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Abstract

The decays Λ0
b → Λ+

c D
(∗)0K− and Λ0

b → Λ+
c D

∗−
s are observed for the first time,

in proton-proton collision data at
√
s = 13TeV, corresponding to an integrated

luminosity of 5.4 fb−1 collected with the LHCb detector. Their ratios of branching
fractions with respect to the Λ0

b→ Λ+
c D

−
s mode are measured to be

B
(
Λ0
b→ Λ+

c D
0K−)

B
(
Λ0
b→ Λ+

c D
−
s

) = 0.1908+0.0036
−0.0034

+0.0016
−0.0018 ± 0.0038,

B
(
Λ0
b→ Λ+

c D
∗0K−)

B
(
Λ0
b→ Λ+

c D
−
s

) = 0.589+0.018
−0.017

+0.017
−0.018 ± 0.012,

B
(
Λ0
b→ Λ+

c D
∗−
s

)
B
(
Λ0
b→ Λ+

c D
−
s

) = 1.668± 0.022+0.061
−0.055,

where the first uncertainties are statistical, the second systematic, and the third, for
the Λ0

b→ Λ+
c D

(∗)0K− decays, are due to the uncertainties on the branching fractions
of the D−

s → K−K+π− and D0→ K+π− decay modes. The measured branching
fractions probe factorization assumptions in effective theories and provide the
normalization for future pentaquark searches in Λ0

b→ Λ+
c D

(∗)0K− decay channels.
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1 Introduction

Hadrons are systems of quarks bound by the strong interaction, described at the funda-
mental level by quantum chromodynamics (QCD). Decays of heavy hadrons containing
at least one b quark provide clean signatures to test new emergent phenomena in the
realms of QCD and physics beyond the Standard Model. Effective theories testing these
signatures are based on the fact that the heavy-quark mass mQ (e.g. mb ∼ 4 GeV) is much
larger than the QCD scale ΛQCD ∼ 100 MeV.1 Processes that occur at the scale of mQ can
be described by perturbative QCD, while nonperturbative effects, including the formation
of light hadrons, are suppressed by powers of ΛQCD/mQ. This factorization of high-energy
and low-energy processes is widely used in effective theories describing decays of heavy
hadrons, such as the heavy quark effective theory (HQET) [1–4].

Beauty hadron decays to two charmed hadrons probe factorization assumptions in
HQET in a regime where their application is contestable due to the presence of two charm
quarks (mc ∼ 1.3 GeV) in the final state. In particular, decays of the Λ0

b baryon, which
has quark content udb, are interesting as the (ud) diquark is in a spin-zero state, which
gives rise to additional symmetries of HQET. In that sense, the Λ0

b baryon is a simpler
object than a B meson.

This article reports the measurement of the branching fraction of Λ0
b→ Λ+

c D
0K−,

Λ0
b→ Λ+

c D
∗0K− and Λ0

b→ Λ+
c D

∗−
s double-open-charm decays, relative to that of the

Λ0
b→ Λ+

c D
−
s decay. The dominant Feynman diagrams of these decays are shown in Fig 1,

where the left and middle diagrams contribute to Λ0
b→ Λ+

c D
(∗)0K− decays, while the right

diagram corresponds to Λ0
b→ Λ+

c D
(∗)−
s decays. The color-suppressed, internal W -emission

diagram, as shown in the middle, does not exist for Λ0
b→ Λ+

c D
(∗)−
s decays. The isospin of

the light diquark in the left and right diagrams is conserved, such that Λ0
b→ Σ+

c D
(∗)0K−

decays are suppressed, and Λ0
b→ Σ+

c D
(∗)−
s decays are forbidden up to nonfactorizing

contributions [5, 6].
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Figure 1: Dominant Feynman diagrams for (left, middle) the Λ0
b→ Λ+

c D
(∗)0K− decays and

(right) the Λ0
b→ Λ+

c D
(∗)−
s decays.

Two-body beauty to double-open-charm decays have been theoretically studied
for over three decades, and several models predict the ratio of branching fractions

1The inclusion of charge conjugate processes and the use of natural units are implicit throughout this
article.
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B
(
Λ0
b→ Λ+

c D
∗−
s

)
/B

(
Λ0
b→ Λ+

c D
−
s

)
in the range 0.75–2.2 [7–19]. Due to the complex-

ity of the three-body system, there are no predictions for the Λ0
b→ Λ+

c D
(∗)0K− channels.

However, the contribution of color-suppressed amplitudes in Λ0
b→ Λ+

c D
(∗)0K− can be

qualitatively assessed by comparing the relative branching fractions to those of mesons,
when exchanging the ud diquark in the Λ0

b with an antiquark [20]. For this comparison, it
is convenient to define the double ratio

DR(∗)(Mb) ≡

[
B
(
Λ0
b→ Λ+

c D
(∗)0K−)

B (Λ0
b → Λ+

c D
−
s )

]/[
B
(
Mb →McD

(∗)0K−)
B (Mb →McD−

s )

]
, (1)

where Mb or Mc is a beauty or charm meson, and the star in DR(∗) denotes the D0 ground
state or the D

∗
(2007)0 vector state. Additionally, there is a large interest in exploring

the resonance structure of the Λ0
b→ Λ+

c D
(∗)0K− decays. The reason is that the Λ+

c D
0

and Λ+
c D

∗0 systems are the open-charm equivalent of the J/ψ(cc)p(uud) final state, where
P+
c (ccuud) pentaquark resonances have been observed [21–24]. Decays of these pentaquarks

to Λ+
c D

0 and Λ+
c D

∗0 states are anticipated in many models, yet the predicted branching
fractions relative to that into J/ψp vary by orders of magnitude [19, 25–35]. To test those
predictions experimentally, two more ingredients are needed, namely the pentaquark
fit fractions coming from Λ0

b→ Λ+
c D

∗0K− amplitude analyses fΛ+
c D(∗)0(P+

c ), and the

branching fractions of Λ0
b→ Λ+

c D
(∗)0K− decays relative to that of the Λ0

b→ J/ψpK−

mode [36]. Assuming that the production mechanism for Λ0
b→ P+

c K
− is the same as for

Λ0
b→ Λ+

c D
(∗)0K− and Λ0

b→ J/ψpK− decays, the fit fraction in the Λ0
b→ Λ+

c D
(∗)0K− final

states is given by

fΛ+
c D(∗)0(P+

c ) = fJ/ψp(P
+
c ) · B (Λ0

b→ J/ψpK−)

B
(
Λ0
b→ Λ+

c D
(∗)0K−

) · B (P+
c → Λ+

c D
(∗)0)

B (P+
c → J/ψp)

. (2)

Thus, the values of
B (Λ0

b→ J/ψpK−)

B
(
Λ0
b→ Λ+

c D
(∗)0K−

) that will be derived in this article, can be used

to calculate sensitivities for observing P+
c in the Λ+

c D
(∗)0 system for a given theoretical

prediction of
B
(
P+
c → Λ+

c D
(∗)0)

B (P+
c → J/ψp)

.

Using 5.4 fb−1 of proton-proton (pp) collision data collected at
√
s = 13 TeV by the

LHCb detector in 2015–2018, the branching fractions of Λ0
b→ Λ+

c D
0K−, Λ0

b→ Λ+
c D

∗0K−,
and Λ0

b→ Λ+
c D

∗−
s decays are measured relative to that of Λ0

b → Λ+
c D

−
s decays. The

latter is chosen as a normalization channel because it has large signal yield, and its
branching fraction has been previously measured [37]. The Λ0

b decays proceed through
different intermediate charm hadron decays, namely Λ+

c → pK−π+, D0→ K+π− and/or
D−
s → K−K+π−. All decays are reconstructed with the same particles in the final

state, pK−K−K+π−π+, which reduces or cancels various uncertainties related to the Λ0
b

production and the determination of absolute reconstruction and selection efficiencies.
Neutral objects or electron-positron pairs, in the decays of D∗0 or D∗−

s mesons are not
reconstructed. Therefore, the Λ0

b→ Λ+
c D

∗0K− and Λ0
b→ Λ+

c D
∗−
s decays are referred to as

partially reconstructed signal.
The expressions for the ratio of branching fractions for Λ0

b→ Λ+
c D

(∗)0K− and
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Λ0
b→ Λ+

c D
∗−
s decays are

B
(
Λ0
b→ Λ+

c D
(∗)0K−)

B (Λ0
b→ Λ+

c D
−
s )

=
NΛ0

b→Λ+
c D

(∗)0K−

NΛ0
b→Λ+

c D
−
s

ϵΛ
0
b→Λ+

c D
−
s

ϵΛ
0
b→Λ+

c D(∗)0K−

B (D−
s → K−K+π−)

B
(
D0→ K+π−

) ,

B (Λ0
b→ Λ+

c D
∗−
s )

B (Λ0
b→ Λ+

c D
−
s )

=
NΛ0

b→Λ+
c D

∗−
s

NΛ0
b→Λ+

c D
−
s

ϵΛ
0
b→Λ+

c D
−
s

ϵΛ
0
b→Λ+

c D
∗−
s
,

where NX are the observed yields and ϵX the efficiency for the decay mode X. The ratio
of branching fractions B

(
D−
s → K−K+π−) /B (D0→ K+π−) is taken from Ref. [38].

2 LHCb detector

The LHCb detector [39, 40] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < η < 5 at the LHC, designed for the study of particles con-
taining b or c quarks. The detector includes a high-precision tracking system consisting
of a silicon-strip vertex detector surrounding the pp interaction region [41], a large-area
silicon-strip detector located upstream of a dipole magnet with a bending power of about
4 Tm, and three stations of silicon-strip detectors and straw drift tubes [42, 43] placed
downstream of the magnet. The tracking system provides a measurement of the momen-
tum, p, of charged particles with a relative uncertainty that varies from about 0.5% below
20 GeV to 1.0% at 200 GeV. The minimum distance of a track to a primary vertex (PV),
the impact parameter (IP), is measured with a resolution of (15 + 29/pT)µm, where pT
is the component of the momentum transverse to the beam, in GeV. Different types of
charged hadrons are distinguished using information from two ring-imaging Cherenkov
(RICH) detectors [44]. Hadrons are identified by a calorimeter system consisting of
scintillating-pad and preshower detectors, an electromagnetic and a hadronic calorimeter.
Muons are identified by a system composed of alternating layers of iron and multiwire
proportional chambers [45].

The online event selection is performed by a trigger [46, 47], which consists of a hard-
ware stage, based on information from the calorimeter and muon systems, followed by a
software stage, which applies a full event reconstruction.

Simulation is required to calculate reconstruction and selection efficiencies, and to deter-
mine the shapes of partially reconstructed components in the invariant mass distributions.
Some of these components are modeled by the fast simulation package RapidSim [48]
and the AmpGen generator [49]. In the full detector simulation, pp collisions are gen-
erated using Pythia [50] with a specific LHCb configuration [51]. Decays of unstable
particles are described by EvtGen [52], in which final-state radiation is generated us-
ing Photos [53]. The interaction of the generated particles with the detector, and its
response, are implemented using the Geant4 toolkit [54] as described in Ref. [55]. The
underlying pp interaction is reused multiple times, with an independently generated signal
decay for each simulated event [56].

3 Dataset and selection

Data are selected first by an online trigger system, consisting of a hardware- and two
software stages, further filtered in an offline selection. Online, data are selected by a

3



sequence of inclusive trigger decisions. The majority of candidates are selected by criteria
based on the topology of b-hadron decays [57, 58]. In the offline selection, candidates that
fulfill characteristics of the exclusive Λ0

b→ Λ+
c D

0K− or Λ0
b→ Λ+

c D
−
s decay are selected

using tracks with hits in at least the vertex tracker and the three downstream tracking
stations. Further selection is applied on momentum, transverse momentum, track quality
and displacement from any PV. Intermediate charm hadrons are selected using the distance
of closest approach of their decay products, the decay vertex fit χ2, and the displacement
of the decay vertex from any PV. Combined information from particle identification
(PID) detectors is used to reject topologically similar background contributions. The Λ0

b

candidates are reconstructed by combining a Λ+
c candidate with either a D0 candidate

and a companion kaon or a D−
s candidate. Kinematic and topological variables are used

to suppress combinatorial background: namely the sum of transverse momenta of all the
final-state particles, the presence of at least one track with large displacement from any PV
and high momentum and high transverse momentum, the angle between the reconstructed
momentum direction of the Λ0

b candidate and its flight direction and distance, determined
from the production and decay vertices.

A clean sample of D0 and D−
s mesons is selected using topological and kinematic

criteria, and a requirement on the product of the probabilities of final-state kaons and
pions to be correctly identified. These probabilities correspond to the response of a neural
network combining PID information from the full detector [40]. Even though the Λ+

c

decays produce high-momentum protons that can be cleanly reconstructed and identified,
the shorter lifetime compared to D0 and D−

s mesons makes it more difficult to suppress
background contributions in the reconstruction of Λ+

c → pK−π+ decays. Consequently, a
dedicated gradient boosted decision tree (BDT) algorithm [59] for secondary Λ+

c → pK−π+

decays is trained and calibrated on Λ0
b→ Λ+

c π
− data, similar to the Λ+

c → pK−π+ BDT
classifier used in Ref. [37]. An optimization procedure is carried out, that determines a
working point for for the following variables: the Λ+

c → pK−π+ BDT output, the χ2
IP of

the Λ0
b candidate, where χ2

IP is defined as the difference in the vertex-fit χ2 of a given PV
reconstructed with and without the Λ0

b candidate, and the probability of the companion
kaon to be correctly identified in the Λ+

c D
0K− channel. The optimization is carried out

in form of a grid search, maximizing the approximate signal significance (S/
√
S +B)

multiplied by the purity (S/(S +B)). Here, S and B represent the signal and background
yields in a 2σ window around the exclusive Λ0

b signal mass peak. This optimization is
done independently for signal and normalization channels.

Candidates for which the opening angle between any track pair is smaller than 0.2 mrad
are rejected, which removes artifacts from matching track segments reconstructed with
the downstream tracking stations and the vertex locator. Fiducial regions are selected
in the phase-space later used for weighting simulated events, see Sec. 5. This concerns
the transverse momentum and pseudorapidity of the Λ0

b candidate, as well as the total
number of tracks in the event.

Sources of peaking background candidates from particle misidentification are studied
by statistically subtracting the combinatorial background contribution [60], identified in a
preliminary fit to the invariant mass of the reconstructed system, described in Sec. 4. For
the background-subtracted sample, invariant-mass distributions with swapped particle
hypotheses are investigated to identify and remove candidates with misidentified particles.
To increase selection efficiencies, only those candidates that also fail at least one tighter
particle identification requirement, are removed as summarized in Table 1.
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Table 1: Explicitly rejected physics backgrounds. Some background contributions are present
only in the Λ+

c D
0K− or Λ+

c D
−
s systems, while others in both. A particle, MmisID, that decays

through a real particle a, which is reconstructed as a particle with different mass hypothesis
b, is denoted as MmisID→ {a← b}X, where X corresponds to the rest of the decay. As there
are two K− mesons in the final state, the subscripts “Λ+

c ” and “com” (for companion) or “D−
s ”

denote the assignment in the Λ+
c D

0K− or Λ+
c D

−
s reconstruction chain. Cases where the proton

is misidentified as a pion or kaon and combined into a D0 candidate, are marked with the D0

subscript.

Λ+
c D

0K− Λ+
c D

−
s Both

ϕ→ {K+ ← p}K−
com D−→ {π− ← K−

D−
s
}K+π− ϕ→ {K+ ← p}K−

Λ+
c

D∗+→
[
{π+ ← p}K−

com

]
D0 π

+ Λ−
c → {p← K−

D−
s
}K+π− D+

(s)→ {K
+ ← p}K−

Λ+
c
π+

D∗+→
[
{K+ ← p}K−

com

]
D0 π

+ Λ+
c → {π+ ← p}K−

Λ+
c
{p← π+} D+→ {π+ ← p}K−

Λ+
c
π+

D∗−→ {π− ← K−
com}D0 D∗+→

[
{π+ ← p}K−

Λ+
c

]
D0

π+

D∗−→ {π− ← K−
Λ+

c
}D0 D∗+→

[
{K+ ← p}K−

Λ+
c

]
D0

π+

Background events from a wrong combination of candidates in the sample of Λ+
c D

0K−

decays, such as Λ0
b→ pD0D0K−

Λ+
c

, with D0→ K−
comπ

+(π0), where the subscripts “Λ+
c ” and

“com” denote the nominal assignment in the Λ+
c D

0K− reconstruction chain. are suppressed
by requiring a small IP and χ2

IP of the companion kaon K−
com, with respect to the Λ0

b decay
vertex.

For each species of charm hadron, an invariant-mass requirement is defined such
that the central 95% of the individual charm-candidate signal is retained. These are
determined from a three-dimensional fit to the invariant masses of the Λ0

b candidate and
the two intermediate charm-hadron candidates. To select at most one Λ0

b candidate for a
given LHC bunch crossing, a final selection step randomly removes all but one candidate
from each event. This concerns 2.4% of the Λ+

c D
0K− candidates and 1.1% of the Λ+

c D
−
s

candidates.

4 Invariant-mass fits

Unbinned maximum-likelihood fits are first carried out in three mass dimen-
sions, given by the invariant mass of Λ+

c D
0K− or Λ+

c D
−
s decays, and the

two charm hadrons. The invariant masses of beauty candidates are defined
as m(Λ+

c D
0K−) ≡ m(pK−π+K+π−K−)−m(pK−π+)−m(K+π−) +MΛ+

c
+MD0 and

m(Λ+
c D

−
s ) ≡ m(pK−π+K−K+π−)−m(pK−π+)−m(K−K+π−) +MΛ+

c
+MD−

s
, where

MX is the known value of the mass of particle X from Ref. [38].
This fit is restricted to narrow regions around the exclusively reconstructed

Λ0
b→ Λ+

c D
0K− and Λ0

b→ Λ+
c D

−
s signals in any of the three mass dimensions as shown

in Fig. 2. The figures illustrate that the three-dimensional fit directly measures the
normalization of single-charm and charmless backgrounds. The central interval containing
95% of the signal component determines the mass selection of the charm candidates,
which removes backgrounds of different origin that would complicate model building in a
three-dimensional fit in the full mass range.

Exclusive signal contributions in all mass dimensions are modeled by two-sided Hypatia

5
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Figure 2: Distributions of (upper left) m(Λ+
c D

−
s ), (upper right) m(Λ+

c D
0K−), (middle)

m(pK−π+), (lower left) m(K−K+π−) and (lower right) m(K+π−) for the (left) Λ+
c D

−
s and

(right) Λ+
c D

0K− candidates, with the fit projections overlaid.

functions, which are convolved with a Gaussian function [61]. The core width of the
Hypatia and the mass parameter are free in the fits, the parameters which determine the
transitioning points from the generalized hyperbolic resolution model to the exponential
tails are constrained and the remaining parameters of the signal models are fixed. Con-
straining and fixing parameters in the signal model and other components is validated
with simulation and pseudoexperiments to ensure unbiased parameter estimation and
ensure valid coverage properties. Combinatorial backgrounds are described by Chebychev
polynomial functions up to order three; their coefficients allowed to float free in the fit.
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The order chosen for an individual fit is the one minimizing a likelihood that has been
corrected for the number of degrees of freedom in the fit model, accounting for constraints
and the number of parameters [62]. This likelihood is also used to select a baseline fit
model among the various possibilities discussed in Sec. 6.

The only significant single-charm or charmless background contribution comes from
the Λ0

b→ Λ+
c K

+π−K− decay. Its three-dimensional probability density function (PDF) is
composed of a signal component in m(pK−π+), a dedicated linear background in m(K+π−)
or m(K−K+π−), and a conditional Gaussian PDF in m(Λ+

c D
0K−) or m(Λ+

c D
−
s ). The

mean of the conditional Gaussian PDF depends linearly on m(K+π−) or m(K−K+π−),
since a D0 or D−

s mass constraint is used in the definition of m(Λ+
c D

0K−) or m(Λ+
c D

−
s ).

In total, 84±13 (990±50) Λ0
b→ Λ+

c K
+π−K− candidates remain in the Λ+

c D
0K− (Λ+

c D
−
s )

dataset used for the one-dimensional baseline fit. A subsequent one-dimensional fit,
referred to as the baseline fit, which is independent from the three-dimensional fit, is
used to determine the exclusive and partially reconstructed signal yields, that are needed
for measuring the branching fractions. In the baseline fit, the models of signal and
combinatorial background are the same as in the three-dimensional fit, following the same
strategy of floating, fixed and constrained parameters described earlier. The yields of
Λ0
b→ Λ+

c K
+π−K− decays are fixed in the baseline fit, and their uncertainties, including

the anti-correlation with the signal yields, are propagated from the fit result of the three-
dimensional fit to the statistical uncertainty of the Λ0

b→ Λ+
c D

0K− branching fraction.
The partially reconstructed quasi-two-body decays Λ0

b→ Λ+
c D

∗−
s , Λ0

b→ Λ+
c D

∗
s0(2317)−

and Λ0
b→ Λ+

c Ds1(2460)− are described analytically. Their kinematic endpoints, which
define the domain of the corresponding PDF, are fully determined by the masses of the
decay products [38]. Each PDF is a superposition of Gaussian functions convolved with a
two-sided step-function with a sloped plateau (box-like), and an upward- or downward-
open parabola [63, 64]. These PDFs model the spin structure of the respective decays,
and additionally describe a linear drop of efficiency towards lower invariant masses, which
is constrained to the value extracted from simulation.

In particular, the quasi-two-body decays through vector mesons, Λ0
b→ Λ+

c

[
D−
s γ

]
D∗−

s

and Λ0
b→ Λ+

c

[
D−
s π

0
]
D∗−

s
are modeled by parabolic shapes facing downward and upward

respectively, and due to the spin-1/2 initial state also involve a box-like component. Their
relative normalization is constrained by the branching fraction of B(D∗−

s → D−
s π

0). Quasi-
two-body decays through the spin-0 meson D∗

s0(2317)−→ D−
s π

0, and the spin-1 meson
Ds1(2460)−→ D−

s γ are fully described by a box-like PDF. The latter is an effective de-
scription, since only about 20% of the high mass tail of the Λ0

b→ Λ+
c

[
D−
s γ

]
Ds1(2460)−

decay

can be reconstructed in the chosen mass range, and variations of the spin structure in simu-
lation do not significantly alter the shape. The normalization of Λ0

b→ Λ+
c

[
D−
s π

0
]
D∗

s0(2317)
−

and also Λ0
b→ Λ+

c

[
D−
s γ

]
Ds1(2460)−

decays is loosely constrained relative to that of the

Λ0
b→ Λ+

c D
∗−
s component by means of the average of branching fraction measurements

from the corresponding meson decays, their simulated integral in the chosen invariant-
mass range, and a correction accounting for the additional degrees of freedom in the
spin structure of baryon decays [6]. Further decays to excited D−

s mesons are either
kinematically forbidden or contribute at a significantly lower rate.

The shapes of partially reconstructed multibody decays, i.e. Λ0
b→

[
Λ+
c ππ

]
Λ∗+
c
D−
s and

partially reconstructed decays in m(Λ+
c D

0K−) cannot be modelled analytically unless their
corresponding three-body dynamics is known and modeled. Shapes of those decays are thus

7



derived from simulation in terms of a nonparametric PDF using a kernel density estimation
method (KDE) [65]. Fast simulation samples, either generated with AmpGen [49] or
RapidSim [48], are used to model and cross-validate the shapes of Λ0

b→
[
Λ+
c ππ

]
Λ∗+
c
D−
s

and Λ0
b→ Σ+

c D
0K− decays. As the shape of the partially reconstructed Λ0

b→ Λ+
c D

∗0K−

decay depends on the three-body dynamics, a dedicated simulation sample including
the most prominent D+

s resonances, Ds1(2536)− and D∗
s1(2700)−, as well as a small

contribution from Ξc(2790)0 is used. The same sample is employed for the efficiency
correction described in Sec. 5. The composition of simulated resonances is adapted to what
is observed in the data. An effective correction for unconsidered three-body dynamics or
efficiency effects is obtained by multiplying the KDE template for the Λ0

b→ Λ+
c D

∗0K−

contribution with a first order polynomial function with a freely varying coefficient.
That coefficient is anticorrelated (−0.38) to the leading coefficient of the polynomial
describing the combinatorial background, and shared between the Λ0

b→ Λ+
c

[
D0π0

]
D∗0 K

−

and the Λ0
b → Λ+

c

[
D0γ

]
D∗0 K

− components. The normalization of those components
is a free parameter in the fit, found to be consistent with the world-average value of
B
(
D0→ D0π0

)
/B

(
D0→ D0γ

)
[38].

The baseline fits for the signal and normalization channel are shown in Fig. 3. The
measured signal yields are

NΛ0
b→Λ+

c D
0K−

= 4010± 70, NΛ0
b→Λ+

c D
∗0K−

= 10 560+310
−290,

NΛ0
b→Λ+

c D
−
s = 35 450± 200, NΛ0

b→Λ+
c D

∗−
s = 46 400± 500,

where the uncertainties are statistical, and the asymmetric uncertainties of the
Λ0
b→ Λ+

c D
∗0K− signal yield are driven by an anticorrelation with the Λ0

b→ Σ+
c D

0K−

component.

5 Efficiency correction

Efficiency ratios are calculated as the product of four factorizing terms:

• Efficiencies of selections before the GEANT4 step of the simulation, referred to as
generator level efficiencies hereafter.

• Trigger, reconstruction, and selection efficiencies are taken from simulation, up to
but excluding the final selection step.

• Selection efficiencies of the final step are computed from simulation that has been
weighted to match data.

• Λ+
c → pK−π+ BDT efficiencies are evaluated using Λ0

b→ Λ+
c π

− data.

Generator level efficiency ratios comprise the angular coverage of LHCb, as well as loose
kinematic and geometric selections of the generated candidates. Efficiencies are calculated
only from those events for which a new underlying pp interaction has been simulated.

The efficiency correction of the final selection step handles variables that are more
difficult to model, like those that combine PID information [66]. These variables depend on
detector multiplicity, production and decay kinematics, hereafter referred to as calibration
variables.
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Figure 3: Invariant-mass distributions of (top) Λ+
c D

−
s and (bottom) Λ+

c D
0K− candidates with

the results of the baseline fit overlaid.

Simulated events are weighted to match signal distributions in the phase-space of
the calibration variables. The set of 5 or 7 variables chosen for calibration are the
track multiplicity, transverse momentum and pseudorapidity of the Λ0

b candidate for the
production kinematics and the two square Dalitz variables of Λ+

c → pK−π+, as well as
those of Λ0

b→ Λ+
c D

(∗)0K− for Λ+
c D

0K− candidates. It is not necessary to weight the
simulated kinematics of the D+

s → K+K−π+ decay in Λ0
b→ Λ+

c D
(∗)−
s , due to the good

agreement of the EvtGen model with the data [67]. The convention used for the square
Dalitz variables follows that of Ref. [68]:

m′ ≡ 1

π
arccos

(
2
m12 −mmin

12

mmax
12 −mmin

12

− 1

)
and θ′ ≡ 1

π
θ12 ,

where mmax
12 = mP −mc3 and mmin

12 = mc1 + mc2 are the kinematic limits of m12 in the
P→ c1c2c3 decay, while θ12 is the helicity angle between c1 and c3 in the rest frame of
c1c2. In the squared Dalitz plot of the Λ+

c → pK−π+, P corresponds to Λ+
c , c1 to the

proton, c2 to the kaon and c3 to the pion; while P corresponds to Λ0
b , c1 to Λ+

c , c2 to D0

and c3 to the companion kaon in the square Dalitz plot for the Λ0
b→ Λ+

c D
(∗)0K−.
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In the weighting, the 7 (5) dimensional calibration variable space is factorized into
one 1D and three (two) 2D spaces for Λ0

b→ Λ+
c D

(∗)0K−(Λ0
b→ Λ+

c D
(∗)−
s ). This speeds up

the weighting algorithm and allows for finer bins/partitions. For weighting, the Meerkat
library [69] is used to create kernel density profiles of calibration variable distributions
from reconstructed simulation and signal data. This method is validated against an
adaptive binning algorithm, that split the calibration spaces in equally populated bins.
Several configurations of the adaptive binning returned negligible differences with respect
to the nominal kernel density method. The assumption of factorization is verified with
control plots that show that weighting in a certain subspace does not affect the other
calibration variables. It is further validated by testing the weighting procedure with a
method that does not factorize the space of calibration variables, but partitions the full
phase space using gradient boosted decision trees [70]. Without weighting, individual
efficiencies are found to be larger across all studied decays, up to 2.5%. In the ratio, the
difference with respect to the weighted evaluation is between 0.6% and 1.8%.

The efficiency ratio for the Λ+
c → pK−π+ BDT response is obtained in a data-driven

manner using the Λ0
b→ Λ+

c π
− calibration channel. Efficiencies are obtained by fitting

the calibration samples, weighted to match Λ0
b→ Λ+

c D
0K− or Λ0

b→ Λ+
c D

−
s data, simul-

taneously in “pass” and “fail” categories. For validation tests, the requirements on the
BDT response are equalized between signal and normalization channels. The systematic
uncertainty associated with the Λ+

c → pK−π+ BDT efficiency correction is negligible due
to the large size of the Λ0

b→ Λ+
c π

− samples, but also due to the similarity of selection
requirements between this channel and the signal.

The overall efficiency ratios are found to be

ϵΛ
0
b→Λ+

c D
0K−

/ϵΛ
0
b→Λ+

c D
−
s = 0.809± 0.006,

ϵΛ
0
b→Λ+

c D
∗0K−

/ϵΛ
0
b→Λ+

c D
−
s = 0.689± 0.005,

ϵΛ
0
b→Λ+

c D
∗−
s /ϵΛ

0
b→Λ+

c D
−
s = 0.785± 0.005,

where the uncertainties are statistical.

6 Systematic uncertainties

6.1 Invariant-mass fits

As described in Sec 4, the baseline model is the one that minimizes the likelihood corrected
for the number of degrees of freedom in the fit model. Nine alternative models, returning
comparable corrected likelihood values, are used in a discrete profiling method [62] to
evaluate systematic uncertainties of the fit model. Each of these alternative models
concerns a single aspect of the baseline model. For example an exponential instead of a
linear function is used as the combinatorial background description. For each alternative,
all other variations are tested in conjunction with the given variation, and the model that
minimizes the corrected likelihood is taken into consideration for the discrete profiling.
Changes to the baseline model are described below:

• For signal, the baseline Gaussian-convolved Hypatia function is replaced with a
double-sided Crystal Ball function [71] with common mean. The double-sided
Crystal Ball model improves the corrected likelihood in the Λ+

c D
0K− channel, but
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not in the normalization channel. For consistency, the Hypatia model is quoted as
the baseline result, while the uncertainty calculation uses the alternative model as
best fit to calculate the likelihood envelope of the discrete profiling method.

• Combinatorial background models are either Chebychev polynomials or exponential
functions. It is found that either a first or second order polynomial function describes
the combinatorial background best, even though higher-order functions can improve
the uncorrected likelihood.

• In the baseline fit, the Λ0
b→ Λ+

c D
∗0K− decays are modeled with a KDE approach,

in which the D∗0 decay modes are separated. An alternative model is a KDE
template of the combined Λ0

b→ Λ+
c D

∗0K− decay where the relative normalization
of individual D∗0 decay modes is fixed at the level of event generation.

• The Λ0
b → Σ+

c D
0K− decays are modeled with KDE templates from AmpGen

simulation, numerically convolved with a Gaussian function. One variation multiplies
the shape with a first-order polynomial, to effectively correct for unconsidered three-
body dynamics or efficiency effects, another one adds contributions from Σc(2520)+

decays. When allowing the normalization of this component to float free in the fit, it
is compatible with zero yield. A model is employed, that loosely constrains the ratio
of yields of the components modeling the decays through Σc(2520)+ and Σc(2455)+

states. The value of the constraint is based on the approximate ratios observed in
Λ0
b→ Λ+

c K
−K+π− [72] and Λ0

b→ Λ+
c π

−π+π− [73] decays.

• The normalization fraction of box-like shapes with respect to parabolic shapes are
separated for the Λ0

b→ Λ+
c

[
D−
s π

0
]
D∗−

s
and Λ0

b→ Λ+
c

[
D−
s γ

]
D∗−

s
components. In addi-

tion, the slope parameter that models the efficiency gradient and the D∗−
s branching

fractions is fixed, instead of constrained, to values obtained from simulation.

• The Λ0
b → Λ+

c D
−
s ππ decays are effectively modeled by a KDE template derived

from an AmpGen simulation sample where the decay occurs through the Λc(2625)+

resonance. An alternative model is the decay through the Λc(2595)+ state.

To compute the envelope for the discrete profiling method analytically, likelihoods
are approximated with bifurcated parabolas, which account for asymmetric uncertainties.
From this method, the yield ratios obtained, including their statistical and systematic
uncertainties due to the fit model, are

NΛ0
b→Λ+

c D
0K−

/NΛ0
b→Λ+

c D
−
s = 0.1132+0.0021

−0.0020
+0.0006
−0.0007,

NΛ0
b→Λ+

c D
∗0K−

/NΛ0
b→Λ+

c D
−
s = 0.298+0.009

−0.008
+0.008
−0.009,

NΛ0
b→Λ+

c D
∗−
s /NΛ0

b→Λ+
c D

−
s = 1.309± 0.017+0.047

−0.043 .

The dominating systematic effect comes from the signal shape variation in the deter-
mination of the exclusive Λ0

b → Λ+
c D

−
s and Λ0

b → Λ+
c D

0K− yields. For the measure-

ment of NΛ0
b→Λ+

c D
∗0K−

, the dominant source of uncertainty is the multiplication of the
Λ0
b→ Σ+

c D
0K− component by a first-order polynomial function. Changing the combinato-

rial background description, and separating the normalization fraction of the contributions
in the description of Λ0

b→ Λ+
c D

∗−
s decays, are the largest contributions to the uncertainty

on NΛ0
b→Λ+

c D
∗−
s .
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6.2 Parameters of the simulation weighting

Efficiency ratios are calculated using five different settings of the initial phase-space
binning to generate the adaptive KDE profiles. The results are found to be very stable
against changing this parameter from the default 80 bins to 20, 40, 160 and 320 bins.
Their standard deviation with respect to the baseline result is taken as the systematic
uncertainty.

6.3 Multiple candidates

Multiple candidates are randomly removed from the sample, as they are mainly composed of
candidates where a signal track has been swapped with a combinatorial track that happens
to have similar kinematics. In the case of Λ0

b→ Λ+
c D

(∗)0K−, another source of multiple
candidates exists, swapping the companion K− with that from the Λ+

c decay. Removing
this background entirely is inefficient, but since the fraction of multiple candidates in
the Λ+

c D
0K− channel is larger (2.4% compared to 1.1% in Λ+

c D
−
s ), further methods to

remove multiple candidates are studied: namely using the minimal χ2/ndf of a kinematic
fit of the decay chain [74], or the maximum sum of PID variables to select the best out
of the multiple candidates. The resulting maximum deviation from the baseline result is
small, but assigned as systematic uncertainty.

6.4 Simulation and control sample sizes

Statistical uncertainties of the generator level efficiency ratios, and simulation and calibra-
tion sample sizes are propagated to the branching ratio measurement, as summarized in
Table 2. For generator level efficiencies, only those events for which a new underlying pp
interaction has been simulated can be taken into account for the uncertainty calculation.
As the underlying pp interaction is reused 100 times [56], with an independently generated
signal decay for each simulated event, the uncertainty on the generator level efficiency
ratio is treated independently of the statistical uncertainty of the final simulation sample
size.

6.5 Summary

Table 2 summarizes the systematic uncertainties for the three measured ratios of branching
fractions. The choice of the fit model is found to dominate the uncertainty for partially
reconstructed decays, while the systematic uncertainties for Λ0

b→ Λ+
c D

0K− are small
compared to their corresponding statistical uncertainty.

7 Conclusion

The ratio of branching fractions for the Λ0
b→ Λ+

c D
0K−, Λ0

b→ Λ+
c D

∗0K− and Λ0
b→ Λ+

c D
∗−
s

decays, relative to that of the Λ0
b→ Λ+

c D
−
s decay, are measured in pp collisions at

√
s =

13 TeV corresponding to an integrated luminosity of 5.4 fb−1 collected with the LHCb
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Table 2: Systematic uncertainties relative to the branching fraction ratio measurements. The
relative statistical uncertainty is shown as a reference. Values are given in percent.

Source / relative to
B
(
Λ0
b→ Λ+

c D
0K−)

B
(
Λ0
b→ Λ+

c D
−
s

) B
(
Λ0
b→ Λ+

c D
∗0K−)

B
(
Λ0
b→ Λ+

c D
−
s

) B
(
Λ0
b→ Λ+

c D
∗−
s

)
B
(
Λ0
b→ Λ+

c D
−
s

)
[%] [%] [%]

Fit model +0.5
−0.6

+2.8
−3.0

+3.6
−3.3

Weighting 0.1 0.1 0.0
Multiple candidates 0.0 0.0 0.1
Size of the simulated samples 0.4 0.3 0.2
Size of the generated samples 0.6 0.6 0.6

Total 0.9 +2.9
−3.1

+3.7
−3.3

Statistical 1.8 2.8 1.3

detector. The results are found to be

B
(
Λ0
b→ Λ+

c D
0K−)

B (Λ0
b→ Λ+

c D
−
s )

·
B
(
D0→ K+π−)

B (D−
s → K−K+π−)

= 0.1400+0.0026
−0.0025

+0.0012
−0.0013,

B
(
Λ0
b→ Λ+

c D
∗0K−)

B (Λ0
b→ Λ+

c D
−
s )

·
B
(
D0→ K+π−)

B (D−
s → K−K+π−)

= 0.432+0.013
−0.012 ± 0.013,

where the first uncertainties are statistical and the second systematic. In the Λ+
c D

0K−

channel, the ratio of branching fractions of Λ0
b decays proceeding through the excited

compared to the ground state D0 is measured to be

B
(
Λ0
b→ Λ+

c D
∗0K−)

B
(
Λ0
b→ Λ+

c D
0K−

) = 3.09+0.11
−0.10

+0.09
−0.10,

where correlations between uncertainties are taken into account, but are found to be small.
Including the known values of the D meson branching fractions from Ref. [38], the ratios
of branching fractions are

B
(
Λ0
b→ Λ+

c D
0K−)

B (Λ0
b→ Λ+

c D
−
s )

= 0.1908+0.0036
−0.0034

+0.0016
−0.0018 ± 0.0038,

B
(
Λ0
b→ Λ+

c D
∗0K−)

B (Λ0
b→ Λ+

c D
−
s )

= 0.589+0.018
−0.017

+0.017
−0.018 ± 0.012,

B (Λ0
b→ Λ+

c D
∗−
s )

B (Λ0
b→ Λ+

c D
−
s )

= 1.668± 0.022+0.061
−0.055,

where the third uncertainties are due to the uncertainty of the branching fractions of
D−
s → K−K+π− and D0→ K+π− decays.

The result obtained for
B (Λ0

b→ Λ+
c D

∗−
s )

B (Λ0
b→ Λ+

c D
−
s )

is compatible with several predictions [9–11,

13,15–17].
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To probe factorization approaches in the Λ0
b→ Λ+

c D
(∗)0K− decays, the following values

for the double ratios DR(∗), defined in Eq. (1), are obtained

DR(B0) = 1.29± 0.20, DR∗(B0) = 1.28± 0.19,

DR(B−) = 1.20± 0.30, DR∗(B−) = 0.87± 0.12,

DR(B−
c ) = 1.3± 0.5, DR∗(B−

c ) = 0.8± 0.4,

assuming uncorrelated uncertainties, and taking known values for the mesonic branching
fractions from Ref. [38]. Larger baryonic branching fractions are expected, because of an
additional color-suppressed amplitude (see Fig. 1) in the Λ0

b decay, which does not exist
for mesons, however the measured ratios are still inconclusive.

The ratios of branching fractions that are relevant for pentaquark searches, see Eq. (2),
are

B (Λ0
b→ J/ψpK−)

B
(
Λ0
b→ Λ+

c D
0K−

) = 0.152+0.032
−0.028,

B (Λ0
b→ J/ψpK−)

B
(
Λ0
b→ Λ+

c D
∗0K−

) = 0.049+0.011
−0.009,

using results from Ref. [36], and assuming that uncertainties are uncorrelated. A future
search for pentaquarks in the Λ0

b→ Λ+
c D

(∗)0K− decays will be able to determine the fit
fractions fΛ+

c D(∗)0(P+
c ), which can be used to test model predictions of the ratio of P+

c

branching fractions B(P+
c → Λ+

c D
(∗)0)/B(P+

c → J/ψp).
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M. Ramos Pernas54 , M.S. Rangel3 , F. Ratnikov41 , G. Raven36 ,
M. Rebollo De Miguel45 , F. Redi46 , J. Reich52 , F. Reiss60 , Z. Ren7 ,
P.K. Resmi61 , R. Ribatti32,r , G. R. Ricart14,80 , D. Riccardi32,r , S. Ricciardi55 ,
K. Richardson62 , M. Richardson-Slipper56 , K. Rinnert58 , P. Robbe13 ,
G. Robertson57 , E. Rodrigues58,46 , E. Rodriguez Fernandez44 ,
J.A. Rodriguez Lopez72 , E. Rodriguez Rodriguez44 , A. Rogovskiy55 , D.L. Rolf46 ,
A. Rollings61 , P. Roloff46 , V. Romanovskiy41 , M. Romero Lamas44 ,
A. Romero Vidal44 , G. Romolini23 , F. Ronchetti47 , M. Rotondo25 , S. R. Roy19 ,
M.S. Rudolph66 , T. Ruf46 , M. Ruiz Diaz19 , R.A. Ruiz Fernandez44 ,
J. Ruiz Vidal78,z , A. Ryzhikov41 , J. Ryzka37 , J.J. Saborido Silva44 , R. Sadek14 ,
N. Sagidova41 , N. Sahoo51 , B. Saitta29,j , M. Salomoni28,o , C. Sanchez Gras35 ,
I. Sanderswood45 , R. Santacesaria33 , C. Santamarina Rios44 , M. Santimaria25 ,
L. Santoro 2 , E. Santovetti34 , A. Saputi23,46 , D. Saranin41 , G. Sarpis56 ,
M. Sarpis73 , A. Sarti33 , C. Satriano33,t , A. Satta34 , M. Saur6 , D. Savrina41 ,
H. Sazak11 , L.G. Scantlebury Smead61 , A. Scarabotto15 , S. Schael16 , S. Scherl58 , A.
M. Schertz74 , M. Schiller57 , H. Schindler46 , M. Schmelling18 , B. Schmidt46 ,
S. Schmitt16 , H. Schmitz73, O. Schneider47 , A. Schopper46 , N. Schulte17 ,
S. Schulte47 , M.H. Schune13 , R. Schwemmer46 , G. Schwering16 , B. Sciascia25 ,
A. Sciuccati46 , S. Sellam44 , A. Semennikov41 , M. Senghi Soares36 , A. Sergi26,m ,
N. Serra48,46 , L. Sestini30 , A. Seuthe17 , Y. Shang6 , D.M. Shangase79 ,
M. Shapkin41 , R. S. Sharma66 , I. Shchemerov41 , L. Shchutska47 , T. Shears58 ,
L. Shekhtman41 , Z. Shen6 , S. Sheng5,7 , V. Shevchenko41 , B. Shi7 ,
E.B. Shields28,o , Y. Shimizu13 , E. Shmanin41 , R. Shorkin41 , J.D. Shupperd66 ,
R. Silva Coutinho66 , G. Simi30 , S. Simone21,h , N. Skidmore60 , R. Skuza19 ,
T. Skwarnicki66 , M.W. Slater51 , J.C. Smallwood61 , E. Smith62 , K. Smith65 ,
M. Smith59 , A. Snoch35 , L. Soares Lavra56 , M.D. Sokoloff63 , F.J.P. Soler57 ,
A. Solomin41,52 , A. Solovev41 , I. Solovyev41 , R. Song1 , Y. Song47 , Y. Song4 , Y. S.
Song6 , F.L. Souza De Almeida66 , B. Souza De Paula3 , E. Spadaro Norella27,n ,
E. Spedicato22 , J.G. Speer17 , E. Spiridenkov41, P. Spradlin57 , V. Sriskaran46 ,
F. Stagni46 , M. Stahl46 , S. Stahl46 , S. Stanislaus61 , E.N. Stein46 , O. Steinkamp48 ,
O. Stenyakin41, H. Stevens17 , D. Strekalina41 , Y. Su7 , F. Suljik61 , J. Sun29 ,
L. Sun71 , Y. Sun64 , P.N. Swallow51 , K. Swientek37 , F. Swystun54 , A. Szabelski39 ,
T. Szumlak37 , M. Szymanski46 , Y. Tan4 , S. Taneja60 , M.D. Tat61 , A. Terentev48 ,
F. Terzuoli32,v , F. Teubert46 , E. Thomas46 , D.J.D. Thompson51 , H. Tilquin59 ,
V. Tisserand11 , S. T’Jampens10 , M. Tobin5 , L. Tomassetti23,k , G. Tonani27,n ,
X. Tong6 , D. Torres Machado2 , L. Toscano17 , D.Y. Tou4 , C. Trippl42 , G. Tuci19 ,
N. Tuning35 , L.H. Uecker19 , A. Ukleja37 , D.J. Unverzagt19 , E. Ursov41 ,
A. Usachov36 , A. Ustyuzhanin41 , U. Uwer19 , V. Vagnoni22 , A. Valassi46 ,
G. Valenti22 , N. Valls Canudas42 , H. Van Hecke65 , E. van Herwijnen59 ,
C.B. Van Hulse44,x , R. Van Laak47 , M. van Veghel35 , R. Vazquez Gomez43 ,
P. Vazquez Regueiro44 , C. Vázquez Sierra44 , S. Vecchi23 , J.J. Velthuis52 ,
M. Veltri24,w , A. Venkateswaran47 , M. Vesterinen54 , M. Vieites Diaz46 ,

23

https://orcid.org/0000-0002-1642-4030
https://orcid.org/0000-0002-1862-7122
https://orcid.org/0000-0002-7008-8082
https://orcid.org/0000-0001-9721-3325
https://orcid.org/0000-0002-5732-4343
https://orcid.org/0000-0002-1996-0496
https://orcid.org/0000-0001-7871-5119
https://orcid.org/0000-0003-0222-7594
https://orcid.org/0000-0001-8312-4268
https://orcid.org/0000-0003-2995-1953
https://orcid.org/0000-0001-9837-6556
https://orcid.org/0000-0001-8659-4409
https://orcid.org/0000-0003-1836-7233
https://orcid.org/0000-0001-9622-820X
https://orcid.org/0000-0002-7224-9708
https://orcid.org/0000-0002-7763-252X
https://orcid.org/0000-0001-5189-230X
https://orcid.org/0000-0003-4465-2441
https://orcid.org/0000-0002-2289-918X
https://orcid.org/0000-0001-8058-0436
https://orcid.org/0000-0001-7867-1232
https://orcid.org/0000-0003-2222-9925
https://orcid.org/0000-0001-5942-1772
https://orcid.org/0000-0002-6855-7783
https://orcid.org/0000-0002-4298-5309
https://orcid.org/0000-0002-1476-7056
https://orcid.org/0000-0002-8293-2922
https://orcid.org/0000-0003-3236-1452
https://orcid.org/0000-0001-9923-0938
https://orcid.org/0000-0003-2000-6306
https://orcid.org/0000-0002-5204-9821
https://orcid.org/0000-0002-8346-9052
https://orcid.org/0000-0003-3932-7556
https://orcid.org/0000-0001-8453-658X
https://orcid.org/0000-0002-7518-0961
https://orcid.org/0000-0002-3632-2453
https://orcid.org/0000-0002-9787-3910
https://orcid.org/0000-0002-0685-6497
https://orcid.org/0000-0003-2599-7209
https://orcid.org/0000-0003-3002-4719
https://orcid.org/0000-0001-7956-763X
https://orcid.org/0000-0003-1600-9432
https://orcid.org/0000-0002-8690-5198
https://orcid.org/0000-0003-0762-5583
https://orcid.org/0000-0002-2897-5323
https://orcid.org/0000-0002-4522-4863
https://orcid.org/0000-0001-9728-8984
https://orcid.org/0000-0002-2657-4040
https://orcid.org/0000-0002-8395-7654
https://orcid.org/0000-0001-9974-9350
https://orcid.org/0000-0001-9025-2225
https://orcid.org/0000-0003-1778-1213
https://orcid.org/0000-0002-9292-2066
https://orcid.org/0009-0009-8397-572X
https://orcid.org/0000-0002-4254-3658
https://orcid.org/0000-0002-6847-2835
https://orcid.org/0000-0002-2752-001X
https://orcid.org/0000-0001-9802-1122
https://orcid.org/0000-0002-0656-9033
https://orcid.org/0000-0002-7026-1383
https://orcid.org/0000-0003-2846-7625
https://orcid.org/0000-0002-3040-065X
https://orcid.org/0000-0003-1895-9319
https://orcid.org/0000-0002-7973-8061
https://orcid.org/0000-0002-1034-1058
https://orcid.org/0000-0001-7908-7214
https://orcid.org/0000-0002-5213-3783
https://orcid.org/0000-0001-7378-4350
https://orcid.org/0000-0003-0939-4272
https://orcid.org/0000-0002-1217-8418
https://orcid.org/0000-0002-8830-1486
https://orcid.org/0000-0002-0118-4214
https://orcid.org/0000-0003-3438-9774
https://orcid.org/0000-0001-5704-6163
https://orcid.org/0000-0002-3999-6795
https://orcid.org/0000-0002-0050-575X
https://orcid.org/0000-0002-8657-3576
https://orcid.org/0000-0001-6367-6815
https://orcid.org/0000-0002-5727-4454
https://orcid.org/0000-0001-8362-7164
https://orcid.org/0000-0002-3543-0313
https://orcid.org/0000-0003-4235-2445
https://orcid.org/0000-0002-6270-130X
https://orcid.org/0000-0003-0438-8359
https://orcid.org/0000-0002-2640-3794
https://orcid.org/0000-0001-9539-8370
https://orcid.org/0000-0003-3491-0232
https://orcid.org/0009-0007-9229-653X
https://orcid.org/0000-0002-7082-887X
https://orcid.org/0000-0001-7731-6757
https://orcid.org/0000-0003-3826-0329
https://orcid.org/0000-0002-9810-1816
https://orcid.org/0000-0002-8776-6759
https://orcid.org/0000-0002-2146-2648
https://orcid.org/0000-0002-5605-1662
https://orcid.org/0000-0001-6067-7863
https://orcid.org/0000-0002-9617-9986
https://orcid.org/0000-0003-1711-2044
https://orcid.org/0000-0002-6402-1674
https://orcid.org/0000-0001-5419-7951
https://orcid.org/0000-0002-4976-0460
https://orcid.org/0000-0003-2462-913X
https://orcid.org/0000-0001-8752-4293
https://orcid.org/0000-0001-8372-6031
https://orcid.org/0000-0003-2689-1123
https://orcid.org/0000-0001-8702-7991
https://orcid.org/0000-0003-2290-9672
https://orcid.org/0000-0003-4013-3468
https://orcid.org/0000-0003-0528-2724
https://orcid.org/0000-0002-6805-4721
https://orcid.org/0000-0001-8750-863X
https://orcid.org/0000-0002-1468-0479
https://orcid.org/0000-0003-3305-0576
https://orcid.org/0000-0002-8400-1566
https://orcid.org/0000-0002-6394-1081
https://orcid.org/0000-0002-6014-7552
https://orcid.org/0000-0002-8581-3312
https://orcid.org/0000-0003-0166-2105
https://orcid.org/0009-0001-8533-0783
https://orcid.org/0000-0002-3648-0830
https://orcid.org/0009-0005-5265-9792
https://orcid.org/0000-0003-1731-7939
https://orcid.org/0000-0003-0670-006X
https://orcid.org/0000-0002-8568-1487
https://orcid.org/0000-0003-0383-1451
https://orcid.org/0000-0003-1130-2197
https://orcid.org/0000-0001-9676-6059
https://orcid.org/0000-0001-9495-6115
https://orcid.org/0000-0002-5033-0580
https://orcid.org/0000-0002-1127-5144
https://orcid.org/0000-0002-0736-3061
https://orcid.org/0000-0001-7987-7558
https://orcid.org/0000-0002-0287-6124
https://orcid.org/0000-0002-4098-9592
https://orcid.org/0000-0003-1331-1791
https://orcid.org/0000-0001-9193-8106
https://orcid.org/0000-0003-0700-5448
https://orcid.org/0000-0002-2653-1366
https://orcid.org/0000-0003-1512-9715
https://orcid.org/0000-0003-1391-5384
https://orcid.org/0000-0002-1050-5649
https://orcid.org/0000-0003-3171-9125
https://orcid.org/0000-0002-5781-8933
https://orcid.org/0000-0001-5836-5211
https://orcid.org/0000-0002-4936-1152
https://orcid.org/0000-0002-8868-1730
https://orcid.org/0000-0001-8881-3943
https://orcid.org/0009-0006-8218-2566
https://orcid.org/0000-0002-1545-959X
https://orcid.org/0000-0001-6741-6199
https://orcid.org/0000-0003-3631-8398
https://orcid.org/0000-0003-3410-0731
https://orcid.org/0000-0001-6057-6018
https://orcid.org/0000-0002-9897-9506
https://orcid.org/0000-0002-2687-1950
https://orcid.org/0000-0003-2460-3327
https://orcid.org/0000-0002-9740-0574
https://orcid.org/0000-0002-1305-3377
https://orcid.org/0000-0002-3872-1917
https://orcid.org/0000-0001-6431-6360
https://orcid.org/0000-0002-2652-123X
https://orcid.org/0000-0001-6181-4583
https://orcid.org/0000-0002-4893-3729
https://orcid.org/0000-0003-0644-3227
https://orcid.org/0000-0002-5355-5996
https://orcid.org/0000-0003-4254-6012
https://orcid.org/0000-0002-8854-8905
https://orcid.org/0000-0003-0256-4320
https://orcid.org/0000-0003-1959-5676
https://orcid.org/0000-0003-3471-1751
https://orcid.org/0000-0001-7181-6785
https://orcid.org/0009-0003-3794-3408
https://orcid.org/0000-0002-1111-5597
https://orcid.org/0000-0002-4950-6665
https://orcid.org/0000-0002-6117-7307
https://orcid.org/0000-0002-5280-9464
https://orcid.org/0000-0002-9867-0453
https://orcid.org/0000-0002-7576-4019
https://orcid.org/0000-0001-8476-8188
https://orcid.org/0000-0002-8243-400X
https://orcid.org/0000-0003-1776-0498
https://orcid.org/0000-0001-5214-8865
https://orcid.org/0000-0001-7055-6467
https://orcid.org/0000-0002-9474-9332
https://orcid.org/0000-0003-3830-4889
https://orcid.org/0000-0002-2739-7453
https://orcid.org/0000-0001-6767-7698
https://orcid.org/0000-0002-6020-2304
https://orcid.org/0000-0002-0034-2567
https://orcid.org/0000-0003-4933-5058
https://orcid.org/0000-0003-2751-8515
https://orcid.org/0000-0001-6086-4116
https://orcid.org/0009-0006-0672-7771
https://orcid.org/0000-0002-6604-2938
https://orcid.org/0000-0002-2562-7163
https://orcid.org/0000-0002-9121-6629
https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0001-8856-2777
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0000-0003-2574-8560
https://orcid.org/0000-0002-9717-225X
https://orcid.org/0000-0003-3277-5268
https://orcid.org/0000-0003-0984-7593
https://orcid.org/0000-0003-1196-5943
https://orcid.org/0000-0003-4735-2014
https://orcid.org/0000-0003-4916-0446
https://orcid.org/0000-0003-4249-6641
https://orcid.org/0000-0002-2047-7020
https://orcid.org/0000-0003-4184-1335
https://orcid.org/0000-0001-7477-1148
https://orcid.org/0000-0002-5278-1203
https://orcid.org/0000-0001-7030-6468
https://orcid.org/0009-0007-5613-6520
https://orcid.org/0000-0002-4732-2408
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-0364-5758
https://orcid.org/0000-0003-2611-7840
https://orcid.org/0000-0003-3255-9514
https://orcid.org/0000-0003-0480-4850
https://orcid.org/0000-0002-1484-2546
https://orcid.org/0000-0002-6519-4526
https://orcid.org/0000-0002-5829-6284
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-8514-3777
https://orcid.org/0000-0003-2206-311X
https://orcid.org/0000-0001-9322-9565
https://orcid.org/0000-0002-6119-7535
https://orcid.org/0000-0001-8748-8448
https://orcid.org/0000-0001-7961-7190
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0002-5397-6782
https://orcid.org/0000-0002-7738-6066
https://orcid.org/0000-0001-6178-6623
https://orcid.org/0000-0001-5319-1128
https://orcid.org/0000-0002-0767-9736
https://orcid.org/0000-0002-5865-0677
https://orcid.org/0000-0002-4311-3166
https://orcid.org/0000-0002-4649-3221
https://orcid.org/0000-0001-7917-9661
https://orcid.org/0000-0001-6950-1477
https://orcid.org/0000-0001-7717-2765
https://orcid.org/0000-0002-0944-4340


X. Vilasis-Cardona42 , E. Vilella Figueras58 , A. Villa22 , P. Vincent15 , F.C. Volle13 ,
D. vom Bruch12 , V. Vorobyev41, N. Voropaev41 , K. Vos76 , G. Vouters10, C. Vrahas56 ,
J. Walsh32 , E.J. Walton1 , G. Wan6 , C. Wang19 , G. Wang8 , J. Wang6 ,
J. Wang5 , J. Wang4 , J. Wang71 , M. Wang27 , N. W. Wang7 , R. Wang52 ,
X. Wang69 , X. W. Wang59 , Y. Wang8 , Z. Wang13 , Z. Wang4 , Z. Wang7 ,
J.A. Ward54,1 , N.K. Watson51 , D. Websdale59 , Y. Wei6 , B.D.C. Westhenry52 ,
D.J. White60 , M. Whitehead57 , A.R. Wiederhold54 , D. Wiedner17 , G. Wilkinson61 ,
M.K. Wilkinson63 , M. Williams62 , M.R.J. Williams56 , R. Williams53 ,
F.F. Wilson55 , W. Wislicki39 , M. Witek38 , L. Witola19 , C.P. Wong65 ,
G. Wormser13 , S.A. Wotton53 , H. Wu66 , J. Wu8 , Y. Wu6 , K. Wyllie46 , S. Xian69,
Z. Xiang5 , Y. Xie8 , A. Xu32 , J. Xu7 , L. Xu4 , L. Xu4 , M. Xu54 , Z. Xu11 ,
Z. Xu7 , Z. Xu5 , D. Yang4 , S. Yang7 , X. Yang6 , Y. Yang26,m , Z. Yang6 ,
Z. Yang64 , V. Yeroshenko13 , H. Yeung60 , H. Yin8 , C. Y. Yu6 , J. Yu68 ,
X. Yuan5 , E. Zaffaroni47 , M. Zavertyaev18 , M. Zdybal38 , M. Zeng4 , C. Zhang6 ,
D. Zhang8 , J. Zhang7 , L. Zhang4 , S. Zhang68 , S. Zhang6 , Y. Zhang6 , Y. Zhang61,
Y. Z. Zhang4 , Y. Zhao19 , A. Zharkova41 , A. Zhelezov19 , X. Z. Zheng4 ,
Y. Zheng7 , T. Zhou6 , X. Zhou8 , Y. Zhou7 , V. Zhovkovska54 , L. Z. Zhu7 ,
X. Zhu4 , X. Zhu8 , Z. Zhu7 , V. Zhukov16,41 , J. Zhuo45 , Q. Zou5,7 , D. Zuliani30 ,
G. Zunica60 .

1School of Physics and Astronomy, Monash University, Melbourne, Australia
2Centro Brasileiro de Pesquisas F́ısicas (CBPF), Rio de Janeiro, Brazil
3Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
4Center for High Energy Physics, Tsinghua University, Beijing, China
5Institute Of High Energy Physics (IHEP), Beijing, China
6School of Physics State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing,
China
7University of Chinese Academy of Sciences, Beijing, China
8Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China
9Consejo Nacional de Rectores (CONARE), San Jose, Costa Rica
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bCentro Federal de Educacão Tecnológica Celso Suckow da Fonseca, Rio De Janeiro, Brazil
cHangzhou Institute for Advanced Study, UCAS, Hangzhou, China

25



dSchool of Physics and Electronics, Henan University , Kaifeng, China
eLIP6, Sorbonne Universite, Paris, France
fExcellence Cluster ORIGINS, Munich, Germany
gUniversidad Nacional Autónoma de Honduras, Tegucigalpa, Honduras
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qUniversità di Perugia, Perugia, Italy
rScuola Normale Superiore, Pisa, Italy
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tUniversità della Basilicata, Potenza, Italy
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