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Abstract We present a study of the flavor structures of
the transverse charge and anomalous magnetization densi-
ties for both unpolarized and transversely polarized nucleons.
We consider two different models for the electromagnetic
form factors in holographic QCD. The flavor form factors
are obtained by decomposing the Dirac and Pauli form fac-
tors for the nucleons using the charge and isospin symmetry.
The results are compared with two standard phenomenolog-
ical parametrizations.

1 Introduction

Form factors of the nucleons provide us with crucial infor-
mation about the internal structure of the nucleons and have
been measured in many experiments. The charge and mag-
netization densities in the transverse plane are defined as the
Fourier transforms of the electromagnetic form factors. The
transverse densities are also intimately related to the gener-
alized parton distributions (GPDs) with zero skewness. The
contributions of an individual quark to the nucleon charge and
magnetization densities are obtained from the flavor decom-
positions of the transverse densities. The transverse densi-
ties corresponding to the individual quarks are given by the
Fourier transforms of the GPDs in the transverse coordinate
orimpact parameter space [ 1,2]. The form factor involves ini-
tial and final states with different momenta, and three dimen-
sional Fourier transforms cannot be interpreted as densities,
whereas the transverse densities defined at fixed light-front
time are free from this difficulty and have a proper density
interpretation [3-5].

Recently, AdS/QCD has emerged as one of the most
promising techniques to unravel the structure of mesons and
nucleons. The AdS/CFT conjecture [6] relates a gravity the-
ory in AdSy41 to a conformal theory at the d dimensional
boundary. There are many applications of AdS/CFT to inves-

#e-mail: dipankar @iitk.ac.in

tigate the QCD phenomena [7-12]. A boundary condition in
the fifth dimension z in AdSs breaks the conformal invari-
ance and allows for a QCD mass scale and confinement. In
the hard-wall model, an IR cutoff is set at zop = 1/Aqcp,
while in soft-wall model, a confining potential in z is intro-
duced. There is an exact correspondence between the holo-
graphic variable z and the light-front transverse variable ¢
which measures the separation of the quark and gluonic con-
stituents in the hadron [13—15]. The AdS/QCD for the baryon
has been developed by several groups [13-21]. Though it
gives only a semiclassical approximation of QCD, so far
this method has been successfully applied to describe many
hadron properties e.g., hadron mass spectrum, parton distri-
bution functions, GPDs, meson and nucleon form factors,
structure functions etc. [18,22-33]. AdS/QCD wave func-
tions are used to predict the experimental data for p meson
electroproduction [34]. AdS/QCD has also been successfully
applied in the meson sector to predict the branching ratio for
decays of B® and B? into p mesons [35], isospin asymmetry
and branching ratio for the B — K*y decays [36], transition
form factors [37,38], etc. There are many other applications
in the baryon sector; e.g., semi-empirical hadronic momen-
tum density distributions in the transverse plane have been
calculated in [39], in [40], the form factor of spin 3 /2 baryons
(A resonance) and also the transition form factor between A
and nucleon have been studied, and an AdS/QCD model has
been proposed to study the baryon spectrum at finite temper-
ature [41], etc.

The flavor decompositions of the nucleon form factors in
a light-front quark model with SU(6) spin—flavor symme-
try have been studied in detail in [32] and shown to agree
with experimental data. It is interesting and instructive to
study the transverse densities and their flavor decomposition
in holographic QCD. There are two different holographic
QCD models for nucleon form factors developed by Abidin
and Carlson [18] and Brodsky and Teramond [27]. Here, we
present a detailed analysis of the transverse densities in the
two models.
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Model independent transverse charge densities for nucle-
ons have been studied in [42] whereas the charge densities
in the transverse plane for a transversely polarized nucleon
are shown in [43,44]. In [45], the long range behavior of the
unpolarized quark transverse charge density of the nucle-
ons has been studied. Transverse charge and magnetization
densities in the nucleon’s chiral periphery (i.e., at a dis-
tance b = O(1/my)) using methods of dispersion analy-
sis and chiral effective field theory have been analyzed in
[46]. The transverse densities for the quarks are studied in
a chiral quark—soliton model in [47]. Using a Laguerre—
Gaussian expansion, Kelly [48] proposed a parametrization
of the nucleon Sachs form factors in terms of charge and
magnetization densities. A study of the flavor dependence of
the transverse densities in a GPD model has been reported in
[49].

In [28-30], the nucleon transverse charge and magnetiza-
tion densities have been evaluated in the model developed
in [18]. In this work, we show the flavor decompositions
of the transverse densities of the nucleons in two different
models in the framework of AdS/QCD and compare with the
two global parametrizations of Kelly [50] and Bradford et al.
[51]. By decomposing the nucleon form factors F| and F>
using the charge and isospin symmetry, we obtain the flavor
form factors F} and F, for the quarks. The Fourier trans-
forms of these electromagnetic form factors give the charge
and magnetization densities in the transverse plane.

The paper is organized as follows. A brief description of
the form factors in AdS/QCD has been has given in Sect. 2.
In Sect. 3, the charge and magnetization densities for both
unpolarized and transversely polarized nucleons have been
studied. The individual flavor contributions are also studied
in this section. Then we provide a brief summary in Sect. 4.

2 Nucleon and flavor form factors in AdS/QCD

Here we consider the soft-wall model of AdS/QCD, where
in place of a sharp cutoff in z, one introduces a potential. The
action in soft model is written as [27]

S = /d4xdz¢§(%®e%rADMw - %(DMII/)ef{’FA\I/
b — V(z)\If\If>, 1)

where ei‘{[ =(z/ R)Sf‘” is the inverse vielbein and V (z) is the
confining potential which breaks the conformal invariance
and R is the AdS radius. The covariant derivative is Dy, =
I — i Tap where wff = (4788 — nB754))/z and
Xap = 3[4, Tl

The Dirac equation in AdS derived from the above action
is given by
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i(anNrMaN n EFZ)‘I’ “WRY —RV()¥ =0. (2)

Here z is identified as the light-front transverse impact vari-
able ¢ which gives the separation of the quark and gluonic
constituents in the hadron, it is then possible to extract the
light-front wave functions for the hadron. In d = 4 dimen-
sions, I'y = {yy, —iys}. To map with the light-front wave
equation, we identify z — ¢, where ¢ is the light-front trans-
verse variable, and substitute W (x, ¢) = e_ip'xg“zlﬂ({)u(P)
in Eq. (2) and set | R |= v + 1/2 where v is related with
the orbital angular momentum by v = L + 1. For a lin-
ear confining potential U (¢) = (R/¢)V(¢) = K2C, we get
the light-front wave equation for the baryon in 2 x 2 spinor
representation as

2 1-4?
(—@ ErTe +i*r 200+ 1)K2) Vi (0)
= MY, (2), 3)
2 1—4@w+1)?
<_@ - T +K4§'2 + 2UK2) v_(¢)
= M*Y_(¢). )

In the case of mesons, a similar potential k*¢2 appears in
the Klein—Gordon equation which can be generated by intro-
ducing a dilaton background ¢ = e** *2 in the AdS space
which breaks the conformal invariance. But in the case of
a baryon, the dilaton can be scaled out by a field redefini-
tion [27]. So, the confining potential for baryons cannot be
produced by a dilaton and is put in by hand in the soft-wall
model. The form of the confining potential (x*¢2) is unique
for both the meson and the baryon sectors [52]. The solutions
of the above equations are

V@) ~ (PR 2, )
V_(2) ~ §v+3/267K2{2/2LZ+1 (KZ;Z), (6)
Model 1

By model I, we refer to the AdS/QCD model for the form
factors proposed by Brodsky and Teramond [27]. The SU(6)
spin—flavor symmetric quark model is constructed in the
AdS/QCD by weighing the different Fock-state components
by the charges and spin projections of the partons as dic-
tated by the symmetry. In the light-front quark model the
Dirac and Pauli form factors are described by the spin-nonflip
and spin-flip matrix elements of the electromagnetic current
It =gy Ty [54].

The Dirac form factors for the nucleons are obtained in
this model as

d
Fl» = R“/ Z—fV(QZ,zwi(z), 7

1 dz
FI(Q%) = —§R4/ TE WO - o). ®
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Fig. 1 Plotsof flavor dependent transverse charge and anomalous mag-
netization densities for proton. a and b Represent p., and p,, for the
proton. ¢ and d Represent the contributions from different flavors. A
dashed line represents the parametrization of Kelly [50], and the line

and the Pauli form factor is written as
dz
F}/"(0?) ~ / Z—3vf+(z)V<Q2,z>w_<z>. ©)

The form factors are normalized to F{'(0) = 1, F}'(0) = 0,
and F} 0y = « »/ns Where i/, is the anomalous magnetic
moments for the proton/neutron. Note that the Pauli form
factor is not mapped properly in this model. In the light-front
quark model, it is defined as the spin-flip matrix element of
the JT current but the AdS action cannot produce this term
and the Pauli form factor is put in for phenomenological
purposes. The twist-3 nucleon wave functions in the soft-
wall model are

(b) : : : :

1.2}

BBBAO5

Model |
- Model Il

0.8}

(b) [fm™]

0.6
a £

p

0.4}

0.2}

—_~
(=7

~
o
(o]

©
3

- u quark
~

m
o
[}
P

P

L
I
04t i
03t 1 ~ -~ \

02| ; 3

quarks contribution in p P [fm‘2]

o1 NN

b [fm]

with circles represents the parametrization of Bradford et al. [51]; the
solid line is for Model I and the dot-dashed line is for Model 1I. In ¢
and d u and d quark contributions are plotted in different colors

2 2
V(@) = —‘/;;‘ PR, (10)

3
wi(z) — %Z9/26_K2Z2/2. (11)

The bulk-to-boundary propagator is given by

2 2
V(QZ,Z):F(1+Q—)U<Q

4xc? 42

0, K2Z2> , (12)

where U(a, b, z) is the Tricomi confluent hypergeometric
function. The bulk-to-boundary propagator, Eq. (12), can be
written in a simple integral form [27,53],
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Fig. 2 Plots of flavor dependent transverse charge and anomalous mag-
netization densities for the neutron. a and b Represent p., and p,, for
the neutron. ¢ and d Represent the contributions from different flavors.
A dashed line represents the parametrization of Kelly [50], and the line

1
d
V(0. 2) = K2z2/ x szz/(4K2)e—K2Z2x/(1—X). (13)
(1—x)
0

We refer to the formulas for the form factors given in Egs.
(7), (8), and (9) as Model I. It has been shown [31,32] that
the form factors for the nucleons agree with the experimental
data for k = 0.4066 GeV.

Model 1I

The other model of the form factors was formulated by
Abidin and Carlson [18]. Since the action defined in Eq. (1)
cannot produce the spin-flip (Pauli) form factors, they intro-
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with circles represents the parametrization of Bradford et al. [51]; the
solid line is for Model I and the dot-dashed line is for Model II. In ¢
and d « and d quark contributions are plotted in different colors

duced an additional gauge invariant non-minimal coupling.
This additional term also gives an anomalous contribution
to the Dirac form factor. In this model the form factors are
given by [18]

FI (0% = C1(0%) +1,C2(0%), (14)
F(Q%) = 1,C2(0%), (15)
FJ (0% = n,C3(0%), (16)
FJ(Q%) = n,C3(0%). (17)
Here

C1(0Y) = a0 (18)

(a+D@a+2)(a+3)’



Eur. Phys. J. C (2014) 74:2962

(a) 18 . . . . . ;

0 0.2 0.4 0.6 0.8 1 1.2
b [fm]

Fig. 3 Plots of quarks transverse charge and anomalous magnetization
densities. a Represents ,ogh and b represents pjh. A dashed line repre-
sents the parametrization of Kelly [50], and a line with circles represents

c (Qz) _ 2a(2a — 1) (19)
2 T @t D@+2)@+3)a+d)’
) 48
C3(Q°) = (20)

(a+Da+2)a+3)’

where a = Q%/(4«?). The value of « is fixed by a simulta-
neous fit to the proton and the tho meson mass and the best
fit gives the value k = 0.350 GeV. The other parameters are
determined from the normalization conditions of the Pauli
form factor at Q> = 0 and are given by np = 0.224 and
n, = —0.239 [18]. We refer to the form factors given by
Eqgs. (14)—(17) as Model II.

The Pauli form factors in these two models are identical;
the main difference is in the Dirac form factor. In Model II,
there is an additional contribution to the Dirac form factor
from the non-minimal coupling term. It should be mentioned
here that the Pauli form factors in the AdS/QCD models are
mainly of phenomenological origin. Since the action in Eq.
(1) cannot produce the spin-flip term, in Model II, a non-
minimal coupling term is added to generate the Pauli form
factors. This additional term gives a contribution to the Dirac
form factors also. The major difference between these two
models is that in Model I, the anomalous contributions to the
Dirac form factors are not considered. The additional con-
tribution from the non-minimal coupling to the Dirac form
factor corresponds to a higher twist and is not included in
Model I, while they are included in Model II.

Under the charge and isospin symmetry it is straightfor-
ward to write down the flavor decompositions of the nucleon
form factors as

F/'=2F’ +F" and F{=F'+2F" (i=1,2), (21)
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quark are plotted in different colors

with the normalizations F{'(0) =2, F}'(0) =k, and F ld )
=1, de (0) = kg4, where the anomalous magnetic moments
for the up and down quarks are «, = 2«, + k, = 1.673 and
Kq = Kp + 2K, = —2.033. It was shown in [55] that, though
the ratio of Pauli and Dirac form factors for the proton is
FY/F} o 1/Q?, the Q7 dependence is almost constant for
the ratio of the quark form factors F,/F; for both u and d.

3 Transverse charge and magnetization densities

The transverse charge density inside the nucleons is given by

dZQJ_ 2\ i
on(b) = F iqi-by
pcn (D) /(2n)2 1(g%)e

Td
- / Z—QQJo(Qb)Fl(Qz), 22)
T
0

where b represents the impact parameter and Jy is the cylin-
drical Bessel function of order zero. A similar formula for
the charge density for the flavor ,oqf - (b) can be written with

F1 replaced by F lq . One can define the magnetization density
in a similar fashion to have the formula

o) = [ LILy 2yeinstn
n)?

rd
- / Z—QQJO(Qb)Fz(QZ), (23)
T
0
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Fig. 4 The charge densities for the transversely polarized a proton,
b neutron, and ¢ up and d down quark charge densities for the trans-
versely polarized nucleon. A dashed line represents the parametrization

whereas
9% (b rd
P (b) = —b"aLb() —b / 2—QQ2J1(Qb)Fz(Q2) (24)
JT
0

has the interpretation of an anomalous magnetization density
[4]. Since these quantities are not directly measured in exper-
iments, actual experimental data are not available. In [5], an
approximate estimation of the proton charge and magnetiza-
tion densities has been done from experimental form factor
data. To get an insight into the contributions of the different
quark flavors, we evaluate the charge and anomalous mag-
netization densities for the up and down quarks.
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Bradford et al. [51]; the solid line is for Model I and the dot-dashed line
is for Model 11

We can define the decompositions of the transverse charge
and magnetization densities for nucleons in a similar way
as electromagnetic form factors [55]. The charge density
decompositions in terms of two flavors can be written as

'Ocl')h = e’“o‘;‘ch + edlo]d"ch’

/th = eulojifch + edp;trch, (25)

where e, and e, are the charge of the # and d quarks, respec-
tively. We should remember that due to the charge and isospin
symmetry, the u, d quark densities in the proton are the same
as the d, u densities in the neutron, as shown in [42],
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% _ p;“ch
2 27
Pin(b) = ol + 208, = P

ol (b) = ph +
(26)

where p; (b) is the charge density of each quark and p%,,
is the charge density for each flavor. We can also do similar
decompositions to Egs. (25) and (26) for py,.

We are not aware of any experimental data on transverse
densities. Kelly [50] and Bradford et al. [51] proposed two
different phenomenological parameterizations of the nucleon
form factor data. Here we calculate the transverse charge
and magnetization densities from these two parameteriza-
tions and compare with AdS/QCD predictions. Miller [42]
also used these parameterizations to evaluate the transverse

charge densities of the nucleons. In Fig. 1a, b we show the
charge and anomalous magnetization densities for the pro-
ton. The plots suggest that Model I agrees with the phe-
nomenological parametrizations much better than Model II.
The flavors contributions coming to proton densities from
u/d u/d . . ..
€u/dP fep and e, /40 fm are shown in Fig. lc, d. Similarly
the charge and anomalous magnetization densities for neu-
. . u/d u/d
tron and the flavors contributions ey, o feh and eq/y p m are
shown in Fig. 2. At small b, both holographic models fail
to reproduce the neutron charge density. Model I reproduces
the neutron magnetization density, while Model II again fails
to agree as shown in Fig. 2b. Model I results for the u quark
contributions to the charge density for both proton and neu-
tron are in excellent agreement with the two different global
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Fig. 6 The charge densities in the transverse plane for the a unpolarized proton, b transversely polarized proton, and ¢ unpolarized neutron and d
transversely polarized neutron. The transverse polarization is along the x direction

parametrizations of Kelly [50] and Bradford et al. [S1]. The
d quark contributions deviate from these two fits. It is not
very surprising as it has been already shown [32] for Model
I that the Dirac form factor for the d quark itself does not
agree well with the experiment results. In the case of an
anomalous magnetization both the quarks contributions in
the proton and the neutron agree quite well with the fits. The
charge density for the neutron (Fig. 2a) shows a negatively
charged core surrounded by a ring of positive charge density
(note that b = 0 corresponds to the center of the nucleon). In
the proton charge density the contribution of the up quark is
large enough compared to the down quark, but for the neutron
both contributions from u and d quark are comparable. For
the anomalous magnetization density of the neutron, the d
quark contribution is quite high compared to the u quark. In
Fig. 3a,b we show the individual quark’s charge and anoma-
lous magnetization densities. The charge density for d quark

@ Springer

in Model I deviates from the fits but is in excellent agreement
for the u quark. But again, as said before, a deviation for the d
quark in Model I is expected. The anomalous magnetization
densities in both u and d quarks in Model I match very well
with the fits. It is positive for the u quark but negative and
larger for the d quark. The Model II result for the anomalous
magnetization density of the d quark does not match so well
with the phenomenological fits as Model L.

For a transversely polarized nucleon, the charge density
is given by [44]

. 1
o1 (D) = pep — sin(¢p — ¢s)m,0mv 27
where M is the mass of the nucleon and the transverse polar-
ization of the nucleon is given by S = (cos ¢sx + sin ¢ y)
and the transverse impact parameter b = b(cos ¢px +
sin ¢, 9). Without loss of generality, the polarization of the
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Fig. 7 The charge densities in the transverse plane of the u quark for the a unpolarized, b transversely polarized nucleon and d quark for the ¢
unpolarized, d transversely polarized nucleon. The polarization is along the x-direction

nucleon is taken along the x-axis i.e., ¢; = 0. The second
term in Eq. (27) provides the deviation from circular sym-
metry of the unpolarized charge density [44]. We show the
charge densities for the transversely polarized proton and
neutron in Fig. 4a, b. The u and d quark charge densities
for the transversely polarized nucleon are shown in Fig. 4c,
d. Again, in Model I, the densities for proton and u quark
are in good agreement with the global parametrizations but
deviate for the neutron and the d quark. Only for the d quark
charge density, as shown in Fig. 4d, Model II agrees with
the phenomenological parametrizations better than Model 1.
The comparison of the charge densities for the transversely
polarized and unpolarized proton is shown in Fig. 5a and
a similar plot for the neutron is shown in Fig. 5b. For the
nucleons polarized along the +x direction, the charge den-
sities are shifted toward the negative by, direction. The devi-
ation is much larger for the neutron compared to the proton.

The behavior is in agreement with the results reported in
[4,44,47].

We compare the up and down quark charge densities for
the transversely polarized and unpolarized nucleon in Figs.
5c, d. The deviation or distortion from the symmetric unpo-
larized density is higher for the down quark than the up quark.
The shifting of the charge density for the nucleons polarized
in the +x direction is towards the positive by, direction for
the down quark but opposite for the up quark. In Fig. 6, we
have shown a top view plot of the charge densities in the
transverse plane for (a) an unpolarized proton, and (b) a pro-
ton polarized along x-direction in Model I. Similar plots for
the neutron are shown in Fig. 6¢, d. Due to the large anoma-
lous magnetic moment, which produces an induced electric
dipole moment in the y-direction, the distortion is higher in
the case of a neutron [44]. The top view plots for the u and
d quarks charge densities in the transverse plane for both

@ Springer
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unpolarized and transversely polarized nucleon are shown in
Fig. 7a—d.

4 Summary

In this paper, we have presented a detailed study and com-
parison of the charge and anomalous magnetization densi-
ties for nucleons in the transverse plane in two models in
AdS/QCD. We have also compared our results with the two
standard phenomenological parametrizations of the form fac-
tors. Both the unpolarized and the transversely polarized
nucleons have been considered in this work. The unpolar-
ized densities are symmetric in the transverse plane, while for
the transversely polarized nucleons they become distorted. If
the nucleon is polarized along the x direction, the densities
get shifted toward the negative y-direction. We have also
studied the flavor decompositions of the transverse densi-
ties, i.e., the charge and anomalous magnetization densities
for individual u# and d quark flavors. Our analysis shows
that Model I reproduces the data much better than Model
II. The agreement is not so good for the d quark, which is
consistent with the findings in [32], where the form factors
for the d quark were shown to deviate from the experimen-
tal results. For transversely polarized nucleon, the distortion
in the d quark charge density is found to be stronger than
that for the u quark and shifted in mutually opposite direc-
tions.
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