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Abstract Near-threshold ΛΛ̄ mass spectra for the reac-
tions e+e− → ηΛΛ̄ and e+e− → φΛΛ̄ are investi-
gated with an emphasis on the role played by the interac-
tion in the ΛΛ̄ system. A variety of ΛΛ̄ potential models is
employed that have been established in the analysis of data
on p p̄ → ΛΛ̄ in the past. It is shown that the near-threshold
enhancement observed for the two e+e− reactions can be
reproduced by considering the ΛΛ̄ final-state interaction in
the partial waves suggested by the helicity-angle analysis
of the experiments. For e+e− → ηΛΛ̄ the same ΛΛ̄ S-
wave interaction as in e+e− → ΛΛ̄ is relevant and with it
a consistent description of the pertinent measurements can
be achieved. It is pointed out that a nonzero threshold cross
section as observed for the latter reaction is not supported by
the new ηΛΛ̄ data.

1 Introduction

Experimental information on the properties of baryon-
antibaryon (B B̄) interactions is rather scarce, with the excep-
tion of the N N̄ system, of course, where standard scattering
experiments are possible [1]. For others, like those involving
strange baryons and/or antibaryons, constraints on the forces
can be only inferred from studies of reactions where the B B̄
state is produced and interacts in the final state. Here, the by
far best investigated system is ΛΛ̄. In particular, the hyperon
production process p p̄ → ΛΛ̄ has been extensively mea-
sured in the PS185 experiment at the LEAR facility at CERN
and data are available for total and differential cross sections,
but also for spin-dependent observables [1–6], owing to the
fact that one can exploit the self-analyzing weak Λ decay.
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These data span the energy range from the reaction threshold
up to

√
s ≈ 2.4 GeV.

In the last two decades several other reactions produc-
ing a ΛΛ̄ pair have been studied experimentally. Among
them are the decays B → KΛΛ̄ [7], B → DΛΛ̄ [8],
J/ψ, ψ(3868) → ηΛΛ̄, π0ΛΛ̄ [9,10], and ψ(3868) →
ωΛΛ̄ [11]. In addition, data for e+e− → ΛΛ̄ [12–18],
and for e+e− → φΛΛ̄ [19] and e+e− → ηΛΛ̄ [20]
have been presented. Furthermore, there have been measure-
ments of ΛΛ̄ correlation functions in heavy-ion collisions
and in high energy pp collisions by the ALICE Collaboration
[21,22]. Finally, there are preliminary results from GlueX for
γ p → pΛΛ̄ [23,24]. See also the recent reviews [25,26].

Among those reactions, the one that received the by far
strongest attention by theorists is e+e− → ΛΛ̄, since it
allows one to determine the electromagnetic form factors of
the Λ in the time-like region [27–40]. One-photon exchange
can be expected to dominate, so that the reaction mecha-
nism is practically known, and the partial waves of the final
state are restricted to either 3S1 or 3D1. Certainly the most
conspicious aspect was the observation of a large non-zero
cross section barely 1 MeV away from the ΛΛ̄ threshold in
the BESIII experiment [15]. While the near-threshold energy
dependence of the reaction cross section reported by the
BaBar collaboration [13] could be well described by assum-
ing a standard final-state interaction (FSI) between the ΛΛ̄

pair [29], the explanation of the very large “at threshold”
BESIII value required the inclusion of a so far unobserved
narrow resonance [31,36].

In the present work we re-investigate the FSI effects
caused by the ΛΛ̄ interaction. This is done in view of the new
precise measurements of the near-threshold ΛΛ̄ invariant-
mass spectrum by BESIII in the reactions e+e− → φΛΛ̄

[19] and e+e− → ηΛΛ̄ [20]. The former process allows to
examine the ΛΛ̄ interaction in other partial waves than in
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Table 1 Allowed ΛΛ̄ partial waves and J PC assignments (up to P-
waves) for various channels in the reaction e+e− → γ → X

Final state Partial waves

φΛΛ̄ 1S0 [0−+], 3P0 [0++], 3P1 [1++], 3P2 [2++]
ηΛΛ̄ 3S1 [1−−], 1P1 [1+−]
ΛΛ̄ 3S1 [1−−]

e+e− → ΛΛ̄, see the selection rules summarized in Table 1,
while the latter involves the same final state (3S1) so that
one can explore whether the ΛΛ̄ FSI which describes the
energy dependence of the e+e− → ΛΛ̄ cross section can
also explain the one in e+e− → ηΛΛ̄. In particular, it will
be interesting to see whether the narrow structure required to
describe the BESIII measurement of e+e− → ΛΛ̄ [31,36] is
also needed in and/or supported by the e+e− → ηΛΛ̄ data.

As in our study of the reaction e+e− → ΛΛ̄ [29] we
employ phenomenological ΛΛ̄ models that have been devel-
oped by the Jülich group for the analysis of p p̄ → ΛΛ̄ data
in the past [41–44]. Indeed, in those studies several variants
have been established which all describe the PS185 data quite
well. These variants have been already used by us for calcu-
lating the e+e− → ΛΛ̄ reaction and yielded cross sections
well in line with the BaBar data. Moreover, it turned out that
some of the interactions also reproduce roughly the BESIII
result [16] on the ratio and phase of the electromagnetic form
factors GE and GM at 2.396 GeV [35].

The paper is structured in the following way. In the sub-
sequent section we provide a brief overview of the employed
formalism for treating the FSI effects. In Sect. 3 we present
our results. Specifically, we review the situation for e+e− →
ΛΛ̄ and then show our predictions for the ΛΛ̄ invariant
mass spectra measured in the reactions e+e− → ηΛΛ̄ and
e+e− → φΛΛ̄. We also discuss the situation forψ(3868) →
ηΛΛ̄ and γ p → pΛΛ̄. The paper closes with a short sum-
mary. The appendix contains a brief discussion of the ΛΛ̄

correlations measured by ALICE.

2 Treatment of the ΛΛ̄ final-state interaction

Our calculation of the ΛΛ̄ invariant-mass spectrum is based
on the distorted wave Born approximation (DWBA), where
the reaction amplitude A is given schematically by [45,46]

A = A0 + A0GΛΛ̄TΛΛ̄ . (1)

Here, A0 is the elementary (or primary) production ampli-
tude, GΛΛ̄ the free ΛΛ̄ Green’s function, and TΛΛ̄ the ΛΛ̄

reaction amplitude. For a particular (uncoupled) ΛΛ̄ partial
wave with orbital angular momentum L Eq. (1) reads

AL = A0
L+

∫ ∞

0

dpp2

(2π)3 A
0
L

1

2Ek − 2Ep + i0+ TL(p, k; Ek),

(2)

where TL denotes the partial-wave projected T -matrix, and
k and Ek are the momentum and energy of the Λ (or Λ̄)
in the center-of-mass system of the ΛΛ̄ pair. The quan-
tity TL(p, k; Ek) is obtained by solving the Lippmann-
Schwinger (LS) equation,

TL(p′, k; Ek) = VL(p′, k)

+
∫ ∞

0

dpp2

(2π)3 VL(p′, p) 1

2Ek − 2Ep + i0+ TL(p, k; Ek) ,

(3)

for a specific ΛΛ̄ potential VL . In the case of coupled par-
tial waves like the 3S1–3D1 the corresponding coupled LS
equation is solved [47], and then TLL is used in Eq. (2).

In principle, the elementary production amplitude A0
L in

Eq. (2) depends on the total energy and also on the ΛΛ̄

momentum and the momentum of the additional particle rel-
ative to the ΛΛ̄ system [48]. In the near-threshold region
A0
L = Ā0

Lk
L . The variation of Ā0

L with regard to the other
variables should be rather small as compared to the strong
momentum dependence induced by the ΛΛ̄ FSI. Therefore,
we neglect it in the following so that Eq. (2) reduces to

AL = Ā0
Lk

L

×
[

1+
∫ ∞

0

dpp2

(2π)3

pL

kL
1

2Ek−2Ep+i0+ TL(p, k; Ek)

]
.

(4)

with Ā0
L a constant. We found, however, that a straight and

simplistic off-shell extension Ā0
Lk

L → Ā0
L p

L in the integral
in Eq. (4) leads to a strong and seemingly artificial enhance-
ment of the principal-value part for P-waves, see also the dis-
cussion in Ref. [49]. Therefore, in order to avoid this artifact
we attenuate the P-wave momentum factor p (k) by replac-
ing it with p exp (−p2/Λ2) (and likewise for k) in the actual
calculation. The considered value for Λ (500 ∼ 600 MeV/c)
are chosen in line with our experience in studying FSI effects
with chiral N N̄ potentials [46] where the cutoff of the intrin-
sic regulator is of that order. Note that k � Λ � 500 MeV/c
corresponds to an invariant mass of roughly 2.45 GeV. Thus,
with such a value the on-shell properties of the ΛΛ̄ ampli-
tude in the region near the ΛΛ̄ threshold we are interested
in remain practically unmodified. For a thorough discussion
of various aspects of the treatment of FSI effects, see Refs.
[48,50,51] and also [52].

The ΛΛ̄ invariant-mass spectrum is calculated via

dσ

dM(ΛΛ̄)
∝ k |AL(k)|2 , (5)

which is valid when the (total) energy is significantly larger
than the φΛΛ̄ or ηΛΛ̄ threshold energies. Then for low ΛΛ̄

invariant masses the relative momentum of the third particle
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is large and it does not distort the signal of interest. This
condition is well fulfilled by the BESIII measurements.

In the present calculations we employ ΛΛ̄ potentials
which were established within the Jülich meson-baryon
model in studies of the reaction p p̄ → ΛΛ̄ [41–44]. In
those works the hyperon-production reaction is considered
within a coupled-channel approach, which allowed to take
into account rigorously the effects of the initial (p p̄) and
final (ΛΛ̄) state interactions. Both play a role for describ-
ing the data for energies near the production threshold. For
details of the potentials we refer the reader to the cited works.
Here we just want to mention that the elastic parts of the inter-
actions in the p p̄ and ΛΛ̄ channels are described by meson
exchanges, whereas annihilation processes are accounted for
by phenomenological optical potentials.

We consider a variety of potentials in order to assess a
possible (and unavoidable) model dependence of the results.
Specifically, we use the ΛΛ̄ potentials I, II, and III of Ref.
[41] (cf. Table III) and “K” from Ref. [43] (Table II), denoted
by IV below. The models differ by variations in the employed
parameterization of the N N̄ annihilation potential and by dif-
ferences in the p p̄ → ΛΛ̄ transition mechanism. All of them
provide a rather good overall description of the wealth of
p p̄ → ΛΛ̄ data collected by the P185 Collaboration [1]. In
particular, the total reaction cross sections produced by those
potentials agree with each other and with the experiment up
to plab ≈ 1700 MeV/c (corresponding to

√
s ≈ 2.32 GeV

or an excess energy Q = √
s − 2mΛ of about 90 MeV).

Even spin-dependent observables (analyzing powers, spin-
correlation parameters) are, in general, described fairly well.
For reference, in the appendix the scattering lengths of those
potentials are summarized and a brief discussion of results
for the ΛΛ̄ correlations measured by the ALICE Collab-
oration [22] is provided. Finally, we emphasize again that
the validity of treating FSI effects via Eqs. (4) and (5) is
clearly limited, say to excess energies of 50 to 100 MeV.
With increasing invariant mass the momentum dependence
of the reaction/production mechanism should become more
and more relevant and will likewise influence the invariant-
mass spectrum. Last but not least when approaching the ΣΣ̄

threshold the overall dynamics could change significantly
[29].

3 Results

In the following we present predictions for the ΛΛ̄ inva-
riant-mass spectrum for the reactions e+e− → ηΛΛ̄ and
e+e− → φΛΛ̄. The former is interesting because it involves
the same ΛΛ̄ state (FSI) as e+e− → ΛΛ̄. In the latter case
FSI effects in ΛΛ̄ P-waves are expected to play a role, con-
sidering the helicity-angle analysis of the BESIII data [19].
As mentioned above, the calculations utilize ΛΛ̄ potentials

from [41,43] which have been already explored in our study
of the electromagnetic form factors of the Λ in the time-like
region [29].

3.1 The reaction e+e− → ηΛΛ̄

We start with reminding the reader on the situation for
e+e− → ΛΛ̄. Experimental results in the near-threshold
region are presented in Fig. 1 (right), together with our pre-
dictions based on various ΛΛ̄ potentials [29,35]. One can
see on the one hand that all interactions yield a more or less
flat behavior of the cross section, in line with the BaBar data
[13]. On the other hand, the data point from BESIII [15] at
2232.4 MeV (filled square), i.e. just about 1 MeV above the
ΛΛ̄ threshold at 2mΛ = 2231.4 MeV, deviates from the
overall trend and is not reproduced by our calculation. As
demonstrated in works by others, that data point can be only
described by introducing a narrow and so far unknown res-
onance located very near the threshold (Mx = 2230.9 MeV,
Γx = 4.7 MeV) [36] or by a suitably adjusted contribution
of the sub-threshold resonance φ(2170) in combination with
an additional resonance at 2340 MeV [31]. Very recent and
more precise data from BESIII [18] (open circles) are con-
sistent with the other measurements in the threshold region
within the uncertainties. However, also those do not show a
clear and unique tendency regarding the threshold behavior,
and actually can be described in a convential way [40].

Interestingly, initial data for p p̄ → ΛΛ̄ provided some
support for a near-threshold resonance in the 3S1 ΛΛ̄ state
[53]. However, a later high-statistics measurement by Barnes
et al. [5] ruled that out. In fact, including a narrow near-
threshold resonance in our ΛΛ̄ potentials would completely
spoil the agreement with the p p̄ → ΛΛ̄ data. It should
be mentioned that a partial-wave analysis of the reaction
p p̄ → ΛΛ̄, performed by Bugg [54] indicated again the
presence of a resonance. However, its width is very large
(Γ ≈ 275 MeV). In our opinion that resonance has to be
considered simply as an effective parameterization of the FSI
effects in the 3S1-3D1 partial wave rather than as indication
for a physical state.

The new measurement of the ΛΛ̄ mass spectrum in the
reaction e+e− → ηΛΛ̄ is shown in Fig. 1 (left). The possi-
ble ΛΛ̄ states near threshold are 3S1 (1−−) and 1P1 (1+−),
where the former is the partial wave which also causes the
enhancement in the e+e− → ΛΛ̄ cross section. Indeed,
the invariant-mass spectrum calculated via Eq. (5), including
FSI effects from our ΛΛ̄ potentials in the 3S1 partial wave,
describes the BESIII data strikingly well over the whole con-
sidered invariant-mass region. Note specifically the one data
point very close to threshold which is exactly in line with
the energy dependence generated by the FSI. In view of that,
it is hard to believe that something unusual happens only in
e+e− → ΛΛ̄ at the threshold whereas for other reactions a

123



  136 Page 4 of 7 Eur. Phys. J. A           (2023) 59:136 

Fig. 1 Left: Results for e+e− → ηΛΛ̄ based on the 3S1 partial wave of
the ΛΛ̄ models I-IV [41,43]. Data are from Ref. [20]. The phase space
behavior is indicated by the dotted line. The vertical thin dash-dotted line
marks the Σ+Σ+ threshold which is around 2.379 GeV. All curves are

arbitrarily normalized so that they coincide at
√
s ≈ 2.32 GeV. Right:

Corresponding results for e+e− → ΛΛ̄, see Refs. [29,35]. Data are
from Refs. [12] (DM2), [13] (BaBar), and [15,18] (BESIII)

Fig. 2 Invariant-mass spectra for ψ(3686) → ηΛΛ̄ from the BESIII Collaboration [10] (left) and preliminary results for γ p → pΛΛ̄ from GlueX
[24] (right). Same description of curves as in Fig 1

consistent and convincing description of the experiments is
achieved by the FSI in the same ΛΛ̄ partial wave.

In Fig. 2 we show result for two other reactions where
the ΛΛ̄ invariant-mass spectrum has been measured. Also
in those cases we expect that the 3S1 partial wave provides
the dominant FSI effect. Unfortunately, the statistics of the
BESIII data on ψ(3686) → ηΛΛ̄ (left) is too low for allow-
ing reliable conclusions. The invariant-mass spectrum from
a measurement of the reaction γ p → pΛΛ̄ by GlueX is
roughly in line with our prediction based on the FSI by the
3S1 partial wave, but we want to emphasize that those data
are still preliminary. Moreover, for that reaction there are no
strict selection rules so that the 1S0 partial wave can likewise
contribute and FSI effects there could have an impact on the
result, too.

3.2 The reaction e+e− → φΛΛ̄

Recently, the BESIII Collaboration [19] has also published
data for the reaction e+e− → φΛΛ̄ [19]. The measurement
is characterized by an excellent momentum resolution and by
the fact that the angular distributions have been measured and
analysed. According to that analysis the ΛΛ̄ pair is produced
in the 1++, 2++, or 2−+ states, i.e. in the ΛΛ̄ partial waves
3P1, 3P2, or 1D2. For illustration, in the following we will
show results for all triplet P-waves (3P0, 3P1, 3P2) of the
ΛΛ̄ potentials.

However, first we focus on aspects of the treatment of
P-wave interactions in our FSI formalism. As already men-
tioned in Sect. 2, in the case of P-wave interactions we
include a cutoff in the evaluation within the DWBA (4). In
Fig. 3 we examine the effect of this treatment. The (upper)

123



Eur. Phys. J. A           (2023) 59:136 Page 5 of 7   136 

Fig. 3 Invariant-mass spectrum for e+e− → φΛΛ̄. The results are
based on the 3P2 partial wave of the ΛΛ̄ model I [41]. The curves cor-
respond to the DWBA calculation (with cutoff 500 (solid) and 600 MeV
(dash-dotted) and the Migdal-Watson approximation (dashed), see text.
The P-wave phase space (k3), without (phsp) and with cutoff (phsp
cut), is indicated by the dotted lines. Data are from Ref. [19]

dotted line represents the phase-space behavior of a P-wave,
where the invariant-mass spectrum is then proportional to
k3. In case of the blue (lower) dotted line the cutoff factor is
multiplied. One can see that the change is only small to mod-
erate over the interesting region of say M(ΛΛ̄) � 2.32 GeV.
Specifically, no additional and undesirable energy depen-
dence is introduced. The effect of the FSI, calculated via
Eq. (4), leads to a drastic modification of the spectrum, visu-
alized here for the 3P2 partial wave of model I. For illustration
we show predictions based on a cutoff of 500 MeV (solid

line) and for 600 MeV (dash-dotted line), and also results
obtained within the so-called Migdal-Watson (MW) approx-
imation (dashed line) where the invariant-mass spectrum is
basically given by TL(k, k; Ek)/k [49]. One can see that all
the results are qualitatively similar.

Predictions for the invariant-mass spectrum based on the
3P0, 3P1, and 3P2 partial waves of the ΛΛ̄ potential I are
shown in Fig. 4 (left). Here 500 MeV is used for the cutoff.
Obviously, the result for the 3P1 as well as those for the 3P2

are well in line with the experiment. Those two states were
also favored by the helicity-angle analysis of BESIII [19]. For
the 3P0 partial wave, which anyway is practically excluded
by that analysis, the FSI effects would fall short to describe
the data. In order to complete the picture, in Fig. 4 (right)
we show results based on all ΛΛ̄ potentials I-IV, selectively
for the 3P2 partial wave. Obviously, the model-dependence of
the predictions is quite small, something we already observed
above when considering FSI effects due to the 3S1 state.

The invariant-mass spectrum for e+e− → φΛΛ̄ was also
studied by Milstein and Salnikov [55] and they too achieved
agreement with the data by including FSI effects. They also
showed that with the 1D2 partial wave (i.e. the 2−+ state) one
cannot describe the near-threshold behavior and, therefore,
we did not consider this state in our calculations. Anyway,
we want to emphasize that in their investigation the poten-
tial was specifically constructed for and fitted to the BESIII
data. As said above, the ΛΛ̄ potentials employed by us were
established in a study of the p p̄ → ΛΛ̄ reaction and fitted
to the LEAR data. Thus our result for the ΛΛ̄ invariant-mass
spectrum are in fact predictions. We note that our potentials
are also more realistic because they include effects from ΛΛ̄

annihilation [41].
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Fig. 4 Invariant-mass spectrum for e+e− → φΛΛ̄. Left: Results for different ΛΛ̄ partial waves (3P0, 3P1, 3P2) based on ΛΛ̄ model I [41]. Right:
Results for different ΛΛ̄ models I, II, III [41], and IV [43], based on the 3P2 partial wave. Data are from Ref. [19]
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4 Summary

In the present work we have investigated invariant-mass spec-
tra for the reactions e+e− → ηΛΛ̄ and e+e− → φΛΛ̄ close
to the ΛΛ̄ threshold. Specific emphasis has been put on the
role played by the interaction in the final ΛΛ̄ system which
is taken into account rigorously. For it a variety of ΛΛ̄ poten-
tial models have been employed that have been established
in the analysis of data on the reaction p p̄ → ΛΛ̄ from the
LEAR facility at CERN.

It turned out that the near-threshold invariant-mass depen-
dence of the ΛΛ̄ spectra observed in those two reactions can
be well reproduced by considering the ΛΛ̄ FSI in the par-
tial waves suggested by the helicity-angle analysis of the
experiment. In the case of e+e− → ηΛΛ̄ the partial wave
responsible for the FSI (3S1) is identical to the one which
dominates the e+e− → ΛΛ̄ cross section near threshold.
It is shown that the enhancement generated by the FSI in
this state allows one to achieve a consistent description of
both reations. However, a nonzero “threshold” cross section
as suggested for the latter reaction in the BESIII experiment
[15] is not observed in the new ηΛΛ̄ data. In fact, none of the
reactions with ΛΛ̄ in the final state, measured in recent times,
confirms or supports the existence of a narrow near-threshold
resonance that couples to the ΛΛ̄ system.

Of course, these observations do not rule out an anomalous
behavior of the e+e− → ΛΛ̄ cross section at threshold and
a narrow vector-meson state as possible explanation for it.
Only accurate measurements of that reaction with excellent
mass resolution in the threshold region could provide clarity.
Recently published data from the BESIII Collaboration [18]
are a first step in this direction, but are not yet of sufficient
precision so that the trend of the cross section very close to
the ΛΛ̄ threshold remains ambiguous.
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Appendix A: Predictions for the ΛΛ̄ correlation function

For completeness, in Table 2 we summarize the scattering
lengths for the employed ΛΛ̄ potentials.

Furthermore, for illustration we provide predictions for
the two-particle momentum correlation function in compar-
ison to data of the ALICE Collaboration from pp collisions
at

√
s = 13 TeV [22], see Fig. 5. We want to emphasize

that these results are only meant for providing a qualitative
impression. The calculations were performed with the wave
functions in the 1S0 and 3S1 partial waves in the standard
way, assuming a Gaussian function for the source [56–58].
However, possible contributions from higher partial waves
and from the annihilation channels were omitted, see [22,57]
for more details. In addition, no adjustment of femtoscopic
parameters, like the source radius R and the so-called feed-
down parameter λ [56], was done. Here we simply chose
values (R = 1.1 fm, λ = 0.35) comparable to those sug-
gested in [22]. Nonetheless, one can see that there is a good
qualitative agreement with the measurement for all the four
potentials. Remarkably, the moderate rise of the correlation
function at very low momenta indicated by the data is repro-
duced by the calculations. In any case, there is no indication
for a near-threshold resonance.

Table 2 ΛΛ̄ scattering lengths (in fm) in the 1S0 and 3S1 partial waves
of the employed ΛΛ̄ potentials [41,43]. The spin-averaged value by
the ALICE Collaboration is from an analysis of the ΛΛ̄ correlation
function measured in Pb-Pb collisions [21]

potential a(1S0) a(3S1)

I 0.32 − i0.52 0.74 − i0.56

II 0.67 − i1.14 0.66 − i0.37

III 1.42 − i1.15 1.00 − i0.44

IV 1.56 − i1.40 0.98 − i0.65

ALICE (0.90 ± 0.16) − i(0.40 ± 0.18)
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Fig. 5 ΛΛ̄ correlation function measured in pp collisions at 13 TeV by
the ALICE Collaboration [22]. Filled symbols are the original data while
the opaque symbols include corrections for the background as estimated
in that work. The calculation is based on the ΛΛ̄ wave functions in the
1S0 and 3S1 partial waves, see text. Same description of curves as in
Fig. 1
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