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The simultaneous fit of proton ratjo,G g,/ Gyp, ¢F2p/ F1p to the recent experimental data and static proper-
ties of the nucleon is studied within a light-front model with different spin coupling schemes and wave functions.
The position of the zero of proton electric form factor is sensitive to the presence of a hard constituent quark
component in the nucleon wave function. The fitting of the new data for the ratios is achieved with a hard
momentum scale about 4-5 GeV.

1 Introduction fine interaction from the effective one-gluon-exchange be-
tween the constituent quarks[6, 7]. It was also pointed out by

The recent —p polarization transfer experiments performed [9], that the pion and the nucleon light-front wave functions
at the Jefferson Laboratory for square momentum transfersPresent hard-constituent components, i.e., high momentum
up to —¢2 ~ 6 GeV? [1, 2], show that the proton ratio tails, above 1 GeV/c, due to the short-range attractive part
1,GEp/Garp has a strong and almost linear decrease with of the interaction in the spin zero channel, as taken from the
—q?, which also reveals a flattening @f%, /1, startingat ~ Godfrey and Isgur model[10]. .

—q? ~2 Ge\2. Extrapolation of the linear trend indicatesa ~ The previous discussion physically motivates the pres-
zero of G, for ¢ ~ 7.7 Ge\?[2], which is also incorpo- ~ ence of a high momentum tail in the valence component
rated by the new empirica| fit of the proton form factors[a]_ of nucleon wave fUnCtion, which will be tested in calcula-

The constituent light-front model used by us some time tion of the electromagnetic form factors. In this work, we

ago, with tunable relativistic quark spin coupling forms, ex- US€ @ two scale form of the momentum component of the
pressed in terms of an effective Lagrangian[4], was able WaVve function and an effective Lagrangian construction of

to account for the nucleon static properties with point- the SPin coupling between the quarks[4], with gradient and

like quarks. Although we found a decreasing ratio of Scalarforms:

wpGEp/Garp, in qualitative agreement with the experimen-

tal data, the momentum transfer at whiGh;, crosses zero

appeared at too low values gf between 3 to 4 Ge¥/ for (1— a)e”’”@(l)iTﬂﬂg,\I/fm)@(n)ia“\I/N + H.C(1)

different choices of spin coupling scheme and one scale mo-

mentum components of the wave function[4]. This model wherer; is the isospin matrix, the color indices diem, n}

has a too small momentum scale which leads to a zero ofande!™” is the totally antisymmetric symbol. The conjugate

G p at lower values of>. An other light-front model with  quark field is¥C = CT ', whereC' = ir2+ is the charge

point-like constituents shows also a zero(@f;, at lower  conjugation matrixc is a parameter to choose the spin cou-

values of—¢* ~ 5.5GeV? [5]. Therefore, one could at-  pling parameterization. The scalar form has= 0 and the

tempt to introduce another term in the momentum compo- gradient plus scalar has= 1/2.

nent of the light-front wave function which would bring a The lower momentum scale of the momentum componet

higher momentum scale and try to fit the ra6i;, /G, of the light-front wave function is essentially determined by

without changing the conclusions found at low momentum the static observables and the higher one is related to the

transfers. zero ofG ;,. We choose the harmonic and power-law forms
In recent works with light-front models[6, 8] applied to [11, 7],

mesons, we found the physical motivation to introduce in the

nucleon wave function a higher momentum scale related to

short ranged physics of the constituent quarks. They found Vno = Nio [exp(—MG/26%) + Aexp(—M§/267)]

a reasonable description of the meson spectrum and pion

properties, including a Dirac-delta interaction in the mass Wpower = Npower [(1+ MG /8%) 7P + A1+ Mg /587) 7] .

squared operator among other parts, inspired by the hyper- (2)

EN—3q = amNélmn@(l)iT275\I/(Cm)@(n)\IJN +
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The normalization is determined by the proton charge. Theimpulse approximation which is represented by four three-

width parameters, i.e., the characteristic momentum scaleslimensional two-loop diagrams [4], which embodies the an-

of the wave function ar@ and3,. M, is the free mass of tisymmetrization of the quark state in the wave function.

the three-quark system. The detailed form of the expressions used in our calcula-

This work is organized as follows. In section Il, it is tions were discussed thoroughly in our previous works[4].

given a brief description of the macroscopic and micro-

scopic forms of the nucleon electromagnetic current appro-

priate for the light-front calculations. In section Ill, we 3 Results and Discussion

present the numerical analysis of the nucleon electromag-

netic observables for the new two-scale model. A conclu- The present model of the nucleon light-front wave function

sion is presented in section IV. has four adjustable parameters: the constituent quark mass
the momentum scale8 and 3,, and the relative weighk
(see Eq.(2)). We use, as before [10, 4, 9], a constituent

2 Nucleon e|ectr0magnetic current quark mass value ofi = 0.22 GeV in the numerical evalu-
ation of the form factors. The parametgrss; and\ of the

The calculation of the nucleon electromagnetic form factors different models are found by reproducing to some extent

with the model of Ref.[4], in which the effective Lagrangian the proton magnetic momentum and the experimental ratio

from Eq.(1) describes the coupling of the quark spin in the #pGEp/Garp [1, 2.

valence component of the wave function, makes use of the ~ The power-law fall-off from general QCD arguments has

plus component of the currenf{, = J% + J3;) for mo-  avalue ofp = 3.5in Eq.(2)[11, 7]. From the point of view

mentum transfers satisfying the Drell-Yan conditigh = of the static electroweak observables, the valug dbes

¢°+¢* = 0. The contribution of the Z-diagram is minimized ~Not present an independent feature, once one static observ

in a Drell-Yan reference frame while the wave function con- able is fitted the other is strongly correlated, as long as2

tribution to the current is maximized[12, 14, 15, 7, 16]. [4, 11]. Here we choose for our calculations= 3. As we

We use the Breit-frame, where the four momentum trans- are going to show below different assumptions for the wave

ferq = (0,7.,0) is such tha{g™ = 0) andq. = (¢*, ¢?), function, i.e., harmonic or power-law, have minor impact on
satisfying the Drell-Yan condition. our conclusions.

The nucleon electromagnetic form factors are obtained ~ We performed calculations with the scalar coupling-
from the matrix elements of the currefif; (¢?) in the light- 1 and scalar plus gradient coupling= 1/2 in the effective
front spinor basis in the Breit-frame constrained by the Lagrangian, Eq.(1). The last one corresponds to the spin
Drell-Yan condition [17, 4]: coupling between the quarks to form the nucleon in which

the Melosh rotations have the arguments defined by the kine-

1 matical momentum of the quarks in the nucleon rest frame.

2 _ +/.2
Finle) = VIi+n (TN (@) The difference with the Bakajmian-Thomas construction of
) 1 s the spin coupling coefficients resides in the argument of the
Fn(g?) = W(T [Jn(@) 1) (3)  Melosh rotations which are defined for a system of three-

free particles[18]. These subtle differences distinguish the

where | v and F, are the Dirac and Pauli form factors effect of the relativistic spin coupling as an independent fea-

respectively andy = —¢?/4my. The momentum trans- ture of the wave function parameterization in respect to the
fer in the Breit-frame was chosen along the x-direction, i.e., Model results for the nucleon form factors[4].
7L = (vV/—=¢%,0). We present results for one-scale and two-scale momen-

The electric and magnetic form factors (Sachs form fac- UM components of the wave function, for harmonic and
tors) are given by: power law forms, withae = 0 and 1/2. The calculations

labelled by (a) to (d) and from (e) to (h) in Table I, are done

2 with harmonic and power-law models, respectively. The
Gen(®) = Fin(d)+ ppe; Fon(q), parameters which we found by a reasonable fippfand
) ) N ) wpGEp/Garp Simultaneously, are presented in Table |. We
Gun(¢) = Fin(@)+Fan(a), (4)  observe that while the small momentum scale parameters
are about or less than 1 GeV, the large momentum scale is
where N = n orp. Hereuy = Gun(0) andry = found ranging between 4 to 5 GeV. The small values\ of
F;n(0) are the magnetic and anomalous magnetic moments,nean that it is the interference between the two parts of the
respecn}z/ely. The charge mean square radius3is = momentum component of the wave function that carries the
()’m’j;TN;quz:o. high momentum scale in the form factors, and therefore the

Our relativistic model for the nucleon electromagnetic physical momentum scale which is important for the virtual
current assumes the dominance of the valence component ofhree-quark system is belo% shown in Table I.
the wave function in the static observables and form factors.  The values of the nucleon static observables for all mod-
The microscopic matrix elements of the current are derived els are shown in Table Il. Here, we observe that two-scale
from the effective Lagrangian, Eq.(1), within the light-front models of the wave function produce a reasonable proton
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mean square radius once its magnetic moment is adjustedas shown in Table Il. The neutron magnetic momentum is
as has been found for one scale models which present aot reproduced by the models whgp is near the experi-
strong correlation between these two observables [11, 7, 4] mental value an aspect already found in previous works [4].
However, for one scale models the zero(of, appears at  Although the neutron charge mean square radius for scalar
too low momentum transfers wigg between 3-4 [GeV/é] coupling models agrees with the data, the maximum of the
while two-scale models are able to produce a value around 8electric form factor is very sensitive to the valueof, as
[GeV/c]:. These two-scale models are able to describe rea-we will discuss later.

sonably the proton static observables and the zeiG &,

TABLE |. Parameters of the harmonic and power-law models.

model | type a | B[MeV] | f1[MeV] A
(@ HO 1 715 5280 10717
(b) HO 1 880 - -
(c) HO | 12 726 4180 | 1.2x107*
(d) HO | 112 847 - -
(e) | Power | 1 616 5720 5x107°
® Power | 1 1034 - -
(9) Power | 1/2 660 3740 1074
(h) Power | 1/2 869 - -

TABLE II. Nucleon electromagnetic static observables and zer@ gf, ¢3 (in units of [GeV/c}), for different spin coupling forms with
power-law and harmonic models. Experimental values come fi[a81, 1[20], {[21], §[22] andg[3].

model | pp[un] [ rplfm]* [ pnlpn] ro [fm]? i
(a) 2.86 0.69 -1.60 -0.119 8.0
(b) 2.78 0.62 -1.50 -0.124 3.2
(c) 2.82 0.62 -1.69 -0.028 8.4
(d) 2.79 0.58 -1.66 -0.036 3.2
(e) 2.72 0.65 -151 -0.081 7.8
() 2.78 0.58 -1.51 -0.11 4.0
(9) 2.76 0.62 -1.64 -0.022 8.4
(h) 2.79 0.58 -1.66 -0.028 4.0

0.66 + 0.06"
Exp. 279 | 0.744+0.02" | -1.91 | —0.113 +£0.005% | ~ 7.7
0.77 £+ 0.03*

and power-law ((e) and (f)) forms of the wave function.
From Table II, one could anticipate the results we found:
a reasonable agreement with the data[l, 2] is seen for the
models which have the zero 6f5, around the suggested
experimental value of 7.7 [GeVA] The same conclusion

is found with respect to the ratios when= 1/2, i.e., the
one-scale model adjusted to fi does not account for the
data on the ratios, while two-scale models give a reasonable
agreement with the data.

1

szleF

q’[GeVic]’ *[GeVicT
rioe The neutron electric and magnetic form factors for
Figure 1. Proton form factor ratiog,G e, (q*)/Gap(¢?) and power-law models withy = 1 ((e) and (f)) anda = 1/2
4 (¢°) /Ry Fip(q7) fOr a = 1. Results for two-scale model ((9) and (h)) are shown in Fig. 2. The neutron magnetic
(a) (solid line) and (e) (dashed line). Results for one-scale model
(b) (dotted line) and (f) (dot-dashed line). Experimental data from MOMeNt comes too low, between -1.5 and -1.66 as one see
Refs.[1, 2]. in Table II. Although the neutron mean square radius for
scalar coupling is about the experimental value, for one and
The results for the proton ratiqs,Gr,(¢?)/G rp(q?) two-scale models, the peak 6fz,, strongly depends on the
and qF,(¢%)/kpFip(¢*) using the scalar coupling mod- value of.,,. A reasonable agreement with the experimen-
els, with parameters from Table I, are shown in Fig.1. We tal data forG g,, below 5[GeV/c} is found when the scalar
present calculations fax = 1 with harmonic ((a) and (b))  model is parameterized to fit,, while the scalar plus gradi-



254 W.R.B. de Ardijoet al.

ent model underestimate the data [4]. We found thaas References

decreases the maximum value®f;,, increases. Therefore,

the model has to be improved to allow the fit;of and u,, [1] M.K. Joneset al.[Jefferson Lab Hall A collaboration], Phys.
together. The neutron electric form factor, for both coupling Rev. Lett.84, 1398 (2000).

schemes, decreases slowly for two-scale models, due to the[] o, Gayouet al, Phys. Rev. Let88, 092301 (2002).
presence of the high momentum tail in the wave function, )

while for the one-scale models it goes faster to zero. In [3] E-J- Brash, A. Koslov, Sh. Li, and G.M. Huber, Phys. Rev.
Fig.2 we also present the calculations for the neutron mag- €65, 051001(R) (2002).

netic form factor, where we found the evidence for a zero for [4] W.R.B. de Araijo, E.F. Suisso, T. Frederico, M. Beyer, and
the scalar coupling model with a two-scale wave function. H.J. Weber, Phys. LetB478 86 (2000); E.F. Suisso, W.R.B.
The other parameterizations with one or two-scales models ~ de Ardijo, T. Frederico, M. Beyer, and H.J. Weber, Nucl.
and/or plus gradient coupling does not present a zero up to ~ Phys. 4694, 351 (2001).

100 [GeV/c}. Certainly, the presence or not of the zero in [5] M.R. Frank, B.K. Jennings, and G.A. Miller, Phys. ReG4

Gen Will strongly constrain the models. 920 (1996); G. A. Miller and M.R. Frank, Phys. Re\6&;
065205 (2002).
oaa| ‘ ] s ‘ ‘ ‘ ] [6] H.-C. Pauli, Eur. Phys. J.T; 289 (1998); “DLCQ and the ef-
01| FARN ] \u\ fective interactions in hadrons” in: New Directions in Quan-
010/ / //—\\ ] "%\ tum Chromodynamics, C.-R. Ji and D.P. Min, Editors, Amer-
oosl / / \ \\7 o1 ‘\\ 3 ican Institute of Physics, 1999, p.80-139.
¢ \ ES A\
© omf ; fﬁﬂlw‘”‘:\, '\\ {1 o 1\\:‘«\\ [7] S.J. Brodsky, H.-C. Pauli, and S.S. Pinsky, Phys. Beh.
FLiR SN SO 299 (1998).
0.02} Z /}‘{/ i \"\\\— i Il . .
e A ! \ E‘\N [8] T. Frederico and H. C. Pauli, Phys. Rev64) 054007 (2001);
000 o o1 1 m 100 0.01 o1 1 1‘0" 100 T. Frederico, H.C. Pauli, and S.G. ZhOU, PhyS ReG6D
dicevic GeVicf 054007 (2002); Phys. Rev.d8, 116011 (2002).

Figure 2. Neutron electromagnetic form factors with power-law [9] F. Cardarelli, I.L. Grach, |.M. Narodetskii, E. Pace, G. Sajm
models. Results for two-scale model (e) (dashed line) and (g) and S. Simula, Phys. Lett. 32, 1 (1994); F. Cardarelli, I.L.
(short-dashed line). Results for one-scale model (f) (dot-dotted Grach, I.M. Narodetskii, G. Salnand S. Simula, Phys. Lett.
line) and (h) (dotted line). The triangles and the squares are B349, 393 (1995); F. Cardarelli; F.Cardarelli, E. Pace, G.
the experimental data from the compilation of Ref.[23] and from Salme. and S Sir;mla Phys Létt 3B7 267 (1'995)_ Fe\;v

Ref.[24], respectively. Body Syst. Suppl. 8 (1995) 345.
[10] S. Godfrey and N. Isgur, Phys. Rev3R) 189 (1985).
[11] S.J. Brodsky and F. Schlumpf, Phys. Let82, 111 (1994);

4 Conclusion Prog. Part. Nucl. Phy&4, 69 (1995).

We have overcome the previous limitations of the light-front [12] J. Carbonell, B. Desplanques, V. Karmanov, and J.-F. Math-
model to reproduce the nucleon form factors with an effec- iot, Phys. Report800, 215 (1998), and references therein.
tive Lagrangian approach to construct the relativistic spin [13] J.H.O. Sales, T. Frederico, B.V. Carlson, and P.U. Sauer,
coupling of the quarks by introducing a physically moti- Phys. Rev. 61, 044003 (2000); Phys. Rev.63, 064003
vated two-scale wave function model. The zero of the pro- (2001).

ton ratio G,/ G'arp @nd the static properties, with the ex- 114 T Frederico and G.A. Miller, Phys. RevAB, 4207 (1992).
ception of the neutron magnetic moment , are reasonably

reproduced within a light-front model with scalar spin cou- [15] J-P.B.C. de Melo, H.W. Naus and T. Frederico, Phys. Rev.

pling scheme and harmonic and power-law wave functions. C59, 2278 (1999).
The neutron charge mean square radius is reproduced withj16] B.L.G. Bakker, H.-M. Choi and C.-R. Ji, Phys. Rev6®
the scalar model of the effective Lagrangian, consistent with 074014 (2001).

previous results[4]. The position of the zero is strongly dom- ;1 5| chuna and E. Coester. Phvs. Red4D229 (1991
inated by the presence of a hard constituent quark tail in the[ IPL g ' - Phys. ReddD229 (1991).

nucleon wave function assuming point-like quarks. This re- [18] W.R.B. de Ardljo, T. Frederico, M. Beyer, and H. J. Weber,
sult is independent of the detailed form of the quark spin J. Phys. @5, 1589 (1999); and references therein.
coupling scheme, scalar or scalar plus gradient, and momenf§19] S. J. Brodsky and J. R. Primack, Ann. Phys. (N52) 315
tum component of the wave function. The present data for (1969).

the form factor ratiog,, G/ G @Ndq L,/ Fip SUGGESta  1og1 3 3 Murphy 11, Y.M. Shin, and D.M. Skopik, Phys. Re\.C
hard momentum scale of about- 5[GeV/c]. 3125 (1974).

Acknowledgments [21] R. Rosenfelder, Phys. Lett489, 381 (2000).

WRBA thanks FAPESP (Fundag de Amparoa [22] S. Kopeckyet al, Phys. Rev. Lett74, 2427 (1995).
Pesquisa do Estado ded® Paulo) for financial support, [23] H. Gao, Int. J. Mod. Phys. B, 1 (2003); and references
LCCA/USP and CENAPAD/UNICAMP for providing com- therein.
putational facilities. TF thanks CNPq (Conselho Nacional [24] s. Rocket. al, Phys. Rev. Lett49, 1139 (1982).
de Pesquisas) and FAPESP.



