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Nucleon Magnetic Moments in Light-Front Models
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We show that the systematic inconsistence found in the simultaneous fit of the neutron and proton magnetics
moments in light-front models, disappears when one allows an asymmetry in the constituent quark masses. The
difference between the constituent quarks masses is an effective way to include in the nucleon model the effect
of the attractive short ranged interaction in the singlet spin channel.

1 Introduction ferent characteristics at moderate momentum transfers (
2 — 3 GeV), as we are going to show through some exam-
ples.

In the present work, we study a possibility to improve
light-front models of the nucleon with point-like quarks, in

It is well known that in light-front models of the nucleon
with point-like quarks, the proton and neutron magnetic mo-

ments are not reproduced simultaneously without further as- ) ) ,
sumptions [1, 2, 3, 4]. More recently, it was shown that in order to obtain a simultaneous fit of the neutron and pro-
several nucleon light-front models, the proton and neutron N Magnetic moments. We introduce a difference between

magnetic moments are strongly correlated [5]. The detailed;he conztituetz)nt quarflf<s masses in t_helngclt_aonr,] whicg if 'r“]m'
form of the correlation was found manly dependent on the erstood to be an effective way to include In the model the
relativistic spin coupling scheme. In Ref. [5], the coupling effect of the attraqnye shortranged Spin-spin force in singlet
of the quark to the nucleon fields was formulated through Channel. The origin of the attraction in the singlet chan-

an effective Lagrangian, which dials the different relativis- "€! ¢an be related to the one-gluon hyperfine interaction or
tic spin coupling schemes. Although some of the previous other short ranged effects, like the instanton induced inter-

calculations [2, 3, 4] were performed within the Bakamijian- action (see discussion in [9]). In the proton, the quésiees

Thomas construction (BT) [6] of the nucleon light-front & More attractive field than the up-quarks. The quark

wave function, the results found for the magnetic moments Pair iS in the triplet spin state while thquark has opposite -
were consistent with those obtained with an effective La- SPIN Projection and consequently the spin-spin attraction is

grangian with mixed scalar plus gradient coupling [5]. In stronger ford. This effect can be simulated by a smaller

fact, it was pointed out that the BT and the mixed scalar mass for thel-quark in the proton[10]. For the same reason,

plus gradient effective Lagrangian constructions of the spin I e néutron u would be lighter thaw. Here, we take into
wave function provides the same form when the free massaccount the effect of the different quark masses in the com-

of the three-quark system is identified with the nucleon plus putat!on ofthe nucIe_on magnetic moments a_md.we show that
momentum component [7]. the disagreement with the data can be qualitatively solved.

. . This paper is organized as follows. In Sec. 2, we briefly

It was shown_ by [4], that the pion and_the nucleon light- present the nucleon wave function model. In Sec. 3, we re-
front wave functions present hard-constituent COMPONENts, ;e shortly the calculation of the nucleon electromagnetic
i.e., high momentum tails, abpve 1 GeV/p, due to .the ;hort- form factors. The results of our calculations are shown in
range attractive part of the interaction in the spin singlet g 4, and the summary in Sec. 5.
state, as taken from the Godfrey and Isgur model[8]. Con-
sequently, the nucleon wave function can exhibit a higher
momentum tail related to short ranged physics of the con-
stituent quarks. However, the high momentum tail in the nu- 2 The Nucleon Model
cleon light-front wave function is unable to breakdown the
strong correlation between the nucleon magnetic moments,The spin part of the nucleon light-front wave function is de-
while the electromagnetic form factors presents sharply dif- scribed with an effective Lagrangian for the N-g coupling,
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which is written as[5], where F; y and F; are the Dirac and Pauli form factors,
respectively andy = —¢?/4my. The momentum trans-
fer in the Breit-frame was chosen along the x-direction, i.e.,
(1—a)m \11(1)1727#75\11(m)\11(n)28”\111v + H.C(1) qL = (v/—43,0).

The electric and magnetic form factors (Sachs form fac-
tors) are given by:

Ln— 3q = amNe \11(1)27275\11( )\If(n)\l’]v +

wherer; is the isospin matrix, the color indices diem, n}
ande'™" is the totally antisymmetric symbol. The conjugate

quark field isU¢ = CT ', whereC = iv2~Y is the charge q°

2 _ 2
conjugation matrix;c is a parameter to dial the spin cou- Gen(e)) = Fin(g)+ am %{FQN( ¢°)
pling parameterization. 2N
The momentum component of the wave function is cho- Gun(¢®) = Fin(@’) + Fon(a®) )

sen as the harmonic and power-law forms [11, 12], with one yhere N = 1 or p. Herepuny = Gun(0) andky =
or two scales: F5n(0) are the magnetic and anomalous magnetic moments,

Uno = Nuo [exp(—M(?/MQ) + )\exp(_Mg/zgf)] 7 respect{;\éely(T?e charge mean square radius is

2 6 EN(q |q2:0-

_ 2/ 42\ —p 2/ 52\ —p ™~ =
Weower = New [(14Mg/6%) 7" + M1+ Mg /51)7"] . The macroscopic matrix elements of the current are

identified with the microscopic ones, which are calculated
within our relativistic model of the nucleon. It is assumed
Yhe dominance of the valence component of the wave func-
tion in the electromagnetic observables. The microscopic
matrix elements of the current are derived using the effective
Lagrangian, Eqg.(1), within the light-front impulse approxi-
mation which is represented by four three-dimensional two-
loop diagrams [5], which embodies the antisymmetrization
of the quark state in the wave function. The detailed form
of the expressions used in our calculations were discussec
thoroughly in our previous works[5].

The normalization is determined by the proton charge. The
width parameters, i.e., the characteristic momentum scale
of the wave function arg andg,. M, is the free mass of the
three-quark system. The one scale models have0. We
observe that, the lower momentum scale of the wave func-
tion, 3, is essentially determined by the static observables
and the higher one is related to the possible zer@ gf at
square momentum transfef, ~ 7.7 GeV?, as indicated by
the recent experiments [13, 14].

The power-law fall-off from general QCD arguments has
a value ofp = 3.5 in Eq.(2) [12, 11]. From the point of
view of the static electroweak observables, the valug of
does not present an independent feature at least in the stati
observables, which are strongly correlated, as longa
[5, 12]. Herep = 3 is chosen without any loss of general-
ity in our analysis, as different momentum components of
the wave function leads to the same correlation between th

.TABLE |. Parameters of the power-law model with scalar quark
gpln coupling & = 1). The magnetic moments are shown in the
last two columns.

nucleon magnetic moments [5]. Furthermore, we will show |-C25¢| SIMeV] | 6:[MeV] A | selpn) | pp(i)
(a) 616 5720 5x 10 -1.51 2.72
that the two-scale power-law model also preserves the cor- 5
lati bet th fi i (b) 616 5720 -5 x 10 -1.66 2.86
relation curve between the magnetic moments. © 1034 i i 151 578
Exp. - - - -1.91 2.79

3 Nucleon electromagnetic current

The nucleon electromagnetic form factors are derived from

the valence component of the light-front wave function us- 4 Numerical Results

ing the plus component of the currenty{ = J% + J3))

for momentum transfers satisfying the Drell-Yan condition The parameters of the present two-scale model of the nu-

q" = ¢ + ¢ = 0. The contribution of the Z-diagram  cleon light-front wave function are the constituent quark

is minimized in a Drell-Yan frame while the wave function mass, the momentum scalgsand 3;, and the relative

contribution to the current is maximized (see [15, 16] and weight ) (see Eq.(2)). We use, as before [4, 8, 5], a con-

references therein). We use the Breit-frame, where the fourstituent quark mass value ef = 0.22 GeV in the nu-

momentum transfey = (0,7 ,0) is such thafq™ = 0) and merical evaluation of the form factors apd= 3 for the

71 = (q%, ¢%), satisfying the Drell-Yan condition. power-law model. The relative weight parametethe mo-
The matrix elements of the curref; (¢?) are computed  mentum scaleg and 3; of the different models are found

in the nucleon light-front spinor basis in the Breit-frame from the proton magnetic momentum and the experimental

constrained by the Drell-Yan condition, which is written as ratio 1, Ggp/G arp [13, 14]. We are going to use previous

[2, 5] results [5] with one scale models with Gaussian and power-
) 1 s law forms, to compare with the new two-scale model.
F J ,
1

Fon(g?) TR, ©

\/ﬁ\/l +n
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results for the form factors.) In Table I, we also present a
one scale power-law model (c) which gives the same neu-
tron magnetic moment as model (a). The proton magnetic
moments in models (a) and (c) differ only at the level of 5%,
therefore the strong correlation betweggrandy:,, found for
one-scale models are valid for the case of two-scales wave
functions. Even with the change of sign infrom positive

to negative the results are consistent with the correlation plot
as one sees in Fig. 1.

The next point in the analysis of the nucleon magnetic
moments is to introduce in the model an asymmetry in
the quark masses as we have discussed before. The quark
Figure 1. Proton magnetic moment as a function of the neutron ; effectively could present a smaller mass in the proton,
magnetic moment for several models. In the left and right frames My —myg =6, > 0,while inthe neutromny —m, = 6,,.

are presented results for h.o. and power-law models, respectively.U . |ativisti lculati fth | i
Results of one scale models fer= 1 (thick solid line),a = 1/2 Sing a nonrelatvistic calculation ot the nucieon magnetic

(solid line) andx = 0 (thin solid line). Correction of the one scale Moments in lowest order if),,, one easily finds that the shift

model results due to the quark mass differencedfor 1 (thick in the nucleon magnetic moments are given by:

dashed line)o = 1/2 (dashed line) and = 0 (dotted line). Re-

sults for two-scale models of Table I: (a) (circle with black dot) and 20m 46,

(b) (gray circle). Results of BT calculations from [3] (diamonds) Spp = “3m Ot = m ; ()

and from [4] (triangles). Experimental data (full square).

wherem is the mass of the heaviest quark in the proton

In Fig. 1, we show the correlation between the magnetic or neutron. The shifts ip, and 11, tend to decrease both
momentsy,, andu, for several different models. First, we  values, which can lower the theoretical curves presented in
compare the calculations performed within the BT frame- Fig. 1 toward the experimental point. Indeed, for each one
work [3, 4] with results obtained with one-scale models [S]. scale-model calculation presented in Fig. 1, the correction
The calculations for the one-scale harmonic and power-lawfrom Eq.(5) is applied with a quark mass difference of about
forms were done for scalar coupling = 1, scalar cou- 150, which result in agreement with experimental values.
pling plus gradient coupling = 1/2 and gradient coupling With the sake to be complete, we show in Figs. 2 and 3
a = 01in Eq.(1). The parametef was changed to produce  the proton and neutron electromagnetic form factors for the
the continuous curves shownin Fig. 1. - _ power-law wave functions with two scales (a) and (b), com-

_ We observe that the nucleon magnetic moments Obta!”eOBared to the results of the one-scale model (c) for the scalar
within the BT scheme [3, 4] are consistent with the effective quark-nucleon coupling in the effective Lagrangian.
Lagrangian model results far = 1/2 in Eqg.(1), with only In Fig. 2, the calculations fop,Gg,/Gr, ratio are
one exception. It is reasonable to expect that the BT andcompared to the experimental data [1??, 14].pThe o scale
a = 1/2 spin coupling schemes produce consistent results,yave function model (a) with. > 0 presents a nice fit to
as they are qualitatively similar in respect to the spin com- yhe ratio data showing how to overcome the limitation found
ponent of the wave function. with one-scale models, for which the zero9fG i, /G s,

In the relativistic spin component of the nucleon wave anheared at to low momentum transfers [5], as is also seen
function generated by = 1,2, the Melosh rotations have ¢4 the one-scale model (c). It is interesting to observe that
the arguments defined by the kinematical momentum of the, o the sign of\ is changed, the respective curve is well
quarks in the nucleon rest frame. The difference with the BT ;e of the experimental data [17]. The proton magnetic
construction of the spin coupling coefficients appears only o factor obtained with the two-scale model (a) and the
in the argument of the Melosh rotations which are defined the one-scale model (c) are close, indicating a strong dom-
for a system of three-free particles [7]. As the constituent jhance of the value of the neutron magnetic moment in this

quark masses are sizeable in respect to the nucleon inversgpseraple. The two-scale model (b) which presents a better
size, one expects the similarity between the two spin cou-, 41,e of i, approaches the data f6f, (¢?)
n P .

pling schemes, which explains our findings.

We performed calculations of the nucleon electromag-
netic form factors for the power-law wave function with
two scales and scalar coupling & 1) for the parameters

In Fig. 3, the results for the neutron electric form factor
show a strong dependence with the neutron magnetic mo-
ment. The models (a) and (c), which have the poorest value
of u, strongly disagree with the data, while the model (b)

presel_nte(_j n T?bkte Id -tlj—h?hChfq "éj‘? of ttf:]et ;(]:alar f(t)rm of spin with a better value for.,, appears to be more consistent with
coupling IS motivated by the finding that th€ neutron square . experimental values f@¥ g,,. This finding is consistent

c_harge_ radius, electric f_orm factor and magnetic moment a€yith the calculations of Ref. [5] performed for one-scale
fitted simultaneously with one scale models [5].

; models witha = 1 and g chosen to fitu,,, where a good
In order to make broader choices of parameters, we haveagreement with the data f6¥;, was found. Thus, there is
usedA positive (a) and negatl_ve_z (b). In th_e caseob- 0, a strong dependence of the theoretical neutron electric form
the parameters are found by fitting approximately the proton factor with

magnetic moment and the proton ratigG' g, /G, from "

the recent experiments [13, 14]. (Later on, we will present
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momentum tail, which is able to reproduce the recent data
of 1,GEp/Garp and presents a zero in the neutron magnetic
form-factor around 0 Ge V2.

pEp Mp
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