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Abstract

We study the nucleon electromagnetic form factors in a nuclear medium as well as in vacuum,

within a light-front approach with the in-medium input calculated by the quark-meson coupling

model. The same in-medium quark properties are used as those already used for the study of

in-medium pion properties. The zero of the proton electromagnetic form factor ratio in vacuum,

namely, the electric to magnetic form factors, µpGEp(Q
2)/GMp(Q

2) (Q2 = −q2 > 0, q the four-

momentum transfer), is determined including the latest experimental data, by implementing a

hard constituent quark component in the nucleon wave function. A reasonable fit is achieved for

the ratio µpGEp(Q
2)/GMp(Q

2) in vacuum, and we predict the Q2
0 value to cross the zero of the

ratio, to be about 15 GeV2. In addition, the double ratio data of the proton electromagnetic form

factors in 4He and H nuclei, [G
4He
Ep (Q2)/G

4He
Mp (Q

2)]/[G
1H
Ep(Q

2)/G
1H
Mp(Q

2)], the data extracted by the

polarized (~e, e′~p) scattering experiment on 4He at JLab, are well described. We also predict the

Q2
0 value for µpGEp(Q

2
0)/GMp(Q

2
0) = 0 in a nuclear medium, shifts to a smaller value as increasing

nuclear density.

PACS numbers: 24.85.+p, 21.65.-f, 14.20.Dh, 13.40.Gp, 12.39.-x
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I. INTRODUCTION

One of the most challenging and exciting topics in hadronic and nuclear physics is how

the hadron properties are modified in a nuclear medium (nuclear environment), and how

such modifications can be measured in experiment. Since hadrons are composed of quarks,

antiquarks and gluons, it is natural to expect that the hadron internal structure is modified

when they are immersed in a nuclear medium and in atomic nuclei [1–6]. At sufficiently high

nuclear density and/or temperature, there is no doubt that the quark and gluon degrees of

freedom are the correct degrees of freedom to describe the properties of hadrons according to

quantum chromodynamics (QCD). On the other hand, it is also true that effective description

of hadronic and nuclear processes is very successful by means of the meson and baryon

degrees of freedom, especially in a lower energy and temperature region. Although there

is hope that lattice QCD simulation eventually can describe consistently the properties of

hadrons in a nuclear medium as well as nucleus itself, the current status seems still difficult

to get a reliable result at finite nuclear density [7, 8].

To understand the deep inelastic scattering (DIS) data at momentum transfer of several

GeV, one certainly needs explicit quark degrees of freedom [9–11]. In particular, the nuclear

EMC effect [12, 13] has suggested the necessity of including the degrees of freedom beyond the

traditional nucleon and mesons. Furthermore, there is strong implication for the modification

of the bound proton electromagnetic form factors in the measurement of the double ratio of

proton-recoil polarization transfer coefficients in (~e, e′~p) scattering experiments on 16O and

4He nuclei at MAMI and JLab [14–16]. It is also clear that the properties of bound neutron

is modified in a nucleus, since it becomes stable, while the free neutron mean life is about

880 seconds due to the beta decay emitting a proton and an antineutrino.

However, it is very difficult to unambiguously separate and identify the observed effects

by the relevant degrees of freedom. In particular, to distinguish the possible in-medium

modifications due to the nucleon internal structure change in a nuclear medium [17–20],

from those due to the conventional many-body effects, such as the final state interactions and

meson exchange effects described at the hadronic degrees of freedom [21]. Such separation

may only be possible in a model dependent manner, since general experimental data involve

all the effects simultaneously. Thus, the interpretation of the modifications observed in

experiments has not yet been established.
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In this article, we study the modification of the nucleon electromagnetic form factors in

symmetric nuclear matter, focusing on the internal structure change of nucleon. Namely, we

study the nucleon electromagnetic form factors in nuclear matter arising from the property

change of the light quarks inside the nucleon, using the in-medium input calculated by the

quark-meson coupling (QMC) model [3, 22]. The QMC model has been successfully applied

for various nuclear and hadronic reactions and processes. A similar approach as in the

present study was already applied for the study of pion properties in nuclear matter [23–

26]. Although there may be possible to have alternative explanations based on traditional

nuclear physics approaches, our interest of this study is on the internal structure change of

nucleon in a nuclear medium.

For this purpose, we rely on a light-front model of nucleon in vacuum, the “relativistic

quark-spin coupling” model [27, 28], which was used for studying the nucleon electromagnetic

and axial-vector form factors in vacuum with some extension [28]. This model can keep close

connection with covariant field theory, and perform a three-dimensional reduction for the

photo-absorption amplitude with the nucleon in the null-plane, x+ = x0 + x3 = 0. After

the three-dimensional reduction, one can introduce the nucleon light-front wave function

in the two-loop momentum integrations. For studying the nucleon electromagnetic form

factors, the “triangle diagrams” with an impulse approximation is used. In Ref. [27] the

hard-scale component in the nucleon wave function was firstly introduced to improve the

description of the zero of the proton electromagnetic form factor ratio, µpGEp(Q
2)/GMp(Q

2)

(Q2 = −q2 > 0, q the four-momentum transfer). In addition a detailed study was made for

the different quark-spin coupling effects in Refs. [27, 28]. It turned out that the neutron

electric form factor can strongly constrain the quark-spin coupling in the nucleon wave

function, and the model preferred the scalar-pair coupling. Furthermore, to describe the

zero of the proton electromagnetic form factor ratio, the introduction of the hard-scale

component in the nucleon wave function was crucial. Thus, we use the two-scale model of

the nucleon wave function in vacuum with the scalar-pair coupling, and study the medium

modification of the nucleon electromagnetic form factors.

We predict the Q2
0 value to cross the zero of the ratio, µpGEp(Q

2
0)/GMp(Q

2
0) = 0, to

be about 15 GeV2. Furthermore the double ratio data of the proton electromagnetic form

factors in 4He and H nuclei, [G
4He
Ep (Q

2)/G
4He
Mp (Q

2)]/[G
1H
Ep(Q

2)/G
1H
Mp(Q

2)], the data extracted

by the polarized (~e, e′~p) scattering experiment on 4He at JLab, turn out to be well described.
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We also predict the Q2
0 value of µpGEp(Q

2
0)/GMp(Q

2
0) = 0 in a nuclear medium, shifts to a

smaller value as increasing nuclear density.

The organization of this article is as follows. In Sec. II, we explain the relativistic quark-

spin coupling model of nucleon, two scale-model as well as nucleon electromagnetic form

factors in light-front approach, and present the nucleon electromagnetic form factors in

vacuum. In Sec. III we review properties of nuclear medium necessary to study the in-

medium modification of the nucleon electromagnetic form factors, the QMC model, and

discuss the in-medium input. We present main results of this study, the in-medium nucleon

electromagnetic form factors in Sec. IV. Finally, we give summary and discussions in Sec. V.

II. NUCLEON ELECTROMAGNETIC FORM FACTORS IN VACUUM

Here, we briefly review a light-front approach for the nucleon structure, the relativis-

tic quark-spin coupling model, and the two-scale model [27]. The effective Lagrangian for

the quark-spin coupling in the nucleon [27–29], accounts for calculating the static electro-

magnetic observables with a totally symmetric momentum component of the nucleon wave

function. However, the initial version of the model was necessary to be improved to describe

better the zero of µpGEp(Q
2)/GMp(Q

2) [30–37], namely, the position of the zero to be shifted

to a larger Q2. The effective Lagrangian for the three constituent quarks coupled to form

the nucleon wave function is given by,

LN−3q = mN ǫ
lmnΨ(l)iτ2γ5Ψ

C
(m)Ψ(n)ΨN +H.C., (1)

where τ2 is the Pauli matrix operating in isospin space, and the color indices are {l, m, n}
with ǫlmn being the totally antisymmetric tensor. The conjugate quark field is ΨC = CΨ

T

with C = iγ2γ0, the charge conjugation matrix, and T stands for transposition.

The momentum scale of the nucleon wave function for Gaussian and power law shapes

with constituent light-quark mass mq = 0.22 GeV, was found to be about 0.6 - 0.8 GeV from

the fit to the nucleon magnetic moments and mean square-charge radii [27]. (We note that

the same value of the light-quark constituent mass mq = 0.22 GeV was also used for the

studies of pion properties in vacuum [38], as well as in medium [23–26].) It turned out that

the neutron electric form factor can constrain the relativistic quark-spin coupling scheme,

and the scalar-pair coupling in the effective Lagrangian is preferred.
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However, although the effective Lagrangian approach to the quark-spin coupling allows

a reasonable account for the static nucleon electromagnetic observables with a totally sym-

metric momentum component of the nucleon wave function, it has a too small momentum

scale which leads to too small value for the zero of µpGEp(Q
2)/GMp(Q

2) [20, 27] than that

the experimental data imply [30–37].

Therefore within this approach, one is led to introduce another term in the momentum

component of the nucleon wave function, which would represent a higher-momentum scale,

to be able to describe better the zero of µpGEp(Q
2)/GMp(Q

2) without destroying the good

description achieved in the lower momentum transfer region [27, 28].

In some light-front models applied to mesons [39–46], a high-momentum scale appears

naturally associated with the short-range interaction between the constituent quarks. A

reasonable description of the meson spectrum and pion properties was achieved including

a Dirac-delta interaction in the mass-squared operator [39–41], inspired by the hyperfine

interaction from the effective one-gluon exchange between the constituent quarks [39, 47].

The model [41] reveals some of the physics contained in the observation of the trajectories

of mesons in the (n,M2)-plane, that are almost linear [48, 49]. The model naturally incor-

porates the small pion mass as a consequence of the short-range attraction in the spin-zero

channel, which is also responsible for the pion and rho-meson mass splitting [41].

The short-range attractive part of the quark-quark interaction which is presented in the

Godfrey and Isgur model [50], generates a high-momentum component as well in the light-

cone pion wave function above the energy 1 GeV, and was successfully able to describe

the electroweak structure of pion [51]. Nonetheless, it was pointed out that the existing

electroweak data were not enough to draw a definite conclusion about the presence of the

hard-constituent quarks in the hadron wave function [52]. Recently, this discussion led to

a new insight when the valence-quark light-cone momentum distribution was probed in the

experiment of diffractive dissociation of 500-GeV π− into dijets [53], which supports the

importance of the asymptotic part of the wave function [54], and the presence of a high-

momentum component in the pion wave function [40].

Motivated by the above discussions which indicate the necessity of a strong short-range

attractive interaction in the spin-zero channel and a high-momentum tail in the pion va-

lence component in the wave function, we introduce a high-momentum component in the

valence nucleon wave function. We study the role of this high-momentum component in the
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calculation of the nucleon electromagnetic form factors. Indeed, the quality of the model

description including the recent data for µpGEp(Q
2)/GMp(Q

2), is improved substantially as

we show later.

Thus, we use the “two-scale model”, which includes the high-momentum component in

the nucleon wave function in a light-front approach, in an effective Lagrangian with the spin

coupling between the quarks Eq. (1) in a scalar form. Furthermore, we choose a power-law

form [47, 55] for the momentum component of the nucleon wave function,

ΨPower = NPower

[

(1 +M2
0 /β

2)−p + λ(1 +M2
0 /β

2
1)

−p
]

, (2)

λ =
[

(1 +M2
H/β

2
1)/(1 +M2

H/β
2)
]p

, (3)

which preserves the asymptotic behavior suggested by QCD. The normalization constant

NPower above is determined by the proton charge. The characteristic momentum scales of

the wave function are represented by β, β1 and MH , while M0 is the free mass of the three-

quark system, and its explicit expression is given in Ref. [27]. The lower momentum scale is

essentially determined by the nucleon static observables, while the higher one is related with

the zero of GEp(Q
2). A possible definition of the high-momentum scale brought by Eq. (2)

is the value of M0 at which the two terms are equal, therefore one easily gets,

βH = ββ1

(

1− |λ| 13
β2
1 |λ|

1

3 − β2

)
1

2

. (4)

We stress that this value should be interpreted as a guiding reference. Note that the asymp-

totic behavior of Eq. (2) does not depend on the parameters. The totally symmetric forms

of Eq. (2), due to the relativistic spin-coupling coefficients which depend on momentum,

effectively lead to the breaking of the SU(6) flavor symmetry as discussed in Ref. [56].

The falloff based on perturbative QCD arguments for the power-low, has a value of p = 3.5

in Eq. (2) [47, 55]. From the point of view of the static electroweak observables, the value

of p does not present an independent feature, once one static observable is fitted. Namely,

the other parameters in Eq. (2) are strongly correlated, as long as p > 2 [27, 55]. In this

study, we choose p = 3.

The light-front formulation of the nucleon electroweak form factors in Ref. [27] uses the

effective Lagrangian Eq. (1), to construct the coupling of the quark spin in the valence

component of the nucleon wave function. The form factor calculation is made by an impulse
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approximation defined within a covariant field theory. The nucleon virtual photon absorption

amplitude is projected on the three-dimensional hypersurface, x+ = x0 + x3 = 0 (see, e.g.,

Ref. [57]).

The elimination of the relative light-front time between the particles in favor of the

global time propagation [58], comes from the analytical integration in the individual light-

front energies (k− = k0 − k3) in the two-loop amplitude. Then, the momentum component

of the nucleon light-front wave function is introduced into the remaining form of the two-

loop three-dimensional momentum integrations which define the matrix elements of the

electroweak currents [27, 59, 60].

The plus component of the nucleon electromagnetic current (J+
N = J0

N + J3
N) for momen-

tum transfers satisfying the Drell-Yan condition q+ = q0 + q3 = 0, is used to calculate the

electromagnetic form factors. The contribution of the Z-diagram is minimized in a Drell-Yan

frame, while the wave function contribution to the current is maximized [47, 57, 59–61]. We

use the Breit-frame, where the four-momentum transfer q = (0, ~q⊥, 0) is such that (q+ = 0)

and ~q⊥ = (q1, q2), satisfying the Drell-Yan condition.

The nucleon electromagnetic form factors are calculated with the matrix elements of

the current J+
N (Q

2) in the light-front spinor basis in the Breit-frame with the Drell-Yan

condition [27, 62]. The Dirac and Pauli form factors are respectively given by,

F1N (Q
2) =

1√
1 + η

〈N ↑ |J+
N (Q

2)|N ↑〉 ,

F2N (Q
2) =

1√
η
√
1 + η

〈N ↑ |J+
N (Q

2)|N ↓〉 , (5)

where η = Q2/4mN . The momentum transfer in the Breit-frame is chosen along the x-

direction, i.e., ~q⊥ = (
√

Q2, 0).

The nucleon electric and magnetic form factors (Sachs form factors) are given by:

GEN(Q
2) = F1N (Q

2)− Q2

4m2
N

F2N(Q
2) ,

GMN(Q
2) = F1N (Q

2) + F2N(Q
2) , (6)

with N = p or n. µN = GMN(0) is the magnetic moment and κN = F2N(0) is the anomalous

one. The charge mean square radius is calculated by r2N = −6dGEN (Q2)
dQ2 |Q2=0.

The microscopic matrix elements of the nucleon electromagnetic current are derived from

the effective Lagrangian, Eq. (1), within the light-front impulse approximation which is rep-
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(2)

(1)

(3)

(1a) (1b)

(1c) (1d)

FIG. 1: Diagrammatic representation of the nucleon photo-absorption amplitude. The gray blob

represents the spin invariant for the coupled quark pair in the effective Lagrangian, Eq. (1). The

black circle attached to the quark line represents the action of the electromagnetic current operator.

resented by four three-dimensional two-loop diagrams in Fig. 1 [27]. The diagrams embody

the antisymmetrization of the quark state in the wave function.

The matrix elements of the electromagnetic current are calculated considering only the

process on quark-3, due to the symmetrization of the microscopic matrix element after the

factorization of the color degree of freedom. Therefore, the microscopic operator of the

nucleon electromagnetic current is the sum of each amplitude represented by the diagrams

(1a) to (1d) in Fig. 1, as

J+
N (Q

2) = J+
aN (Q

2) + 4J+
bN(Q

2) + 2J+
cN(Q

2) + 2J+
dN(Q

2), (7)

with the appropriate statistical factors from the identity of quarks 1 and 2. Another factor

of 2 is multiplied to J+
bN due to the exchange between the quark pairs in the initial and

final state nucleons, where the exchanged diagrams give the same matrix elements as a

consequence of time reversal and parity transformation properties. The explicit expressions
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and derivations made in [27] are also summarized in Appendix A.

In this work, the effective Lagrangian, Eq. (1), is a scalar coupling that corresponds

to the spin-coupling coefficients in which the Melosh rotations of the quark spin have the

arguments defined by the kinematical momentum of the quarks in pair, and in the nucleon

rest frame constrained by the total momentum [63, 64], while in the Bakamjian-Thomas

construction the argument of the Melosh rotations are defined in the rest frame of three free

particles (constituent quarks).

The model of the nucleon adopted here assumes the dominance of the valence component.

The results are strongly constrained, and the general features found in our calculations are

rather independent of the detailed shape of the wave function, but depend on the momentum

scales in Eq. (2). In the numerical evaluation of the form factors, we use a constituent quark

mass value of mq = 0.22 GeV [27, 51]. This value was also used in the study of pion

properties in vacuum as well as in medium [23–26] using a light-front constituent quark

model. In addition, the model has three fitting parameters, the momentum scales β and β1,

and the relative weight λ, orMH (see Eqs. (2) and (3)). We have selected two parameter sets

for the present two-scale model, which will be denoted by “set I” and “set II”, reproducing

the proton magnetic moment (µp), and neutron magnetic moment (µn), respectively, as well

as the zero of proton electric to magnetic form factor ratio Q2
0 for µpGEp(Q

2
0)/GMp(Q

2
0) = 0,

or GEp(Q
2
0) = 0. In table I we summarize the model parameters for the set I and set II,

some nucleon static observables calculated, and the zero, Q2
0, of GEp(Q

2
0) = 0.

We remind that, a single-scale nucleon light-front wave function, Gaussian or power-

law, with the proton or neutron magnetic moment fitted, is known to give a reasonable

proton charge radius, due to the strong correlation between these observables [27, 47, 55].

However, the zero of GEp(Q
2), Q2

0, appears at too small values in the range 3-4 GeV2. When

we attempt to fit Q2
0 to the values around or larger than 8 GeV2 by increasing the momentum

scale in the Gaussian and power-law nucleon wave functions of the one-scale model, we find

too small proton size, and consequently bad magnetic moment values. Thus, the facts leave

us no room for improving the one-scale-based models. However, by introducing a two-scale,

namely, power-law high-momentum component in the wave function with the scalar coupling,

we are able to get a reasonable description of both the nucleon static observables and the

zero of GEp(Q
2), as shown in table I. The scalar coupling provides the best agreement with

the neutron charge radius, when the neutron magnetic moment is fitted [27]. Note that,
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TABLE I: Nucleon electromagnetic static observables and the zero of GEp(Q
2
0) = 0, Q2

0, for the two-

scale models with the two sets of the parameters, set I and set II. The momentum-scale parameters,

β, β1 and MH in Eqs. (2) and (3), are given in the second, third and fourth columns, respectively.

The proton [neutron] magnetic moment µp [µn] (in nuclear magneton) and proton [neutron] mean

square charge radius r2p [r2n], are given in fifth [seventh] and sixth [eighth] columns respectively.

The zero, Q2
0 value for GEp(Q

2
0) = 0, is given in the last column. See table II, for the experimental

values.

β (GeV) β1 (GeV) MH (GeV) µp rp (fm) µn r2n (fm)2 Q2
0 GeV2

Set I 0.676 5.72 4.79 2.74 0.80 -1.52 -0.07 8.31

Set II 0.396 10.56 5.92 3.05 0.94 -1.88 -0.06 15.1

TABLE II: Experimental values for some nucleon observables.

Ref. µp [µN ]
√

r2p [fm] µn [µN ] r2n [fm2]

[65, 66] 2.792847351 ± 10−9 0.8751 ± 0.000061

[67] 0.879 ± 0.0008

[65] −1.9130427 ± 5.10−7 −0.1161 ± 0.0022

the high-momentum scale MH ∼ 7.6 GeV, should be understood as a reference value, and

we point out that we cannot exclude completely the lower values for MH , as one can see

the parameterization, MH = 4.79 GeV. Using these two parameter sets, set I and set II, we

study the nucleon electromagnetic form factors in vacuum and in a nuclear medium.

In Fig. 2 we show the results for the proton electric (upper panel) and magnetic (lower

panel) form factors in vacuum, for the two sets of the parameters. The experimental data

are well described by the parameter set II.

Next, we show in Fig. 3 the form factor ratio, µpGEp(Q
2)/GMp(Q

2), calculated with the

two parameter sets, the same as those in Fig. 2. Reasonable and better agreement with the

data [30, 32–37] is achieved for the parameter set II. The values of the zero for GEp(Q
2), Q2

0,

are given in table I for both the set I and set II. The zero of the form factor ratio in vacuum by

the set II, Q2
0 ≃ 15 GeV2, is one of the main results of this study. On the other hand, based
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n
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FIG. 2: Proton electric (upper panel) and magnetic (lower panel) form factors calculated with the

two-scale model, with the two parameter sets, set I (solid line), and set II (dashed line). (See also

table I.) Experimental data are from Refs. [30, 32–37, 71, 72].

on the nucleon Bethe-Salpeter amplitude and vector meson dominance model, Refs. [68, 69]

report Q2
0 ≃ 9 GeV2. In addition, based on the covariant spectator quark model, Ref. [70]

also obtained Q2
0 ≃ 9 GeV2 for GEp(Q

2
0)/GD(Q

2
0) = 0, with GD(Q

2) = (1+Q2/0.71GeV2)−2.

We show in Fig. 4, the neutron electric (upper panel) and magnetic (lower panel) form
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 =  -1.88 

FIG. 3: Proton form factor ratio, µpGEp(Q
2)/GMp(Q

2), calculated with the two-scale model with

the two parameter sets, set I and set II. Experimental data are from Refs. [30, 32–37] .

factors calculated in the two-scale model with the two sets of the parameters.

As one can see, the parameter set II describes better the data due to the strong sensitivity

to GEn(Q
2) [27]. Note that there is a zero in neutron magnetic form factor for the two-scale

nucleon wave function in both parameter sets. The best fit for the experimental data of

neutron magnetic form factor is achieved by the set II.
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p
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 = -1.88
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FIG. 4: Neutron electric (upper panel) and magnetic (lower panel) form factors calculated by the

two-scale model with the two parameter sets. Experimental data are from [71, 72] for GEn , and

from [74–80] for GMn .

III. QUARKS IN NUCLEAR MATTER: BRIEF REVIEW

In order to study the in-medium modifications of the nucleon electromagnetic form fac-

tors, we need a reasonable model of nuclear matter based on the quark degrees of freedom

as well as the nucleon model in vacuum, since our interest is the nucleon internal structure
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change in a nuclear medium.

As for the model of nuclear matter, we use the quark-meson coupling (QMC) model,

which has been successfully applied for the studies of hadronic properties in nuclear medium

and finite nuclei [3, 73]. This model was already used for the study of the in-medium pion

properties [23–25, 25, 26] combined with a light-front constituent quark model. Therefore,

we can extend the study of pion properties in medium for the nucleon electromagnetic form

factors in a similar manner. We first review the quark model description of nuclear matter via

the QMC model, and present the of nuclear saturation properties, as well as the in-medium

constituent light quark properties, the same input used in the study of pion properties in

medium [23–26].

A. Quark model of nuclear matter: quark-meson coupling (QMC) model

The QMC model was introduced by Guichon [22] in 1988 using the MIT bag model, and

also by Frederico et al . in 1989 [81] using a confining harmonic potential, to describe the

properties of nuclear matter based on the quark degrees of freedom. In this study we use

the model of Guichon with the MIT bag model. The model has been successfully applied

for various studies of finite (hyper)nuclei [73] as well as the hadron properties in a nuclear

medium (see Ref. [3] for a review). In the model the medium effects arise through the

self-consistent coupling of the isoscalar-Lorentz-scalar (σ), isoscalar-Lorentz-vector (ω) and

isovector-Lorentz-vector (ρ) meson mean fields directly to the confined light-flavor u and d

valence quarks — rather than to the nucleons. As a result the internal structure of the bound

nucleon is modified by the surrounding nuclear medium with respect to the free nucleon.

The effective Lagrangian density of the QMC model for a uniform, spin-saturated, and

isospin-symmetric infinite nuclear matter at the hadronic level is given by [3, 22, 73],

L = ψ̄[iγ · ∂ −m∗

N (σ̂)− gωω̂
µγµ]ψ + Lmeson, (8)

where ψ, σ̂ and ω̂ are respectively the nucleon, Lorentz-scalar-isoscalar σ, and Lorentz-

vector-isoscalar ω field operators, with

m∗

N (σ̂) ≡ mN − gσ(σ̂)σ̂, (9)

which defines the σ-field dependent coupling constant, gσ(σ̂), while gω is the nucleon-ω

coupling constant. All the important effective nuclear many-body dynamics including 3-
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TABLE III: Coupling constants, the parameter ZN , bag constant B (in B1/4), and calculated

properties for symmetric nuclear matter at normal nuclear matter density ρ0 = 0.15 fm−3, for

mq = 5 and 220 MeV (the latter values is used in this study and Refs. [23–26]). The effective

nucleon mass, m∗

N , and the nuclear incompressibility, K, are quoted in MeV (the free nucleon bag

radius input is RN = 0.8 fm, the standard value in the QMC model [3]).

mq(MeV) g2σ/4π g2ω/4π m∗

N K ZN B1/4(MeV)

5 5.39 5.30 754.6 279.3 3.295 170

220 6.40 7.57 698.6 320.9 4.327 148

body nucleon force modeled at the quark level, can be regarded as effectively condensed

in gσ(σ̂). Solving the Dirac equations for the up and down quarks in the nuclear medium

with the same mean fields (mean values) σ and ω which act on the bound nucleon self-

consistently based on Eq. (8), we obtain the effective σ-dependent coupling gσ(σ) at the

nucleon level [3, 22, 73]. The free meson Lagrangian density is given by,

Lmeson =
1

2
(∂µσ̂∂

µσ̂ −m2
σσ̂

2)− 1

2
∂µω̂ν(∂

µω̂ν − ∂ν ω̂µ) +
1

2
m2

ωω̂
µω̂µ , (10)

where we have ignored the isospin-dependent Lorentz-vector-isovector ρ-meson field, since

we consider isospin-symmetric nuclear matter within the Hartree mean-field approximation.

In this case the mean value of the ρ-meson field becomes zero and there is no need to consider

its possible contributions due to the ρ-Fock (exchange) terms.

In the following we work in the nuclear matter rest frame. For symmetric nuclear matter

in the Hartree mean-field approximation, the nucleon Fermi momentum kF (baryon density

ρ) and the scalar density (ρs) associated with the σ-mean field can be related as,

ρ =
4

(2π)3

∫

d3k θ(kF − |~k|) = 2k3F
3π2

, (11)

ρs =
4

(2π)3

∫

d3k θ(kF − |~k|) m∗

N (σ)
√

m∗2
N (σ) + ~k2

, (12)

where m∗

N (σ) is the constant value of the effective nucleon mass at a given density, and is

calculated in the standard QMC model [3, 22, 73]. The Dirac equations for the up (u) and

down (d) quarks in symmetric nuclear matter are solved self-consistently with the same σ
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and ω mean-field potentials acting for the nucleon. We restrict ourselves hereafter the flavor

SU(2), the light-quark sector (as well as for the proton and neutron). The Dirac equations

for the quarks and antiquarks (q = u or d, quarks) in the bag of hadron h in nuclear matter

at the position x = (t, ~r) (|~r| ≤ bag radius) are given by [3],

[

iγ · ∂x − (mq − V q
σ )∓ γ0

(

V q
ω +

1

2
V q
ρ

)]





ψu(x)

ψū(x)



 = 0, (13)

[

iγ · ∂x − (mq − V q
σ )∓ γ0

(

V q
ω − 1

2
V q
ρ

)]





ψd(x)

ψd̄(x)



 = 0, (14)

where we have neglected the Coulomb force as usual, since the nuclear matter properties

are due to the strong interaction, and we assume SU(2) symmetry for the light quarks,

mq = mu = md, and define m∗

q ≡ mq − V q
σ = m∗

u = m∗

d. In symmetric nuclear matter, the

isospin dependent ρ-meson mean field in Hartree approximation yields V q
ρ = 0 in Eqs. (13)

and (14), as mentioned already, so we ignore it hereafter. The constant mean-field potentials

in nuclear matter are defined by, V q
σ ≡ gqσσ = gqσ < σ > and V q

ω ≡ gqωω = gqω δ
µ,0 < ωµ >,

with gqσ and gqω being the corresponding quark-meson coupling constants, and the quantities

inside the brackets stand for taking expectation values by the nuclear matter ground state [3].

Note that, since the velocity averages to zero in the rest frame of nuclear matter, the mean

vector source due to the quark fields as well, < ψ̄q~γψq >= 0. Thus we may just keep the

term proportional to γ0 in Eqs. (13) and (14).

The normalized, static solution for the ground state quarks or antiquarks with flavor f

in the hadron h composed of light quarks, may be written, ψf (x) = Nfe
−iǫf t/R

∗

hψf (~r), where

Nf and ψf (~r) are the normalization factor and corresponding spin and spatial part of the

wave function. The bag radius in medium for a hadron h, R∗

h, is determined through the

stability condition for the mass of the hadron against the variation of the bag radius [3].

The eigenenergies in units of 1/R∗

h are given by,





ǫu

ǫū



 = Ω∗

q ± R∗

h

(

V q
ω +

1

2
V q
ρ

)

,





ǫd

ǫd̄



 = Ω∗

q ±R∗

h

(

V q
ω − 1

2
V q
ρ

)

. (15)

The hadron masses in a nuclear medium m∗

h (free mass mh), are calculated by

m∗

h =
∑

j=q,q̄

njΩ
∗

j − zh

R∗

h

+
4

3
πR∗3

h B,
∂m∗

h

∂Rh

∣

∣

∣

∣

Rh=R∗

h

= 0, (16)
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FIG. 5: Negative of the binding energy per nucleon (Etot/A−mN ) for symmetric nuclear matter

calculated with the vacuum up and down quark mass, mq = 220 MeV, taken from Ref. [23–26]. At

the saturation point ρ0 = 0.15 fm−3, the value is fitted to −15.7 MeV. (See Ref. [3] for the mq = 5

MeV case, denoted in there as QMC-I.)

where Ω∗

q = Ω∗

q̄ = [x2q + (R∗

hm
∗

q)
2]1/2, with m∗

q = mq−gqσσ, and xq being the lowest bag

eigenfrequencies. nq(nq̄) is the quark (antiquark) numbers for the quark flavors q. The MIT

bag quantities, zh, B, xq, and mq are the parameters for the sum of the c.m. and gluon

fluctuation effects, bag constant, lowest eigenvalues for the quarks q, and the corresponding

current quark masses. zN and B (zh) are fixed by fitting the nucleon (the hadron) mass in

free space. (See table III for the nucleon case.)

For the nucleon h = N in the above, the lowest, positive energy bag eigenfunction is

given by

q(t, ~r) =
N√
4π
e−iǫqt/R∗

N





j0(xr/R
∗

N)

iβq~σ · r̂j1(xr/R∗

N)



 θ(R∗

N − r)χm, (17)

with r = |~r| and χm the spin function and

Ω∗

q =
√

x2 + (m∗
qR

∗

N)
2, βq =

√

Ω∗
q −m∗

qR
∗

N

Ω∗
q +m∗

qR
∗

N

, (18)

N−2 = 2R∗3
N j

2
0(x)[Ω

∗

q(Ω
∗

q − 1) +m∗

qR
∗

N/2]/x
2, (19)
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FIG. 6: Nucleon and constituent quark effective masses, respectively m∗

N (upper panel), and m∗
q

(lower panel) where m∗
q ≡ m∗

u = m∗

d, in symmetric nuclear matter taken from Refs. [23–26]. See

also caption of Fig. 5.
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where x is the eigenvalue for the lowest mode, which satisfies the boundary condition at the

bag surface, j0(x) = βqj1(x) with j0,1 are the spherical Bessel functions.

The same meson mean fields σ and ω for the quarks and nucleons satisfy the following

equations at the nucleon level self-consistently:

ω =
gωρ

m2
ω

, (20)

σ =
gσ
m2

σ

CN(σ)
4

(2π)3

∫

d3k θ(kF − |~k|) m∗

N (σ)
√

m∗2
N (σ) + ~k2

=
gσ
m2

σ

CN(σ)ρs, (21)

CN(σ) =
−1

gσ(σ = 0)

[

∂m∗

N (σ)

∂σ

]

, (22)

where CN(σ) is the constant value of the scalar density ratio [3, 22, 73]. Because of the

underlying quark structure of the nucleon used to calculate M∗

N (σ) in the nuclear medium

(see Eq. (16) with h = N), CN(σ) gets nonlinear σ-dependence, whereas the usual point-

like nucleon-based model yields unity, CN(σ) = 1. It is this CN(σ) or gσ(σ) that gives

a novel saturation mechanism in the QMC model, and contains the important dynamics

which originates from the quark structure of the nucleon. Without an explicit introduction

of the nonlinear couplings of the meson fields in the Lagrangian density at the nucleon and

meson level, the standard QMC model yields the nuclear incompressibility of K ≃ 280 MeV

with mq = 5 MeV, which is in contrast to a naive version of quantum hadrodynamics

(QHD) [82] (the point-like nucleon model of nuclear matter), results in the much larger

value, K ≃ 500 MeV; the empirically extracted value falls in the range K = 200−300 MeV.

(See Ref. [83] for the updated discussions on the incompressibility.)

Once the self-consistency equation for the σ, Eq. (21), has been solved, one can evaluate

the total energy per nucleon:

Etot/A =
4

(2π)3ρ

∫

d3k θ(kF − |~k|)
√

m∗2
N (σ) + ~k2 +

m2
σσ

2

2ρ
+

g2ωρ

2m2
ω

. (23)

We then determine the coupling constants, gσ and gω, so as to fit the binding energy of

15.7 MeV at the saturation density ρ0 = 0.15 fm−3 (k0F = 1.305 fm−1) for symmetric nuclear

matter.

In the study of pion properties in medium [23–26] based on a light-front constituent quark

model, the vacuum value of the light-quark constituent, mq = 220 MeV was used and could

reproduce well the electromagnetic form factor and decay constant in vacuum [38].
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To be consistent and encouraged by the studies for the pion properties in a nuclear

medium [23–26], we build the nuclear matter with the same light-quark constituent mass

in vacuum. The corresponding coupling constants and some results for symmetric nuclear

matter at the saturation density calculated with mq = 220 MeV and the standard values

of mσ = 550 MeV and mω = 783 MeV, are listed in Table III. For comparison, we also

give the corresponding quantities calculated in the standard QMC model with a vacuum

quark mass of mq = 5 MeV (see Ref. [3] for details). Thus, we have obtained the in-medium

properties of the light-constituent quarks in symmetric nuclear matter with the vacuum

mass of mq = 220 MeV. Namely, we obtain the density dependence of the effective mass

(scalar potential) and vector potential. Using the obtained in-medium input, we study the

nucleon electromagnetic form factors in symmetric nuclear matter.

In Figs. 5 and 6, we respectively show the results for the negative of the binding energy

per nucleon (Etot/A − mN), effective mass of the nucleon, m∗

N , and effective mass of the

constituent up and down quarks, m∗

q , in symmetric nuclear matter.

As one can expect from the values of the incompressibility, K = (279.3, 320.9) MeV

for mq (5, 220) MeV , in Table III, the result for E/A−mN with mq = 220 MeV shown in

Fig. 5 varies slightly faster than that for the case of mq = 5 MeV [3] as increasing nuclear

density. As for the effective nucleon mass shown in Fig. 6 with mq = 220 MeV, it also

decreases faster than that for mq = 5 MeV [3] as increasing nuclear density.

In next section we study the nucleon electromagnetic form factors in a nuclear medium

using the in-medium constituent quark properties obtained so far.

IV. NUCLEON ELECTROMAGNETIC FORM FACTORS IN MEDIUM

In this section we present our main results, the nucleon electromagnetic form

factors in symmetric nuclear matter, G∗

Ep(Q
2), G∗

Mp(Q
2), G∗

En(Q
2), G∗

Mn(Q
2), the ratio,

µpG
∗

Ep(Q
2)/G∗

Mp(Q
2), and the double ratio, Rp ≡ [G∗

Ep(Q
2)/G∗

Mp(Q
2)]/[GEp(Q

2)/GMp(Q
2)].

Our interests in this section are, in-medium effects on the zero of µpG
∗

Ep(Q
2)/G∗

Mp(Q
2), and

the comparison with the JLab data for [G
4He
Ep (Q

2)/G
4He
Mp (Q

2)]/[G
1H
Ep(Q

2)/G
1H
Mp(Q

2)]. The nu-

clear densities ρ = 0.3ρ0 and 0.4ρ0 studied in this section (except for the set II in Fig. 10),

are chosen so that to give a trend of medium effects, based on a rough estimate made for

the proton electromagnetic double ratio by the set I to be shown later in Fig. 10.
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First, we show in Fig. 7 in-medium proton electric G∗

Ep(Q
2) (upper panel) and magnetic

G∗

Mp (lower panel) form factors in the two-scale model with the two parameter sets, set I and

set II, for nuclear densities of ρ = 0.3ρ0 and 0.4ρ0 (ρ0 = 0.15 fm−3), together with those in

vacuum to make easier to see the medium effects. For G∗

Ep(Q
2), the falloff becomes faster as

increasing nuclear density than that in vacuum. This means that the proton charge radius

increases in nuclear matter. The fast falloff of the electric electric form factor was also found

in Refs. [84, 85]. From this behavior, we can expect the zero of G∗

Ep(Q
2) in medium shifts

to a smaller Q2 value.

As for G∗

Mp(Q
2), the in-medium proton magnetic moment µ∗

p = G∗

p(0) is enhanced than

that in vacuum as increasing nuclear density. This enhancement is also, observed in Refs. [84,

85]. However, as increasing Q2, the falloff of the in medium one, G∗

Mp(Q
2), becomes faster

than that in vacuum.

Based on the results shown in Fig. 7, we show in Fig. 8 the result for µ∗

pG
∗

Ep(Q
2)/G∗

Mp(Q
2),

in symmetric nuclear matter as well as in vacuum. This is our second main results and the

other prediction of this article. For each parameter set, the value of Q2
0, to cross the zero

µ∗

pG
∗

Ep(Q
2
0)/G

∗

Mp(Q
2
0) = 0, becomes smaller than that in vacuum. This reflects that the

in-medium falloff of G∗

Ep(Q
2) becomes faster than that in vacuum as already mentioned.

Thus, it is very interesting to pursue experiment to measure the proton electromagnetic

form factor ratio of the bound proton, to check if this Q2 reduction of crossing the zero can

be observed, although such experiment would be challenging. However, we would like to

emphasize this is a very interesting prediction of the present study. We believe that this is

the first time prediction that made with an explicit calculation.

Next, in Fig. 9 we show the in-medium neutron electric G∗

En(Q
2) (upper panel), and

magnetic G∗

Mn(Q
2) (lower panel) form factors. For both parameter sates, set I and set II,

G∗

En(Q
2) is suppressed than that in vacuum as increasing Q2, while very small region of Q2,

G∗

En(Q
2) is enhanced than that in vacuum.

As for the magnetic form factor, the absolute values in medium, |G∗

Mn(Q
2)|, becomes

smaller than that in vacuum for whole region of Q2 studied. This means that the “negative

falloff” becomes faster, or Q2 dependence becomes more sensitive, the same as that for the

proton case.

Finally, in Fig. 10, we show our third main result of this article, the result of the pro-

ton form factor double ratio, [G∗

Ep(Q
2)/G∗

Mp(Q
2)]/[GEp(Q

2)/GMp(Q
2)] in symmetric nuclear
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FIG. 7: Proton electric G∗

Ep(Q
2) (upper panel), and magnetic form G∗

Mp(Q
2) (lower panel) form

factors calculated in the two-scale model with the two parameter sets, set I and set II, for nuclear

densities ρ = 0.3ρ0 and 0.4ρ0 with ρ0 = 0.15 fm−3, together with those in vacuum. (See also

table I.) Experimental word data are from [86–92]
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FIG. 8: µ∗
pG

∗

Ep(Q
2)/G∗

Mp(Q
2) calculated with the two-scale model with the two parameter sets,

for the nuclear densities ρ = 0.3ρ0 and 0.4ρ0.

matter in the two-scale model with the set I and set II, compared with the JLab data. The

good description of the JLab data is obtained by the both parameter sets, set I and set II,

by the different nuclear densities. Namely, for the set I with the nuclear density 0.3ρ0, and

for the set II the nuclear density 0.15ρ0, the JLab data are well described. Recall that the

zero of µpGEp(Q
2)/GMp(Q

2) and the nucleon electromagnetic form factors in vacuum, can

be better described with the set II.

We have also calculated the double ratio using the one-scale model that fits experimental

proton magnetic moment better, for the nuclear densities 0.3ρ0 and 0.4ρ0 as examples, but

it gives a very poor description of the data, and thus we do not show the results. For a

comparison between the one-scale and two-scale models made in the past, see Ref. [64].
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FIG. 9: Neutron electric G∗

En(Q
2) (upper panel) and magnetic G∗

Mn(Q
2) (middle and bottom

panels) form factors in medium, obtained by the two-scale model with the two sets of parameters,

for ρ = 0.3ρ0 and 0.4ρ0. Those in vacuum are shown for references.
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FIG. 10: Proton electromagnetic form factor double ratio in symmetric nuclear matter,

Rp ≡ [G∗

Ep(Q
2)/G∗

Mp(Q
2)]/[GEp(Q

2)/GMp(Q
2)], calculated by the two-scale model with the

two parameter sets, by the set I for nuclear densities 0.30ρ0 and 0.40ρ0, and by the set

II for nuclear densities 0.15ρ0 and 0.20ρ0, compared with the JLab data extracted for

[G
4He
Ep (Q2)/G

4He
Mp (Q

2)]/[G
1H
Ep(Q

2)/G
1H
Mp(Q

2)]. The experimental data are taken from Ref. [14].

V. SUMMARY AND DISCUSSIONS

We have studied the nucleon electromagnetic form factors in medium as well as in vacuum,

using the light-front motivated quark-spin coupling model with the one- and two-scale models

of the nucleon wave function. The in-medium input for the light-constituent quark properties

is calculated by the quark-meson coupling model, which has proven to be successful in

describing the hadron properties in medium, as well as the properties of finite nuclei based

on the quark degrees of freedom.

We have found that the two-scale nucleon wave function models describe well the nucleon

electromagnetic form factors in vacuum. Our first prediction is that the zero of the proton

electromagnetic form factor ratio (the zero of the proton electric form factor) in vacuum, to

be about 15 GeV2 based on our results including the new experimental data .

Based on the two-scale model with the two parameter sets which can reasonably repro-
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duce the proton and neutron magnetic moments, we have studied the zero of the proton

electromagnetic form factor ratio in medium. By the results, our second prediction of this

study is that, the zero of the bound proton, or proton in finite nuclear density, shifts to a

smaller Q2 value than that in vacuum as nuclear density increases.

Using the same two-scale model with the same parameter sets, we have calculated the

proton electromagnetic form factor double ratio, which were extracted in JLab experiments.

The model with the parameter set I for nuclear density 0.3ρ0, and the parameter set II for

nuclear density 0.15ρ0, are both able to describe well the JLab data. The results suggest

that the description of the bound proton, or the in-medium electromagnetic form factor

double ratio data, may be explained based on the internal structure change of the bound

proton in a nuclear medium.

For the future prospects, we can also study the nucleon axial-vector form factor in nuclear

medium with the same model. Furthermore, we plan to extend the model to study the octet

baryon electromagnetic and axial-vector form factors in vacuum, as well as in a nuclear

medium.
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APPENDIX A: MATRIX ELEMENTS OF THE MICROSCOPIC CURRENT

The derivation of the matrix elements of the microscopic nucleon current operator com-

posed by J+
βN , β = a, b, c, d of Eq. (7) in terms of the valence nucleon wave function follows

closely Refs. [27]. They are represented by the Feynman diagrams in Fig. 1. The blobs in

the figure represent the color anti-triplet coupling of a pair of quark fields in scalar-isocalar

(ǫlmnΨ(l)iτ2γ5Ψ
C
(m)) from the effective Lagrangian of Eq. (1).

The integrations over the minus-component of the momentum are performed to eliminate

the relative light-front time in the intermediate state propagations [58]. This procedure

allows to introduce the momentum component of the valence light-front wave function in
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the computation of form factors (see Ref. [59]).

The nucleon electromagnetic current J+
N derived from the effective Lagrangian has con-

tribution from each photo-absorption amplitude given by the Feynman two-loop triangle

diagrams of Figs. 1a to 1d. The photon is absorbed by quark-3:

〈s′|J+
aN(q

2)|s〉 = −m2
N 〈N |Q̂q|N〉Tr[iτ2(−i)τ2]

∫

d4k1d
4k2

(2π)8
Λ(ki, p

′)Λ(ki, p)ū(p
′, s′)

×S(k′3)γ+S(k3)u(p, s)Tr
[

S(k2)γ
5Sc(k1)γ

5
]

, (A1)

with S(p) =
1

/p−m+ iǫ
, and Sc(p) =

[

γ0γ2
1

/p−m+ iǫ
γ0γ2

]T

with T denoting transpo-

sition. The four-momentum of the virtual quark-3 after the photo-absorption process is

k′3 = k3 + q. The matrix element of the quark charge operator in isospin space is 〈N |Q̂q|N〉.
The function Λ(ki, p) is chosen to introduce the momentum part of the three-quark light-

front wave function, after the integrations over k−. The contribution to the electromagnetic

current represented by Fig. 1b is given by:

〈s′|J+
bN(q

2)|s〉 = −m2
N 〈N |Q̂q|N〉

∫

d4k1d
4k2

(2π)8
Λ(ki, p

′)Λ(ki, p)ū(p
′, s′)S(k′3)γ

+S(k3)

×γ5Sc(k1)γ
5S(k2)u(p, s) . (A2)

While the contribution to the electromagnetic current represented by Fig. 1c is given by:

〈s′|J+
cN(q

2)|s〉 = m2
N 〈N |τ2Q̂qτ2|N〉

∫

d4k1d
4k2

(2π)8
Λ(ki, p

′)Λ(ki, p)ū(p
′, s′)S(k1)

×γ5Sc(k3)γ
+Sc(k

′

3)γ
5S(k2)u(p, s) . (A3)

Finally, the contribution to the electromagnetic current represented by Fig. 1d is given by:

〈s′|J+
dN(q

2)|s〉 = −m2
NTr[Q̂q]

∫

d4k1d
4k2

(2π)8
Λ(ki, p

′)Λ(ki, p)ū(p
′, s′)S(k2)u(p, s)

×Tr
[

γ5S(k′3)γ
+S(k3)γ

5Sc(k1)
]

. (A4)

The light-front coordinates are defined as k+ = k0 + k3 , k− = k0 − k3 , ~k⊥ = (k1, k2).

In each term of the nucleon current, from J+
aN to J+

dN , the Cauchy integrations over k−1 and

k−2 are performed. That means the on-mass-shell pole of the Feynman propagators for the

spectator particles 1 and 2 of the photon absorption process are taken into account. In

the Breit-frame with q+ = 0, there is a maximal suppression of light-front Z-diagrams in

J+ [59, 60]. Thus the components of the momentum k+1 and k+2 are bounded such that
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0 < k+1 < p+ and 0 < k+2 < p+−k+1 . The four-dimensional integrations of Eqs. (A1) to (A4)

are reduced to the three-dimensional ones on the null-plane.

After the integrations over the light-front energies the momentum part of the wave func-

tion is introduced into the microscopic matrix elements of the current by the substitution

[27, 59]:

1

2(2π)3
Λ(ki, p)

m2
N −M2

0

→ Ψ(M2
0 ) . (A5)

Further, the same momentum wave function is chosen all N-q coupling schemes for simpli-

fication. Note, that the mixed case, α = 1/2 in Ref. [27] (α = 1 is chosen for the present

Lagrangian density of Eq. 1)), could have different momentum dependence for each spin

coupling, however, we choose the same momentum functions just to keep contact to the

Bakamjian-Thomas (BT) [93] approach.

The analytical integration of Eq. (A1) of the k− components of the momenta yields:

〈s′|J+
aN(q

2)|s〉 = 2p+2m2
N 〈N |Q̂q|N〉

∫

d2k1⊥dk
+
1 d

2k2⊥dk
+
2

k+1 k
+
2 k

+ 2
3

θ(p+ − k+1 )θ(p
+ − k+1 − k+2 )

×Tr [(/k2 +m)(/k1 +m)] ū(p′, s′)(/k′3 +m))γ+(/k3 +m)u(p, s)Ψ(M
′2
0 )Ψ(M2

0 ) , (A6)

where k21 = m2 and k22 = m2. The squared-mass of the free-three quarks is defined by:

M2
0 = p+(

k21⊥ +m2

k+1
+
k22⊥ +m2

k+2
+
k23⊥ +m2

k+3
)− p2

⊥
, (A7)

and M ′2
0 =M2

0 (k3 → k′3 , ~p⊥ → ~p′
⊥
).

The other terms of the nucleon current, as given by Eqs. (A2)-(A4) are also integrated

over the k− momentum components of particles 1 and 2 following the same steps used to

obtain Eq. (A6) from Eq. (A1):

〈s′|J+
bN(q

2)|s〉 = p+2m2
N〈N |Q̂q|N〉

∫

d2k1⊥dk
+
1 d

2k2⊥dk
+
2

k+1 k
+
2 k

+ 2
3

θ(p+ − k+1 )θ(p
+ − k+1 − k+2 )

×ū(p′, s′)(/k′3 +m)γ+(/k3 +m)(/k1 +m)(/k2 +m)u(p, s)Ψ(M
′2
0 )Ψ(M2

0 ) , (A8)

〈s′|J+
cN(q

2)|s〉 = p+2〈N |τ2Q̂qτ2|N〉
∫

d2k1⊥dk
+
1 d

2k2⊥dk
+
2

k+1 k
+
2 k

+ 2
3

θ(p+ − k+1 )θ(p
+ − k+1 − k+2 )

×ū(p′, s′)(/k1 +m)(/k3 +m)γ+(/k′3 +m)(/k2 +m)u(p, s)Ψ(M
′2
0 )Ψ(M2

0 ) , (A9)

〈s′|J+
dN(q

2)|s〉 = p+2m2
NTr[Q̂q]

∫

d2k1⊥dk
+
1 d

2k2⊥dk
+
2

k+1 k
+
2 k

+ 2
3

θ(p+ − k+1 )θ(p
+ − k+1 − k+2 )

×Tr
[

(/k′3 +m)γ+(/k3 +m)(/k1 +m)
]

ū(p′, s′)(/k2 +m)u(p, s)Ψ(M
′2
0 )Ψ(M2

0 ) . (A10)
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The normalization is chosen such that the proton charge is unity.
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