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Abstract

This study investigates the distributions of charge and magnetization within the nucleon using the Perturbative
Chiral Quark Model (PCQM). Nucleon charge and magnetization densities are intrinsically linked to the Sachs
electromagnetic form factors. We calculated these Sachs form factors within the PCQM framework, incorporating
excited-state quark propagators up to the 2" excited state. Our findings reveal that both the influence of the meson cloud
surrounding the quarks within the nucleon and the inclusion of excited-state quark propagators contribute significantly to
the Sachs form factors. The definitions of the nucleon charge and magnetization densities are dependent on the chosen
frame of reference. Accordingly, we calculated these densities in both the rest frame and the infinite momentum frame of
the nucleon. Our results demonstrate distribution patterns consistent with those reported in previous studies. Specifically,
the neutron spherical charge density in the rest frame is observed to be positive near the center and at large distances, with
a negative distribution in the intermediate region. Conversely, in the infinite momentum frame, the neutron charge

distribution exhibits a negative core surrounded by a positive region extending away from the center.
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Introduction

Nucleon electromagnetic form factors are crucial
quantities that encapsulate the fundamental properties of
the nucleon, including its magnetic moments, charge,
and magnetic radii. The dependence of these form
factors on the 4-momentum transfer squared, Q2
provides insights into the nucleon’s electromagnetic
structure. Furthermore, the detailed distribution of
charge and magnetic moment within the nucleon,
encoded in its charge and magnetization densities, can
be elucidated through a comprehensive study of the
nucleon electromagnetic form factors.

The Sachs form factors, G¢(Q?) and G,,(Q?), are
commonly employed to represent the electromagnetic
form factors of the nucleon, facilitating direct
comparison between theoretical predictions and
measurements.

experimental Experimentally,

information on the Sachs form factors can be extracted

from the elastic scattering of electrons off nucleons. The
improved technique of recoil-polarization data
measurement has significantly extended the range of
momentum transfer, Q2. For experimental progress and
status, see [1,2]. From a theoretical perspective, various
approaches and models can be utilized to calculate the
Sachs form factors. At low Q2, these form factors are
directly related to the Fourier transform of the charge
and magnetization densities. However, at higher QZ,
these simple relationships are invalid because the effect
of nucleon recoil becomes increasingly significant.
Furthermore, Lorentz contraction must also be
considered at high Q2. Consequently, the
straightforward relationships between the form factors
and the charge and magnetization densities via Fourier
transformation require modification to incorporate the

effects of nucleon recoil and Lorentz contraction.
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The static charge and magnetization densities,
which characterize the distributions of charge and
magnetic moments within the nucleon, are defined in the
rest frame of the nucleon [3]. However, the Sachs form
factors are defined in the Breit frame, and each value of
Q? corresponds to a distinct Breit frame for the nucleon.
In the Breit frame (or “brick-wall frame”), an incident
particle experiences a scattering event such that its final
momentum vector is equal in magnitude but opposite in
direction to its initial momentum vector. Consequently,
for each Q2, a boost from the corresponding Breit frame
to the rest frame is required. As a result, there is no
unique relationship between the Sachs form factors and
the static charge and magnetization densities. Indeed,
when relativistic effects are considered, the static charge
and magnetization densities become model-dependent
quantities. Alternatively, one may also consider the
charge and magnetization densities of the nucleon in the
infinite momentum frame [4-6].

In this work, we calculate the static charge and
magnetization densities of the nucleon using the Sachs
form factors derived from the PCQM. The PCQM has
been successfully applied to numerous physical
quantities, including the pion-nucleon sigma term [7,8],
electromagnetic form factors of the nucleon and octet
baryons [9-11], helicity amplitudes of the nucleon-delta
electromagnetic transition [12], axial form factor of the
nucleon [13], and strangeness form factor of the nucleon
[14]. We will investigate the charge and magnetization
densities in the rest frame of the nucleon. Furthermore,
we will specifically focus on the charge densities in the

nucleon’s infinite momentum frame.

Materials and methods

The PCQM

The baryon in the PCQM is considered the bound
state of 3 valence quarks that form the quark core. Due
to spontaneous chiral symmetry breaking, a cloud of
pseudoscalar mesons (7, K, 1) surrounds the quark core.
The model Lagrangian of the PCQM can be written as
an effective chiral Lagrangian [7].

Lesp = Lo+ Lt + Lysp (D

where L, comprises the Lagrangian of the massless
quark field Y(x), which is confined by the static

effective potential V,rr = S(r) + y°V(r), and the
massless pseudoscalar meson field ¢;(x). Specifically,

Ly is given by:

Lo = p@)[iy*a, —y°V(r) — SO @) +
2581 [0,:0)]". @)

L3t describes the interaction between quarks and

pseudoscalar mesons. To the lowest order, it is given by:

L5 = —Pes )iy B2y ), 3

where the pseudoscalar meson matrix ¢ is given by:

L + +
(\/E"'\/E T K \|
9 _ Piki _ - L 0
\/E_lel 2 - s _\/_E+\/_E K y (4)
K~ ko -z

with F = 88 MeV being the pion decay constant in the
chiral limit [15]. The Lagrangian L,gp contains the
explicit chiral symmetry breaking terms, resulting from
the mass of the quark and the pseudoscalar meson fields.

Specifically,
Lyss = —POOMP(x) = 2Tr[p2(Mm], ()

where M =diag {Mm, M, ms} represents the
diagonal light current quark mass matrix. Here, we
restrict to the isospin-symmetric case where m =
(my + my)/2. In the PCQM, the quark masses are
chosen to be M = 7 MeV and m; = 257 [7]. In terms
of the quark masses 7 and mg, the pseudoscalar meson

masses can be represented by the relations:

MZ=2mB, M}=(R+m)B, M:=2(m+
2mg)B, (6)

where B is the quark condensate parameter and the value
of B is chosen to be 1.4 GeV [7]. It should be noted that
these relations for the pseudoscalar meson masses
satisfy the Gell-Mann-Oakes-Renner and the Gell-
Mann-Okubo relations.
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The interaction between the quark and the
pseudoscalar meson modifies the mass and charge of the
nucleon. To restore the physical charges of both the
proton and neutron, renormalization of the PCQM is
required. The counterterm technique is employed within
the PCQM to ensure the correct charge of the nucleon.
Consequently, at the 1-loop level of the quark-
pseudoscalar meson interaction, the quark field ¥ (x) is
also renormalized to yield the renormalized quark field
Y7 (x). In addition, the quark masses M and mg are
likewise renormalized, becoming the renormalized
quark masses " and m}, respectively. As a result, the
Lagrangian of the model is also renormalized. A
comprehensive account of the PCQM renormalization
process can be found in [9].

Instead of explicitly introducing the confined
effective potential V,rr, the PCQM posits that the
ground state of the quark wave function, uy (%), can be

described by the Gaussian ansatz of the form:

5 x? 1
uo(x) = No exp (_ m) lp g% XsXfXes (7)

4
R

where N is the normalization factor, xs, ¥, and . are
the quark spin, flavor, and color wavefunctions
respectively. The utilization of the Gaussian ansatz
allows for analytical calculations within the PCQM. By
taking [ d3x u} (F)ug(¥) =1 as the normalization

condition, 1 gets:

No = [m3/2R? (1+ 32ﬁ)]_1/2. ®)

Here, R and p are the model parameters. The quark wave

function u, (%) satisfies the Dirac equation:
[—id@ - V+BSE) + V() — Eue@) =0, )

where £, represents the ground state energy of the quark
confined within the baryon. It is noteworthy that the
explicit forms of the potentials S(r) and V(r) can be
derived by substituting uy(¥) back into the Dirac
equation. Both potentials are found to assume the form

of harmonic oscillator potentials [7]:

S(r) =M, +c;r3, V(@) = M, + c,r?, (10)

where

143p?
2pR

1-3p?
Ml = P
2pR

p
, 60 =C = —

,MZ = 80 - 2R3

(1n

Early work on the PCQM [7,9] simplifies
calculations by assuming that the contribution of the
quark propagator, iGy(x,y), arises purely from the
ground state quark wave function, uq(X). This is

expressed as:

iGI/;(x, ¥) = ug(X)to (¥) exp[—i&y(xo — )16 (xo —
Yo)- (12)

Consequently, all quark wave functions in the excited
states are discarded. As a result, R and p function as the
model parameters. Rather than fixing R and p to specific
experimental data, their values are deduced from the
axial coupling constant g, of the nucleon calculated in
the zero-order (the 3-quark core) approximation and the
leading order proton square charge radius {r?),, with

the explicit forms:

—5(1_2%
ga =3 <1 1+§pz)' (13)
and
52
2y _ 3RZ[143p
(ré o = 2 <1+%p2>- (14)

with g, = 1.25 chosen for the zero-order calculation,
the parameter p is fixed at p =,/2/13. Given the

approximated value of (r2),, ranges from 0.5 to
0.7 fm?, the value of parameter R falls between 0.55
and 0.65 fm. Therefore, we take p = \/m and R =
0.60 fm as the central values of the model parameters.
The uncertainty in the model predictions can be
estimated by allowing R to vary from 0.55 to 0.65 fm.
Notably, with this approach, the PCQM is considered a
parameter-free model.

The PCQM was later extended to incorporate
specific excited quark states into the quark propagator.
The inclusion of excited quark states, up to the 2" level,
was initially introduced in the study of the nucleon to

delta electromagnetic transition [12]. By utilizing the
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explicit forms of the potentials S(r) and V(r) in Eq.
(10), the excited-state quark wave functions u,(¥) can
be determined. Here, @ denotes the set of quantum
numbers specifying the quark state. A quark in the state

a with energy €, has a wave function of the form:

uy (%) = Ny exp( ’EZ) ( o ()

283 \iG - 2 fo(r)

)Y@ (19

where N, is the normalization constant, and the wave
function satisfies [ d3x u}, (¥)uq (%) = 1. Here, r =
|X|, and Y,(X) represents the angular dependence
arising from the coupling between the quark angular
momentum and spin in the state a. The upper and lower
components of the quark spinor are denoted by g,(r)
and f, (r), respectively. It is important to note that there
are 2 parameters, p, and R, for each quark in the state
a and both parameters appear within g, (r) and f,(r)
[10,12]. However, within the PCQM, there exist
constraints that relate p, and R, to the ground-state
parameters p and R. Consequently, extending the
PCQM to include the excited-state quark propagator
does not introduce new parameters. The parameters p
and R remain the fundamental model parameters of the
PCQM. The full quark propagator, incorporating excited

quark states, is given by:

le(x'}’) = 9(x0 -
yO) Zau(x(f)ﬁ(x(}_}) exp[_ig(x(xﬂ —J’o)]- (16)

In the PCQM, the standard free Feynman propagator is
employed as the meson propagator:

d*k exp[-ik(x-y)]
(em)4i M3-k2-ie

i —y) =6; : (17)
where Mg represents the mass of the pseudoscalar

mesons (7, K, 7).

The Sachs form factors in the PCQM

The Sachs form factors for the nucleon N (where
N = p for proton and N = n for neutron) in the PCQM
up to 2" order (n = 2) can be obtained from the

following relations:

xixsGH QY =
(0] 220

2

(18)

where, L3 = L3I + §L5 is the renormalized strong-

interaction Lagrangian, which includes the counterterms

and

X} iy G QY =

2my

(0] Z200 5T 8 d*xdx, A OTLLE (1) e £ G () -

19

The renormalized electromagnetic current operator j& is
obtained through minimal substitution. In the PCQM, j¥

can be expressed as:

J = e+ 7, (20)
where

Jor =YY, Q1)
and

jh = (fay + ) piov g, 22)

with fi;; being the totally antisymmetric structure
constants of SU(3). The currents jl’;r and jg represent the

interactions of a photon with a quark field and a
pseudoscalar meson  field, respectively. The

renormalized current operator & jfzr is given by:
8 =7 (Z = 1y YT, (23)

where Z = diag {Z,, Z4, Z} is the renormalization
constant matrix, which ensures the correct physical
charges for both proton and neutron. Here, our analysis

is restricted to the isospin-symmetric case, i.e., Z,, = Zg4

The relevant diagrams contributing to the Sachs
form factors in the PCQM are illustrated in Figure 1.
The quark propagator is present in 2 diagrams: The
meson cloud diagram (c) and the vertex correction
diagram (d). In the study of the Sachs form factor within

0 80 d*rd s . d e XTI (1) o L2 Ger) 200N ),
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the PCQM, the inclusion of the excited-state quark
propagator was initially explored in the context of the
neutron charge form factor, as described in [10]. The
aim of this initial investigation was to determine
whether the excited-state quark propagator could
improve the small values observed for the neutron
charge form factor. However, the inclusion of the
excited-state quark propagator was not applied to the
proton at that time. Subsequently, in [16], both the
proton and neutron were treated on an equal footing by
incorporating the excited-state quark propagator into the
Sachs form factors of the nucleon. Based on these
previous studies, it should be emphasized that both the
contributions from the pseudoscalar meson cloud and
the inclusion of the excited-state quark propagator are
crucial for determining physical observables within the
PCQM.

@

(a) three- quark core

(c) meson cloud

In this work, we incorporate excited quark states
in the quark propagator up to the 2" excitation level,
consistent with the methodology outlined in [16]. While
the inclusion of higher excited states is, in principle,
feasible, it would lead to a rapid increase in the number
of diagrams. Therefore, as an initial exploration of the
charge and magnetization densities of the nucleon
within the PCQM framework, we limit our current
investigation to quark propagator including up to the 2"
excited states. The spectrum of the quark states is
described by the S(r) and V(r) potentials, which are
denoted in Eq. (10). Specifically, the quark ground state

is the 1s;/, state. The 1* excited state comprises the
1p1/, and 1pz,, states, while the 2" excited state
includes the 1d5,, 1ds,,, and 2s,, states.

é@

(b) counterterm

(d) vertex correction

(e) meson-in-flight

Figure 1 The Feynman diagrams for the Sachs form factors in the PCQM: 3-quark core (a), counterterm (b), meson cloud

(c), vertex correction (d), and meson-in-flight (e¢), where N = p for proton and N = n for neutron.

The nucleon charge and magnetization
densities

The spherical charge and magnetization densities,
p¥(r) and pf () in the rest frame of the nucleon, can
be derived from the Sachs form factors, G} (Q?%) and
GN(Q?) [3]. The intrinsic form factors, p¥(r) and
PN (r), are related to GY (Q?) and GJ(Q?) through the

following relations

pr (k) = GF(QH(A + y)E, (24)
and

AN (k) = GM(Q (9 (1 4 7)tm, 25)

where p, represents the magnetic moment of the
nucleon and 7y = Q?/4my. The reduced spatial

frequency, k, is defined as:

k=2 (26)

1+1N

The Ag and A, are model-dependent parameters.
For instance, [17] utilized values of Ay = 0and 1), = 1

based on the relativistic soliton model. Conversely, the
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cluster model [18] employed Az =1 and A = 1.
Considering the scaling relations of perturbative QCD at
large Q2, the preferable choices of Az = 2 and 1), = 2
were adopted [19].

The spherical charge and magnetization densities,
pEM(r), in the rest frame of the nucleon can be

calculated using the relation:
PR () =2 J77 dick2jo(er) i (K), @7)

where j,(kr) denotes the zeroth spherical Bessel

function.

Alternatively, as discussed in [4-6], the transverse
charge density of protons and neutrons in the infinite
momentum frame can be calculated using the following

expression:

PN p(b) = 2 [ dQQ Jo(ob) L) g

1+tn

where b represents the transverse distance and J, is the

zeroth-order cylindrical Bessel function.

Results and discussion

Based on calculations of the Sachs form factors
within the PCQM, incorporating the excited-state quark
propagator up to the 2" excited states as detailed in [16],

and utilizing parameter values of p = 0.55 and R =

0.60 fm, the proton magnetic moment (1,,) and neutron
magnetic moment (i, ) were reported as , = 2.728 and
Up = —1.958 (in the unit of nuclear magneton).
Experimental data from the Particle Data Group are
Up = 2.793 and p, = —1.913 [20]. In the present work,
we refine these magnitudes, achieving closer agreement
with experimental data by employing parameter values
of p = 0.65 and R = 0.56 fm, which yield u, = 2.762
and u, = —1.927. Analytic expressions for all the
Sachs form factors are not presented here; interested
readers are referred to [16] for details.

The Q% dependence of the proton charge form
factor GE(Q?) is presented in Figure 2. A comparison
of GE(Q?) with the dipole form factor, G,(Q?) =
1/(1 4+ Q%/0.71)?, reveals that GE (Q?) exhibits a more
rapid decrease. Within the framework of the PCQM, this
observation is attributed to the utilization of a Gaussian
ansatz in our calculations. The exponential factor within
the Gaussian ansatz results in a more rapid decline of
GE(Q?) as Q? increases. Consequently, the Sach form
factors exhibit a rapid decrease with increasing Q2.
Furthermore, a decomposition of GE(Q?) into
contributions from the 3-quark core and the surrounding
meson cloud is also presented. Consistent with
perturbative treatments of the meson cloud in the
PCQM, the predominant contribution originates from

the 3-quark core.
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Figure 2 The proton charge form factor GE (Q?). The solid line represents the total proton charge form factor within the
PCQM, incorporating contributions from both the ground state and excited states of the quark propagators. For
comparison, the form factor in the dipole approximation G, (Q?) is shown by the dashed line. The dotted and the dotted-

dashed lines denote the decomposition of Gg (Q?) into contributions from 3-quark core and the meson cloud effect,

respectively.

The neutron charge form factor, GF(Q?) is Furthermore, the absence of a 3-quark core contribution
presented in Figure 3. The predicted values of GF(Q?) to GI(Q?) means that the entire contribution originates
within the PCQM are considerably lower than the solely from meson effects. Consequently, treating the
experimental data. This discrepancy is attributed to the meson cloud perturbatively results in a small
use of a Gaussian ansatz in the calculation, which contribution to G} (Q?).

exhibits a rapid decrease with increasing Q2.

T
« T Eden190t
= EEW. Bruinz 1995 b
+ C.Herberg 1999
® M. Ostrick 1999
DI Glazier 2004
4 Lattice QCD 2019
0081~ H. Atac 2021
— PCQM

o] } B

0.04+ 1 J 1
0.021 { { ]

0.10

GHQN
‘\
.
——

0.0 0.1 02 0.3 04
PGV

Figure 3 The neutron charge form factor GF(Q?). The solid line represents the total proton charge form factor within the
PCQM, incorporating contributions from both the ground state and excited states of the quark propagators. The dashed

line represents the results in [6]. The experimental results and those obtained from lattice QCD are taken from references
[21-26].

The proton and neutron magnetic form factors, meson effect to the total magnetic form factors are also
Gy (Q%) and G(Q?), are shown in Figure 4. The presented. For G, (Q?%) within the PCQM, 76.70% of the

individual contributions of the 3-quark core and the proton magnetic moment, [, = ,ﬁ(O), originates from
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the 3-quark core, while 23.30% is attributed to the
meson effect. This underscores the significance of the
meson effect, consistent with findings in previous
PCQM studies. Furthermore, the contributions to the
neutron magnetic moment, u, = Gy (0), from the 3-
quark core and the meson effect are 73.28% and
26.72%, respectively.

The significant contribution of excited quark states
to the nucleon magnetic moment, as reported in
[10,12,16], highlights the necessity of their inclusion in
the quark propagator. The incorporation of these excited
states contributes approximately 9% to both the proton
and neutron magnetic moments, relative to the total
contribution. Although the primary contribution to the
nucleon magnetic moment originates from the ground

state quark propagator, this finding underscores the

importance of including excited quark states within the
quark propagator in the framework of the PCQM. In the
present study, using our selected parameters of p =
0.65 and R = 0.56 fm, which differ slightly from those
in [16], the contribution from excited quark states is
found to be 11.8% for the proton magnetic moment and
12.2% for the neutron magnetic moment. These
contributions are of a similar order of magnitude to those
reported in [10,16]. Table 1 provides a detailed
breakdown of the contributions from both the ground-
state and excited-state quark propagators to the nucleon
magnetic moments. It should be noted that our
calculated proton and neutron magnetic moments
exhibited of 1.11% and 0.73%,
respectively, when compared to the experimental data
[20].

relative errors

(a)

#pGp(Q%)
Total

LN = Meson effect
2.0

QY

1.0

0.0

Three—quark core |

0.0

0.5

Three—quark core 1

Meson effect

0.0 0.1 0.2

Q*GeV?h)

0.1 0.2 0.4

Q%GeV?)

0.3

Figure 4 Displays of the proton magnetic form factor G} (Q?) (a) and the neutron magnetic form factor G (Q?) (b). The

solid lines represent the total proton and neutron magnetic form factors within the PCQM, incorporating contributions

from both the ground state and excited states of the quark propagators. For comparison, the form factors in the dipole

approximation are shown by the dashed lines. The dotted and the dotted-dashed lines denote the decomposition of

GL™(Q?) into contributions from 3-quark core and the meson cloud effect, respectively.

Table 1 Decomposition of the total contribution of the nucleon magnetic moment into components arising from the

ground-state and excited-states quark propagators.

Ground state Excited Total Percentage contribution Exp.

contribution states contribution contribution of excited states [20]
Up 2.4354 0.3264 2.762 11.8% 2.793
Un -1.6921 -0.2351 -1.927 12.2% -1.913
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The Sachs form factors derived from the
aforementioned calculations will be employed to
determine the spherical charge density, p (r), and the
magnetization density, pi(r), of the nucleon. It is

important to note that these densities are defined in the

12

p(fm )
(=2}

ok

00 02 04 06 08 10 1.2 14

r(fm)

pi(fm3)

rest frame of the nucleon. Utilizing the definition
provided in Eq. (27), the resulting spherical charge
densities for proton and neutron, respectively, are
presented in Figure 5 for the case 4z = 0,1, 2.

0.012 o
0.010
0.008
0.006
0.004
0.002

0.000

r(fm)

Figure 5 The spherical charge densities of proton (a) and neutron (b). The dashed lines represent the results for Az = 0,

while the solid and dotted lines correspond to Ay = 1 and A = 2, respectively.

The small r region, measured from the center of
the nucleon, is where relativistic corrections become
the

parameter Ag lead to different values for the spherical

significant.  Variations in model-dependent
charge distributions pf(r) and p(r). This effect is
particularly evident in the case of pk (r). The proton
charge distribution is exclusively positive. In contrast,
since the neutron has 0 net charge, its charge distribution
comprises positive regions at small and large r and a
negative region at intermediate r. Our findings exhibit
similar distribution patterns to those presented in [3].
However, discrepancies exist in the amplitude of both
pE(r) and pg(r). This is attributable to the sensitivity
of the spherical charge densities to the specific Sachs
form factors employed in the calculations.
Alternatively, the radial charge densities can be
defined as 72pE (r) and r2pf(r) for proton and neutron
respectively. However, in the context of radial charge
densities, relativistic corrections are not readily
apparent. This is because the 72 factor tends to diminish
the radial charge densities in the small r region. For the

proton radial charge density, varying values of Ag

induce oscillatory behavior in the large r region, as
illustrated in Figure 6. Conversely, for the neutron
radial charge density, this oscillatory behavior is less
prominent.

The proton and neutron magnetization densities,
ph(r) and pp(r), which represent the magnetic
moment distributions within the nucleon, are presented
in Figure 7. Both densities exhibit similar trends, with
relativistic effects observable in the small r region. The
corresponding radial magnetization densities, 2 pL (7)
and r2ph (r), are depicted in Figure 8. Oscillatory
behavior is evident in the large r region, consistent with
the observations in [3].

It is noteworthy that despite the use of different
Sachs form factors in this work compared to [3], the
general shapes of our charge and magnetization
densities are in agreement with the results reported in
[3]. Furthermore, our findings also align with those
presented in [27], which describes a modification of the
PCQM to incorporate higher order interactions between
quarks and mesons derived from Chiral Perturbation
Theory.
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Figure 6 The radial charge densities of proton (a) and neutron (b). The dashed lines represent the results for Az = 0, while

08

02

00

15

r(fm)

0.006

0.004 -

0.002 -

0.000

rpp(m )

-0.002+

—-0.004

~0.006 1

the solid and dotted lines correspond to Az = 1 and A = 2, respectively.

15

10

i)

0 .

0.0 02

Figure 7 The spherical magnetization densities of proton (a) and neutron (b). The dashed lines represent the results for

04 06 038

r(fm)

1.0 1.2 14
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(fm)

P_?[[(fm_a)

0.6

0.8

r(fm)

Ay = 0, while the solid and dotted lines correspond to 1, = 1 and A, = 2, respectively.

Figure 8 The radial magnetization densities of proton (a) and neutron (b). The dashed lines represent the results for Ay, =

r(fm)

r(fm)

0, while the solid and dotted lines correspond to Ay, = 1 and A, = 2, respectively.

1.0

1.2

1.4
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Our results for the transverse charge densities of
the proton and neutron, p%.(b) and p7;(b),
respectively, within the infinite momentum frame as
defined in Eq. (28) are shown in Figure 9. Here, b
represents the transverse distance. Our findings
regarding the transverse charge density patterns align
with the analysis conducted by [6], which utilized
nucleon form factors under the SU(6) group combined
with large- N, calculation. However, the maximum

magnitude of p! ;(b) at b = 0 obtained in this study is

approximately 7 times smaller than that reported in [6].
For the neutron, we observe negative values for p7 z(b)
in the small- b region and positive values when b >
0.4 fm, consistent with the observations in [6]. The
of pYg(b) b=0
approximately 4 times smaller than the central value

maximum magnitude at is
reported in [6] as shown in Figure 10. The transverse
charge densities exhibit a strong dependence on the

Sachs form factors employed in the calculation.

0.30F (b
(a) 0.00 i (b)
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Figure 10 Comparison of our results for the proton (a) and the neutron (b) transverse charge densities with the results in

[6].

Figure 11 presents our results for the nucleon
transverse charge densities, which are compared to those
obtained from the analysis based on the Dispersively
Improved Chiral Effective Field Theory (DIXEFT) [28].
Our transverse charge density patterns align with the
results reported in [28]; however, we observe smaller

amplitudes for both the proton and neutron cases.

However, our distribution density plg(b) differs from
that presented in [29], which is based on a bound system
within a 3 + 1 dimensional Quantum Chromodynamics
(QCD)
distribution pattern for the density p? . (b) deviates
slightly from that reported in [30].

approach.  Furthermore, our observed
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Finally, it should be noted that attempt has been
made to improve the neutron charge form factor within
the PCQM by incorporating excited quark states beyond
the 2" level in [31]. However, Liu et al. [31] employs a
different type of interaction between quarks and
pseudoscalar mesons, and different potentials compared
to our analysis. It would be insightful to further
investigate whether the inclusion of higher excited
quark states in the quark propagator can significantly

improve the Sachs form factors in our approach.

Conclusions

This the
magnetization densities of the nucleon within the
framework of the PCQM. The PCQM allows for the

calculation of the nucleon Sachs form factors, which are

study investigates charge and

crucial for determining these densities. Previous PCQM
studies often simplified calculations by truncating the
quark propagator to its ground state. In this work, we
include in the quark propagator up to the 2™ excited
quark states. Building upon this, we have refined the
Sachs form factor to improve the calculated nucleon
magnetic moments. This refinement leads to a new set
of optimized parameters p = 0.65 and R = 0.56 fm.

In the PCQM, while the 3-quark core provides the
primary contribution to the Sachs form factors and
nucleon magnetic moments, the surrounding meson
cloud also contributes significantly. In this work, the
meson cloud accounts for approximately 23.30% of the
proton magnetic moment, and 26.72% of the neutron
magnetic moment.

Furthermore, the inclusion of excited quark states
in the quark propagator significantly impacts both the
Sachs form factors and nucleon magnetic moments.

These excited states contribute substantially, accounting

for up to 11.8 and 12.2% of the proton and neutron
magnetic moments, respectively.
The calculated Sachs form factors are utilized as

for determining the nucleon charge and

input
magnetization densities. For the proton, our calculations
demonstrate positive values for both charge and
magnetization densities across the entire radial range
measured from the center of the proton. Conversely, for
the neutron, the magnetization density consistently
remains positive. However, the charge density exhibits
negative values in the intermediate radial region,
becoming positive in both the small and large radial
regions. Furthermore, our results indicate that the proton
transverse charge density maintains positive values
across the entire range of the transverse distance (b),
whereas the neutron transverse charge density displays
negative values for small b and transitions to positive
values with increasing b.

The PCQM highlights the importance of both the
meson cloud effect and the inclusion of excited quark
states, each providing significant contributions (on the
order of 10% for the latter) to various physical
observables, including the Sachs form factors and
nucleon magnetic moments. Determining the optimal
number of excited quark states to include in the PCQM
calculations remains an open question. Further research
is necessary to refine the PCQM, and we intend to

explore this in future investigations.
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