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Abstract: The investigation of the fundamental properties of the nucleon is one of the most important
topics in the modern hadron physics. Its internal structure and dynamics can be studied through the
measurement of electromagnetic form factors which represent the simplest structure observables
and serve as a test ground for our understanding of the strong interaction. Since the first attempt
to measure the time-like form factors of the neutron, only four experiments published results on
its structure from annihilation reactions. Due to the lack of statistics and experimental challenges,
no individual determination of the form factors of the neutron has been possible so far. Modern
developments of electron-positron colliders and the associated detectors allow to measure the
effective FF of the neutron with the process e+e− → nn̄ with unprecedented precision at the BESIII
experiment, which is based at the BEPCII collider in Beijing, China. In this report, we review the
published results of the form factors on the neutron in the time-like regime, describe the experimental
setup, and discuss their impact on our understanding of the strong interaction. Future works at
BESIII will help to improve the precision of the neutron FFs and, combined with theoretical progress
in this field, help to illuminate the properties of the neutron structure.

Keywords: form factors; neutron; nucleon structure; annihilation reactions; non-perturbative
strong interaction

1. Introduction

The interaction of the constituents of the proton and the neutron are described by
Quantum Chromodynamics (QCD). The internal structure and dynamics of the nucleon can
be parametrized by the electromagnetic (EM) form factors (FFs) [1]. The internal complex
structure emerges at low energy from strong interaction the and quark confinement. They
are subject of ongoing investigation, both in theory and experiment. The FFs of the
nucleon serve as a testing ground for the understanding of the non-perturbative regime
of QCD. They parameterize the coupling between the virtual photon γ∗(q2) with the
hadronic vector current Jµ

had, therefore describe the nucleon as it is seen by an EM probe
at different four-momentum transfer squared q2. A spin S = 1/2 particle like the nucleon
is characterized by 2S + 1 = 2 FFs, the Dirac and Pauli FFs . More commonly used are
their linear combinations-the electric GE(q2) ≡ GE and magnetic GM(q2) ≡ GM FFs [2].
FFs can be measured for negative and positive q2 in the space-like (SL) and time-like (TL)
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region, respectively, which are connected by analyticity. In the TL kinematical region, FFs
are measured via annihilation involving an intermediate virtual photon with q2 > 4m2

N
(GeV/c)2 , where mN is the nucleon mass. For example the annihilation of an electron
e− and a positron e+ followed by the creation of a nucleon N and antinucleon N pair.
Assuming one-photon exchange as the dominant process and the validity of the Born
approximation, the corresponding differential cross section in the e+e− center-of-mass
(CM) system can be written as

dσe+e−→NN
B

dΩ
(q2, θ) =

α2
emβC(q2)

4q2

[(
1 + cos2 θ

)
|GM|2 +

1
τ

sin2 θ|GE|2
]

, (1)

where θ is the angle between the beam direction and the nucleon in the CM system, αem is
the electromagnetic fine structure constant, β =

√
1− 1/τ is the velocity of the final state

nucleon, C(q2) is the Coulomb enhancement factor [3], and τ = q2/4m2
N a kinematical

factor. In contrast to processes with charged particles in the final state, the Coulomb
enhancement factor C(q2) is equal to unity for a process with a pure neutral final state
like the signal reaction described in this review : e+e− → nn̄. The leading order Feynman
diagram for such a process is shown in Figure 1.

e−(k1)

e+(k2)

N̄(p1)

N(p2)

Jµ
lep Jµ

had

γ∗(q2)

Figure 1. The lowest order Feynman diagram for the annihilation of an electron positron pair and
the creation of a nucleon antinucleon pair e+e− → NN. k1, k2, p1, and p2 are the four-momenta of
the incoming electron and positron and the outgoing four-momenta of the antinucleon and nucleon,
respectively. q2 = (k1 + k2)

2 = (p1 + p2)
2 = s is the four-momentum transfer squared, Jµ

lep and

Jµ
had are the leptonic and hadronic vector currents, γ∗(q2) is the virtual photon which transfers the

four-momentum q2 between the initial and final state of the reaction. The complex nucleon structure,
encoded with the electromagnetc FFs, is sketched as the filled circle.

In the SL domain, with q2 < 0 (GeV/c)2, investigation of the nucleon structure can
only be accessed by lepton-nucleon scattering and has been explored by many experiments
since the pioneering work of Nobel laureate Hofstadter in 1958 [1]. Many experiments at
SLAC, MIT-Bates, MAMI, JLab, and other electron accelerators contributed to our recent
knowledge on the nucleon structure in the negative q2 regime, where GE and GM are the
Fourier transform of the distributions of the charge and magnetization of the nucleon.
Detailed up-to-date summaries and reviews of experimental and theoretical achievements
can be found in references [4–6].

In the TL region, the proton structure has been investigated in the past by many
experiments, for example the PS170 experiment [7] at CERN, the BaBar experiment [8] at
SLAC, and recently by the BESIII experiment [9–11] at IHEP, Beijing, among others. Its
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effective FF |Gp|, the electric and magnetic FFs |Gp
E| and |Gp

M|, as well as the ratio of the
moduli of the FFs |Gp

E|/|G
p
M| have been measured from lepton annihilation and antiproton

annihilation. TL EM FFs are complex functions of four momentum transfer and can be
acossiated with the time evolution of the electric charge and magnetization within the
nucleon [12]. Reviews of the results can be found in [13,14]. The neutron on the other hand
still remains a mystery due to experimental difficulty of detecting a neutral hadron and
unavailibility of an anti-neutron beam. Only few experiments succeeded to investigate its
structure and could only extract the so-called effective form factor due to limitations in
statistics. The precise knowledge of the FFs of the neutron will not only help to provide a
unified picture of the nucleon and solve open questions like the surprising results on the
coupling strength between a virtual photon and the proton compared to the neutron [15],
but also serve as input for nucleon models using dispersion relations [16] and vector meson
dominance [17], to name only some.

In this article we will focus on experimental results on the TL EM FFs of the neutron.

2. Existing Measurements of the Time-like Form Factors of the Neutron

Experimental access to the neutron structure in the time-like region is very limited.
Due to the lack of (anti-)neutron targets, the only process for the study of the TL FFs of the
neutron is the reaction e+e− → nn̄. Different q2-values can only be reached by scanning the
beam energy. All available results have been obtained analysing this process. In principle,
a second approach exists for such an investigation. The process e+e− → nn̄γISR can be
studied using high luminosity data samples at fixed beam energy to analyze the Initial
State Radiation (ISR) processes where the initial state photon carries away energy varying
the q2 at the annihilation vertex in a smooth manner over a wide range. Nevertheless, no
successful attempt to use the latter exists up to date for the extraction of the neutron TL
form factors.

When performing the analysis of an energy scan, the signal process e+e− → nn̄ is
reconstructed from data samples taken at each beam energy value and the FFs are measured
at different CM energies

√
s = q2 > 4m2

n. The moduli of the electric and magnetic FFs
|Gn

E(q
2)| ≡ |Gn

E| and |Gn
M(q2)| ≡ |Gn

M| can be determined from the angular distribution
of the final state particles with respect to the polar angle θ in the e+e− CM frame and a
precisely measured luminosity of the data. Until now, lack of statistics in the collected
data prevented the individual determination of the FFs. Instead, all previous experiments
measured the so-called effective form factor |Gn| from the integrated Born cross section
σnn̄

B , under the hypothesis of equal electric and magnetic contributions |Gn
E| = |Gn

M|, which
can be written as

σnn̄
B =

4πα2
emβ

3q2

[
|Gn

M|2 +
1

2τ
|Gn

E|2
]

, |Gn| =
√√√√ σnn̄

B
4πα2

em β

3q2 (1 + 2m2
n

q2 )
. (2)

2.1. The DM2 Experiment

The first measurement of the neutron FFs from annihilation reactions has been pub-
lished in 1988 by the DM2 experiment [18,19], located at the Orsay Storage Ring DCI [20]
in France. The DM2 experiment measures e+e− collsions between

√
s = 1.2− 3.7 GeV. It

consists of a sub-system for charged particle detection made of two proportional chambers
with anodes and cathodes read-out. It is complemented by a 13 layers thick drift chamber,
a Cerenkov counter and a scintillation counter for the time of flight measurement. The
whole setup is enclosed within a solenoid magnet providing a 0.5 T field. Outside of
the magnet, 14 planes of wire tubes with longitudinal read-outs separated by lead sheets
provide photon detection. A muon identifier is integrated in the flux return made of iron
and concrete absorbers and wire tubes. More details on the detector setup can be found
in [20].

One result for the neutron has been extracted from the Λ FF at
√

s = 2.1 GeV using
the U-Spin symmetry [21]. This assumption is supposed to be valid at energies at which
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one can neglect the strange quark mass. For this case, the electromagnetic interactions
of hadrons with strangeness can be related to those without strangeness content, if they
belong to the same SU(3) multiplet. The following relation has been used: Gn

M ≈ 2GΛ
M. A

few events from e+e− → ΛΛ̄ have been reconstructed under the hypothesis |Gn
E| = |Gn

M|
leading to a magnetic form factor of the neutron of |Gn

M| = 0.24+0.06
−0.04. Furthermore, the

DM2 experiment reconstructed for the first time 2 candidate events using the energy scan
channel e+e− → nn̄ at

√
s = 2.4 GeV, with one expected background event coming from

cosmic rays. This measurement yielded a magnetic neutron FF of |Gn
M| = 0.15± 0.07, again

under the hypothesis |Gn
E| = |Gn

M|. Due to the assumtion that the moduli of the electric
and magnetic FFs are equal, these results are more closly identified with the effective FF
than the magnetic one and are discussed as the former in this review. The results from the
DM2 experiments are shown in Figure 2 as green filled squares.
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Figure 2. (a) Results for the Born cross section σnn̄
B with respect to the center-of-mass energy

√
s.

(b) Results for the effective form factor |Gn| with respect to the center-of-mass energy
√

s. The
data shown as green squares is from the DM2 experiment [18,19], green downward triangles are
results from the FENICE experiment [15,22], orange upward triangles show results from the SND
experiment [23], and black dots represent the measurement from the BESIII experiment [24]. The
total uncertainty of all data are determined as the quadratic sum of statistical and systematic errors,
corresponding to a 68.3% confidence level of a normal distribution.

2.2. The FENICE Experiment

The first dedicated measurement on the magnetic neutron FF from annihilation was
published in 1993 by the pioneering work of Antonelli A. et al. from the FENICE exper-
iment [15,22] at the ADONE e+e−storage ring in Frascati, Italy. The five data sets range
between

√
s = 1.90 and 2.44 GeV with a total integrated luminosity of 0.36 pb−1. The main

features of the non-magnetic detector comprise streamer tubes serving as a tracking system,
a Time-of-Flight (ToF) and trigger system made of scintillator counters, and converters
made of thin iron plates for the reconstruction of the star-shaped annihilation signature of
the anti-neutron. No neutron signal was required to avoid its low detection efficiency. A
detailed overview of the FENICE detector is given in reference [25].

The reconstruction of the signal process heavily relies on the ToF system, since the
flight time of the anti-neutron is fixed by the two-particle final state kinematics and clearly
differs in comparison to photons. Over all

√
s a total sum of 74 signal events has been

reconstructed. The integrated luminosity was measured with Bhabha scattering events
(e+e− → e+e−). While the integrated Born cross section σnn̄

B and the effective form factor
|Gn| have been derived, the determination of the separated FFs from angular distribution
of the signal process was not possible due to the low statistics. Instead, the magnetic
form factor has been calculated under two hypotheses: (i) |Gn

E| = |Gn
M| and (ii) |Gn

E| = 0.
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A visual inspection of the FENICE data angular distribution shows a preference for the
second case (ii). The results for |Gn

M| (under the hypothesis |Gn
E| = 0) from the FENICE

experiment are shown in Figure 3a, the extracted effective FF is shown as green triangles in
Figure 2.
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Figure 3. (a) Results for the magnetic form factor |Gn
M| of the neutron from the FENICE exper-

iment [21] under the hypothesis |Gn
E| = 0 with respect to the CM energy

√
s = q. The green

downward triangles are experimental data. The red dashed line indicates the production threshold
for the process e+e− → nn̄ at 2mn. (b) Results for the fraction of the Born cross sections σ

pp̄
B /σnn̄

B
neglecting the Coulomb enhancement factor. Green upward triangles are data from FENICE. The
fine red dashed line and the coarse grey dashed line indicate the predicions from [26,27], respectively.
The total uncertainty of all data are determined as the quadratic sum of statistical and systematic
errors, corresponding to a 68.3% confidence level of a normal distribution.

2.3. The SND Experiment

The SND collaboration [28] at the VEPP-2000 e+e− collider in Novosibirsk, Russia,
produced a set of high accuracy results on the TL neutron structure from the process
e+e− → nn̄ with a total integrated luminosity of ∼10 pb−1. Published in 2014 [23], results
on σnn̄

B and |Gn| are shown at 11 energy scan data points close to the production threshold
between

√
s = 1.88 and 2.0 GeV. The data have been reconstructed with the non-magnetic

SND detector. SND is a general purpose detector primarily designed to measure the
hadronic cross section for an energy range between

√
s = 0.3 and 2.0 GeV. It is built from a

tracking system consisting of a drift chamber and aerogel counters, Cherenkov counters
and a muon detector. Its main component is a three-layer spherical NaI(Tl) electromagnetic
calorimeter (EMC).

The reconstruction of the signal utilizes the characteristical unbalanced energy deposi-
tion from the neutron and anti-neutron in the EMC, respectively, and the non-zero event
momentum. Cosmic rays background is significantly reduced with the moun detection
system and the penetration depth within the EMC. Beam-related and physical background
events are rejected with the EMC. The reconstructed events still contain a large fraction
of cosmic ray background and other physical background like e+e− → pp̄. Physical back-
ground from the pp̄ final state is considered with a dedicated measurement of such and
taken into account when deriving the number of signal events, while other processes are
considered within the systematics uncertainty. The precision of the results is given as∼25%
and 17% from statistics and systematic effects, respectively. The results for σnn̄

B are shown
as orange triangles in Figure 2a. With the collected statistics, a meaningful determination
of the separated FFs or their ratio |Gn

E|/|Gn
M| was not possible, as stated by the authors.
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2.4. The BESIII Experiment

The most recent measurement of the TL neutron FFs has been performed using the
BESIII experiment [29] at the BEPCII e+e− collider located in Beijing, China. It utilizes the
same process as all former experiments, but greatly exceeds the previously accumulated
luminosity and energy range of the data available for analysis. A data set with a total
integrated luminosity of 647.9 pb−1 at 18 energies between

√
s = 2.0 and 3.08 GeV was

used to determine σnn̄
B and |Gn|. The results were published in 2021 [24] and represent the

most precise and extensive measurement up to date. The signal process e+e− → nn̄ has
been reconstructed with the multipurpose BESIII detector, which contains an inner tracking
system and a solenoid magnet providing a 1 T field for the reconstruction of momenta
and trajectories of charged particles, a ToF detector build from plastic scintillator bars
to measure the flight time of charged particles from the e+e− interaction point, an EMC
build from CsI(Tl) crystals for the measurement of energy deposition, and a layered muon
detection system (MUC) for identification of muons and rejection of cosmic rays.

The signal reconstruction employs a unique way to classify pre-selected events with
pure neutral final states. The detection of two stable neutral hadrons in the final state is
extremely challenging. Events are sorted with respect to their interaction with the ToF
and EMC. Three categories of events are defined, using the interaction of the neutron and
anti-neutron, respectively, either in the ToF and/or the EMC. This approach guarantees
the highest possible accumulation of reconstructed signal events and at the same time
provides a cross-check of the individual selection strategies. Since the three classes of signal
events are statistically independent, an error weighted combination greatly improves the
statistical accuracy of the results. The data are not free of background, therefore the amount
and distributions of the signal and background are investigated with dedicated Monte
Carlo simulations that mimic the detector responses from the corresponding processes.
Machine related and cosmic rays events, as well as background from the Toushek effect are
studied from two data samples, which have been collected while the electron and positron
beams have been tuned out of collision mode.

The precision of σnn̄
B is greatly improved when compared to previous measurements.

The accuracy of σnn̄
B ranges between ∼4–40% and ∼6–16% from statistics and systematic

effects, respectively. The results from BESIII on σnn̄
B and |Gn| are shown as black dots in

Figure 2.

3. Results

Figure 2a,b show the results on the Born cross section σnn̄
B and the effective form factor

|Gn| , respectively. Old measurements from DM2 and FENICE are available at only few
energies, while SND measured from the nn̄ threshold to 2.0 GeV, and BESIII provides
a wide coverage between

√
s = 2.0 and 3.08 GeV. The data from DM2 and FENICE

show large uncertainties due to very low statistics. The results from SND-with an energy
weighted average of 0.85 nb-are in agreement with the previous measurement from DM2
and FENICE. In later conference proceedings, i.e., in [30] (page 3, 2nd last paragraph), the
authors from the SND publication note that the detection efficiency and the background
study were found to contain problems and therefore the data will be re-analysed for a future
publication. The shown results from [23] most likely underestimate various background
sources and are considered as systematically overestimated. The results from BESIII, while
the most precise, are systematically below all previous measurements, yet still within two
standard deviations when the individual uncertainties are taken into account.



Symmetry 2022, 14, 298 7 of 12

The only published data on the separated magnetic form factor of the neutron Gn
M

for q2 > 0 are from the FENICE experiment, as shown in Figure 3a. The extraction of
these results was not assumption-free, but used the hypothesis of Gn

E = 0. This conclusion
has been made by a visual inspection of the polar angle distribution from all collected
signal events-in total 74-between

√
s = 1.90 and 2.44 GeV. In case of the proton it has been

shown, that ratio of the moduli between the electric and magnetic form factors |Gp
E|/|G

p
M|

changes within this energy region [9], therefore-and in case that the neutron shows a
similar behavior-an average over this energy region could hide a change of the polar angle
distributions at different

√
s values leading to a wrong assumption of Gn

E = 0.
The FENICE experiment measured additionally to the neutron channel the corre-

sponding annihilation process with the proton in the final state e+e− → pp̄ with the same
data set. Utilizing these results and neglecting the Coulomb enhancement factor in case
of the proton, the ratio of the Born cross sections σ

pp̄
B /σnn̄

B was calculated, as shown in
Figure 3b. The surprising result indicates a stronger coupling of the virtual photon γ∗(q2)
with the neutron, than with the proton, in contradiction to most theoretical predictions. As
an example, the FENICE results on σ

pp̄
B /σnn̄

B are compared with the naive quark model [26],
shown as the red fine dashed line, and with a pQCD based model [27], indicated as the
gray coarse dashed line. Also at the BESIII experiment the same data set was used to
measure the processes e+e− → nn̄ and e+e− → pp̄ [9]. A test on the Born cross sections
ratio σ

pp̄
B /σnn̄

B and comparison to the surprising outcome from the FENICE experiment
was made, as shown as black dots in Figure 3b. Similar to the approach at FENICE, the
Coulomb enhancement factor in case of the proton is neglected. The BESIII results disagree
with the older FENICE measurement, showing σ

pp̄
B /σnn̄

B > 1 as predicted from theory.
An interesting behavior in the effective form factor of the proton |Gp| has been ob-

served by the BaBar experiment [31] and confirmed by a recent BESIII measurement [10].
The proton data Figure 4a shows an oscillation around a modified dipole behavior, which
is parametrized with GD(q2)

Gosc(q2) = |Gp| − GD, GD(q2) =
An(

1− q2

0.71(GeV2)

)2(
1 + q2

m2
a

) . (3)

with a normalization factor An and a pole parameter m2
a. Authors in [32] proposed to

employ an oscillation and an additional damping to reproduce this behaviour using
the function

Fosc = Aexp(−Bp) cos(Cp + D), p ≡
√

E2 −m2
p, E ≡ q2

2mp
−mp (4)

with a normalization A, an inverse oscillation damping parameter B, a momentum fre-
quency C, a phase D and the proton mass and relative momentum mp and p, respectively.
BESIII found a similar effect in the neutron data, as shown as black dots in Figure 4b.
Furthermore, the authors perform a simultaneous fit to the nucleon data using a common
momentum frequency parameter C for both data sets. This approach can describe the
proton and neutron data at the same time and hints that the observed oscillation could
have a common reason. Further investigations of this effect could help to establish a global
nucleon description.
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Figure 4. (a) Deviation of the effective form factor of the proton |Gp| from the modified dipole law
GD(q2) with respect to the relative momentum of the proton, measured by the BaBar [31] and BESIII
experiments [9,10]. The plot is taken from [33]. (b) Deviation of the nucleon effective form factor from
the dipole law GD(q2) with respect to the center-of-mass energy

√
s. Results for the neutron measured

by the BESIII experiment [24] are shown as black circles, results for the proton from the BABAR
experiment [31] are represented by the blue downward triangles. The coarse dashed orange line
and fine dashed blue line show a simultaneous fit to the data. The plot is taken from [24]. The total
uncertainty of all data in plot (a,b) is determined as the quadratic sum of statistical and systematic
errors, corresponding to a 68.3% confidence level of a normal distribution.

4. Discussion and Prospects

With the accumulation of data and improved detection technology, impressive progress
on the experimental determination of the em FFs of the neutron in TL domain has been
made over the last thirty years. After the first attempt of the DM2 experiment, FENICE has
successfully reconstructed signal events from the process e+e− → nn̄ at six energy points
with

√
s ranging from 1.90 to 2.44 GeV with a total of 74± 14 with an integrated luminosity

of 0.36 pb−1. The SND experiment recorded already hundreds of signal events with an
integrated luminosity of 10 pb−1 from nn̄ threshold up to 2 GeV. At BESIII, with an inte-
grated luminosity of 647.9 pb−1, the accumulated number of signal events of e+e− → nn̄ is
around ∼2300 at 18 energy points covering a wide

√
s range between 2.0 and 3.08 GeV.

The high precision measurement of the TL EM FFs of the neutron has been discussed
by theory. Even before publication, the preprint version of the BESIII results [34] has
been utilized together with not yet published data from SND and the high precission
measurement of the TL EM FFs of the proton at BESIII [9] using a dispersion theoretical
approach to describe the EM structure of the nucleon in a global view [35]. Together with
experimental results from the SL region, the fitting approach based on dispersion theory
can consistently describe the data for the proton and neutron structure for a wide positive
and negative q2, as shown in Figure 5. Additionally, the oscillating structures in the TL
neutron and proton effective FFs are reproduced.

Three noteworthy results from the experimental measurements of the process e+e− →
nn̄ are discussed in the following. The first one is an unexpectedly large Born cross section
for the neutron channel σnn̄

B above
√

s = 2 GeV, observed by FENICE [15], and confirmed
by SND [23]. The surprising large result has been drawing a lot of theoretical discussions
since then. As in a perturbative QCD prediction from [26] the ratio for e+e− → pp̄ over
e+e− → nn̄ should be proportional to the electric charges of the primary qq̄ pairs, by
following this approach one would expect for this fraction of cross sections a value of 4.
While the most probable reason for the unexpectedly large cross section measured by
FENICE and SND is a low statistics and analysis problems, as described before, several
theoretical approaches have been given to resolve puzzle. A possible explanation is given
in reference [33,36], where the reaction e+e− → NN̄ is interpretated as a two-step processes
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via an intermediate coherent isovector state. In reference [36], the overall ratio of isospin-
triplet and isospin singlet is given. In Ref. [33], a partial wave analysis is performed taking
into account the two vector mesons ω(1930) and ρ(2000). Using different states of the
vector mesons, the model predicts various outcomes for the form factor ratio. The most
recent experimental measurements from SND [30] and BESIII [24] seem to resolve this
question with a significantly smaller σnn̄

B than σ
pp̄
B for

√
s larger than 2 GeV. The dispersion

theoretical fit from [35] predicts an effective FFs ratio |Gp|/|Gn| larger than one, which is
equivalent to σ

pp̄
B /σnn̄

B > 1, in agreement with the BESIII measurement [24] as well as with
the theoretical predictions from the naive quark model [26]. However, more results are
needed, especially for separated FFs |GE| and |GM|, to confirm the experimental situation
and to obtain enough input for precise theoretical descriptions to finally resolve this puzzle.

(a)

|G
n
|

q2

(b)

|G
p
|

q2

(c)

µ
pG

p E
/

G
p M

−q2

(d)

|G
p E
|/
|G

p M
|

q2

Figure 5. Global fit to the SL and TL data for the em FFs of the nucleon. (a) Effective FF of the neutron
|Gn|, (b) effective FF of the proton |Gp|, (c) the SL em FFs ratio of the proton µpGp

E/Gp
M, and (d) the

TL EM FFs ratio of the proton |Gp
E|/|G

p
M| with respect to q2. The filled data are used for the fit, while

the open data are shown only for comparison. A full list of the references for the used experimental
data, as well as the details of the fit can be found in the corresponding reference. The plots are taken
from [35].

The second surprising result is the non-zero cross section of e+e− → nn̄ near threshold
at
√

s = 1.9 GeV observed by SND. It is unexpected, since according to theoretical predic-
tions the production cross section for neutral baryon pairs at threshold should be zero due
to phase space limitation. Unlike the situation for neutral baryons, the production cross
section of charged baryon pairs at threshold can be non-zero with a cancelation of the phase
space from a Coulomb enhencement factor. The plateau distribution is also considered
as an abnormal threshold effect. The physics scenarios under the threshold effects can
be interpreted from the contribution of a meson-resonance [33,37], a baryon-antibaryon
bound state near threshold [38], or more corrections on the pQCD prediction [39] etc.
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The third surprising result comes from the most precise measurements by BESIII,
where an oscillation behavior is observed for the neutron effective FF |Gn| after subtraction
of the well-established dipole function, denoted as residue FF. Following a kinematic
approach it is found that the damping factors of the oscillation are the same for proton and
neutron while their phases are almost orthogonal. This result implies that there are some
intrinsic dynamics not yet understood that are responsible for these unexpected oscillations.
Various theoretical interpretations have been performed to reveal the origin the oscillation
feature [35,40,41]. Possible explanations are interference effects from final state re-scattering,
or contribution due to a resonant structure. A recent paper [37] discussed the residue FF
in terms of contributions from the finite width of vector mesons, i.e., ρ(1900), φ(2170)
and X(2400), and can describe BESIII data well. Figure 6 show the fit of Breit-Wigner
distribution and Gaussian function, as well as the original damping oscillation function for
the residue FF lineshape.

(a) (b)

Figure 6. Fit with Breit-Wigner distribution and Gaussian distribution to the three local structures in
the residule FFs of the (a) proton and (b) neutron. The fitting results include the original damping
oscillation function for the residue FF lineshape. The plots are taken from [37].

The separated em FFs and their ratio |Gn
E|/|Gn

M| can only be obtained by analyzing
the angular distribution of the final state neutrons, thus more statistics are needed to
disentangle the electromagnetic FFs. Further analysis of the BESIII data used for the study
in [24] is foreseen to disentangle the electromagnetic FFs for the first time without employ-
ing assumptions, as before by the FENICE experiment. Moreover, the proposed Super
tau-charm factory projects in China [42] and Russia [43], with an integrated luminosity two
magnitudes higher than that of BEPCII, show great potential to reach high precision in the
measurement of the cross section for e+e− → nn̄ and the |Gn

E|/|Gn
M| ratio.
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