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Nucleon elastic electromagnetic form factors obtained using both the three-body and quark + fully

interacting-diquark pictures of nucleon structure are employed to calculate an array of light-front transverse

densities for the proton and neutron and their dressed valence-quark constituents, viz. flavor separations of

the proton and neutron results. These two complementary descriptions of nucleon structure deliver

mutually compatible predictions, which match expectations based on modern parametrizations of available

data, where such are available. Among other things, it is found that transverse-plane valence u- and d-quark

Dirac radii are practically indistinguishable; but regarding kindred Pauli radii, the d quark value is roughly

10% greater than that of the u-quark. Moreover, magnetically, the valence d quark is far more active than
the valence u quark, probably because it has much greater orbital angular momentum. Both pictures of
nucleon structure agree in predicting that, in a polarized nucleon, the transverse-plane charge densities are
no longer rotationally invariant. Instead, for a +X polarized nucleon, positive charge is displaced in the 49
direction, with the opposite effect for negative charge.

DOI: 10.1103/jzh2-swwb

I. INTRODUCTION

Drawing charts of nuclear and nucleon structure has long
been a principal goal of high energy nuclear and particle
physics. Focusing on nucleons, the Poincaré-invariant
electromagnetic form factors contain much objective infor-
mation. Recognizing this, a great deal of electron +
nucleon scattering data has been collected and analyzed
since the pioneering experiments described in Ref. [1]. That
progress is canvassed in, e.g., Refs. [2-5].

Understanding and relating modern data to a sound picture
of nucleon structure requires robust theory. Since the data
now extend to large values of spacelike squared momentum
transfer, viz. 0 < Q% < 15 GeV? [6,7], a coherent description
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requires a Poincaré-covariant approach because one is
delving deep into a target with highly relativistic constituents.

One such scheme is provided by lattice-regularized
quantum chromodynamics (lattice-QCD  or lattice
Schwinger function methods). Material progress has been
made in developing lattice-QCD for form factor calcula-
tions since the turn of this century; see, e.g., Refs. [§—13].
Notwithstanding that, reaching the large-Q> domain now
accessible to experiments remains difficult using lattice-
QCD, owing to the need for very fine lattices and large
volumes, and issues with signal-to-noise ratio and excited
state contamination [13].

Hamiltonian-based light-front approaches and relativis-
tic and/or holographic quark models have also been used
[14-19] with some success. The issue in these cases,
however, is forging a link to QCD because the degrees
of freedom used to formulate the models do not have a
traceable connection to those in the QCD action.

A viable alternative to the aforementioned approaches is
provided by continuum Schwinger function methods
(CSMs) [20-25]. In this framework, one typically works
with QCD’s Euler-Lagrange equations of motion—
the Dyson-Schwinger equations (DSEs)—and develops

Published by the American Physical Society
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FIG. 1. With the nucleon’s direction of motion defining the
longitudinal light-front vector, the light-front transverse plane can
be characterized by the usual two Cartesian vectors, (%,9), as
marked by the blue surface in the image. The transverse position
vector is indicated by l_;—orange; and the transverse spin vector

by S—red.

symmetry preserving truncation schemes that enable a
systematic connection to be made between each element
of a given calculation and fields and/or terms in the QCD
action. Regarding nucleon elastic electromagnetic form
factors, two complementary paths are currently in use.
Namely, a direct approach based on a 3-body Faddeev
equation for the nucleon wave function [26,27] and a
quark + fully interacting diquark—q(gq)—picture of
nucleon structure [28,29]. Both schemes are Poincaré-
covariant and can deliver form factors that cover and reach
beyond the range of existing experiments.

One particular use of nucleon electromagnetic form
factors is to produce charts of the distribution of charge
and magnetization within these states. Drawing analogies
with nonrelativistic systems, three-dimensional Fourier
transforms of the Poincaré-invariant Sachs electric and
magnetic form factors [30], viz. G} ,,(Q*), when inter-
preted in the Breit frame, were long imagined to describe
nucleon configuration space charge and magnetization
densities. However, this interpretation overlooks the fact
that Poincaré-covariant wave functions do not have a
probability interpretation; hence, cannot be used to define
densities.

A contemporary alternative [31] considers projections of
the Poincaré-invariant form factors onto the light-front via
two-dimensional Fourier transforms with Q? interpreted in
a Drell-Yan-West frame [32,33]. Such functions describe
true densities in a plane perpendicular to the light-front
vector used in defining the nucleon state; see Fig. 1.
Interpreted in the infinite momentum frame, this is the
nucleon’s direction of motion. No information is available
about light-front-longitudinal charge and magnetization
distributions.

Herein, we calculate and compare transverse charge
densities obtained using both the 3-body [27] and ¢(gqq)
[29] approaches to nucleon structure. Sections II and III
provide a detailed discussion of the contemporary 3-body
framework for calculation of nucleon form factors. This

scheme was employed in Ref. [27], but little in the way of
explanation was provided. An exhaustive background to
the ¢(gq) approach is provided in Ref. [28] and a complete
exposition of the modern implementation was provided in
Ref. [29], so little recapitulation is necessary. Transverse
charge and magnetization densities, and the kindred charge
density associated with a transversely polarized nucleon,
are defined, and the CSM predictions reported and dis-
cussed in Sec. IV. Section V provides a summary and
perspective.

II. FADDEEV EQUATION

A. Basic elements

Herein, we work at leading-order in a systematically
improvable, symmetry-preserving truncation of all quan-
tum field (Dyson-Schwinger) equations which appear in
the matrix element that defines the photon + nucleon
interaction; namely, the rainbow-ladder (RL) truncation
[34,35]. It is worth mentioning here that, after roughly
thirty years of use, RL truncation is known to be reliable for
pion, kaon, and nucleon observables: (a) practically, owing
to numerous successful applications [23,36,37]; and
(b) because improvement schemes exist and have been
tested, showing that the cumulative effect of improvements
to RL truncation in these channels can be absorbed into a
modest modification of the quark 4 quark scattering kernel
[38—45]. Importantly, where reasonable comparisons are
possible, modern CSM predictions and contemporary
lattice-QCD results are mutually consistent—see, e.g.,
Refs. [22-24,36,37,46-51].

In RL truncation, the nucleon bound state amplitude
can be obtained by solving the Faddeev equation sketched
in Fig. 2. Two elements are required to complete the
definition of the Faddeev equation: (i) the quark + quark
interaction, G; and (i) the dressed quark Schwinger
function (propagator), S.

FIG. 2. Faddeev equation in RL truncation. Filled circle:
Faddeev amplitude, ¥, the matrix-valued solution, which in-
volves 128 independent scalar functions. Spring: dressed-gluon
interaction that mediates quark + quark scattering; see Eqs. (1)
and (2). Solid line: dressed-quark propagator, S, calculated from
the rainbow gap equation. Lines not adorned with a shaded circle
are amputated. [sospin symmetry is assumed. The sum runs over
each of the cases involving quark “i = 1, 2, 3” as a spectator to
the exchange interaction.
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In RL truncation, the scattering kernel is obtained by
writing [52]

~ 14 A4
G (k) = G() [m—] [m—] ™, ()
2 CB 2 DA

KTV, = k*6,, — k,k,, y = k*, A, B, C, D represent color
and spinor matrix indices. The 7', specifies Landau gauge,
employed because it is a fixed point of the renormalization
group and also that gauge for which corrections to RL
truncation are least significant [53].

A realistic form of G, (y) is described in Refs. [41,54]. It
is specified by writing

- 87° ) 872y F(y)
G(y) =—5De™/ + "
o In[z + (1 + y/AzQCD)z]

. (@)

where y,, = 12/25, Agqcp = 0.234 GeV, 7= e’ —1, and
F(y) = {1 —exp(=y/A2)}/y, Az =1 GeV. Asymptotic
freedom is manifest in the ultraviolet behavior of G(y) and
confinement is expressed throughout via the violation of
reflection positivity by colored Schwinger functions
[[23], Sec. 5].

In formulating and solving the relevant equations, we use
a mass-independent (chiral-limit) momentum-subtraction
renormalization scheme [55], with renormalization scale
¢ =19 = 19 GeV, viz. a far ultraviolet value so as to avoid
truncation ambiguity and ensure that the quark wave
function renormalization constant is essentially unity.

Numerous applications have revealed [23] that inter-
actions in the class containing Egs. (1) and (2) can serve to
unify the properties of many systems. Contemporary
studies employ @ = 0.8 GeV [45]. Then, with wD =
0.8 GeV? and renormalization point invariant quark cur-
rent mass M, = my; = 6.04 MeV, which corresponds to a
one-loop evolved mass at { =2 GeV of 4.19 MeV,
the following predictions are obtained: pion mass
m, = 0.14 GeV; nucleon mass my = 0.94 GeV; and pion
leptonic decay constant f, = 0.094 GeV. These values are
a good match with experiment [56]. When the product @D
is held constant, physical observables remain practically
unchanged under v — (1 +0.2)w [57].

It is worth highlighting that all results obtained sub-
sequently are parameter-free predictions. The interaction
involves one parameter and there is a single quark current-
mass. At this point, both quantities are fixed.

Here, it is also worth providing additional information
about the interaction in Eq. (2). For instance, following
Ref. [54], one may draw a connection between g
and QCD’s process-independent (PI) effective charge
[58-60]. That PI charge is characterized by an infrared
coupling value @(0)/z = 0.97(4) and a gluon mass-scale

= 0.43(1) GeV, both determined together via a com-
bined continuum and lattice analysis of QCD’s gauge

sector [58]. The following values are those of analogous
quantities inferred from Eq. (2)
ag(0)/n = 1.45, mg = 0.54 GeV. (3)

They agree fairly well with the QCD values.
Element (ii) in Fig. 2 is the dressed quark propagator,

which has the form

S(k;¢) = Z(k*58) /iy - ke + M(K?)], (4)
where Z is the quark wave function renormalization
function and M is the renormalization group invariant
quark mass function. Herein, as required by symmetry
considerations, it is obtained by solving the RL truncation

quark gap (Dyson) equation. In accomplishing that task, we
follow the procedures explained in Refs. [52,61,62].

B. Faddeev amplitude

The solution of the three valence body equation sketched
in Fig. 2 has the following form:

3
Z\P,(AIBCD (p.q.P), (5)

i=1

Y2 (p.q.P
where

W (p.q.P) = / GSF ()i (ka)Scver ()

x PC2(p) g, P), (6a)

‘PEAZ;CD(P q, )—/ gA C/( )Sc’c”(k3)SA’A”(7€1)

x ¥(,L(p? g@, P), (6b)

¥ en(p.q. P) = / GEA (k) S a0 () S ()

X lI’A”B” (

), 4%, P). (6¢)
In Eq. (6), [, represents a translationally invariant regu-
larization of the four-dimensional momentum-space inte-
gral and we have extended the range of the indices A, B, C,
D to include spinor (@, f3, v, 6), color (r, s, t, u), and flavor
(a, b, c,d), with D labeling these quantities for the nucleon
itself.

Three independent particle momenta are involved in
Eq. (6): p1, p2, p3- Momentum conservation requires
p1+ p>» + p3 = P, the total nucleon momentum. The
other two (relative) momenta can be chosen in any way
one desires; however, if one wishes to capitalize on
permutation symmetry, then the following choices are
best [26]
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p 1-¢
=(1=¢&)ps—<&(p1+ pa); p1:—q—§+TP,
P2~ D1 1-¢
o i —_ _P
y ¢ e 2+ 2
P=pi+pr+p3; p3=p+EpP, (7)

with £ = 1/3 being a momentum partitioning parameter.
(We have verified that the results are independent of this
choice, but the chosen value speeds the calculations.) The
internal quark propagators depend on the quark momenta
k; = p; — k and k; = p; + k, with k being the exchanged
momentum. For each of the three terms in Eq. (6), the
internal relative momenta are

p(l) = p-'-k’ p(z) :p_k’ p(3) =p,
qV=q-k/2, ¢¥=q-k/2, ¢V =

Owing to the spin, flavor, and color structure of the
nucleon, the Faddeev amplitude in Egs. (5) and (6) can be
decomposed as follows:

qg+k. (8)

1
I
ng(p q’ ® aﬁy p q’ Fabcd’ <9)
=0

Vo ;

where €, expresses the antisymmetry of the nucleon
amplitude under interchange of any two dressed-quark
constituents, so the overall nucleon color label is u = 0.

Some additional information is useful when discussing
the isospin structure. The flavor amplitude is represented in
an isospin basis spanned by the mixed-antisymmetric (MA)
and mixed-symmetric (MS) flavor combinations, rather
than directly in the proton-neutron basis. The correspond-
ing flavor tensors are

1 .
MA: F),.. = ﬁl[GZ]ab[H]cd’ (10a)
1 ;
MS: Ftlzbcd = —%[Gjldz]ab[dj]cd, (10b)

where {o;,i =1,2,3} are the Pauli matrices and
[[ = diag[1,1]. In Eq. (10), under a <> b, the MA term
is antisymmetric and MS is symmetric. Interpreted in
terms of potential diquark correlations [28], MA corre-
sponds to the isoscalar-scalar channel and MS to isovecor-
axialvector.

The remaining piece in Eq. (9) is y/’;éy, the momentum-
spin component, with Z recording the spin of the nucleon
and p =0, 1 ranging over MA, MS. By introducing an
orthonormal set of 64 Dirac matrix valued tensors [[63],

Table 2], {X,l/;yz(l? q.P)},

tr[Xh s, XL 5] = 65 (11)

this element may be decomposed into invariants as follows:

64
> (Pt gtz0. 2. 22Xy (12)

i=1

A
Vo, (P.q. P) =

where the expansion coefficients, f;, are determined by
solving the Faddeev equation and depend on five scalar
variables, viz. with p* =1, pl = Th,p, etc.,

Pz, qz’ 20=Pr"qr> leﬁ'i), 22:@'1?)- (13)

Now inserting Egs. (1), (9) into Eq. (6¢), one obtains

2 [ -
W§§£3>(p’ q, P) = 3/{ g(y) [yy]aa’sa’(f’(kl)[yy]ﬂﬂ’

S (ko) T (), (0, g, P). (14)

Here, the color and flavor projections have explicitly been
completed, using
[FP/Wbadc’ [Fp]abcd = 5p’p6d’d" (15)
Next, employing Eqgs. (11), (12) in processing Eq. (14),
one arrives at a system of equations for the 64 x 2 scalar
functions {f”} that are required to fully characterize the
solution of the Faddeev equation sketched in Fig. 2.
Notably, the equations for the f° components are
decoupled from those for f!, but the coupling reemerges
when one uses permutation symmetry to reconstruct y”(1-2).

III. NUCLEON ELECTROMAGNETIC
FORM FACTORS

The electromagnetic interaction current for a nucleon
described by the solution of the Faddeev equation, Fig. 2, is
obtained from the seven-point Schwinger function depicted
in Fig. 3. For an on-shell nucleon, the general form of the
current can be written as follows:

TY(Q) = ien(Py) | FY (@),

Q@A P). (16
where e is the positron charge,
outgoing nucleon momenta are P;;, P =
Q=P;—P, P%f =-m%, A (P
nucleon-spinor projection operators, and F?}, are the Dirac
and Pauli form factors. '

Following Ref. [30], the nucleon charge and
magnetization distributions are normally defined as

(r = Q*/[4my))

GY =FY —7FY,

the incoming and
(Pr+P;)/2,
i) are positive-energy

GY =FV+FY. (17)
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FIG. 3.

The nucleon has three valence quarks, so the complete RL nucleon electromagnetic current has three terms:

J,(Q) =3 u—12374(Q). Using symmetries, one can readily obtain the a = 1, 2 components once the a = 3 component is known
[[64], Appendix B]. 8, & are spinor indices and p, p are isospin indices. I’ is the dressed-photon+quark vertex, which can be obtained,

e.g., following Ref. [65].

Magnetic moments and radii are calculated therefrom using
standard definitions: uy = G3(0? = 0);

_ dInGY(Q)

J2WN —

, (18)

except (rg)" = —6G¥(0%)|p2—y because

F=E, M,
2(0) = 0.
In working with the nucleon current in Fig. 3, we follow

the computational procedure described in Ref. [[64],

Appendix B]. In that approach, the electromagnetic current

is expressed in the form

3

3
IN(Q) = ZJﬁN(Q) =SS TEONISON, (19)
a= o'p

a=1

Here, owing to permutation symmetries, it is sufficient to
record

3)N /
F/(),; = (eN)d’(Fp )Zad/c/Qc’chbcd(eN)dv (20)

where Q = diaglq, = 2/3, g, = —1/3] is the quark charge
matrix associated with the photon + quark vertex, and
en—p = (1,0), ey_, = (0, 1) project onto the proton and
neutron states, respectively. Studying Eq. (20), it becomes
apparent that the four elements in {FS;N}, labeled by

{p/,p}, are 2 x 2 matrices in isospin space.
The physical proton and neutron currents (hence, their
form factors) are obtained by combining the p =0, 1

contributions via the flavor matrices Fﬁfflz in Eq. (19).
Evaluating the expressions in Eq. (20), one finds

) _1
|:<3>p:(§ 0>, F(3)ﬂ:< 3 ?) (21)
0 0 0 3

It remains only to report the mathematical expression for
the photon coupling to the quark in Fig. 3

3)15 _n8
ehEe / T 21 r PSP Spp(p2)

dp

x b(ﬂ<p3’ Q)]y’y[WZ2y(pi7 qi PZ)
—yi (Pir @i Py)), (22)

where p;, q; and py, q; are the incoming and outgoing
relative momenta of the bound-state valence dressed
quarks; P;, P, are the incoming, outgoing nucleon
momenta; and p;, p,, pi = p3+ Q/2 are the quark
momenta. For £ = 1/3 in Eq. (7), one has

pi=p—0/3. p;=p+0/3. qr=q;=q. (23a)
p P p P

—_—g-L4_ —g-L4Z 23b

Pr==q-3+3.  P=q4-5+73 (23b)

We note that Eq. (23c) merely specifies a Breit frame
calculation; hence, is unconnected with the value of &.

Equation (22) also involves the unamputated photon +
quark vertex, y,(ps;. Q) = S(p3)T,(p. Q)S(p5), wherein
the amputated vertex, Fﬂ( p, Q), is obtained as the solution
of an inhomogeneous Bethe-Salpeter equation. This equa-
tion and its solution are discussed extensively else-
where [65,66].

Using Egs. (19), (21) and permutation symmetry, one
arrives at the following nucleon electromagnetic currents:

proton: J5%P = [2J(().:>))]z'5’

(24a)

neutron: J3%" = [J1) — J3)195,

" (24b)

Referring to Egs. (10), (20), then Eq. (24) means that there
is no contribution to charged spin-half baryon form factors
from MS pieces of the bound-state amplitude. A similar
result is described elsewhere in the context of quark +
diquark pictures of nucleon structure [[67], Appendix C.1]:
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for such a baryon, “elastic” scattering from the axial-vector
diquark piece of its Faddeev wave functions does not
contribute to its electromagnetic form factors.

The calculation described herein is made with reference
to a hadron scale, {3, whereat all properties of a given
hadron are carried by its dressed valence degrees of
freedom [68]. Hence, flavor-separated currents may be
defined as follows:

uin proton: 2J; + J; = 3[J(()%>}M + [Jﬁ)]#, (25a)

din proton: Jy +2J; = [Jﬁ)]ﬂ. (25b)
These results entail that the in-proton d-quark form factors
receive no contribution from MA components of the proton
Faddeev amplitude. Again, this has a long-known analog in
the quark + diquark picture of nucleon structure; namely,
d quarks cannot be perceived by a hard probe unless axial-
vector diquark correlations are included in the proton
Faddeev wave function [69-71].

With explicit expressions for the proton and neutron
currents in hand, one can compute the associated Sachs
form factors (the trace is over Dirac indices)

1 A
Gg(Qz) = mﬁ'[]ﬁpﬂ], (26&)
Gi(Q%) = w7l (26b)

From these expressions, one readily obtains the
nucleon Dirac and Pauli form factors via Eq. (17). The
flavor-separated forms of these functions then follow
from Eq. (25).

Canonical normalization of the nucleon Faddeev ampli-
tude is fixed by ensuring G%(0) = 1. Current conservation,
guaranteed by our formulation of the interaction current, is
expressed in, among other things, the result G(0) = 0.

IV. CHARGE AND MAGNETIZATION DENSITIES

A. Transverse Dirac charge densities

Consider first nucleon transverse charge densities

pallE) = [ e iR a2) (272
= [T AuaIEp A @, e

Here, t = p, n, u, d, i.e., proton, neutron, u-quark, d-quark,
with—see Eq. (25)

pia(1B]) = 207, (|B]) + (|16

) (28a)

pd(1B]) = pZy(Ib]) + 20, (1B)). (28b)

Further, J, is a Bessel function of the first kind;
b = (b, by) = |b|(cos ¢, sin¢,); and Q = (A,0,0).

Figure 4 depicts transverse charge densities for the
proton and neutron. The primary theory curves, labeled
“3-body,” were obtained from the form factors reported in
Ref. [27], which were calculated using the formalism
described in Secs. II and III. These curves have an
associated uncertainty. It expresses a lo-band deriving
from the approach used to produce form factors at large-AZ,
namely, the Schlessinger point method (SPM) [72-74].
Details are provided in Ref. [27]: evidently, the impact on
our results of this uncertainty is practically negligible.

The second set of theory predictions was obtained using
the quark + interacting-diquark, ¢(qq), picture of nucleon
structure described in Ref. [29]. As first revealed, inde-
pendently, in Refs. [77-79], the g(gq) picture emerges
when one exploits the pairing tendency of fermions to
simplify the Faddeev equation sketched in Fig. 2.
One thereby arrives at a bound-state equation that
describes dressed quarks and fully interacting quark-quark
(diquark) correlations built therefrom, which bind
together into a baryon, at least in part, because of the
continual exchange of roles between the spectator and
diquark-participant quarks. Many effectual studies of
nucleon properties have employed this ¢(g¢q) scheme;
see, e.g., Refs. [23,28,29,49,71,80-83].

A significant merit of the dynamical g(gq) approach is
that it greatly simplifies the form of the Poincaré-covariant
amplitude required to describe the nucleon: instead of the
128 independent tensor structures needed in the fully 3-
body treatment, only 8 are required in the ¢(gq) approxi-
mation. Hence, it is much easier to use and may deliver
additional insights. The limitation of the Ref. [29] ¢(gq)
approach is its less rigorous connection with QCD dynam-
ics: rather than being directly calculated, QCD-constrained
Anscitze are introduced for dressed-constituent propagators
and interaction vertices. One aim of the comparisons
presented herein is to assist in judging the fidelity of the
Ansditze used.

The form factors in Ref. [29] are reported as functions
of x=0?/m%. To obtain results in GeV2, we employed
my = 0.94 GeV.

In all cases, there is fair agreement between the 3-body
predictions and those obtained using ¢(gg) input.
Moreover, both sets of predictions agree semiquantitatively
with the results obtained using fits to data as input to
Eq. (27). Those (modest) differences between theory and
data-based inferences which are apparent might be con-
nected with the omission of meson-baryon final state
interactions (meson cloud effects) in the theoretical calcu-
lations employed herein. Further studies are needed before
that can be confirmed.

054051-6



LIGHT-FRONT TRANSVERSE NUCLEON CHARGE AND ...

PHYS. REV. D 113, 054051 (2026)
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FIG. 4. Proton (p) and neutron (n) transverse charge densities. Panel (a)[(b)] pf,(,"). Panel (c)[(d)] bpf,iw. Legend. Solid purple curve—
density obtained from form factor calculated using three-body Faddeev equation and current [27], with, as therein, like-color band
indicating the associated uncertainty; dot-dashed green—density obtained using g(qq) form factor [29]; dashed blue—density from data
parametrization in Ref. [[75], Ye]; and dotted red—from data parametrization in Ref. [[76], Kelly]. (Distributions plotted in units of fm =2

and b = |b|.)

The proton transverse charge density is positive definite
on the entire |l;| domain. Thus, one must expect that at
every point in the light-front transverse plane, the valence
u-quark density exceeds the valence d-quark density.

On the other hand, the neutron transverse charge
density is negative on a sizeable neighborhood
of the neutron’s centre of transverse momentum
(CoTM, |b| =0). It then becomes positive at |b|=~
0.35 fm and remains so thereafter. These features were
noted previously [84]. Mathematically, they are conse-
quences of: (a) F7(A*>=0)=0; (b) the nonpositive
character of F7(A?) and A%-dependent profile of this
Dirac form factor, namely, in magnitude, with increasing
A?, it rises to a maximum and then falls monotonically to
zero; and (c) the oscillatory behavior of the weight
|AJJo(|B]|A]) at fixed [b]. 3 3

In explanation, we note that, on |b|~0, the p?,(|b])
integrand is zero at |&| = 0, negative until its first zero,
then oscillates with large steps between adjacent zeros and
ever decreasing peak-height magnitudes; consequently, the
value of the integral is dominated by the negative support at

low |&| =0, with all subsequent negative peaks giving

larger negative contributions to the integral than the smaller

positive peaks. As \l;| increases, there comes a value at
which the peak-height magnitude of the integrand’s first
positive peak exceeds that of the first negative peak, which

always occurs at a lower value of |&| In this case, the
positive contribution dominates on the domain bounded by
the integrand’s second nontrivial zero; and this pattern is
repeated for all subsequent oscillations. Thus, the integral is
positive. This pattern remains in effect thereafter, so
p:}h(|l;|) remains positive on |5| = 0.35 fm.

Considering the above discussion, then one must expect
that on |b| < 0.35 fm in the light-front transverse plane, the
u-quark density in the proton actually exceeds twice the d-
quark density. This feature does not persist on the com-
plementary domain; see, also, Ref. [84].

Having made this observation, transverse densities for
the u- and d-quarks in the proton are displayed in Fig. 5.
Evidently, the expectations described above are realized.
Moreover, both in-proton valence-quark light-front trans-
verse charge densities are positive definite.

To quantify some of the remarks made above, one may
consider root-mean-square radii connected with the trans-
verse-plane Dirac charge densities, viz. /lﬁ"d, where
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TABLE 1. Theory predictions for in-proton valence-quark
transverse density radii, defined via Eq. (29) with an obvious
analog for the magnetization, in which the anomalous dressed
valence-quark magnetic moment must be divided out. Inferences
from data are also listed.

A4 /fm 24 /fm 24 /fm 24 /fm

3-body 0.68 0.69 0.63 0.68

q(q9) 0.53 0.57 0.62 0.67
[[75], Ye] 0.66(1)  0.67(1)  0.71(12)  0.69(14)

[[76], Kelly] 0.65 0.66 0.68 0.76

PO K )
J dbpi (b))
d

= —4—InF{*(Q? : 29
@) )

Predictions for these radii are compared with inferences
from parametrizations of data in Table I. The 3-body
transverse-plane Dirac radii are noticeably larger than those
obtained using ¢(gq) input. While not readily apparent in
Fig. 5, this outcome owes to the 3-body densities having

(a) Pen (D)

b/fm
(c) b pey (b)
0.5k —— 3-body
T . e q(qq)
0.4F S0 IN
o S, e Kelly
V4
03F --- Ye 1
:, 4 Q-
02F % 4 .
4
0.1F
0.0 . . . . ]
0.0 0.2 0.4 0.6 0.8 1.0
b/fm

greater support on \1; | Z 1.1 fm. [Equally, referring to
Ref. [29], the O ~ 0 slope of the 3-body form factors is
greater than that obtained in the ¢(gq) approach.] Turning
to a comparison with inferences from data—see Table I,
the 3-body predictions are in better agreement. Overall, we
judge that the valence u- and d-quark transverse-plane
Dirac radii are practically indistinguishable.

B. Transverse Pauli magnetization densities

By analogy with Eq. (27), one may define light-front
transverse magnetization densities

- md& - - -
) = [T DA BIAD . G0

With this definition, one recovers the anomalous magnetic
moments via

o =2n / ™ 48] Blot (B). (31)
0

Theory predictions for k! are compared with empirical
determinations in Table II. The results obtained using the

(b) th (b)

(d)

0.30

0.25f

0.20f

0.0 0.2 04 0.6 0.8 1.0
b/fm

FIG. 5. u- and d-quark transverse charge densities. Panel (a)[(b)] pfféd). Panel (¢)[(d)] bpif,@. Legend. Solid purple curve—density
obtained from form factor calculated using three-body Faddeev equation and current [27], with, as therein, like-color band indicating the
associated uncertainty; dot-dashed green—density obtained using ¢(gq) form factor [29]; dashed blue—density from data
parametrization in Ref. [[75], Ye]; and dotted red—from data parametrization in Ref. [[76], Kelly]. (Distributions plotted in units

of fm™2 and b = |b|.)
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TABLE II. Theory predictions for anomalous magnetic mo-
ments, x in Eq. (31), compared with empirical determinations
[56] and using Eq. (28), where necessary.

Kp Ky Ky Kq
Exp. 1.75 -1.91 1.59 —2.08
3-body 1.23 —-1.33 1.13 —1.43
q(qq) 1.80 ~1.86 1.74 ~1.92

3-body approach described above deliver underestimated
values. As explained in Ref. [27], that is a failing of RL
truncation, which yields a photon + quark vertex whose
dressed-quark anomalous magnetic moment term is too
small. This weakness is corrected in higher-order trunca-
tions [85]. Such corrections have been implemented in
studies of mesons [45]. In future, it may be possible to
adapt this scheme to baryons.

Transverse magnetization densities for the proton and
neutron are displayed in Fig. 6. In this case, all densities are
positive definite; and the 3-body predictions agree best with
empirical inferences (the anomalous magnetic moment has
been divided out of pl;"), although the g(qq) results are
nonetheless a fair match.

(@) P/ kp

0.30

0.00 L A A A
0.0 0.2 0.4 0.6 0.8

b/fm

FIG. 6. Proton (p) and neutron (n) transverse magnetization densities, Eq. (30). Panel (a)[(b)] pﬁ,<">. Panel (c)[(d)] bpm

The associated in-proton flavor-separated magnetization
densities are depicted in Fig. 7: owing to division by «, each
is positive definite. As observed elsewhere [29], the profiles
in these panels highlight that the valence d-quark is
magnetically very active within the proton: in magnitude,
the d-quark profile is approximately equal (although
opposite in sign) to the u-quark profile, even though the
proton contains two valence u-quarks and only one d-
quark. This outcome is correlated with suggestions from
the ¢(gq) picture that, at {3, the u valence quark angular
momentum in the proton is much less than that of the d
valence quark [50,71,81]. Furthermore, since, in a scalar
diquark only proton, the d quark is locked within a
magnetically inert [ud] correlation, the presence of axial-
vector diquarks in the proton is crucial to understanding p¥,.
Translated into the 3-body framework, this becomes a
statement that MS components of the Faddeev wave
function are important to obtain a valid description of
in-proton valence d-quark behavior.

Predictions for transverse-plane Pauli radii are recorded
in Table I. Defined by analogy with Eq. (29), with the
second line amended via normalization by the "¢ values,
they are compared in the table with results inferred from fits
to data. In this case, the 3-body and ¢(qq) predictions

(b) P/ En

(d) bphr/kn
0.30 ’ .

o25p e q(qq)

T,
[ o R NL e
020 S e R 2 Kelly
Y N,

S “* w,
" v )
4" & N
R >

0.15}
0.10f

0.05f

0.00 A A A A
0.0 0.2 0.4 0.6 0.8

b/fm

2" L egend.

Solid purple curve—density obtained from form factor calculated using three-body Faddeev equation and current [27], with, as therein,
like-color band indicating the associated uncertainty; dot-dashed green—density obtained using ¢(gq) form factor [29]; dashed blue
density from data parametrization in Ref. [[75], Ye]; and dotted red—from data parametrization in Ref. [[76], Kelly]. (Distributions

plotted in units of fm=2 and b = |b|.)
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0.30

0.25¢

0.20f T

0.05F

000 L L L L
0.0 0.2 0.4 0.6 0.8 1.0

b/fm

(b) P/

0.0sf £ i
0.00 L L L L
0.0 0.2 0.4 0.6 0.8 1.0
b/fm

FIG. 7. u- and d-quark transverse magnetization densities, Eq. (30). Panel (a)[(b)] p,"n(d). Panel (¢)[(d)] bpf',,(d>. Legend. Solid purple
curve—density obtained from form factor calculated using three-body Faddeev equation and current [27], with, as therein, like-color
band indicating the associated uncertainty; dot-dashed green—density obtained using ¢(gq) form factor [29]; dashed blue—density
from data parametrization in Ref. [[75], Ye]; and dotted red—from data parametrization in Ref. [[76], Kelly]. (Distributions plotted in

units of fm=2 and b = |b|.)

agree, with ordering that is consistent with experimental
inferences. Hence, one may conclude, that the in-proton
transverse-plane valence d-quark Pauli radius is 9(2)%
larger than the analogous valence u-quark radius.

C. Transverse charge densities for transversely
polarized nucleon

For a nucleon prepared with polarization transverse to
its direction of motion, the light-front transverse charge
density receives an additional contribution [86,87]

> - 1 -
pT(|b’) = pch(‘bD + Sin(¢b - ¢S) 7—',bm<‘b
2my]b|

), (32)

where § = (cos ¢y, sin ¢y ) is the nucleon polarization unit-
vector and

ph(Ib]) = - (33a)

- wd& N
- 18 [ AA] 25 (BIB)FY A, (33b)
0 271'

[N.B. The relative sign in Eq. (32) reflects the remarks in
Ref. [[86], Addendum].]

As illustrated in Fig. 1, associating the nucleon spin
direction with the +X-axis (¢, = 0), then the light-front
transverse charge density is distorted in the y direction. On
any domain for which pt,(|b|) > 0, the shift is an enhance-
ment in pch(|l;|) on the positive § axis (¢, = n/2) and a
depletion on the negative y axis.

The light-front transverse charge densities for a +X
polarized nucleon are depicted in Fig. 8. The 3-body
and ¢(gq) results are qualitatively and semiquantitatively
identical. For the polarized nucleons, there is a depletion of
the charge density in the — direction, with that strength
shifted to the +9 domain. This means that, in the presence
of polarization, the positive and negative charge densities
are not symmetric around b, = 0. Instead, positive charge
is shifted to positive values of b, and negative charge is
shifted to negative b,

Flavor-separated images for a transversely polarized
proton are displayed in Fig. 9. As anticipated above, on
+79, the u-quark densities are enhanced, whereas they are
depleted on —3. The reverse is true for the d-quark densities
and the magnitude of the displacements is larger. The latter
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3-body (a)

p:;,ch,m(bﬂv =0,by)

by /fm

pg“,ch,ﬁz(bw =0, by)

-1.0 -0.5 0.0 0.5 1.0
by /fm

FIG. 8.

(b) p%,ch,ﬁz(bz = 03 by)

-1.0 -0.5 0.0 0.5 1.0

by /fm
(d) p%,ch,rh(bﬂf =0,by)

-1.0 -0.5 0.0 0.5 1.0
by /fm

All three proton and neutron light-front-transverse densities for a nucleon with transverse polarization along +X. Panel (a)[(b)]:

pP™ from three-body Faddeev equation [27]. Panel (c)[(d)]: p?™ from q(qq) treatment of nucleon [29]. Legend. Solid purple curve

—pP"; dot-dashed green—p”\"); dashed blue—p}'

negligible. (Density distributions plotted in units of fm™2).

owes to the larger magnitude of x,—see Table [I—which
leads to a magnification of the shift generated by the second
term in Eq. (32).

In Fig. 10, we draw two-dimensional density maps of the
transverse charge densities for transversely polarized nucle-
ons obtained using the 3-body approach. Based on the
above discussion, those obtained in the g(gq) picture are
qualitatively equivalent; so, we do not plot them.
Supposing one is working in the infinite momentum frame,
then these images depict a nucleon moving toward the
observer. Plainly, the distribution is not rotationally sym-
metric around the proton direction of motion; instead, the
positive charge density is distorted in the 43 direction.
Reflection symmetry through the j axis is preserved.
Although the effects for proton and neutron are similar,
owing to its positive/negative character, the neutron’s
positive-charge density drift into the 49 direction through-
out the transverse plane is, perhaps, most noticeable.

V. SUMMARY AND PERSPECTIVE

Using input from 3-body and ¢(qq) Faddeev equation
results for nucleon elastic electromagnetic form factors,
we computed an array of light-front transverse densities for
the proton and neutron and their dressed valence-quark

) Like colored bands display SPM-related 1o uncertainties. They are practically

constituents, i.e., flavor separations of the proton and
neutron results. In completing such calculations, it was
crucial that both frameworks are Poincaré-covariant and
deliver form factor predictions that extend to very large
values of spacelike Q2. All results are collected and
discussed in Sec. IV.

The key point is that the two complementary pictures of
nucleon structure deliver predictions in qualitative and
near-quantitative agreement, and that these predictions
match expectations based on modern parametrizations of
available data, where such are available. Underlying this
success is the expression of emergent hadron mass (EHM)
in the quark + quark interaction that drives both the 3-body
and g(qq) results.

Looking to the future, one may anticipate a time at which
lattice-QCD results reach a level of reliability that will allow
quantitative comparisons with the full array of our predic-
tions to be made. Given the common Schwinger function
foundation of both continuum and lattice approaches, agree-
ment would lend additional support to the EHM paradigm
that underlies the continuum predictions.

On another track, the results presented herein could be
extended to nucleon-to-resonance transition transverse
densities. Such analyses are underway within the ¢(gq)
framework. They will become possible in the 3-body
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3-body (a) Pcn,m bz = 0,by) (b) Phen,in(be = 0,by)
3.0F
25
2.0
1.5
1.0
0.5
0.0
1.0 -1.0 -0.5 0.0 0.5 1.0
by /fm
(d) PdT,ch,m(b:c =0, by)
1.5 T T
1 of
op e o
—— =
05f "/
] ol v 4
i
0.0 F=
-0.5}F
-1.0 —6.5 0.0 0.5 1.0 -1.0 —6.5 0.0 0j5 1.0
by /fm by /fm
FIG. 9. Flavor separation of light-front-transverse densities for a proton with transverse polarization along +x. Panel (a)[(b)]: )
from three-body Faddeev equation [27]. Panel (c)[(d)]: p*() from q(qq) treatment of nucleon [29]. Legend. Solid purple curve—p;(d);

dot-dashed green—ng‘ﬁ; dashed blue—ﬁf,,(d). Once again, like colored bands display SPM-related 1o uncertainties. They are practically

negligible. (Density distributions plotted in units of fm=2).

(a) proton (b) neutron
0.6 ] 1.50 0.6} 02
0.4 0.4f
1.25 01
0.2 0.2}
1.00
£ o0 £ oo} °
= S
-0.2 0.75 -0.2} -0
-0.4 -0.4}
0.50 -0.2
-0.6 -0.6f

206-04-02 00 02 04 06
b,/fm

206-04-02 00 02 04 06
b,/fm

I 0.25 I 03

FIG. 10. With polarization in the +b, direction, two-dimensional transverse charge densities of the proton [Panel (a)] and neutron
[Panel (b)]. Both results obtained using the 3-body framework. Images for the ¢(gq) picture are practically equivalent. (The unit of the
density distribution is fm=2.).
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approach once the Poincaré invariant transition form factors
have been calculated, an effort which is in train.
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