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The relativistic version of finite-range regularization is proposed. The covariant regulator is generated
from the nonlocal Lagrangian. This nonlocal interaction is gauge invariant and is applied to study the nucleon
electromagnetic form factors at momentum transfer up to 2 GeV2. Both octet and decuplet intermediate
states are included in the one-loop calculation. Using a dipole regulatorwithΛ around 0.85GeV, the obtained
form factors, electromagnetic radii, as well as the ratios of the form factors are all comparable with the
experimental data. This successful application of chiral effective Lagrangian to relatively large momentum
transfer makes it possible to further investigation of hadron quantities at high Q2.
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I. INTRODUCTION

The study of the properties of hadrons continues to
attract significant interest in the process of revealing and
understanding the essential mechanisms of the strong
interactions. The investigation of the electromagnetic form
factors of the nucleon is very important to help us discover
their internal structure. Though QCD is the fundamental
theory to describe strong interactions, it is difficult to study
hadron physics using QCD directly. There are many
phenomenological models, such as the cloudy bag model
[1], the constituent quark model [2,3], the 1/Nc expansion
approach [4], the perturbative chiral quark model [5], the
extended vector meson dominance model [6], the SU(3)
chiral quark model [7], the quark-diquark model [8,9], etc.
Besides the phenomenological models, there are also

many lattice-QCD calculations for the electromagnetic
form factors [10–16]. Lattice simulation is the most
rigorous approach that starts from the first principles.
Because of the computing limit, most quantities are still
calculated with large quark (π) mass.
In hadron physics, another important method is chiral

perturbation theory (ChPT). Heavy baryon and relativistic
chiral perturbation theory have been widely applied to study
the hadron spectrum and structure. Historically, most for-
mulations of ChPT have been based on dimensional or
infrared regularization. Though ChPT is a successful and
systematic approach, for the nucleon electromagnetic form
factors, it is only valid forQ2 < 0.1 GeV2 [17].Whenvector
mesons are included, the result is close to the experiments
withQ2 less than 0.4 GeV2 [18]. Therefore, with traditional
ChPT, it is hard to study the form factors at relatively large
Q2, for example, to explain the GE/GM puzzle at large Q2.

An alternative regularization method, namely, finite-
range regularization (FRR), has been proposed. Inspired
by quark models that account for the finite size of the
nucleon as the source of the pion cloud, effective field
theory with FRR has been widely applied to extrapolate the
vector meson mass, magnetic moments, magnetic form
factors, strange form factors, charge radii, first moments of
generalized parton distributions, nucleon spin, etc. [19–34].
In the finite-range regularization, there is no cut for the
energy integral. The regulator is not covariant and is in
three-dimensional momentum space. This nonrelativistic
regulator can only be applied with the heavy baryon ChPT.
A lot of investigations have been done for the finite-range
regularization and we have good knowledge on the non-
relativistic regulator that was kept the same for all the above
calculations. But we know little about the relativistic
regulator and we try to determine the relativistic regulator
from the well-known form factors of nucleon.
In this paper, we provide a relativistic version of FRR. If

we simply replace the nonrelativistic regulator with a
covariant one, the local gauge symmetry and charge
conservation is destroyed. As a result, the renormalized
proton (neutron) charge is not 1 (0). Therefore, we generate
the covariant regulator from the local gauge invariant
Lagrangian. As a result, the nonlocal Lagrangian is
introduced. Using this nonlocal chiral effective
Lagrangian, we study the electromagnetic form factors
up to Q2 ¼ 2 GeV2. The paper is organized in the
following way. In Sec. II, we briefly introduce the chiral
Lagrangian and construct the nonlocal interactions. The
matrix elements of the nucleon electromagnetic current are
derived in Sec. III. Numerical results are presented in
Sec. IV. Finally, Sec. V is a summary.
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II. CHIRAL EFFECTIVE LAGRANGIAN

The lowest order chrial Lagrangian for baryons, pseu-
doscalar mesons, and their interaction can be written as
[35,36]

L ¼ iTrB̄γμ=DB −mBTrB̄Bþ T̄abc
μ ðiγμναDα −mTγ

μνÞTabc
ν

þ f2

4
Tr∂μΣ∂μΣþ þDTrB̄γμγ5fAμ; Bg

þ FTrB̄γμγ5½Aμ; B�

þ
�
C
f
ϵabcT̄ade

μ ðgμν þ zγμγνÞBe
c∂νϕ

d
b þ H:C

�
; ð1Þ

where D, F, and C are the coupling constants. The chiral
covariant derivativeDμ is defined asDμB ¼ ∂μBþ ½Vμ; B�.
The pseudoscalar meson octet couples to the baryon field
through the vector and axial vector combinations as

Vμ ¼
1

2
ðζ∂μζ

† þ ζ†∂μζÞ þ
1

2
ieAμðζþQζ þ ζQζþÞ;

Aμ ¼
1

2
ðζ∂μζ

† − ζ†∂μζÞ −
1

2
eAμðζQζþ − ζþQζÞ; ð2Þ

where

ζ ¼ eiϕ/f; f ¼ 93 MeV: ð3Þ

The matrix of pseudoscalar fields ϕ is expressed as

ϕ ¼ 1ffiffiffi
2

p

0
BB@

1ffiffi
2

p π0 þ 1ffiffi
6

p η πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η K0

K− K̄0 − 2ffiffi
6

p η

1
CCA: ð4Þ

Aμ is the photon field. The covariant derivative Dμ in the
decuplet part is defined as DνTabc

μ ¼ ∂νTabc
μ þ ðΓν; TμÞabc,

where Γν is the chrial connection [37] defined as
ðX; TμÞ ¼ ðXÞadTdbc

μ þ ðXÞbdTadc
μ þ ðXÞcdTabd

μ . γμνα,γμν are
the antisymmetric matrices expressed as

γμν ¼ 1

2
½γμ; γν� and γμνρ ¼ 1

4
f½γμ; γν�; γρg: ð5Þ

In the chiral SUð3Þ limit, the octet and decuplet baryons
have the same mass mB and mT . In our calculation, we use
the physical masses for baryon octets and decuplets. The
explicit form of the baryon octet is written as

B ¼

0
BB@

1ffiffi
2

p Σ0 þ 1ffiffi
6

p Λ Σþ p

Σ− − 1ffiffi
2

p Σ0 þ 1ffiffi
6

p Λ n

Ξ− Ξ0 − 2ffiffi
6

p Λ

1
CCA: ð6Þ

For the baryon decuplets, there are three indices, defined as

T111 ¼ Δþþ; T112 ¼
1ffiffiffi
3

p Δþ; T122 ¼
1ffiffiffi
3

p Δ0;

T222 ¼ Δ−; T113 ¼
1ffiffiffi
3

p Σ�;þ; T123 ¼
1ffiffiffi
6

p Σ�;0;

T223 ¼
1ffiffiffi
3

p Σ�;−; T133 ¼
1ffiffiffi
3

p Ξ�;0; T233 ¼
1ffiffiffi
3

p Ξ�;−;

T333 ¼ Ω−: ð7Þ

The octet, decuplet, and octet-decuplet transition magnetic
moment operators are needed in the one-loop calculation of
nucleon electromagnetic form factors. The baryon octet
anomalous magnetic Lagrangian is written as

L ¼ e
4mN

ðc1TrB̄σμνfFþ
μν; Bg þ c2TrB̄σμν½Fþ

μν; B�Þ; ð8Þ

where

Fþ
μν ¼ −

1

2
ðζ†FμνQζ þ ζFμνQζ†Þ: ð9Þ

The transition magnetic operator is

L¼ i
e

4mN
μTFμνðϵijkQi

jB̄
j
mγμγ5Tν;klmþϵijkQl

iT̄
μ
klmγ

νγ5Bm
j Þ;

ð10Þ

where the matrix Q is defined as Q ¼ diagf2/3;−1/3;
−1/3g. At the lowest order, the Lagrangian generates the
following nucleon anomalous magnetic moments:

Fp
2 ¼ 1

3
c1 þ c2; Fn

2 ¼ −
2

3
c1: ð11Þ

In the quark model, the nucleon magnetic moments can
be written in terms of quark magnetic moments. For
example, μp ¼ 4

3
μu − 1

3
μd, μn ¼ 4

3
μd − 1

3
μu. Using

μu ¼ −2μd ¼ −2μs, we can get the following relationships:

c1 ¼
3

2
ðc2 þ 1Þ; c1 ¼

3

2
μu; μT ¼ 4c1: ð12Þ

The effective decuplet anomalous magnetic moment oper-
ator can be expressed as effective Lagrangian

L ¼ ieFT
2

2mT
T̄abc
μ σρσqσAρTabc

μ : ð13Þ

For each decuplet baryon, its moment FT
2 can be written in

terms of c1. For example, for Δþþ, the magnetic moment
μΔþþ ¼ 3μu ¼ 2c1. Therefore, FΔþþ

2 ¼ 2c1 − 2. In our
numerical calculations, the above anomalous magnetic
moments of baryons at tree level that only depend on
the parameter c1 are used.
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Now we construct the nonlocal Lagrangian that gener-
ates the covariant regulator. The gauge invariant nonlocal
Lagrangian can be obtained using the method in [38–40].
For instance, the local interaction including π meson can be
written as

Lπ
local ¼

Z
dx

Dþ Fffiffiffi
2

p
f

p̄ðxÞγμγ5nðxÞð∂μ þ ieAμðxÞÞπþðxÞ:

ð14Þ

The nonlocal Lagrangian for this interaction is expressed as

Lπ
nl ¼

Z
dx

Z
dy

Dþ Fffiffiffi
2

p
f

p̄ðxÞγμγ5nðxÞFðx − yÞ

× exp

�
ie
Z

y

x
dzν

Z
daAνðz − aÞFðaÞ

�

×
�
∂μ þ ie

Z
daAμðy − aÞFðaÞ

�
πþðyÞ; ð15Þ

where FðxÞ is the correlation function. To guarantee the
gauge invariance, the gauge link is introduced in the above
Lagrangian. The regulator can be generated automatically
with correlation function. As in Ref. [38], we introduce the
notation

Iðx; y; pÞ≡
Z

y

x
dzν

Z
daAνðz − aÞFðaÞ; ð16Þ

where p explicitly denotes the dependence on the path from
x to y. The derivative is defined by

lim
dyμ→0

dyμ
∂
∂yμ Iðx;y;pÞ ¼ lim

dyμ→0
Iðx;y;þdyμ;p0Þ− Iðx;y;pÞ;

ð17Þ

where the path p0 is the same as p except adding the
extension dyμ to the y end. With the definition in the above
equation, we have

∂
∂yμ Iðx; y; pÞ ¼

Z
daAμðy − aÞFðaÞ: ð18Þ

The important point is that the derivative of the path
integral does not depend on the path used in defining it.
With the same idea, the nonlocal electromagnetic inter-

action can also be obtained. For example, the local
interaction between proton and photon is written as

Llocal
EM ¼ −ep̄ðxÞγμpðxÞAμðxÞ

−
ðc1 − 1Þe
4mN

p̄ðxÞσμνpðxÞFμνðxÞ: ð19Þ

The corresponding nonlocal Lagrangian is expressed as

Lnl
EM ¼ −e

Z
dap̄ðxÞγμpðxÞAμðx − aÞF1ðaÞ

−
ðc1 − 1Þe
4mN

Z
dap̄ðxÞσμνpðxÞFμνðx − aÞF2ðaÞ;

ð20Þ

where F1ðaÞ and F2ðaÞ is the correlation function for the
nonlocal electric and magnetic interactions. The form
factors at tree level that are momentum dependent can
be easily obtained with the Fourier transformation. The
simplest choice is to assume that the correlation function of
the nucleon electromagnetic vertex is the same as that of the
nucleon-pion vertex, i.e., F1ðaÞ ¼ F2ðaÞ ¼ FðaÞ. There-
fore, the Dirac and Pauli form factors have the same
dependence on the momentum transfer at tree level. As
a result, the obtained charge form factor of the proton
decreases very quickly with increasing Q2 and it becomes
negative after some Q2. The better choice is to assume that
the charge and magnetic form factors at tree level have the
same the momentum dependence as the nucleon-pion
vertex, i.e., Gtree

M ðpÞ ¼ c1Gtree
E ðpÞ ¼ c1F̃ðpÞ, where F̃ðpÞ

is the Fourier transformation of the correlation function
FðaÞ. The corresponding function of F̃1ðqÞ and F̃2ðqÞ is
then expressed as

F̃p
1 ðqÞ ¼ F̃ðqÞ4m

2
N þ c1Q2

4m2
N þQ2

; F̃p
2 ðqÞ ¼ F̃ðqÞ 4m2

N

4m2
N þQ2

:

ð21Þ

From the above equations, one can see that in the heavy
baryon limit, these two choices are equivalent. The non-
local Lagrangian is invariant under the following gauge
transformation,

πþðyÞ → eiαðyÞπþðyÞ; pðxÞ → eiαðxÞpðxÞ;

AμðxÞ → AμðxÞ −
1

e
∂μα

0ðxÞ; ð22Þ

where αðxÞ ¼ R
daα0ðx − aÞFðaÞ. From Eq. (15), two

kinds of couplings between hadrons and one photon can
be obtained. One is the normal interaction expressed as

Lnor ¼ ie
Z

dx
Z

dy
Dþ Fffiffiffi

2
p

f
p̄ðxÞγμγ5nðxÞFðx − yÞπþðyÞ

×
Z

daAμðy − aÞFðaÞ: ð23Þ

This interaction is similar to the traditional local
Lagrangian except the correlation function. The other
one is the additional interaction obtained by the expansion
of the gauge link, expressed as
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Ladd ¼ ie
Z

dx
Z

dy
Dþ Fffiffiffi

2
p

f
p̄ðxÞγμγ5nðxÞFðx − yÞ

×
Z

y

x
dzν

Z
daAνðz − aÞFðaÞ∂μπ

þðyÞ: ð24Þ

The additional interaction is important to get the renor-
malized proton (neutron) charge 1 (0). It can be expressed
in momentum space as

Ladd ¼ e
Z

d4p0

ð2πÞ4
Z

d4p
ð2πÞ4

Z
d4k
ð2πÞ4

Z
d4k1
ð2πÞ4

×
Dþ Fffiffiffi

2
p

f
p̄ðp0Þkγ5nðpÞF̃ðk1ÞĨ

× ðp0 − p − k1; k1 − kÞπþðkÞ; ð25Þ

where Ĩðp1; p2Þ is the Fourier transformation of Iðx; yÞ and
the path p is not shown explicitly here. With Taylor
expansion of F̃ðk1Þ, and then Fourier transforming back
to position space, we have

Ladd¼e
Z

dx
Z

dy
Z

dz
d4k
ð2πÞ4

DþFffiffiffi
2

p
f
p̄ðxÞkγ5nðxÞπþðyÞ

×

�X∞
n¼0

F̃nð0Þ
n!

ð−∂2
zÞnIðx;zÞexpðikðy−zÞÞ

�
δðx−zÞ:

ð26Þ

From the above equation, one can see that with Taylor
expansion, the interaction is related to the derivatives of the
path integral. Therefore one can get the path independent
vertex. With tedious differentiation as in Refs. [38,39], the
vertex in momentum space is expressed as

Γμ¼−e
DþFffiffiffi

2
p

f
kγ5F̃ðqÞ

X∞
n¼0

F̃nð0Þ
n!

ð2kþqÞμ
ðkþqÞ2n−q2n

q2þ2k ·q

¼−e
DþFffiffiffi

2
p

f
kγ5F̃ðqÞð2kþqÞμ

F̃ðkþqÞ− F̃ðqÞ
q2þ2k ·q

: ð27Þ

The Feynman rules for the nonlocal Lagrangian are all
listed in the appendix.

III. ELECTROMAGNETIC FORM FACTORS

The Dirac and Pauli form factors are defined as

hNðp0ÞjJμjNðpÞi

¼ ūðp0Þ
�
γμFN

1 ðQ2Þ þ iσμνqν
2mN

FN
2 ðQ2Þ

�
uðpÞ; ð28Þ

where q ¼ p0 − p and Q2 ¼ −q2. FN
1 ðQ2Þ and FN

2 ðQ2Þ are
the Dirac and Pauli form factors. The combination of the
above form factors can generate the electric and magnetic
form factors as

GN
E ðQ2Þ ¼ FN

1 ðQ2Þ − Q2

4m2
N
FN
2 ðQ2Þ

GN
MðQ2Þ ¼ FN

1 ðQ2Þ þ FN
2 ðQ2Þ: ð29Þ

Charge and magnetic radii are defined by

hðrpEÞ2i ¼
−6

Gp
Eð0Þ

dGp
EðQ2Þ
dQ2

				
Q2¼0

;

hðrpMÞ2i ¼
−6

Gp
Mð0Þ

dGp
MðQ2Þ
dQ2

				
Q2¼0

; ð30Þ

hðrnEÞ2i ¼ −6
dGn

EðQ2Þ
dQ2

				
Q2¼0

;

hðrnMÞ2i ¼
−6

Gn
Mð0Þ

dGn
MðQ2Þ
dQ2

				
Q2¼0

: ð31Þ

According to the Lagrangian, the one-loop Feynman
diagrams that contribute to the nucleon electromagnetic
form factors are plotted in Fig. 1.
In this section, we only show the expressions for the

intermediate octet baryon part. For the intermediate dec-
uplet baryon part, the expressions are written in the
appendix. In diagram Fig. 1(a), the photon couples to
the meson. The contribution of Fig. 1(a) to the matrix
element in Eq. (28) is expressed as

ΓμðpÞ
a ¼ −ðDþ FÞ2INaπ −

ð3F þDÞ2
6

IΛaK −
ðD − FÞ2

2
IΣaK;

ð32Þ

ΓμðnÞ
a ¼ðDþ FÞ2INaπ − ðD − FÞ2IΣaK; ð33Þ

where INaπ , IΛaK , and IΣaK are the integrals for the Nπ, ΛK,
and ΣK intermediate states, respectively. INaπ is expressed as

INaπ ¼ F̃ðqÞūðp0Þ
Z

d4k
ð2πÞ4

ðkþ qÞγ5ffiffiffi
2

p
f

F̃ðqþ kÞ 1

Dπðkþ qÞ ð2kþ qÞμ 1

DπðkÞ
1

p − k −mN

−kγ5ffiffiffi
2

p
f
F̃ðkÞuðpÞ: ð34Þ
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DπðkÞ is given by

DπðkÞ ¼ k2 −M2
k þ iϵ: ð35Þ

The expressions for IΛaK and IΣaK are the same except the intermediate meson and baryon masses are changed to be those of
K meson and hyperons. For simplicity, we only show the expression for the π meson case.
In Fig. 1(b), the photon couples to the intermediate baryon with electric vertex. The contribution of this diagram with

octet intermediate baryons is expressed as

ΓμðpÞ
b ¼ 1

2
ðDþ FÞ2 12m

2
p − c1Q2

12m2
p þ 3Q2

INN
bπ

þ ð3F −DÞ2
6

4m2
p þ c1Q2

4m2
p þQ2

INN
bη þ ðD − FÞ2 24m

2
Σ þ 7c1Q2

24m2
Σ þ 6Q2

INΣ
bK

−
ð3F þDÞ2

18

c1Q2

4m2
Λ þQ2

INΛ
bK −

ð3F þDÞðD − FÞ
3

c1Q2

4m2
Σ þQ2

INΛΣ
bK ; ð36Þ

ΓμðnÞ
b ¼ ðDþ FÞ2 12m

2
p þ 2c1Q2

12m2
p þ 3Q2

INN
bπ −

ð3F −DÞ2
9

c1Q2

4m2
p þQ2

INN
bη −

ð3F þDÞ2
18

c1Q2

4m2
Λ þQ2

INΛ
bK

− ðD − FÞ2 c1Q
2 þ 24m2

Σ
24m2

Σ þ 6Q2
INΣ
bK þ ð3F þDÞðD − FÞ

3

c1Q2

4m2
Σ þQ2

INΛΣ
bK ; ð37Þ

where the integral INN
bπ is written as

INN
bπ ¼ F̃ðqÞūðp0Þ

Z
d4k
ð2πÞ4

kγ5ffiffiffi
2

p
f
F̃ðkÞ 1

DπðkÞ
1

=p0 − k −mN
ð−γμÞ

1

p − k −mN

−kγ5ffiffiffi
2

p
f
F̃ðkÞuðpÞ: ð38Þ

e

g

c

ba

d

f

a h

j

n

m

po

i

l

k

FIG. 1. One-loop Feynman diagrams for the nucleon electromagnetic form factors. The solid, double-solid, dashed, and wave lines are
for the octet baryons, decuplet baryons, pseudoscalar mesons, and photons, respectively. The rectangle and black dot represent magnetic
and additional interacting vertex.
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Figure 1(c) is for the magnetic baryon-photon interaction. The contribution of this diagram is expressed as

ΓμðpÞ
c ¼ −

ð4c1 þ 12Þm2
p

12m2
p þ 3Q2

ðDþ FÞ2INN
cπ þ ð4c1 − 4Þm2

p

12m2
p þ 3Q2

ð3F −DÞ2INN
cη −

4c1m2
Λ

36m2
Λ þ 9Q2

ð3F þDÞ2INΛ
cK

þ ð28c1 − 24Þm2
Σ

12m2
Σ þ 3Q2

ðD − FÞ2INΣ
cK −

8c1ðD − FÞð3F þDÞm2
Σ

12m2
Σ þ 3Q2

INΛΣ
cK ; ð39Þ

ΓμðnÞ
c ¼ ð16c1 − 24Þm2

p

12m2
p þ 3Q2

ðDþ FÞ2INN
cπ −

8c1m2
N

36m2
N þ 9Q2

ð3F −DÞ2INN
cη −

4c1m2
Λ

36m2
Λ þ 9Q2

ð3F þDÞ2INΛ
cK

−
ð4c1 − 24Þm2

Σ
12m2

Σ þ 3Q2
ðD − FÞ2INΣ

cK þ 8c1ðD − FÞð3F þDÞm2
Σ

12m2
Σ þ 3Q2

INΛΣ
cK ; ð40Þ

where

INN
cπ ¼ F̃ðqÞūðp0Þ

Z
d4k
ð2πÞ4

kγ5
2f

F̃ðkÞ 1

=p0 − k −mN

σμνqν
2mN

1

p − k −mN

i
DπðkÞ

kγ5
2f

F̃ðkÞuðpÞ: ð41Þ

The contribution from Figs. 1(d) and 1(e) is written as

ΓμðpÞ
dþe ¼ −ðDþ FÞ2INN

ðdþeÞπ −
ð3F þDÞ2

6
INΛ
ðdþeÞK −

ðD − FÞ2
2

INΣ
ðdþeÞK; ð42Þ

ΓμðnÞ
dþe ¼ðDþ FÞ2INN

ðdþeÞπ − ðD − FÞ2INΣ
ðdþeÞK; ð43Þ

where

INN
ðdþeÞπ ¼ F̃ðqÞūðp0Þ

Z
d4k
ð2πÞ4

kγ5ffiffiffi
2

p
f
F̃ðkÞ 1

=p0 − k −m
1

DπðkÞ
−1ffiffiffi
2

p
f
γμγ5F̃ðq − kÞuðpÞ

þ F̃ðqÞūðp0Þ
Z

d4k
ð2πÞ4

1ffiffiffi
2

p
f
γμγ5F̃ðqþ kÞ 1

p − k −m
1

DπðkÞ
−kγ5ffiffiffi
2

p
f
F̃ðkÞuðpÞ: ð44Þ

These two diagrams only have contribution in the relativistic cases. In the heavy baryon limit, they have no contribution to
either electric or magnetic form factors.
Figures 1(f) and 1(g) are the additional diagrams that generated from the expansion of the gauge link terms. They are

important to get the renormalized charge to proton (neutron) to be 1 (0). The contribution of these two additional diagrams
with intermediate octet baryons is expressed as

ΓμðpÞ
fþg ¼ −ðDþ FÞ2INN

ðfþgÞπ −
ð3F þDÞ2

6
INΛ
ðfþgÞK −

ðD − FÞ2
2

INΣ
ðfþgÞK; ð45Þ

ΓμðnÞ
fþg ¼ðDþ FÞ2INN

ðfþgÞπ − ðD − FÞ2INΣ
ðfþgÞK; ð46Þ

where

INN
ðfþgÞπ ¼ F̃ðqÞūðp0Þ

Z
d4k
ð2πÞ4

kγ5ffiffiffi
2

p
f
F̃ðkÞ 1

=p0 − k −m
1

DπðkÞ
1ffiffiffi
2

p
f
ð−kγ5Þ

ð−2kþ qÞμ
−2kqþ q2

½F̃ðk − qÞ − F̃ðkÞ�uðpÞ

þ F̃ðqÞūðp0Þ
Z

d4k
ð2πÞ4

1ffiffiffi
2

p
f
kγ5

ð2kþ qÞμ
2kqþ q2

½F̃ðkþ qÞ − F̃ðkÞ� 1

p − k −m
1

DπðkÞ
kγ5ffiffiffi
2

p
f
F̃ðkÞuðpÞ: ð47Þ
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Using FeynCalc to simplify the γ matrix algebra, we can get
the separate expressions for the Dirac and Pauli form
factors. Numerical results are discussed in the next section.

IV. NUMERICAL RESULTS

In the numerical calculations, the parameters are chosen
as D ¼ 0.76 and F ¼ 0.50 (gA ¼ Dþ F ¼ 1.26). The
coupling constant C is chosen to be 1 which is the same
as in Ref. [41]. The off-shell parameter z is chosen to be
z ¼ −1 [42]. The low energy constant c1 is fitted by the
experimental moment of Fn

2ð0Þ ¼ −1.91. The covariant
regulator is chosen to be of a dipole form

F̃ðkÞ ¼ 1

ð1 − k2/Λ2Þ2 ; ð48Þ

where Lambda is the only free parameter. By varying the
value of Λ, we found that when Λ is around 0.85 GeV, the
results are very close to the experimental nucleon form
factors.
The calculated protonmagnetic form factorGp

MðQ2Þversus
Q2 is plotted in Fig. 2. The solid line is for the empirical
result withGp

MðQ2Þ ¼ 2.79/ð1þQ2/0.71 GeV2Þ2. The dot-
ted, dot-dashed, and dashed lines are for the tree, loop, and
total contribution, respectively. As we explained previously,
on the one hand, the nonlocal Lagrangian generates the
covariant regulator that makes the loop integral convergent.
On the other hand, it also generates the Q2 dependent
contribution at tree level. Compared with the conventional
ChPT, the tree level contribution is not expanded in powers of
momentum transfer. As a result, both the tree and loop
contribution decrease smoothly with the increasing Q2 and
the total obtained form factor is close to the experimental value
up toQ2 ¼ 2 GeV2. ForQ2 ¼ 0, the contribution toμp at tree
level is 2.11 and the loop contribution to μp is 0.67. The total

μp is 2.78. This proton magnetic moment is calculated with
fixed c1, which is determined by the neutron magnetic
moment (μn ¼ −1.91). The proton magnetic radii is
0.848 fm in our calculation, which is obviously close to
the experimental value.
The proton charge form factor versus Q2 is shown in

Fig 3. The solid, dashed, dotted, and dot-dashed lines have
the same meaning as Fig. 2 except for the charge form
factor. From the figure, one can see that both the tree and
loop contribution are important to get the correct Q2

dependence of the form factors. At Q2 ¼ 0, the sum of
the tree and loop contribution to proton charge is 1. The
additional diagrams generated from the expansion of the
gauge link are crucial to get the renormalized proton
charge 1. Compared with the magnetic form factor, the
charge form factor decreases faster. As a result, the
obtained charge radii of 0.857 fm are a little larger than
the magnetic radii.
The neutron magnetic form factor versus Q2 is shown in

Fig. 4. Similar as the proton case, the solid line is for the
empirical result. The dotted, dot-dashed, and dashed lines
represent the tree, loop, and total contribution to the
neutron form factor, respectively. Again, compared with
the empirical data, our calculated result is very good up to
Q2 ¼ 2 GeV2. The calculated magnetic radii of neutron are
0.867 fm. From Figs. 2 to 4, we can see the loop diagrams
contribute about 25%–30% to proton electromagnetic form
factors and neutron magnetic form factor, while 70%–75%
of the form factors is from the tree level contribution.
The neutron charge form factor is plotted in Fig. 5. Since

the charge of the neutron is 0, all the contribution to the
neutron charge form factor is from the loop. It first increases
and then decreases with the increasing momentum transfer.
The neutron charge radii hðrnMÞ2i ¼ −0.077 fm2, which is
smaller than experimental value −0.11 fm2. Though the
calculated charge form factor of neutron is smaller than
experimental values, overall the result is still reasonable.
In the traditional ChPT, in addition to the two parameters

c1 and c2 that were determined by the proton and neutron

FIG. 2. The proton magnetic form factor versus momentum
transfer Q2 with Λ ¼ 0.85 GeV. The solid line is for the
empirical result. The dotted, dot-dashed, and dashed lines are
for the tree, loop, and total contribution, respectively.

2 2

FIG. 3. Same as Fig. 2 but for the proton electric form factor.
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magnetic moments, there are four other parameters fitted by
the electric and magnetic radii of proton and neutron. Here
besides the parameter c1 fitted by the experimental neutron
magnetic moment, we have only one free parameter Λ in
the regulator. The proton magnetic moment and the nucleon
radii are calculated instead of fitted. With fewer parameters,
the obtained electromagnetic form factors of proton and
neutron are all much better than those in the traditional
ChPT. This makes it possible to study the form factors
precisely at relatively large Q2.
With the precisely determined form factors, we now

show the ratios of the electric to normalized magnetic form
factor. The ratio for the proton is plotted in Fig 6. If without
loop contribution, the ratio remains 1 for all Q2. With loop

contribution, μpG
p
E

Gp
M

automatically deceases with the increas-

ing Q2. Our calculated result is comparable with the
experimental data, though at large Q2, the experimental
data drop more quickly.

The ratio for neutron is plotted in Fig. 7. From the figure,

one can see the ratio μnGn
E

Gn
M

increases with the increasing Q2

as the experimental data. This is purely due to the loop

contribution. The experimental ratio of μnGn
E

Gn
M

increases more

quickly than our result. It is mainly because our calculated
Gn

E is smaller than the experimental data.

V. SUMMARY

We proposed a relativistic version for the finite-range
regularization that makes it possible to study the hadron
properties with relativistic chiral effective Lagrangian at
large Q2. The finite-range regularization has been widely
applied to investigate the nucleon mass, form factors,
electromagnetic radii, generalized parton distributions,
proton spin, etc. We have good knowledge on the three-
dimensional regulator that was kept the same for all the
calculations. However, we have little knowledge on the
covariant four-dimensional regulator. Therefore, we start
from the well-determined nucleon form factors and it was
found that using the dipole regulator with Λ around

FIG. 4. The magnetic form factor of neutron versus momentum
transfer Q2 with Λ ¼ 0.85 GeV. The solid line is for the
empirical result. The dotted, dot-dashed, and dashed lines are
for the tree, loop, and total contribution, respectively.

FIG. 6. Radio of proton electric to normalized magnetic form
factor versus momentum transfer Q2. The experimental result is
from [44].

FIG. 5. The electric form factor of neutron versus momentum
transfer Q2 with Λ ¼ 0.85 GeV. The experimental date are
from [43].

FIG. 7. Radio of neutron electric to normalized magnetic form
factor versus momentum transfer Q2. The experimental result is
from [45].
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0.85 GeV the nucleon form factors can be described very
well up to Q2 ¼ 2 GeV2. The covariant regulator is
generated from the nonlocal gauge invariant Lagrangian.
As a result, the renormalized charge of proton (neutron) is 1
(0) with the additional diagrams obtained by the expansion
of the gauge link. The nonlocal interaction generates both
the regulator, which makes the loop integral convergent,
and the Q2 dependence of form factors at tree level. In this
approach, we have only two parameters c1 and Λ instead of
six parameters in the traditional ChPT. With fewer param-
eters, our calculated form factors are much better. The
ratios of the electric to normalized magnetic form factor are
also comparable with the experimental data. From our
calculation, theGE

N /G
M
N puzzle can be naturally understood.

This is the first time that we calculate the form factors
precisely at relatively large Q2 with chiral effective
Lagrangian. The successful application of chiral effective
Lagrangian to large momentum transfer is very helpful for
us to investigate hadron quantities at high Q2. As a
summary, we list the parameters and obtained magnetic
moments and electromagnetic radii in Table I.
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APPENDIX: FEYNMAN RULES AND DECUPLET
CONTRIBUTION

The Feynman rules for the nonlocal vertices plotted in
Fig. 8 are written as written as

ð1Þ∶ kγ5ffiffiffi
2

p
f
ðDþ FÞF̃ðkÞ

ð2Þ∶ −
effiffiffi
2

p
f
ðDþ FÞγμγ5F̃ðkþ qÞF̃ðqÞ

ð3Þ∶ −
effiffiffi
2

p
f
ðDþ FÞkγ5

ð2kþ qÞμ
2kqþ q2

½F̃ðkþ qÞ − F̃ðkÞ�F̃ðqÞ

ð4Þ∶ − ieðpþ p00ÞμF̃ðqÞ

ð5Þ∶ −
Cffiffiffi
6

p
f
ðkμ þ zγμkÞF̃ðkÞ

ð6Þ∶ −
eCffiffiffi
6

p
f
ðgνμ þ zγμγνÞF̃ðkþ qÞF̃ðqÞ

ð7Þ∶ −
eCffiffiffi
6

p
f
ðkμ þ zγμkÞ

ð2kþ qÞμ
2kqþ q2

½F̃ðkþ qÞ − F̃ðkÞ�F̃ðqÞ

ð8Þ∶ − ieγμ
4m2

N þ c1Q2

4m2
N þQ2

F̃ðqÞ

ð9Þ∶ − ieγανμ
4m2

Δ þ c1Q2

4m2
Δ þQ2

F̃ðqÞ

ð10Þ∶ 4eðc1 − 1Þm2
N

4m2
N þQ2

σμνqν
2mN

F̃ðqÞ

ð11Þ∶ −
4eðc1 − 1Þm2

Δ
4m2

Δ þQ2

σμλqλ
2mΔ

F̃ðqÞ

ð12Þ∶ e

ffiffiffi
3

p

3mN
c1Fμνγ

μγ5F̃ðqÞ:

The expressions for the decuplet part are written in the
following way. The contribution of Fig. 1(h) is expressed as

n(p) p(p’’)

+(1) A (q)

n(p) p(p’)

+ A (q) +

p(p’)n(p)

A (k)

+ +

p(p)

−

0

A (q)

0p(p) p(p)

− −

0

A (q)

p(p) p(p’’)

A (k)

A (q)

+ + p(p’’)p(p)

A (k) A (k)

+ + p(p’’)+

A (k)

)4()3()2(

(5) )8()7()6(

(9) )21()11()01(

FIG. 8. The interacting vertex in the calculation of nucleon form factors. Only the π case is shown as an example. The rectangle and
black dot represent the magnetic and additional interacting vertex.

TABLE I. The parameters and calculated magnetic moments
and electromagnetic radii of nucleon.

Λ
(GeV) Z c1 μp μn

rMp
(fm)

rEp
(fm)

rMn
(fm)

r2En
(fm2)

0.8 0.71 3.090 2.78 −1.91 0.893 0.903 0.912 −0.076
0.85 0.69 3.085 2.78 −1.91 0.848 0.857 0.867 −0.077
0.9 0.66 3.077 2.78 −1.91 0.808 0.816 0.829 −0.082
Exp. � � � � � � 2.79 −1.91 0.836 0.847 0.889 −0.113
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ΓμðpÞ
h ¼ 2C2

3
INΔ
hπ −

C2

6
INΣ�
hK ; ðA1Þ

ΓμðnÞ
h ¼ −

2C2

3
INΔ
hπ −

C2

3
INΣ�
hK ; ðA2Þ

where

INΔ
hπ ¼ F̃ðqÞūðp0Þ

Z
d4k
ð2πÞ4

1

2f2
ððkþ qÞσ

þ zðkþ qÞγσÞÞF̃ðqþ kÞ 1

Dπðkþ qÞ
× eð2kþ qÞμ 1

DπðkÞ
1

p − k −mΔ

× Sσρð−kρ − zγρkÞF̃ðkÞuðpÞ: ðA3Þ

Sσρ is expressed as

Sσρ ¼ −gσρ þ
γσγρ
3

þ 2ðp − kÞσðp − kÞρ
3m2

Δ

þ γσðp − kÞρ − γρðp − kÞσ
3mΔ

: ðA4Þ

The contribution of Fig. 1(i) is expressed as

ΓμðpÞ
i ¼4C2

3

4m2
Δþc1Q2

4m2
ΔþQ2

INΔ
iπ þC2

6

4m�2
Σ þc1Q2

4m�2
Σ þQ2

INΣ�
iK ; ðA5Þ

ΓμðnÞ
i ¼−

C2

3

4m2
Δþc1Q2

4m2
ΔþQ2

INΔ
iπ −

C2

6

4m�2
Σ þc1Q2

4m�2
Σ þQ2

INΣ�
iK ; ðA6Þ

where

INΔ
iπ ¼ F̃ðqÞūðp0Þ

Z
d4k
ð2πÞ4

1

2f2
ðkσ þ zkγσÞF̃ðkÞ

1

DπðkÞ
×

1

=p0 − k −mΔ
Sσα × ð−2γαβμÞ 1

p − k −mΔ

× Sβρð−kρ − zγρkÞF̃ðkÞuðpÞ: ðA7Þ

The contribution of Fig. 1(j) is expressed as

ΓμðpÞ
j ¼ 4C2

3

4m2
Δ

4m2
Δ þQ2

INΔ
jπ þ C2

6

4m�2
Σ

4m�2
Σ þQ2

INΣ�
jK ; ðA8Þ

ΓμðnÞ
j ¼ −

C2

3

4m2
Δ

4m2
Δ þQ2

INΔ
jπ −

C2

6

4m�2
Σ

4m�2
Σ þQ2

INΣ�
jK ; ðA9Þ

where

INΔ
jπ ¼ F̃ðqÞūðp0Þ

Z
d4k
ð2πÞ4

1

2f2
ðkσ þ zkγσÞF̃ðkÞ

i
DπðkÞ

i
=p0 − k −mΔ

Sσν
ð1 − c1Þ
mΔ

σμλqλ

×
i

p − k −mΔ
Sνρð−kρ − zγρkÞF̃ðkÞuðpÞ: ðA10Þ

The contribution of Figs. 1(k) and 1(l) is expressed as

ΓμðpÞ
kþl ¼ 2ðDþ FÞCINΔ

ðkþlÞπ þ
5

4
ðD − FÞCIΣΣ�

ðkþlÞK þ 1

4
ð3F þDÞCIΛΣ�

ðkþlÞK; ðA11Þ

ΓμðnÞ
kþl ¼ −2ðDþ FÞCINΔ

ðkþlÞπ þ
1

4
ðDþ FÞCIΣΣ�

ðkþlÞK −
1

4
ð3F þDÞCIΛΣ�

ðkþlÞK; ðA12Þ

where

IΣΣ
�

ðkþlÞπ ¼ −F̃ðqÞūðp0Þ
Z

d4k
ð2πÞ4

c1
6mΣ�f2

F̃2ðkÞkγ5
1

=p0 − k −mΣ
γνγ5qν

1

p − k −mΣ�
Sμρðkρ þ zγρkÞ

i
DπðkÞ

uðpÞ

þ F̃ðqÞūðp0Þ
Z

d4k
ð2πÞ4

c1
6mΣ�f2

F̃2ðkÞkγ5
1

=p0 − k −mΣ
γμγ5qν

1

p − k −mΣ�
Sνρðkρ þ zγρkÞ

i
DπðkÞ

uðpÞ

− F̃ðqÞūðp0Þ
Z

d4k
ð2πÞ4

c1
6mΣ�f2

F̃2ðkÞðkν þ zkγνÞ
1

=p0 − k −mΣ
Sνρqργμγ5

1

p − k −mΣ�
kγ5

1

DπðkÞ
uðpÞ

þ F̃ðqÞūðp0Þ
Z

d4k
ð2πÞ4

c1
6mΣ�f2

F̃2ðkÞðkν þ zkγνÞ
1

=p0 − k −mΣ
Sνμqργργ5

1

p − k −mΣ�
kγ5

1

DπðkÞ
uðpÞ: ðA13Þ

The contribution of Figs. 1(m) and 1(n) is expressed as
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ΓμðpÞ
mþn ¼

2C2

3
INΔ
ðmþnÞπ −

C2

6
INΣ�
ðmþnÞK; ðA14Þ

ΓμðnÞ
mþn ¼ −

2C2

3
INΔ
ðmþnÞπ −

C2

3
INΣ�
ðmþnÞK; ðA15Þ

where

INΔ
ðmþnÞπ ¼ eF̃ðqÞūðp0Þ

Z
d4k
ð2πÞ4

1

2f2
ðkσ þ zkγσÞF̃ðkÞ

1

DπðkÞ
1

=p0 − k −mΔ
Sσρðgρμ þ zγργμÞF̃ð−kþ qÞuðpÞ

þ eF̃ðqÞūðp0Þ
Z

d4k
ð2πÞ4

1

2f2
ðgσμ þ zγμγσÞF̃ðkþ qÞ 1

DπðkÞ
1

p − k −mΔ
SσρF̃ðkÞðkρ þ zγρkÞuðpÞ: ðA16Þ

The contribution of Figs. 1(o) and 1(p) is expressed as

ΓμðpÞ
oþp ¼ 2C2

3
INΔ
ðoþpÞπ −

C2

6
INΣ�
ðoþpÞK; ðA17Þ

ΓμðnÞ
oþp ¼ −

2C2

3
INΔ
ðoþpÞπ −

C2

3
INΣ�
ðoþpÞK; ðA18Þ

where

INΔ
ðoþpÞπ ¼ −eF̃ðqÞūðp0Þ

Z
d4k
ð2πÞ4

1

2f2
ðkσ þ zkγσÞF̃ðkÞ

1

DπðkÞ
1

=p0 − k −mΔ
Sσρðkρ þ zγρkÞ

×
ð−2kþ qÞμ
−2kqþ q2

½F̃ðk − qÞ − F̃ðkÞ�uðpÞ

þ eF̃ðqÞūðp0Þ
Z

d4k
ð2πÞ4

1

2f2
ðkσ þ zkγσÞ

ð2kþ qÞμ
2kqþ q2

½F̃ðkþ qÞ − F̃ðkÞ�

×
1

DπðkÞ
1

p − k −mΔ
SσρF̃ðkÞðkρ þ zγρkÞuðpÞ: ðA19Þ

[1] D.-H. Lu, A.W. Thomas, and A. G. Williams, Phys. Rev. C
57, 2628 (1998).

[2] K. Berger, R. F. Wagenbrunn, and W. Plessas, Phys. Rev. D
70, 094027 (2004).

[3] B. Julia-Diaz, D. O. Riska, and F. Coester, Phys. Rev. C 69,
035212 (2004); 75, 069902(E) (2007).

[4] A. J. Buchmann and R. F. Lebed, Phys. Rev. D 67, 016002
(2003).

[5] S. Cheedket, V. E. Lyubovitskij, T. Gutsche, A. Faessler, K.
Pumsa-ard, and Y. Yan, Eur. Phys. J. A 20, 317 (2004).

[6] R. A. Williams and C. Puckett-Truman, Phys. Rev. C 53,
1580 (1996).

[7] P.-N. Shen, Y.-B. Dong, Z.-Y. Zhang, Y.-W. Yu, and T. S. H.
Lee, Phys. Rev. C 55, 2024 (1997).

[8] R. Jakob, P. Kroll, M. Schurmann, and W. Schweiger, Z.
Phys. A 347, 109 (1993).

[9] G. Hellstern and C. Weiss, Phys. Lett. B 351, 64 (1995).

[10] J. M. Zanotti, D. B. Leinweber, A. G. Williams, and J. B.
Zhang, Nucl. Phys. B, Proc. Suppl. 129–130, 287 (2004).

[11] S. Boinepalli, D. B. Leinweber, A. G. Williams, J. M.
Zanotti, and J. B. Zhang, Phys. Rev. D 74, 093005 (2006).

[12] C. Alexandrou, G. Koutsou, J. W. Negele, and A. Tsapalis,
Phys. Rev. D 74, 034508 (2006).

[13] M. Gockeler, T. R. Hemmert, R. Horsley, D. Pleiter,
P. E. L. Rakow, A. Schafer, and G. Schierholz (QCDSF
Collaboration), Phys. Rev. D 71, 034508 (2005).

[14] M. Gockeler et al. (QCDSF/UKQCD Collaboration), Proc.
Sci., LAT20072007 (2007) 161 [arXiv:0710.2159].

[15] R. G. Edwards, G. T. Fleming, P. Hagler, J. W. Negele, K.
Orginos, A. V. Pochinsky, D. B. Renner, D. G. Richards,
and W. Schroers (LHPC Collaboration), Proc. Sci.,
LAT20052006 (2006) 056 [arXiv:0509185].

[16] C. Alexandrou et al. (Lattice Hadron Collaboration), J.
Phys. Conf. Ser. 16, 174 (2005).

NUCLEON ELECTROMAGNETIC FORM FACTORS WITH A … PHYS. REV. D 97, 036007 (2018)

036007-11

https://doi.org/10.1103/PhysRevC.57.2628
https://doi.org/10.1103/PhysRevC.57.2628
https://doi.org/10.1103/PhysRevD.70.094027
https://doi.org/10.1103/PhysRevD.70.094027
https://doi.org/10.1103/PhysRevC.69.035212
https://doi.org/10.1103/PhysRevC.69.035212
https://doi.org/10.1103/PhysRevC.75.069902
https://doi.org/10.1103/PhysRevD.67.016002
https://doi.org/10.1103/PhysRevD.67.016002
https://doi.org/10.1140/epja/i2003-10165-4
https://doi.org/10.1103/PhysRevC.53.1580
https://doi.org/10.1103/PhysRevC.53.1580
https://doi.org/10.1103/PhysRevC.55.2024
https://doi.org/10.1007/BF01284677
https://doi.org/10.1007/BF01284677
https://doi.org/10.1016/0370-2693(95)00404-9
https://doi.org/10.1016/S0920-5632(03)02558-1
https://doi.org/10.1103/PhysRevD.74.093005
https://doi.org/10.1103/PhysRevD.74.034508
https://doi.org/10.1103/PhysRevD.71.034508
http://arXiv.org/abs/0710.2159
http://arXiv.org/abs/0509185
https://doi.org/10.1088/1742-6596/16/1/023
https://doi.org/10.1088/1742-6596/16/1/023


[17] T. Fuchs, J. Gegelia, and S. Scherer, J. Phys. G 30, 1407
(2004).

[18] B. Kubis and U.-G.Meissner, Nucl. Phys.A679, 698 (2001).
[19] R. D. Young, D. B. Leinweber, and A.W. Thomas, Prog.

Part. Nucl. Phys. 50, 399 (2003).
[20] D. B. Leinweber, A. W. Thomas, and R. D. Young, Phys.

Rev. Lett. 92, 242002 (2004).
[21] P. Wang, D. B. Leinweber, A. W. Thomas, and R. D. Young,

Phys. Rev. D 75, 073012 (2007).
[22] P.Wang andA.W. Thomas, Phys. Rev. D 81, 114015 (2010).
[23] C. R. Allton, W. Armour, D. B. Leinweber, A.W. Thomas,

and R. D. Young, Phys. Lett. B 628, 125 (2005).
[24] W. Armour, C. R. Allton, D. B. Leinweber, A.W. Thomas,

and R. D. Young, Nucl. Phys. A840, 97 (2010).
[25] J. M. M. Hall, D. B. Leinweber, and R. D. Young, Phys.

Rev. D 88, 014504 (2013).
[26] D. B. Leinweber, S. Boinepalli, I. C. Cloet, A. W. Thomas,

A. G. Williams, R. D. Young, J. M. Zanotti, and J. B. Zhang,
Phys. Rev. Lett. 94, 212001 (2005).

[27] P. Wang, D. B. Leinweber, A. W. Thomas, and R. D. Young,
Phys. Rev. C 79, 065202 (2009).

[28] P. Wang, D. B. Leinweber, A. W. Thomas, and R. D. Young,
Phys. Rev. D 86, 094038 (2012).

[29] P. Wang, D. B. Leinweber, and A.W. Thomas, Phys. Rev. D
89, 033008 (2014).

[30] J. M. M. Hall, D. B. Leinweber, and R. D. Young, Phys.
Rev. D 89, 054511 (2014).

[31] P. Wang, D. B. Leinweber, and A.W. Thomas, Phys. Rev. D
92, 034508 (2015).

[32] H. Li, P. Wang, D. B. Leinweber, and A.W. Thomas, Phys.
Rev. C 93, 045203 (2016).

[33] H. Li and P. Wang, Chin. Phys. C 40, 123106 (2016).
[34] P. Wang, D. B. Leinweber, A. W. Thomas, and R. D. Young,

Phys. Rev. D 79, 094001 (2009).
[35] E. E. Jenkins, Nucl. Phys. B368, 190 (1992).
[36] E. E. Jenkins, M. E. Luke, A. V. Manohar, and M. J. Savage,

Phys. Lett. B 302, 482 (1993); 388, 866(E) (1996).
[37] S. Scherer, Adv. Nucl. Phys. 27, 277 (2003).
[38] J. Terning, Phys. Rev. D 44, 887 (1991).
[39] A. Faessler, T. Gutsche, M. A. Ivanov, V. E. Lyubovitskij,

and P. Wang, Phys. Rev. D 68, 014011 (2003).
[40] P. Wang, Can. J. Phys. 92, 25 (2014).
[41] V. Pascalutsa, M. Vanderhaeghen, and S. N. Yang, Phys.

Rep. 437, 125 (2007).
[42] L. M. Nath, B. Etemadi, and J. D. Kimel, Phys. Rev. D 3,

2153 (1971).
[43] M. Seimetz (A1 Collaboration), Nucl. Phys. A755, 253

(2005).
[44] M. Ostrick, Eur. Phys. J. A 28, 81 (2006).
[45] S. Riordan et al., Phys. Rev. Lett. 105, 262302 (2010).

FANGCHENG HE and P. WANG PHYS. REV. D 97, 036007 (2018)

036007-12

https://doi.org/10.1088/0954-3899/30/10/008
https://doi.org/10.1088/0954-3899/30/10/008
https://doi.org/10.1016/S0375-9474(00)00378-X
https://doi.org/10.1016/S0146-6410(03)00034-6
https://doi.org/10.1016/S0146-6410(03)00034-6
https://doi.org/10.1103/PhysRevLett.92.242002
https://doi.org/10.1103/PhysRevLett.92.242002
https://doi.org/10.1103/PhysRevD.75.073012
https://doi.org/10.1103/PhysRevD.81.114015
https://doi.org/10.1016/j.physletb.2005.09.020
https://doi.org/10.1016/j.nuclphysa.2010.03.012
https://doi.org/10.1103/PhysRevD.88.014504
https://doi.org/10.1103/PhysRevD.88.014504
https://doi.org/10.1103/PhysRevLett.94.212001
https://doi.org/10.1103/PhysRevC.79.065202
https://doi.org/10.1103/PhysRevD.86.094038
https://doi.org/10.1103/PhysRevD.89.033008
https://doi.org/10.1103/PhysRevD.89.033008
https://doi.org/10.1103/PhysRevD.89.054511
https://doi.org/10.1103/PhysRevD.89.054511
https://doi.org/10.1103/PhysRevD.92.034508
https://doi.org/10.1103/PhysRevD.92.034508
https://doi.org/10.1103/PhysRevC.93.045203
https://doi.org/10.1103/PhysRevC.93.045203
https://doi.org/10.1088/1674-1137/40/12/123106
https://doi.org/10.1103/PhysRevD.79.094001
https://doi.org/10.1016/0550-3213(92)90203-N
https://doi.org/10.1016/0370-2693(93)90430-P
https://doi.org/10.1016/S0370-2693(96)01378-0
https://doi.org/10.1007/b100519
https://doi.org/10.1103/PhysRevD.44.887
https://doi.org/10.1103/PhysRevD.68.014011
https://doi.org/10.1139/cjp-2012-0395
https://doi.org/10.1016/j.physrep.2006.09.006
https://doi.org/10.1016/j.physrep.2006.09.006
https://doi.org/10.1103/PhysRevD.3.2153
https://doi.org/10.1103/PhysRevD.3.2153
https://doi.org/10.1016/j.nuclphysa.2005.03.025
https://doi.org/10.1016/j.nuclphysa.2005.03.025
https://doi.org/10.1140/epja/i2006-09-009-2
https://doi.org/10.1103/PhysRevLett.105.262302

