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A striking feature of the timelike nucleon electromagnetic form factors, investigated in eþe− → NN̄
annihilation reactions, is themodulation by local structures of small magnitude and oscillatory form, showing
up above theNN̄ threshold. Starting from an isospin decomposition of the proton and neutron form factors it is
shown that such structures are the natural consequence of the interference of a large and a small amplitude,
resulting in a sinusoidal behavior as a function of the “invariant energy” if the relative phase shift varies with
energy. Thus, periodic oscillations superimposed on a smooth background will be observed. In this scenario,
the equal size of the modulation for neutrons and protons (discovered by recent BESIII data) implies the
particular isoscalar or isovector nature of these local structures, or their orthogonal interference. Hence, it
specifies their origin as excited vector mesons whose widths are tied to the modulation frequency. We clarify
that the phase difference of the modulation between neutrons and protons as BESIII data found, but not the
modulation itself, is the evidence of an imaginary part of the timelike nucleon electromagnetic form factors,
which is associated with the rescattering processes.
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I. INTRODUCTION

A new era of research on nucleon electromagnetic form
factors (EMFFs) started with the advent of the modern
electron-nucleon and electron-positron facilities. They
allow us, in an unprecedented manner, to investigate
fundamental properties of the nucleon in the spacelike
and timelike domains, thus giving us access to the static and
the dynamical properties [1,2]. Advanced experimental and
theoretical methods are allowing investigations of all facets
of the tomography of the nucleon with new prospects for
extended studies of the hadron structure at future electron-
ion colliders [3–5]. In this paper we address the unsolved
issue of the recently identified oscillations seen in the
timelike EMFFs [6,7]. Various explanations have been
proposed [6–8], but a satisfactory solution of that problem
is still pending. The role of vector mesons above the NN̄
threshold is not fully established though they attracted

attention in a microscopic version of the vector meson
dominance (VMD) model more than a decade ago [9,10].
The timelike EMFFs have been measured in the annihi-

lation process eþe− → NN̄, whose transition amplitude GN
is complex, connected to the spacelike EMFFs by the
dispersion relation [11]. The known sources of the imaginary
part of amplitudes are multimeson rescattering loops and
intermediate vector meson excitations. While the former is
incorporated by the dispersion analysis of the nucleon
EMFFs including meson continua [11,12], the latter is only
phenomenologically investigated in the isoscalar and iso-
vector form factor [13]. Isospin decomposition is in fact far
from trivial when isoscalar and isovector components are
both involved in eþe− → NN̄ reactions. Two independent
isospin channels are insufficient to fully disentangle two
complex isospin amplitudes. Combining available data with
isospin decomposition, we show that the range of isospin-
related parameters could be constrained by available data.
Then we reconcile to a model-independent separation of the
sources of the imaginary part of timelike EMFFs.
The absolute value of GN is the so-called nucleon

effective form factor (EFF),

jGN j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2τjGMðq2Þj2 þ jGEðq2Þj2

2τ þ 1

s
; ð1Þ

which is explicitly related to the Sachs electric and
magnetic form factors GE;M. Here q2 is the invariant
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four-momentum transfer squared, and τ ¼ q2=4m2
N with

mN being the nucleon mass. The proton EFF jGpðq2Þj ¼
GD

p ðq2Þ þ Grsd
p ðq2Þ is split into a leading component of

modified dipole shape

GD
p ðq2Þ ¼

Ap

ð1þ q2

m2
a
Þð1 − q2

0.71 GeV2Þ2
; ð2Þ

and a residual part, Grsd
p , accounting for deviations from the

smooth behavior of GD
p . G

D;rsd
p must be real-valued and Gn

is defined accordingly.
The residual component is chosen of oscillatory shape as

a function of the three-momentum p ¼ q
ffiffiffiffiffiffiffiffiffiffi
τ − 1

p
of N (or

N̄) in the N̄ (or N) frame [6],

Grsd
N ∼Gosc

N ¼ AN exp ð−BNpÞ cos ðCNpþDNÞ; ð3Þ
as imposed by BABAR proton data [14,15] and also con-
firmed for the neutron by recent high-precision measure-
ments between 2.0 GeV and 3.08 GeV by the BESIII
Collaboration [16]. Fits to theBABAR data have led toAp ¼
7.7� 0.3 andm2

a ¼ 14.8 GeV2 [6,7]. From the BESIII data,
the normalization of the neutron-dipole form factor was
obtained asAn ¼ 4.87� 0.09, using the same pole mass as
for the proton case. The form chosen for Grsd

N is derived on
purely phenomenological grounds.Thephysical origin of the
residual component is largely unknown, speculations range
from rescattering contributions [6,7] to yet unknown vector-
meson resonances and threshold effects [8]. Surprisingly,
themicroscopicVMD framework incorporating properly the

isospin relation predicted the correct magnitude of the
neutron EFF [9,10]. The present status for Grsd

N is shown
in Fig. 1 with Ap ¼ 0.07� 0.01, An ¼ 0.08� 0.03, and
sharing of the common parameters for proton and
neutron [16]: BN ¼ 1.01� 0.24 GeV−1 and CN ¼ 5.28�
0.36 GeV−1. The phases are Dp ¼ 0.31� 0.17 and
Dn ¼ −3.77� 0.55. It is noteworthy that Dp is consistent
with zero within large error bars in a fit to all available pp̄
data [17].

II. ISOSPIN DECOMPOSITION AND
RESIDUAL FORM FACTORS

The striking similarity of the proton and neutron EFF
points to the importance of isospin symmetry—or more
precisely, of charge symmetry—in the eþe− → NN̄ reac-
tions. Hence, we express the NN̄ states in terms of the
jI; I3i ¼ j0; 0i and j1; 0i isospin components which allows
to represent the proton and neutron form factors with regard
to isoscalar (I0) and isovector (I1) amplitudesGp;n ¼ ðI1 �
I0Þ=

ffiffiffi
2

p
[19], where the upper (lower) sign applies to the

proton (neutron) case. The mixtures of isoscalar and
isovector amplitudes of equal relative weight but different
sign are imposed by the isospin symmetry as introduced by
the underlying Clebsch-Gordan coefficients. Hence, proton
and neutron form factors will be different provided both
isospin amplitudes are of comparable size.
The experimentally observed oscillatory structures are

taken into account by decomposing the isospin transition
amplitudes explicitly into smooth leading components ID0;1
and residual components Irsd0;1,

Gp;n ¼
IDp;n þ Irsdp;nffiffiffi

2
p ¼ ID1 � ID0ffiffiffi

2
p þ Irsd1 � Irsd0ffiffiffi

2
p . ð4Þ

In general, the isospin form factors ID;rsd
0;1 will be complex

numbers which is taken into account by using without loss
of generality

IDp;n ¼ ID1 � ID0 ¼
ffiffiffi
2

p
GD

p;neiϕ
D
p;n ; ð5Þ

Irsdp;n ¼ Irsd1 � Irsd0 ¼ jIrsdp;njeiϕrsd
p;n ; ð6Þ

where the phases ϕD
p;nðq2Þ, ϕrds

p;nðq2Þ, and the amplitudes
jIrsdp;njðq2Þ depend on energy and have yet to be determined.
We obtain

jGN j2 − ðGD
NÞ2 ¼ Grsd

N ð2GD
N þGrsd

N Þ

¼ 1

2
jIrsdN j2 þ

ffiffiffi
2

p
GD

N jIrsdN jℜ½eiðϕD
N−ϕ

rsd
N Þ�.

Thus, we have found equations relating Grsd
p;n to the isospin

amplitudes Irsdp;n. The leading-order solutions are
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FIG. 1. The fit of the Breit-Wigner distribution and the Gauss
distribution to three local structures below 2.5 GeV in comparison
with BESIII data [16,18].
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Grsd
N ≃

jIrsdN jffiffiffi
2

p cosðϕD
N − ϕrsd

N Þ ð7Þ

where terms of order jIrsdp;n=IDp;nj ≪ 1 are neglected. Thus,
the form factorsGrsd

p;n are given in magnitude determined by
the corresponding residual isospin form factors, modulated
by a sinusoidal energy dependence introduced by the
interference with the leading (smooth) components GD

p;n.
A closer inspection reveals, that the form factors Grsd

p;n are
given in fact by the real parts of the interference term of the
corresponding leading and the residual nucleon form factors.
The imaginary part of interference terms is accessible
through polarized asymmetries as pointed out in [20,21].
As addressed in Sec. I the pattern of these interference
structures were already highlighted in [6] based on the
BABAR measurements [22] and confirmed by the high-
precision data of the BESIII Collaboration [18,23].

III. VMD MODEL AND ISOSPIN

By Eq. (7) the EMFFs of protons and neutrons should
display sinusoidal modulations of a similar pattern,
although differences in modulus and phase have to be
expected because isoscalar and isovector components are
superimposed differently. Surprisingly, the recent BESIII
data disclosed that they are of the same magnitude over a
wide energy range [16,18] implying

jIrsd1 þ Irsd0 j
jIrsd1 − Irsd0 j ¼

Ap

An
¼ 0.88� 0.35; ð8Þ

where the large error is mainly due to the less accurate
neutron data. Its consistency with unity means that either
Irsd0 ¼ 0 or Irsd1 ¼ 0 or—as an unlikely third option—a
vanishing interference term by a coincidental phase differ-
ence of π=2 or odd-numbered multiples thereof.
However, a decisive role is played by the production

mechanism hidden in the photon-nucleon-antinucleon ver-
tex. If the NN̄ channel is populated by the decay of an
intermediate (off–shell) isoscalar mesons as e.g., the
ϕð2170Þ [24] isospin conservation in strong interaction
processes restricts the production process to the I ¼ 0
component. If an intermediate isovector meson is involved,
e.g., ρð2150Þ [9,10,24] of a width comparable to the one of
ϕð2170Þ, the I ¼ 1 components of the NN̄ channels are
populated exclusively. In either of these isospin-clean
VMD scenarios, the states will display distributions of
the same spectral shapes in pp̄ and nn̄ channels, except for
minor distortion due to isospin symmetry breaking by
electromagnetic (and weak) interactions. Hence, the
observed similarity of EMFFs in eþe− → pp̄ and eþe− →
nn̄ reactions leads to the conclusion that the final channel is
populated in an isospin-clean production process.
The general case of physical relevance will be given by

isoscalar and isovector form factors composed of

superposition of the various isospin-clean VMD process,
accessible by the available energy. In particular, the residual
amplitudes become Irsd0;1 ¼

P
kδ

k
0;1e

iϕk
0;1fk0;1; with energy-

independent relative phases ϕk
0;1, amplitudes δk0;1 of magni-

tudes much lesser than jID0;1j, and spectral distributions fk0;1.
The δk0;1 and f

k
0;1 are the same forpp̄ and nn̄ channels, which

is a direct consequence of the above isospin relation. Within
each isospin channel, the overlapping spectral distributions
may eventually lead to destructive interference at certain
energies and phase-coherent enhancements in other energy
regions. However, unfortunately the present data do not yet
allow us to identify the isospin character underlying the
production process. Herein, a single fk is used to describe
one local structure for simplicity. This hypothesis does not
affect the following discussion and conclusion. Specific
experiments and theory input are indispensable in order to
explore the multicomponent spectral structure of the whole
set of isospin amplitudes.

IV. A PRACTICAL APPROACH TO DATA
ANALYSIS

A physically well-motivated ansatz for a spectral dis-
tribution mimicking the line shape of the residual compo-
nent is the Breit-Wigner (BW) distribution,

fkBWðq2Þ ¼
e−iϕ

k
BWMkΓk

jq2 −M2
k þ iMkΓkj

; ð9Þ

with ϕk
BW ¼ arccot

q2−M2
k

−MkΓk
; which is consistent with the

VMD-inspired model with proper analytic continuation
[9,10,13]. Within the VMD interpretation, the local struc-
tures are coherent superpositions of vector mesons of
isoscalar ϕ=ω or isovector ρ character, located above the
NN̄ threshold and with a width Γk of around 100 MeV,
found in [24] and used in [8,12]. Thus, in the BW–approach
the residual components carry the energy-dependent phases
ϕD
N − ϕrsd

N ¼ ϕD
N − ϕk

N − ϕk
BW where the BW widths pro-

vide the scale for the momentum frequency CN ∼ 1
Γk

in Eq. (3).
Another frequently used alternative, also considered in

the fits to data, is to approximate the spectral functions by
Gauss (GS) functions fkGSðq2Þ¼ expð−ð

ffiffiffiffiffi
q2

p
−MkÞ2=2Γ2

kÞ
together with ϕk

p;n ¼ const. With a proper choice of
parameters the Gaussians lead to distributions of shapes
closely resembling the Breit-Wigner distributions. In this
case, the phase differences ϕD

N − ϕrsd
N ¼ ϕD

N − ϕk
N are con-

stants and can be chosen to be zero. That choice is
supported by the fitted values in Table I, which are
consistent with zero within large error bars.
Application of the BESIII neutron data [16] reveals that

ϕD
n − ϕD

p þ ϕrsd
p − ϕrsd

n ¼ 4.08� 0.58 rad is a constant
deviating from 3π=2 by 0.63� 0.58 rad ¼ 36.2°� 33.2°,
where in fact the part π of the phase trivially reflects the
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overall relative sign between Irsdp and Irsdn . The phases ϕrsd
N

of the residual components fully account for the energy
dependence as imposed by the data. The constant value of
the total phase difference implies that ϕD

n − ϕD
p behaves as a

function of energy—up to a constant—complementary to
the difference of residual phases. Assuming that at least one
of the phases ϕD

p;n is nonzero, we have direct evidence for
the in general complex-valued character of the form factors
of Eqs. (5) and (6), respectively. That result is not
unexpected, but here probably for the first time confirmed
by data.
It is tempting to interpret the results shown in Fig. 1 in

terms of physical processes. Only three clearly developed
local structures in the region below q ¼ 2.5 GeV are
included in our fit, as shown in Fig. 1. The phase difference
between neutrons and protons is fixed at the central value of
BESIII in order to reduce the number of free parameters.
Surprisingly, the parameters in Table I are indeed showing a
compatibility with the vector-meson spectrum.
The first structure (just below 2 GeV) could be a

threshold effect due to the opening of the NN̄ channel
[25]. However, isovector processes involving ρð1900Þ [24]
are favored by the specified isospin of the structure. The
second structure (just below 2.2 GeV) corresponds ener-
getically to an isoscalar process running through ϕð2170Þ,
whose properties are still a matter of intense investigation
[26], competing with an isovector process driven by
ρð2150Þ [9,10]. The third structure (close to 2.4 GeV) is
possibly produced by an isovector ρð2350Þ [24]. The state
may also be strongly coupled to ΛΛ̄ as found in pp̄ → ΛΛ̄
[27] and eþe− → ΛΛ̄ [28]. However, these interpretations
suffer from large uncertainties and must be considered with
care, especially while waiting for safe confirmation of the
vector-meson spectrum above 2.0 GeV [29].
The product of partial widths is determined by

ΓeeΓNN̄ ¼ α2emβ

18

�
1þ 1

2τ

�
ðδkΓkÞ2; ð10Þ

where αem is the electromagnetic fine structure constant, β is
the center-of-mass velocity of the final state (anti)nucleon.
The extracted values of ΓeeΓNN̄ are shown in Table I and
should be compared to data for J=ψ and ψð3686Þ amounting
to ð1.09�0.05Þ keV2 and ð2.02� 0.10Þ keV2, respectively.

A ratio which contains no residual component and a
Coulomb correction is obtained by

RD
N ¼ σDn

σDp=C
¼

�
GD

n

GD
p

�
2

¼ 0.40� 0.03; ð11Þ

where Cðq2Þ is the S-wave Sommerfeld-Gamow Coulomb-
correction factor [30], which is equal to 1 for neutrons.
Surprisingly, RD

N is constant over a wide range of energies.
This value is close to 3=7; a prediction of SU(6) symmetric-
nucleon wave function [31]. It lies between the naive
e2u=e2d ¼ 1/4 from the quark-charge ratio [32] and 2=3
obtained from the constituent quark model [31]. In any
case, the significant deviation from unity is a clear signature
of its difference from the residual component, see Eq. (8).
An isospin relevant ratio is

RD
I ¼ ðGD

p Þ2−ðGD
n Þ2

ðGD
p Þ2þðGD

n Þ2
¼ 2ℜðID0 ID†

1 Þ
jID0 j2þjID1 j2

¼0.43�0.03; ð12Þ

which means that isovector ID1 amplitudes are of compa-
rable magnitude. Hence, we may relate the two isospin
amplitudes by I1 ¼ I0δIeiϕI, rendering Eq. (12) to

TABLE I. Parameters of three local structures below 2.5 GeV in the fit of the Breit-Wigner distribution (or Gauss distribution in the
parentheses), together with the extracted ΓeeΓNN̄ for the Breit-Wigner distribution. The χ2=d:o:f is 0.7 (1.2).

k=BWðGSÞ 1 2 3

Mk (MeV) 1910� 10 (1958� 10) 2083� 27 (2148� 16) 2328� 22 (2365� 13)
Γk (MeV) 32� 32 (30� 8) 162� 55 (60� 17) 162� 57 (52� 14)
δk −0.072� 0.048 (−0.036� 0.010) 0.041� 0.007 (0.024� 0.005) −0.032� 0.005 (−0.027� 0.007)
ϕD
p − ϕk 0 0.764� 0.373 (0.235� 0.307) 1.558� 0.310 (0.046� 0.241)

ΓeeΓNN̄ (keV2) 4� 4 80� 47 62� 37

–3 –2 –1 0 1 2 3

–4

–2

0

2

4

FIG. 2. Present data constraints for the relative moduli δ ¼ δI
(or δM) and relative phase ϕ ¼ ϕI (or ϕM) of nucleon isoscalar
and isovector amplitudes (or form factors).
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RD
I ¼ 2δI cosϕI

1þ δ2I
≤ j cosϕIj; ð13Þ

which allows us to derive constraints on the allowed (δI;ϕI)
combinations. The correlation diagram, obtained by impos-
ing the value for RD

I derived above is shown in Fig. 2. The
results are easily converted to a constraint on ϕD

p − ϕD
n

introduced in Eq. (5).

V. FLAVOR DECOMPOSITION

In the isospin limit, when the masses of the up and down
quarks are degenerate, the isospin relation is a realization of
the flavor decomposition of nucleon EMFFs [33],

Gp;n
E;M ¼ 2

3
Gu;d

E;M −
1

3
Gd;u

E;M ¼ 1

2

�
Guþd

E;M

3
� Gu−d

E;M

�
; ð14Þ

if the isospin (or charge) symmetry Gu=n ¼ Gd=p and
Gd=n ¼ Gu=p is given. We define the effective isovector
(uþ d) and isoscalar (u − d) form factors as

jGu�d
eff j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2τjGu�d

M ðq2Þj2 þ jGu�d
E ðq2Þj2

2τ þ 1

s
: ð15Þ

Then the sum of the proton and neutron EMFFs could be
expressed in a compact way,

ðGD
p Þ2 þ ðGD

n Þ2 ¼
1

2

�����G
uþd
eff

3

����
2

þ jGu−d
eff j2

�
; ð16Þ

as a measure of incoherent sum of effective isovector and
isoscalar form factors. The nonzero difference between
them

ðGD
p Þ2 − ðGD

n Þ2 ¼
1

3
ℜ

�
2τGuþd

M Gu−d†
M þGuþd

E Gu−d†
E

2τþ 1

�
; ð17Þ

shows that the interference between these complex form
factors is large, arriving at the same conclusion above. For
further demonstration we need to assume GE ¼ GM,
so j cosϕMj ≥ RD

I in terms of the notation Guþd
M ¼

Gu−d
M δMeiϕM . Then the range of parameters is the same as

in Fig. 2. In the SU(3) Nambu-Jona-Lasinio model, the
difference between the isoscalar and isovector form factors is
shown to be quite small [34].

VI. SUMMARY AND PERSPECTIVES

The structure of the nucleon form factors in the timelike
region has been investigated in an isospin formalism. In a
first application to BESIII data we could indeed explain the
observed oscillatory structures to a VMD model.
Although neither wide or narrow vector mesons of light

quarks are found to couple strongly to the NN̄ channels,

they still would be weakly present in timelike nucleon
EMFFs. The well-known interference effects in unpolar-
ized cross sections were exploited for extracting quantita-
tive results on the dynamical contributions to the timelike
nucleon form factors. Since these residual contributions are
of much smaller magnitude than the bulk dipole compo-
nents, the resulting spectral shapes can be expanded order
by order into harmonics of the energy dependent phase.
The oscillatory behavior observed in the eþe− data below
3.0 GeV is a realization of this phenomenon, described
already convincingly well by the leading order harmonics.
An appealing aspect of the combination of the isospin

formalism with the VMD model is that it leads to a simple
explanation of the—up to an overall sign—almost identical
oscillation pattern for protons and neutrons, found in the
BESIII data. Within our formalism, the similarity of the
periodic structures is a signature of the production process,
imprinting the isospin of the virtual meson state into the
final nucleon-antinucleon configurations which, as a result,
are produced selectively via their isospin-clean I ¼ 0 or
I ¼ 1 components.
Modeling the mesonic spectral functions by a Breit-

Wigner distribution, we have shown that the oscillations are
in fact a signal of the imaginary parts of the amplitudes. The
finite widths—or likewise the finite lifetimes—of the vector
mesons alone are already sufficient to explain the observed
structures. Hence, we conclude that the frequently dis-
cussed multimeson rescattering processes seem to be of
minor importance for these structures. However, traces of
such interactions are contained in the decay properties and
resulting self-energies of the involved heavy mesons.
Moreover, the phase difference between the proton and
neutron EFF, found by the BESIII Collaboration, may be a
signature of a nontrivial imaginary part of a rescattering
amplitude contributing to the smooth dipole component.
Hence, two sources can be identified for an imaginary

part in the timelike nucleon EMFFs [6,8] based on available
data. We emphasize that after subtraction of the residual
component the ratio of the proton to the neutron EFF is
surprisingly constant over a wide range of energies,
indicating a balanced isospin content since neither the
isoscalar or isovector component is dominant. Within error
bars, the magnitude of that ratio is consistent with SU(6)
predictions. For future work it is tempting to investigate the
timelike EMFFs of other octet baryons, where the Σ and Λ
hyperons are of special interest using the same approach.
Last but not least we address the question of higher-order

expansions involving higher-order harmonics ∼ cos½nðϕD
N −

ϕrsd
N Þ� of rank n > 1. However, the currently achievable

accuracies of the measurements does not allow safe con-
clusions on such contributions, mainly because of the
smallness of the residual amplitude. For such purposes deep
virtual Compton scattering, which interferes with the Bethe-
Heitler process [35] is much more suitable for specific
investigations of cross sections in terms of angular

TIMELIKE NUCLEON ELECTROMAGNETIC FORM FACTORS: … PHYS. REV. D 105, L071503 (2022)

L071503-5



harmonics, where induced higher harmonics have already
been observed.
In our approach, the oscillations are induced by the broad

vector mesons which, however, are coupled weakly to the
NN̄ channels. A somewhat more favorable situation is
encountered in the charmonium region. The J=ψ and ψð2SÞ
states are very narrow and they decay significantly into pp̄
and nn̄ with equal strength [36], indicating an isospin-clean
population in these cases via the I ¼ 0 components of NN̄
channels. Experimental studies in the vicinity of ψð3770Þ,
where a deep dip is clearly visible in pp̄ channel, would be
the ideal tool for investigating higher harmonics [37],

especially if data for the nn̄ channel above DD̄ threshold
were also available with high precision.
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