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Based on the effective Lagrangian approach, we investigate the pp̄ → ΛΛ̄ reaction. Within this
framework, we provide a dynamical explanation by analyzing its total and differential cross sections, as
well as the polarization of the produced Λ hyperon. Incorporating the t-channel exchange of the scalar
K�

0ð700Þ and pseudoscalar K mesons, complemented by an s-channel contribution from the vector excited
state, we can reproduce the current experimental data fairly well in a wide energy region. Compared to the
conventional K andK�ð892Þmesons exchange, the K�

0ð700Þmeson exchange plays a more essential role in
simultaneously capturing the observed features of the total and differential cross sections. The introduction
of the vector s-channel resonance improves the description of the spin observables. This work gives a
perspective to inspect the role of K�

0ð700Þ and serves as a test to search for the resonances in the reaction
pp̄ → ΛΛ̄ at threshold.
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I. INTRODUCTION

The first baryon found to have the strange quark is the Λ
hyperon, and the ΛΛ̄ hyperon-antihyperon production thus
provides a good insight for understanding the intrinsic
dynamics of hadrons including strangeness flavor. To date,
a large number of experiments have measured the produc-
tion of ΛΛ̄. These experimental measurements played an
essential role in establishing baryon-antibaryon interaction
models and in elucidating the underlying quark-level
interactions. The study of ΛΛ̄ production in the pp̄
scattering, which proceeds via strangeness-exchange mech-
anisms, has stimulated extensive investigations [1]. During
an earlier stage, many experiments successively measured
the total cross sections of this reaction, providing data in an
energy range of approximately 1 GeV above the ΛΛ̄

threshold [2–10]. Subsequently, based on the Low-energy
Antiproton Ring (LEAR) of CERN, the production of ΛΛ̄
has been studied by the LEAR PS185 experiment [8–12],
and they gave the high statistical data of total and differ-
ential cross sections very close to the threshold of the pp̄ →
ΛΛ̄ reaction in 2000 [12]. However, up to now, there has
been no comprehensive theoretical analysis that can con-
sistently account for all the experimental data from differ-
ent experiments. Therefore, the primary objective of this
work is to provide a unified description of these exper-
imental measurements for the pp̄ → ΛΛ̄ reaction over a
wide energy region, from which we can extract the energy
dependence of the pp̄ and ΛΛ̄ interactions.
With the accumulation of experimental data of the pp̄ →

ΛΛ̄ reaction, many theoretical models have been estab-
lished, such as the K and K�ð892Þ strange meson-exchange
model [13–19], partial wave analysis [20], and one-gluon
exchange model [21]. As for the meson-exchange model,
previous studies usually use the coupled channels with the
effective potential to research the K̄-nucleon interaction.
This method also allows one to conveniently take into
account the final-state interactions. In a meson-exchange
description, K-exchange is the dominant long-range
mechanism [13], and it was found that the P-wave
contribution is important even very close to the reaction
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threshold. In Ref. [22], a coupled channel calculation of the
pp̄ → ΛΛ̄ reaction was performed in a constituent quark
model which incorporates Goldstone boson exchanges
between quarks and has been successfully applied to the
pp̄ → pp̄ reaction. That work focuses on the study of
depolarization and spin transfer observables in the pp̄ →
ΛΛ̄ reaction at a p̄ lab momentum plab ¼ 1637 MeV.
All these aforementioned model calculations can only

describe the experimental data of the pp̄ → ΛΛ̄ reaction at
low energies. But, the high-energy data cannot be well
described. Here, our work aims to investigate the total and
differential scattering cross sections of this specific pp̄ →
ΛΛ̄ process; in other words, we study it within a single-
channel coupling framework. In this context, the effective
Lagrangian approach turns out to be concise and efficient.
Similarly, we also consider the t-channel K and K�ð892Þ
exchanged mechanism. In addition, the scalar meson
K�

0ð700Þ (denoted as κ)1 is also introduced. In fact, the
t-channel scalar κ meson exchange has been studied to
interpret the hyperon-nucleon interaction [23,24], and the κ
meson has constituted an important component in the
construction of the Nijmegen potential models [23,24]. It
was also pointed out, in Ref. [22], the inclusion of the scalar
strange κ exchange at the quark level improves the
description of the experimental data at plab¼1637MeV.
Hence, our paper particularly pays attention to the con-
tribution of the κ meson to the process of pp̄ → Λ̄Λ at the
hadron level. The contributions from t-channel K and
K�ð892Þ exchange are also discussed.
In addition to the t-channel strange meson exchange, we

also consider the contributions from s-channel resonances.
In fact, the near-threshold bound state of theΛΛ̄ system can
be used to explain the near-threshold enhancement of the
eþe− → ΛΛ̄ reaction [25–28]. However, the dynamics near
the ΛΛ̄ threshold in the related reaction pp̄ → ΛΛ̄ may be
distinct. The recent PS185 experiment has given a precise
measurement of pp̄ → ΛΛ̄ reaction in the kinematic region
from the reaction threshold up to an excess energy of about
6 MeV [12]. They found that the total cross section varied
smoothly near the threshold, indicating no observable
resonant structures. A detailed study of the shape of the
total cross section should reveal a structure if such an
intermediate state is an important part of the reaction
dynamics of the pp̄ → ΛΛ̄ reaction. Here, we conduct a
comprehensive analysis of intermediate resonance states
based on experimental data of both total and differential
cross sections. This investigation is particularly significant
as, despite their theoretically suppressed contributions
predicted by the Okubo-Zweig-Izuka rule (contribution
arising from nonplanar-quark diagram), these resonances
may still play a non-negligible role in some energy regions.

Thus, in the present paper, we investigate the pp̄ → ΛΛ̄
reaction by introducing t-channel K, K�ð892Þ, and κ
exchange, as well as an s-channel resonance within the
effective Lagrangian approach. Our focus is on describing
the total and differential cross-section data over a broad
energy range.
On the other hand, the pp̄ → ΛΛ̄ reaction provides an

ideal laboratory for investigating spin dynamics, primarily
due to the self-analyzing nature of the parity-violating weak
decays of Λ and Λ̄ hyperons [9]. Additionally, the authors
of Ref. [29] point out that measurements of the depolari-
zation in the pp̄ → ΛΛ̄ process can serve as an interesting
test of the dynamics responsible for the “proton spin
puzzle.” Within the meson-exchange method, numerous
works have investigated the associated spin observables
[22,30–32] in pp̄ reactions. For the pp̄ → ΛΛ̄ reaction, a
full coupled-channel approach strictly satisfying unitarity
was used to investigate Λ polarization in Ref. [15], while
the distorted-wave Born approximation with optical poten-
tials was employed to account for the spin dynamics [30].
The contribution of K�ð892Þ exchange was also examined
in Ref. [30]. The authors demonstrated that comparing the
fitting parameters extracted from different KNΛ and K�NΛ
couplings schemes serves to verify the internal consistency
of the model. To reproduce the same experimental mea-
surements, a reasonable balance between production and
absorption in the combined K and K�ð892Þ sectors has to
be respected. In the present work, we adopt a phenom-
enological effective Lagrangian approach with spin density
matrix [33,34], which is obtained from the scattering
amplitude to investigate Λ polarization. Note that the
polarization observables arise directly from the interference
of scattering amplitudes, making them a sensitive probe of
the relative phases and reaction mechanisms. Thus, relative
phases between different contributions are included.
This article is organized as follows: in Sec. II, we provide

a detailed description of our theoretical framework, and
outline the effective Lagrangian model used to calculate the
cross sections of the pp̄ → ΛΛ̄ reaction. Section III
presents the fitting of experimental data based on this
theoretical framework, accompanied by a discussion of the
results. Finally, Sec. IV offers a short summary.

II. THEORETICAL FORMALISM

As mentioned in the Introduction, we will employ an
effective Lagrangian method to investigate the pp̄ → ΛΛ̄
reaction. In the following analysis, we consider a combined
contribution from both the t-channel and s-channel proc-
esses, as shown in Fig. 1. For the t-channel exchange, we
sequentially study the role of scalar κ, pseudoscalar K, and
vector K�ð892Þ (≡K�), in order to compare their respective
effects and differences. There is no signal for s-channel
resonance contribution to the pp̄ → ΛΛ̄ reaction near the
threshold [12], while there is an evidence for a resonance

1In what follows, we will use κ to denote K�
0ð700Þ since the

scalar meson K�
0ð700Þ was also known as κ.
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contribution in the high-energy region. Here, we will also
study the important role played by the excited meson states
with masses around 2.2 to 3.0 GeV, with the aim of
describing the available experimental data of the pp̄ →
ΛΛ̄ reaction at the high-energy region. The R in Fig. 1
stands for the s-channel resonance. Consequently, we
define three representative scenarios for comparison: Set
I, including κ, K, and R; Set II, including κ, K�, and R; Set
III, including K, K�, and R. For doing this, we have
minimized the free model parameters in order to have the
best reproduction of the available experimental data.
Since the information about the meson states around 2.2

to 3.0 GeV is scarce [35], it is necessary to rely on
theoretical calculations. For example, the spectrum of
excited ω and ϕ states was investigated in Ref. [36] using
the modified Godfrey-Isgur model. By performing phe-
nomenological analysis, the two-body ΛΛ̄ strong decays of
the excited ϕ states were studied in Ref. [37]. Based on the
above theoretical calculations, we take one excited vector
state2 into account in this work. Its mass and width are
determined to reproduce the available experimental data for
the pp̄ → ΛΛ̄ reaction.
To compute the contributions of t-channel κ, K, and K�

exchange, and s-channel R resonance, we use the inter-
action Lagrangian densities of Refs. [38–45]:

Lκ ¼ −gκpΛψ̄Λψpϕκ þ H:c:; ð1Þ

LK ¼ −gKpΛψ̄Λγ5ψpϕK þ H:c:; ð2Þ

LK� ¼ gK�pΛψ̄Λγμψpϕ
μ
K�

þ f
4m

ψ̄ΛσμνψpF
μν
K� þ H:c:; ð3Þ

LRpp̄ ¼ gRpp̄ϕ
μ
Rψ̄ p̄γμψp

þ fRpp̄
4mp

ψ̄ p̄σμνψpF
μν
R þ H:c:; ð4Þ

LRΛΛ̄ ¼ gRΛΛ̄ϕ
μ
Rψ̄Λγμψ Λ̄

þ fRΛΛ̄
4mΛ

ψ̄Λσμνψ Λ̄F
μν
R þ H:c:; ð5Þ

where the Lκ, LK, and LK� describe the interactions of
pp̄ → ΛΛ̄ in t-channel with scalar meson κ, pseudoscalar
meson K, and vector meson K�, respectively. ϕμ

K� and ϕμ
R

indicate the polarization vectors for the exchanged K�
meson and s-channel R resonance, respectively. gκpΛ is the
coupling constant of vertex κpΛ, gKpΛ is corresponding to
KpΛ interaction, while gK�pΛ, and f are the coupling
constants depicting K�pΛ interaction. The corresponding
Feynman diagram is shown in Fig. 1(a). Similar to the K�
situation, as for resonance R, gRpp̄=RΛΛ̄ and fRpp̄=RΛΛ̄ are
the coupling constants of the vector term and tensor term,
respectively. Based on the investigations ofNK interactions
in Ref. [14], we take gKpΛ ¼ 13.98.3

As for the s-channel, LRpp̄ in Eq. (4) and LRΛΛ̄ in Eq. (5)
describe the interactions between the vector resonance R
and pp̄ and ΛΛ̄, respectively. And the resonance R in
s-channel, with quantum numbers JPC ¼ 1−−, is shown as
Fig. 1(b). In the study of NK interaction results [14], all of
the coupling constants are real. However, within our
theoretical framework, relying solely on the interference
between different particles is insufficient to describe the
spin polarization. Consequently, the interference between
the vector and tensor couplings of the K�=R vector mesons
becomes particularly important. Finally, for the sake of
simplicity and effectiveness, we treat the tensor couplings
f, fRpp̄=RΛΛ̄ as the complex parameters. For the s-channel
resonance, since the squared momentum transfer q2 > 0
lies in the timelike region, the coupling constants of the
resonance R to the baryon-antibaryon pair can in principle
be complex. Regarding the t-channel K� exchange, its
vector and tensor coupling constants are typically treated as
real numbers in conventional studies [14,30,46,47].
However, within our phenomenological framework, we

FIG. 1. Feynman diagrams for the pp̄ → ΛΛ̄ reaction.
(a) t-channel with scalar κ, pseudoscalar K, and vector K�;
(b) s-channel with resonance R.

2The pp̄ system annihilates with the angular momentum l ¼ 0
and can also have quantum numbers JPC ¼ 0−þ, which means
the intermediate state could also be an excited pseudoscalar
meson.

3Note that in our fitting procedure, we treat the coupling
constant gKpΛ as a free fitting parameter, and its fitted value
consistently lies close to 14. Given its good agreement with the
value of 13.98, we therefore decided to fix this coupling at 13.98.
This treatment not only maintains theoretical consistency but also
reduces the number of free parameters, thereby effectively
suppressing the possibility of overfitting.
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intentionally introduce a complex tensorial coupling for the
K� to introduce a relative phase between its vector and
tensor coupling terms. This is aimed at providing maximum
flexibility in describing the polarization observables of Λ
hyperon, as will be demonstrated in the subsequent dis-
cussions. Furthermore, the effects of absorption and uni-
tarity are incorporated by introducing phenomenological
imaginary tensorial couplings for both the K� and the R
resonance. All these coupling parameters will be deter-
mined by fitting them to the experimental data.
In our scattering amplitude calculation of Feynman

diagrams shown in Fig. 1, we also need the propagators
of scalar κ, pseudoscalar K, vector K�, and resonance R.
Then their propagators are given by

Gκ=K ¼ i
q2κ=K −m2

κ=K

; ð6Þ

Gμν
K� ¼ i

gμν − qμK�qνK�=m2
K�

q2K� −m2
K�

; ð7Þ

Gμν
R ¼ i

gμν − qμRq
ν
R=m

2
R

q2R −m2
R þ imRΓR

; ð8Þ
where qκ=K=K� and mκ=K=K� are the momentum and mass of
t-channel exchanged κ (K orK�), respectively. In this work,
we take mκ ¼ 838 MeV, mK ¼ 495.6 MeV, and mK� ¼
893.6 MeV as in the Review of Particle Physics [35].
Similarly, qR, mR, and ΓR represent the momentum, mass,
and width of the s-channel resonance, respectively, where
mR and ΓR are model parameters and will be obtained by
fitting to the available experimental data.
Except for the propagators of the exchanged particles, it is

also necessary to introduce the form factor to modify the
impact of off-shell behavior of the exchanged particles
[48–51]. There is no unique theoretical way to introduce the
form factors [40]. We adopt here the scheme used in the
previous works, which can be regulated as follows [52,53]:

Fκ=K=K� ðqκ=K=K� Þ ¼
�

λ2κ=K=K�

λ2κ=K=K� − q2κ=K=K�

�n

; ð9Þ

for the t-channel with the κ,K,K� cases, we take n ¼ 1 for κ

and K, and n ¼ 2 for the vector K�. And

FRðsÞ ¼
λ4R

λ4R þ ðs −m2
RÞ2

; ð10Þ

for the s-channel with the vector meson R case [54–57]. And
s ¼ q2R is the square of the center-of-mass (c.m.) energy of the
pp̄ system. We consider different parametrizations of the
form factors with the cutoff parameters λκ=K=K� and λR. Note
that the values of the cutoff parameters can be directly related
to the hadron size. Nevertheless, the hadron size is still an
open issue in hadron physics. Therefore, we phenomeno-
logically tune these cutoff parameters to reproduce available
experimental data. In the present work, we determine the
values of these parameters by fitting to the differential and
total cross sections, as well as the spin observables of the
pp̄ → ΛΛ̄ reaction.
With the effective interaction Lagrangian and form

factors given above, we can easily construct the invariant
scattering amplitude for Set I and Set II

M ¼ AκFκðqκÞ þAK=K�
FK=K� ðqK=K� Þeiφ1

þARFRðqRÞeiφ2 ; ð11Þ

where φ1 and φ2 represent the relative phases between the
scattering amplitudes of K (or K�) and κ, and between
those of resonance R and κ, respectively. Similarly, the
amplitude for Set III can be written as M ¼ AKFKðqKÞ þ
AK�

FK� ðqK� Þeiφ1 þARFRðqRÞeiφ2 ; currently φ1 and φ2

represent the relative phase between the scattering ampli-
tudes of K and K�, and between those of resonance R and
K, respectively. In Set I, we consider the contributions from
κ, K, and resonance R, whereas in Set II we replace K with
K�. By artificially turning off the K exchange and leaving
only the K� exchange in Set II, we aimed to isolate and
examine the solitary effect of K�. Moreover, we can
investigate the role of κ by turning off it in Set III.
The reduced amplitudes Aκ=K=K�=R shown in Eq. (11)

depend on the spin variables of the initial proton and
antiproton and the finalΛ and Λ̄, which are given as follows:

Aκ
sp;sp̄;sΛ;sΛ̄ ¼ ig2κpΛ

q2κ −m2
κ
½ūΛðpΛ; sΛÞupðpp; spÞv̄p̄ðpp̄; sp̄ÞvΛ̄ðpΛ̄; sΛ̄Þ�; ð12Þ

AK
sp;sp̄;sΛ;sΛ̄ ¼ ig2KpΛ

q2K −m2
K
½ūΛðpΛ; sΛÞγ5upðpp; spÞv̄p̄ðpp̄; sp̄Þγ5vΛ̄ðpΛ̄; sΛ̄Þ�; ð13Þ

AK�
sp;sp̄;sΛ;sΛ̄ ¼ −i

q2K� −m2
K�

h
gK�pΛūΛðpΛ; sΛÞγμupðpp; spÞϵ�μK� þ f

4m
ūΛðpΛ; sΛÞσμνupðpp; spÞFμν

K�

i

×
h
gK�pΛv̄p̄ðpp̄; sp̄Þγμ0vΛ̄ðpΛ̄; sΛ̄Þϵμ

0
K� þ f

4m
v̄p̄ðpp̄; sp̄Þσμ0ν0vΛ̄ðpΛ̄; sΛ̄ÞFμ0ν0

K�

i
; ð14Þ
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AR
sp;sp̄;sΛ;sΛ̄ ¼ i

q2R −m2
R þ imRΓR

�
gRΛΛ̄ūΛðpΛ; sΛÞγμvΛ̄ðpΛ̄; sΛ̄Þϵ�μR þ fRΛΛ̄

4m
ūΛðpΛ; sΛÞσμνvΛ̄ðpΛ̄; sΛ̄ÞFμν

R

�

×

�
gRpp̄v̄p̄ðpp̄; sp̄Þγμ0upðpp; spÞϵμ

0
R þ fRpp̄

4m
v̄p̄ðpp̄; sp̄Þσμ0ν0upðpp; spÞFμ0ν0

R

�
; ð15Þ

where pi and si (i ¼ p, p̄, Λ, Λ̄) stand for the momentum
and spin of the corresponding particle, respectively, and
qκ=K=K� ¼ pp − pΛ.
After establishing the complete scattering amplitudes,

the calculation of the invariant amplitude square jMj2 and
the differential cross section of pp̄ → ΛΛ̄ reaction is
straightforward [35]:

dσ
d cos θ

¼ jpΛj
32πsjppj

1

4

X
sp;sp̄;sΛ;sΛ̄

jMj2; ð16Þ

where pΛ and pp represent the three-momentum of proton
and hyperon in the c.m. system, respectively, and θ denotes
the angle between the above two momenta. jpΛj and jppj
are given by

jpΛj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

Λ

p
2

; jppj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

p

q
2

; ð17Þ

with mp ¼ 938.272 MeV and mΛ ¼ 1115.683 MeV.
To calculate the spin observables, we evaluate the matrix

elements of the invariant scattering amplitudes using
explicit Dirac spinors. Due to parity conservation in the
strong interaction, the polarization of the outgoing hyperon
for unpolarized initial states is nonvanishing only along the
direction normal to the scattering plane (i.e., y-axis, with
positive direction defined by ey ¼ pp × pΛ=jpp × pΛj), as
shown in Fig. 2. Consequently, we focus on the spin
projections along this axis. In this pp̄ → ΛΛ̄ reaction, the
Dirac spinors for a fermion with four-momentum

pp;p̄;Λ;Λ̄ ¼ ðEp;p̄;Λ;Λ̄; pp;p̄;Λ;Λ̄Þ and mass mp;Λ are given by

upðpp; spÞ ¼
=pp þmpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðEp þmpÞ

p ð1þ γ5spÞu0; ð18Þ

vpðpp̄; sp̄Þ ¼
=pp̄ −mp̄ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðEp̄ þmp̄Þ

p ð1þ γ5sp̄Þv0; ð19Þ

uΛðpΛ; sΛÞ ¼
=pΛ þmΛffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðEΛ þmΛÞ

p ð1þ γ5=sΛÞu0; ð20Þ

vΛðpΛ̄; sΛ̄Þ ¼
=pΛ̄ −mΛ̄ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðEΛ̄ þmΛ̄Þ

p ð1þ γ5sΛ̄Þv0; ð21Þ

where

u0 ¼

0
BBB@

1

0

0

0

1
CCCA; v0 ¼

0
BBB@

0

0

0

1

1
CCCA: ð22Þ

Furthermore, the spin four-vectors sp, sp̄, sΛ, and sΛ̄ can be
explicitly written as

sp ¼ sp̄ ¼ sΛ ¼ sΛ̄ ¼ �n; ð23Þ

with n ¼ ð0; 0; 1; 0Þ. Here, � signs denote the two pos-
sible spin orientations of the respective particles.
Additionally, we adopt the Dirac representation for the γ
matrices throughout this work. For a specific spin configu-
ration λ ¼ fsp; sp̄; sΛ; sΛ̄g, the corresponding amplitude
Msp;sp̄;sΛ;sΛ̄ðθÞ is obtained by contracting the interaction
operators with the Dirac spinors uðp; λÞ; vðp; λÞ. Finally,
the spin polarization PyðθÞ of outgoing Λ hyperon can be
derived from the interference between different spin states.
Specifically, it is calculated by the asymmetry between the
spin-up sΛ ¼ þn and spin-down sΛ ¼ −n production rates,
as follows:

PyðθÞ ¼
P

sp;sp̄;sΛ̄
ðjMsp;sp̄;þn;sΛ̄ j2 − jMsp;sp̄;−n;sΛ̄ j2ÞP

sp;sp̄;sΛ̄
ðjMsp;sp̄;þn;sΛ̄ j2 þ jMsp;sp̄;−n;sΛ̄ j2Þ

: ð24Þ

To date, the theoretical understanding of the pp̄ → ΛΛ̄
reaction remains incomplete, as existing models have

scattering plane

FIG. 2. Definition of the scattering plane in the pp̄ and ΛΛ̄ c.m.
system. Py and P0

y are the polarizations along their y-axis,
respectively.
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demonstrated limited capability in simultaneously describ-
ing the cross-section behavior both near the threshold and
in the high-energy regions. Previous theoretical investiga-
tions have typically been constrained to reproducing either
the near-threshold data or the high-energy data exclusively,
leaving a significant gap in our comprehensive under-
standing of this process. In the present study, we address
this limitation by incorporating both total and differential
cross-section data into a unified framework. Through a
systematic global fitting procedure, we aim to establish
robust constraints on the model parameters, thereby pro-
viding a more complete and consistent description of the
reaction dynamics across the entire energy spectrum.

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present the fitted numerical results for
the total and differential cross sections, and Λ polarization
for the pp̄ → ΛΛ̄ reaction. There are a total of 159 data
points below excess energy ε ≃ 1 GeV.4 By including the
current experimental data into our fitting algorithm, the
fitted results are shown in Table I along with Set I:
χ2=d:o:f ¼ 2.2; Set II: χ2=d:o:f ¼ 2.7; Set III:
χ2=d:o:f ¼ 2.2. There are 14, 16, and 17 free model
parameters in Sets I, II, and III, respectively. It is found
that Set I provides the more reasonable fitting results, which
leads to a massmR below the ΛΛ̄ threshold of 2231.4 MeV.
Consequently the particle R is a resonance for the pp̄
channel but a bound state in theΛΛ̄ one. As a comparison, as

discussed in the previous section, Set II fails to reproduce the
experimental data satisfactorily, even with the including
K� exchange and the additional freedom of complex
couplings. This further demonstrates that the K� exchange
plays amarginal role in this reaction. For the scalar κmeson,
it is turned off in Set III. Although this fit also yields a small
χ2=d:o:f as for Set I, it results in an unphysically large width
of over 1.5 GeV for the vector resonanceR, accompanied by
a strong coupling to the p̄p channel. Because such an
extremelywidewidth ofR cannot be interpreted as a genuine
hadronic resonance, it indirectly illustrates κ importance.
Therefore, we may tentatively conclude that, within the
current experimental data and theoretical framework, the
contribution of the K exchange is significantly more
favorable than that of the K�, while the contributions of
κ and R remain indispensable. Hence, in the following we
will show only the numerical results obtained with these
fitted model parameters of Set I.
Before presenting the numerical results for fitted param-

eters of Set I, we address a potential concern. The broad
decay width of the κ resonance, Γκ ¼ 463� 27 MeV,
should be included for the t-channel κ exchange. We
therefore performed a best fit including the finite widths
of both the κ and also K�. However, we have found tiny
changes of the fitted results. Thus, the inclusion of the
widths of t-channel κ and K� exchange gives negligible
influence on describing the total and differential cross-
section measurements for the pp̄ → ΛΛ̄ reaction over a
broad energy range.
With all the model parameters determined in Set I, we

can get our theoretical results. The obtained total cross

TABLE I. Fitted parameters in this work. There are three fitting scenarios: Set I (κ,K, and R), Set II (κ,K�, and R),
and Set III (K, K�, and R).

Parameter Set I Set II Set III

κ gκpΛ 7.5� 0.3 4.6� 0.1 � � �
λκ[MeV] 121� 4 243� 4 � � �

K λK [MeV] 181� 5 � � � 206� 3

K� gK�pΛ � � � 1.2� 0.2 1.1� 0.1
f � � � ð−9.9�0.7Þþið3.2�1.5Þ ð−2.7�0.2Þþið2.1�0.5Þ

λK� [MeV] � � � 485� 8 1009� 90

mR [MeV] 2130� 5 1986� 25 2138� 2
ΓR [MeV] 292� 18 26� 6 1600� 70
λR [MeV] 337� 9 638� 9 281� 1

gRpp̄ 236.7� 2.1 72.6� 1.4 3833� 22

fRpp̄ ð−175.4�2.6Þ−ið24.0�4.0Þ ð−56.6�2.0Þþið27.0�1.7Þ ð−3140�21Þ−ið129�20Þ
gRΛΛ̄ 14.3� 0.01 8.9� 0.01 9.2� 0.01
fRΛΛ̄ ð−14.4�0.01Þ−ið0.3�0.03Þ ð−8.9�0.01Þþið0.2�0.01Þ ð−9.2�0.01Þ−ið0.1�0.01Þ
φ1ð°Þ 62.6� 1.4 −1.0� 1.1 117.5� 2.3
φ2ð°Þ 179.2� 1.8 60.6� 0.01 17.2� 0.7

χ2=d:o:f 2.2 2.7 2.2

4The excess energy ε is defined as ε ¼ ffiffiffi
s

p
− 2mΛ.
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section as a function of excess energy ε is shown in Fig. 3,
from which one can easily find that the red solid line
representing the total cross section successfully captures
the observed experimental trend incorporating two energy
regions. As for the threshold energy region, K meson and R
resonance play significant roles, while the contribution
from κ is also important. The interference helps to modify
the combined contributions from t-channel K and κ meson
exchange and s-channel intermediate R resonance, leading
to a better reproduction of the experimental data. With the
help of the higher precision in this region, there is indeed no
clear evidence for the existence of a near-threshold
state [12]. The clearer line shape can be referred to in
the inset in Fig. 3. This is consistent with the previous
studies [12,26]. Moreover, a preliminary conclusion regard-
ing the near-threshold state could be confirmed if the
energy gap between the two energy regions were to be
filled in the future. For ε below 100 MeV, contributions
from t-channelK and κ and s-channel R are comparable but
differ at higher energy. Additionally, the resonance R and
the interference between t-channel K and κ and s-channel

contributions optimize the peak shape together. It is
expected that future experiments can be used to clarify
this issue.
For the R resonance, as discussed before, there have been

some studies discussing the excited states of light-flavor
vector mesons, particularly in terms of the resonance
masses around 2200 MeV. In Ref. [20], a partial wave
analysis of pp̄ → ΛΛ̄ reaction was done, and provide
evidence for a new isospin I ¼ 0, and spin-parity JPC ¼
1−− resonance with mass MR ¼ 2290� 20 MeV and
width ΓR ¼ 275� 35 MeV, which couples to pp̄ and
ΛΛ̄ channels in both S-wave and D-wave. In Ref. [58],
the contributions of vector mesons in eþe− annihilation to
open-strangeness channels are studied, and it was reported
a ωð3DÞ state with mass and width around 2283 MeV and
94 MeV, respectively. The authors of Ref. [59] investigated
the roles of the ωð3DÞ and ωð4SÞ states in the eþe− → ωη
and ωπ0π0 process, and found the masses of the ωð3DÞ and
ωð4SÞ states are around 2200 MeV. In addition,
Refs. [60,61] also studied excited ω and ϕ mesons with
masses close to 2200 MeV. Thus, the vector state R

FIG. 3. Obtained total cross section of pp̄ → ΛΛ̄ as a function of the excess energy εð¼ ffiffiffi
s

p
− 2mΛÞ, which is the excess energy of the

c.m. system over the energy of the threshold ΛΛ̄. In this figure, the blue dashed line and orange dotted line represent the contributions of
κ and R resonance, respectively, while the dash-dotted curve corresponds to the K-exchange. The red solid line illustrates the total cross
section, which is modified by the contributions of κ, K, and R and their mutual interferences. The lower-energy experimental data about
6 MeVover the ΛΛ̄ threshold comes from Ref. [12], which can be inspected more clearly in the inset. The inset uses the same legend and
axes titles as the main figure. In addition, the remaining experimental data in the higher energy region are taken from Refs. [2–10]. Note
that the antiproton laboratory momentum scale (plab

p̄ ) is also shown in the upper sides of both figure and inset.
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included here with mass 2130� 5 MeV and width
292� 18 MeV, could be identified as the ωð3DÞ or
ωð4SÞ state.
In addition to its good performance across the entire

energy range of the total cross section, the κ meson plays an
indispensable role in the differential cross section. The
results are shown in Fig. 4, and θΛ̄� is defined as the
scattering angle between the three momenta of p̄ and Λ̄ in
the c.m. frame. The c.m. energies are selected near the pp̄
threshold. As the c.m. energy increases, the differential
cross section spans a wider range of values. It’s obvious to
find that our results, namely the red solid curves, are in
good agreement with the experimental data, which is
mainly due to the included mesons and the interference
among their amplitudes.
The calculated results for the polarization observable

PyðθÞ are compared with the experimental data in Fig. 5.
The comparison covers a wide kinematic range from the
near-threshold region to higher energies. At low excess
energies (ε < 4 MeV), the measured polarization is con-
sistently positive across the entire angular range, showing
a gentle angular dependence. Our model qualitatively

reproduces this feature, although the magnitude is slightly
underestimated at intermediate angles for ε ¼ 1.71 and
2.71 MeV. As the energy increases to ε ¼ 39.82 and
92.48 MeV, the polarization exhibits a distinct structure
characterized by a sign change. PyðθÞ becomes negative in
the cos θ < 0.5 backward direction and cos θ > 0.5 pos-
itive in the forward direction. Our theoretical calculation
captures this characteristic angular distribution and the
zero-crossing behavior remarkably well, indicating that the
interference between the contributing amplitudes is cor-
rectly described with our theoretical mechanism. It was also
found that reproducing these polarization data for the
pp̄ → ΛΛ̄ reaction requires a large interference between
t-channel κ and K exchange, as well as the s-channel
intermediate resonance R.
As we mentioned earlier, previous studies on the

t-channel reaction pp̄ → ΛΛ̄ have mainly focused on
meson exchanges involving K and K� [14–16,18,19].
However, those models are limited to specific energy
regions and do not provide a comprehensive description
across the entire energy spectrum relevant to current
experimental data. Actually, we have also considered the

FIG. 4. Obtained differential cross sections of the pp̄ → ΛΛ̄ reaction. These figures use the same legend as Fig 3, and the experimental
data are taken from Ref. [12].
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contributions of K or K� mesons based on the effective
Lagrangian methods. However, as anticipated, neither of
the two mesons can capture the total cross sections near the
threshold and high-energy behavior simultaneously.
Beyond achieving a consistent total cross section across
both low- and high-energy regions, it is essential for the
model to reproduce the corresponding differential cross-
section data, as this gives a critical criterion for checking its
validity. We found that K and K� failed to reproduce the
differential cross-section data even if they could give a
rough description of the total cross section near the reaction
threshold. The introduction of the κ meson has provided a
promising way, leading us to exclude K� rather K mesons
from our model. Besides, we have also studied contribu-
tions from the narrow state Xð2231Þ proposed in Ref. [26]

that has strong coupling to the ΛΛ̄ channel; it was found
that its contribution may not be important because of the
limited experimental data, whereas another resonance R
with a higher mass proposed in this work appears to play a
more essential role within our model. Nevertheless, more
precise experimental data will test our model calculations.
Furthermore, those new experimental data will be used as
essential inputs to improve the theoretical descriptions of
the two-body baryon-antibaryon interactions.

IV. SUMMARY

In this study, we conduct a comprehensive theoretical
analysis of the reaction pp̄ → ΛΛ̄ by combining the total
and differential cross-section data near the threshold and in

FIG. 5. Polarization results of pp̄ → ΛΛ̄ reaction. The experimental data for ε < 4 MeV are taken from Ref. [12], whereas these data
for ε > 4 MeV are taken from Ref. [9].
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the high-energy regions, as well as the produced Λ
polarization data. Employing the framework of the effective
Lagrangian approach, we incorporate the t-channel
exchange of the κ and K mesons, together with the
s-channel contributions from a vector R resonance. Our
model successfully reproduces the experimental data,
offering a robust description of the observed phenomena.
This result highlights a distinct difference in the production
mechanism and the final state interaction of the pp̄ → ΛΛ̄
reaction, providing new insights into the underlying
dynamics of this process.
Compared to the general consideration of t-channel

exchanges of K and K� mesons, the inclusion of κ meson
proves more effective in simultaneously describing the total
cross sections both in the threshold and high-energy regions.
Moreover, the κ exchange shows clear advantages in repro-
ducing the differential cross sections. In addition, our
theoretical calculations also provide a satisfactory descrip-
tion of the available hyperon polarizationdata, indicating that
the underlying reaction mechanism is consistently captured
across multiple observables. Therefore, we consider κ an
indispensable component in the theoretical study of the
pp̄ → ΛΛ̄ reaction. The total cross-section experimental
data provide hints of an excited vector state, which provides
significance in the overall fitting to the experimental results.
Our conventional model, with leading t-channel κ and

K exchange supplemented by an s-channel R resonance,
is simpler than the complicated quark model approach of
Ref. [22].And it is anticipated that our findingswill offer new
perspectives and insights for experiments aimed at refining
the understandingof thepp̄ → ΛΛ̄ reaction, thereby enhanc-
ing our knowledge of hyperon production and the dynamics
of light hadrons in the low-energy region.
More precise experimental measurements on the pp̄ →

ΛΛ̄ reaction, especially for the excess energy about 10 to
100 MeV, are expected to provide valuable insights into its
reaction kinematics. These experimental measurements can
be carried out by the next-generation facilities [62–64].
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