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Based on the experimental measurements of the electron-positron annihilation reactions into a
baryon (B) and anti-baryon (B) pair, the electromagnetic form factors of hyperons in the time-like
region can be investigated within the vector meson dominance model. The theoretical model
parameters are determined by fitting them to the total cross sections of the process e*e™ — BB,
and it is found that the current experimental data on the baryon electromagnetic form factors in the
time-like region can be well reproduced. In addition to the total cross sections, the electromagnetic
form factors Gg and Gy, and the charge radii of those baryons are also estimated, which are
in agreement with the experimental data. On the other hand, we have also investigated the
nonmonotonic behavior of the time-like baryon electromagnetic form factors, and it is found that
the previously proposed periodic behaviour of the nucleon time-like electromagnetic form factor
is not confirmed. However, we do observe the nonmonotonic structures in the line shape of the
baryon effective form factors or the ratio |Gg /G| for the charmed baryon A}. These features
can be naturally explained by incorporating contributions from excited vector states. More precise
measurements of the e*e~ — BB reaction offer a valuable opportunity to probe the properties of
excited vector states, which are at present poorly known. Additionally, comprehensive theoretical
and experimental studies of baryon timelike electromagnetic form factors can provide critical

insights into the underlying mechanisms of electron-positron annihilation processes.
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1. Introduction

In classical quark models, baryons are composite particles consisting of three valence quarks
(qqq) and a neutral sea of strong interaction. Because of the non-perturbative nature of strong
interaction in the energy regime of the low-lying baryons, an exact theoretical description of
baryon internal structure has not been achieved within the framework of quantum chromodynam-
ics theory. The baryon electromagnetic structure can be described by the electromagnetic form
factors (EMFFs), which depend on the squared four-momentum (g?) of coupled virtual photon.
Investigating the EMFFs of baryons is essential for gaining deeper insight into their fundamental
structure [1, 2]. In the space-like region (q2 < 0), the EMFFs are real and they can be measured,
in general, from e~ B — e~ B elastic scattering. The measurements of space-like region EMFFs
of proton can be done in elastic as well as inelastic ep scattering. However, for other unstable
baryons, since their lifetimes are so short and thus they can not used as target, measuring their
EMEFFs at the space-like region is very challenging. Instead, the electron-position annihilation pro-
cess, ete™ — BB allows us to study the baryon EMFFs at the time-like region. At a fixed-energy
of e*e™ collision, the baryon EMFFs in the time-like region were extracted from the data on the
differential cross section of the process ete~ — BB. Consequently, a new era has begun with the
introduction of electron-positron annihilation reactions [3, 4], where a baryon-antibaryon pair is
formed by a virtual photon . Indeed, on the experimental side, significant progress has been made
in measuring baryon EMFFs in time-like region [5—13].

On the theoretical side, the vector meson dominance (VMD) model is a successful approach
for studying the baryon EMFFs, in both space-like and time-like regions [14—16]. In the studying
baryon electromagnetic form factors with the VMD model, there is a phenomenological intrinsic
form factor g(g?), which is a characteristic of valence quark structure. From these investigations
of the nucleon and hyperon EMFFs [14—17], it is found that a better choice of g(g?) is the dipole
form, g(g%) = 1/(1 - ypq*)?
very good flat to study the excited vector mesons that couples to the BB channel [18-22].

, with yp a free model parameter. And, the e*e™ — BB reaction is a

In this study, we investigate the time-like electromagnetic form factors for nucleon, A, X, E,
and A}, using the extended vector meson dominance model.

2. Theoretical framework

Based on parity conservation and Lorentz invariance, the electromagnetic current of the baryons
with a spin of 1/2 can be characterized by two independent scalar functions F;(g?) and F»(g?)
depending on ¢2, which are the Dirac and Pauli form factors, respectively. Then the corresponding
electric and magnetic form factors G (¢?) and G ;(¢?) are written as [2],

Ge(q?) = Fi(¢) +TF(q%),  Gu(¢h) = Fi(q®) + Fa(¢%), (1)

where M is the baryon mass and 7 = ¢%/(4M?). With Gg(g?) and G (g?), the effective form
factor |Geg(g?)| is defined as

271G m(q?)* + |G E(g?)|?
|Geﬁ(q2)|:\/ Gu ()P +IGe(@)P
1+27

2

'We have assumed that the one-photon exchange is dominant.
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The module squared of effective form factor |Geg|? is a linear combination of |G g|* and |G|,
and proportional to the total cross section of e*e™ — BB reaction. It also indicates how much the
experimental e*e~ — BB cross section differs from a point-like baryon B.

B
Figure 1: The Feynman diagram of e*e™ — BB in the VMD model.

The effective form factor |G.g| can be extracted from the Born cross section of e*e™ — BB
reaction, which represents the dependence of effective coupling strength of the photon-baryon
interaction vertex y*BB. In the VMD model, the virtual photon coupling to baryons is through
the intermediate vector mesons, as shown in Fig. 1, where V stands the vector mesons that have
significant couplings to the final states BB. Thus the Dirac and Pauli form factors are parameterized
as follows:

Fi(q®) = ¢(¢%) (f1 + D BiBr, |, Falq®) = 8(q) (szR1 + > aiBg, |, (3)
i=1 i=2
with
M n
Bg, = — 2Ri_ s Ji=Cg—PB1—B2— B3~ PBa f2=,UB—CB—Za/i, 4
MRi —q° = iMg,I'g, i=2

where Mpg, and I'g, are the mass and width of the excited vector state R;. And, Cp = 1 or O for
charged 1 or neutral baryon, respectively. up is the value of baryon magnetic moment in natural
unit, i.e., g = ¢/(2Mp). The B; and «; are theoretical model parameters, which are fitted to the
experimental data on the e*e™ — BB reaction.

3. Numerical results and discussions

3.1 Theete™ — NN reaction

We show firstly the theoretical numerical results for the effective form factors of proton and
neutron in Fig. 2, comparing with the experimental data. The theoretical error bands are obtained
with the uncertainties of fitted parameters. It is found that both proton and neutron effective form
factors can be well reproduced including the contributions from the excited p(2D), w(3D), and
w(5S8) states [20]. 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
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are taken into account. The numerical results show that the so-called periodic behaviour 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.
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Figure 2: The fitted results of the effective form factors for proton (left) and neutron (right), comparing with
experimental data taken from: BABAR [23], BESIII 2015 [24], BESIII 2019 [25], BESIII 2020 [26], BESIIL
2021 [27] for proton, CMD?3 [28], BESIII 2021 [29] for neutron, SND 2014 [30], SND 2022 [31], and SND

2023 [32].

3.2 The ete” — AA reaction
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Figure 3: The total cross section of efe™ — AA reaction compared with the experimental data measured
by BABAR collaboration [5] and BESIII collaboration [6, 7].

The new experimental measurements of the BESIII collaboration [6, 7] indicates there is a
large threshold enhancement for the e*e~ — AA reaction. The observed value close to the reaction
threshold is larger than the previous theoretical predictions. In Fig. 3, the theoretical fitted results
of the e*e™ — AA total cross sections in the energy range from the reaction threshold to /s = 3.1
GeV are shown and compared to experimental data taken from Refs. [6, 7]. One can see that the
near threshold enhancement structure is fairly well reproduced thanks to a significant contribution
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from a very narrow vector meson X (2232) with a mass of about 2231.8 MeV, and it has significant
couplings to the AA channel. The narrow peak of this state is clearly seen. This solves the problem
that all previous calculations seriously underestimate the near-threshold total cross section of the
e*e™ — AA reaction. However, the width of the state cannot be well determined through the VMD
model by fitting the current experimental data [33].

4. The ete” — XX reaction

In Fig. 4 we show the theoretical results of the effective form factors of the X+, >0, and =".
The red, blue, and green curves stand for the results for X%, >0 and -, respectively. The band
accounts for the corresponding 68% confidence-level interval deduced from the distributions of
the fitted parameters [34]. The experimental data from BESIII [9, 11], Belle [12], and BABAR
Collaboration [5] are also shown for comparison. One can see that, with the same model parameters,
we can describe these data on the effective form factors of =+, % and X~ quite well. The resulting
ratios of total cross sections of these above three reactions are 9.7 + 1.3 : 1: 3.3 + 0.7 [9], which
disagree with various theoretical model predictions, can be also naturally explained here.
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Figure 4: The obtained effective form factors of £+, 30 and -, compared with the experimental data.

5. The e*e~ — E= reaction

For the case of 2~ and E° effective form factors, the numerical results are shown in Fig. 5,
where the red curve stands for the results of Z°, while the green curve is the fitted results for 2. We
also show the statistical error bands for the fitted results. Again, one can see that the experimental
data on the effective form factors of £~ and Z° can be well reproduced. It is worth mentioning
that the two resonances V; and V, are crucial to describe the experimental data, and without their
contributions, we cannot get a good fit for the experimental data (see more details in Ref. [34]).
Their masses and widths are: My, = 2.742 GeV, I'y, = 71 MeV, My, = 2.993 GeV, and I'y, = 88
MeV. It is expected that new precise experimental data at BESIII [35] can be used to further study
their properties. Especially, more data points around the V| peak are crucial to check the importance
of the new vector state V.
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Figure 5: The obtained 2~ and Z° effective form factors compared with the experimental data.

6. The ete” — AFA_ reaction

In Fig. 6, the fitted results for the total cross sections of ete™ — A}A_ reaction and the
ratio |G g /G| are shown and compared with the experimental data. Note that the Belle Collab-
oration data were not taken into account in the y? fit. One can see that, within the VMD model
and by considering the contributions from i (4500), ¥ (4660), ¥ (4790), and ¥ (4900), the total
cross sections of e*e~™ — AFAZ reaction can be well described in the considered energy regions
4.57 GeV < /s < 4.96 GeV. Although the structure of ¢ (4660) is not significant, the contribution
from it is essential [21, 22]. Similarly, in the higher energy region, the cross sections from 4.74 GeV
to 4.79 GeV shows a plateau with an approximate width of 50 MeV, attributed to the two states of
W (4660) and v (4790). Moreover, the ¥ (4900) state is needed to explain the small bump structure
around 4.92 GeV.

It is found that the obtained |G /G| are in good agreement with experimental data. The
non-monotonic structures (or the so-called oscillating behavior as in Ref. [37]) shown in the line
shape of the ratio |Gg /G| can be naturally explained by including the contributions from the
charmonium states. And the (4900) state is crucial to reproduce the experimental measurements
onthe ete™ — AYA_ reaction, even there are a few data points in the energy regions from 4.85 GeV
to 4.96 GeV. It is expected that more experimental measurements around 4.9 GeV can be used to
further study the possible ¢ (4900) state [39].

7. Summary and conclusions

In this study, the baryon electromagnetic form factors in the time-like region were investigated
within the extended vector meson dominance model. In addition to these contributions from ground
vector mesons, we introduce also excited vector states. The model parameters are determined by
fitting them to the experimental data on the ete~ — BB reaction. Using the fitted theoretical
parameters, the effective form factor can be calculated, and it is found that the theoretical results
are also consistent with the experimental data. Moreover, we conclude that the non-monotonic
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Figure 6: The obtained total cross sections (left) and ratio |G /G | compared with the experiment data

taken from BESIII 2018 [36], BESIII 2023 [37], and Belle 2008 [38].

structures observed in the line shape of the ete™ — BB total cross sections can be naturally
explained within the vector meson dominance model. Additionally, the e*e™ — BB reactions can
be used to study the excited vector states, especially for those exotic states that couple strongly to
the BB channels.
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