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The production of single-charmed baryonsΛþ
c Λ−

c ,Λþ
c Σ−

c þ H:c:, and Σþ
c Σ−

c in pp̄ collisions is studied in
the framework of a constituent quark model that has satisfactorily described the NN̄ system and the
strangeness production pp̄ → ΛΛ̄, ΛΣ̄, and ΣΣ̄ processes. Predictions on the total cross sections are
analyzed for different approaches to the underlying nn̄ → cc̄ process, mediated by one-gluon annihilation
diagrams. The results indicate that the cross section is on the order of 1 nb between 10 and 14 GeV for
Λþ
c Λ−

c and Λþ
c Σ−

c channels and around 0.01–0.1 nb for Σþ
c Σ−

c . These estimations can be relevant for their
future search in facilities like PANDA.

DOI: 10.1103/PhysRevD.106.094027

I. INTRODUCTION

Charmed-hadron physics has been in the spotlight in the
last years with the observation of many new excited states
of charmed baryons and mesons, as well as exotic states
with four or five minimum quark content (e.g., see a review
in Refs. [1,2]). The construction of the PANDA experiment
[3] at the Facility for Antiproton and Ion Research at GSI
laboratory plans to push forward the research on charmed
hadron spectroscopy and reactions with high-accuracy
measurements [1].
Regarding charmed baryons, the program contains not

only a study of the spectroscopy, but also in-medium
effects, charm-anticharm mixing, the search for CP viola-
tion or studies of precise measurements of Λc decays. A
required previous step is the estimation of charm produc-
tion cross sections in pp̄ collisions. Indeed, charm pro-
duction processes in proton-antiproton reactions are
important to test the mechanisms of charm quark pair
creation, which is in the regime of nonperturbative QCD. In
particular, increasing interest is being given to the exclusive
production reactions such as pp̄ → Λþ

c Λ−
c .

This process is the prototype reaction to analyze the
underlying process of charm quark pair creation in baryons.

The process recalls the hyperon production reaction
pp̄ → ΛΛ̄. Traditionally, two different pictures have been
used to describe the strangeness production. One of them is
based on the t-channel meson exchange [4], whereas the
second works at the quark level being the strangeness
created by qq̄ annihilation and subsequent ss̄ creation by
s-channel gluon exchanges [5].
Both models can be extended to the YcȲc production.

The extension of the meson-exchange model to the charm
sector is based on SUð4Þ flavor symmetry. Accordingly,
the elementary charm production process is described by
t-channel D and D� meson exchanges. Such a model has
been applied to the charm production in Ref. [6]. However,
up until now, the quark model has not been extended to the
charm production.
Other models, including quark-gluon string models

[7,8], effective Lagrangian models [9–11], and perturba-
tive QCD calculation within the handbag approach [12],
have been used to describe the charm production, with a
disparity of predictions ranging over several orders of
magnitude.
One characteristic feature of the YcȲc production is that

different final channels are produced via selected isospin
channels: the Λþ

c Λ̄−
c is produced via the isospin singlet

(I ¼ 0) channel, whereas the Λþ
c Σ̄−

c þ H:c: goes through
the isospin triplet (I ¼ 1). This fact can be used to differ-
entiate models that involve different physics. In the conven-
tional meson-exchange picture, the charm production
transition interaction is weaker than the YȲ production
mediated by kaon exchanges, but it predicts larger cross
sections than alternative models based on s-channel
exchanges. However, this latter model will show a domi-
nance of spin-triplet channels, since the spin of the Λc is

*entem@usal.es
†fdz@usal.es
‡pgortega@usal.es

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 106, 094027 (2022)

2470-0010=2022=106(9)=094027(7) 094027-1 Published by the American Physical Society

https://orcid.org/0000-0002-0014-0295
https://orcid.org/0000-0003-2376-6255
https://orcid.org/0000-0002-3732-3415
https://orcid.org/0000-0002-1580-2706
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.106.094027&domain=pdf&date_stamp=2022-11-23
https://doi.org/10.1103/PhysRevD.106.094027
https://doi.org/10.1103/PhysRevD.106.094027
https://doi.org/10.1103/PhysRevD.106.094027
https://doi.org/10.1103/PhysRevD.106.094027
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


entirely carried by the c quark, so a triplet cc̄, produced by
an effective vector as the gluon, guarantees a triplet ΛcΛ̄c
final state.
Unfortunately, unlike the hyperon-antihyperon reactions,

the charmed baryon production lacks experimental data,
so there is no way to discriminate among models.
Nevertheless, the theoretical calculations allow one to
predict the order of magnitude of the observables, which
can be of help for the future experimental search.
In view of the experimental and theoretical interests in

such reactions, in this paper we analyze the YcȲc production
reaction using a widely used constituent quark model
[13,14]. The model has been extensively used to describe
hadronic spectroscopy and reactions [15–19], as well as the
pp̄ cross section and positronium level shifts [20] and the
analog strangeness process of proton-antiproton to hyperon-
antihyperon [5,21]. Besides the one-gluon exchange [22],
the constituent quark model encodes constituent masses,
emerging as a dynamicalmass generated by the spontaneous
breaking of the SUð3ÞL ⊗ SUð3ÞR symmetry of the QCD
Lagrangian. Hence, as a consequence of the Nambu-
Goldstone theorem, eight massless bosons identified with
the members of the pseudoscalar octet fπ; K; ηg, corre-
sponding with the eight broken generators, are expected to
be exchanged between the massive quarks. Thus, this model
shares features of meson-exchange and quark-gluonmodels
in a unified framework.
In this approach, the nn̄ → cc̄ transition is described via

a gluon annihilation diagram, building the hadronic pp̄ →
YcȲc transition interactions by means of the resonating
group method, which folds the quark level interaction with
the wave functions of the baryons under play. This feature
implies that the Λþ

c Λ−
c production will occur in a pure spin-

triplet state, the spin-singlet channels being completely
suppressed. Nambu-Goldstone boson exchanges do not
affect the transition potential, but constrain the initial and
final state interactions.
The paper is organized as follows: In Sec. II, we describe

the details of the constituent quark model and the calcu-
lation of the cross section in a coupled-channels approach.
In Sec. III, we present the results and a comparison with
other theoretical estimations, and in Sec. IV we give a short
summary.

II. THE MODEL

The predictions for the production ofΛc=Σc are based on
previous analyses of strangeness production in proton-
antiproton collisions [5,21]. Such calculations, and those in
the present study, were done in the framework of the
constituent quark model described in Ref. [20] for the NN̄
system. All the parameters of the model have been con-
strained from previous calculations of hadron phenomeno-
logy, so in that sense the results are parameter-free.
Based on Diakonov’s picture of the QCD vacuum as a

dilute instanton liquid [23], the model assumes that the

quark acquires a dynamical mass due to the interaction
with fermionic zero modes of individual instantons.
The momentum-dependent mass vanishes for large
momenta and acts as a natural cutoff of the theory.
This scenario can be modeled with the chiral invariant
simple Lagrangian [23]

L ¼ ψ̄ðiγμ∂μ −MUγ5Þψ ; ð1Þ

where Uγ5 ¼ expðiϕaλaγ5=fπÞ, where ϕa denotes the
pseudoscalar fields ðπ⃗; Ki; η8Þ with i ¼ ð1;…; 4Þ, λa being
the SUð3Þ flavor matrices, and with M as the constituent
quark mass. The momentum dependence of the constitu-
ent quark mass can be derived from the theory, though a
simpler parametrization can be obtained as Mðq2Þ¼
mqFðq2Þ, where mq ∼ 300 MeV and

Fðq2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Λ2
χ

Λ2
χ þ q2

s
; ð2Þ

with Λχ being a cutoff that fixes the chiral symmetry-
breaking scale.
Expanding the Nambu-Goldstone boson field matrixUγ5

from Eq. (1), we have

Uγ5 ¼ 1þ i
fπ

γ5λ
aϕa −

1

2f2π
ϕaϕa þ…; ð3Þ

where we can identify the constituent quark mass contribu-
tion in the first term. Further terms give rise to quark-quark
interactions mediated by boson exchanges. Specifically, the
second term represents the ϕa ¼fπ⃗;Ki;η8g one-boson
exchange, with i ¼ ð1;…; 4Þ, whereas the third term illus-
trates a two-bosonexchange,whosemain contribution can be
modeled as a scalar σ exchange.
Such boson exchanges, detailed in Refs. [5,13], allow

one to describe the NN̄ and YcȲc self-interactions, con-
strained by the light-quark potentials. The basic qq̄
potentials for such systems are

Vπ
qq̄ðq⃗Þ ¼

1

ð2πÞ3
g2ch
4m2

q

Λ2
π

Λ2
π þ q2

ðσ⃗i · q⃗Þðσ⃗j · q⃗Þ
m2

π þ q2
ðτ⃗i · τ⃗jÞ;

Vη
qq̄ ¼ −

1

ð2πÞ3
g2ch
4m2

q

Λ2
η

Λ2
η þ q2

ðσ⃗i · q⃗Þðσ⃗j · q⃗Þ
m2

η þ q2

× ðcos θPλ8i λ8j † − sin θPÞ;

Vσ
qq̄ðq⃗Þ ¼ −

g2ch
ð2πÞ3

Λ2
σ

Λ2
σ þ q2

1

m2
σ þ q2

; ð4Þ

diagrammatically represented in Fig. 1(a). The parameters
of the model are presented in Table I. The chiral coupling
constant gch is determined from the πNN coupling con-
stant, through the relation
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g2ch
4π

¼
�
3

5

�
2 g2πNN

4π

m2
q

m2
N
;

with mq as the mass of the light fu; dg quark [13].
Nevertheless, the charm production nn̄ → cc̄, with

n ¼ fu; dg, is beyond the chiral symmetry-breaking scale.
Hence, within our constituent quark model, such produc-
tion mechanism is not mediated by Nambu-Goldstone
boson exchanges, but it is governed by QCD perturbative
effects, which are taken into account through the one-
gluon-exchange term

Lgqq ¼ i
ffiffiffiffiffiffiffiffiffiffi
4παs

p
ψ̄γμG

μ
cλcψ ; ð5Þ

λc being the SUð3Þ color matrices andGμ
c is the gluon field.

The strong coupling constant αs has a scale dependence
that allows one to consistently describe light, strange, and
heavy mesons, whose explicit expression is

αsðμÞ ¼
α0

lnðμ2þμ2
0

Λ2
0

Þ
; ð6Þ

where μ is the reduced mass of the qq̄ system and α0, μ0,
and Λ0 are parameters of the model (see Table I).
Since quark-antiquark exchanges are not allowed in NN̄

or YcȲc systems, the NN̄ (YcȲc) interaction from one-
gluon exchange (OGE) only emerges as annihilation
diagrams, that is, in momentum representation [20,24],

VA;OGE
qq̄ ðq⃗Þ ¼ αs

8π2mij

�
4

9
−

1

12
λ⃗1 · λ⃗2

�

×

�
3

2
þ 1

2
σ⃗1 · σ⃗2

��
1

2
−
1

2
τ⃗1 · τ⃗2

�
; ð7Þ

where mij is the product of the masses of the interacting
quarks. For the NN̄ → YcȲc, those are mij ¼ m2

n, with mn

as the mass of the light quarks fu; dg. However, this choice
may overestimate the contribution of the gluon annihilation
interaction for an nn̄ → cc̄ process, whose energy is much
larger than mn. For that reason, we will compare the results
with mij ¼ m2

n, which will be dubbed “model (a)” from
now on, with an averaged quark mass mij ¼ mΛ

2, where
mΛ ¼ 1

3
ð2mn þmcÞ, which is dubbed “model (b).” The

value of the αsðμÞ from Eq. (6) will be scaled accordingly.
In the qq̄ system, there are also annihilation contribu-

tions from Nambu-Goldstone bosons [Fig. 1(b)] in the
NN̄ → NN̄ and YcȲc → YcȲc reactions. In our model, the
real part of this potential can be obtained with a Fierz
transformation of Eq. (4). Explicit expressions can be found
in Ref. [5].
The last ingredient of our constituent quark model is

confinement, a nonperturbative effect that prevents having
colored hadrons. This potential contributes neither to the
NN̄ nor to the YcȲc interactions, but allows one to describe
hadron spectroscopy and prevents the baryon collapse
under the interactions described above.
Finally, in addition to the interaction in the elastic

channels, both pp̄ and YcȲc annihilate into mesons,
processes that are very complex to describe. These con-
tributions are usually parametrized in terms of optical
potentials. In order to evaluate the model predictions of
the total cross section near the YcȲc threshold, we will take
the YcȲc optical potential to be zero, as it is not expected to
have a large influence in this energy region. For the NN̄
optical potential, with the aim of simplifying the descrip-
tion of the processes, we do not include spin-orbit or tensor
pieces. Thus, we take the form

VOpt ¼ ðVr þ i ·WiÞe−d2
2
q2 ; ð8Þ

where the d,Vr, andWi parameters are fitted to the available
total, elastic, and inelastic pp̄ → pp̄ cross sections up to
plab ¼ 14 GeV (see Fig. 2), obtaining the values d ¼
0.509 fm, Vr ¼ −0.184 GeV−2, and Wi ¼ −2.041 GeV−2.
We consider a 10% error in such parameters, though the

(a) (b)

FIG. 1. Possible diagrams for the NN̄ and ΛcΛ̄c interactions:
(a) Nambu-Goldstone boson exchange mechanisms and (b)
Annihilation mechanisms.

TABLE I. Quark model parameters.

Quark masses mn (MeV) 313
mc (MeV) 1763

Nambu-Goldstone bosons mπ (MeV) 138
mσ (MeV) 693
mη (MeV) 546.5

Λπ ¼ Λσ (MeV) 848.33
Λη (MeV) 1025.96
g2ch=ð4πÞ 0.54
θP (°) −15

α0 2.118
OGE μ0 (MeV) 36.976

Λ0 (fm−1) 0.113
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impact of such uncertainty is negligible in the full pp̄ →
YcȲc reaction.
The baryon-antibaryon interaction is obtained from the

microscopic description using the resonating group method
(RGM), obtaining an effective cluster-cluster interaction
from the underlying quark-quark dynamics, where the
wave functions of the baryons act as natural cutoffs of
the qq̄ potentials.
The wave function for the baryon (antibaryon) states is

ψB ¼ ϕBðp⃗λ; p⃗ρÞχBξc½13�; ð9Þ
where χB is the spin-isospin wave function, ξc is the color
wave function, and ϕB is the orbital wave function, with p⃗λ

and p⃗ρ the momenta of the λ and ρ modes. For the N (N̄)
wave function, a good description can be achieved with a
Gaussian with range b ¼ 0.518 fm [20].
To solve the three-body Schrödinger equation, we use

the Gaussian expansion method [25]. In this method, the
radial wave function is expanded in terms of basis functions
whose parameters are in geometrical progression,

ϕLM
B ¼

Xnmax

nλ;nρ

Cnλ;nρ ½ϕnλ;lλðp⃗λÞϕnρ;lρðp⃗ρÞ�LM; ð10Þ

where L is the total angular momentum, satisfying L ¼
lλ ⊕ lρ, and Cnρ;nλ are the coefficients of the base
expansion. The ϕ functions are defined as

ϕn;lmðp⃗Þ ¼ Nnlple−
1

4ηn
p2

Ylmðp̂Þ; ð11Þ

with Nnl the normalization of the Gaussian wave functions
such that hϕnljϕnli ¼ 1.
The coefficients Cnλ;nρ and the eigenenergies of the

baryons are determined from the Rayleigh-Ritz variational
principle,

Xnmax

n¼1

½ðTα0
n0n − ENα0

n0nÞCα0
n þ

X
α

Vα0α
n0nC

α
n� ¼ 0; ð12Þ

with n ¼ fnλ; nρg, Tα0
n0n and Nα0

n0n as the kinetic and
normalization operators, which are diagonal, and Vα0α

n0n as
the underlying qq̄ interaction from the constituent quark
model detailed above.
Then, the scattering problem is solved using the coupled-

channel Lippmann-Schwinger equation,

Tβ0
β ðz;p0; pÞ ¼ Vβ0

β ðp0; pÞ þ
X
β00

Z
dp00p002Vβ0

β00 ðp0; p00Þ

×
1

z − Eβ00 ðp00ÞT
β00
β ðz;p00; pÞ; ð13Þ

where β represents the set of quantum numbers necessary to

determine a partial wave BB̄JLST, Vβ0
β ðp0; pÞ is the RGM

potential, and Eβ00 ðp00Þ is the energy for the momentum p00

referred to as the lower threshold.
The RGM potentials are proportional to the underlying

qq interactions, modified with a form factor that encodes
the baryon-antibaryon structure. As an illustration, the
RGM potentials for the NN̄ → YcȲc can be written as

RGMVNN̄→YcȲc
ðp0; pÞ ¼ F ðp⃗0; p⃗Þ2Vnn̄→cc̄ðp⃗0 − p⃗Þ; ð14Þ

where Vnn̄→cc̄ is the underlying constituent quark model
potential and F is the N → Yc (N̄ → Ȳc) form factor,

F ðp⃗0; p⃗Þ¼
ffiffiffi
8

p Xnmax

nλ;n0λ

CnλCn0λ

ðηnληn0λÞ3=4
ðηnλ þηn0λÞ3=2

e
− Q2

4ðηnλþηn0
λ
Þ
; ð15Þ

with Q ¼ ð 2mn
mcþ2mn

p⃗0 − 2
3
p⃗Þ as the transferred momentum.

Here, Cnλ (Cn0λ
) and ηnλ (ηn0λ) are, respectively, the λ-mode

coefficients and ranges of the N (Yc) wave function
of Eq. (11).1

A full coupled-channels study is performed. The inter-
actions of the diagonal channels, pp̄ → pp̄ and
YcȲc → YcȲc, contribute to the initial and final state
interactions. For the pp̄ channel, the interactions included
are the exchange of π, σ, and η mesons in the t channel and
the pion and gluon annihilation in the s channel. The YcȲc
interaction is due to the π, σ, and η exchanges in the t
channel and the gluon, π, and η exchanges in the s channel.
The nondiagonal interaction pp̄ → YcȲc is solely due to
gluon annihilation in the s channel.

FIG. 2. Total (black line), inelastic (blue) and elastic (red)
pp̄ → pp̄ cross sections. Experimental data from Refs. [26]. The
shadowed bands around the lines show the sensitivity of the cross
sections when the value of the Vr and Wi parameters are
varied a 10%.

1In this example, the λmode is taken as the coordinate between
the heavy quark c and the light pair nn. With this choice, the ρ
mode (coordinate between the two light n quarks) can be
integrated out in Eq. (15).
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Before presenting the results, note here that our con-
stituent quark model merges traditional boson-exchange
and annihilation pictures in a unified framework. The
mesons are generated as Nambu-Goldstone bosons of
the spontaneous chiral symmetry breaking and gluons as
perturbative contributions from QCD. For the case of ΛΛ̄
this mixture allowed for a description of the total cross
section and observables without any fine-tuning of the
model parameters. In the case of single-charmed baryons,
the boson-exchange diagrams do not contribute to the
production mechanism, so the total cross section will be
much smaller than other models based on meson
exchanges.

III. RESULTS

The description of the pp̄ → pp̄ cross section is a
necessary step before describing the single-charmed baryon
production. Previous works [5,20] focused on the low-
energy region of the NN̄ system, so we do not expect the
parameters of the optical potential considered in those
works to hold at the Λþ

c Λ−
c threshold. For the large

production energies of the YcȲc pairs, the optical potential
dominates the total, elastic, and inelasticNN̄ cross sections.
In order to describe the broad experimental data, gathered
by Ref. [26], we have considered a simple optical potential
of the form of Eq. (8). The parameters are fitted to the
pp̄ → pp̄ total, elastic, and inelastic cross sections. A good
description of the total, elastic, and inelastic cross sections
is achieved, as we show in Fig. 2, which validates the model
in the relevant energy range. In this figure, a 10% variation
of the Vr and Wi parameters of Eq. (8) is included in order
to evaluate the sensitivity of the pp̄ → pp̄ cross sections.
Albeit, the impact of such variation in the pp̄ → YcȲc cross
section was found to be negligible.
Because of the lack of experimental data for the Λþ

c Λ−
c ,

Λþ
c Σ−

c , or Σþ
c Σ−

c channels, it is difficult to determine the
optical potential parameters for the final channels. For the
strangeness production [21], the pp̄ → ΛΛ̄ total cross
section was used to fit these parameters but, in this case,
there is no available experimental data for the pp̄ → YcȲc.
For this reason, no optical potential will be considered for
the final channels. Nevertheless, we have tested the
sensitivity of the pp̄ → YcȲc total cross section to the
optical potential of the final channel using the parametri-
zation for the ΛΛ̄, ΛΣ̄þ H:c:, and ΣΣ̄ channels used in
Ref. [21], comparing them with the results without the
optical potential, and we found that the effect of the optical
potential is small in the region close to threshold.
We show in Fig. 3 the results for the pp̄ → Λþ

c Λ−
c total

cross section predicted in this work, compared with other
theoretical estimations. We show the total cross section
for the two models discussed in Sec. II, which consider
different assumptions for the one-gluon annihilation
process nn̄ → cc̄. The so-called model (a), which takes

mij ¼ m2
n in Eq. (7), is almost 2 orders of magnitude larger

than model (b), which takes mij ¼ m̄Λ
2, where m̄Λ is the

averaged constituent mass of the Λc baryon, that is,
m̄Λ ¼ 1

3
ð2mn þmcÞ. That indicates the sensitivity of the

results to the specific quark propagator in the transition
potential. Model (a) is of the same order of magnitude as
other theoretical approaches, such as the quark-gluon
string (QGS) models of Refs. [7,8]. On the other hand,
model (b), which considers a quark propagator more in
line with the energy region of the charmed baryon
thresholds, predicts a similar cross section as the pertur-
bative QCD calculation of Ref. [12]. In our model, the
nn̄ → cc̄ transition is beyond the chiral symmetry-
breaking scale, so no meson exchange is allowed, which
explains why the total cross section is much smaller than
the estimates from D and D� exchange frameworks of
Ref. [6]. The latter work also considered a 3S1 transition
interaction mediated by a gluon, but it is likely that the
quark-gluon coupling strength was overestimated. Recent
studies of Ref. [11] using boson exchanges mediated by
the DþD� mesons with a Regge approach and effective
Lagrangian show smaller cross sections, comparable with
our calculations for model (b).
The pp̄ → Λþ

c Σ−
c þ H:c:, Fig. 4, shows a similar pattern

as the pp̄ → Λþ
c Λ−

c . Interestingly, in this case the total
cross section of model (a) is close to the quark model
predictions of Haidenbauer and Krein [6] and the QGS of
Khodjamirian et al. [7]. Model (b), on the contrary, is
almost 2 orders of magnitude below, closer to the results of
Ref. [11]. Equivalent conclusions can be obtained for the
pp̄ → Σþ

c Σ−
c , shown in Fig. 5, but in this case the total cross

FIG. 3. Total cross section for pp̄ → Λþ
c Λ−

c for model (a) (black
dashed line) and model (b) (black solid line), compared with
other studies: The meson-exchange frameworks of Ref. [6]
(where solid red band for meson exchange and square red band
for quark-gluon transition potential) and Ref. [11] (with Regge
approach in blue solid line and effective Lagrangian in blue
dashed line), the QGS models of Ref. [7] (gray band) and Ref. [8]
(orange line), and the perturbative QCD calculation of Ref. [12]
(green band).
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section is 1 order of magnitude smaller than those of pp̄ →
Λþ
c Λ−

c and Λþ
c Σ−

c þ H:c: for both models.
In Fig. 6 we show the contribution of each partial wave to

the total cross section, in percentage, of pp̄ → Λþ
c Λ−

c and
pp̄ → Λþ

c Σ−
c þ H:c: at

ffiffiffi
s

p ¼ 12 GeV, depending on their
total momentum J. The contributions are split in two
types: the spin-singlet (1LJ →1 LJ, with L ¼ J) and spin-
triplet (3LJ → 3LJ, with L ¼ J − 1, J; J þ 1) transitions.
We should emphasize that the one-gluon annihilation
potential is purely central, so the orbital momentum is
always conserved and, thus, the nondiagonal 3ðJ � 1ÞJ →
3ðJ ∓ 1ÞJ transition interactions are zero. For both cases, it
is interesting to notice a predominance of partial waves
with large J, with a maximum around J ¼ 12–13. Such
maximum is due to the enhancement of large J partial
waves in the initial NN̄ channel for the YcȲc production
energy region. The S wave is practically zero, because the
S wave of the initial NN̄ is negligible for the energy range
under study.

For the isospin-0 pp̄ → Λþ
c Λ−

c process [Fig. 6(a)] the
one-gluon annihilation potential is zero for the spin-singlet
channel, so the only contributions to the cross section are
the spin-triplet channels. That is reasonable as the total spin
of theΛc is carried by the charm quark c and the production
of the cc̄ is mediated by a vector field, that is, the gluon.
The isospin-1 pp̄ → Λþ

c Σ−
c þ H:c: process shows a similar

pattern for the spin-triplet channels but, in this case, we
have contribution from both spin-singlet and -triplet chan-
nels, with a ratio in the OGE coefficients of Eq. (7) of
CS¼0=CS¼1 ¼ 3=2. The partial wave decomposition for the
pp̄ → Σþ

c Σ−
c follows the same pattern, with a maximum

around J ∼ 12, having contributions from both spin-singlet
and -triplet components, as well as also isospin-0 and -1
channels.
This feature produces an abrupt increase of the cross

section in the region close to threshold; a behavior that was
also measured in the strangeness production pp̄ → ΛΛ̄.

IV. SUMMARY

In this work we have performed a coupled-channels
calculation of the pp̄ → Λþ

c Λ−
c , Λþ

c Σ−
c þ H:c:, and Σþ

c Σ−
c

FIG. 4. Total cross section for pp̄ → Λþ
c Σ−

c þ H:c: Same
legend as in Fig. 3.

FIG. 5. Total cross section for pp̄ → Σþ
c Σ−

c . Same legend as in
Fig. 3.

(a)

(b)

FIG. 6. Contribution of different partial waves, in percentage, to
the total cross section of (a) pp̄ → Λþ

c Λ−
c and (b) pp̄ →

Λþ
c Σ−

c þ H:c: at
ffiffiffi
s

p ¼ 12 GeV. Blue dots represent the spin-
triplet and red dots the spin-singlet transitions.
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within a constituent quark model that properly describes the
NN̄ system [20] and the production of strangeness in pp̄
collisions [5,21]. We have compared the results with other
theoreticalmodels, showing that our approach predicts a total
cross section consistent with previous studies, in the range of
0.1–10 nb for the Λþ

c Λ−
c final channel close to threshold,

depending on the assumptions taken in thegluon annihilation
transition potential. Considering the energy ranges involved
in the reaction, the so-called model (b) seems more realistic,
which would lead to a cross section on the order of 1 nb,
similar to perturbative QCD estimations [12].
Thus, this study suggests that the experimental detection

of the process of charm production under study can be

challenging, but perfectly reachable at PANDA considering
the planned luminosity on the order of 1032 cm−2 s−1,
which could provide valuable information on the under-
lying nn̄ → cc̄ production mechanisms.
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