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The Λ0
b → Λþ

c D−
s KþK− decay is observed for the first time using the data sample from proton-proton

collisions recorded at a center-of-mass energy of 13 TeV with the LHCb detector, corresponding to an
integrated luminosity of 6 fb−1. The ratio of branching fraction to that of Λ0

b → Λþ
c D−

s decays is
measured as 0.0141� 0.0019� 0.0012, where the first uncertainty is statistical and the second
systematic. A search for hidden-charm pentaquarks with strangeness is performed in the Λþ

c D−
s system.

No evidence is found, and upper limits on the production ratio of Pcc̄sð4338Þ0 and Pcc̄sð4459Þ0
pentaquarks relative to the Λþ

c D−
s final state are set at the 95% confidence level as 0.12 and 0.20,

respectively.

DOI: 10.1103/b28d-z2xc

I. INTRODUCTION

Pentaquarks with minimal quark composition of three
quarks plus a quark-antiquark pair have been predicted since
the establishment of the quark model [1]. Hidden-charm
pentaquark candidates (Pþ

cc̄ ¼ cc̄uud) were first observed in
the J=ψp system, produced throughΛ0

b → J=ψpK− decays
recorded by the LHCb experiment [2–4].1 A pentaquark
candidate (P0

cc̄s ¼ cc̄uds) with strangeness was observed in
the J=ψΛ system in B− → J=ψΛp̄ decays [5]. Besides,
evidence for candidatePþ

cc̄ andP
0
cc̄s resonances was found in

the B0
s → J=ψpp̄ decay and Ξ−

b → J=ψΛK− decay, respec-
tively [6,7]. The Pþ

cc̄ candidates are found near the threshold
for the production of Σþ

c D̄ð�Þ0 states, and P0
cc̄s candidates are

found close to the threshold of ΞcD̄ð�Þ states. Various
interpretations, including hadronic molecules [8–12], tightly
bound pentaquark states [13–19] and threshold effects [20–
23], have been proposed, but their nature remains largely
unknown. Measurements in different decay channels are
crucial for testing and distinguishing these interpretations
[24–26].
Several searches for pentaquarks have been conducted in

open-charm final states at LHCb. The prompt production of
hidden-charm pentaquark states decaying to ΣcD̄ andΛþ

c D̄,
as well as doubly charmed pentaquark states decaying to

ΣcD and Λþ
c D, have been studied [27]. Additionally, the

observation of Λ0
b → Λþ

c D̄0K− and Λ0
b → Σð�Þþþ

c Dð�Þ−K−

decays allows for testing pentaquark states in the Λþ
c D̄0

and Σð�Þþþ
c Dð�Þ− systems, respectively [28,29]. However,

no evidence for such states has been found in these studies.
The Λ0

b → Λþ
c D−

s KþK− decay offers a special oppor-
tunity to search for pentaquark candidates in the Λþ

c D−
s

system, whose leading Feynman diagrams are shown in
Fig. 1. In particular, in the Λ0

b → Λþ
c D−

s ϕ process, the
phase space of the Λþ

c D−
s system extends from 4235 to

4632 MeV,2 and, thus, encompasses the masses of the two
pentaquark candidates Pcc̄sð4338Þ0 and Pcc̄sð4459Þ0, pre-
viously observed in the decays B− → J=ψΛp̄ and
Ξ−
b → J=ψΛK−, respectively. Meanwhile, searches for

highly excited Λþ
c and D−

s states, as well as exotic particles
in the Λþ

c ϕ and D−
s ϕ systems, can also be performed.

In this paper, the first observation of the Λ0
b →

Λþ
c D−

s KþK− decay is reported. The relative branching
fraction with respect to theΛ0

b → Λþ
c D−

s decay is measured,
and a search for pentaquark candidates in the Λþ

c D−
s

system is performed, using proton-proton (pp) collision
data at a center-of-mass energy of 13 TeV, corresponding to
a luminosity of 6 fb−1, collected by the LHCb experiment
between 2015 and 2018. The Cabibbo-favored decay Λ0

b →
Λþ
c D−

s is chosen as the normalization mode for the
branching fraction measurement due to its larger statistics
and the same parent particle and intermediate states. It also
serves as a control mode for applying corrections to
simulated samples using a data-driven method.
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II. DETECTOR AND SIMULATION

The LHCb detector [30,31] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector elements that are particularly relevant to this
analysis are: a silicon-strip vertex locator (VELO) sur-
rounding the pp interaction region that allows c and b
hadrons to be identified from their characteristically long
flight distance; a tracking system that provides a measure-
ment of the momentum, p, of charged particles; and two
ring-imaging Cherenkov detectors that are able to discrimi-
nate between different species of charged hadrons.
The online event selection is performed by a trigger

which consists of a hardware stage followed by a two-level
software stage [32]. At the hardware stage, events are
required to have a muon with high momentum transverse to
the beam, pT, or a hadron, photon, or electron with high
transverse energy in the calorimeters. For hadrons, the
transverse energy threshold is 3.5 GeV. In the offline
selection, the software trigger requires a two-, three-, or
four-track secondary vertex with a significant displacement
from any primary pp interaction vertex (PV). At least one
charged particle must have a pT > 1.6 GeV and be
inconsistent with originating from a PV. A multivariate
algorithm [33,34] is used for the identification of secondary
vertices consistent with the decay of a Λ0

b hadron.
Simulation is required to model the effects of the detector

acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA

[35,36] with a specific LHCb configuration [37]. Decays
of unstable particles are described by EvtGen [38], in which
final-state radiation is generated using PHOTOS [39]. The
interaction of the generated particles with the detector, and
its response, are implemented using the Geant4 toolkit [40]
as described in Ref. [41].
The kinematic distribution of Λ0

b baryons is not perfectly
modeled in the simulation framework. Differences in pT
and η distributions between data and simulated events for
both signal and normalization modes are corrected using a
data-driven approach. Additionally, the simulated decay

amplitudes for Λþ
c → pK−πþ and D−

s → KþK−π− decays
do not fully match those observed in data, and corrections
for the Λþ

c and D−
s decay amplitudes are derived from

Λ0
b → Λþ

c D−
s decays by comparing their Dalitz plots in data

and simulation.

III. DATASET AND SELECTION

The data undergo additional filtering in an offline
selection process. Candidates consistent with the exclusive
decays Λ0

b → Λþ
c D−

s KþK− or Λ0
b → Λþ

c D−
s are retained,

where the Λþ
c baryon decays to p K− πþ and theD−

s meson
decays to KþK−π−. The selection requires tracks with hits
in at least the VELO and the tracking stations downstream
of the magnet [42]. A further selection is applied, requiring
that each final-state track has pT > 100 MeV and good
track-fit quality and that the Λ0

b baryon has a significant
displacement of its decay vertex from any PV. Intermediate
charmed hadrons are selected using the quality of their
decay-vertex fit (χ2vtx), the displacement of the decay vertex
from the associated PV, and the angle between the
reconstructed momentum direction and the flight direction
determined from the origin and the decay vertices (DIRA).
Even though the Λþ

c decay produces protons with higher
momentum that could be cleanly reconstructed and identi-
fied, the shorter lifetime compared to that of the D−

s meson
complicates the suppression of background contributions in
the decay Λþ

c → pK−πþ. Additional kinematic and topo-
logical criteria are employed to address this issue, based on
the sum of pT of Λþ

c decay products and the distance of
closest approach of these decay products. Consequently, the
Λþ
c → pK−πþ decay is selected using a gradient-boosted

decision tree (BDT) classifier [43,44] which is trained and
validated with Λ0

b → Λþ
c π

− data [28,45].
The Λ0

b baryon is reconstructed by combining a Λþ
c

baryon with a D−
s meson for the control mode and together

with two additional kaon tracks for the signal mode.
Kinematical and topological selections are applied, includ-
ing pT, χ2vtx, DIRA, χ2IP (defined as the difference in the
vertex fit χ2 of a primary vertex reconstructed with and
without the Λ0

b candidate), and the quality of the kinematic

FIG. 1. Tree-level Feynman diagrams of the Λ0
b → Λþ

c D−
s KþK− decay.
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fit, which requires the Λ0
b to originate from its associated

primary vertex [46]. The particle identification (PID)
probability of each final-state track, derived from a neural
network combining PID information across the detector, is
used to suppress topologically similar backgrounds [31].
To enhance the mass resolution, the mass of the Λ0

b baryon
for both signal and normalization modes is derived from a
global decay chain fit with a Kalman filter [46], which
constrains the Λ0

b to originate from its associated PV and
the Λþ

c and D−
s masses to their known values [47].

A dedicated BDT classifier is trained using simulated
events as the signal proxy and the upper sideband data
[mðΛþ

c D−
s KþK−Þ∈ ½5700; 6200� MeV] as the background

proxy, to suppress combinatorial background in Λ0
b decays.

The BDT employs the AdaBoost algorithm [44,48] to
enhance its performance. Several kinematical variables,
PID variables, and the vertex-fit quality are used as
discriminating features. The BDToutput selection criterion
is chosen as in Ref. [5] by maximizing the figure of merit
S2=ðSþ BÞ3=2 to obtain both high signal purity and
significance, where S and B are the signal and background
yields, respectively, in a region of �12 MeV around the
known Λ0

b mass. To avoid a possible bias due to fluctua-
tions of the signal yield, S is determined from a fit to the
mðΛþ

c D−
s KþK−Þ distribution in data selected with a looser

BDT requirement and then multiplied by the BDT effi-
ciency derived from simulated samples. The determination
of B is obtained by fitting the Λ0

b mass distribution within
mðΛþ

c D−
s KþK−Þ∈ ½5540; 5590� ∪ ½5700; 5950� MeV and

subsequently extrapolating linearly into the signal region.
An independent BDT classifier is trained to select nor-
malization mode candidates using a similar strategy and is
optimized with the same figure of merit.
Candidates with an opening angle between any track pair

smaller than 0.5 mrad are rejected, removing artifacts from
wrong matching of track segments reconstructed within the
tracking stations and the VELO.
Some events passing all selection criteria contain multiple

candidates. In such cases, a single candidate is retained at
random. The potential bias arising from this random selec-
tion is subsequently evaluated as a systematic uncertainty.

IV. SIGNAL EXTRACTION

The yield of the Λ0
b → Λþ

c D−
s KþK− signal decay is

determined through an unbinned maximum-likelihood fit to
the mðΛþ

c D−
s KþK−Þ mass distribution. The Λ0

b signal is
modeled using a linear combination of a Crystal Ball
distribution [49] and a Johnson SU distribution [50].
These distributions share identical peak positions and
widths, which are floated in the fit, while the tail parameters
and the relative intensity are fixed to values obtained from
fits to simulated data. The combinatorial background is
described by a first-order Chebyshev polynomial.

The fit result, shown in Fig. 2, yields 61� 8 signalΛ0
b →

Λþ
c D−

s KþK− decays, where the uncertainty is statistical
only. The performance of the maximum-likelihood fit is
validated by generating and fitting 500 pseudoexperiments
using the baseline model, with no significant bias observed
for the signal decay mode.
The contribution from the Λ0

b → Λþ
c D−

s ϕ process is
determined by fitting the background-subtracted mðKþK−Þ
distribution in Λ0

b → Λþ
c D−

s KþK− decays, where back-
grounds are subtracted using the sPlot technique [51]. The
ϕ signal is modeled with a relativistic Breit-Wigner distri-
bution,while the remaining non-ϕ component is described by
an empirical function. As is illustrated in Fig. 3, the ϕ
component is found to be significantly more prominent than
the non-ϕ contribution. Furthermore, analysis of the back-
ground-subtractedΛþ

c ϕ andD−
s ϕ invariantmass distributions

shows no evidence for resonant states.
The yield of the normalization mode Λ0

b → Λþ
c D−

s is
determined through a fit to themðΛþ

c D−
s Þ distribution. Both

the signal and background components for the normaliza-
tion decay are modeled in the same manner as for the signal
decay. The fitted yield for the Λ0

b → Λþ
c D−

s decay mode is
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FIG. 2. Mass distribution of Λ0
b candidates reconstructed using

the Λ0
b → Λþ

c D−
s KþK− decays, with the fit result also shown.

FIG. 3. Distribution of mðKþK−Þ for background-subtracted
Λ0
b → Λþ

c D−
s KþK− decays with the fit result also shown.
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determined to be ð31.27� 0.19Þ × 103, where the uncer-
tainty is statistical only. The same validation procedure
used for the signal decay mode is applied to the normali-
zation decay mode, resulting in a relative yield shift of
0.2%, which is assigned as a systematic uncertainty.

V. RELATIVE BRANCHING FRACTION

In order to determine the ratio of branching fractions, the
efficiencies for the signal and normalization channels are
estimated from corrected simulated samples, including the
effects of detector acceptance, triggers, reconstruction, and
offline selection. Since the intermediate states in Λ0

b →
Λþ
c D−

s KþK− decays are not perfectly modeled in the
simulation, the yield of the signal mode is corrected by
considering a per-event efficiency,

ncorr ¼
X

i

sWi

ϵðm2
i ðΛþ

c KþK−Þ; m2
i ðD−

s KþK−ÞÞ ; ð1Þ

where ncorr is the efficiency-corrected yield, sWi is the
per-event weight used to subtract background, and
ϵðm2

i ðΛþ
c KþK−Þ; m2

i ðD−
s KþK−ÞÞ is the mass-dependent

per-event efficiency.
The efficiency-corrected yield for the two-body decay

Λ0
b → Λþ

c D−
s can be simplified as nðΛ0

b → Λþ
c D−

s Þ=
ϵðΛ0

b → Λþ
c D−

s Þ, where n and ϵ represent the yield and
efficiency of the normalization decay mode, respectively.
Using these quantities, the ratio of branching fractions is
calculated as

BðΛ0
b →Λþ

c D−
s KþK−Þ

BðΛ0
b →Λþ

c D−
s Þ

¼ ncorrðΛ0
b→Λþ

c D−
s KþK−Þ

ncorrðΛ0
b→Λþ

c D−
s Þ

; ð2Þ

yielding a value of 0.0141� 0.0019, where the uncertainty
is statistical only.

VI. SYSTEMATIC UNCERTAINTIES

The signal decay Λ0
b → Λþ

c D−
s KþK− includes two addi-

tional kaon tracks compared to the normalization Λ0
b →

Λþ
c D−

s decay. The modeling of track reconstruction effi-
ciency in the simulation introduces a systematic uncertainty
of 1.36% for each extra kaon, arising from the imperfect
simulation of hadronic interactions with the detector
material [52].
Imperfections in the estimation of the hardware trigger

efficiencies are present in both signal mode and normaliza-
tion mode. A data-driven approach [32] is used to calculate
the correction factor in bins of the maximum pT of the final-
state tracks. In the baseline measurement, independent
correction tables derived from data for the corresponding
decays are applied to the Λ0

b → Λþ
c D−

s KþK− and Λ0
b →

Λþ
c D−

s simulations. Systematic uncertainties in these cor-
rections are estimated by either using a single correction table

for both decay modes or by applying the correction factors
derived from Λ0

b → Λþ
c D−

s KþK− and Λ0
b → Λþ

c D−
s decays

to the Λ0
b → Λþ

c D−
s and Λ0

b → Λþ
c D−

s KþK− simulations,
respectively. The largest change in the efficiency ratio
between Λ0

b → Λþ
c D−

s KþK− and Λ0
b → Λþ

c D−
s decays is

1.6%, which is assigned as the systematic uncertainty due to
the hardware trigger efficiency correction.
The simulated PID response is calibrated using control

samples and the kernel density estimation method [53,54].
This correction accounts for two sources of uncertainty:
one arising from the kernel density estimation algorithm
and the other from the finite size of the calibration samples.
To assess the systematic uncertainty, the kernel density
estimation template is varied by increasing the kernel width
by 50% and by employing a bootstrapping method. The
resulting variations in the efficiency ratios are assigned as
systematic uncertainties corresponding to each source.
The systematic uncertainties related to the fit models are

evaluated with pseudoexperiments generated with the
baseline model and fitted with alternative signal and
background parametrizations. For the Λ0

b signal, an alter-
native model is used, based on a modified Crystal Ball
function with tails on both sides of the peak, while the
background model is replaced with an exponential function
instead of the Chebyshev polynomial. The yield shift is
quantified as the difference between the yield obtained
from the baseline fit to data and the mean yield derived
from the ensemble of pseudoexperiments. Considering the
shifts for both signal and normalization modes, the differ-
ence in the signal yield ratio is assigned as the systematic
uncertainty.
To account for potential signal loss introduced by the

random selection of multiple candidates, the procedure is
repeated 500 times with different random seeds, performing
a signal yield fit for each iteration. The corresponding
systematic uncertainty is evaluated as the difference
between the nominal signal yield and the mean of the
resulting distribution.
The systematic uncertainty arising from the limited size

of the simulated samples is estimated using a Bayesian
approach, where the number of selected candidates for the
true efficiency in each ðm2ðΛþ

c KþK−Þ; m2ðD−
s KþK−ÞÞ bin

in Eq. (1) is assumed to be binomially distributed, and the
prior probability is chosen as a uniform distribution, both of
which are used to determine the posterior probability of the
efficiency in actual measurements. The uncertainty on the
efficiency table is evaluated independently for each bin and
subsequently propagated to the ratio of branching fractions.
Additionally, the binning scheme used in the efficiency
parametrization is varied, and the largest observed differ-
ence in the ratio of branching fractions is assigned as the
systematic uncertainty.
To estimate the systematic uncertainty associated with the

correction forΛþ
c andD−

s decay amplitudes, the correction is
removed from the simulated events. The resulting difference
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in the branching fraction ratio is assigned as a systematic
uncertainty. The magnitude of this difference depends on the
size of the simulated samples, making this uncertainty fully
correlated with the uncertainty arising from the limited size
of the simulated samples.
The summary of the systematic uncertainties is presented

in Table I, where correlations among different sources are
taken into account when determining the total uncertainty.
The systematic uncertainty on the relative branching
fraction measurement is found to be smaller than the
statistical uncertainty.

VII. UPPER LIMITS ON THE P0
cc̄s

PRODUCTION RATE

A search for a P0
cc̄s → Λþ

c D−
s contribution to the Λ0

b →
Λþ
c D−

s KþK− decay is performed by inspecting the mass
distribution of Λþ

c D−
s where the background is subtracted

with the sPlot technique. The mass mðΛþ
c D−

s Þ is computed
from a kinematic fit [46] which requires the Λ0

b baryon to
originate from its associated primary vertex and constrains

the Λþ
c , D−

s , and Λ0
b hadrons to their known masses [47]. A

weighted unbinned maximum-likelihood fit [55] is applied
to the mðΛþ

c D−
s Þ distribution, where the data are described

as the incoherent sum of P0
cc̄s → Λþ

c D−
s decays and a

nonresonant Λþ
c D−

s contribution. The P0
cc̄s resonance is

modeled using a relativistic Breit-Wigner function [47,56],
with parameters for Pcc̄sð4338Þ0 and Pcc̄sð4459Þ0 reso-
nances obtained from Refs. [5] and [7], respectively. The
line shape is described in detail in the Appendix. It is
subsequently convolved with a Gaussian resolution func-
tion whose shape parameters are determined from simu-
lation. The contribution from Λ0

b → Λþ
c D−

s KþK− decays
with a nonresonant Λþ

c D−
s system is modeled using

simulated Λ0
b → Λþ

c D−
s ϕ decays generated uniformly over

the phase space. The fit projections for Pcc̄sð4338Þ0 and
Pcc̄sð4459Þ0 resonances are shown in Fig. 4. Both fits yield
significances below 2σ, showing no significant pentaquark
contributions in the Λþ

c D−
s system.

Defining the relative P0
cc̄s contribution as

RP0
cc̄s

≡ BðΛ0
b → Pcc̄sKþK−Þ

BðΛ0
b → Λþ

c D−
s KþK−Þ · BðP

0
cc̄s → Λþ

c D−
s Þ; ð3Þ

the upper limits on the production rates are determined to
be RPcc̄sð4338Þ0 < 0.12ð0.10Þ and RPcc̄sð4459Þ0 < 0.20ð0.17Þ
at the 95% (90%) confidence level. These limits are derived
by integrating the probability distribution ofRP0

cc̄s
, ensuring

that the integral up to the upper limit equals 0.95 (0.90)
times the total integral [57]. Systematic uncertainties
associated with the modeling of the pentaquark line shape
and of the nonresonant contribution are found to have
negligible impact on the measured RP0

cc̄s
values.

VIII. CONCLUSION

The Λ0
b → Λþ

c D−
s KþK− decay has been observed for the

first time, and the branching fraction relative to the Λ0
b →

Λþ
c D−

s decay is measured to be

TABLE I. Summary of relative systematic uncertainties on the
relative branching fraction.

Sources Relative uncertainty (%)

Fit bias 0.2
Tracking efficiency 2.7
Trigger efficiency 1.6
PID correction algorithm 0.6
Signal fit model 0.6
Background fit model 0.3
Multiple candidates 2.5
Simulated sample sizes 5.3
Binning scheme in ncorr calculation 2.3
Correction on Λþ

c and D−
s

decay amplitudes
2.0

Total 8.7

FIG. 4. Distribution of mðΛþ
c D−

s Þ for background-subtracted Λ0
b → Λþ

c D−
s KþK− decays with the fit result also shown. The red line

shows the contribution from the (left) Pcc̄sð4338Þ0 and (right) Pcc̄sð4459Þ0 state, while the cyan fill represents the phase-space
distribution of the Λ0

b → Λþ
c D−

s ϕ decay.
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BðΛ0
b → Λþ

c D−
s KþK−Þ

BðΛ0
b → Λþ

c D−
s Þ

¼ 0.0141� 0.0019� 0.0012;

where the first uncertainty is statistical and the second is
systematic.
No significant pentaquark signal was identified in the

mðΛþ
c D−

s Þ mass spectrum. With only 61 candidates
detected, the sample size is insufficient to perform an
amplitude analysis. Upper limits on the fit fractions of
Pcc̄sð4338Þ0 and Pcc̄sð4459Þ0 decaying to the Λþ

c D−
s final

state are therefore set at 0.12(0.10) and 0.20(0.17), respec-
tively, at the 95% (90%) confidence level. Furthermore, no
evidence for excited charmed hadrons or exotic states is
found in the Λþ

c ϕ or D−
s ϕ mass distributions.

It is anticipated that this statistical limitation will be
surmounted with the ongoing higher-luminosity data
acquisition, facilitated by the upgraded LHCb detector.
The larger data samples due to increased luminosity and
trigger efficiency are expected to enable a more compre-
hensive analysis [58,59]. Future larger datasets will allow
for a full amplitude analysis that can take into account the
Λþ
c polarization [60,61] and ϕ decay degrees of freedom,

which will contribute to the properties of the strange
pentaquarks with hidden charm.
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APPENDIX: LINE SHAPE OF THE
PENTAQUARK

For modeling the pentaquark resonances, the Breit-
Wigner propagator is employed, expressed as

BWðmjm0;Γ0Þ ¼
1

m2
0 −m2 − im0ΓðmÞ ; ðA1Þ

where m represents the mass of the Λþ
c Dþ

s system, m0

represents the mass of the pentaquark taken from Ref. [47],
and ΓðmÞ is the mass-dependent width. Given that the only
known decay channel for Pcc̄sð4338Þ0 and Pcc̄sð4459Þ0 is
J=ψΛ, the energy-dependent width is calculated based on
the J=ψΛ system. Under the S-wave assumption, the ΓðmÞ
is simplified as

ΓðmÞ ¼ Γ0 ·
qðm;mJ=ψ ; mΛÞ
qðm0; mJ=ψ ; mΛÞ

·
m0

m
; ðA2Þ

where Γ0 is the natural width of the pentaquark state,
qðm;m1; m2Þ is the breakup momentum calculated by

qðm;m1; m2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½m2 − ðm1 þm2Þ2�½m2 − ðm1 −m2Þ2�

p

2m
;

ðA3Þ

and m1 and m2 are the masses of the two decay products.
The pentaquark line shape Psigðmjm0;Γ0Þ is then

obtained by incorporating a phase-space factor ρðmÞ ¼
pΛ0

b
qPcc̄s

and a normalization constant N , derived as

Psigðmjm0;Γ0Þ ¼
jBWðmjm0;Γ0Þj2 · pΛ0

b
ðmÞqPcc̄s

ðmÞ
N

;

ðA4Þ

where qPcc̄s
ðmÞ ¼ qðm;mΛþ

c
; mD−

s
Þ represents the momen-

tum of Λþ
c in the pentaquark rest frame and pΛ0

b
ðmÞ ¼

qðmΛ0
b
; m;mϕÞ denotes the momentum of the pentaquark in

the Λ0
b rest frame.
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The normalized background line shape PbkgðmÞ is derived from the phase-space simulation [54], where the kinematics of
the Λ0

b hadron and decay amplitudes of the Λþ
c and Dþ

s hadrons are corrected to match the data.
Finally, the total fit model is constructed by adding the signal and the background components, expressed as

Pðmjm0;Γ0Þ ¼ RP0
cc̄s
Psigðmjm0;Γ0Þ þ ð1 −RP0

cc̄s
ÞPbkgðmÞ: ðA5Þ
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Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France)

87University of Michigan, Ann Arbor, Michigan, USA (associated with Syracuse University,
Syracuse, New York, USA)

88Ohio State University, Columbus, USA (associated with Los Alamos National Laboratory (LANL),
Los Alamos, New Mexico, USA)

aDeceased.
bAlso at Lamarr Institute for Machine Learning and Artificial Intelligence, Dortmund, Germany.
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