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Abstract: Electromagnetic form factors (EMFFs) are fundamental observable of baryons that in-
timately related to their internal structure and dynamics, where the EMFFs of hyperons provide
valuable insight into the behavior of the strangeness. The EMFFs of hyperons can also help to
understand those of nucleons as they are connected with the flavor SU(3) symmetry. The EMFFs of
nucleons can be measured in both spacelike and timelike regions. However, it is difficult to probe
the EMFFs of hyperons in spacelike region due to the unstable nature of hyperons. By means of
electron-positron annihilation, the EMFFs of hyperons in timelike region is accessible via the produc-
tion of hyperon-antihyperon pair. The timelike EMFFs of the isospin triplet Σ hyperons measured at
Babar, CLEO-c and BESIII experiments are reviewed in this paper. Besides, the relevant theoretical
discussion based on the experimental results are also presented.

Keywords: hyperon structure; form factors; production threshold; annihilation; hyperon

1. Introduction

In the mid-nineteenth century, nucleons, which make up a large portion of the observ-
able matter in the universe, were discovered to be non-pointlike particles. Despite a century
of intensive investigation, numerous characteristics of the nucleons remain unsolved, such
as their size, spin, and intrinsic structure [1]. In particle physics, the concept of symmetry
is a powerful tool to reveal the nature of particles, as it can help one to understand the
unknown parts with known ones. In the study of baryons, the concept is also adopted
since they are connected by the flavor SU(3) symmetry. One way of probing the inner
structure of nucleons is to further extend our knowledge by studying the SU(3) baryon
octet partners, often known as hyperons. Electromagnetic form factors (EMFFs), electric
(GE) and magnetic (GM) of hadrons are essential physical quantities for exploring the
internal structure of hadrons and probing the strong interaction in the perturbative and
non-perturbative regimes [2–5]. These observables are assumed to be analytic functions of
square momentum transfer, s = q2, of the virtual photon, and at large momentum transfer
s, it provides a valuable insight into their quark-gluon structure.

Investigation on nucleon form factors (FFs), particularly effective form factors (EFFs),
has been widely explored in both timelike (s > 0) [6–17] and spacelike (s < 0) [18–22]
regions in recent decades, for example, in the electron-hadron elastic scattering, e+e−

annihilation reactions. As a result, our understanding on the EMFFs of nucleon has
significantly improved. Further insight into the structure of nucleons can also be gained
with their SU(3) partners, for example by studying Σ hyperons which contain one strange
quark [23–25]. Unlike nucleons, it is rather hard to investigate the cross sections and EMFFs
of Σ hyperons in spacelike region, since hyperons are unstable and cannot be targeted.
Instead, e+e− annihilation into a ΣΣ̄ pair provides a unique opportunity to explore the
electromagnetic (EM) feature of Σ hyperons in the timelike region. Thus, the timelike FFs
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appear to be a diagnostic tool to explore the hyperon structure at the production threshold
and in the high-s region, where pQCD effects are likely to predominate.

Various experimental and theoretical efforts demonstrate that hyperon studies have
advantages over nucleon studies, particularly the self-analyzing nature of hyperon’s weak
decay, which can be exploited to determine the polarization and spin-correlation param-
eters for e+e− → ΣΣ̄ processes. Those observables can be used to figure out not only
bulk properties such as the production cross section and EMFFs, but also the magnitude
and relative phase between the GE(s) and GM(s) FFs. As basic quantities of the strong
interaction, the EMFFs of hyperon can be predicated using the chiral perturbation the-
ory (ChPT) [26,27], lattice QCD [28], light cone sum rule (LCSR) [29], and unitary and
analytic models [3]. The vector meson dominance (VMD) model is now a very success-
ful technique, since it can concurrently characterize EFFs and the ratio |GE(s)/GM(s)|
of Σ hyperon. In addition, EMFFs were also parameterized using a pQCD [30] inspired
model. The interest is further enhanced by measuring the FFs of Σ hyperon at large-s as it
provides a sensitive look into possible short-range correlation among the quarks. In the
referenced paper [31–33], Jaffe and Wilczek have emphasized the various characteristics
of diquark correlations in low-energy QCD dynamics. They claim that the difference in
the non-strange quark configuration between the Λ and Σ isospin triplets makes them a
perfect test-bed to study the diquark correlations.

In this review, we mainly focus on the reactions involving Σ hyperon-antihyperon pair
production final states. The structure of the review is organized as follows. The underlying
formalism of the Σ hyperon form factor is described in Section 2. The experimental
techniques as well as existing data associated with the Σ hyperon EMFFs are discussed in
Section 3. The theoretical efforts involved in interpreting those hyperon EMFFs results are
described in Section 4. A summary and prospects are presented in Section 5.

2. Formalism for e+e−→ ΣΣ̄

The Born cross section of the e+e− → BB̄ process is formularized in Ref. [34], where B
is a spin-1/2 baryon. Assuming one-photon exchange, the differential cross section of the
Σ hyperon pairs production can be parameterized in terms of EMFFs, GE and GM, as

dσΣΣ̄(s)
dΩ

=
α2βC

4s

[
|GM(s)|2

(
1 + cos2 θ

)
+

2m2
Σ

s
|GE(s)|2 sin2 θ

]
. (1)

Integration over angular terms in Equation (1) gives the total cross section of the
reaction e+e− → ΣΣ̄ as

σB
e+e−→ΣΣ̄(s) =

4πα2βC
3s

[
|GM(s)|2 +

2m2
Σ

s
|GE(s)|2

]
, (2)

where α is the fine-structure constant, s is the square momentum transfer, which is equal to

the square of center-of-mass (c.m.) energy, β =
√

1− 4m2
Σ/s is the velocity of the Σ hyperon,

mΣ is the Σ mass, θ is the polar angle of the outgoing Σ hyperon in the e+e− c.m. frame,
and C is the coulomb enhancement factor. The factor C is equal to unity for the neutral
Σ hyperon pair and C = ζ/(1 − e−ζ) with ζ = πα

√
1− β2/β for charged Σ hyperon

pairs [35,36]. From Equation (2), one can expect that the cross section of e+e− → ΣΣ̄
is nonzero at the production threshold for charged hyperon pairs and then grows with
increasing β, while it should disappear at the threshold for neutral hyperon pairs.

The magnitude of the effective form factor |Geff| can be defined by the combination of
|GE(s)| and |GM(s)| [13] as:

|Geff(s)| =

√√√√√ |GM(s)|2 + 2m2
Σ

s |GE(s)|2

1 + 2m2
Σ

s

=

√√√√√ σB
e+e−→ΣΣ̄(s)

4πα2βC
3s

(
1 + 2m2

Σ
s

) . (3)
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3. Experiment Results

3.1. e+e− → γISRΣ0Σ̄0 at BaBar

Initial-state-radiation (ISR) technique can be effectively exploited to study physics in
e+e− annihilation at high luminosity experiments, such as the B-factory at PEP-II. Under
the ISR program at BaBar, the cross section measurement for the e+e− → Σ0Σ̄0 reaction has
been performed by means of the ISR technique [13] from threshold to 3.000 GeV . A full
reconstruction method has been employed for selecting the e+e− → Σ0Σ̄0 → γγpp̄π+π−

signal events. The Σ0(Σ̄0) particle is reconstructed from γΛ decay mode with Λ→ pπ. The
cross section for the reaction e+e− → Σ0Σ̄0 is then computed in Σ0Σ̄0 mass spectrum and
identified about 10 events in the region of 2.385 to 2.600 GeV . From the dihyperon mass
spectrum MΣ0Σ̄0 , BaBar reported the corresponding effective form factor of Σ0 hyperon and
compared it with other dibaryon pairs as shown in Figure 1. The non-zero cross section
of e+e− → Σ0Σ̄0 reaction near threshold gives a clear sign of the role of Coulomb factor
for pairs of neutral hyperons. However, large uncertainties due to small statistics make it
difficult to interpret these findings in terms of pQCD.
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Figure 1. Comparison of effective form factor of Σ0 to those of other hyperons [13].

3.2. e+e− → ΣΣ̄ at CLEO-c

As reviewed in previous Section 3.1, the cross section of e+e− annihilation into hy-
peron pairs is predicted to be very small, and only two experimental results of FFs for Λ, Σ0

hyperons exist in the literature with limited statistics. Using e+e− annihilation data taken at
the CESR collider with the CLEO-c detector, the world’s first measurements of the form fac-
tors of hyperons with one or multi-strange quark composition, Λ, Σ0, Σ+, Ξ0, Ξ−, and Ω−

at s = 14.2 and 17.4 GeV2 were documented in Ref. [37], and the latter with substantially
improved precision, presented in Ref. [38]. The analysis is based on the data collected at
charmonium resonances such as ψ(2S), s = 13.7 GeV2, ψ(3770), s = 14.2 GeV2, ψ(4170),
s = 17.4 GeV2, with integrated luminosities of L = 48 pb−1, 805 pb−1, 586 pb−1, respec-
tively. Due to topic limitation, we only emphasized the form factors of Σ hyperons. In
this analysis Σ hyperons are reconstructed by their major decay modes as reported by the
Particle Data Group (PDG) [39]: Σ+ → pπ0 (51.6%), Σ0 → γΛ (100%) with subsequent
decay Λ→ pπ− (63.9%). The charge conjugate modes of Σ are included by default.

The hadron pair production at s = 13.7 GeV2 is dominated by strong decay of the
ψ(2S) resonance with large cross sections. Consequently, the resulting pair production cross
sections are smaller by factors as large as several hundred. Unlike at ψ(2S), the resonance
production of hadron pairs at ψ(3770) and ψ(4170) is negligibly small as predicted by
pQCD and the non-resonance EM production of hadron pairs would dominate in this
region and can be used to measure the EMFFs. The expectation was well confirmed
by the measurements of the FFs of pion, kaon, and proton at ψ(3770) and ψ(4170) [40].
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Despite this fact, the contributions of resonance decay to hyperon-antihyperon pairs in this
measurement are negligibly small at ψ(3770) and ψ(4170), and the observed events can be
safely attributed to EM production, i.e., e+e− → γ∗ → BB̄. Thus, at ψ(3770) and ψ(4170)
pair production is entirely EM, thereby the measured cross sections are smaller by orders
of magnitude [38]. The obtained cross section of Σ pairs for ψ(3770) data were σ(e+e− →
Σ0Σ̄0) = (0.48± 0.07± 0.02) pb and σ(e+e− → Σ+Σ̄−) = (1.02± 0.10± 0.04) pb. The
cross section results from ψ(4170) data were to be σ(e+e− → Σ0Σ̄0) = (0.09± 0.04±
0.02) pb and σ(e+e− → Σ+Σ̄−) = (0.23± 0.06± 0.04) pb. From these measurements,
the pair production cross section of Σ hyperon at ψ(4170) is smaller by a factor of 4 to 6
than that at ψ(3770), and the cross sections have much large relative uncertainties. The
dramatically changed in the cross sections are due to the fact that the quark counting rules
of QCD [41] and the energy dependence. The EM cross sections for baryons generally falls
as 1/s5, which would lead to a constant ratio, R = σ(3.77 GeV)/σ(4.17 GeV) = 2.74 for
all hyperons. In Figure 2a, the ratio varies substantially with the number ns of strange
quarks in the hyperon, being R(ns = 0 , proton) = 0.5, R

(
ns = 1, Λ, Σ0, Σ+

)
≈ 4, and

R
(
ns = 2, Ξ−, Ξ0) ≈ 10 [38].
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Figure 2. Comparison of baryons pair productions at ψ(3770) and ψ(4170). (a) The cross Section
ratios [38] differ from the theoretically predicated ratios of 1/s5, 2.74, and shows clear difference for
baryons containing different numbers of strange quarks. (b) The ratios of GM [38] also differ from
the prediction of 1/s2, 1.5.

The EM production data was analyzed in terms of the traditional electric GE(s) and
magnetic GM(s) FFs as a function of s, see in Equation (1). In analyses of data owing to
limited statistics, it is not possible to determine the ratio |GE(s)/GM(s)| of hyperons by ana-
lyzing the angular distribution of the cross sections, and data are often analyzed for two ex-
treme values, |GE(s)/GM(s)| = 0 and 1. The timelike form factors GM(s) with the assump-
tion GE(s) = 0 at s = 14.2 GeV2 were determined to be GΣ0

M (s) = (1.01± 0.07± 0.02)× 102

and GΣ+

M (s) = (1.47± 0.07± 0.03)× 102, and for data at s = 17.4 GeV2 to be GΣ0

M (s) =

(0.47± 0.09± 0.04)× 102 and GΣ+

M (s) = (0.75± 0.09± 0.06)× 102, respectively. The re-
sults corresponding to GE(s) = GM(s) assumption were between 8% and 18% smaller
than those obtained by GE(s) = 0 assumption [37,38]. The ratios of GM at ψ(3770)
and ψ(4170) are shown in Figure 2b deviated from constant ratio as predicted by QCD,
1/s2

ψ(3770) : 1/s2
ψ(4170) = 1.5 for baryon containing 0, 1 and 2 strange quarks. Another

important finding concerns the electromagnetic production cross section of Σ0, which is
significantly suppressed compared to those of Λ, and its explanation in terms of diquark cor-
relation. The ratios σ(Λ)/σ(Σ0) = 2.46± 0.46 at ψ(3770), and σ(Λ)/σ(Σ0) = 2.56± 1.40
at ψ(4170) were strong independent confirmation of diquark correlations in the structure
of Λ and Σ0 hyperons.

3.3. e+e− → ΣΣ̄ at BESIII

Recently, using scan energy data, the BESIII experiment investigated the e+e− →
Σ±Σ̄∓ and e+e− → Σ0Σ̄0 reactions from 2.3864 to 3.0200 GeV and determined the timelike
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EMFFs of Σ hyperon with very high precision [42,43]. The charged channels e+e− → Σ±Σ̄∓

were reconstructed for the first time in the continuum (off-resonance) region. Born cross
sections of Σ±Σ̄∓ pair productions, effective form factors |Geff| of Σ+ and Σ−, the ratios
of Σ+ electric and magnetic FFs |GE/GM|, were reported [42]. For c.m.energies near
threshold, a novel method was used to reconstruct the neutral channel e+e− → Σ0Σ̄0

whereas a single-hyperon-tag method was applied for c.m. energies between 2.5000 and
3.0200 GeV. Born cross sections are measured with significantly improved precision [43]
to those of BaBar [13]. In addition, the |Geff| of Σ0 was also reported. These findings
provide precise experimental input to test the several theoretical calculations and a deep
understanding of the Σ hyperons structure.

The precision has significantly improved in the analysis of the e+e− → Σ+Σ̄− reaction
by reconstructing all four dominated final states according to PDG [39], pπ0 p̄π0, nπ+ p̄π0,
pπ0n̄π− and nπ+n̄π−, respectively. The pπ0 p̄π0 and nπ+ p̄π0 final state topologies have
been classified as category A, and a single-tag baryon technique has been imposed to only
detect the Σ̄− → p̄π0 prong. Besides, the pπ0n̄π− and nπ+n̄π− final states are classified
as category B, and analyzed with one-particle missing technique [42]. The determined
cross sections for e+e− → Σ±Σ̄∓ reactions are shown in Figure 3 from 2.3864 to 3.0200 GeV.
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Figure 3. The cross section lineshapes for e+e− → Σ+Σ̄− reactions (circles) and e+e− → Σ−Σ̄+

(squares) [42]. The solid and dashed smooth lines are the pQCD fit for e+e− → Σ+Σ̄− and e+e− →
Σ−Σ̄+, respectively. The vertical lines denoted their production thresholds.

Near production threshold of Σ±Σ̄∓ pairs, the cross section were observed to be
(58.2± 5.9+2.8

−2.6) pb and (2.3± 0.5± 0.3) pb, which disagrees with the pointlike expectations
close to threshold of 848(mp/mB)

2 pb. The cross section lineshapes presented in Figure 3
for e+e− → Σ+Σ̄− and e+e− → Σ−Σ̄+ are well-described by pQCD-motivated functions.
The ratio of the σBorn(e+e− → Σ+Σ̄−) to σBorn(e+e− → Σ−Σ̄+) was found to be 9.7± 1.3,
which is inconsistent with predictions from several models [3,26,27,31–33,44,45]. The
EFF is proportional to the square root of the cross section, and the observed ratio of
|GΣ+

eff (s)|/|G
Σ−
eff (s)| was found to be consistent with 3, which is the ratio of the incoherent

sum of the squared charges of valence quarks in Σ+ and Σ− baryons, ∑q Q2
q, with q = u, d, s.

Furthermore, the EMFF ratio |GE(s)/GM(s)| of the Σ+ was reported through an angular
analysis at three high-statistics energy points, 2.3960, 2.6444, and 2.6464 GeV for e+e− →
Σ+Σ̄−. The study based on the polar angular distribution of Σ+, the ratio |GE(s)/GM(s)|
of the Σ+ baryon was determined to be|GE(s)/GM(s)| = 1.83± 0.26 near threshold as
shown in Figure 4, which is significantly higher than 1 [42]. The ratio |GE(s)/GM(s)| of
the Σ+ shows similar features to that of other baryons like proton [9,14,15], Λ [46,47], and
Λc [36], which are all bigger than 1 within uncertainties near production threshold and
consistent with 1 at higher-s.
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Figure 4. The polar angular distributions at c.m. energy 2.3960 GeV for (a) category A (b) category B
for e+e− → Σ+Σ̄− reaction. The dots with error bars are from data, solid curves are the fit results,
and the contributions from GE and GM are represented by dashed and dotted curves [42].

Further deep insight to Σ hyperon structure, the reaction channel e+e− → Σ0Σ̄0 was
investigated at

√
s = 2.3864 GeV and 2.3960 GeV . The signal were reconstructed with

the final state topology γγpp̄π+π−. Because of low momentum final state particles near
threshold and low photon detection efficiency from the signal, this would eventually
lead to a higher multiplicity of background photons. As a result, only soft pions and
the secondary products of antiproton interactions were reconstructed near production
threshold as method described in Refs. [46,47]. A single-tag baryon method was used
to reconstruct Σ0 in the γΛ decay mode with Λ → pπ− at higher c.m. energies from
2.5000 to 3.0200 GeV. The charge conjugation mode of Σ0-prong is implied by default in
the single-tag method.

Born cross sections and EFFs are presented in Figure 5. Since at 2.3864 GeV owing to
limited statistics thereby no significant signal was observed near threshold and an upper
limit (U.L.) on the observed cross section at the 90% C.L. was reported σU.L.(e+e− →
Σ0Σ̄0) < 42.4 pb. In conclusion, no threshold effect was seen for e+e− → Σ0Σ̄0 reaction,
as in common with the behavior observed in an earlier analysis of e+e− → Σ±Σ̄∓ [42].
From Figure 5, the cross section lineshape for e+e− → Σ0Σ̄0 is well described with a pQCD-
motivated function. Moreover, the significantly suppressed cross section of e+e− → Σ0Σ̄0

compared to those of e+e− → ΛΛ̄ could provide experimental input to test the diquark
correlation model. An asymmetry of the EFFs of Σ isospin triplet was observed, which is
consistent with their incoherent sum of squared charges of valence quarks [42].
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Figure 5. (a) Comparison plot of the cross sections for e+e− → Σ0Σ̄0 reaction. The triangles in green
are results from BaBar [13]. The solid line in red shows the pQCD fit. (b) Comparison plot of the
EFFs of hyperons from BESIII results [42,46,47].
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4. Theoretical Intepretations

Many surprising aspects of the reaction e+e− → ΣΣ̄ near production thresholds have
been seen experimentally. These unusual ΣΣ̄ pair production threshold effects have been
extensively addressed in the literature, where they have been interpreted as final state
interactions [5], bound states or unobserved meson resonances [48], or possibly attractive
and repulsive Coulomb forces between quarks [49,50].

In the Jülich meson-exchange model the hyperon-antihyperon production is con-
sidered within a coupled-channel approach. This enables the impact of the final state
(ΣΣ̄) interactions to be taken into account rigorously. They emphasized that the final
state Coulomb correction, so-called enhancement factor, C, to the cross section should be
considered in case of pointlike charged hyperon pair production. However, it has been
noted in the Refs. [49–51] that a quite bigger in amount and energy interval, threshold
enhancement factor due to strong interactions is predicted in the case of heavy quark-pair
creation by e+e− annihilation. Low-s gluon exchange should be introduced in the cross
section as a factor comparable to the Coulomb correction, with 4

3 αS(s) instead of α. With
regards to the processes e+e− → Σ±Σ̄∓, Σ0Σ̄0, a delicate interplay between these channels
was observed [42,43], especially near production threshold, and thought to be caused by
the ΣΣ̄ final state interaction [5]. As documented in Reference [5], the cross sections of
e+e− → ΣΣ̄ exhibit a weak energy dependence that is more modest than the pQCD param-
eterization [30]. In addition, prediction based on Babar measurement for e+e− → Σ0Σ̄0 [13]
reaction shows a different energy dependence comparing to e+e− → Σ±Σ̄∓ channels.
This notable feature can also be seen in the result of Geff in Figure 7 of Ref. [5], namely a
pronounced structure at the Σ−Σ̄+ threshold. Nevertheless, the most recent measurement
on e+e− → Σ0Σ̄0 reaction investigated by BESIII [43] is inconsistent with the expectation
based on the hyperon-antihyperon potential model.

Very recently measured EFFs |Geff | of Σ+ and Σ− [42] were used to determine the
parameters of VMD model [30] by fitting them to the BESIII experimental data, where
contributions from ρ, ω and φ mesons are taken into consideration. Theoretical results
documented in Ref. [5] with |Geff | in Figure 7 and the ratio |GΣ+

eff (s)|/|G
Σ−
eff (s)| in Figure

8 can provide a satisfactory description for the BESIII experimental data [42]. Moreover,
the ratios |GE(s)/GM(s)| for Σ+ and Σ− were found to be one at mass threshold of hy-
peron pairs, while for c.m. energies between 2.4000 and 3.0000 GeV , the ratio is slowly
decreasing for Σ0, and almost flat for Σ−. Theoretical results are unable to adequately
explain the experimental data well, since the determined ratio is greater than 1 within the
uncertainties near threshold [42], implying that there should be other contributions around
that energy region.

5. Summary and Prospect

In summary, we review the recent experimental studies on timelike EMFFs of Σ hy-
perons by means of hyperon pair production close to their thresholds and above the open
charm threshold reported by various experiments. These EMFFs results on Σ-isospin
triplets provide experimental inputs for testing various theoretical models such as hyperon-
antihyperon potential models, ChPT, lattice QCD, light cone sum rule, VMD model, pQCD
inspired models, and diquark correlation model and expanding our knowledge of the Σ
structure. Besides, the recent theoretical activities are also reviewed in this paper to investi-
gate the EMFFs of Σ hyperons based on recent measurements and the required parameters
for various models were determined. In view of the facts, the energy dependence of the
cross sections for all three reactions e+e− → Σ±Σ̄∓, Σ0Σ̄0 at c.m. energies near production
threshold is not very clear. Therefore, Using e+e− → Σ0Σ̄0 results as input would be an
exciting way to perform further theoretical calculations and establish reliable predictions
for various models. More experimental results by studying the hyperon EMFFs will be
made with larger data sets in e+e− annihilation at BESIII [52], and the proposed Super
Tau-Charm Factory project in China [53] and Russia [54], and the upcoming future facility
PANDA in pp̄ annihilation at FAIR [55].
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