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Abstract: There are two available sets of data on the e+e− → Λ+
c Λ̄−c cross section at energies close to

the production threshold, collected by the Belle and by the BESIII Collaborations. The measurement
of the former, performed by means of the initial state radiation technique, is compatible with the
presence of a resonance, called ψ(4660), observed also in other final states. On the contrary, the latter
is measured an almost flat and hence non-resonant cross section in the energy region just above the
production threshold, but the data stop before the possible rise in the cross section for the resonant
production. We propose an effective model to describe the behavior of the data near this threshold,
which is based on a Coulomb-like enhancement factor due to the strong interaction among the final
state particles. In the framework of this model, it is possible to describe both datasets.

Keywords: hadron spectroscopy; exotic states; particle physics; charmed hyperon cross section

1. Introduction

The measurement of the baryon-anti-baryon cross section from electron-positron
annihilation has attracted great interest in recent years, especially in the region near to the
production threshold, partially owing to the efforts of the BESIII Collaboration. Although
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there are plenty of results for nucleons [1,2] and hyperons [3–5], studies of the charmed
baryon are scarce.

The Λc particle is the lightest charmed baryon. Having precise knowledge of its prop-
erties is of the utmost importance for the study of the other charmed baryons. Moreover,
since it can be described as a combination of udc quarks, and being charged, it has several
features similar to the proton. Despite this, the knowledge of the behavior of its cross
section is limited, with only two datasets available.

The first measurement was performed by the Belle Collaboration using the e+e− →
γISRΛ+

c Λ̄c
− cross section, where γISR is the initial state photon emitted by one of the two

initial leptons [6]. In that work, they described the data with a resonance, called ψ(4660),
observed by Belle [7] and also by the BaBar Collaboration [8] in other final states. This state
is overabundant with respect to the conventional charmonium spectrum [9] and it is part
of the exotic family called the XYZ state [10].

The second measurement was performed later by the BESIII Collaboration, which
collected four data samples on the Λ+

c Λ̄−c cross section in the energy region close to the
production threshold [11]. These data show a different trend with respect to the previous
result [6], seeming as if no resonance will appear. However, the data stop exactly at the
energy below which the rise in the cross section may be expected.

The first full treatment of the two different behavior was performed in [12] by means
of chiral EFT [13,14]. However, when the authors tried to investigate the interplay between
the two datasets, they mentioned that it was impossible to reconcile both trends using the
model they proposed.

In this paper, we propose a model to explain the phenomenon of the steep rise in the
cross section at the threshold, which is described in terms of a Coulomb-like enhancement
effect [15], due to the strong interaction of the final baryons. By considering this effect,
we also parametrize the lineshape of the cross section in the case of resonant behavior
around the ψ(4660) resonance, to show that it is possible to reconcile simultaneously both
the available BESIII [11] and Belle [6] datasets. With respect to the original Belle paper, we
have removed the first energy value since, due to the ISR center of mass uncertainty, more
than half of its center of mass may lie below the Λ+

c Λ̄−c production threshold. Since the
threshold behavior is our focus, we decided to consider only those data that are definitely
above it, instead of correcting for the aforementioned effect.

2. The Coulomb Factor

The Born cross section of electron-positron annihilation into an baryon-antibaryon is

σ(e+e− → BB̄) =

4πα2

3W2 Cβ

[
|GM(W2)|2 + 2

M2
B

W2 |GE(W2)|2
]

,
(1)

where α is the fine-structure constant, β and MB are the velocity and the mass of the baryon,
W is the e+e−-center of mass energy, GE and GM are the Sachs electric and magnetic form
factors and C is the so-called Coulomb factor (CF), which is due to the electromagnetic
interaction between the charged baryons as β → 0. The CF is given by the modulus
squared evaluated at r = 0 of the wave function ψ(r), describing the non-relativistic
electron scattering, and is obtained by solving the Schrödinger equation with the Coulomb
potential V(r) = e2/r. Its expression as a function of the velocity β is [16]:

C(β) = |ψ(0)|2 =
πα
√

1 + β2/β

1− e−πα(1+β2)/β
. (2)

This form does also include a relativistic correction, obtained by making the substitu-
tion 1/β→

√
1 + β2/β in the original non-relativistic expression. Close to the threshold,



Universe 2021, 7, 436 3 of 8

as β→ 0, the CF behaves like the only numerator function πα
√

1 + β2/β, that, having a
simple pole at β = 0, is usually called the enhancement factor

E(β) =
πα
√

1 + β2

β
. (3)

The most relevant effect of the electromagnetic interaction occurring between the
charged baryons just after their formation and when they are very close and almost
overlapping, is that exactly at the threshold energy, W = 2MB, and the probability of
being produced is abruptly different from zero. As a consequence, the cross section is
discontinuous and it rises quickly from zero up to, according to Equation (1),

σ(e+e− → BB̄)thr. =
π2α3

2M2
B
|Gthr.|2 ,

where Gthr. represents the common value of the electric and magnetic Sachs form factors at
the production threshold, i.e., Gthr. ≡ GE(4M2

B) = GM(4M2
B).

The second factor of the function C(β) given in Equation (2), namely the inverse of
the denominator in

R(β) =
1

1− e−πα(1+β2)/β
, (4)

is usually called the Sommerfeld re-summation factor and describes the multiple-photon
exchange between the final charged baryons.

The Strong Coulomb-Like Correction

Because of the hadronic nature of the final baryons, a strong correction should also
be considered in addition to the pure electromagnetic one. Following the same procedure
exploited to obtain the CF, the effect of the gluon exchange that mediates the strong
interaction just after the production of the baryon pair, i.e., at β→ 0, can be described by
the function Cs(β), obtained by making the substitution α→ α + αs in Equation (2). The
strong coupling constant αs depends on the energy, decreasing logarithmically as the energy
increases, so that, at high energy, i.e., low distances and β→ 0, αs � α and Cs(β) ' C(β).
On the other hand, as β increases, just few MeV above the baryon production threshold, αs
becomes dominant over the fine-structure constant α, and hence

Cs(β) ' παs
√

1 + β2/β

1− e−παs
√

1+β2/β
. (5)

The phenomenological need of a strong Coulomb-like correction, in addition to the
electromagnetic one, arises from the study of the pp̄ cross section at the threshold. Indeed,
the process e+e− → pp̄ represents the prototype reaction in which such a phenomenon
manifests itself, having in the final state the lightest pair of charged baryons and, moreover,
stable ones.

As a consequence, this cross section is well studied and there are several published
measurements [17–21]. Its line-shape exhibits a steep rise just above the threshold to a value
that is very close to the prediction of a point-like production [22,23] and then continues
with a flat behavior up to 2 GeV. The recent measurement of the CMD3 [19] Collaboration
shows that the cross section rises from zero to 0.8 nb in just one MeV. This is a clear
manifestation of the threshold discontinuity of the cross section, i.e., a step behavior, that
cannot be described by the previous models based on final-state interaction [24–30].

On the contrary, the strong Coulomb-like correction provides a quite reasonable and
plausible description of this phenomenon. In particular, following the line of thought
developed in the previous sections, the cross section can be parameterized as
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σ(e+e− → pp̄) =
1

W2
2π2α3

√
1 + β2

1− e−παs(W)
√

1+β2/β
|FF|2 (6)

where W is the e+e−-center of mass energy, Mp is the proton mass. The last factor FF
represents the modulus squared of the effective form factor, which depends on two free
parameters, i.e., the energy scale Λ0 and the power N, and can be expressed as

|FF|2 =
1

1 +
[
(W − 2Mp)/Λ0

]N

Notice that it is normalized to the unity at the production threshold W = 2Mp [22,23].
Figure 1 shows the data and the fit with Λ0 = (325± 3) MeV and N = (4.9± 0.2).

This value has to be compared with the theoretical expectation Ntheo = 8. For the QCD
running coupling constant, we used the time-like expression

αs(W) =
4π

β0

√
ln2(W2/Λ2

QCD) + π2
,

with ΛQCD = 350 MeV and β0 = 11− 2n f /3; in particular, dealing with energies well
below the b quark mass, we used n f = 4, i.e., we assumed that only the three lightest
quarks u, d, and s are involved in the observed phenomena, and hence β0 = 8.

1.9 2 2.1 2.2 2.3
Energy (GeV)

0.2

0.4

0.6

0.8

1

 c
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ss
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ec
tio

n 
(n

b)
pp

Figure 1. Fit to the most recent BESIII and CMD3 data with the strong corrected Coulomb enhance-
ment factor (CEF). The red line shows the cross section values as fitted from Equation (6), whereas
the black dots with error bars indicate the experimental measured values.

3. The Fit to e+e−→ Λ+
c Λ̄−c Cross Section

It is possible to use the same formalism to describe the e+e− → Λ+
c Λ̄−c cross section.

First, we use Equation (6) to describe the non-resonant part of the cross section, that shows
a sharp step just above threshold and then a flat behavior. Then, we will add the resonant
component to show that both the Belle and BESIII data can be fitted together.

3.1. The Non-Resonant Component

The normalization factor (2MΛc)
2σΛc

thr., being MΛc the Λ+
c mass and σΛc

thr. the value of
the cross section at the threshold, was included in Equation (6). As a consequence, the fit
function is

σ(e+e− → Λ+
c Λ̄−c ) =

(2MΛc)
2σΛc

thr.
W2

2π2α3
√

1 + β2

1− e−παs(W)
√

1+β2/β

1

1 + [(W − 2MΛc)/Λ0]
N , (7)
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where σΛc
thr., the energy scale Λ0 and the power N are free parameters to be fitted.

The result of the fit to all the points is shown in Figure 2. The best values of the
parameters are σΛc

thr. = (239± 10)pb, Λ0 = (163± 19) MeV and N = (7± 4). Only the N
value will be kept fixed in the following fitting of the resonant line-shape, where all the
errors are symmetrical and can be interpreted as 1σ deviations. The fit quality is reasonable,
since the reduced χ2 = 2. This is mainly due to the large error bars of the Belle data. In
Table 1 a list of the predicted cross sections in the energy interval between 4.58 and 4.76 GeV
is shown in order to make a comparison with the resonant hypothesis.
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Figure 2. Fit to the available BESIII and Belle data close to the Λ+
c Λ̄−c threshold, assuming the cross

section has only non-resonant behavior. The red dots with error bars are the BESIII experimental
data [11], the blue squares are the BELLE data [6], and the red line is the fit result with the formula
on Equation (6) modified as described in the text. The first Belle data in Ref. [6] are not presented in
the plot, as discussed in the introduction.

Table 1. Summary table of the predicted cross sections in the case of only the non-resonant cross
section (σNR) and resonant one (σR).

Mass/GeV/c2 σNR/nb σR/nb

4.58 0.239 0.221
4.61 0.238 0.299
4.64 0.237 0.587
4.67 0.231 0.282
4.7 0.201 0.190

4.73 0.135 0.133
4.76 0.07 0.071

3.2. Adding the Resonant Component

Finally, we add to the expression for the non-resonant cross section of Equation (7) a
resonant contribution, described by means of a Gaussian parametrization formula

f (W) =
1

σ
√

2π
e−

1
2 (

W−M
σ )

2

(8)

In Equation (8), M and σ are used to parametrize the mass and the width of the
resonant state, respectively. This parametrization approach was used due to the constraints
of the different datasets used. The scan data of BESIII and the ISR data of Belle have very
different errors on the energy bin and the chosen distribution provides a more reliable fit
with respect to the expected Breit–Wigner one.

Figure 3 shows the plot of the fit to the BESIII and Belle data. The reduced χ2 = 0.34
indicates that the addition of the resonance is preferred for the fitting of both sam-
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ples. The fit results are the following: MY = (4639± 7)MeV/c2, ΓY = (17± 5)MeV,
Λ0 = (0.167± 20)MeV, σΛc

thr. = (221± 10)pb, where all the errors are symmetrical and
can be interpreted as 1σ deviations. These values can be compared with the PDG [31]
values: Mψ(4660) = (4630± 6)MeV/c2, Γψ(4660) = (62+9

−7)MeV. Although the mass is in
good agreement, the present model finds a smaller width for the ψ(4660). The smaller
width shows that this choice of parametrization has some limits. On the one hand, since the
points above the resonance peak are described by the non-resonant component, the width
becomes smaller with respect to the value measured in [6]. On the other hand, a more
natural Breit–Wigner parametrization, that takes into account the vicinity of the threshold,
was tested, but with the present data the fits did not converge. Moreover, since the main
goal of this work was to extract the threshold behavior rather than the ψ(4660) parameters,
we support the Gaussian description that provides a reasonable agreement with the data
and provides a ball-park prediction for future measurements of the cross sections in this
energy region.

4.58 4.6 4.62 4.64 4.66 4.68 4.7 4.72 4.74 4.76
Energy (GeV)

0.1

0.2

0.3
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0.6
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Figure 3. Fit to BESIII [11] and Belle data [6] close to the Λ+
c Λ̄−c threshold with both resonant and

non-resonant contributions. The red dots with error bars indicate the BESIII experimental data, the
blue squares indicate the Belle data. The red line indicates the sum of the two contributions. The
dashed blue line represents the non-resonant contribution of the fit, whereas the dotted magenta line
represents the Breit–Wigner component. Both curves have arbitrary normalization. The first Belle
data in [6] are not presented in the plot, as discussed in the introduction.

Table 1 shows this prediction, in the case of resonant and non-resonant trend behavior,
as already mentioned in the previous paragraph. The difference between the results is
quite significant to allow the experiments to firmly address whether a resonance exists.

4. Summary

The cross section σ(e+e− → Λ+
c Λ̄−c ) seems to display two different trends in BESIII

and BELLE results. In this work, we proposed a phenomenological description of this
cross section based on a strong version of the Coulomb correction, that, being particularly
effective at low velocity, could be responsible for the sharp rise experimentally observed at
the Λ+

c Λ̄−c production threshold.
This kind of correction was successfully tested in the case of protons, i.e., for the

σ(e+e− → pp̄) cross section, which has been well measured by several experiments, and
then applied to the BESIII and Belle Λ+

c Λ̄−c data. By adding a resonant contribution, it is
also possible to cover the resonant behavior shown in the BELLE data. The agreement
with the PDG [31] mass was within 1σ, whereas the width was found to be smaller due to
the addition of the continuum. The quality of the fits showed that both the resonant and
non-resonant models are viable options (reduced χ2 = 0.34 and 2 respectively), owing to the
large errors in the BELLE data, but with a preference for the former. In the future, BESIII [32]
and Belle II will collect more data to deepen the understanding in the studied energy region
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and the cross section of charmed baryons. Finally, if the resonant behaviour is confirmed,
the same data will be used to provide a more proper description of the ψ(4660) parameters
in this final state, possibly taking into account the effect of the threshold vicinity.
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