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Electromagnetic form factors are fundamental properties of the baryons, which connect to charge,
current distributions and provide a crucial testing ground for models of the baryons’ internal
structure and dynamics. BESIII detector records symmetric e*e~ collisions in the T—charm
region, which is an ideal platform to study the baryon electromagnetic form factors. There are
recent results in BESIII not only for the nucleons, proton and neutron, but also for the hyperons,

A, Z and E, as well as the charmed baryon A..
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1. Introduction

Electromagnetic form factors (EMFFs), which parametrize the inner structure of hadrons, are
fundamental observables for understanding the strong interaction. EMFFs can be measured in
different kinematic regions by (i) lepton elastic scattering for space-like (SL) region of negative ¢,
(ii) annihilation interactions for time-like (TL) region of positive g>. For a spin—1/2 baryon (B), the
Born differential cross section in the approximation of the one-photon exchange process ete™ — BB
is parametrized in terms of electric and magnetic form factors, Gg and Gy, by [1]:
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where g2 is the four-momentum transfer squared, 6 is the polar angle in the center-of-mass frame,
m% is the baryon mass and 8 = \/( 1- 4m23 /q%). The Coulomb enhancement factor, C, accounts for
the electromagnetic interaction between the outgoing baryons. The effective form factors G can
be calculated from the total cross section under the assumption of |G g| = |G ps|. According to the
optical theorem, TL form factor is in complex form, which leads to transversely polarized baryon
even the beams are unpolarized [2, 3]. Thus, a complete knowledge of EMFFs includes the relative
phase A® between Gg and Gjps. The nonzero AP shows a dependence of the polarization on the
scattering angle [4, 5]:
sin 20Im[Gg - Gy, /7
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In experiment, the TL form factors can be measured by two methods, (i) energy scan method at
discrete center-of-mass (c.m.) energies (v/s), leaving gaps without information, with the advantage
of lower background and good energy resolution; (ii) initial state radiation (ISR) method at a
fixed c.m. energy with the advantages of continuous measurements, from threshold to +/s, and
systematic uncertainty study in a coherent way, but under the limitation of data luminosity and
higher background. These methods complement each other and provide comprehensive data for the
study of baryon EMFFs.

BESIII has collected large data samples in the 7—charm region. Both energy scan method and
ISR method can be used to do precise measurements to help understand the properties of baryons.

2. EMFFs of nucleons

Proton and neutron are the fundamental building blocks of the atomic nucleus. Their EMFFs
measurements are straightforward to describe the complex internal structure, leading to the under-
standing of the quantum chromodynamics (QCD) at low momentum transfer.

Born cross section (07, 5), |Gef| and form factor ratio |G g /G p| of proton have been measured
with high accuracy by using two techniques. Energy scan method is used in two datasets, c.m.
energies from 2.2324 to 3.6710 GeV with the luminosity of 156.9 pb~! [6] and 2.0000 to 3.0800
GeV with the luminosity of 688.5 pb~! [7]. According to the angular distributions, |G /G | is
determined with the precision of 3.5% at /s = 2.1250 GeV. What’s more, |G ;| is measured for the
first time over a wide range of energies with uncertainties of 1.6% to 3.9% and |G g| is obtained for
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Figure 1: Form factor ratio |Gg /G|, |Gar| and |Gg| of proton as a function of c.m. energy.

the first time, which are shown in Fig. 1. Using several data sets with a total luminosity of 7.5 fb~! at
Vs = 3.773-4.600 GeV, the cross sections and |G .| are measured from p p threshold to 3.0 GeV/c?
or from 2.0 to 3.8 GeV/c? through the ISR process, where ISR photon emits at large angle (LA) [8]
or small angle (SA) [9], respectively. Among them, BESIII results are consistent with the previous
measurements shown in Fig. 2. The most precise ones are obtained at /s = 2.1250 GeV with
00,5 ~ 3.0% and 6|Ger| ~ 1.5%. Periodic oscillations are found at the proton effective form
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Figure 2: Born cross sections for the process e*e™ — pp (a), |Geg| of the proton (b) and the effective form
factor after subtraction of the smooth function dependent on the relative momentum p (c) at BESIII, together
with the results from previous experiments.

factor as a function of p after subtraction of the smooth function proposed in Ref. [10]:
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Figure 3: Born cross sections for the process e*e™ — nii (a), corresponding |G| of neutron (b) and the
form factor deviation from the dipole law (c) with respect to the c.m. energy.

Neutron and anti-neutron pairs produced in e* e~ annihilation for v/s between 2.00 and 3.08 GeV
is studied by BESIII, where the datasets represent the first high-luminosity off-resonance energy
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scan. A precise measurement of Born cross sections and |G| are achieved, which are shown in
Fig. 3. For /s = 2.00,2.10 and 2.40 GeV, the precision is improved over previous measurements
from the FENICE and DM2 experiments by factors of about three, two and six, respectively [11].
Oscillation of reduced-|Gg| is observed in neutron with a phase orthogonal to the proton. Values
of |G|, |Gp| and |G g /G| are extracted at five c.m. energy intervals in the TL region. Compared
with the FENICE results [12], the results for |G| from BESII [13] are smaller by a factor of
~ 2 — 3 in the range of /s = 2.00 — 2.50 GeV, as shown in Fig. 4. The measured |G| and |G |
can be used to test various models, such as a parametrization obtained from the pQCD, a modified
dipole model (MD), a vector meson dominance model (VMD) and a model based on dispersion
relations (DR), to provide a more comprehensive picture of the neutron structure. DR model gives

the best consistency.
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Figure 4: Electric (a) and Magnetic (b) form factors of neutron as a function of c.m. energy together with
FENICE results and four different parametrizations.

3. EMFFs of hyperons

Compared to nucleons, it is difficult to study EMFFs of hyperons in SL due to the difficulty
in stable and high-quality hyperon beams. In e*e™ machines, hyperons pair can be produced in
the annihilation process above their production threshold. The cross section can be obtained very
close to threshold with finite phase space of final states. With hyperon weak decay to baryon and
pseudo-scalar meson, the polarization of hyperon can be measured by the angular distribution, so

does the relative phase between Gg and Gy .
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Figure 5: Cross section for the process efe™ — AA (a), together with the results from previous works.
The accepted corrected A scattering angle distribution (b) and the product of aa and A polarization py, as a
function of the scattering angle (c).

Cross sections of e*e~™ — AA are measured at BESIII by two methods near threshold. Energy
scan method is used at /s = 2.2324 (1 MeV above threshold), 2.4000, 2.8000 and 3.0800 GeV[14].
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ISR method is used at /s = 3.773—4.258 GeV with a total luminosity of 11.9 fb~! and cross sections
from threshold to 3.0 GeV/c? are obtained [15]. Nonzero cross section near threshold is observed
shown in Fig. 5, which is consistent with BaBar results [16]. A complete measurement of A EMFFs
is studied at 2.3960 GeV, 66.9 pb~!. An event of the reaction ete™ — A(— pr~)A(— pnt)is
formalized by joint angular distribution:

Ti ++J1 — 7% cos(AD) T3 + 76

which contains three parts, unpolarized, correlated and polarized part. Using this fully differential
angular description of the final state particles, both |Gg/G |, equal to 0.96 + 0.14 + 0.02, and
relative phase, A® = 37° + 12° £ 6°, are extracted [17], shown in Fig. 5. The nonzero relative phase

W(&) =T +n75 — ax +apyl -2 sin(AD)(T5 - Ta),  (4)

confirms the complex form of EMFFs.
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Figure 6: Cross section for the process e*e™ — X*Z¥ /X050 (left), results for |G /G| (middle) and the
relative phase A® (right) of X* as a function of c.m. energy

For X hyperons, Born cross sections of isospin triplets, X+, %~ and X°, are measured from
threshold to 3.02 GeV/c? via energy scan method [18, 19], shown in Fig. 6. The cross sections
can be well described by pQCD-motivated functions. An asymmetry in cross section is observed,
9.7+1.3:3.3+0.7 : 1, which may relate with valence quark. Via ISR technique using data with an
integrated luminosity of 11.9 fb~!, collected at v/s = 3.773 —4.258 GeV, the process ete™ — Z*Z~
is studied from threshold to 3.04 GeV/c? [20]. No significant threshold effect is observed. A
complete measurement of X* EMFFs is studied at /s = 2.3960, 2.6454 and 2.9000 GeV in Fig. 6,
with the polarization significance of 2.2 0, 3.6 0 and 4.1 o, respectively [21]. For the first time, the
phase of the hyperon electromagnetic form factors is explored in a wide range of four-momentum

transfer.
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Figure 7: Cross sections and |G| for 2~ and B0 (left) and ratio of them between E doublets (right).
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Born cross sections of E isospin doublets, Z~ and 50, are measured from threshold to
3.0800 GeV/c? [22, 23]. No significant threshold effect is observed, shown in Fig. 7. The ra-
tio of Born cross sections and |Gg| for both modes is within 1 o of the expectation of isospin
symmetry.

As the charm analog of proton, the A, hadron can shed new light on baryon structure. Mea-
surements of cross section and |G /G| with high accuracy are performed at s = 4.5745 —
4.9509 GeV [24, 25]. Enhanced cross section near threshold is observed, 236 + 11 + 46 pb at
Vs = 4.5745 GeV, 1.6 MeV above threshold. Flat behavior around 4.63 GeV may indicate no en-
hancement around the ¥ (4630) resonance shown in Fig. 8, which is different from Belle results [26].
No oscillatory behavior is discerned in |Geg| Spectrum of A, in constrast to the case for proton
and neutron. An oscillation behavior is observed in the energy dependence of |Gg/G p|.

e AR 15— e > AR
Lo -4 BESIII 2023 B 4-BESIIN 2023 — Combined fit
400 <-BESII 2018 : <~BESIII 2018 -Monopole decrease
| <Belle Threshold -~ Damped oscillation

<o Threshold

20

o (pb)
=
S —
_’+_
[ ——
_+_
%
{,._

4.9 T a7 B 38
s (GeV)

Figure 8: Cross section for the process e*e™ — AXAZ (left), together with the results from Belle and the
|GE/G p| of A} (right) as a function of c.m. energy.

4. Summary

There are fruitful physics results of baryon EMFFs obtained from e*e™ colliders, vis energy
scan and ISR techniques, part of which are summarized in Fig. 9. Conventional parametrization of
EMFFs is facing challenge from experimental observations, like threshold enhancement, oscillation
behavior in reduced form factors and |G g /G ps|. Using the property of short life and weak decay of
hyperons, relative phase of EMFFs gives rise to polarization of final baryons, and play an important
role in distinguishing various theoretical models. More results from BESIII are on the way.
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Figure 9: Summary of the cross sections of baryons updated from Ref. [27].
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