HNPS Advances in Nuclear Physics

Vol 10 (1999)

HNPS1999
Hellenic Nuclear
Phyiics Soctety ]
Nucléon Electromagnetic Form Factors in a
constituent-quark model
HNPS: P. Demetriou, S. Boffi, M. Radici, R. F. Wagenbrunn

doi: 10.12681/hnps.2181

Advances in

Froovedimgs of th
Tikky Melfewmic
SR

aur Nucloar Plipsics

i
ks
|

To cite this article:

Demetriou, P., Boffi, S., Radici, M., & Wagenbrunn, R. F. (2019). Nucléon Electromagnetic Form Factors in a constituent-
quark model. HNPS Advances in Nuclear Physics, 10, 132-142. https://doi.org/10.12681/hnps.2181

https://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at: 04/04/2026 01:15:16



Nucleon Electromagnetic Form Factors in a
constituent-quark model

P. Demetriou?, S. Boffi’, M. Radici® and R. F. Wagenbrunn®

@ Insitute of Nuclear Physics, N. C. S. R. “Demokritos”, GR-153 10 Aghia
Paraskevi, Athens, Greece

b Dipartimento di Fisica Nucleare e Teorica, Universita di Pavia and INFN, Pavia
27100, Italy

Abstract

The electromagnetic form factors of the nucleon are calculated in an extended chiral
constituent-quark model where the effective interaction is described by the exchange
of pseudoscalar and vector mesons belonging to the pseudoscalar and pseudovec-
tor octet, respectively, and a scalar meson . Two-body current-density operators,
constructed consistently with the extended model Hamiltonian in order to preserve
gauge invariance and current conservation, are found to give a significant contribu-
tion to the nucleon magnetic form factors and improve the estimates of the nucleon
magnetic moments.

1 Introduction

Constituent-quark models (CQM) have been widely used to describe the spectro-
scopic properties of hadrons and have been rather successful in reproducing the
gross features of hadron spectra within a nonrelativistic [1-4] and relativistic frame-
work [5-8]. In all these models the effective interaction between the valence quarks
is described by the one-gluon-exchange diagram and is identified with the hyperfine-
like part of its nonrelativistic reduction. Various hybrid models have also been con-
structed including meson exchanges in addition to sizeable contributions coming
from gluon exchanges [9-13].

Despite the overall success, none of these models has been able to explain the correct
level orderings in light- and strange baryon spectra nor the flavour or spin content
of the nucleon. This is mainly due to the inadequacy of interactions that do not
take into account the implications of the spontaneous breaking of chiral symmetry
(SBXS). As a consequence of SBxS, quarks acquire their dynamical masses related
to < q7 > condensates and Goldstone bosons appear which couple directly to the
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constituent quarks. Thus beyond the scale of SBxS the effective degrees of freedom
are constituent quarks and Goldstone-boson fields and baryons can be considered
as systems of three constituent quarks that interact by Goldstone-boson exchange
(GBE) and are subject to confinement [14,15]. The Goldstone bosons manifest them-
selves in the octet of pseudoscalar mesons (7, K, 7).

In view of these considerations, a semirelativistic chiral CQM has been proposed [16—
17] based on a semirelativistic Hamiltonian where the dynamical part consists of
a linear confinement potential and a chiral potential derived from GBE and n'-
exchange. The model is able to reproduce the correct level orderings of positive-
and negative-parity excitations providing hence a unified description not only of
the Nucleon and Delta spectra but also of all strange baryons.

A further, stringent test of the model would be to investigate its validity with regard
to other observables. Such an attempt where the three-Q wavefunctions obtained
from the pseudoscalar-exchange version of the semirelativistic chiral CQM were used
to calculate the elastic electromagnetic form factors of the nucleon [18], has shown
that the two-body current operator constructed consistently with the model Hamil-
tonian gives zero contributions to the elastic e.m. form factors of the nucleon. Fur-
thermore, the semi-relativistic one-body charge- and current-density operators [18]
underpredict the charge radii and the magnetic moments of the nucleon. However,
the two-body currents arising in the pseudoscalar-exchange version of the model
are due solely to the spin-spin component of the pseudoscalar-exchange interaction,
whereas we would expect that the current operators obtained from the full pseu-
doscalar meson-exchange interaction including the tensor component would give
non-zero contributions to the form factors altering the picture obtained in ref. [18].

The importance of two-body currents for the electromagnetic properties of baryons
is therefore still not well understood and it is the aim of this contribution to gain
further insight into the different Q-Q interactions and the relative contributions
of the exchange-currents they give rise to within a semi-relativistic extended GBE
CQM including spin-spin and tensor forces.

2 Extended GBE CQM

In the extended CQM the three-quark Hamiltonian is

3 3
HO:Z\/@?+m,?+ZVU, (1)
=1

1<1

with m; the masses and p; the three-momenta of the constituent quarks. This form
ensures that the average quark velocity be lower than the light velocity, a require-
ment that is not fulfilled by nonrelativistic models. The dynamical part consists of
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a Q-Q interaction,

Vij = Vconf + va (2)

where the confinement potential is in the extended CQM version taken to be
Veont(7ij) = Vo + Cro(1+ e7"3/70), (3)
depending on the interquark distance r;;. The extended chiral potential VXV is de-

rived from GBE and multiple GBE [20] and consists of a pseudoscalar part describ-
ing pseudoscalar meson-exchange (7, K, 7, 1)

3
prs(ﬁ'j) - [Z VS.S' )\a./\a + z v /\a/\a
a=1
PSS (NS + 5 (ﬁj)]a'f -5

[Z VT (7i5) M2 + Z VE ()M

a=1 u.—4

PV + S V()] Sy (4)

where S;; is the tensor operator and a pseudovector part for vector meson-exchange
™ ’
(pv K y Wy W )

VPV [ Z VSS rlj)/\a/\a Z /\a/\a

a=1 a=4
HVIS () AN + vﬁs(ﬁj)}a 5
3 7
+H VTN + 3 VE (F) A

a=1 —4
+VI (75) AN + VI )] Sij
[Z VO () AEAS + Z V. (7i) AEAS

+VE(7 )/\8/\8+3V( )], (5)

where &; and A? represent the quark spin and flavor matrices, respectively. The
scalar chiral potential for o-meson-exchange is given by

W = V5 () (6)
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In the static approximation one obtains the well-known spin-spin V%, tensor V7
and central V¢ meson-exchange potentials. For example, the radial part of the
spin-spin potential is given by

_ g2 1 g €KY

VSS -'1 = 2
7 () dr 12m;m; |7 1

—4m6(7;) | (7)

with p., being the meson masses and g, the meson-quark coupling constants. For the
pseudovector potentials (y = p, K*,w,w’) the g2/4r is replaced by 2(g¥ + 91)2/471'

with gSV'T) the meson-quark vector and tensor coupling constants respectively.

Since one is dealing with structured particles (constituent quarks and mesons) of
finite extension, one has to smear out the § function in Eq. (7).i.e.

AA, (Ag - u,?() rij) e~

: ®)

4r §(7%) — (u% +
(V)

The corresponding expressions for the radial terms of the tensor and central po-
tentials are obtained in similar fashion. The cut-off parameter A, in the above
expressions varies linearly with the magnitudes of the meson masses p.

Ay = Ag + Ky 9)

The quark masses are fixed to the typical values m, 4 = 340 MeV and m, = 500
MeV and the strength of the confinement potential to C = 2.53 fm~2. The remain-
ing fitting parameters are the constant Vi and the parameter rg in the confinement
potential, and the parameters Ag and & defining A,. The meson-quark coupling con-
stants were derived from the phenomenological meson-nucleon coupling constants.
For the coupling constants go of the pseudoscalar singlet (') and g, of the scalar
meson gg = go = g, was assumed [20].

The Schrédinger-type equation for the model is solved with the stochastic variational
method [21] which is able to give results with an accuracy of better than 1%. The
results show quite a satisfactory agreement with the spectra of all the low-lying light
and strange baryons. The level orderings of the lowest positive- and negative-parity
states in the nucleon spectrum are reproduced correctly and the same applies for
the low-lying states in the A and ¥ spectra, the only unresolved problem being the
flavor singlet A(1405).

3 Charge-exchange current operators

The relativistic form of the kinetic energy does not permit the use of the traditional
one-body current density operator; so in order to be consistent with the model
Hamiltonian the gauge invariant charge-current density operator is derived within
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a functional derivative formalism [19]. It contains both one- and two-body terms.
The one-body contribution includes the charge, the convective- and the spin-current
operators. Their matrix elements between free particle states for a particle of charge
e and mass m have been derived in momentum space [18] and with respect to the
usual nonrelativistic expressions, only the spatial components of the charge-current
density operator are affected, while the time component is simply given by the
charge density.

The two-body current operator can be derived directly from the continuity equa-
tion consistently with the model Hamiltonian described in the previous section. In
momentum space the continuity equation reads

7 gy = [Ty, V] (10)

with f[ol], V the Fourier transforms of the one-body charge-density and Q-Q potential
Vi; of the previous section, respectively. Due to the flavor-dependence of . ][ 4 it turns
out that the only non-vanishing exchange currents arise from 7-, K-, p- and K™-
exchange. If we restrict ourselves to the non-strange baryon sector, then we have
contributions only from the exchange of pions and rho-mesons and due to their
isospin structure the exchange currents we finally obtain from Eq. (10) are the well-
known pion(rho)-pair (7 (p)gg) currents and pion(rho)-in-flight (y7(p)7(p)) currents

2 = 0 2 2
= gy . Gx G-k (AL —pEN2 L S SO
rag (ki k = — — L - 3 ).
Imqal 2) = de pEmpany [(klz%-ufr) (k?—i—/\',z,) G;— (1 Hj)] (7 x 7)., (11)

on (e ) = e 92 G; k;3; - k; Fi- ) (A2 — p2)?
T Amamy (B2 4 p2) (k2 4+ pu2) (k2 + A2) (2 + A2)
F24u2 k24l
x (14 2R 4 TR (7 7). (12)
ks +A ki + A2
" Lo 14 Ty2 = A2 2
Foopllle B ra ot B LT ¥ (B0 1) 0L E gy ]
4m;m; (]CJ2 + u?) ? 4+ A2
(T X Ti)e s (13)
v T\2 n n
= er = + - . ki — k-
Fope Bt B = Lo 4 A0 e B ¢ R L
dm;m; (k7 + p2) (k% + u2)
(A2 - u2)? R 4+pd B tpdy |
. - (1+ 4 Z)(n X 7)), (14)
(k2 + A2)(k? + A2) F2 4+ A2 kP + A2
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where §= ki + i

4 Results

The calculation of the elastic e.m. form factors involves the calculation of the matrix
elements of the charge- and current-density operators presented in the previous
section. The electric form factor consists of contributions from the one-body charge-
density operator J), whereas the magnetic form factor consists of contributions from
the one-body and two-body current-density operators. The full magnetic form factor
can be written as the sum of the individual contributions

Gu(Q%) = GRQ) + CHIQ) + G (@) + G+ G (@) (15)

The calculations were performed without introducing any additional parameters
and the results for the electric and magnetic form factors are plotted in Figs. 1
and 2. There is no modification in the calculated electric form factor since two-
body effects do not appear in the charge-density operator. However, contrary to the
case of a central pseudoscalar meson-exchange interaction where the contribution
from two-body currents was found to be zero [18], we find that currents arising
from the full pion- and rho-exchange interaction give a sizeable contribution to the
magnetic form factors which gradually decreases with increasing @2. Contributions
from the pion pair-currents and pionic currents tend to cancel each other (the same
applies to the rho-exchange currents) but the overall effect is the enhancement of
the nucleon form factors. At Q% = 0 in particular, the contribution from two-body
currents to the magnetic moment uy = Gp(Q* = 0) of the proton and neutron is
significant, giving a much better agreement with the experimental values compared
to the results with one-body currents only as shown in Table 1.

Table 1
Contributions to the magnetic moments of the proton and neutron from different
currents. The experimental values are inserted in the last column.

N ppp  Hreg  HBorr Bogg  Haee B

p 1.516 -0.126 0.735 -0.109 0.202 2.218
n -0.993 0.126 -0.735 0.109 -0.202 -1.695

Despite the improvement at Q% = 0, the electric and magnetic form factors overesti-
mate the experimental form factors at Q% # 0 and hence lead to an underestimation
of the nucleon charge radii. This is a common feature of all CQM’s and reflects the
fact that constituent quarks are assumed to be pointlike particles. Any effects re-
sulting from the collective excitations of sea quarks for example are unaccounted for.
One way of incorporating these additional “sea quark” effects without spoiling the
agreement with the observed baryon spectra is to consider that constituent quarks
are effective degrees of freedom with some spatial extension.
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Assuming that the up and down quarks are indistinguishable, a charge form factor
f(Q?) of the Dirac type could be appended to the charge- and current-density
operators (both one- and two-body ones). A rather good agreement with data can
be obtained for G4 at Q* > 0.5 (GeV/c)? using a simple dipole form factor

1

Q% = T a2f (16)

common to all quarks. Once constituent quarks are treated as extended objects, it
is not unreasonable to introduce an anomalous magnetic moment x. Thus, besides
a dipole form for f(Q?), the following form for g(Q?) has been considered:

1

9(Q%) = f(QY) + ﬁm

(17)

for the magnetic current-density operator. The actual value of k has been fixed
in order to obtain the experimental value of the proton magnetic moment. For a
quark mass m = 340 one obtains k = 0.379. Correspondingly, the neutron magnetic
moment turns out to be —2.073 n.m. in good agreement with experiment. The
other two parameters a and b in Egs. (15) and (16) are then fixed by fitting the
@Q? dependence of G%,. The resulting value for the quark charge radius is: r. = 0.7
fm. It is worth noting that the extracted value of the quark charge radius is fairly
close to the value predicted by the Mector Meson Dominance model. Without any
additional free parameter one can then calculate the other nucleon form factors.
The results are shown in Figs. 1 and 2 by the solid lines. A satisfactory agreement
is obtained for both G% and G¥,.

5 Conclusions

A completely consistent calculation of the nucleon elastic electromagnetic form fac-
tors has been performed within the extended chiral constituent model [20]. We
find that the two-body currents derived from the complete pseudoscalar and pseu-
dovector meson-exchange potentials by means of the continuity equation give rise to
significant contributions to the proton and neutron magnetic moments, improving
the agreement with the experimental values.

However, both the electric and magnetic form factors predicted by the model overes-
timate the observed nucleon form factors for Q% > 0 reflecting thus the inadequacy
of the assumption of pointlike constituent quarks. A satisfactory agreement is ob-
tained when treating the constituent quarks as extended particles with anomalous
magnetic moment using suitable Dirac- and Pauli-type form factors. The resulting
quark charge radius is consistent with the prediction of the Vector Meson Domi-
nance model.
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Fig. 1. The electric (G%) and magnetic (G¥%,) form factors of the proton as a function
of the four-momentum squared Q2. The dashed, dot-dashed and solid lines refer to
the results of the GBE CQM, extended GBE CQM and extended GBE CQM with
quark form factors, respectively. Experimental points are from [22] (solid circles),
[23] (open circles) and [24] (triangles).
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Fig. 2. The same as in Fig.1 but for the neutron. Experimental points are from [25]
(open circles), [26] (solid circles), [23] (open triangles) and [27] (solid triangles).
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