exchange bezpange currents must be taken into account, if one wants to
tween quarks leads to smalD-state admixturesap, jsojate the effect of the quark-quark potential itself. If in a
(bpg,bp,,) in the nucleon 4) ground-state wave functions future experiment & — A transition quadrupole moment of
of Eqg. (20) and to nonzer®2 andE2 transition amplitudes the orderrﬁ/\/f is confirmed it would most certainly be evi-
[7,41. The magnitude of this configuration mixing effect is, dence for an important role of nonvalence quark degrees of
however, too small. Using the admixture coefficients of Reffreedom, i.e., pion and gluon exchange currents between
[6] one obtains a transition quadrupole momentquarks in this observable.

WP ,=—0.0022 fn? calculated from the one-body spatial

Let us now turn to theN— A quadrupole transition mo-

current density. A similar calculation using the one-body C. Magnetic moments
charge density and the admixture coefficients of R87] _
givesQ® , = —0.0195 fn? (for b=0.613 fm. In any case, 1. Magnetic moments of th&

these values are much smaller than the empirical The magnetic moments of thd are defined as the
P ,=—0.0787 fn? (see Sec. IV E Here, we show that g—O0 limit of the magnetic dipole form factd8]
the major part of the smalL2 transition amplitude is prob-

ably due to two-body pion and gluon exchange charge den- 2V6mMy —i R
sities. This is analogous to the neutron charge radius and FM(QZ)ZTU M;=JTMy| Ef dQq[Y'(a)

guadrupole moment discussed previously. Although all
quarks in theN and theA are assumed to be 1 states the ><J(q)]1|J M;=JTMy), (44)
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TABLE V. Nucleon andA (1232 magnetic moments, and— A transition magnetic moments including two-body exchange currents.
i: impulse;g: gluon; 7: pion; o: o meson;c: confinementt: total=impulse+ gluon + pion + sigma+ confinement. The contribution of
the pion pair grqq) and the pionic ¢7) currents are listed separately. The experimental proton and neutron magnetic moments are
Mp=2.792847386(63)uy and u,=—1.91304275(45)uy , respectively{47]. The experimental range for the** magnetic moment is
pa++=3.7—7.5 wy [47]. An older value isu,++=5.7+1.0 uy [46] while the most recent value ig,++=4.52+0.50uy [48]. The
experimental value for thbl— A transition magnetic moment jg,_.,+~4.0uy [37]. All entries are inuy .

Hi Mg Mrqq My Mo Mc M
p 3.000 0.598 —-0.262 0.411 0.308 —-1.164 2.890
n —2.000 —-0.199 0.313 -0.411 —0.205 0.776 —-1.726
A*TT 6.000 2.391 0.304 0.000 0.615 —2.328 6.981
At 3.000 1.195 0.152 0.000 0.308 —-1.164 3.491
A° 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A~ —3.000 —1.195 —0.152 0.000 —0.308 1.164 —3.491
pHAJr 2.828 0.282 —0.406 0.582 0.290 —1.098 2.477
n—A° 2.828 0.282 —0.406 0.582 0.290 —1.098 2477

wherel is the total current operator in E(R9). In the addi- of the A given in Eg.(37). In Ref.[50] it has been argued
tive quark model one obtair# units of nuclear magnetons that the pion contribution to the isoscalar nucleon magnetic

[un=(e2M\)]) moment used by Browet al. [51] induces an intolerably
large violation of this proportionality. Here, we show that if
Ha=3€,. (45  the isovector and isoscalar pion exchange currents are con-
] sistently calculated to the same nonrelativistic order, the pro-
Including two-body exchange currents, we have portionality of theA magnetic moments to the charge of the
b2 35.(b) A holds even in the presence of pions. _
pa=13+ = Mys,(b)+ I Our result does not much deviate from the experimental
3 9 2My value py++=5.7+=1.0 uy [46] and is within the experimen-
6 tal range u,++=3.7—7.5uy given by the Particle Data
— —[Ve(b)+V(b)]fe,. (46)  Group[47]. However, it is larger than the most recent ex-
My perimental valug48]. It should be mentioned that the deter-

_ ) mination of u,++ from 7p— 7wpy bremsstrahlung experi-

~ The first term in Eq(46) corresponds to the well-known ments[48,46 needs theoretical input fromN scattering
single-quark current resuli, = €, . The remaining terms  models withA degrees of freedom. Therefore, the extraction
express the gluon, pion, and scalar exchange current contigs the “bare” A*+ magnetic moment from thep brems-
butions, through corresponding potential matrix elementSsyrahiung data has a certain model dependence that should
All contributions to theA magnetic moments are propor- npot pe underestimated. We also mention that quark model
tional to the charge of thé. Therefore, theA® magnetic  calculations, such as the one presented here neglect the cou-
moment is predicted to be zero. This is in agreement with th%"ng of the A to the =N decay channel and thus predict
additive quark model as well as with a recent lattice calcu-pg e electromagnetic moments. Our result for the *

lation [49]. We list our numerical results in Table V. Note magnetic moment agrees reasonably well with a chiral bag
the large gluon contribution to th& ™ * magnetic moment, model calculation by Krivoruchenkid.2].
which gets cancelled by a similarly largealar exchange For comparison and later use in tNe— A transition mo-

current correctior. The cancellation of the gluon and con- ment, we give our results for the nucleon magnetic moments
finement exchange currents is closely connected to the cag ynits of nuclear magnetorigey = (e/2M ) )):

cellation of spin-orbit forces in the gluon and confinement

potentials[22]. For this cancellation it is essential that the b2 1 b2 1
condition My(b)=3m,=939 MeV be satisfied and that the x,=3+ gM nOg(D)+M Néw(b)(m - §> —My (—2
harmonic oscillator parametdr~1/m,~0.6 fm be consis- N #
tent with the neutron charge radius of Eg5). Note that in 1 6
the case of the elastic form factors, the dominant isovector + §b2) 87 (0)— (MHA)} - M—[Vconf(b)+V”(b)]
pion pair and pionic exchange currents proportional to N
(71X )3 do not contribute. Therefore, we have to include 2 1 b2
the next_-to-l_eadlng order isovector pion Jpair-current in Eq. fin=—2—=Myd4(b)+M N(gw(b)( -t =
(26), which is of the same order as the isoscalar pion pair- 9 4My 3
current. We then reproduce the general repbf that the 11
A magnetic moments and radii are proportional to the charge +My ;2 + §b2 5w#(b)—(/vt<—>/\)}

3A vector confinement current has the same sign as the one-gluon + i[vconf(b) +V(b)]. 47)
exchange current. My
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The first term in Eq.(47) corresponds to the well-known The problem with the underestimation of the—A transi-
single-quark current resujt,=3uy and u,=—2uy. The  tion magnetic moment persists also after inclusion of ex-
other terms are the gluon pair, pion pair £;q), pionic  change currents.

(#yzx), and scalar exchange current contributions to the

magnetic moments. In addition to the cancellation between D. Magnetic radii

gluon and confinement exchange currents, there is a substan-

tial cancellation between the pion pair and pionic exchange al\{tlizgrcl,ﬁtrlrcer:?c(jjlils?rgbtzgfn,isr?ﬁssclg:r tzerae(;(itie?;éonafé me
currents. Consequently, the overall exchange current effect %D . o ) X 9  they
eresting quantities that are quite sensitive to various model

0 . S
about 5-10% of the impuilse approximation result. We have ssumptions. The magnetic radius is defined as the slope of

previously shown that the cancellation between the pion pai ; .
L . . . he magnetic form factor at zero momentum transfer:
and pionic currents only occurs if thfunction term in the

one-pion exchange potential is includgz?]. Recently, we 6 d

have calculated the magnetic moments of the entire baryon rfA= “E0) FFM(q2)|qz:0. (49
octet including the exchange currents of Fig. 2. We find that m(0) dq

the cancellations between various two-body currents also OGxnalytic expressions for the magnetic radii of the nucleon,

cur for the hyperon magnetic momef&8] provided that the including exchange currents, were given previouf®].
quark core radiudb~1/my, which is consistent with the pere we list the results for thé magnetic radii:

value required by the neutron charge radius of €8).
€a

11
2. N—>A transition magnetic moment ri= [3b2+ @M nD?*8(b) + bz( 105,.(b)

20M
Next we calculate th&l— A magnetic transition moment. 3 9 3

In contrast to the magnetic moments, where both isoscalar +=bs' (b)) — —p2yeonip) — —b2(4V”(b)

and isovector exchange currents contribute, only isovector 2" My 2M

currents contribute to thd— A transition magnetic moment.

Using Eq.(47) we can express our result for the transition +biV"(b) +r§q. (50)
moment as b
Likewise, we obtain foN— A magnetic transition radii:
2\/5 ; 1p 3 v o ikewise, w i — gneti iti ii
/‘LNHA:T /~Limp+ Eﬂgqﬁz(ﬂyﬂﬁ+ﬂwqqﬁ 2\/5 11
Aa=—1 b2+ ——Myb*8,(b)
MN-A 360
+:U/Pr+/-l’50nf . (48 1 3 1
_ - 4 “hs Zr2p
60MNb 106 ,(b)+ 2béﬂ(b) + zrym,up

We obtain the numbers in the last two rows of Table V. We

see that the total transition moment is about 13% lower than

the impulse result. Again, there are substantial cancellations

among the different terms. In particular, E¢8) shows that

there is the same cancellation between the pion pair and pi- +biV"(b)

onic contribution as in the nucleon magnetic moments. We db

point out that our analytic result for the total pion exchange

current contribution to the transition magnetic moment,Here,r2? is the pionic current contribution to the proton

wn_A=0.176uy, is somewhat larger than a recent phenom-magnetic radiu¢22] and &, (b) = (d/db) 6.(b).

enological estimate, which giV%LM“O-O?%N [52]. As is clearly seen in Table VI, the scalar exchange current
Finally, we would like to point out that the dominant con- cancels the effect of gluon and pion exchange currents to a

tribution to theN—A transition magnetic moment comes large extent. Note that a vector-type conflneme_nt potentlal

from the single quark current, i.e., the first term in E¢g).  Would have the same sign as the gluon contribution and

One can show that the impulse contribution is proportional tgVeuld completely spoil the agreement obtained.

the overlap of the orbital symmetric nucleon aadwave

functions. This holds true even in the presence of configura- E. The y+N—A helicity amplitudes

tion mixing provided that theD-state admixture is small.  |n this section we consider the helicity amplitudes for the

Therefore, any model in which this overlap is small, due t0transition y+N—A. The transverse helicity amplitudes are
for example, very different values df in the nucleon and defined as

A wave functions will give a very small value of the

- ibzvconf(b) g 4V°(b)
My 2My

+r2,. (51)

N—A transition moment. Agp=—e\2ml o(AJ,=3/2 € JINJI,=1/2)
We close this section by summarizing the main points. It
has been known for some time that baryon magnetic mo- Aip=—e\2ml w(AJ,=1/12 e JINI,=—1/2), (52

ments are valence quark dominated. Our calculation explic-

ity shows that corrections coming from nonvalence quarkwheree?=1/137. In Table VII, we show our results for the
degrees of freedom, such as exchange currents, are importdaransverse helicity amplitudes. For tNe— A transition, only
but rarely exceed 15% of the additive quark model valueM1 andE2 multipoles contribute. In this paper we calculate
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TABLE VI. Magnetic radii of the nucleon and (1232 includ-  whereF), andF, are the magnetic and quadrupole transition
ing two-body exchange currents.impulse;g: gluon; 72 pion; o> form factors, which are normalized to the magneBec.
o meson;c: confinementt: total=impulse + gluon + pion + v D) and quadrupoléSec. IV B transition moments. The

sigma + confinement. The contribution of the pion paitrqq) relation between OuF',:‘,ﬁA and FSHA and Giannini’s[37]
current and the pionic currentygrer) are listed separately. The

magnetic radius of tha\° is zero. A finite electromagnetic quark dimensionless Gyy and Gep is_ as  follows:
. — N—A - _ N—A
size,r%,=0.36 fn?, is used. The experimental proton and neutronG’\"l_(\/6/2)':"’I and Ge, (wMN‘/éllz)FQ The

. - origin of the factors multiplying the magnetic and quadru-
magnetic radii are ;=0.858+0.056 fm andr;=0.876+0.070 fm olge form factors in E (53[))?;' gxplained ?n Ref[17] q
[43]. All entries are in[fm?], except for total results which are in p q :

[fm]. There have been previous calculations of two-body cur-
rent contributions to théN— A transition in the CQM, but
P2 g2 2 _ 2 r2 2 U7 not for theA electromagnetic moments and radii. Of5&]
| g rfrqq ymwmT o c |rt| . .. .
calculates two-body currents resulting from minimal substi-
p 0.764 0.117 —0.053 0.185 0.058-0.372 0.836 tution in the one-gluon exchange and a scalar confinement
n 0.852 0.065 —0.105 0.309 0.065—0.415 0.878 potential as well as relativistic corrections to the single-quark
A 0.632 0.194 0.025 0.000 0.048-0.308 0.769 current but does not consider pion exchange currents. In this

p—A* 0.840 0.064 —0.096 0.305 0.064—0.409 0.876 early calculation, large anomalous magnetic moments for the
quarksk=1.83 were used. This leads to an unconventional
nonrelativistic  impulse  result Ag(NRI)=—505 103

the E2 contribution from the charge density using Siegert'sGeV~*? that is drastically reduced by large relativistic cor-
theorem, which relates the transverse electric multipoles teections to the single-quark curremdg(RCl)=97 103

the Coulomb multipoles in the long wavelength limit. It was GeV~*2, and an even larger contribution of the two-body
noted[8,53] that a calculation of th&€2 multipole via the currents, As(EXC)=189 103 GeV Y2 However, large
charge density is to be preferred. In addition to the reasonanomalous magnetic moments for the constituent quarks are
already mentioned in Reff8,53] there may be an even more in conflict with general current algebra argumefg4] and
important reason for this large discrepancy between a calcwith explicit calculations in the Nambu—Jona-Lasinio model
lation based on the charge and spatial current density. Wg34].

conjecture that the reason for the large difference is that the Robson[19] has included the pion pair and pionic ex-
former includes spatial exchange current corrections of spinehange currents resulting from minimal substitution in the
orbit type by virtue of Siegert’s theorem while the latter doesone-pion exchange potential but ignores gluons. He finds that
not. The issue deserves further study. In any case, the advatie pionic current is small and neglects this contribution. In
tage of using Siegert’s theorem clearly outweighs the errocontrast, our calculation shows that the pionic current is big
induced by using the long wavelength limit in a situation thatand negative. It completely cancels the positive pion pair

involves a substantial momentum transferqet M ,— My . current. The total pion contribution has thus the same sign as
The relation between the multipole form factors and the hethe impulse result. This cancellation between pion pair and
licity amplitudes is in the center-of-mass fraf&¥] pionic currents is closely connected with a similar cancella-

tion in the nucleon magnetic momen®2] (see also Table
V). Another difference is that in Ref19] the E2 contribu-
FE‘;A(qZ)} tion to the helicity amplitudes has been neglected. However,
it is in the E2 amplitude where the exchange currents are
most clearly seen.
e Finally, we give our result for th&2/M 1 ratio using the
AyAQ®) == \/E( m) definitioz of Kumand[12]

. MN(,O
Fu (0% ——5—

e
Agg?)=— \/37Tw<m)

MN(D

FN*»A 2 53 E_2: l Al/Z(EZ) = (UMN QNAA =
s To (@] (53 ML 3A ML) 6 un.a

=-0.035. (54

x| Fiy 2(g?)+3

TABLE VII. The Az, andA4, helicity amplitudes for the processt N— A(1232), including two-body exchange curreritsimpulse;
g: gluon; qQ: pion pair; yarar: pionic; o o meson;c: confinementt: total=impulse + gluon + pion +sigma-+conf. TheM1 andE2
parts of the helicity amplitudes as well as their sum are listed. The experimental helicity amplitudes; are-257+8 and
A1,=—141+5 [47]. A previous analysis gavl,,= — 84+ 5 [54]. Our results are given af=0. All entries are given in standard units of
[10°3 Gev 2.

A Ag A-rrqqi Aym-r Ay Ac A Aexp
A¥ (M1) —200.7 -20.0 28.8 -41.3 ~20.6 77.9 -175.8 ~253.8
ABEM(EZ) 0.0 -41 -2.0 0.0 0.0 0.0 -6.1 -3.2
A2 (T) —200.7 -24.1 26.8 -41.3 —20.6 77.9 -181.9 —257.0
A% (M1) ~115.9 -115 16.7 -238 -11.9 45.0 -101.5 —146.5
A (E2) 0.0 7.1 3.4 0.0 0.0 0.0 10.5 5.5
AL (T) ~115.9 —4.4 20.1 -23.8 -11.9 45.0 -90.9 —141.0
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Our predictedE2/M 1 ratio is somewhat larger than the re- 50
cent experimental value extracted from photo- |
pionproduction at MAMI in Mainz which gives . @
(E2/M1)eyo=—0.025+0.002 [56]. The LEGS-BNL data I T~
(see, for example, the article by D’Angelo in REf]) seem i T~

to favor a larger E2/M 1),,,= —0.03. Comparing with other L T —-—
theoretical predictions, our result agrees well with Skyrme 0
model results, E2/M1=-(0.02-0.05) [17] and [~ emmemm—mmm T
E2/M1=-0.037 [18] and dynamical models for photo- i ]
pionproductionE2/M 1= —0.031[16]. Note that oufE2 am-
plitude Gg,(0)=— (wMy/6/12)Qy_.,=0.105 compares
reasonably well with the phenomenological analysis of De-
venish et al. [57], which givesGg,(0)=0.02Gy,,(0)~0.1
[37]. Our prediction is based on the parameter-free result of
Eq. (43), which relates the transition quadrupole moment to
the neutron charge radius.

Very recently, there has been a new determination of the
E2/M1 ratio, applying the speed plot technique to fixed-
dispersion relations for the photo-pionproduction amplitudes. [ L s L
The authors include new photo-pionproduction data from the '10%,00 0.10 0.20 0.30 0.40 0.50
continuous electron beam facilities in Mainz and Bonn. They Q' [GeV’]
obtain E2/M1=—0.035[58] in excellent agreement with
our quark model prediction including exchange currénts.
However, several caveats are in order here. First, the inclu- [
sion of configuration mixing would certainly modify the nu- s B ®
merical value for this ratio. Second, we underestimate the - Thee L 1
empiricalN— A transition magnetic moment. Third, theex- | TTTse~ ]
traction of a yN—A photocoupling from the photo- o[ -

~
——
T ———

~172.

A,, [10°Gev

)
153
o

~wwe gluon
—-— pion
——- sigma
=== conf
total

100 rrrrrrrrr e I .

pionproduction data is not model independent and it would it
be much safer to -calculate the complete photo- i
pionproduction multipoles before comparing with experi-
ment[59]. Nevertheless, our prediction oflarge E2/M1
ratio emphasizes the important role of nonvalence quark de-
grees of freedom in the transition quadrupole moment, irre-
spective of whether one refers to them as meson cloud of the
nucleon, sea-quark degrees of freedom, or exchange currents.
Next, we show in Fig. 6 the four-momentum dependence
of the helicity amplitudes. We observe that exchange cur- -
rents contribute to theAs, amplitude between 7% at -200 |
Q?=0 and 19% of the impulse result@’=0.5 Ge\?. The [
small value aQ?=0 is firstly due to cancellations of differ-
ent exchange current contributions g} * . Secondly, the P T VY
exchange current contributionsfgy * andFg " form fac- 0’ [GeV?]
tors interfere destructively in thé,;, amplitude (see also

. A .
exchange current dominatee, ~* form factor enters with 5 function of the four-momentum transfep. Here, we keep
an additional weight factor of three and the exchange curren, | —258 MeV fixed and vary the three-momentum transjer

contributions toF}, ~* and Fg_'A form factors interfere con- The individual two-body exchange current contributions are shown

structively. Therefore, for small momentum transfers theseparately.

A4 helicity amplitude is appreciably influenced by ex-

change currents. For example,@t=0 their contribution is  neutron a better agreement with the empirical values for the

27% of the impulse result. Aq, amplitudes. More work is needed to systematically
Finally, with respect to the helicity amplitudes of other study the effect of exchange currents in the photocouplings

resonances, we have recently calculated their effect for thef higher resonances.

M1 excitation of the Roper resonan@]. In this case, the

inclusion of exchange currents gives for both the proton and

L'J.
<]
T

AN

)

3
——

A, [107°Gev™]

===« gluon
—-— pion
——- sigma
=== conf
total

R
N
<

V. SUMMARY

In summary, the interaction between quarks manifests it-
4If we use uy_.a~4uy as the empirical value for the transition self not only in various two-body potentials, but also in cor-
magnetic moment we obtal&2/M 1= —0.022. responding two-body corrections to the electromagnetic cur-
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rent operator. These must be included if the total current is téion including both configuration mixing and exchange cur-
be conserved. The exchange current operators describe thents leads to deviations of some-1R0% between, for ex-
coupling of the photon to nonvalence degrees of freedonample, the prediction of Eq(35) and the total result
(e.g., quark-antiquark pairsiot included in the mass, size, including configuration mixing. Therefore, Eq&5), (39),

and wave function of the constituent quarks. We haveand(43) are very useful. First, the numerical estimates, e.g.,
pointed out that most previous calculations of electromagfor the neutron charge radius are in excellent agreement with
netic properties built on free quark currents are incompleté&xperiment, and although there is no experimental informa-

because they violate current conservation even in lowest oflon on theA quadrupole moment, previous and very recent

der extractions of the transition quadrupole moment indicate a
' lue consistent with the prediction of B¢.3). Second, they
In the present paper we have calculated the electroma%-"’l ‘ v d ibe th derlvi h g ' ¢
netic radii and moments of the nucleon and thésobar, as oo {O COrrectly describe the underlying pnysics common 1o

2
well as the corresponding transition radii and moments in th&1€S€ observablesy, Q,, and Qy_., are almost exclu-
nonrelativistic quark model. Our main purpose was to study!Vely dominated by nonvalence quark degrees of freedom.
to what extent the theoretical predictions for these obsery!Nird, these relations make the underlying connection be-

ables are modified by the inclusion of the leading-order relafWeen the excitation spectrum of the nucleépotentials and

tivistic corrections ofwo-body naturen the electromagnetic €l€ctromagnetic propertigéwo-body currentsexplicit. We

current. All observables were calculated with a single set of@nnot resist the temptation to speculate whether B
parameters in order to see how the different two-body curdnd (43) are of a somewhat more general validity than their

rents affect various observables. Our numerical resultd€rivation would suggest.

clearly show the importance of individual exchange current Our prediction for th&e2/M1 ratio, which is based on our
contributions. analytic expressions forQy_, and uyn_a results in

With respect to the magnetic moments we found that alE2M 1= .—0.035. This valug is significantly Iarge( than the
though individual exchange current corrections can be quit¥@lue estimated by the Particle Data Grdé] but is con-
large, their overall effect typically changes the additive quarkSiStent with a recent reanalysis of photo-pionproduction data
model result by less than 15%. This clearly shows that magffom several experimen{$8]. If we use the empirical value
netic moments are to a large extent valence quark dominatefp! the xa we obtainE2/M1=—0.022 in agreement with
In particular, for theN— A transition magnetic moment, a the recent Mainz experime{56].
large discrepancy between our theoretical prediction and the Clearly, there are a number of other effects, such as con-
experimental result is left unexplained even after inclusion oflguration mixing, - relativistic boost corrections, small
exchange currents. anomalous magnetic moments of the quarks', stranggness

In the case of quadrupole moments, we have shown th&ontent of th_e nucleon amd, etc., that sho_ul_d be included in
even if there is no expliciD-state admixture in thd wave @ more detayled analy5|s. Neverth_eless, itis safe to conclude
function, one still obtains a large contribution to thequad- that the reS|duaI_sp|n—d_ependent interactions manifest them-
rupole moment and to the correspondiNg-A transition selves not .only in excne_d state admixtures to ground-state
quadrupole moment due to two-body pion and gluon exwave functions but also in the form of two-body exchang(_a
change currents. This is depicted in Fig. 5 where arfurrents between quarks. Exchange currents must be in-

E2(C2) photon can be absorbed on a correlated quark paﬁ,luded in the theoretical interpretation of experimental re-
even if all three quarks in the nucleon areSrstates. With- sults before one can draw conclusions about details of the

out two-body exchange currents tHe2(C2) amplitude quark-qu.ark in'teraction. .In particu'lar, ‘we find Fhat the
would be exactly zero in the present approximation, whichE2-@mplitude, in photo-pionproduction is predominantly a
neglects configuration mixing. Configuration mixing alone istwo-quark spin-flip transitionit 1S to a much lesser extent a
too small to explain the empiric&2(C2) amplitude. we Cconsequence of smab states in the nucleon. Hence, the
find that theE2(C2) transition to the\ is mainly atwo-body experlmentz.ill confirmation Of, a largez amplltude in the
process involving the simultaneous spin flip of two quarks. N—4 transition would be evidence for pion and gluon ex-
We have, based on the inclusion of exchange current&ha@nge currents between quarks. .
derived a number of analytic relations between the N Note added in proofAfter submitting this paper we
mass splitting and the electromagnetic observables of th@arned of a calculation by M. F'OIha'S’ B Golli, and S.
A—N system; in particular, our Eq$39) and (43) suggest Sirca, Phys. Lett.. B73 229.(1996' Using a lineawr mo<_jel,
that the quadrupole moment of tieand theN— A transi- the authors arrive at a similar conclusion concerning the

tion quadrupole moment are closely related to the neutroHoT]inaEgCEZOf nonvaflerr:ce ?uark degree%of Lree“i""“!".‘s
charge radius, which, in turn, is related to the quark core siz&! the E2(C2) part of the electromagneti—A transition

of the nucleon and tha —N mass difference according to amplitude.
Eq. (35. Because these relations are derived for pure
S-wave functions they can only be approximately valid. We
have previously showfi21] that a more consistent calcula-  We thank Andreas Wirzba for useful correspondence.
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