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We investigate the nonmonotonic behavior observed in the timelike nucleon electromagnetic form
factors. Using a phenomenological extending vector meson dominance model, where the ground states ρ
and ω and their excited states ρð2DÞ, ωð3DÞ, and ωð5SÞ are taken into account, we have successfully
reproduced the cross sections of eþe− → pp̄ and eþe− → nn̄ reactions. Furthermore, we have derived the
nucleon electromagnetic form factors in the timelike region, and it is found that the so-called periodic
behavior of the nucleon effective form factors is not confirmed. However, there are indeed nonmonotonic
structures in the line shape of nucleon effective form factors, which can be naturally reproduced by
considering the contributions from the low-lying excited vector states.

DOI: 10.1103/PhysRevD.109.036033

I. INTRODUCTION

Nucleons (proton and neutron) are composite particles
consisting of three valence quarks (uud and udd) and a
neutral sea of strong interaction. Despite the discovery of
the proton over 100 years, an exact theoretical description
of its internal structure has not been achieved within the
framework of quantum chromodynamics (QCD) theory.
This is due to the nonperturbative nature of QCD in the
energy regime of the nucleon. On the theoretical side,
the nucleon electromagnetic structure can be described by
the electromagnetic form factors (EMFFs), which depends
on squared of the four-momentum (q2) of the exchanged
virtual photon. The EMFFs in the spacelike region (q2 < 0)
are real and they can be associated with the charge and
magnetic distribution of the nucleons [1]. However, in the
timelike region (q2 > 0), the EMFFs become complex,
providing information on the time evolution of the nucleon’s
charge and magnetic moments at the nucleon-antinucleon
pair formation point [2–5]. On the experimental side, the
EMFFs of nucleons were measured by both the e−N → e−N
elastic scattering [6–10] and eþe− → NN̄ annihilation reac-
tions [11–20].One can obtain the spacelike form factors from
the former process and the timelike form factors from the
latter process, respectively.
Traditionally, most experimental data on electromagnetic

form factors have been collected in the spacelike region

through electro-proton elastic scattering. However, a new
era has begun with the introduction of electron-positron
annihilation reactions [21–23], where a nucleon-antinu-
cleon pair is formed by a virtual photon.
Over the past decade, the BESIII Collaboration has made

significant advancements in studying the timelike effective
form factors of nucleons. Within the theoretical formula
proposed in Refs. [4,5], it is found that not only the
effective form factor of proton, but also the effective form
factor of neutron has the periodic structures after sub-
tracting a dipole or modified dipole contributions [18],
leading to the discovery of an intriguing phenomenon
known as oscillation behavior. This phenomenon has been
further confirmed by recent measurements conducted by
the SND Collaboration [20]. However, these new mea-
surements conflict with previously fitted results in the
energy region below 2 GeV.
A comprehensive analysis of the nucleon’s electro-

magnetic form factors in both the space- and timelike
regions using dispersion theory is conducted in Ref. [24].
For the periodic behavior of the nucleon’s electromagnetic
form factors, it has been studied in Refs. [25–34], using
various phenomenological methods. It is worthy mention-
ing that the periodic behavior of the nucleon’s electromag-
netic form factors are induced by those broad vector
mesons according to the studies in Ref. [25]. However,
these vector mesons couple toNN̄ pair very weekly. In fact,
a unified description of the timelike and spacelike electro-
magnetic form factors of nucleons was proposed in*xiejujun@impcas.ac.cn
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Ref. [35], where these low-lying vector mesons were taken
into account. Meanwhile, in the timelike region, a revised
Breit-Wigner formulas with momentum-dependent widths
are needed for these vector resonances [35]. Indeed, the
contributions of these vector mesons are important to the
reactions of eþe− annihilation into light hadrons [36–44].
The vector meson dominance (VMD) model is a suc-

cessful approach for studying the baryon EMFFs, in both
spacelike and timelike regions [45–48]. And, within the
vector meson dominance model for studying the electro-
magnetic form factors of baryons, there is a phenomeno-
logical intrinsic form factor gðsÞ, which is a characteristic
of valence quark structure. From these studies of the
nucleon and hyperon EMFFs [45–51], it is found that a
better choice of gðsÞ is the dipole form

gðsÞ ¼ 1

ð1 − γsÞ2 ; ð1Þ

with γ ¼ 1.41 GeV−2 for the case of nucleon, and s is the
invariant mass square of the eþe− annihilation process.
In this work, we study the eþe− → NN̄ reactionwithin the

extended vector meson dominance model. Because proton
and neutron are isospin doublets, the pp̄ and nn̄ states
are expressed in terms of isospin 0 and 1 components.
The mixtures of isovector and isoscalar for pp̄ and nn̄ of
equal relative weight but different signs are imposed by the
isospin symmetry as introduced by the underlying Clebsch-
Gordan coefficients. In addition to these ground isovector ρ
meson and isoscalar ω meson, we will also study the
important role played by the excited vector mesons with
masses around 2.0 to 3.0GeV,1 with the aim of describing the
new experimental data reported by BESIII Collaboration.
Since the information about the ρ and ω excited states

around 2.0 to 3.0 GeV is scarce [55]. Thus, it is necessary to
rely on theoretical calculations. The BESIII Collaboration
has also provided a large number of experimental data
about eþe− annihilation into light mesons [36–44],
which provides the basis for our construction of light
vector states. From the analyses of the eþe− → πþπ−, ωπ0,
and ρ0η0 reactions, these ρ excited sates were studied in
Refs. [56–58]. The spectrum of excited ρ, ω, and ϕ states
were also investigated in Ref. [59] using the modified
Godfrey-Isgur model [60]. By performing the phenomeno-
logical analysis, the two-body strong decay of the excited ρ
and ρ3 states are systematically studied [61]. Based on the
above theoretical calculations and the vector mesons listed
in the particle data group (PDG) [55], we take ρð2DÞ,
ωð3DÞ, and ωð5SÞ into account in this work. Their masses
and widths are collected in Table I. By considering the
contributions of these above low-lying vector meson

excited states, we studied the eþe− → pp̄ and eþe− →
nn̄ reactions within the VMD model. It is found that
the total cross sections of the two above reactions (corre-
sponding to the nucleon effective form factors) and the
nucleon electromagnetic form factors can be well
described. However, the so-called oscillation behavior of
the nucleon effective form factor discovered by the BESIII
Collaboration [18] is not confirmed.
It will be helpful to mention that the VMD model is a

phenomenological approach and it works well in the low
energy region. However, at high momentum transfer, the
calculations from the VMD model are not consistent
with that from the perturbative quantum chromodynamics
[62–64]. In the present work, with the VMD model and the
contributions from the low-lying excited ω and ρ states, our
calculations can give a reasonable description of the
experimental measurements of the eþe− → NN̄ reaction
in the considered energy region. Meanwhile, our calcu-
lation offers some important clues for the reaction mech-
anisms of the process eþe− → BB̄ and makes an effort to
study the role of the vector states in relevant reactions.
This article is organized as follows: in the next section,

we show the theoretical formalism of the nucleon EMFF s
in the VMD model. Numerical results of the nucleon
effective form factors, the total cross sections of eþe− →
pp̄ and eþe− → nn̄ reactions, and the oscillating features
of the nucleon EMFFs are shown in Sec. III. A short
summary is given in the last section.

II. THEORETICAL FORMALISM

Under the one photon exchange approximation, the total
cross section of the reaction eþe− → NN̄ can be expressed
in terms of the effective form factor jGeffðsÞj as [65–67]

jGeffðsÞj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2τjGMðsÞj2 þ jGEðsÞj2
1þ 2τ

s

; ð2Þ

σeþe−→NN̄ ¼ 4πα2βCN

3s

�

1þ 1

2τ

�

jGeffðsÞj2; ð3Þ

with α ¼ e2=ð4πÞ the fine-structure constant, τ ¼ q2=ð4m2
NÞ

and β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 4m2
N=s

p

the phase-space factor. mN is the
nucleon mass. Here, CN represents the S-wave Sommerfeld-
Gamow factor accounts for the electromagnetic interaction
of charged pointlike fermion pairs in the final state [68].

TABLE I. Masses and widths of the excited vector states used
in this work.

State Mass (MeV) Width (MeV) References

ρð2DÞ 2040 202 [57,61]
ωð3DÞ 2283 94 [58]
ωð5SÞ 2422 69 [58]

1It is worth noting that due to the Okuba-Zweig-Iizuka
rule [52–54], we do not consider the ϕ meson and its excited
states here.
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For proton, Cp ¼ y=ð1 − e−yÞwith y ¼ απ
β

2Mp
ffiffi

s
p , while for the

neutron, Cn ¼ 1. Considering the CN factor, it is expected
that the total cross section of eþe− → pp̄ reaction is nonzero
at the reaction threshold.
Based on parity conservation and Lorentz invariance, the

electromagnetic form factors of the baryons with spin of
1=2 can be characterized by two independent scalar
functions F1ðq2Þ and F2ðq2Þ depending on q2, which
are called the Dirac and Pauli form factors, respectively.
The electrical and magnetic form factors of nucleon can be
written as [69–71],

GEðq2Þ ¼ F1ðq2Þ þ τF2ðq2Þ; ð4Þ

GMðq2Þ ¼ F1ðq2Þ þ F2ðq2Þ; ð5Þ

with q2 ¼ s. Once we have F1ðsÞ and F2ðsÞ, we can
naturally obtain the electromagnetic form factors of the
nucleon. Then the total cross sections of eþe− → NN̄ can
be easily calculated.
Within the VMDmodel, the Dirac and Pauli form factors

F1 and F2 for nucleon in the timelike region can be
parametrized as,

Fn
1 ¼ gðsÞ

�

fn1 −
βρ
ffiffiffi

2
p Bρ −

βρð2DÞ
ffiffiffi

2
p Bρð2DÞ þ

βω
ffiffiffi

2
p Bω

þ βωð3DÞ
ffiffiffi

2
p Bωð3DÞ þ

βωð5SÞ
ffiffiffi

2
p Bωð5SÞ

�

; ð6Þ

Fn
2 ¼ gðsÞ

�

fn2Bρ −
αρð2DÞ

ffiffiffi

2
p Bρð2DÞ þ

αω
ffiffiffi

2
p Bω

þ αωð3DÞ
ffiffiffi

2
p Bωð3DÞ þ

αωð5SÞ
ffiffiffi

2
p Bωð5SÞ

�

; ð7Þ

Fp
1 ¼ gðsÞ

�

fp1 þ
βρ
ffiffiffi

2
p Bρ þ

βρð2DÞ
ffiffiffi

2
p Bρð2DÞ þ

βω
ffiffiffi

2
p Bω

þ βωð3DÞ
ffiffiffi

2
p Bωð3DÞ þ

βωð5SÞ
ffiffiffi

2
p Bωð5SÞ

�

; ð8Þ

Fp
2 ¼ gðsÞ

�

fp2Bρ þ
αρð2DÞ

ffiffiffi

2
p Bρð2DÞ þ

αω
ffiffiffi

2
p Bω

þ αωð3DÞ
ffiffiffi

2
p Bωð3DÞ þ

αωð5SÞ
ffiffiffi

2
p Bωð5SÞ

�

; ð9Þ

with

BR ¼ m2
R

m2
R − s − imRΓR

: ð10Þ

Here, R≡ ρ, ω, ρð2DÞ, ωð3DÞ, and ωð5SÞ, and we take
mρ¼775.26MeV, Γρ ¼ 147.4 MeV, mω ¼ 782.66 MeV,
and Γω ¼ 8.68 MeV.

In addition, at q2 ¼ 0, with the constraints Gn
E ¼ 0 and

Gn
M ¼ μn, G

p
E ¼ 1, and Gp

M ¼ μp, the coefficients fn1, f
n
2 ,

fp1 , and fp2 can be calculated,

fn1 ¼
βρ − βω

ffiffiffi

2
p þ βρð2DÞ − βωð3DÞ − βωð5SÞ

ffiffiffi

2
p ; ð11Þ

fn2 ¼ μn −
αω
ffiffiffi

2
p þ αρð2DÞ − αωð3DÞ − αωð5SÞ

ffiffiffi

2
p ; ð12Þ

fp1 ¼ 1 −
βρ þ βω

ffiffiffi

2
p −

βρð2DÞ þ βωð3DÞ þ βωð5SÞ
ffiffiffi

2
p ; ð13Þ

fp2 ¼ μp − 1 −
αω
ffiffiffi

2
p −

αρð2DÞ þ αωð3DÞ þ αωð5SÞ
ffiffiffi

2
p ; ð14Þ

with μn ¼ −1.91 and μp ¼ 2.79 as quoted in the PDG [55].
These coefficients βρ, βω, βρð2DÞ, βωð3DÞ, βωð5SÞ, αω, αρð2DÞ,
αωð3DÞ, αωð5SÞ are model parameters, which will be deter-
mined by fitting them to the experimental data of the
eþe− → pp̄ and eþe− → nn̄ reactions.
In the spacelike region, taking Q2 ¼ −q2 > 0, with the

dipole form for gðQ2Þ, it is found that for the large value of
Q2, F1 ∼ 1

Q4, and F2 ∼ 1
Q6, which are consistent with the

asymptotic behavior of F1 and F2 predicted by the
perturbative quantum chromodynamics [72–74].

III. NUMERICAL RESULTS

Under the above formulations, we perform the χ2 fit to
the experimental data of eþe− → NN̄ reaction. There are
224 data points in total, with center-of-mass energies range
from the kinematic reaction threshold to 3.2 GeV. These
experimental data are: (i) the total cross sections of eþe− →
NN̄ reaction from BESIII Collaboration [13,15–18],
CMD3 Collaboration [14], BABAR Collaboration [11],
and SND Collaboration [12,20,75]; (ii) the electromagnetic
form factors jGEj and jGMj for nucleon from BESIII
Collaboration [16,76]; and (iii) the ratio of jGE=GMj from
BABAR Collaboration [11], CMD3 Collaboration [14], and
BESIII Collaboration [15,17].
The results of the fitted parameters are listed in Table II.

The corresponding χ2=d:o:f is 1.6, where d.o.f is the
number of dimension of the freedom. Note that the
inclusion of more vector states will improve the fitting
results, since it has more freedoms. We have explored such
a possibility, but we have found some fitting problems. The
fitted parameters have large uncertainties and strong
correlations, which means that the inclusion of more vector
states would not significantly improve the fitted results.
Thus, we consider only the ρð2DÞ, ωð3DÞ, and ωð5SÞ
states here.
We show firstly the fitted numerical results of the

electromagnetic form factors of proton and neutron in
Fig. 1, comparing with the experimental data of the BESIII
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Collaboration. Within the contributions of the excited
ρð2DÞ, ωð3DÞ, and ωð5SÞ states, we can obtain a good
description of the electromagnetic form factors for both
proton and neutron. For the electric form factor of proton,
there is a dip structure around 2.3 GeV which is because of
the interference between the contributions of ωð3DÞ and
ωð5SÞ, and there is a clear peak for the ωð5SÞ. This may
indicate that, regarding to the current experimental data, the
contribution of ωð5SÞ is necessary. It is expected that these
theoretical results can be tested by future experiments.
Second, we show the fitted results of the modulus of the

ratio GE=GM for the proton in Fig. 2 compared with the
experimental measurements. One can see that the experi-
mental data have large errors. Again, there are dip and
bump structures because of the contributions of ωð3DÞ and
ωð5SÞ states and their inteference. It is worthy mentioning
that the ratio of jGE=GMj equals to one at the reaction

threshold as it should be. Clearly, more precise experi-
mental data are needed to check our model calculations.
The fitted numerical results of the total cross sections

of eþe− → pp̄ and eþe− → nn̄ reactions are shown in
Figs. 3(a) and 4(a), respectively. One can see that,
thanks to the contribution of ρð2DÞ, the platform behavior
of the total cross section of eþe− → pp̄ can be well
reproduced, and the experimental data of the eþe− → nn̄

TABLE II. Values of the fitted parameters.

Parameter Value Parameter Value

βρ 1.471� 0.131 αω −904.176� 20.211
βω 7.357� 0.102 αρð2DÞ 0.601� 0.101
βρð2DÞ −0.419� 0.109 αωð3DÞ −0.734� 0.081
βωð3DÞ 0.726� 0.083 αωð5SÞ 0.313� 0.028
βωð5SÞ −0.334� 0.034

FIG. 1. Fitted results for the electromagnetic form factors
of the proton and neutron comparing with the experimental data,
which are taken from: BESIII 2020 [16] and BESIII 2023 [76].
The error bands are calculated with the uncertainties of the fitted
parameters.

FIG. 2. The ratio jGE=GMj of proton comparing with the
experimental data, which are taken from: BABAR [11], BESIII
2019 [15], BESIII 2021 [17], CMD3 [14].

FIG. 3. The fitted results of total cross sections (a) and the
effective form factors (b) for proton. The theoretical error bands
are obtained with the uncertainties of the fitted parameters. The
red vertical dotted curves represent the eþe− → pp̄ kinematic
reaction threshold. The experimental data are taken from:
BABAR [11], BESIII 2015 [13], BESIII 2019 [15], BESIII
2020 [16], BESIII 2021 [17], and CMD3 [14].

BING YAN, CHENG CHEN, XIA LI, and JU-JUN XIE PHYS. REV. D 109, 036033 (2024)

036033-4



can also be described within the fitted model parameters.
Furthermore, these nonmonotonic structures around 2.2
to 2.4 GeV can be fairly well reproduced by considering
the contributions of ωð3DÞ and ωð5SÞ states. In fact, a
resonance with mass around 2300 MeV and width about
188MeV is needed in the analysis of the total cross sections
of eþe− → pp̄ reaction in Ref. [26], where a simple Breit-
Wigner amplitude for the eþe− → pp̄ reaction was taken.
Since we can reproduce the total cross sections of

eþe− → pp̄ and eþe− → nn̄ reactions, it is expected that
the effective form factors of proton and neutron can also be
described well, as shown in Figs. 3(b) and 4(b), respec-
tively. This indicates that the nonmonotonic line shapes of
the nucleon effective form factors can be explained within
the VMD model, where the contributions of excited vector
mesons are taken into account.
Before proceeding with further discussions, we need to

clarify a few points. The excited vectors states of ωð3DÞ
and ωð5SÞ can be replaced by the excited states of ρð3DÞ
and ρð5SÞ. This substitution does not significantly change
the fitted results. As shown in Ref. [58], the calculated
masses of ρð3DÞ and ρð5SÞ are degenerate with ωð3DÞ and
ωð5SÞ, respectively, while the widths of ρð3DÞ and ρð5SÞ
are 158 and 80 MeV, respectively.
Next, we will discuss the nonmonotonic features of the

nucleon effective form factors. In general, the main part of
the effective form factors of the nucleon can be described
by a dipole form as shown in Eq. (1) with a global factor c0,
GD ¼ c0=ð1 − γsÞ2. By fitting the experimental data of the

effective form factors of proton and neutron, we get
c0 ¼ 5.54� 0.02 for proton and c0 ¼ 4.08� 0.04 for
neutron. Then, subtracting GD from the obtained effective
form factor jGeff j, one can get the residual Gosc,

Gosc ¼ jGeff j −GD ¼ jGeff j −
c0

ð1 − γsÞ2 : ð15Þ

The predictions of our model for the oscillation parts
of the proton and neutron effective form factors are shown
in Figs. 5(a) and 5(b), respectively. It is found that the
model predictions are in agreement with the subtracted
data obtained with Eq. (15). One the other hand, for the
oscillation part, we have performed new fitting with two
formulas: Gosc ¼ A cosðC ffiffiffi

s
p þDÞ=ð1 − γsÞ2 [27] and

Gosc ¼ A expð−BpÞ cosðCpþDÞ [18] with p the relative
momentum between N and N̄ in the final state. The
first one is formally referred to as Model I, while the
other is designated as Model II. The fitted results are also
shown in Figs. 5(a) and 5(b). One can see that, with the
dipole form of GD, the oscillation part of proton cannot be
well described, and the two fitting results are almost the
same. While for the neutron, the oscillation part can be

FIG. 4. As in Fig. 3 but for the case of neutron. The
experimental data are taken from: BESIII 2021 [18], SND
2014 [12], SND 2022 [20], and SND 2023 [75].

FIG. 5. The fitted results of the oscillation part of the effective
form factors for proton (a) and neutron (b). These error bands of
“this work” are obtained with the uncertainties of the fitted
parameters. The red and green vertical dotted curves represent the
eþe− → pp̄ and nn̄ kinematic reaction threshold, respectively.
The experimental data are taken from: BABAR [11], BESIII 2015
[13], BESIII 2019 [15], BESIII 2020 [16], CMD3 [14],
BESIII 2021 [17,18], SND 2014 [12], SND 2022 [20], and
SND 2023 [75].
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fairly well reproduced, and the two fittings are very
similar.
Note that, in Ref. [18], to get the conclusion which the

effective form factor of both proton and neutron show a
periodic behavior, different formula of GD were taken for
proton and neutron. A three-pole formula F3p ¼ F0=½ð1þ
s=s0Þð1 − γsÞ2� with s0 ¼ 8.8 GeV2 were used for the case
of proton [5,31], while the above dipole formula was used
for neutron. In this work, we take the same formula for both
proton and neutron. From the results shown in Fig. 5, it is
difficult to conclude the oscillation behavior of the effective
form factors of nucleon.2

Now we turn to the ratio of the total cross sections of
eþe− → pp̄ and eþe− → nn̄ reactions. Until a few years
ago, there had been some pioneering experimental efforts
dedicated to the eþe− → nn̄ reaction by the FENICE
experiment [77]. Even though the experimental data have
large errors, and it is found that the total cross section of
eþe− → nn̄ reaction is twice as large as the one of eþe− →
pp̄ reaction, which is quite difficult to be understood, since
most theoretical predictions are opposite. For example,
the ratio of R ¼ σeþe−→pp̄=σeþe−→nn̄ is 7=3 predicted by the
SU(6) symmetric nucleon wave function [78] and it is
the naive e2u=e2d ¼ 4 from the quark charge ratio in the
constituent quark model [79].
Very recently, the BESIII Collaboration has published a

new precise measurement of the total cross sections
of eþe− → nn̄ reaction [18], and it is found that the ratio
R ¼ σeþe−→pp̄=σeþe−→nn̄ is larger than 1 at all the measured
energies, which is contrast to the results obtained by
the FENICE experiment. The new results of BESIII
Collaboration indicates that the photon-proton coupling
is stronger than the corresponding photon-neutron cou-
pling. The SND Collaboration also measured the total cross
sections of eþe− → nn̄ reaction for 14 energy points [20]
and their experimental results are consistent with the results
of BESIII Collaboration.
Our theoretical results of the ratio R are shown in Fig. 6

by blue curve with error bands obtained from the uncer-
tainties of the fitted parameters. The experimental data
taken from BESIII and FENICE are also shown. Again, we
can describe quite well the new experimental data by
BESIII Collaboration [18].
Moreover, we also calculated the relative phase

ΔΦ between GE and GM of the nucleon. The relative
phase ΔΦ is related to the spin polarization of baryons in
the eþe− → BB̄ reaction [80–82]. Here, we can write

GE=GM ¼ eiΔΦjGE=GMj: ð16Þ

Using the fitted parameters in Table II, we can obtain the
ΔΦ as a function of

ffiffiffi

s
p

for both proton and neutron, which
are shown in Fig. 7. In the reaction threshold, the relative
phase ΔΦ equals 0, since the electric and magnetic form
factors are equivalent. As the center of mass energy

ffiffiffi

s
p

increases, the value of ΔΦ undergoes significant changes,
particularly in the vicinity of

ffiffiffi

s
p ¼ 2.30 GeV. This is

because the value of GE for proton is close to zero and it is
very small for the neutron. Since the strength of the
polarization is proportional to the sinΔΦ, according to
the numerical results as shown in Fig. 7, it implies that there
is obvious spin polarization at 2.28 and 2.40 GeV, and the
spin polarization has opposite directions at the two energy
points. It is expected that the future experiments can be
used to check our model calculations.

FIG. 6. The ratio R ¼ σeþe−→pp̄=σeþe−→nn̄ as a function of
ffiffiffi

s
p

compared with the experimental data which are taken from:
FENICE 1998 [77] and BESIII 2021 [18].

FIG. 7. The predictions of ΔΦ for proton and neutron as a
function of

ffiffiffi

s
p

. The error bands are obtained with the uncer-
tainties of fitted parameters.

2Same result is obtained if we used the three-pole formula for
both proton and neutron. The dipole form was firstly obtained
from the best fit to the electromagnetic form factors of proton in
the spacelike region. Nevertheless, the VMD model and the
dipole form of gðq2Þ can give a reasonable description of the
experimental data on the baryon EMFFs at the considered energy
region.
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IV. SUMMARY

In this work, we study the effective form factors of
proton and neutron in the timelike region using a pheno-
menological extending vector meson dominance model. In
addition to the contribution of the ground states ρ andω, the
contributions from three theoretical predicted vector states
ρð2DÞ, ωð3DÞ, and ωð5SÞ are also taken into account. It is
found that we can successfully describe the cross sections
of eþe− → pp̄ and eþe− → nn̄ reactions and also the
effective form factors for both proton and neutron.
Furthermore, the electromagnetic form factors and the
modulus of their ratio can be also obtained, which are in
agreement with the experimental data. In addition, thanks
to the contributions from the excited vector resonances and
the phenomenological dipole formula for the intrinsic form
factor gðsÞ ¼ 1=ð1 − γsÞ2, the flat behavior of the nucleon
effective form factors around the threshold can be repro-
duced, and we are able to provide an natural explanation for
the nonmonotonic behavior which was found in the time-
like nucleon electromagnetic form factors.
Our study here shows that the so-called periodic behav-

ior of the nucleon effective form factors is not confirmed.

However, there are indeed nonmonotonic structures in the
line shape of nucleon effective form factors, which can be
naturally reproduced by considering the contributions from
the low-lying excited vector states. We hope that our
present work can stimulate more studies along this line,
and it is expected that more precise experimental measure-
ments in near future, especially for the case of the eþe− →
nn̄ reaction, can be used to check our model calculations.
Finally, we would like to stress that, thanks to the

important role played by the excited vector states contri-
bution in the eþe− → NN̄ reaction, accurate data for this
reaction can be used to improve our knowledge of those
low-lying excited vector states above 2 GeV, which are at
present poorly known. This work constitutes a first step in
this direction.
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