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We extend the recently developed formalism to extract light-front quark charge densities from nucleon
form factor data to the deformations of these quark charge densities when applying an external electric
field. We show that the resulting induced polarizations can be extracted from proton generalized
polarizabilities. The available data for the generalized electric polarizability of the proton yield a
pronounced structure in its induced polarization at large transverse distances, which will be pinned
down by forthcoming high precision virtual Compton scattering experiments.
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The distribution of charge is a basic quantity which
characterizes a many-body system. In the case of relativ-
istic many-body systems such as hadrons, composed of
near massless quarks, a field theoretic consistent charge
density can be formulated by considering the system in a
light-front frame. In such a frame, the pair creation by the
probing photon is suppressed, and the photon only couples
to forward moving quarks, allowing for a density interpre-
tation. Such a charge density interpretation, based on elas-
tic form factor data, was recently given for the nucleon
[1,2], for spin-1 systems [3], spin-3/2 systems [4], and
extended to higher spin systems in [5].

Any charge density will deform when subjected to an
external electric field and develop an induced polarization.
The quantity describing the “ease” by which such distri-
bution will deform is referred to as the electric polariz-
ability. In this work we will extend the formalism of light-
front charge densities to obtain the spatial deformations of
these densities. We will show that the resulting induced
polarizations can be obtained from nucleon generalized
polarizabilities (GPs) [6,7], which have been measured in
recent years by precision virtual Compton scattering (VCS)
experiments; see Refs. [8,9] for reviews.

We consider the VCS process on the nucleon y*(g) +
N(p) — v(q') + N(p'). Its kinematics are described in
terms of Lorentz scalars: Q> = —¢?, v = q - P/M, with
P=(p+ p')/2,and t = (p — p')>. The dynamical infor-
mation which is accessed in the VCS process is described
by the matrix element of a time-ordered product of two
electromagnetic (e.m.) current operators as

H* = —ifd“xe*iq*(p’, MNITLI# (), J7 (O] p, Ay, (1)

with Ay (A}) the helicities of the initial (final) nucleons. In
this work, we consider the VCS tensor in the low-energy
limit, ¢" — 0. In such a limit, the final soft photon plays the
role of an applied quasistatic electromagnetic field, and the
VCS process measures the linear response of the nucleon
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to this applied field [6,8]. This linear response can be
parameterized through six Q? dependent GPs, denoted by
pP'leDS [67]. In this notation, p (p’) refers to the
Coulomb-electric (L), or magnetic (M) nature of the initial
(final) photon, [ (I’ = 1) is the angular momentum of the
initial (final) photon, and S differentiates between the spin-
flip (§ = 1) and non spin-flip (S = 0) transition at the
nucleon side.

To arrive at a spatial representation of the information
contained in the GPs, we consider the process in a sym-
metric light-front frame, denoting the average direction of
the fast moving protons as the z axis. We indicate the
(large) light front + component by P* (defining a™ =
a’ + a*), and choose the symmetric frame by requiring
that A = p’ — p is purely transversal, i.e., AT = 0. To
access the GPs, we can restrict ourselves to the terms in
the VCS tensor that are linear in the outgoing photon
energy (proportional to »), along the line t = —Q?. In
this limit the light-front kinematics is given by P* =
(P*/2)a* + M*(1 + 7)/2P)n*,  A* =4, g+ =
(nPH)iak + g, ¢'* = (qP")a*, with lightlike vectors
in=1(1,0,0,1), n=(1,0,0, —1). Furthermore, the two
transverse components of the virtual photon momentum
are denoted by ¢, with Q? = g7, and 7= Q*/(4M?),
with M the nucleon mass. The (small) momentum fraction
7 is obtained as n = v/(M(1 + 7)).

In the light-front frame, the + component of the current
J# in (1) is a positive definite operator for each quark
flavor, allowing for a light-front charge density interpreta-
tion. The VCS light-front helicity amplitudes can then be
obtained from the VCS tensor H*” as

H(A, Ay, Ay) = e (X)H™”, 2

with transverse outgoing photon polarization vector de-
noted by €, and A}, = %1 denoting its helicity. In the
following, we will consider the polarization component of
the outgoing photon corresponding with an electric field,

E=—0A /at, which can be expressed as
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FIG. 1 (color online). Structure functions describing unpolar-
ized VCS on a proton compared with data from MAMI (circles
[14], squares [15]), MIT-Bates (up triangles [16]), and JLab
(stars [17]). The RCS data [13] are shown by the (black) down
triangles (slightly displaced in Q?). The curves are based on the
parameterizations of Eqs. (10) and (11) for the proton GPs, and
are shown for ¢ = 0.645. Upper panel: dotted (black) curve for
A, =07 GeV, C, =0 (GP I); solid (red) curve for A, =
0.7 GeV, C, = —150GeV~7 (GP 1II). Lower panel: solid
(red) curve for A g = 0.5 GeV. The dashed (blue) curves in
both panels show the spin GP contributions.

+
> 0 v PT
E,_qu/OEIJ__l /

.mﬁfl. (3)

Any system of charges will respond to such an applied
electric field, resulting in an induced polarization Py,
which will be forced to align with the applied electric field
such as to minimize its energy —E- }30. The linear re-
sponse in ¢ of the helicity averaged VCS amplitude
therefore allows us to define an induced polarization 130 as

_(1+7)

. N P
igT(X) - Py = —H), Ay, AW)l=0- (D)

Q2P") ov

The induced polarization 130 for the helicity averaged case
can be worked out from Eq. (2) as

Po(Gy) = ig1 A0, )

where A can be expressed in terms of the GPs as

3 ’1 + 27 1

A=—02M 2 —pLLLDO 4 ° p(M1,M1)0
( )\/;\/; 1+ ’T{ 2
_ \/gp(Ll,Ll)l _ ‘E(] + )[pMLMDI

+ \/§(2MT)P(L1’M2)1]}, (6)

which depends on the scalar GPs, as well as those spin GPs
which enter the unpolarized VCS response functions.

In an analogous way, we can define the linear response
to an external quasistatic e.m. dipole field when the nu-
cleon is in an eigenstate of transverse spin, S L=
cospge, + singgé,, with ¢g the angle indicating the
spin vector direction. Analogously to Eq. (4), the induced
polarization I3T for a state of transverse spin can be worked
out from the sum of contributions from spin-averaged and
spin-flip light-front helicity amplitudes as

Pr(Gy) = ig A(QY) + Ch(§¢ X é.)-q1B(0?)
+ (S X &,)C(0?). (7)

The functions B and C entering the induced polarization
Pr can be expressed in terms of the GPs as

3/1+27 1
B=—-02M = P(LI,LI)O _ _P(M],MI)O
( )T\[z\l 1+ T{ 2

+ "—3| —\/E(ZM)(I + 7')P(“’Mz)1 + pLLDI
’3 |
) (M1,L2)
M)(1 + 7)PMLL!I }’ (8)

1+ 27

C=(2M)(l+r)% T,

{p(MLMl)l + pLLLDI

+ \E(zMr)PWLLZ)l}. 9)

To evaluate the induced polarizations, we use the avail-
able empirical information on the GPs. The four spin GPs
are described, following [10], by a dispersive part, and a 7°
pole part. The dispersive part is saturated by 7N inter-
mediate states, using empirical information from pion
photo- and electroproduction as encoded in the MAID2007
parameterization [11]. The electric and magnetic GPs are
decomposed as a sum of a dispersive wN part and an
asymptotic part. The asymptotic part of the magnetic GP
is described by a dipole:

Pl M0(02) = PRMMY0)/(1 + Q2/AR) (10)

To describe the available data for the electric GP, we allow
for an asymptotic part consisting of a sum of a dipole and a
Gaussian, in the same vein as the parameterization pro-
posed in [12] for the nucleon form factors

P02 = PEGH(0)/(1 + 02/ ALY
+ CaQ4€_(Q2_0'15)/0'15. (11)

The values at the real photon point have been fixed as the
difference between the empirical information for the pro-
ton electric and magnetic polarizabilities, obtained from
real Compton scattering (RCS) experiments [13], and the
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FIG. 2 (color online). Q? dependence of the functions A, B,
and C. Dotted (black) curves are for parameterization GP I; solid
(red) curves are for GP II; see caption of Fig. 1.

dispersive 7N contribution, yielding PS@*“”(O) =
—14.37 GeV 3, and P{U"M10(0) = 21.82 GeV 3. The re-
maining three parameters Ag, A,, and C,,, describing the
Q? dependence of the asymptotic parts of the spin inde-
pendent GPs can be determined by a fit to available VCS
data. In Fig. 1, we show the comparison with the experi-
mentally measured unpolarized structure functions P;; —
Pyr/e (Prr), proportional to the electric (magnetic) GPs,,
respectively, up to a small spin GP contribution (dashed
curves). For an exhaustive description of VCS observables,
we refer to Refs. [8,9]. For the magnetic GP, one sees from
P ronFig. 1 that a good fit to all data is obtained for A g =
0.5 GeV. For the electric GP, a fit to the MIT-Bates and
JLab data is obtained for C, =0, and A, = 0.7 GeV
(denoted by parameterization GP I). However, this does
not describe the MAMI data at intermediate Q2, which
require an additional structure, parameterized through the
Gaussian term in Eq. (11). A good description of all
available data is obtained for A, = 0.7 GeV, and C, =
—150 GeV~7 (denoted by parameterization GP II). The
above empirical parameterizations for the GPs, allow to
evaluate the Q% dependence of A, B, and C, as displayed in
Fig. 2. One clearly notices the enhancement in A as well as
the structure at intermediate Q% values in B in GP II.

The light-front frame allows us to use this empirical
information to visualize the deformation of the charge
densities in an external e.m. field and map out the trans-
verse position space dependence of the induced polariza-
tion. For the case of a nucleon in a state of definite helicity,
the transverse position space dependence of the induced

polarization 130 is given by

d’q,
(2m)?

Po(b) = e 4P By (g ), (12)

which can be worked out using Eq. (5) as

Pob)=h fo w%Qh(bQ)A(QZ), (13)

by [£m]
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FIG. 3 (color online). Induced polarization, Pj, in a proton of
definite light-cone helicity, when submitted to an e.m. field with
photon polarization along the x axis, as indicated. Upper
(middle) panel is for GP I (GP II); see caption of Fig. 1. The
light (dark) regions correspond to the largest (smallest) values.
The lower panel compares Pg along b, = 0: dotted curve is for
GP I; solid curve is for GP II.
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FIG. 4 (color online). Induced polarization density in a proton,
with spin S oriented along the x-axis, when submitted to an e.m.
field. The upper (lower) panels are for P — Py (P} — P}), re-
spectively, and correspond with photon polarization along the
x axis (y axis) as indicated. The light (dark) regions correspond
to the largest (smallest) values using parameterization GP II.

where b is the transverse position, b = |b], and b = 5/ b.

The dipole pattern described by Eq. (13) is shown in
Fig. 3. One clearly sees that the enhancement at intermedi-
ate O in the electric GP (upper panel in Fig. 1) in GPII, as
compared with GP I, yields a spatial distribution of the
induced polarization that extends noticeably to larger
transverse distances. Forthcoming VCS experiments, that
are conceived to pin down more precisely the behavior of
the GPs at intermediate Q2 values, will therefore be able to
verify this large distance structure.

For the case of a nucleon in an eigenstate of transverse
spin, the transverse position dependence of the induced
polarization f’T can likewise be worked out as

Pr(h) = Po(B) ~ 651 x 205 [ W%QJz(bQ)B
+Goxe) [ 5L o[ norc + 122 ]

(14)

displaying dipole, quadrupole, and monopole patterns. In

Fig. 4 we show the spatial distributions in the induced
polarization for a proton of transverse spin (chosen along
the x axis) for parameterization GP II. The component
P} — P§ displays a quadrupole pattern with pronounced
strength around 0.5 fm due to the electric GP, whereas the
component Py — Py shows in addition a monopole pattern,
dominated by the 77° pole contribution.

In summary, in this work we have used recent data on
proton GPs to map out the spatial dependence of the
induced polarizations in an external e.m. field. The formal-
ism to extract in a field theoretic consistent way light-front
densities from nucleon form factor data has been extended
in this work to the deformations of these quark charge
densities when applying an external e.m. field. It has
been shown that the available proton electric GP data yield
a pronounced structure in its induced polarization at large
transverse distances of 0.5-1 fm. At Q2 values smaller than
0.1 GeV?, chiral effective field theory was found to well
describe the VCS data, highlighting the role of pions in the
nucleon structure. Such description can however not be
applied at intermediate and large Q? values. This transition
region is dominated by nucleon resonance structure, which
can be described by dispersion relations. Forthcoming
VCS precision experiments at MAMI in this intermediate
0? region, will be able to better determine this structure,
thus complementing our picture of the distribution of quark
charges in the nucleon as obtained through elastic form
factors.
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