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In this work, we investigate the productions of Λcð2910Þ and Λcð2940Þ in the pp̄ → Λ̄cD0p process by
utilizing an effective Lagrangian approach, where both Λcð2910Þ and Λcð2940Þ are considered as D�N
molecular states with JP ¼ 1=2− and 3=2−, respectively. In addition to the t-channelD andD� exchanges,
the contribution from light-meson exchange is also considered. At

ffiffiffi
s

p ¼ 10 GeV, our estimations indicate
that the total cross sections for pp̄ → Λ̄cD0p are ð130.7þ397.1

−103.9 Þ nb, where the central value is estimated
with Λr ¼ 1.1 GeV, and the uncertainties are resulted from the variation of parameter Λr from 1.0 to
1.2 GeV. Our results indicate that the light-meson exchange diagrams are very important, which provide a
very large, smooth background. Moreover, the estimations of the D0p invariant mass spectrum reveal that
the peak structure between 2.9 and 3.0 GeV primarily originates from Λcð2910Þ, while the signal of
Λcð2940Þ is about 1 order smaller than that of Λcð2910Þ. Furthermore, the resulting Dalitz plot is
estimated with

ffiffiffi
s

p ¼ 8 GeV. It is expected that our estimations in the present work can be tested by future
experiments at P̄ANDA.

DOI: 10.1103/7l6b-nkvd

I. INTRODUCTION

Since the observation of Xð3872Þ by the Belle
Collaboration in 2003 [1], some potential exotic state
candidates have been observed and identified by exper-
imental collaborations including Belle/Belle II, BESIII,
and LHCb (see Refs. [2–12] for examples). Among the
possible pentaquark states, Pcð4380Þ and Pcð4450Þ were
first observed in the J=ψp invariant mass distributions of
the Λb → J=ψK−p process by the LHCb Collaboration in
2015 [13,14]. Later, the same process was analyzed with
the dataset collected by the LHCb Collaboration in Run I
and Run II in 2019 [15]. Their results indicated that
Pcð4380Þ could be described by the background and a new
narrow state Pcð4312Þ with a statistical significance of
7.3σ. Moreover, Pcð4450Þ split into two narrow states
Pcð4440Þ and Pcð4457Þ. In addition to the above obser-
vations, the strange counterparts of the Pc states, Pcs, were
further observed by the LHCb Collaboration, which
included Pcsð4459Þ [16] and Pcsð4338Þ [17]. Because
of the fact that the masses of Pc and Pcs states are close to
the thresholds of Dð�ÞΣc and Dð�ÞΞc, respectively, the

properties of these states have been comprehensively
investigated in the molecular frame [18–43].
In addition to the Pc and Pcs states, another two

pentaquark candidates, Λcð2910Þ and Λcð2940Þ, have also
been discovered experimentally. In 2006, Λcð2940Þ was
observed in the D0p invariant mass spectra by the BABAR
Collaboration [44]. Then, the Belle Collaboration confirmed
the existence of Λcð2940Þ in the Σcð2455Þ0;þþπþ;− invari-
ant mass distributions, using a 533 fb−1 data sample
recorded by the Belle detector at or 60 MeV below the
ϒð4SÞ resonance [45]. In 2022, based on 772 × 106 BB̄
events collected with the Belle detector at the KEKB
asymmetric-energy eþe− collider, the Belle Collabor-
ation observed a new structure, Λcð2910Þ, in the
Σcð2455Þ0;þþπþ;− invariant mass spectrum of the B̄0 →
Σcð2455Þ0;þþπþ;−p̄ processes [46]. The Particle Data
Group average of masses and widths of Λcð2910Þ and
Λcð2940Þ are [47]

Λþ
c ð2910Þ∶ M ¼ ð2914� 7Þ MeV;

Γ ¼ ð52� 27Þ MeV;

Λþ
c ð2940Þ∶ M ¼ ð2939.6þ1.3

−1.5Þ MeV;

Γ ¼ ð20þ6
−5Þ MeV; ð1Þ

respectively.
Similar to the case of Pc states, the observed masses of

Λcð2910Þ and Λcð2940Þ are close to the threshold of D�N,
indicating that these two states can be regarded as the D�N
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pentaquark molecular states. In Ref. [48], the author
investigated the properties of Λcð2940Þ by using the
QCD sum rules, indicating that Λcð2940Þ could be
regarded as the S-wave D�N bound state with
JP ¼ 3=2−. Moreover, the authors in Ref. [49] proposed
that Λcð2910Þ=Λcð2940Þ could be regarded as a D�N
molecular state with JP ¼ 3=2− by using the QCD sum
rules. Using the quark delocalization color screening
model, the authors in Ref. [50] proposed that Λcð2940Þ
is likely to be interpreted as a D�N molecular state with
JP ¼ 3=2−. By considering Λcð2940Þ as a D�N molecular
state with JP ¼ 1=2� and 3=2−, respectively, the authors in
Refs. [51–53] estimated the two-body decay channelsD0p,
Σþþ
c π−, and Σ0

cπ
þ and three-body decay channels

Λcð2286Þþπþπ− and Λcð2286Þþπ0π0. In Ref. [54], the
authors studied the decay properties of Λcð2910Þ and
Λcð2940Þ by using an effective Lagrangian approach,
and the results suggested that Λcð2910Þ and Λcð2940Þ
could be assigned asD�N molecular states with JP ¼ 1=2−

and JP ¼ 3=2−, respectively, while the branching fractions
for ND, Σcπ, and Σ�

cπ channels of Λcð2910Þ and Λcð2940Þ
were estimated. More recently, the authors in Ref. [55]
investigated the DN-D�N coupled-channel interactions
using both heavy quark effective theory and a flavor-
symmetry-constrained effective Lagrangian approach.
Their estimations indicated that the mass spectrum of S-
wave D�N systems can be matched to three Λc exotic
states. Among them, the masses of Λcð2910Þ and Λcð2940Þ
align with those of D�N bound states with JP ¼ 1=2− and
JP ¼ 3=2−, respectively. In conclusion, both the spectrum
estimations and the decay property investigations support
that Λcð2910Þ and Λcð2940Þ can be identified as D�N
bound states with JP ¼ 1=2− and JP ¼ 3=2−, respectively.
In addition to the mass spectrum and decay properties,

we also notice some theoretical research on the productions
of Λcð2910Þ and Λcð2940Þ. The authors in Ref. [56]
investigated the production of Λcð2940Þ in the γn →
D−Λcð2940Þ process, where Λcð2940Þ was regarded as a
D�0p molecular state with JP ¼ 1=2�, and the estimations
showed that the dominant contributions come from the
t-channel with D� exchange. Then, by considering
Λcð2940Þ as a D�0p molecular state with JP ¼ 1=2�, the
authors in Ref. [57] investigated the production of Λcð2940Þ
in the π−p → D−D0p process by including the s, u, and t
channels, indicating that the total cross sections are of orders
of 10 μb at Pπ ¼ 15 GeV. Moreover, the authors in
Ref. [58] studied the productions of Λcð2910Þ and
Λcð2940Þ in the process πp → D−D0p, where both
Λcð2910Þ and Λcð2940Þ are considered as D�N molecular
states, and the estimations indicated that the dominant
contributions to the cross sections come from the inter-
mediate state Λcð2910Þ.
In terms of experimental conditions, the P̄ANDA

Collaboration proposed to search for the charmed baryons

in the pp̄ scattering process with the momentum range of
Pp̄ ¼ ½1.5; 15� GeV [59]. Based on the high-energy beam
and the potential higher-energy configurations with the
future upgrades, one can investigate the productions of
Λcð2910Þ=Λcð2940Þ in the pp̄ scattering process. It is
worth noting that the estimations in Refs. [54,55] suggested
that both Λcð2910Þ and Λcð2940Þ could be considered as
D�N molecular states with the JP quantum numbers to be
1=2− and 3=2−, respectively. Thus, we propose to inves-
tigate the pp̄ → Λ̄cD0p process with the contributions from
both Λcð2910Þ and Λcð2940Þ, while the light-meson
exchange is also considered in the present work.
Specifically, we first estimate the cross sections for the
pp̄ → Λ̄cD0p process. Then, the D0p invariant mass
distributions and Dalitz plot are estimated to check the
individual contributions of Λcð2910Þ and Λcð2940Þ.
This work is organized as follows. After the Introduction,

we present our estimations of the cross sections for
pp̄ → Λ̄cD0p. In Sec. III, the numerical results and relevant
discussions of the cross sections and differential cross
sections are presented. The last section is devoted to a
short summary.

II. Λcð2910Þ AND Λcð2940Þ PRODUCTIONS
IN THE pp̄ SCATTERING PROCESS

In the present estimations, we consider that both
Λcð2910Þ and Λcð2940Þ are D�N molecular states with
the JP quantum numbers to be 1=2− and 3=2−, respectively.
In Fig. 1, we present the Feynman diagrams for the pp̄
scattering process, where Figs. 1(a) and 1(b) correspond to
the t-channel light-meson and D=D� exchanges, respec-
tively. In the present calculations, we employ the effective
Lagrangian approach to depict the relevant hadron inter-
action vertices. The effective Lagrangians for NNπ, NNη,
NNσ,NNρ,NNωΛcND,ΛcND�,Λ�

c1ND, andΛ�
c2ND can

be written as [51–53,56–58,60–69]

LNNπ ¼ −igNNπN̄γ5τ⃗ · π⃗N;

LNNη ¼ −igNNηN̄γ5ηN;

LNNσ ¼ −gNNσN̄Nσ;

LNNρ ¼ −gNNρN̄

�
γμ −

κNNρ

2mN
σμν∂ν

�
τ⃗ · ρ⃗μN;

LNNω ¼ −gNNωN̄

�
γμ −

κNNω

2mN
σμν∂ν

�
ωμN;

LΛcND ¼ igΛcNDΛ̄cγ5NDþ H:c:;

LΛcND� ¼ gΛcND�Λ̄cγ
μND�

μ þ H:c:;

LΛ�
c1ND ¼ igΛ�

c1NDΛ̄�
c1NDþ H:c:;

LΛ�
c2ND ¼ gΛ�

c2ND

mπ
Λ̄�μ
c2γ

5N∂μDþ H:c: ð2Þ
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Hereafter, Λ�
c1 and Λ�

c2 refer to Λcð2910Þ and Λcð2940Þ, respectively. Then, because the Λcð2910Þ and Λcð2940Þ states
are both considered asD�N molecular states, the effective Lagrangians of the molecular states coupling to their components
are [54]

LΛ�
c1ND� ¼ gΛ�

c1ND�Λ̄�
c1γ

μγ5ND�
μ þ H:c:;

LΛ�
c2ND� ¼ gΛ�

c2ND�Λ̄�μ
c2ND�

μ þ H:c: ð3Þ

With the above effective Lagrangians, one can obtain the amplitudes corresponding to the pp̄ → Λ̄cD0p process,
which are

Mπ;p ¼ ½ūðp5Þð−igNNπγ5Þuðp2Þ�S0ðk1; mπ;ΓπÞ½v̄ðp1Þð−igNNπγ5ÞS1=2ðk2; mp;ΓpÞðigΛcNDγ5Þvðp3Þ�
× Fðk2; mp;ΛrÞ½Fðk1; mπ;ΛrÞ�2;

Mη;p ¼ ½ūðp5Þð−igNNηγ5Þuðp2Þ�S0ðk1; mη;ΓηÞ½v̄ðp1Þð−igNNηγ5ÞS1=2ðk2; mp;ΓpÞðigΛcNDγ5Þvðp3Þ�
× Fðk2; mp;ΛrÞ½Fðk1; mη;ΛrÞ�2;

Mσ;p ¼ ½ūðp5Þð−gNNσÞuðp2Þ�S0ðk1; mσ;ΓσÞ½v̄ðp1Þð−gNNσÞS1=2ðk2; mp;ΓpÞðigΛcNDγ5Þvðp3Þ�
× Fðk2; mp;ΛrÞ½Fðk1; mσ;ΛrÞ�2;

Mρ;p ¼
�
ūðp5Þ

�
−gNNρ

�
γμ −

κNNρ

2mN
σμνðikν1Þ

��
uðp2Þ

�
S1μαðk1; mρ;ΓρÞ

�
v̄ðp1Þ

�
−gNNρ

�
γα −

κNNρ

2mN
σαβðikβ1Þ

��

× S1=2ðk2; mp;ΓpÞðigΛcNDγ5Þvðp3Þ
�
× Fðk2; mp;ΛrÞ½Fðk1; mρ;ΛrÞ�2;

Mω;p ¼
�
ūðp5Þ

�
−gNNω

�
γμ −

κNNω

2mN
σμνðikν1Þ

��
uðp2Þ

�
S1μαðk1; mω;ΓωÞ

�
v̄ðp1Þ

�
−gNNω

�
γα −

κNNω

2mN
σαβðikβ1Þ

��

× S1=2ðk2; mp;ΓpÞðigΛcNDγ5Þvðp3Þ
�
× Fðk2; mp;ΛrÞ½Fðk1; mω;ΛrÞ�2;

MD;Λc
¼ ½ūðp5ÞðigΛcNDγ5ÞS1=2ðk3; mΛc

;ΓΛc
ÞðigΛcNDγ5Þuðp2Þ�S0ðk1; mD;ΓDÞ½v̄ðp1ÞðigΛcNDγ5Þvðp3Þ�

× Fðk3; mΛc
;ΛrÞ½Fðk1; mD;ΛrÞ�2;

MD�;Λc
¼ ½ūðp5ÞðigΛcNDγ5ÞS1=2ðk3; mΛc

;ΓΛc
ÞðgΛcND�γμÞuðp2Þ�S1μνðk1; mD� ;ΓD� Þ½v̄ðp1ÞðgΛcND�γνÞvðp3Þ�

× Fðk3; mΛc
;ΛrÞ½Fðk1; mD� ;ΛrÞ�2;

FIG. 1. Diagrams contributing to the production of Λcð2910Þ=Λcð2940Þ in the pp̄ → Λ̄cD0p process. (a), (b) The t-channel light-
meson and D and D� exchanges, respectively. Here Λc and Λ�

c refer to Λcð2286Þ and Λcð2910Þ=Λcð2940Þ states, respectively.
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MD;Λ�
c1
¼ ½ūðp5ÞðigΛ�

c1NDÞS1=2ðk3; mΛ�
c1
;ΓΛ�

c1
ÞðigΛ�

c1NDÞuðp2Þ�S0ðk1; mD;ΓDÞ½v̄ðp1ÞðigΛcNDγ5Þvðp3Þ�
× Fðk3; mΛ�

c1
;ΛrÞ½Fðk1; mD;ΛrÞ�2;

MD�;Λ�
c1
¼ ½ūðp5ÞðigΛ�

c1NDÞS1=2ðk3; mΛ�
c1
;ΓΛ�

c1
ÞðgΛ�

c1ND�γμγ5Þuðp2Þ�S1μνðk1; mD� ;ΓD� Þ½v̄ðp1ÞðgΛcND�γνÞvðp3Þ�
× Fðk3; mΛ�

c1
;ΛrÞ½Fðk1; mD� ;ΛrÞ�2;

MD;Λ�
c2
¼

�
ūðp5Þ

�
gΛ�

c2ND

mπ
γ5ð−ipμ

4Þ
�
S3=2μν ðk3; mΛ�

c2
;ΓΛ�

c2
Þ
�
gΛ�

c2ND

mπ
γ5ðikν1Þ

�
uðp2Þ

�
S0ðk1; mD;ΓDÞ½v̄ðp1ÞðigΛcNDγ5Þvðp3Þ�

× Fðk3; mΛ�
c2
;ΛrÞ½Fðk1; mD;ΛrÞ�2;

MD�;Λ�
c2
¼

�
ūðp5Þ

�
gΛ�

c2ND

mπ
γ5ð−ipμ

4Þ
�
S3=2μν ðk3; mΛ�

c2
;ΓΛ�

c2
ÞðgΛ�

c2ND� Þuðp2Þ
�
S1νθðk1; mD� ;ΓD�Þ½v̄ðp1ÞðgΛcND�γθÞvðp3Þ�

× Fðk3; mΛ�
c2
;ΛrÞ½Fðk1; mD� ;ΛrÞ�2; ð4Þ

where the subscripts correspond to the propagators
involved in the relevant processes. In addition,
S0ðki; mi;ΓiÞ and S1

μνðki; mi;ΓiÞ are the propagators of
scalar and vector mesons with four momentum ki, massmi,
and width Γi, respectively, and the concrete forms are

S0ðki; mi;ΓiÞ ¼
i

k2i −m2
i þ imiΓi

;

S1
μνðki; mi;ΓiÞ ¼

−gμν þ kμi k
ν
i =m

2
i

k2i −m2
i þ imiΓi

: ð5Þ

In addition, S1=2ðki; mi;ΓiÞ and S3=2
μν ðki; mi;ΓiÞ are the

propagators of Λcð2910Þ and Λcð2940Þ, respectively,
which read

S1=2ðki;mi;ΓiÞ¼
=kiþmi

k2i −m2
i þ imiΓi

;

S3=2
μν ðki;mi;ΓiÞ¼

=kiþmi

k2i −m2
i þ imiΓi

×

�
−gμνþ γμγν

3
þ2kμkν

3m2
i
þ γμkν−kμγν

3mi

�
:

ð6Þ

In the above amplitudes, the form factor Fðki; mi;ΛrÞ
is introduced to depict the inner structure of the
involved hadrons and the off-shell effects, and its specific
expression is

Fðki; mi;ΛrÞ ¼
Λ4
r

Λ4
r þ ðk2i −m2

i Þ2
; ð7Þ

where ki and mi are the four momentum and the mass
of the exchanged state, respectively. It should be noted that
the above form factor is typically applied to s-channel

processes. In Refs. [70–72], such kinds of form factors have
been extended to apply to u and t channels, which play the
role that smoothly suppresses the contributions from large
momentum transfers while maintaining the physical behav-
ior of the low-energy region. In the above form factor, a
model parameter Λr is introduced, and its specific value
should be determined by comparing the theoretical esti-
mations with the corresponding experimental measure-
ments. However, no experimental measurement for the
considered process is available at present. In our previous
work, when we evaluated the cross sections for the π−p →
D�−Λc in the effective Lagrangian approach, we found that
the cross sections at Pπ ¼ 13 GeV are estimated to be
2.59þ7.15

−2.00 nb when taking Λr ¼ 1.0–1.2 GeV [58], which is
consistent with the upper limit of the experimental data
reported by the AGS Collaboration at Brookhaven National
Laboratory [73]. Thus, in the present work, we take the
same parameter range as that employed in the estimations
of the processes π−p → D−D0p to estimate the cross
sections for the pp̄ → ΛcD0p process.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Coupling constants

Before the estimations of the cross sections for the pp̄ →
Λ̄cD0p process, the values of relevant coupling constants
should be clarified. In the present estimations, both
Λcð2910Þ and Λcð2940Þ are considered as D�N molecular
states. Therefore, the coupling constants relevant to
Λcð2910Þ=Λcð2940Þ and their components D�N could
be determined by the compositeness condition [74–76],
which is

g2Λ�
cND� ¼ 4π

4MΛ�
c
mN

ðmD� þmNÞ5=2
ðmD�mNÞ1=2

ffiffiffiffiffiffiffi
32ϵ

p
; ð8Þ
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where ϵ ¼ mN þmD� −mΛ�
c

stands for the binding
energy of Λ�

c, and we take ϵ ¼ 32 and 6.2 MeV for
Λcð2910Þ and Λcð2940Þ, respectively. In addition, the
factor 1=ð4MΛ�

c
mNÞ is introduced for the normalization

of two involved fermion fields. The specific values of
gΛ�

c1ND� and gΛ�
c2ND� estimated with the above relation are

presented in Table I.
For the coupling constants gΛ�

c1ND and gΛ�
c2ND, using the

effective Lagrangians in Eq. (2), one can obtain the
corresponding two-body amplitudes MΛ�

c→ND. Then, the
decay widths of the Λ�

c → ND processes can be written as

ΓΛ�
c→ND ¼ 1

ð2J þ 1Þ8π
jk⃗fj
M2

jMΛ�
c→NDj2; ð9Þ

whereM and J are the mass and angular momentum of the
initialΛ�

c states. k⃗f is the three momentum of the final states
in the initial rest frame. It is worth noting that the decay
properties of Λcð2910Þ and Λcð2940Þ have been inves-
tigated in Ref. [54], and the branching fractions of the ND
channel for Λcð2910Þ=Λcð2940Þ are estimated to be

BðΛcð2910Þ → NDÞ ≃ 40%;

BðΛcðð2940ÞÞ → NDÞ ≃ 11%: ð10Þ

With the above branching fractions and the central values
of the widths of Λcð2940Þ and Λcð2910Þ in Eq. (1), one can
obtain the coupling constants gΛ�

c1ND and gΛ�
c2ND, which are

listed in Table I.
The coupling constants gNNπ , gNNη, gNNσ, gNNρ, κNNρ,

gNNω, and κNNω are obtained from Refs. [61–63,68,69].
The specific values of the coupling constants mentioned
above are also listed in Table I.

B. Cross sections for the pp̄ scattering process

After clarifying the amplitudes and relevant coupling
constants, the cross sections for the pp̄ → Λ̄cD0p process
can be estimated, and the total amplitude is

MTot ¼ Mπ;p þMη;p þMσ;p þMρ;p þMω;p

þMD;Λc
þMD�;Λc

þMD;Λ�
c1
þMD�;Λ�

c1

þMD;Λ�
c2
þMD�;Λ�

c2
: ð11Þ

With the above total amplitude, one can obtain the differ-
ential cross sections of the pp̄ → Λ̄cD0p process, which is

dσ ¼ 1

8ð2πÞ4
1

Φ
jMTotj2dp0

5dp
0
3d cos θdη; ð12Þ

where the flux factor Φ ¼ 4j p1
�!j ffiffiffi

s
p

, p1
�! represents the

three momentum of the initial antiproton.
ffiffiffi
s

p
is the center-

of-mass energy. p0
3 and p0

5 refer to the energy of the
outgoing Λ̄c and proton, respectively.
With the above preparations, the cross sections for pp̄ →

Λ̄cD0p depending on the center-of-mass energy
ffiffiffi
s

p
are

presented in Fig. 2. Among them, Fig. 2(a) corresponds to
the cross section for pp̄ → Λ̄cD0p estimated with
Λr ¼ 1.1 GeV, where the cyan dotted, red dashed, blue
dash-dotted, and black dotted curves stand for the indi-
vidual contributions from Λcð2286Þ, Λcð2910Þ, Λcð2940Þ,
and light meson, respectively, while the black solid curve
refers to the total cross sections for the pp̄ → Λ̄cD0p
process. From this figure, one can find that the contribu-
tions from Λcð2286Þ are not shown when

ffiffiffi
s

p
< 6 GeV

because its cross sections in this range are less than 1 pb. In
addition, the cross section of Λcð2910Þ is about 2 nb atffiffiffi
s

p ¼ 10 GeV, which is about 250 times and 15 times of
that from Λcð2286Þ and Λcð2940Þ, respectively. Moreover,
our estimations indicate that the cross section resulted from
the light-meson intermediate process is predominant, which
enhances the total cross section by more than 1 order of
magnitude. In Fig. 2(b), we present the total cross sections
for the pp̄ → Λ̄cD0p process, where the black solid curve
is obtained with Λr ¼ 1.1 GeV, while the cyan band
represents the uncertainties resulted from the varying of
Λr from 1.0 to 1.2 GeV. Our results show that the cross
sections increase rapidly near the threshold and then
increase rather slowly with the increasing of

ffiffiffi
s

p
. In

particular, the total cross sections are estimated to be
ð130.7þ397.1

−103.9Þ nb at
ffiffiffi
s

p ¼ 10 GeV.
In addition to the cross sections, we present the Dalitz

plot for the pp̄ → Λ̄cD0p process at
ffiffiffi
s

p ¼ 8 GeV with
Λr ¼ 1.1 GeV depending on mD0p and mΛ̄cD0 [Fig. 3(b)]
and the projections depending on mD0p [Fig. 3(c)] and
mΛ̄cD0 [Fig. 3(a)]. From the Dalitz plot, one can find clear
enhancement near theD0p threshold. In the Λ̄cD0 andD0p
invariant mass distributions, the cyan dotted, red dashed,
blue dash-dotted, and black dotted curves correspond to the
individual contributions from Λcð2286Þ, Λcð2910Þ,
Λcð2940Þ, and light meson, respectively, while the black
solid curve refers to the summation of the individual
contributions as well as their interferences. In Fig. 3(a),

TABLE I. The coupling constants involved in the pp̄ → Λ̄cD0p
process.

Coupling constant Value Coupling constant Value

gΛcND −13.98 gΛcND� −5.20
gΛ�

c1ND 0.99 gΛ�
c1ND� 3.55

gΛ�
c2ND 0.84 gΛ�

c2ND� 2.34
gKDD�

s
5.0 gKD�

sD� 7.0
gKDsD� 5.0 gNNπ 13.46
gNNη 4.76 gNNσ 9.42
gNNρ 3.25 κNNρ 6.10
gNNω 11.76 κNNω 0
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our estimations indicate that the Λ̄cD0 invariant mass
spectrum is smooth across the entire mass range and shows
no sharp structure. In Fig. 3(c), our estimations show that
the contribution from Λcð2286Þ is relatively small, while
the contribution from the light meson is rather large and
smooth, which plays the role of background of the

observations of Λcð2910Þ=Λcð2940Þ. As for Λcð2910Þ
and Λcð2940Þ, our estimations suggested that the signal
of Λcð2910Þ is predominant, which is about 1 order larger
than that of Λcð2940Þ. In addition, as shown in the inner
figure of Fig. 3(c), a clear structure can be observed
between 2.9 and 3.0 GeV in the D0p invariant mass

FIG. 2. The cross sections for the pp̄ → Λ̄cD0p process depending on the center-of-mass energy
ffiffiffi
s

p
. (a) The individual

contributions from light-meson and Λð�Þ
c states. (b) The total cross sections with the uncertainty resulted from the model parameter

Λr, where the black solid curve is obtained with Λr ¼ 1.1 GeV, and the cyan band represents the uncertainties resulted from the
variation of Λr from 1.0 to 1.2 GeV.

FIG. 3. (b) The Dalitz plot for pp̄ → Λ̄cD0p process at
ffiffiffi
s

p ¼ 8 GeV with Λr ¼ 1.1 GeV depending on mD0p and mΛ̄cD0 . (a), (c) The
Λ̄cD0 and D0p invariant mass distributions, respectively.
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spectra, which should correspond to Λcð2910Þ rather
than Λcð2940Þ.

IV. SUMMARY

The observed masses of Λcð2910Þ and Λcð2940Þ are
close to the threshold of D�N, and the mass splitting of
Λcð2910Þ and Λcð2940Þ is similar to the pentaquark
candidates Pcð4440Þ and Pcð4457Þ. These particular
properties suggest that both Λcð2910Þ and Λcð2940Þ are
good candidates of the D�N pentaquark molecular states
with different JP quantum numbers. In addition to the
decay behaviors, the production studies of Λcð2910Þ and
Λcð2940Þ also provide useful information for the
inner structures of these two Λc states. Experimentally,
the P̄ANDA Collaboration proposed to search for the
charmed baryons in the pp̄ scattering process with
Pp̄ ¼ ½1.5; 15� GeV. Therefore, we propose to investigate
the Λcð2910Þ and Λcð2940Þ productions in the pp̄ →
Λ̄cD0p process in the present work.
For the individual contributions, our results show that

the cross section of Λcð2910Þ is about 2 nb atffiffiffi
s

p ¼ 10 GeV, which is about 250 times and 15 times
that from Λcð2286Þ and Λcð2940Þ, respectively. Moreover,
our estimations indicate that the cross section resulted from
the light-meson intermediate process plays a significant
role, which enhances the total cross section by more than 1
order of magnitude. In particular, the total cross sections
for pp̄ → Λ̄cD0p are estimated to be ð130.7þ397.1

−103.9Þ nb atffiffiffi
s

p ¼ 10 GeV, where the central value is estimated with

the parameter Λr ¼ 1.1 GeV, and the uncertainties come
from the variation of Λr from 1.0 to 1.2 GeV.
The differential cross sections for the pp̄ → Λ̄cD0p

process are also estimated with
ffiffiffi
s

p ¼ 8 GeV in this work.
For the D0p invariant mass spectrum, the contributions
from Λcð2286Þ and the light meson play the role of the
background. In addition, our estimations indicate that the
dominant contributions to the structure between 2.9 and
3.0 GeV come from Λcð2910Þ, indicating that the expected
structure in the D0p invariant mass spectra should corre-
spond to Λcð2910Þ rather than Λcð2940Þ. It is expected that
the estimations in the present work could be tested by
further experimental measurements at P̄ANDA in the
future.
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