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1. Introduction

The studies of the baryon pair production in charmonium(-like) decays and in 4+4− annihilation
provide a rich laboratory to test the standard model, such as probing the limitation of the quark
models and spotting unrevealed aspects of theQCDdescription of hadron resonances [1–7]. Figure 1
shows the Feynman diagram for the baryon pair production in charmonium(-like) decay and in 4+4−

annihilation.

Figure 1: The baryon (�) pair production in 4+4− annihilation via charmonium(-like) decay for three gluons
process, the virtual photon process and mixed two gluons and one virtual photon (left). The baryon (�) pair
production in 4+4− annihilation via one photon exchange (right).

Shortly after the discovery of �/k, Appelquist and Politer [8] proposed that if there existed
a heavy charm quark, it should form a nonrelativistic 22̄ bound state with a similar spectrum of
energy levels to the positronium. It then was called charmonium by taking into account beauti-
fying the language. Subsequently, more and more charmonium(-like) states [2 (1(), j2� , k(2(),
k(3773), k2(3823), k3(3842), - (3872), k(4040), . (4260), . (4360), k(4415), . (4660), etc.,
were found [9]. Here the ones - (3872), . (4260), . (4360) . (4660), etc., were originally thought
to be charmonium states, but some of current evidences and theoretical predictions suggested more
exotic explanations, such as a tetraquark state, a molecule or a hybird meson [10, 11], which some-
times are so-called charmonium-like states. Beside them, other states [2 (1(), j2� , �/k, k(2(),
k(3773), k2(3823), k3(3842), k(4040), k(4160), k(4415), etc., the experimental informations
are basically consistent with the predictions from the potential models and lattice QCD [12–17],
which were thought to be pure charmonium states, it is so-called conventional charmonium states.

Baryon is any of a family of subatomic particles composed of three quarks or three antiquarks.
They are generally more massive than mesons, and interact with each other via the strong force. The
established baryon states are described by 3-quark configuration with the zero total color charge.
According to their spin difference, they can be divided into two types as shown in Figure 2, one is
the 1/2 baryon states, the other is the 3/2 baryon states. In BESIII experiment, we mainly focus on
the studies of baryon octet and decuplet, and even extend to study charmed baryons, Λ+2 , Σ2 , etc..
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Figure 2: Baryon family with 1/2 spin states (a) and 3/2 spin states (b). Baryon octet with a spin of 1/2 (c)
and baryon decuplet with a spin of 3/2.

2. The BESIII experiment

The BESIII experiment is dedicated to the g-charm physics at the Beĳing Electron Position
Collider (BEPCII) [18]. The BESIII detector [19] shown in Figure 3 records symmetric 4+4−

collisions provided by the BEPCII storage ring [18], which operates with a peak luminosity of
1 × 1033 cm−2s−1 in the center-of-mass (CM) energy range from 2.0 to 4.7 GeV. Up to now, the

Figure 3: The BESIII detector with the main components [19].

BESIII detector due to the excellent performance has collected the world largest data samples [20],
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i.e. 1.0 × 1010 �/k events [21, 22], 448 × 10−6 k(2() events [23], 2.9 fb−1 k(3773) events [24],
1.0 fb−1 R scan events [25] and 5.0 fb−1 XYZ data events [26].

3. Recent results

3.1 Baryon pair production in charmonium decay

3.1.1 �/k → Ξ(1530)−Ξ̄+ + 2.2.

The Ξ and Ξ(1530) hyperons are regarded as SU(3) octet with a spin of 1/2 and decuplet
with a spin of 3/2 as shown in Figure 4. In the context of the SU(3)-flavor symmetry [27–
30], the process �/k → Ξ(1530)Ξ̄ should be highly suppressed. However, many experimental
results indicate the presence of flavor SU(3) symmetry breaking [9]. Besides, the electromagnetic
transition of decuplet to octet hyperons, such as Ξ(1530)− → WΞ−, is a very sensitive for probing
their internal structures [30–33]. According to a relativistic quark model, the partial width for the
decay Ξ(1530)− → WΞ− is predicted to be 3.1 keV [30]. Recently, the BESIII experiment presented
a more accurate measurement for the branching fraction of �/k → Ξ(1530)−Ξ̄+ + 2.2. and a
search for the the electromagnetic transition process Ξ(1530)− → WΞ−, based on 1310 million
�/k events [34]. Figure 4 shows the distributions of " recoil

c−Λ , "WΞ− , and cos \. The branching
fractions for �/k → Ξ(1530)−Ξ̄+ + 2.2. and Ξ(1530)− → WΞ− are measured to be B(�/k →
Ξ(1530)−Ξ̄+ + 2.2.) = (3.17 ± 0.02 ± 0.08) × 10−4 and B(Ξ(1530)− → WΞ−) < 3.7%. Angular
distribution parameter for �/k → Ξ(1530)−Ξ̄+ + 2.2. is determined to be U = 0.21 ± 0.04 ± 0.06.
Theses results are consistent with the previous measurements and the theoretical prediction [9],
provide more experimental information for understanding the theoretical models, such as meson
cloud effects [30] and octet-decuplet mixing mechanism [31].
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Figure 4: Fit to " recoil
c−Λ (a) and "WΞ− (b), and cos \ (c) [34]. The red solid line is the fit result, the pink dotted

line denotes the signal, the blue long-dashed one represents the fitted background, and the green-shaded
histogram represents the normalized Ξ̄+ mass sideband events.

3.1.2 k(3686) → Ξ(1530)−Ξ̄(1530)+ and Ξ(1530)−Ξ̄+ + 2.2.

The baryon pair production in charmonium decay, such as k(3686), can be used to test the
perturbative QCD, especially by studying the angular distribution for the baryon pair production
in charmonium decay, it can also confront the various theoretical models, such as quark mass
effects [35] and electromagnetic effects [36]. Recently, the BESIII experiment presented the obser-
vation of k(3686) → Ξ(1530)−Ξ̄(1530)+ and k(3686) → Ξ(1530)−Ξ̄++2.2. based on 448 million
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�/k events with the statistical significances of more than 10f and 5f using a single baryon tag strat-
egy [37]. Figure 5 shows the recoilingmass spectra of c−Ξ0 and c0Ξ− and the distributions of cos \�.
The branching fractions for both processes are measured to be B(k(3686) → Ξ(1530)−Ξ̄(1530)+)
= (11.45± 0.40± 0.59)× 10−5 andB(k(3686) → Ξ(1530)−Ξ̄+) = (0.70± 0.11± 0.04)× 10−5. The
observation of k(3686) → Ξ(1530)−Ξ̄+ + 2.2. further confirms the generality of SU(3) flavor sym-
metry breaking. Besides, the angular distribution parameter for k(3686) → Ξ(1530)−Ξ̄(1530)+ is
measured to be U = 0.40±0.24±0.06, which agrees roughly with the theoretical prediction [35, 36]
within the uncertainty of 1f. It means that the modes for quark mass and electromagnetic effects
based on the first order calculationmay explain the decay property of charmonium into the hyperons.
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Figure 5: Fit to " recoil
cΞ

and cos \� for the Ξ(1530)− reconstruction (a, c) and the Ξ̄(1530)+ reconstruction
(b, d). Dots with error bars are data, the blue solid lines show the fit result, the red short-dashed lines are for
signal, the red long-dashed ones are for the smooth background, and the green hatched ones are for wrong
combination background.

3.1.3 k(3686) → Ω−Ω̄+

A key feature of the quark model and the eightfold way is that the Ω− baryon has a spin
of 3/2 [38, 39], which has never been unambiguously confirmed by experiments. Based on
448 million k(3686) events, the BESIII experiment performs the precise study of the angular
distribution for Ω− baryon pair production in k(3686) decay, and found that the hypothesis of
Ω− has a spin of 3/2 with a statistical significance larger than 14f over a spin of 1/2. The
spin of the Ω− to be 3/2 is firstly established and independent of the model-based assumptions.
The helicity amplitude of k(3686) → Ω−Ω̄+ and the decay parameter of Ω− →  −Λ, qΩ− , are
measured for the first time. With the measured helicity amplitudes, the cos \Ω− dependence of
the multipolar polarization operators as shown in Figure 6 is calculated, where for the process of
4+4− → k(3686) → Ω−Ω̄+, the Ω− baryon not only has vector polarization (A1), but also has
quadrupole (A6, A7, A8) and even includes octupole (A10, A11) polarization contributions [40, 41].
Besides, the branching fraction and angular distribution for k(3686) → Ω−Ω̄+ are measured to be
B(k(3686) → Ω−Ω̄+) = (5.85 ± 0.12 ± 0.25) × 10−5 and Uk (3686) = 0.24 ± 0.10 and consistent
with the previous measurements [42, 43], and with high precision [9].

3.2 Baryon pair production in 4+4− annihilation

3.2.1 4+4− → ==̄ and ? ?̄

The neutron (=, ?) is a bound states of three valence quarks and a neutral sea consisting of gluons
and quark-antiquark pairs. The study of nucleon structure plays a important role for understanding
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Figure 6: (a) 2D distribution of " recoil
 −Λ versus " −Λ, the red solid box shows the signal region. (d) The

distribution of the test statistic C = (�=1/2 − (�=3/2 with MC simulations performed under the � = 1/2
(right peak) and � = 3/2 (left peak) hypotheses. (c) The cos \Ω− dependence of the multipolar polarization
operators. The solid lines represent the central values, and the shaded areas are one standard deviation.

strong interactions. In other words, the electromagnetic structure of hadrons, parametrized in
terms of electromagnetic form factors (EMFFs), provides a key to understand QCD effects related
to the calculation. Recently, the BESIII experiment presented the measurements of Born cross
sections and EMFFs for the process of 4+4− → ==̄ using 648 pb−1 data events collected at the
eighteen energy points between 2.0 and 3.08 GeV [44], and for the process 4+4− → ? ?̄ using 7.5
fb−1 data events collected at seven energy points from 3.773 to 4.600 GeV based on a initial state
radiation (ISR) technique [45]. Figure 7 and 8 show the results for 4+4− → ==̄ and ? ?̄ between
these works and previous measurements and theoretical prediction. The results for Born cross
section and effective form factor (EFF) are in a good agreement with the measurements from the
previous experiments [9], in contradiction to the FENICE and PS170 results. Obvious oscillating
structures for both processes are found, which could be attributed to an interference effect involving
rescattering processes in the final state [46] or to be independent of resonant structures [47], which
could be clarified when the large data sample is available in the future.
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Figure 7: The results of 4+4− → ==̄ for Born cross section (a), effective form factor (b), Born cross section
ratio (c) and fit to the deviation of the nucleon EFF from the dipole law (d), between this work and previous
results and theoretical prediction.

3.2.2 4+4− → Σ±Σ̄∓

The hyperons with one or more strange quarks can provide additional dimensions to study
nucleon structures [48–50], and also offer valuable insight into the behavior of the lighter up and
down quarks in different environments. Using the data collected by BESIII experiment at eight
CM energies between 2.3864 and 3.02 GeV, the Born cross sections and EMFFs of 4+4− → Σ±Σ̄∓

are measured for the first time in the off-resonance region. Born cross sections near threshold are
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Figure 8: The results of 4+4− → ? ?̄ between this work and previous results and prediction for Born cross
section (a), EFF (b), |��/�" | (c) and the proton EFF as a function of the relative momentum (d).

measured for 4+4− → Σ+Σ̄− and 4+4− → Σ−Σ̄+ to be 58.2 ± 5.9+2.8−2.6 pb and 2.3 ± 0.5 ± 0.3 pb,
respectively, which disagrees with the point-like expectations near threshold, 848(<?/<�)2 pb for
the proton [51, 52]. The cross section line-shapes for both processes are fitted by pQCD-dirven
functions as shown in Figure 9. The Born cross section ratio for both modes is determined to
be 9.7 ± 1.3, which disagrees with each other within the sector of isospin conservation and the
theoretical models [53, 54]. The EMFFs ratio '4< of the Σ± is also determined at

√
B = 2.396 GeV

based on a study of angular distribution as shown in Figure 9. These informations provide precision
experimental input for understanding the Σ± structure and Σ±Σ̄∓ pair production near threshold.
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Figure 9: Fit to Born cross sections (a) and angular distributions (b, c) for 4+4− → Σ±Σ̄∓.

3.2.3 4+4− → Ξ−Ξ̄+ and Ξ0Ξ̄0 near threshold

In the past few decades, many experiments have observed non-vanishing cross sections or
enhancements for the near-threshold region in the production cross section of nucleon pairs in
4+4−collisions, which have attracted much interest and driven many theoretical studies. In the
context of QCD and even our understanding of the quark-gluon structure of hadrons, it is particularly
interesting to probe these anomalous phenomena in the baryon sector [55–58]. Recently, the BESIII
experiment presented high precision studies for possible threshold enhancement in the processes
4+4− → Ξ−Ξ̄+ and Ξ0Ξ̄0, which is based on a single baryon tag method using the 500.0 pb−1 data
events collected at CM energies between 2.644 and 3.08 GeV [59, 60]. The measured Born cross
sections are fitted with a pQCD-driven energy power function, which tend to zero near threshold
and no obvious threshold enhancement is observed. The ratio of the measured Born cross sections
for both modes is within 1f of the expectation of isospin symmetry with the current level of
experimental precision. These results provide the insight into the nature of hyperon pair production
in 4+4− annihilation near threshold. Figure 10 shows the results of 4+4− → Ξ−Ξ̄+ and Ξ0Ξ̄0 for the
fitted Born cross sections with the different assumptions and the ratio.
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(d)(c)(b)(a)

Figure 10: Fit to the Born cross sections for 4+4− → Ξ0Ξ̄0 (a, b) and Ξ−Ξ̄+ (c) at the CM energy between
2.644 and 3.080 GeV. The ratio of Born cross sections between both modes bottom for eight energy points
from 2.6444 to 3.0800 GeV (d).

3.2.4 4+4− → Ξ−Ξ̄+ above open charm threshold

The study of the baryon pair production above the open charm threshold in 4+4− annihilations
provides important information for understanding the nature of charmonium-like states [61]. The
energy scan above the open charm threshold will be a good search-ground for studying the nature
of these charmonium-like states. Recently, the BESIII experiment performed a study of the process
4+4− → Ξ−Ξ̄+ based on a single baryon tag technique using a total of 11.0 fb−1 of 4+4− collision
data in the CM energy between 4.009 and 4.6 GeV [62]. The Born cross section and the EFFs in
this range are measured for the first time. To understand the enhancement near 4.26 GeV well, a fit
to the dressed cross section for the 4+4− → Ξ−Ξ̄+ process with the assumptions of a power function
plus a . (4230) or . (4260) resonance is performed, no obvious significances for the processes
. (4230) or . (4260) → Ξ−Ξ̄+ are observed, the upper limits on the products of the electronic
partial width and the branching fractions of . (4230) and . (4260) → Ξ−Ξ̄+ are measured to be
Γ44B. (4230) < 0.33 × 10−3 eV and Γ44B. (4260) < 0.27 × 10−3 eV at 90% CL, which provides
more experimental information to understand the nature of . (4260) [63–67]. Besides, an excited Ξ
baryon at 1820 MeV22 is observed with a statistical significance of 5.1f including the systematical
uncertainty, the mass and width are measured to be " = (1825.5 ± 4.7 ± 4.7) MeV/22 and Γ =
(17.0± 15.0± 7.9) MeV, which are consistent with the mass and width of Ξ(1820)− obtained from
PDG [9] within 1f uncertainty. Figure 11 shows the fitted dressed cross section of 4+4− → Ξ−Ξ̄+

and the recoil mass spectrum of cΛ.
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4. Summary

The BESIII experiment is successfully operating since 2008 and has collected the largest
data samples in the g-charm physics region. A lots of results on the baryon pair production in
charmonium(-like) decays, such as �/k, k(3686) decays and in the positron-electron annihilation
were achieved. These experimental informations provide a rich laboratory to test the standard
model, such as probing the limitation of the quark models and spotting unrevealed aspects of the
QCD description of the hadron structure. It is expected that more results for baryon pair production
in charmonium(-like) decay and in 4+4− annihilation will be made at BESIII experiment in the
coming future.
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