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In this work, we investigate the decay behaviors of several higher strangeonia into ΛΛ̄ through a
hadronic-loop mechanism, enabling us to predict some physical observables, including the branching
ratios. Furthermore, we assess the reliability of our research by successfully reproducing experimental data
related to the cross section of eþe− → ΛΛ̄ interactions. In this context, we account for the contributions
arising from higher strangeonia, specifically ϕð4SÞ and ϕð3DÞ. Additionally, we extend this study to
encompass higher strangeonia decays into other light flavor baryon pairs, such as ΣΣ̄ and ΞΞ̄. By
employing the same mechanism, we aim to gain valuable insights into the decay processes involving these
particles. By conducting this investigation, we hope to shed light on the intricate decay mechanisms of
higher strangeonia and their interactions with various baryons pairs.
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I. INTRODUCTION

Studying hadron spectroscopy has emerged as an effec-
tive approach to enhance our understanding of nonpertur-
bative quantum chromodynamics (QCD), particularly with
the recent observation of a series of new hadronic states.
These include the XYZ charmoniumlike states and the
Pc=Pcs pentaquark states, which have generated consid-
erable interest in the research community (for recent
progress, refer to review articles [1–8]). Among these
intriguing hadronic states, the strangeoniumlike Yð2175Þ
[9–12] has garnered significant attention. The discovery
of the Yð2175Þ state has not only spurred investigations
into exotic states such as hybrid states [13] and tetraquarks
[14–19], but it has also provided an opportunity to explore
higher strangeonium states [20–23]. Distinguishing between
the various assignments for the Yð2175Þ has now become a
crucial task. Consequently, studying its decay behaviors, as

one facet of hadron spectroscopic behavior, can yield
valuable insights into its internal structure.
Recently, the BESIII Collaboration conducted a meas-

urement of the cross section for the process eþe− → ΛΛ̄ at
center-of-mass energy from the production threshold up to
3.0 GeV [24]. This energy range coincides with the masses
of the Yð2175Þ state and several higher strangeonia that
have been predicted [20,21,25,26]. Naturally, this in-
triguing discovery has piqued our curiosity, prompting
further investigation into the decays of higher strangeonia
states into light flavor baryon pairs such as ΛΛ̄.
Unlike the typical OZI-allowed two-body strong decays

with mesonic final states, the decay of the higher strang-
eonium into ΛΛ̄ proceeds through the creation of two pairs
of quarks and antiquark from the vacuum, as illustrated by
the quark-pair creation model [27–29]. This distinctive
decay mechanism sets it apart from other decay processes.
For higher strangeonia, the unquenched effect cannot

be ignored. To quantitatively depict the decays of higher
strangeonia into light flavor baryon pairs, we propose
the utilization of hadronic loops composed of kaons and
nucleons as a bridge connecting the initial higher strang-
eonium states to the final light flavor baryon pairs.
Introducing the hadronic-loop mechanism provides a real-
istic representation of the unquenched effect. In this study,
we calculate the branching ratio of higher strangeonia
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decays into ΛΛ̄ and compare it with experimental data
obtained from the process of eþe− → ΛΛ̄. Additionally,
our investigation reveals the potential contribution of
higher strangeonia to the cross section of eþe− → ΛΛ̄.
Furthermore, we examine the decays involving other light
flavor baryon pairs, such as ΣΣ̄ and ΞΞ̄, and predict their
respective branching ratios. These predictions can be tested
in future experiments, offering opportunities for further
exploration in this field.
This paper is organized as follows. After the

Introduction, in Sec. II, we illustrate the detailed calculation
of higher strangeonium decays into ΛΛ̄, which can be
quantitatively depicted by the hadronic-loop mechanism.
And then, we present the numerical results of these
discussed decays, and do a simple fit to the cross section
date of eþe− → ΛΛ̄, which can be applied to show the
reliability of the discussed decay mechanism in this work.
In Sec. III, we further predict the branching ratios of some
higher strangeonia decays into ΣΣ̄ and ΞΞ̄. Finally, the
paper ends with a summary.

II. INVESTIGATION OF THE STRANGEONIUM
DECAYS INTO ΛΛ̄ VIA THE HADRONIC-LOOP

MECHANISM

A. Hadronic-loop mechanism

The unquenched effect is important for us to understand
the spectra and the decay behaviors of hadrons, especially
when we face the excited hadrons approaching threshold
[30–36]. The hadronic-loop mechanism is a quantitative
description of the unquenched effect, which has been
successfully employed to explain the anomalous hidden-
charm/bottom-decay behaviors of higher charmonia/botto-
monia [37–56], where the predicted branching ratios are
usually close to the experimental measurements. It also
has been applied to study the decay behaviors of higher
charmonia into a pair of charmed or strange baryons
[57,58]. In this section, we utilize the hadronic-loop
mechanism to study the partial decay widths of higher
strangeonia to ΛΛ̄, where hadronic loops can be as a bridge
connecting the initial higher strangeonia to final state ΛΛ̄.
As shown in Refs. [25,26], these higher strangeonia

have abundant decay modes, with some channels like
KK1ð1270Þ, KK�ð1410Þ also dominating in the higher
strangeonium decays. Under the hadronic-loop mechanism,
we should consider their contributions to the higher
strangeonium decays into a light flavor baryon pair. In
fact, for completeness, all hadronic loops that can connect
the initial and final states should be included. However, in a
realistic calculation we have to face the serious problem
that we do not know the couplings of the some involved
kaons like K�ð1410Þ with nucleon and Λ=Σ=Ξ. It makes
this strategy become uncontrolled. To give a quantitative
calculation, we have to adopt another strategy, where the
hadroinc loops are restricted to a subset, as applied in the

following study. By fitting some experimental data, we can
obtain the corresponding range of parameters like α, by
which we can further give other theoretical predictions. We
call this treatment “a desperate attempt, but an effective
way”. In our earlier work, we have adopted this strategy to
deal with some concrete issues. For example, we predicted
the ϒð10860Þ → ϒð13DJηÞ [49] process by hadronic
loop mechanism, which was later confirmed by the
Belle Collaboration [59].
In this work, we consider two subsets of hadronic loops.

The first one is that we consider 1S states (K and K�) of the
kaon to construct the hadronic loops, as shown in Fig. 1.
Concretely, in our calculation, we employ the effective
Lagrangian approach to describe the interaction vertices
shown in Fig. 1. This approach allows us to effectively
capture the dynamics of the involved interactions, and the
concrete calculations rely on the following effective
Lagrangians [25,60–62]:

LϕKK ¼ igϕKKðK̄∂μK − ∂μK̄KÞϕμ;

LϕKK� ¼ gϕKK�εμνρσðK̄∂
ρK�σ þ ∂

ρK̄�σKÞ∂μϕν;

LϕK�K� ¼ igϕK�K�ððK̄�
ν ∂
↔

μK�νÞϕμ þ K̄�μðK�
ν ∂
↔

μϕ
νÞ

þ ðϕν
∂

↔

μK̄�
νÞK�μÞ;

LB1B2K ¼ ifB1B2K

mπþ
B̄1γμγ5B2∂

μK;

LB1B2K� ¼ gB1B2K�B̄1γμB2K�μ

þ ifB1B2K�

4mp
B̄1σμνB2ð∂μK�ν − ∂

νK�μÞ; ð2:1Þ

with σμν ¼ i
2
½γμ; γν�. Here, the ϕ, Kð�Þ, and B1=B2 denote

the fields of the corresponding mesons and baryons.
N represent the exchanged proton or neutron. The masses
of the charged pion and proton are denoted as mπþ ¼
139.6 MeV and mp¼938.3MeV, respectively. With these
preparations, we can now write down the decay amplitudes
for the higher strangeonium decays into ΛΛ̄, i.e.,

FIG. 1. The schematic diagrams illustrating the higher strang-
eonium decays into ΛΛ̄ via the hadronic-loop mechanism.
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MΛΛ̄
ð1Þ ¼ i3

Z
dq4

ð2πÞ4 gϕKKϵ
μ
ϕðq1μ − q2μÞ

�
fΛNK

mπþ

�
2

× ūðp2Þ=q2γ5ð=qþmNÞ=q1γ5vðp1Þ

×
1

q21 −m2
K

1

q22 −m2
K

1

q2 −m2
N
F 2ðq2; m2

NÞ; ð2:2Þ

MΛΛ̄
ð2Þ ¼ −i3

Z
dq4

ð2πÞ4 gϕKK�εμναβϵ
μ
ϕp

νqα2ūðp2Þ
�
gΛNK�γρ

þ fΛNK�

2mp
qλ2σλρ

�
ð=qþmNÞ

fΛNK

mπþ
=q1γ5vðp1Þ

×
1

q21 −m2
K

−gβρ þ qβ2q
ρ
2=m

2
K�

q22 −m2
K�

1

q2 −m2
N
F 2ðq2;m2

NÞ;

ð2:3Þ

MΛΛ̄
ð3Þ ¼ −i3

Z
dq4

ð2πÞ4 gϕKK�εμναβϵ
μ
ϕp

νqα1ūðp2Þ
fΛNK

mπþ
=q2γ5

× ð=qþmNÞ
�
gΛNK�γρ þ

fΛNK�

2mp
qλ1σλρ

�
vðp1Þ

×
−gβρ þ qβ1q

ρ
1=m

2
K�

q21 −m2
K�

1

q22 −m2
K

1

q2 −m2
N
F 2ðq2;m2

NÞ;

ð2:4Þ

MΛΛ̄
ð4Þ ¼ i3

Z
dq4

ð2πÞ4gϕK�K�ϵμϕðgαβðq1μ−q2μÞþgβμðpαþq2αÞ

−gαμðpβþq1βÞÞūðp2Þ
�
gΛNK�γρþ

fΛNK�

2mp
qλ2σλρ

�

×ð=qþmNÞ
�
gΛNK�γηþ

fΛNK�

2mp
qκ1σκη

�
vðp1Þ

×
−gαηþqα1q

η
1=m

2
K�

q21−m2
K�

−gβρþqβ2q
ρ
2=m

2
K�

q22−m2
K�

1

q2−m2
N

×F 2ðq2;m2
NÞ; ð2:5Þ

where the dipole form factor F ðq2; m2
EÞ ¼ ðm2

E−Λ
2

q2−Λ2 Þ2 is

utilized to describe the off shell effect of the exchanged
baryon and ensure the convergence of the loop
integrals [57,58]. In this context, mE and q represent the
mass and four-momentum of the exchanged baryon,
respectively. The cutoff parameter Λ can be parametrized
as Λ ¼ mE þ αΛQCD, where ΛQCD ¼ 220 MeV, and the
value of α is chosen to be of order 1 to ensure that Λ is in
proximity to the mass of the exchanged baryon mE [37].
The total decay amplitude for the ϕ → ΛΛ̄ process can

be expressed as

MΛΛ̄
total ¼ 2ðMΛΛ̄

ð1Þ þMΛΛ̄
ð2Þ þMΛΛ̄

ð3Þ þMΛΛ̄
ð4Þ Þ; ð2:6Þ

where the factor of 2 in the total decay amplitude arises
from the summation over the isospin doublets ðKð�Þ; Kð�ÞþÞ
and ðn; pÞ.
Then, the decay width of ϕ → ΛΛ̄ process can be

calculated by

Γ ¼ 1

3

jp⃗1j
8πm2

ϕ

X
spin

jMΛΛ̄
totalj2; ð2:7Þ

where the factor 1=3 and the summation
P

spin are from the
average of the polarizations of the initial ϕ state and the
sum of all possible spins of the final states Λ and Λ̄,
respectively.
We first present the numerical results of the branching

ratios for the decays of the ϕð4SÞ and ϕð3DÞ into ΛΛ̄,
considering the α dependence. Subsequently, we perform
a fitting analysis of the cross section for eþe− → ΛΛ̄,
incorporating the contributions from the ϕð4SÞ and ϕð3DÞ.
By this way, the reliability of the adopted hadronic loop
mechanism can be further tested. Finally, using the same
approach, we will predict the decay behaviors of possible
strangeonia located above the ΛΛ̄ threshold. Specifically,
we will study their decays into ΣΣ̄ and ΞΞ̄, while
constraining the range of α.

B. Branching ratios of the ϕð4SÞ and ϕð3DÞ
decays into ΛΛ̄

In this subsection, we present the calculation results of
the ϕð4SÞ and ϕð3DÞ decays into ΛΛ̄ final states, focusing
specifically on the strangeonia that lie above the ΛΛ̄
threshold. To facilitate our study, we utilize the resonance
parameters of these strangeonium states displayed in
Table I, which have been obtained from Refs. [25,26].
Before showing the results, we illustrate the procedure

used to determine the coupling constants in the decay
amplitudes. To achieve this, we start by obtaining the
coupling constants associated with the ϕKð�ÞKð�Þ vertices.
These coupling constants can be fixed by ensuring agree-
ment with the partial decay widths of the ϕ → Kð�ÞKð�Þ
process, as reported in Refs. [25,26]. In Table II, we collect
the partial decay widths obtained from the aforementioned
theoretical works, along with the corresponding coupling
constants that we have fixed based on this information.
The coupling constants associated with the ΛNKð�Þ

vertices are adopted from the results obtained by the
extended-soft-core (ESC) model [62], as displayed below;
fΛNK ¼ −0.950, gΛNK� ¼ −3.557, and fΛNK� ¼ −14.935.
The branching ratios for the decays ϕð4SÞ → ΛΛ̄ and

ϕð3DÞ → ΛΛ̄, incorporating the dependence on the
parameter α from the form factor, are presented in
Fig. 2. In the range of α spanning from 2.0 to 5.0, the
ratio between the two branching ratios, R ¼ BRðϕð4SÞ →
ΛΛ̄Þ=BRðϕð3DÞ → ΛΛ̄Þ, varies between 0.605 and 0.728.
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Notably, this ratio exhibits a gradual decrease with increas-
ing values of α, eventually reaching an approximately
constant value.
Moving forward, our next step involves combining these

results with the experimental cross section for eþe− → ΛΛ̄.
By performing a comparative analysis, we aim to constrain
the parameter α, which is applied to predict the branching
ratios of higher strangeonia decays into ΣΣ̄ and ΞΞ̄.

C. A simple fit to the cross section of e + e − → ΛΛ̄
Recently, the BESIII Collaboration conducted a new

measurement of the cross section for the eþe− → ΛΛ̄
process [24]. Prior reports on this process were made by
the BABAR [63] and BESIII Collaborations [64,65].
Notably, the data accumulation was observed around
2.4 GeV, showing the possibility of higher strangeonia
ϕð4SÞ and ϕð3DÞ contributions due to their masses being
approximately 2.4 GeV [24–26].

Motivated by these findings, our work aims to provide
some insights by employing a simple fit to the experimental
data. Specifically, we take into account the contributions
from the ϕð4SÞ and ϕð3DÞ resonances, in addition to a
nonresonance background. Through this analysis, we may
shed light on the presence and impact of these resonances
in the observed cross section data.
In concrete study, we adopt a phase space corrected

Breit-Wigner distribution

Aϕ
R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−

ϕ BRðϕ → ΛΛ̄ÞΓϕ

q
s −m2

ϕ þ imϕΓϕ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΦðsÞ
Φðm2

ϕÞ

s
ð2:8Þ

to describe the contribution from the ϕð4SÞ and ϕð3DÞ
resonances, where ΦðsÞ is the two-body phase space
of final states, mϕ, Γϕ, Γeþe−

ϕ are the mass, width, and
dielectron width of the involved higher strangeonia,
respectively.
The nonresonance contribution is parametrized by a

simple exponential form

ANR ¼ ae−bð
ffiffi
s

p
−2mΛÞ; ð2:9Þ

where a and b are as the fitting parameters.
The total amplitude for the process eþe− → ΛΛ̄ can be

written as

A ¼ ANR þAϕð4SÞ
R eiθϕð4SÞ þAϕð3DÞ

R eiθϕð3DÞ ; ð2:10Þ

and total cross section is

TABLE I. The resonance parameters and di-electron widths of
the involved strangeonia above the ΛΛ̄ threshold predicted by
Refs. [25,26].

States Mass (GeV) Width (MeV) Γeþe−
ϕ (eV)

ϕð4SÞ 2.423 140 0.049
ϕð3DÞ 2.519 171 0.010
ϕð5SÞ 2.671 104 0.029
ϕð4DÞ 2.744 129 0.006
ϕð6SÞ 2.871 71 0.016
ϕð5DÞ 2.924 106 0.004

TABLE II. The partial decay widths of ϕ → Kð�ÞKð�Þ and the
corresponding fixed coupling constants.

Channal Partial widths (MeV) Coupling constants

ϕð4SÞ → KK 6.58 0.520
ϕð4SÞ → KK� 20.30 0.451 GeV−1

ϕð4SÞ → K�K� 1.96 0.061
ϕð5SÞ → KK 4.68 0.407
ϕð5SÞ → KK� 11.13 0.270 GeV−1

ϕð5SÞ → K�K� 0 0
ϕð6SÞ → KK 3.10 0.312
ϕð6SÞ → KK� 6.67 0.181 GeV−1

ϕð6SÞ → K�K� 0 0
ϕð3DÞ → KK 14.36 0.745
ϕð3DÞ → KK� 8.55 0.269 GeV−1

ϕð3DÞ → K�K� 23.77 0.185
ϕð4DÞ → KK 9.29 0.562
ϕð4DÞ → KK� 4.64 0.165 GeV−1

ϕð4DÞ → K�K� 16.64 0.120
ϕð5DÞ → KK 6.68 0.455
ϕð5DÞ → KK� 2.86 0.114 GeV−1

ϕð5DÞ → K�K� 14.73 0.082

FIG. 2. (Color online.) The α dependence of the branching
ratios for the ϕð4SÞ → ΛΛ̄ (red solid curve) and ϕð3DÞ → ΛΛ̄
(blue solid thick-thin curve) decays is shown in the top plot.
Additionally, the bottom plot (black solid curve) illustrates the
ratio of these branching ratios. The violet dotted vertical line and
the magenta dotted vertical line represent the maximum and
central values of α, respectively, which were obtained from the
total fit to the data of eþe− → ΛΛ̄, as displayed in Fig. 3.
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σðsÞ ¼ jAj2; ð2:11Þ

where θϕð4SÞ and θϕð3DÞ are the phase angles. Since the ratio
R in Fig. 2 remains stable, we adopt a typical value of
BRðϕð4SÞ → ΛΛ̄Þ ¼ 0.66 × BRðϕð3DÞ → ΛΛ̄Þ in the fit-
ting procedure.
Considering the peculiar threshold enhancement

effect [66–71], the data from the ΛΛ̄ threshold to
2.28 GeV is not included in the fit. The fit parameters
are summarized in Table III, and the fit result is presented
in Fig. 3, with a obtained fit quality of χ2=d:o:f: ¼ 0.91.
The central and maximum values of the fitted
BRðϕð3DÞ → ΛΛ̄Þ are 0.039 and 0.078, respectively, as
shown in Table III.
Upon comparison with our results from the hadronic

loop mechanism, we obtain the corresponding central and
maximum values of the α parameter to be 3.55 and 4.15,
as shown in Fig. 2. Notably, the fitted branching ratios
of ϕð4S; 3DÞ → ΛΛ̄ align well with the corresponding
branching ratios predicted by the hadronic-loop mecha-
nism. This observation indicates the contribution of the
hadronic-loop mechanism to the decays of higher strang-
eonia into strange baryons pairs.

Furthermore, based on these studies, we can explore the
decays of other higher strangeonia into ΛΛ̄, as well as other
strange baryons pairs such as ΣΣ̄ and ΞΞ̄, with a reasonable
α parameter in the range of 3.0–4.0. Here, the calculated
branching ratios of strangeonia above ΛΛ̄ threshold decays
into ΛΛ̄ with α parameter from 3.0 to 4.0 are

BRðϕð4SÞ → ΛΛ̄Þ ¼ ð1.21 − 4.31Þ × 10−2;

BRðϕð3DÞ → ΛΛ̄Þ ¼ ð1.76 − 6.68Þ × 10−2;

BRðϕð5SÞ → ΛΛ̄Þ ¼ ð6.77 − 23.8Þ × 10−3;

BRðϕð4DÞ → ΛΛ̄Þ ¼ ð1.16 − 4.47Þ × 10−2;

BRðϕð6SÞ → ΛΛ̄Þ ¼ ð4.73 − 16.8Þ × 10−3;

BRðϕð5DÞ → ΛΛ̄Þ ¼ ð7.59 − 29.5Þ × 10−3: ð2:12Þ

D. The numerical result of taking a different subset for
the hadronic loop: The ϕð4S; 3DÞ → ΛΛ̄ case

In this subsection, we adopt another subset of the
hadronic loops to study the decay of ϕð4S; 3DÞ → ΛΛ̄.
The loops include not only the contribution of 1S states (K
and K�) as shown in Fig. 1, but also 1P kaon states
(K1ð1270Þ and K1ð1400Þ) as depicted in Fig. 4. In order to
quantitatively calculate the contributions involving the
hadronic loops relevant to the 1P kaon states, we need
information of Lagrangians and the corresponding cou-
pling constants for the ϕKð�ÞK1 and NΛK1 interactions.

TABLE III. The fitted parameters to the cross section data of
eþe− → ΛΛ̄.

Parameters Values Error (�)

a 6.89 × 10−4 GeV−1 1.33 × 10−4 GeV−1

b 3.14 GeV−1 1.10 GeV−1

θϕð4SÞ 1.73 rad 0.36 rad
θϕð3DÞ 0 0.19 rad
BRðϕð3DÞ → ΛΛ̄Þ 0.039 0.039

BESIII (2023)

BESIII (2018)

BESIII (2019)

DM2 (1990)

BaBar (2007)

background

Total fit

(4S)

(3D)

threshold

2.4 2.6 2.8 3.0

0

50

100

150

200

250

300

350

s

FIG. 3. The fit to the experimental data [24,63–65,72] of the
cross section of eþe− → ΛΛ̄ supported by the spectroscopy of
higher strangeonia.

FIG. 4. The schematic diagrams of the higher strangeonium
decays into ΛΛ̄ via the hadronic loops relevant to the
K1ð1270Þ=K1ð1400Þ states.

HIGHER STRANGEONIUM DECAYS INTO LIGHT FLAVOR … PHYS. REV. D 108, 094036 (2023)

094036-5



The effective Lagrangians of the ϕKð�ÞK1 interactions
are [25,73–76]

LϕKK1
¼ gϕKK1

ðK̄Kμ
1 þ K̄μ

1KÞϕμ;

LϕK�K1
¼ igϕK�K1

εμναβðð∂μK�
α∂

λ
∂λϕν − ∂

λ
∂λK�

α∂μϕνÞK̄1β

− ð∂μK̄�
α∂

λ
∂λϕν − ∂

λ
∂λK̄�

α∂μϕνÞK1βÞ: ð2:13Þ

Here, the partial decay widths and the fixed coupling
constants are displayed in Table IV.
We treat K1ð1200Þ and K1ð1400Þ as the mixture of the

11P1 and 13P1 kaon states [77], to work out the NΛK1

vertices,

� jK1ð1270Þi
jK1ð1400Þi

�
¼

�
cos θ sin θ

− sin θ cos θ

�� j11P1i
j13P1i

�
; ð2:14Þ

where θ ¼ 45° is taken from Ref. [77].
For the Kð11P1Þ (K1) and Kð13P1Þ (K0

1) exchange, the

Lagrangians of the corresponding NΛKð0Þ
1 interactions have

the form as following [62],

LB1B2K1
¼ fB1B2K1

mb1

B̄1σμνγ5B2∂νK
μ
1;

LB1B2K0
1
¼ gB1B2K0

1
B̄1γμγ5B2K

0μ
1 þ fB1B2K0

1

mp
B̄1γ5B2∂μK

0μ
1 :

ð2:15Þ

Here, mb1 ¼ 1229.5 MeV and mp ¼ 938.3 MeV are the
masses of b1ð1235Þ and the proton, respectively. The
coupling constants are written as fNΛK1

¼ 8.325, gNΛK0
1
¼

2.954, and fNΛK0
1
¼ 5.972.

With the above preparations, now we can calculate the
branching ratios of ϕð4SÞ=ϕð3DÞ → ΛΛ̄ including the
contributions of hadronic loops in Fig. 1 and Fig. 4.

Concrete amplitudes are shown in Appendix. The branch-
ing ratios with the dependence of parameter α are listed in
Fig. 5. R ¼ BRðϕð4SÞ → ΛΛ̄Þ=BRðϕð3DÞ → ΛΛ̄Þ, varies
between 0.48 and 0.56 with α in the range of 2.0 ∼ 5.0.
Similarly, we fit the cross section data of eþe− → ΛΛ̄

again with a typical value of R ¼ 0.52, the form of
the nonresonance contribution and the total amplitude
are identical to Eqs. (2.9) and (2.10). The fit parameters
are summarized in Table V, and the fit result is
presented in Fig. 6, with an obtained fit quality of
χ2=d:o:f: ¼ 0.72.
When restricting the parameter α in the range of 3.4–4.4,

according to the fit results shown in Table V and Fig. 5,
the predicted branching ratios of ϕð4S; 3DÞ → ΛΛ̄ with the
new subset of hadronic loops are as follows:

BRðϕð4SÞ → ΛΛ̄Þ ¼ ð1.69 − 4.99Þ × 10−2;

BRðϕð3DÞ → ΛΛ̄Þ ¼ ð3.33 − 9.27Þ × 10−2: ð2:16Þ

Strictly speaking, for completeness we should consider
the contributions of all possible immediate hadronic loops.

TABLE IV. The partial decay widths of ϕð4S; 3DÞ →
Kð�ÞK1ð1270Þ=Kð�ÞK1ð1400Þ [25] and the corresponding fixed
coupling constants.

Channal Partial widths (MeV)
Coupling
constants

ϕð4SÞ → KK1ð1270Þ 21.56 0.939 GeV
ϕð4SÞ → K�K1ð1270Þ 2.52 0.033 GeV−2

ϕð3DÞ → KK1ð1270Þ 50.10 1.413 GeV
ϕð3DÞ → K�K1ð1270Þ 16.25 0.070 GeV−2

ϕð4SÞ → KK1ð1400Þ 3.78 0.430 GeV
ϕð4SÞ → K�K1ð1400Þ 17.64 0.118 GeV−2

ϕð3DÞ → KK1ð1400Þ 2.57 0.347 GeV
ϕð3DÞ → K�K1ð1400Þ 0.51 0.016 GeV−2

FIG. 5. (Color online.) The α dependence of the branching
ratios for the ϕð4SÞ → ΛΛ̄ (red solid curve) and ϕð3DÞ → ΛΛ̄
(blue solid thick-thin curve) decays by taking a new subset of the
hadronic loops is shown in the top plot. In addition, the lower plot
(black solid curve) shows the ratio of these branching ratios. The
magenta dotted vertical line represents the central value of α,
which was obtained from the overall fit to the data of
eþe− → ΛΛ̄, as displayed in Fig. 6.

TABLE V. The fitted parameters to the cross section data of
eþe− → ΛΛ̄ with a different subset of hadronic loops.

Parameters Values Error (�)

a 7.11 × 10−4 GeV−1 1.62 × 10−4 GeV−1

b 3.34 GeV−1 1.65 GeV−1

θϕð4SÞ 1.63 rad 0.43 rad
θϕð3DÞ 0 0.35 rad
BRðϕð3DÞ → ΛΛ̄Þ 0.054 0.070
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However, this is not practicable at this stage, as we are
limited by our poor information on the coupling constants
of these involved strong interaction vertices. In the
present subsection, by taking ψð4S; 3DÞ → ΛΛ̄ as an
example, we consider a different subset of the hadronic
loops. Our result shown in Eq. (2.16) is comparable to
that in Eq. (2.12). With this effort, we want to show that
the treatment presented in Sec. II, by only considering
the subset of hadronic loops composed of 1S states of the
kaon, can give some indication of the magnitude of the
branching ratios discussed.

III. PREDICTING THE BRANCHING RATIOS
OF HIGHER STRANGEONIA DECAYS

INTO ΣΣ̄ AND ΞΞ̄

We now examine the decays of higher strangeonia into ΣΣ̄
and ΞΞ̄ pairs. Regarding the ϕ → ΣΣ̄ decays, the schematic
diagrams are analogous to those for ϕ → ΛΛ̄, as depicted in
Fig. 7. The explicit expressions for the decay amplitudes can
be found in the Appendix. In the calculation of the branching
ratios for these discussed decays, these coupling constants of
the ΣNKð�Þ interactions, fΣNK ¼ 0.257, gΣNK� ¼ −2.054,
and fΣNK� ¼ 0.924, are adopted [62].
The predicted branching ratios for strangeonia decays

into ΣΣ̄ above the threshold, with α parameter ranging from
3.0 to 4.0, are as follows:

BRðϕð4SÞ → ΣΣ̄Þ ¼ ð2.44 − 8.96Þ × 10−5;

BRðϕð3DÞ → ΣΣ̄Þ ¼ ð8.10 − 30.5Þ × 10−5;

BRðϕð5SÞ → ΣΣ̄Þ ¼ ð3.16 − 12.0Þ × 10−5;

BRðϕð4DÞ → ΣΣ̄Þ ¼ ð7.46 − 28.3Þ × 10−5;

BRðϕð6SÞ → ΣΣ̄Þ ¼ ð2.38 − 9.05Þ × 10−5;

BRðϕð5DÞ → ΣΣ̄Þ ¼ ð5.51 − 20.9Þ × 10−5: ð3:1Þ

In the ϕ → ΞΞ̄ decay process, the higher strangeonium
ϕ initially undergoes a decay into a Kð�ÞK̄� pair.
Subsequently, the Kð�ÞK̄� pair can transform into a ΞΞ̄
pair by exchanging a Λ baryon or a Σ baryon. The
coupling constants used to describe the ΛΞK and ΣΞK
interactions are [62]

fΛΞK ¼ 0.253; gΛΞK� ¼ 3.557; fΛΞK� ¼ 6.668;

fΣΞK ¼ −0.951; gΣΞK� ¼ −2.054; fΣΞK� ¼ −13.397:

ð3:2Þ

By considering the total decay amplitude listed in the
Appendix, we can obtain the predicted branching ratios for
several higher strangeonia decays into ΞΞ̄, with α param-
eter ranging from 3.0 to 4.0. The results are

BRðϕð5SÞ → ΞΞ̄Þ ¼ ð3.95 − 15.4Þ × 10−3;

BRðϕð4DÞ → ΞΞ̄Þ ¼ ð7.19 − 29.5Þ × 10−3;

BRðϕð6SÞ → ΞΞ̄Þ ¼ ð1.18 − 4.62Þ × 10−2;

BRðϕð5DÞ → ΞΞ̄Þ ¼ ð1.25 − 5.20Þ × 10−2: ð3:3Þ

FIG. 7. The schematic diagrams of the higher strangeonium
decays into ΣΣ̄ and ΞΞ̄ via the hadronic-loop mechanism.
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FIG. 6. The fit to the experimental data [24,63–65,72] of the
cross section of eþe− → ΛΛ̄ by adopting a different subset for the
hadronic loop.
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These predicted branching ratios can be tested by future
experiments like BESIII.

IV. SUMMARY

In this work, we investigate the decays of higher
strangeonia into light flavor baryon pairs. By employing
the hadronic loop mechanism, we are able to quantitatively
calculate their branching ratios, taking into account the
unquenched effect which is particularly relevant for higher
strangeonia.
Our initial focus is on the decays of higher strangeonia

into ΛΛ̄ pairs. The calculation of the branching ratios for
these decays is dependent on a parameter α in the dipole
form factor. Recently, the BESIII Collaboration provided
data on the cross section of eþe− → ΛΛ̄ [24], allowing us
to constrain the range of α by fitting this data. As
demonstrated earlier, our results for higher strangeonia
decays into ΛΛ̄ agree well with the experimental data,
serving as a robust test for the decay mechanism involved
in these processes.
Building on this success, we extend our analysis to

predict the decay behaviors of other higher strangeonia
decays into baryon pairs such as ΣΣ̄ and ΞΞ̄, both of which
are expected to have sizable branching ratios.
The current experimental capabilities of BESIII

[24,64,65,78–83] present a potential opportunity to detect
the predicted decay behaviors of the higher strangeonia
discussed in this study. The validation of our predictions by
experimental observations will be an interesting task in the
near future, providing valuable insights into the decays of
these higher strangeonia.
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APPENDIX: DECAY AMPLITUDES
FOR HIGHER STRANGEONIUM DECAYS

INTO ΣΣ̄ and ΞΞ̄

We present the concrete expressions of the decay
amplitudes of ϕ → ΣΣ̄ and ϕ → ΞΞ̄ transitions in this
Appendix.

The decay amplitudes of ϕ → ΣΣ̄ as shown in Fig. 7 are

MΣΣ̄
ð1Þ ¼ i3

Z
dq4

ð2πÞ4 gϕKKϵ
μ
ϕðq1μ − q2μÞ

�
fΣNK

mπþ

�
2

× ūðp2Þ=q2γ5ð=qþmNÞ=q1γ5vðp1Þ

×
1

q21 −m2
K

1

q22 −m2
K

1

q2 −m2
N
F 2ðq2; m2

NÞ; ðA1Þ

MΣΣ̄
ð2Þ ¼ −i3

Z
dq4

ð2πÞ4 gϕKK�εμναβϵ
μ
ϕp

νqα2ūðp2Þ
�
gΣNK�γρ

þ fΣNK�

2mp
qλ2σλρ

�
ð=qþmNÞ

fΣNK

mπþ
=q1γ5vðp1Þ

×
1

q21 −m2
K

−gβρ þ qβ2q
ρ
2=m

2
K�

q22 −m2
K�

1

q2 −m2
N
F 2ðq2;m2

NÞ;

ðA2Þ

MΣΣ̄
ð3Þ ¼ −i3

Z
dq4

ð2πÞ4 gϕKK�εμναβϵ
μ
ϕp

νqα1ūðp2Þ
fΣNK

mπþ
=q2γ5

× ð=qþmNÞ
�
gΣNK�γρ þ

fΣNK�

2mp
qλ1σλρ

�
vðp1Þ

×
−gβρ þ qβ1q

ρ
1=m

2
K�

q21 −m2
K�

1

q22 −m2
K

1

q2 −m2
N
F 2ðq2;m2

NÞ;

ðA3Þ

MΣΣ̄
ð4Þ ¼ i3

Z
dq4

ð2πÞ4gϕK�K�ϵμϕðgαβðq1μ−q2μÞþgβμðpαþq2αÞ

−gαμðpβþq1βÞÞūðp2Þ
�
gΣNK�γρþ

fΣNK�

2mp
qλ2σλρ

�

×ð=qþmNÞ
�
gΣNK�γηþ

fΣNK�

2mp
qκ1σκη

�
vðp1Þ

×
−gαηþqα1q

η
1=m

2
K�

q21−m2
K�

−gβρþqβ2q
ρ
2=m

2
K�

q22−m2
K�

1

q2−m2
N

×F 2ðq2;m2
NÞ: ðA4Þ

The total decay amplitude of ϕ → ΣΣ̄ can be
expressed as

MΣΣ̄
total ¼ 2

�
MΣΣ̄

ð1Þ þMΣΣ̄
ð2Þ þMΣΣ̄

ð3Þ þMΣΣ̄
ð4Þ
�
: ðA5Þ

The decay amplitudes of ϕ → ΞΞ̄ via exchanging the Λ
baryon as shown in Fig. 7 are
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MΞΞ̄
Λð1Þ ¼ i3

Z
dq4

ð2πÞ4 gϕKKϵ
μ
ϕðq1μ − q2μÞ

�
fΛΞK
mπþ

�
2

× ūðp2Þ=q2γ5ð=qþmΛÞ=q1γ5vðp1Þ

×
1

q21 −m2
K

1

q22 −m2
K

1

q2 −m2
Λ
F 2ðq2; m2

ΛÞ; ðA6Þ

MΞΞ̄
Λð2Þ ¼ −i3

Z
dq4

ð2πÞ4 gϕKK�εμναβϵ
μ
ϕp

νqα2ūðp2Þ
�
gΛΞK�γρ

þ fΛΞK�

2mp
qλ2σλρ

�
ð=qþmΛÞ

fΛΞK
mπþ

=q1γ5vðp1Þ

×
1

q21 −m2
K

−gβρ þ qβ2q
ρ
2=m

2
K�

q22 −m2
K�

1

q2 −m2
Λ
F 2ðq2;m2

ΛÞ;

ðA7Þ

MΞΞ̄
Λð3Þ ¼ −i3

Z
dq4

ð2πÞ4 gϕKK�εμναβϵ
μ
ϕp

νqα1ūðp2Þ
fΛΞK
mπþ

=q2γ5

× ð=qþmΛÞ
�
gΛΞK�γρ þ

fΛΞK�

2mp
qλ1σλρ

�
vðp1Þ

×
−gβρ þ qβ1q

ρ
1=m

2
K�

q21 −m2
K�

1

q22 −m2
K

1

q2 −m2
Λ
F 2ðq2;m2

ΛÞ;

ðA8Þ

MΞΞ̄
Λð4Þ ¼ i3

Z
dq4

ð2πÞ4gϕK�K�ϵμϕðgαβðq1μ−q2μÞþgβμðpαþq2αÞ

−gαμðpβþq1βÞÞūðp2Þ
�
gΛΞK�γρþ

fΛΞK�

2mp
qλ2σλρ

�

×ð=qþmΛÞ
�
gΛΞK�γηþ

fΛΞK�

2mp
qκ1σκη

�
vðp1Þ

×
−gαηþqα1q

η
1=m

2
K�

q21−m2
K�

−gβρþqβ2q
ρ
2=m

2
K�

q22−m2
K�

1

q2−m2
Λ

×F 2ðq2;m2
ΛÞ: ðA9Þ

The decay amplitudes of ϕ → ΞΞ̄ via exchanging the Σ
baryon as shown in Fig. 7 are

MΞΞ̄
Σð1Þ ¼ i3

Z
dq4

ð2πÞ4gϕKKϵ
μ
ϕðq1μ−q2μÞ

�
fΣΞK
mπþ

�
2

× ūðp2Þ=q2γ5ð=qþmΣÞ=q1γ5vðp1Þ

×
1

q21−m2
K

1

q22−m2
K

1

q2−m2
Σ
F 2ðq2;m2

ΣÞ; ðA10Þ

MΞΞ̄
Σð2Þ ¼ −i3

Z
dq4

ð2πÞ4 gϕKK�εμναβϵ
μ
ϕp

νqα2ūðp2Þ
�
gΣΞK�γρ

þ fΣΞK�

2mp
qλ2σλρ

�
ð=qþmΣÞ

fΣΞK
mπþ

=q1γ5vðp1Þ

×
1

q21 −m2
K

−gβρ þ qβ2q
ρ
2=m

2
K�

q22 −m2
K�

1

q2 −m2
Σ
F 2ðq2;m2

ΣÞ;

ðA11Þ

MΞΞ̄
Σð3Þ ¼ −i3

Z
dq4

ð2πÞ4 gϕKK�εμναβϵ
μ
ϕp

νqα1ūðp2Þ
fΣΞK
mπþ

=q2γ5

× ð=qþmΣÞ
�
gΣΞK�γρ þ

fΣΞK�

2mp
qλ1σλρ

�
vðp1Þ

×
−gβρ þ qβ1q

ρ
1=m

2
K�

q21 −m2
K�

1

q22 −m2
K

1

q2 −m2
Σ
F 2ðq2;m2

ΣÞ;

ðA12Þ

MΞΞ̄
Σð4Þ ¼ i3

Z
dq4

ð2πÞ4gϕK�K�ϵμϕðgαβðq1μ−q2μÞþgβμðpαþq2αÞ

−gαμðpβþq1βÞÞūðp2Þ
�
gΣΞK�γρþ

fΣΞK�

2mp
qλ2σλρ

�

×ð=qþmΣÞ
�
gΣΞK�γηþ

fΣΞK�

2mp
qκ1σκη

�
vðp1Þ

×
−gαηþqα1q

η
1=m

2
K�

q21−m2
K�

−gβρþqβ2q
ρ
2=m

2
K�

q22−m2
K�

1

q2−m2
Σ

×F 2ðq2;m2
ΣÞ: ðA13Þ

The total decay amplitude of ϕ → ΞΞ̄ can be
expressed as

MΞΞ̄
total ¼ 2ðMΞΞ̄

Λ þMΞΞ̄
Σ Þ ðA14Þ

with

MΞΞ̄
Λ ¼ MΞΞ̄

Λð1Þ þMΞΞ̄
Λð2Þ þMΞΞ̄

Λð3Þ þMΞΞ̄
Λð4Þ;

MΞΞ̄
Σ ¼ MΞΞ̄

Σð1Þ þMΞΞ̄
Σð2Þ þMΞΞ̄

Σð3Þ þMΞΞ̄
Σð4Þ: ðA15Þ

The decay amplitudes of ϕ → ΛΛ̄ corresponding to
Fig. 4 are shown as
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MΛΛ̄
ð5Þ ¼ i3

Z
dq4

ð2πÞ4 gϕKK1ð1270Þϵ
μ
ϕūðp2Þ

�
−
ifNΛK1

mb1

cos θqλ2σρλγ
5 þ sin θ

�
gNΛK0

1
γργ

5 −
ifNΛK0

1

mp
q2ργ5

��

× ð=qþmNÞ
�
fNΛK

mπþ
=q1γ5

�
vðp1Þ

1

q21 −m2
K

−gμρ þ qμ2q
ρ
2=m

2
K1ð1270Þ

q22 −m2
K1ð1270Þ

1

q2 −m2
N
F 2ðq2; m2

NÞ; ðA16Þ

MΛΛ̄
ð6Þ ¼ i3

Z
dq4

ð2πÞ4 gϕKK1ð1270Þϵ
μ
ϕūðp2Þ

�
fNΛK

mπþ
=q2γ5

�
ð=qþmNÞ

�
−
ifNΛK1

mb1

cos θqλ1σρλγ
5

þ sin θ

�
gNΛK0

1
γργ

5 −
ifNΛK0

1

mp
q1ργ5

��
vðp1Þ

−gμρ þ qμ1q
ρ
1=m

2
K1ð1270Þ

q21 −m2
K1ð1270Þ

1

q22 −m2
K

1

q2 −m2
N
F 2ðq2; m2

NÞ; ðA17Þ

MΛΛ̄
ð7Þ ¼ i3

Z
dq4

ð2πÞ4 gϕK�K1ð1270Þεμναβϵ
μ
ϕðp2qν1 þ q21p

νÞūðp2Þ
�
−
ifNΛK1

mb1

cos θqλ2σρλγ
5 þ sin θ

�
gNΛK0

1
γργ

5 −
ifNΛK0

1

mp
q2ργ5

��

× ð=qþmNÞ
�
gΛNK�γω þ fΛNK�

2mp
qϕ1σϕω

�
vðp1Þ

gαω þ qα1q
ω
1 =m

2
K�

q21 −m2
K�

gβρ þ qβ2q
ρ
2=m

2
K1ð1270Þ

q22 −m2
K1ð1270Þ

1

q2 −m2
N
F 2ðq2; m2

NÞ;

ðA18Þ

MΛΛ̄
ð8Þ ¼ −i3

Z
dq4

ð2πÞ4 gϕK�K1ð1270Þεμναβϵ
μ
ϕðp2qν2 þ q22p

νÞūðp2Þ
�
gΛNK�γω þ fΛNK�

2mp
qϕ1σϕω

�
ð=qþmNÞ

×

�
−
ifNΛK1

mb1

cos θqλ1σρλγ
5 þ sin θ

�
gNΛK0

1
γργ

5 −
ifNΛK0

1

mp
q1ργ5

�� gβρ þ qβ1q
ρ
1=m

2
K1ð1270Þ

q21 −m2
K1ð1270Þ

×
gαω þ qα2q

ω
2 =m

2
K�

q22 −m2
K�

1

q2 −m2
N
F 2ðq2; m2

NÞ; ðA19Þ

MΛΛ̄
ð9Þ ¼ i3

Z
dq4

ð2πÞ4 gϕKK1ð1400Þϵ
μ
ϕūðp2Þ

�
ifNΛK1

mb1

sin θqλ2σρλγ
5 þ cos θ

�
gNΛK0

1
γργ

5 −
ifNΛK0

1

mp
q2ργ5

��

× ð=qþmNÞ
�
fNΛK

mπþ
=q1γ5

�
vðp1Þ

1

q21 −m2
K

−gμρ þ qμ2q
ρ
2=m

2
K1ð1400Þ

q22 −m2
K1ð1400Þ

1

q2 −m2
N
F 2ðq2; m2

NÞ; ðA20Þ

MΛΛ̄
ð10Þ ¼ i3

Z
dq4

ð2πÞ4 gϕKK1ð1400Þϵ
μ
ϕūðp2Þ

�
fNΛK

mπþ
=q2γ5

�
ð=qþmNÞ

�
ifNΛK1

mb1

sin θqλ1σρλγ
5

þ cos θ

�
gNΛK0

1
γργ

5 −
ifNΛK0

1

mp
q1ργ5

��
vðp1Þ

−gμρ þ qμ1q
ρ
1=m

2
K1ð1400Þ

q21 −m2
K1ð1400Þ

1

q22 −m2
K

1

q2 −m2
N
F 2ðq2; m2

NÞ; ðA21Þ

MΛΛ̄
ð11Þ ¼ i3

Z
dq4

ð2πÞ4 gϕK�K1ð1400Þεμναβϵ
μ
ϕðp2qν1 þ q21p
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MΛΛ̄
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dq4
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The total amplitude of ϕ → ΛΛ̄ via another subset as discussed in Sec. II D can be expressed as
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�
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�
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