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Abstract
The four decays, Λ0

b→ Σ
(∗)++
c D(∗)−K−, are observed for the first time using proton-

proton collision data collected with the LHCb detector at a centre-of-mass energy
of 13TeV, corresponding to an integrated luminosity of 6 fb−1. By considering the
Λ0
b→ Λ+

c D
0K− decay as reference channel, the following branching fraction ratios

are measured to be,

B
(
Λ0
b→ Σ++

c D−K−)
B
(
Λ0
b→ Λ+

c D0K−
) = 0.282± 0.016± 0.016± 0.005,

B(Λ0
b→ Σ∗++

c D−K−)

B(Λ0
b→ Σ++

c D−K−)
= 0.460± 0.052± 0.028,

B(Λ0
b→ Σ++

c D∗−K−)

B(Λ0
b→ Σ++

c D−K−)
= 2.261± 0.202± 0.129± 0.046,

B(Λ0
b→ Σ∗++

c D∗−K−)

B(Λ0
b→ Σ++

c D−K−)
= 0.896± 0.137± 0.066± 0.018,

where the first uncertainties are statistical, the second are systematic, and the third
are due to uncertainties in the branching fractions of intermediate particle decays.
These initial observations mark the beginning of pentaquark searches in these modes,
with more data set to become available following the LHCb upgrade.
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1 Introduction

The existence of exotic pentaquark states, comprising four quarks and an anti-quark, has
been predicted since the establishment of the quark model [1]. The search for pentaquark
candidates has been performed by many experiments in the past 50 years [2–4] but
only the LHCb experiment has given conclusive results. In 2015, the LHCb experiment
reported the observation of J/ψp resonant structures [5, 6], consistent with pentaquark
candidates made up of minimal quark content cc̄uud, produced in Λ0

b → J/ψpK− decays.1

An amplitude analysis showed that the data is best described with the inclusion of two
pentaquark states, the PN

ψ (4380)+ and PN
ψ (4450)+. With additional data and an improved

selection strategy, it was found that the PN
ψ (4450)+ structure resolves into two narrower

substructures, the PN
ψ (4440)+ and PN

ψ (4457)+. In addition, a new narrow pentaquark
candidate, the PN

ψ (4312)+ was discovered [7].

The newly observed exotic candidates have masses less than 10 MeV below the ΣcD
(∗)

thresholds.2 The proximity of the pentaquark candidates to open-charm thresholds, as
well as their very narrow widths, favor the loosely bound (so-called molecular) pentaquark

model, in which the D(∗) meson and the Σ
(∗)
c baryon are bound by a residual strong

force similar to that binding a proton and neutron to form a deuteron [8]. In addition,
several molecular pentaquark models predict that a PN+

ψ with 3/2− spin-parity would

decay substantially into Σ
(∗)
c D [9–12]. This motivates the search for Λ0

b→ Σ
(∗)++
c D(∗)−K−

decays,3 whose tree-level Feynman diagrams, shown in Fig. 1 (left), are color-suppressed
but not forbidden [13]. The topologically similar Λ0

b→ Λ+
c D

0K− process is chosen as the
reference mode, which has contributions from both color-suppressed and color-favored
tree-level diagrams. As shown in Fig. 1 (right) for the color-favored process, the spectator
quarks (ud) of the Λ0

b baryon directly propagate into the charmed baryon (udc), which
must preserve the isospin-0 quantum number of the parent Λ0

b baryon, and thus be a Λ+
c

state.
This Letter presents the search for four new Λ0

b→ Σ
(∗)++
c D(∗)−K− decay modes using

proton-proton (pp) collision data collected by the LHCb experiment at a centre-of-mass
energy of 13 TeV during the Run 2 data-taking period from 2015 to 2018, corresponding

u[d] u[d]

b c

u

ū

d[u] d[u]
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W−Λ0
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[D(∗)0]

d d
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Figure 1: Feynman diagrams for (left) color-suppressed and (right) color-favored tree processes

of the Λ0
b baryon decaying into Σ

(∗)
c D(∗)K− or Λ+

c D
(∗)0K−.

1Inclusion of charge-conjugate processes is implied throughout.
2Natural units with ℏ = c = 1 are used throughout.
3The symbols Σ++

c and Σ∗++
c refer to Σc(2455)

++ and Σc(2520)
++.
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to an integrated luminosity of 6 fb−1. The relative branching fractions,
B(Λ0

b→Σ++
c D−K−)

B(Λ0
b→Λ+

c D0K−)
,

B(Λ0
b→Σ∗++

c D−K−)

B(Λ0
b→Σ++

c D−K−)
,

B(Λ0
b→Σ++

c D∗−K−)

B(Λ0
b→Σ++

c D−K−)
, and

B(Λ0
b→Σ∗++

c D∗−K−)

B(Λ0
b→Σ++

c D−K−)
are measured. Given that the

decay modes in the last three ratios have the same number of final tracks and final states
similar to those of the Λ0

b→ Σ++
c D−K− decay mode, their relative branching fractions

with respect to the Λ0
b→ Σ++

c D−K− decay are measured to facilitate the cancelation of
several systematic uncertainties due to the effects from detector acceptance, triggers, and
tracking.

2 Detector and simulation

The LHCb detector [14,15] 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 detector
surrounding 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 measurement
of the momentum, p, of charged particles; and two ring-imaging Cherenkov detectors that
are able to discriminate between different species of charged hadrons.

The online event selection is performed by a trigger [16], which consists of a hardware
and a software stage. At the hardware stage, events are required to have a muon with
high transverse momentum, pT, or a hadron, photon, or electron with high transverse
energy in the calorimeters. The triggered objects can be either hadrons from the Λ0

b decays
of interest (trigger on signal, TOS) or any particle from the rest of the event (trigger
independently of signal, TIS). The software trigger applies a full event reconstruction,
and subsequently requires at least one charged particle from the event to have a larger pT
and be inconsistent with originating from any reconstructed primary pp interaction vertex
(PV). Furthermore, the reconstructed events must have signal candidates forming a two-,
three-, or four-track secondary vertex significantly displaced from any PV. The secondary
vertices are filtered by a multivariate algorithm [17] to be consistent with the decay of a
beauty hadron.

Simulation is required to model the resolution effects of event reconstruction and to
calculate the efficiencies due to detector acceptance and selection requirements. In the
simulation, pp collisions are generated using Pythia [18] with a specific LHCb configura-
tion [19]. Decays of unstable particles are described by EvtGen [20], in which final-state
radiation is generated using Photos [21]. The interaction of the generated particles
with the detector, and its response, are implemented using the Geant4 toolkit [22] as
described in Ref. [23]. The particle-identification (PID) response is not well described in
the LHCb simulation and is corrected to match that in data using dedicated calibration
samples. The corrections are based on a four-dimensional kernel density estimation for
distributions in the PID response, pT and η of the track, and the multiplicity of the
event [24].
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3 Candidate selection

The Λ0
b → Σ

(∗)++
c D(∗)−K− candidates are reconstructed through the decay chains

Σ
(∗)++
c → Λ+

c π
+ with Λ+

c → pK−π+ and D− → K+π−π− or D∗− → D0π− with
D0 → K+π−. The reconstructed final-state particles are required to have PID information
consistent with their respective mass hypotheses and be inconsistent with originating
from any PV. At least one of them must have p > 10 GeV and pT > 1.7 GeV. Each of the
Λ+
c , D0, and D(∗)− decay vertices must have a good vertex-fit quality and be significantly

displaced from its associated PV, defined as the primary vertex that fits best to the flight
direction of the candidate. The reconstructed masses of the charmed hadron candidates
must be consistent with their known values [25], within 15 MeV for the Λ+

c baryon and
25 MeV for the charmed mesons. Subsequently, the Λ0

b candidate is reconstructed by
combining Λ+

c , D(∗)−, K− and π+ candidates to form a good vertex. The momentum
vector of the Λ0

b candidate is required to be consistent with the flight direction. The sum
of transverse momentum of the Λ0

b decay products must be greater than 5 GeV and the
decay time of the Λ0

b candidate is required to be greater than 0.2 ps. Clone tracks are pairs
of reconstructed tracks that share a majority of their detector hits. They are rejected by
requiring the opening angle between any pair of final-state tracks from the Λ0

b candidate
to be greater than 0.5 mrad. The reference channel Λ0

b→ Λ+
c D

0K− is reconstructed from
the same Λ+

c and D0 decay channels by applying the same selections.
Non-negligible peaking backgrounds in the signal and reference channels result from

Λ0
b decays to the same final state but without one or both intermediate charm hadrons.

These are denoted by non-doubly-charmed (NDC) backgrounds. Genuine Λ+
c and D0 (D−)

hadrons have nonzero lifetimes and decay at tertiary vertices in the forward direction with
respect to the Λ0

b baryon decay vertex. To suppress this background, the separation along
the beam direction z between the charmed hadrons and the Λ0

b decay vertex is required to
be greater than −1 mm and its significance must be greater than 1, −2.5, −1.5, and −2.0
for D− in signal decay, Λ+

c in signal decay, D0 in reference decay, and Λ+
c in reference

decay, respectively. The negative values of these requirements account for the limited
resolution of the vertex reconstruction.

Specific backgrounds from misreconstructed or misidentified particles are vetoed by
applying selections on the invariant masses. A misreconstructed background can arise
from the two final-state kaons being correctly identified but assigned to the wrong Λ+

c

and Λ0
b parent particles. Therefore, peaks in Λ+

c → (pπ+)Λ+
c
K−
Λ0
b

are vetoed, where the

subscript in each final state particle denotes the assumed parent during reconstruction.
For misidentified backgrounds, the vetoes are applied by assigning an alternative

mass hypothesis to the final state particles, and rejecting candidates that have a
recalculated invariant mass consistent with known resonances. Misidentified back-
ground vetoes are applied for D+

s → ({K+ ⇒ p}K−π+)Λ+
c
, ϕ→ ({K+ ⇒ p}K−)Λ+

c
,

ϕ→ {K+ ⇒ p}Λ+
c
K−
Λ0
b
, D0 → (K−{π+ ⇒ p})Λ+

c
, Λ+

c → (pπ+)Λ+
c
{K− ⇒ π−}D0/D− and

D∗− → D0
Λ0
b
{π− ⇒ K−}Λ0

b/Λ
+
c

decays4, where the subscript denotes the parent assumed

during reconstruction. The last veto is only applied to decay chains with a D0 meson,
while the others are applied to all decay modes.

After applying all selections, a few percent of events contain multiple candidates. These

4The particle species on the left and right of the arrow (⇒) correspond to the alternative and default
mass hypotheses, respectively.
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are mostly due to duplicated use of the same tracks. In such events, the candidate with
the smallest value of χ2 from a kinematic fit with constrained decay vertices is retained.

4 Mass fit

The yields of the Λ0
b→ Σ

(∗)++
c D−K− (Λ0

b→ Σ
(∗)++
c D∗−K−) signal decays are determined

from unbinned two-dimensional maximum likelihood fits to the mΛ+
c π+ and mΛ+

c D−K−π+

(mΛ+
c D∗−K−π+) invariant mass distributions, where the subscript denotes the particle

combination used to calculate the invariant masses. The mΛ+
c π+ dimension is used to

disentangle the contributions from Σ++
c , Σ∗++

c and nonresonant Λ+
c π

+. To reduce the
correlation between mΛ+

c π+ and mΛ+
c D−K−π+ (mΛ+

c D∗−K−π+) and improve the resolution
of their mass spectra, the invariant mass mΛ+

c π+ is reconstructed by a kinematic fit
which requires the Λ0

b to originate from its associated PV and constrains the Λ0
b , Λ

+
c and

D− (D∗−) to their known masses [25]. The same PV constraint is also applied when
reconstructing mΛ+

c D−K−π+ (mΛ+
c D∗−K−π+) but only the Λ+

c and D− (D∗−) masses are
constrained.

Both two-dimensional fits contain six components each. The signal decays
Λ0
b→ Σ

(∗)++
c D−K− and Λ0

b→ Σ
(∗)++
c D∗−K− include a resonant Σ

(∗)++
c and a peaking Λ0

b

component. The resonant Σ
(∗)++
c distribution is modeled by an incoherent relativistic

Breit–Wigner distribution convolved with a Gaussian resolution function. The Breit–
Wigner masses and widths of the Σ

(∗)++
c state are fixed to their known values [25], while

the detector resolution is obtained from simulation. The Λ0
b mass peak is modeled by

the sum of two Crystal Ball [26] functions, one with a low-mass tail and the other with
a high-mass tail. The two functions share a common mean. For each decay mode, the
shape parameters are determined from fits to simulation, except for the mean and a width
scale factor which are free parameters in the data fit to account for imperfections in the
simulation.

A purely combinatorial background component is described by a threshold function
in mΛ+

c π+ and an exponential function in mΛ+
c D−K−π+ (mΛ+

c D∗−K−π+), whose parameters

are determined from data. Two background components with resonant Σ
(∗)++
c states but

non-peaking in the Λ0
b invariant mass share the Σ

(∗)++
c shape parameters with the signal

modes and share the mΛ+
c D−K−π+ (mΛ+

c D∗−K−π+) exponential slope with each other, but
not with the pure combinatorial background. A peaking Λ0

b background component with
nonresonant Λ+

c π
+ shares the peaking Λ0

b shape parameters with the signal modes and
shares the mΛ+

c π+ threshold function parameters with the pure combinatorial background.
The one-dimensional projections of both fits are shown in Fig. 2. The obtained

yields are 480 ± 25 for Λ0
b → Σ++

c D−K−, 279 ± 26 for Λ0
b → Σ∗++

c D−K−, 243 ± 17 for
Λ0
b→ Σ++

c D∗−K− and 116 ± 15 for Λ0
b→ Σ∗++

c D∗−K− signal decays. These results are
tested for stability by generating and fitting 3000 pseudoexperiments with the default
model described above, and no significant bias was observed.

The yield of the Λ0
b→ Λ+

c D
0K− reference mode is determined by a one-dimensional fit

to mΛ+
c D0K− . Similar to the treatment of the signal decay modes, mΛ+

c D0K− is reconstructed
by constraining the Λ0

b candidate to originate from its associated PV and applying mass
constraints to the intermediate Λ+

c and D0 particles to improve the mass resolution. For
both signal and background components, the Λ0

b candidate spectrum is modeled in the
same way as for the signal. The fitted yield of the Λ0

b→ Λ+
c D

0K− reference decay is

4
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Figure 2: Two-dimensional invariant mass fits of the Λ0
b → Σ

(∗)++
c D−K− decay, projected

onto (top left) mΛ+
c π+ and (top right) mΛ+

c D−K−π+ . A similar fit to Λ0
b → Σ

(∗)++
c D∗−K−

decay is projected onto (bottom left) mΛ+
c π+ and (bottom right) mΛ+

c D∗−K−π+ . The two signal

contributions with resonant Σ++
c and Σ∗++

c are drawn as a single component (red dashed line).

Similarly, the two resonant Σ
(∗)++
c backgrounds without Λ0

b peaks are drawn together (cyan fill).

4032 ± 75.

5 Ratio of branching fractions

The yields of the signal and reference modes are corrected for the Dalitz distribution of
the Λ0

b decay by considering per-event efficiencies,

Ncorr =
∑
i

sWi

ϵ(s12i , s
13
i )

(1)

where Ncorr is the corrected yield, sWi is the per-event signal weight from the sPlot
method [27] and the efficiency, ϵ(s12i , s

13
i ), is calculated event-by-event based on the Dalitz

variables s12 and s13. These Dalitz variables represent the square of the invariant mass
of Σ

(∗)++
c D(∗)− system and Σ

(∗)++
c K− system in the three-body decay of the Λ0

b baryon.
The efficiency is obtained by applying the candidate selection on simulated Λ0

b decays
with flat distribution over the phase space.
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Given the corrected yields Ncorr, the ratios of branching fractions are calculated via

B(Λ0
b→ Σ++

c D−K−)

B(Λ0
b→ Λ+

c D
0K−)

=
Ncorr(Λ

0
b→ Σ++

c D−K−)

Ncorr(Λ0
b→ Λ+

c D
0K−)

· B(D0→ K+π−)

B(D−→ K+π−π−)
, (2)

B(Λ0
b→ Σ∗++

c D−K−)

B(Λ0
b→ Σ++

c D−K−)
=
Ncorr(Λ

0
b→ Σ∗++

c D−K−)

Ncorr(Λ0
b→ Σ++

c D−K−)
, (3)

B(Λ0
b→ Σ++

c D∗−K−)

B(Λ0
b→ Σ++

c D−K−)
=
Ncorr(Λ

0
b→ Σ++

c D∗−K−)

Ncorr(Λ0
b→ Σ++

c D−K−)
· B(D−→ K+π−π−)

B(D∗−→ D0π−)B(D0→ K+π−)
,

(4)

B(Λ0
b→ Σ∗++

c D∗−K−)

B(Λ0
b→ Σ++

c D−K−)
=
Ncorr(Λ

0
b→ Σ∗++

c D∗−K−)

Ncorr(Λ0
b→ Σ++

c D−K−)
· B(D−→ K+π−π−)

B(D∗−→ D0π−)B(D0→ K+π−)
,

(5)

where the branching fractions (B) of charmed mesons assume the values published in

Ref. [25]. The Σ
(∗)++
c → Λ+

c π
+ decays are not considered in the formulas above because

they are the only strong processes allowed by the mass threshold limit, and their branching
fractions are assumed to be unity.

6 Systematic uncertainties

The four signal decay channels have the same final state and similar decay topologies,
hence the systematic uncertainties from the modeling of track reconstruction efficiency
in the simulation are assumed to cancel out in the efficiency ratios. This cancelation
does not apply between Λ0

b→ Λ+
c D

0K− (reference) and Λ0
b→ Σ++

c D−K− (signal) decays
because the latter has two extra pions and an intermediate Σ++

c . The modeling of the
track reconstruction efficiency in simulation results in a systematic uncertainty of 1.61%
for each extra pion in the Λ0

b → Σ++
c D−K− decays due to the imperfect simulation of

hadronic interactions with the detector material [28].
Similarly, imperfections in hardware trigger efficiencies between signal modes are

assumed to cancel out in the efficiency ratios, but not in the ratio between Λ0
b→ Λ+

c D
0K−

and Λ0
b→ Σ++

c D−K− decays. To correct for this, the TISTOS method [16] is used to
derive data-driven corrections to the simulated values. Such factors are binned in maximum
pT of the final state particles, for both the Λ0

b→ Λ+
c D

0K− and Λ0
b→ Σ++

c D−K− decays.
By default, the correction table derived from Λ0

b→ Λ+
c D

0K− decays is used to correct the
Λ0
b→ Λ+

c D
0K− simulation, and likewise when correcting the Λ0

b→ Σ++
c D−K− simulation.

As a systematic, only a single correction table is used to correct both decay modes, or the
correction factors derived from Λ0

b→ Λ+
c D

0K− and Λ0
b→ Σ++

c D−K− decays are used to
correct Λ0

b→ Σ++
c D−K− and Λ0

b→ Λ+
c D

0K− simulation respectively. The largest change
in the efficiency ratio between Λ0

b → Λ+
c D

0K− and Λ0
b → Σ++

c D−K− decays is 0.77%,
which is assigned as the systematic uncertainty due to the hardware trigger efficiency
correction.

The simulation PID response correction has two sources of uncertainty, one from
the kernel density estimation and one from the finite size of the calibration samples.
The width of the kernel is increased by 50% and the variation in the efficiency ratios is
assigned as the systematic uncertainty. For the finite size of the PID calibration sample, a
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bootstrapping method [29] finds a change of less than 0.02% in the efficiency ratios which
is thus neglected.

Systematic uncertainties due to the mass fit model are estimated by using alternative
signal and background probability density functions (PDFs). There are two alternative

Σ
(∗)++
c Breit–Wigner PDFs: either the Blatt–Weiskopf form factor barrier radius [30], d, is

doubled, or the Σ
(∗)++
c mass and width are floated while the mΣ∗++

c
−mΣ++

c
mass difference

is fixed. The two alternative peaking Λ0
b PDFs are: either the fixed tail parameters are

varied by ±1σ of their simulation fit uncertainties or a Hypatia function [31] is used
instead of the two Crystal Ball functions. The alternative background parameterization in
mΛ0

b
uses a second-order Chebychev polynomial instead of the default exponential function.

For the threshold function background PDFs in mΛ+
c π+ , an additional quadratic term is

multiplied to the default threshold function as an alternative PDF. The six alternative
PDFs are used one-at-a-time and two-at-a-time as alternative models to fit data, where
the latter accounts for the correlation between alternative PDFs. The largest difference in
fitted yields between any two models, default or alternative, is taken as the systematic
uncertainty on the fitted yields. These uncertainties are subsequently propagated to the
ratio of branching fractions by accounting for the correlation between different decay
modes.

When calculating the default efficiencies, the kinematic distributions of the simulated
Λ0
b particles are corrected in bins of η and pT to better match those in data using

Λ0
b→ Λ+

c D
0K− decays. The systematic uncertainty of this correction is estimated by

using an alternative (narrower) binning scheme. A systematic uncertainty of 0.05% is
estimated for the ratio of branching fractions B(Λ0

b→ Σ++
c D−K−)/B(Λ0

b→ Λ+
c D

0K−)
and is negligible for the ratios of branching fractions between signal modes.

The systematic uncertainty due to the limited size of the simulated signal and reference
modes is estimated by assuming that the efficiencies follow a binomial distribution. The
systematic uncertainty due to multiple candidate removal is calculated by assuming all
removed candidates would increase the signal or reference mode yields by the number of
candidates removed. The ratios of branching fractions are recalculated with the increased
yields, and the differences are assigned as a systematic uncertainty.

Although the simulated decay Λ+
c → pK+π− includes intermediate resonances, its

simulated Dalitz distribution does not perfectly match that of real data. The Λ+
c Dalitz

distribution correction is estimated from Λ0
b → Λ+

c D
0K− decays by comparing the Λ+

c

Dalitz distribution in data to simulation. This correction is then applied to the simulated
signal decay modes, and the differences in the ratios of branching fractions are taken as
systematic uncertainties.

The contamination by NDC decays of Λ0
b candidates can be estimated by fitting

the mΛ0
b

distribution in the sideband regions of mpK+π− and mK+π− (mK+π−π−), then

extrapolating the yields of NDC Λ0
b to the Λ+

c and D− (or D∗−) signal window. This
procedure estimates an NDC contamination of 0.9% for Λ0

b → Σ++
c D−K−, 4.8% for

Λ0
b→ Σ∗++

c D−K−, 1.1% for Λ0
b→ Σ

(∗)++
c D∗−K−, 4.1% for Λ0

b→ Σ∗++
c D∗−K− and 3.2%

for Λ0
b→ Λ+

c D
0K−. However, the Λ+

c and D− (or D∗−) mass constraints smear the mΛ0
b

mass peaks of NDC backgrounds reducing the potential bias that NDC backgrounds
would have on the yields of doubly-charmed decay modes. As a conservative estimate,
half of the NDC contamination rate is taken as a systematic uncertainty on the fitted
yields, which is then propagated to the ratios of branching fractions. A summary of the
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Table 1: Summary of systematic uncertainties. The correlation between those due to the limited
statistics of simulated samples and other sources is considered. Systematics uncertainties due to
the modeling of track reconstruction and trigger efficiencies are assumed to cancel out in the
ratios between signal modes.

Source
B(Λ0

b→Σ++
c D−K−)

B(Λ0
b→Λ+

c D0K−)
B(Λ0

b→Σ∗++
c D−K−)

B(Λ0
b→Σ++

c D−K−)

B(Λ0
b→Σ++

c D∗−K−)

B(Λ0
b→Σ++

c D−K−)

B(Λ0
b→Σ∗++

c D∗−K−)

B(Λ0
b→Σ++

c D−K−)

Track reconstruction 3.22% − − −
Trigger efficiency 0.77% − − −
PID correction algorithm 0.20% 0.05% 0.06% 0.28%
Fitting model 1.36% 3.67% 2.00% 1.29%
Kinematic reweight 0.05% < 0.01% < 0.01% < 0.01%
Statistics of simulated samples 2.71% 4.01% 3.59% 5.58%
NDC backgrounds 1.66% 2.44% 0.71% 2.10%
Modeling of Λ+

c decay amplitude 1.28% 0.09% 1.58% 0.41%
Multiple candidates 0.06% 1.51% 0.38% 3.44%
Total 5.64% 6.21% 5.70% 7.35%

systematic uncertainties is shown in Table 1, and the total systematic uncertainty for each
ratio is calculated by considering the correlation between different sources of systematic
uncertainties.

7 Significance of signal modes

To determine the statistical significance of the signal modes, two methods are employed.
For the Σ++

c modes, Λ0
b→ Σ++

c D−K− and Λ0
b→ Σ++

c D∗−K−, the statistical significances
are estimated via Wilks’ theorem [32], which relies on the log-likelihood difference, ∆L,
between the default fit and a fit without the Σ++

c signal mode. Under the null (no Σ++
c

signal) hypothesis, Wilks’ theorem specifies that the value of 2∆L follows a χ2 distribution,
with a number of degrees-of-freedom equal to the number of additional floating parameters
in the default fit. The p-values calculated reject the null hypothesis at significances of
32σ for Λ0

b→ Σ++
c D−K− and 21σ for Λ0

b→ Σ++
c D∗−K−. Because these are well above

the 5σ observation threshold, the effects of systematic uncertainties are not considered.
For the Σ∗++

c modes, pseudoexperiments are used to determine the significances of
the Λ0

b → Σ∗++
c D−K− and Λ0

b → Σ∗++
c D∗−K− signal modes. The pseudoexperiments

are generated from the mass fit model which gives the lowest yield of Λ0
b→ Σ∗++

c D−K−

(Λ0
b→ Σ∗++

c D∗−K−). This lowest yield model can be the default model or one of the
alternative models, which incorporates systematic uncertainties into the calculation of
statistical significance. The lowest yield model is used to generate 5000 pseudoexperiments
with the yields of Σ∗++

c signal mode set to zero. Each pseudoexperiment is then fitted
twice, once with the Σ∗++

c signal mode yield floating to determine the signal hypothesis
log-likelihood, LΣ∗++

c
, and once without the aforementioned signal component to determine

the null hypothesis log-likelihood L0. The −2∆L = −2 × (L0 − LΣ∗++
c

) distribution is
then modeled as a χ2 distribution. Subsequently, the upper tail of this distribution
is extrapolated to the data −2∆L value to estimate a p-value, which rejects the null
hypotheses at significances of 13σ for Λ0

b→ Σ∗++
c D−K− and 9σ for Λ0

b→ Σ∗++
c D∗−K−.
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8 Conclusion

The decays Λ0
b→ Σ++

c D−K−, Λ0
b→ Σ++

c D∗−K−, Λ0
b→ Σ∗++

c D−K−, and
Λ0
b→ Σ∗++

c D∗−K− have been observed for the first time by employing the LHCb
data sample collected during the Run 2 data-taking period, corresponding to an integrated
luminosity of 6 fb−1. Their measured relative branching fractions are

B (Λ0
b→ Σ++

c D−K−)

B
(
Λ0
b→ Λ+

c D
0K−

) = 0.282 ± 0.016 ± 0.016 ± 0.005,

B(Λ0
b→ Σ∗++

c D−K−)

B(Λ0
b→ Σ++

c D−K−)
= 0.460 ± 0.052 ± 0.028,

B(Λ0
b→ Σ++

c D∗−K−)

B(Λ0
b→ Σ++

c D−K−)
= 2.261 ± 0.202 ± 0.129 ± 0.046,

B(Λ0
b→ Σ∗++

c D∗−K−)

B(Λ0
b→ Σ++

c D−K−)
= 0.896 ± 0.137 ± 0.066 ± 0.018,

where the first uncertainties are statistical, the second are systematic, and the third are
due to uncertainties in the branching fractions of intermediate particle decays. These
results provide important inputs for theoretical studies of pentaquark production, in
particular in terms of the molecular picture.

These four decay modes only have O(100) candidates each in the LHCb Run 2 dataset,
which is statistically insufficient to perform an amplitude analysis. This limitation will be
overcome with Run 3 data which is expected to increase the statistics by a large factor
thanks to the increase in luminosity and trigger efficiency [33, 34]. A future amplitude
analysis of these four decay modes will help constrain the characteristics of the three
observed pentaquark candidates, which, so far, have only been observed in the discovery
channel Λ0

b → J/ψpK−.
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