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Abstract The �0
b → �+

c D
−
s and �−

b → �0
c D

−
s decays

are observed for the first time using proton-proton collision
data collected by the LHCb experiment at a centre-of-mass
energy of

√
s = 13 TeV, corresponding to an integrated

luminosity of 5.1 fb−1. The branching fractions times the
production cross-sections of �b baryons relative to that of
�0

b baryon are measured to be
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= (16.9 ± 1.3 ± 0.9 ± 4.3)%,

where the first uncertainties are statistical, the second sys-
tematic, and the third due to the uncertainties on the decay
branching fractions of relevant charmed baryons. The masses
of �0

b and �−
b baryons are measured to be m�0

b
= 5791.12±

0.60 ± 0.45 ± 0.24 MeV/c2 and m�−
b

= 5797.02 ± 0.63 ±
0.49 ± 0.29 MeV/c2, where the uncertainties are statistical,
systematic, and those due to charmed-hadron masses, respec-
tively.

1 Introduction

Hadrons are systems of quarks bound by the strong interac-
tion, described at the fundamental level by quantum chro-
modynamics (QCD). The production and decay of hadrons
involve the nonperturbative regime of QCD, making cal-
culations challenging. Much progress has been made in
recent years in experimental and theoretical studies of beauty
mesons, with the aim of testing the Standard Model and
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searching for new physics through measurements of branch-
ing fractions,CP asymmetries and rare decays [1]. However,
many aspects of beauty baryons are still largely unknown, due
to the difficulties to produce and detect them in experiments
other than those operating at the Large Hadron Collider.

So far, the Λ0
b baryon has been more widely studied than

the other beauty baryons, including Ξ0
b and Ξ−

b .1 Very few

decay modes have been measured for Ξ
0(−)
b baryons [2].

According to the quark model, the three beauty baryons Λ0
b,

Ξ0
b and Ξ−

b (referred to as Hb in the following) form an
SU (3) flavour multiplet, as do the Λ+

c , Ξ+
c and Ξ0

c states
(referred to as Hc in the following). The Hb decay is dom-
inated by the weak transition of the b quark while the two
light quarks serve as compact spectators [3,4]. According
to heavy quark effective theory, the three decays of bot-
tom baryons into two charmed hadrons, Hb → HcD−

s ,
should have approximately the same partial width [5,6]. The
Λ0

b → Λ+
c D

−
s decay has been measured to have a branching

fraction (B) at the percent level [7], but no measurements for
Ξ

0(−)
b → Ξ

+(0)
c D−

s decays are available. Measurements of
these decays not only test the SU (3) symmetry but also give
insights into the dynamics of weak decays of beauty baryons.

Beauty baryons of all species are abundantly produced at
the LHC [8–11], allowing them to be intensively studied.
This analysis presents the first observation of Ξ0

b → Ξ+
c D−

s
and Ξ−

b → Ξ0
c D

−
s decays, using data from proton-proton

(pp) collisions at a centre-of-mass energy of
√
s = 13 TeV

collected by LHCb detector and corresponding to an inte-
grated luminosity of 5.1 fb−1. The relative production rates
of the decays, R, defined to be
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1 The inclusion of charge-conjugate processes is implied throughout.
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are measured, where σ denotes the production cross-section.
Given the similar lifetimes of the three beauty baryons [2],
if the decay widths of the three beauty-baryon decays are
also similar, the variables defined in Eqs. (1)–(3) provide
measurements of the Hb production cross-section ratios,
i.e. b-quark fragmentation fraction ratios. Isospin symmetry
assures that σ

(
Ξ0

b

)
/σ

(
Ξ−

b

) ≈ 1 to a good approximation,

resulting in R
(

Ξ0
b

Ξ−
b

)
≈ 1 at leading order, which is tested in

this analysis. The masses of the Ξ0
b and Ξ−

b baryons and the
mass differences between the three beauty baryons are also
measured.

2 Detector, samples and analysis strategy

The LHCb detector [12,13] is a single-arm forward spec-
trometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system con-
sisting of a silicon-strip vertex detector surrounding the pp
interaction region, 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 placed downstream of the magnet. The tracking
system provides a measurement of the momentum, p, of
charged particles with a relative uncertainty that varies from
0.5% at low momentum to 1.0% at 200 GeV/c. The momen-
tum scale is calibrated using samples of J/ψ → μ+μ− and
B+ → J/ψK+ decays collected concurrently with the data
samples used for this analysis [14,15]. The relative uncer-
tainty of this procedure is determined to be 3 × 10−4 using
samples of other fully reconstructed B, ϒ , and K 0

S-meson
decays. The minimum distance of a track to a primary pp
collision vertex (PV), the impact parameter (IP), is measured
with a resolution of (15+29/pT)µm, where pT is the compo-
nent of the momentum transverse to the beam, in GeV/c. Dif-
ferent types of charged hadrons are distinguished using infor-
mation from two ring-imaging Cherenkov detectors. Pho-
tons, electrons and hadrons are identified by a calorimeter
system consisting of scintillating-pad and preshower detec-
tors, an electromagnetic and a hadronic calorimeter.

The data used in this analysis come from pp collisions at√
s = 13 TeV, collected by LHCb between 2016 and 2018.

The total integrated luminosity is 5.1 fb−1. The online event
selection of LHCb is performed by a trigger [16], which
consists of a hardware stage, based on information from
the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction. At the hard-

ware trigger stage, events are required to have a muon with
high pT or a hadron, photon or electron with high transverse
energy in the calorimeters. A global hardware trigger deci-
sion is required based on the reconstructed candidate, the rest
of the event, or a combination of both. The software trigger
requires a two-, three- or four-track secondary vertex with
a significant displacement from any primary pp interaction
vertex. At least one charged particle within the secondary
vertex must have a transverse momentum pT > 1.6 GeV/c
and be inconsistent with originating from any PV.

Simulated decays are used to perform event selections,
calculate reconstruction and selection efficiencies, and deter-
mine the invariant-mass distributions of the reconstructed
signal Hb candidates. In the simulation, pp collisions are
generated using Pythia 8 [17] with a specific LHCb con-
figuration [13]. Decays of unstable particles are described
by EvtGen [18], in which final-state radiation is generated
using Photos [19]. The interaction of the generated particles
with the detector, and its response, are simulated using the
Geant4 [20] toolkit as described in Ref. [21].

The Λ+
c and Ξ+

c baryons are reconstructed in the pK−π+
final state, and the Ξ0

c baryon in the pK−K−π+ final
state. The D−

s mesons are reconstructed by combining three
charged particles identified as K−, K+ and π− mesons. The
Hc candidates are combined with D−

s candidates to form the
Hb candidates. The three R parameters are defined as

R
(

Ξ0
b

Λ0
b

)
= N

(
Ξ0

b → Ξ+
c D−

s

)
/ε

(
Ξ0

b → Ξ+
c D−

s

)
N

(
Λ0

b → Λ+
c D

−
s

)
/ε

(
Λ0

b → Λ+
c D

−
s

)
× B (

Λ+
c → pK−π+)

B (
Ξ+

c → pK−π+) , (4)

R
(

Ξ−
b

Λ0
b

)
= N

(
Ξ−

b → Ξ0
c D

−
s

)
/ε

(
Ξ−

b → Ξ0
c D

−
s

)
N

(
Λ0

b → Λ+
c D

−
s

)
/ε

(
Λ0

b → Λ+
c D

−
s

)
× B (

Λ+
c → pK−π+)

B (
Ξ0

c → pK−K−π+) , (5)

R
(

Ξ0
b

Ξ−
b

)
= N

(
Ξ0

b → Ξ+
c D−

s

)
/ε

(
Ξ0

b → Ξ+
c D−

s

)
N

(
Ξ−

b → Ξ0
c D

−
s

)
/ε

(
Ξ−

b → Ξ0
c D

−
s

)
× B (

Ξ0
c → pK−K−π+)

B (
Ξ+

c → pK−π+) , (6)

where N , ε, and B denote the observed signal yields, the
total experimental efficiencies, and the branching fractions,
respectively. The world averages of branching fractions of
corresponding Hc decays [2] are summarised in Table 1.
The signal yields are determined using unbinned extended
maximum-likelihood fits of the HcD−

s invariant-mass dis-
tributions. The efficiencies are determined using simulated
signal decays, calibrated by data driven methods.
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Table 1 Branching fractions of Hc decays [2]

Decay Branching fraction

Λ+
c → pK−π+ (6.28 ± 0.32) × 10−2

Ξ+
c → pK−π+ (6.2 ± 3.0) × 10−3

Ξ0
c → pK−K−π+ (4.8 ± 1.2) × 10−3

3 Event selections and efficiencies

In order to suppress background due to random combina-
tions of either the Hc or D−

s , and misidentification of final-
state particles, a series of event selections are performed.
Firstly, all final-state particles are required to be separated
from any PV and have pT > 100 MeV/c. They must also
be correctly identified, with a high significance, as either a
proton, kaon or pion, using combined information from the
tracking system and sub-detectors related to particle identifi-
cation (PID) [12,22]. The final states of the Hc and D−

s candi-
dates must have a scalar sum of pT > 1.8 GeV/c, and at least
one of them must have pT > 0.5 GeV/c and p > 5 GeV/c.
They are additionally required to form a good vertex that is
significantly separated from any PV. The Hc and D−

s candi-
dates should have an invariant mass within ±25 MeV/c2 of
the previous world average mass value [2], and their vertices
should be consistent with being downstream of the Hb ver-
tex. The Hb candidate formed by the Hc and D−

s hadrons
must have a good vertex separated from its associated PV,
and its momentum must point back to the associated PV.
The final-state particles of the Hb must have a scalar sum
of pT > 5 GeV/c. Finally, Hb candidates with transverse
momentum pT > 4 GeV/c and rapidity 2.5 < y < 4 are
retained for further analysis.

There are backgrounds due to genuine particle decays,
where a pion or kaon decay product is misidentified as a
proton, resulting in a Hc candidate. For Λ+

c and Ξ+
c can-

didates, they include φ → K+K−, D+
s → K+K−π+,

D+ → K+K−π+ and D0 → K+K− decays with the K+
meson misidentified as a proton, and D+ → K−π+π+,
D0 → K−π+ decays with the π+ meson misidentified as
a proton. For Ξ0

c candidates, there are backgrounds due to
φ → K+K− and D0 → K+K−K−π+ decays with the
K+ meson misidentified as a proton. For D−

s candidates, the
Λ+

c → pK−π+ background with the proton misidentified as
a K+ meson is considered. To remove these background, can-
didates are required to satisfy strict PID requirements or their
invariant masses, calculated with alternative mass hypothe-
ses for final states, must be outside a region around the known
mass of the corresponding genuine particle (φ, D+

s , D+, D0,
or Λ+

c ) [2]. Backgrounds due to D− → K+π−π− decays
are also considered, and are found to be negligible.

Further event selections are performed using a gradient-
boosted decision tree (BDTG) [23] algorithm to reduce com-
binatorial backgrounds. Due to the similarity between the
topologies of the three Hb → HcD−

s decays, and to ben-
efit from a cancellation of systematic uncertainties related
to the BDTG selection in the R measurements, the BDTG
classifier is trained with the Ξ0

b samples and is applied to all
the three decay modes. The BDTG algorithm is trained to
distinguish simulated Ξ0

b → Ξ+
c D−

s decays from the candi-
dates in the high mass sideband (m(Ξ0

b ) > 5950 MeV/c2) of
data, which are representative of the background. The BDTG
classifier combines seventeen variables, including kinematic,
topological and PID information, to get a single discrim-
inating response. The optimal requirement on the BDTG
response is determined by maximising the figure of merit
F ≡ S/

√
S + B, where S (B) is the expected number of

signal (background) yield in the signal region of data with
BDTG response greater than a given value. The signal region
is defined to be ±30 MeV/c2 around the previous world aver-
age of Hb mass [2], which is about three times the experi-
mental resolution. The value of S is calculated as the product
of the BDTG efficiency for the signal and the signal yield
before the BDTG requirement, which is obtained by fitting
to Ξ0

b invariant-mass distribution in data. Similarly, B is cal-
culated as the background retention rate multiplied by the
estimated background in the signal region without the BDTG
requirement. The background retention rate is evaluated
with the high-mass sideband data (m(Λ0

b) > 5700 MeV/c2,
m(Ξ0

b ) > 5900 MeV/c2, m(Ξ−
b ) > 5900 MeV/c2), and the

number of background candidates in the signal region is esti-
mated with a fit to Ξ0

b invariant-mass distribution in the high
invariant-mass sideband region of the data, with a subsequent
extrapolation to the signal mass region. The optimal BDTG
requirement corresponds to a signal efficiency of about 95%
with respect to other selection requirements for all three Hb

decay modes.
The total efficiency is calculated as the product of effi-

ciencies of detector acceptance, reconstruction, and selec-
tion. It is estimated using the simulated signal decays. These
samples are calibrated such that the shapes of several key
distributions match those of the data: the PID response, Hb

kinematics, total charged-track multiplicity and Hc resonant
structures. The D−

s → K+K−π− decay is simulated using
measured Dalitz compositions [24], thus no corrections are
applied. The PID efficiencies for the different particle species
are measured using charmed hadron samples in data [22]. The
large sample of Λ0

b → Λ+
c D

−
s decays is used to correct for

the transverse momentum, pseudorapidity, and charged-track
multiplicity distributions of the three Hb decay modes. Fur-
ther corrections are made to align the shapes of the charged-
track multiplicity distributions in the data and simulation for
Ξb decays. The Hc Dalitz distribution is compared between
the data and simulation; a weight-based correction is applied
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Fig. 1 Invariant-mass distributions of (top left) Λ0
b, (top right) Ξ0

b , and (bottom) Ξ−
b decays. The data are overlaid on the fit results

to improve the agreement. The track-finding efficiency in
simulation is found to be slightly different from that in data,
and this difference is corrected as a function of the momen-
tum and pseudorapidity of final-state particles [25]. The cor-
rection factors are generally obtained in bins of relevant vari-
ables apart from that for the Ξ0

c Dalitz distribution, where
the large number of dimensions implies a limited number of
candidates per bin. An unbinned multivariate algorithm is
therefore used [26]. The ratios of efficiencies between Λ0

b,
Ξ0

b , and Ξ−
b decays are determined to be

ε(Ξ0
b )

ε(Λ0
b)

= 1.101 ± 0.010,

ε(Ξ−
b )

ε(Λ0
b)

= 0.515 ± 0.005,

ε(Ξ0
b )

ε(Ξ−
b )

= 2.138 ± 0.017,

where the uncertainties are statistical only. The Λ0
b and Ξ0

b
decays have a similar efficiency, while the smaller Ξ−

b effi-
ciency is due to one more final-state particle.

4 Signal yield determination and mass measurements

To obtain the yields of signal Hb decays, an extended max-
imum likelihood fit is performed to the Λ0

b, Ξ0
b , and Ξ−

b
invariant-mass spectra. A kinematic refit [27] is applied to the
Hb decays to improve the mass resolution, constraining the
D−
s and Hc masses to their previously measured values [2]

and the Hb momentum to point back to its PV. The fitted
mass region is 5450 – 5800 MeV/c2, 5600 – 6100 MeV/c2,
and 5600 – 6000 MeV/c2 for the Λ0

b, Ξ0
b , and Ξ−

b decays,
respectively.

As shown in Fig. 1, three components are identified in
each Hb mass spectrum. The signal component is parame-
terised using the sum of a Gaussian and a double-sided Crys-
tal Ball function (DSCB) [28] sharing a common mean. The
common mean and the average resolution of the Gaussian
and the DSCB distribution are parameters that vary freely
in the fit, while the other parameters have values fixed to
those obtained from simulation. The contribution of com-
binatorial backgrounds in the mass spectrum is modelled
using a second order polynomial, with all parameters vary-
ing freely. The peaking structure in the low invariant-mass
region corresponds to partially reconstructed Hb → HcD−

s X
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decays where X is an undetected particle. Distributions from
data in the low mass region are found to be consistent with
the Hb → HcD∗−

s , D∗−
s → D−

s γ sequential decay, where
the γ is not reconstructed. The subsequent HcD−

s invariant-
mass distribution depends on the D∗−

s helicity projection, for
which three possibilities, helicities of ±1 and 0, are allowed.
The mass distributions for helicities of +1 and −1 are identi-
cal. Samples are generated with helicities of 1 and 0, and cor-
responding HcD−

s invariant-mass distributions are obtained.
The distributions convoluted with experimental resolutions
are used to fit data. The fraction of the component with a
helicity of 0 varies freely in the fit.

Figure 1 shows the Hb invariant-mass distributions super-
imposed by the fit results. The signal yields for Λ0

b, Ξ0
b

and Ξ−
b decays are (2.609 ± 0.017) × 104, 462 ± 29, and

175 ± 14, respectively. The masses for Λ0
b, Ξ0

b and Ξ−
b

baryons are measured to be mΛ0
b

= 5619.34 ± 0.06 MeV/c2,

mΞ0
b

= 5791.12 ± 0.60 MeV/c2, and mΞ−
b

= 5797.02 ±
0.63 MeV/c2, respectively, where the uncertainties are sta-
tistical only.

4.1 Non-dicharm background

The sample of Hb → HcDs decays is polluted by beauty-
baryon decays that have the same final-state particles but do
not decay through the two intermediate charmed hadrons,
Hc or D−

s , we are investigating. These are referred to as
non-dicharm decays. For these peaking background contri-
butions, their Hb invariant-mass distributions are signal-like,
but the invariant-mass distributions of Hc and/or D−

s can-
didates are flat. The distributions of non-dicharm compo-
nents in the Hc or D−

s invariant-mass distribution are found
to be approximately linear. Therefore, the Hb signal yields
in the Hc and D−

s sideband regions are extrapolated to the
signal region (±25 MeV/c2 around the previously measured
Hc and D−

s masses [2]) to estimate the contamination of
non-dicharm background in the signal region. Details of
the estimation are shown in Appendix A. The fractions of
non-dicharm decays are measured to be (5.70 ± 0.13)%,
(8.39 ± 1.75)% and (6.44 ± 1.48)% for Λ0

b, Ξ0
b and Ξ−

b
decays, respectively. These background contributions are
subtracted from the total signal yield obtained from the
fit. The non-dicharm contamination is dominated by the
Hb → Hc(K+K−π−) component.

5 Systematic uncertainties

5.1 Uncertainties on the branching fraction

Measurements of the ratios of branching fractions are
affected by a number of systematic uncertainties. Apart from

those due to the input charmed-decay branching fractions,
they are generally related to either the signal yields or the
efficiencies. Due to the similar topologies of the three Hb

decays, many sources of systematic uncertainties are either
cancelled or largely suppressed in ratios of the branching
fractions. The remaining systematic uncertainties are out-
lined below and summarised in Table 2.

5.1.1 Systematic uncertainties on the signal yield

The fit results are affected by the imperfect modelling of
the signal, the combinatorial background and the partially
reconstructed background. Variations of the signal model are
studied by changing the fixed value of the fraction of Gaus-
sian component to 0.0 and two times of the nominal value,
respectively. For the background modelling, a polynomial of
third order is used instead of one of second order. In order
to study the impact of the modelling of the partially recon-
structed background in the signal yield, the lower edge of the
fit range is increased to 5575, 5740, and 5750 MeV/c2 for
the Λ0

b, Ξ0
b , and Ξ−

b decay modes, respectively, excluding
partially reconstructed background. Alternative fits to data
with these alternate approaches are performed. The largest
deviation of the Hb signal yield in these alternative fits from
the nominal result is taken as the systematic uncertainty on
the signal yield due to the modelling of the fit components,
which is at the level of 2%.

The uncertainty on the fraction of non-dicharm back-
ground discussed in Sect. 4.1 originates from the limited size
of the data sample and possible nonlinearity of the Hc and
D−
s background invariant-mass distributions. The effect is

studied by using alternative regions of sideband data to cal-
culate the non-dicharm yield, and the difference with respect
to the nominal results is quoted as the systematic uncertainty,
which is found to be at the subpercent level.

5.1.2 Systematic uncertainties on the efficiency

As efficiencies are studied using simulation samples, the sys-
tematic uncertainty on efficiencies arises due to the limited
size of simulation samples and imperfect simulations. The
uncertainty due to the limited simulation sample size is 1.0%
for the three Hb efficiency ratios.

The hardware trigger is approximately modeled in the sim-
ulation. The trigger efficiency in measured in the data [29],
and the difference between data and simulation is assigned
as a systematic uncertainty. This systematic uncertainty is
found to be approximately cancelled among the three Hb

decay modes, resulting in a relative difference of less than
1.5% between data and simulation on the efficiency ratios of
the two Hb decay modes. A common value of 1.5% is quoted
as the relative systematic uncertainty of the hardware trigger
on the relative branching fraction.
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Table 2 Systematic
uncertainties on the relative
branching fraction
measurements. Results are given
as relative uncertainties

Source R
(

Ξ0
b

Λ0
b

)
R

(
Ξ−
b

Λ0
b

)
R

(
Ξ0
b

Ξ−
b

)

Imperfect modelling of invariant-mass fit 2.7% 1.3% 3.4%

Fraction of non-dicharm background 2.0% 1.6% 2.5%

Limited simulation sample size 0.9% 1.0% 0.8%

Trigger efficiency 1.5% 1.5% 1.5%

Reconstruction efficiency 0.1% 1.6% 1.7%

Corrections to simulations 1.3% 4.3% 4.3%

Total 4.0% 5.4% 6.5%

The estimation of the reconstruction efficiency is affected
by the model of detector material in simulation which affects
the description of interaction between the final-state parti-
cles and the material. It leads to a relative uncertainty of
1.2% between Ξ−

b and the other two Hb decays due to one
additional kaon in the Ξ−

b decay [30]. Moreover, the estima-
tion of the track-finding efficiency in data and simulation is
subjected to uncertainties related to the detector occupancy
and limited sizes of the calibration samples [25]. The for-
mer gives a relative value of 0.8% per track, while the latter
results in an uncertainty of around 0.1% on the efficiency
ratios. In total the uncertainty on the ratio of reconstruction
efficiency is about 1.6% between Ξ−

b and Λ0
b decays, and

between Ξ0
b and Ξ−

b decays. It is below 0.1% for the effi-
ciency ratio between Ξ0

b and Λ0
b decays.

Corrections to simulation samples to match data to the
distributions of final-state particle PID responses, Hb kine-
matics, charged-track multiplicity and Hc Dalitz distributions
are subject to uncertainties. Uncertainties on the corrections
of PID responses are evaluated using alternative corrections
and measuring the relative change of efficiencies [22], which
is found to be negligible. The uncertainty on corrections of
Hb kinematics is studied with pseudoexperiments. For each
pesudoexperiment, the correction factor in each transverse
momentum and rapidity of the Hb baryon is varied following
a Gaussian distribution constructed from the nominal value
and its uncertainty. The new correction factors are used to cal-
culate the efficiency. The width of the efficiency distribution
among a set of pseudoexperiments is taken as the systematic
uncertainty. Similar studies are performed for corrections of
the charge-track multiplicity and Λ+

c , Ξ+
c Dalitz distribu-

tions. The uncertainty of the unbinned correction to the Ξ0
c

Dalitz distribution is studied by varying the configurations of
the algorithm [26]. In total the uncertainty on the efficiency
ratio originating from corrections to simulation samples is
about 4.3% between Ξ−

b and Λ0
b, 4.3% between Ξ0

b and
Ξ−

b , and 1.3% between Ξ0
b and Λ0

b.

5.2 Uncertainties on the Hb mass measurements

The uncertainties on the mass and mass difference measure-
ments come from the invariant-mass fit model, the momen-
tum scale calibration, and the uncertainties on the Ξc and
D−
s masses [2]. They are summarised in Tables 3 and 4.
The Hb mass determined from the fit to the invariant-

mass distribution is affected by the imperfect modelling of
the signal, the combinatorial background and the partially
reconstructed background. Variations of the model for each
fit component are studied in the same way as for the deter-
mination of the uncertainties on the signal yield described
in Sect. 5.1.1. The largest variation of the mass obtained in
these alternative fits compared to the nominal one is con-
sidered as the systematic uncertainty, which is 0.02, 0.19
and 0.09 MeV/c2 for mΛ0

b
, mΞ0

b
and mΞ−

b
, respectively. The

larger uncertainty for mΞ0
b

is due to the higher background
level.

Due to effects such as an imperfect alignment of the track-
ing system and the uncertainty on the magnetic field, the mea-
sured track momenta need to be calibrated to correct for pos-
sible biases. The calibration is performed using the masses of
known hadrons [31,32] with a precision of 0.03%. The uncer-
tainty is propagated to the Hb mass measurement by varying
the calibration by ±1 standard deviation. Half of the differ-
ence between the two corresponding new Hb masses is taken
as the systematic uncertainty. The result, about 0.4 MeV/c2,
approximately scales with the energy release of the decay
as (m(Hb) − m(Hc) − m(D−

s )) × 0.03%. The uncertainty
due to momentum scale calibration is assumed to be fully
correlated for the three Hb masses.

As mentioned in Sect. 4, the Hb invariant mass is calcu-
lated with the D−

s and Hc masses constrained to their pre-
vious world averages [2]. The systematic uncertainty due
to the Hc and D−

s masses is 0.16, 0.24, and 0.29 MeV/c2

for the Λ0
b, Ξ0

b , and Ξ−
b mass measurement, respectively.

When measuring the mass difference between two different
Hb states, the uncertainty on the D−

s mass is cancelled. The
remaining uncertainty on the Hc mass varies between 0.23
and 0.31 MeV/c2 depending on mass difference.
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Table 3 Systematic
uncertainties for the Hb mass
measurements

Source mΛ0
b

[ MeV/c2] mΞ0
b

[ MeV/c2] mΞ−
b

[ MeV/c2]

Mass fit model 0.02 0.19 0.09

Momentum scale calibration 0.44 0.41 0.48

Uncertainties on the Hc and D−
s masses 0.16 0.24 0.29

Table 4 Systematic
uncertainties for the Hb
mass-difference measurements

Source mΞ0
b

− mΛ0
b

[ MeV/c2] mΞ−
b

− mΛ0
b

[ MeV/c2] mΞ−
b

− mΞ0
b

[ MeV/c2]

Mass fit model 0.19 0.09 0.21

Momentum scale calibration 0.03 0.04 0.07

Uncertainties on the Hc mass 0.27 0.31 0.23

Table 5 Measured Hb masses and mass differences and the previous
world averages [2]

This analysis
[ MeV/c2 ]

Previous world aver-
age [ MeV/c2 ]

mΛ0
b

5619.34 ± 0.47 5619.60 ± 0.17

mΞ0
b

5791.1 ± 0.8 5791.9 ± 0.5

mΞ−
b

5797.0 ± 0.8 5797.0 ± 0.6

mΞ0
b

− mΛ0
b

171.8 ± 0.7 172.5 ± 0.4

mΞ−
b

− mΛ0
b

177.7 ± 0.7 177.46 ± 0.31

mΞ−
b

− mΞ0
b

5.9 ± 0.9 5.9 ± 0.6

6 Results

Using the results presented in the previous sections, the Hb

masses and mass differences are measured to be

mΛ0
b

= 5619.34 ± 0.06 ± 0.44 ± 0.16 MeV/c2,

mΞ0
b

= 5791.12 ± 0.60 ± 0.45 ± 0.24 MeV/c2,

mΞ−
b

= 5797.02 ± 0.63 ± 0.49 ± 0.29 MeV/c2,

mΞ0
b

− mΛ0
b

= 171.78 ± 0.60 ± 0.19 ± 0.27 MeV/c2,

mΞ−
b

− mΛ0
b

= 177.68 ± 0.63 ± 0.10 ± 0.31 MeV/c2,

mΞ−
b

− mΞ0
b

= 5.90 ± 0.87 ± 0.22 ± 0.23 MeV/c2,

where the first uncertainties are statistical, the second sys-
tematic, and the third due to those on masses of Λ+

c , Ξ+
c ,

Ξ0
c , and D−

s hadrons. The measurements are consistent with
previous world averages [2], and comparisons are shown in
Table 5 and Fig. 2.

The relative production rates of the three Hb → HcDs

decays, given in Eqs. (1)–(3), are measured to be

R
(

Ξ0
b

Λ0
b

)
= (15.8 ± 1.1 ± 0.6 ± 7.7)%,

R
(

Ξ−
b

Λ0
b

)
= (16.9 ± 1.3 ± 0.9 ± 4.3)%,

R
(

Ξ0
b

Ξ−
b

)
= (93.6 ± 9.6 ± 6.1 ± 51.0)%,

where the first uncertainties are statistical, the second sys-
tematic, and the third due to those on the branching fractions
of Λ+

c , Ξ+
c , and Ξ0

c decays. Figure 3 shows the measured R
values. The results are consistent with the SU (3)flavour sym-
metry and predictions of phenomenological models [33,34].

7 Summary

In this analysis, the dicharm decays of Ξb baryons Ξ0
b →

Ξ+
c D−

s and Ξ−
b → Ξ0

c D
−
s are observed for the first time.

Fig. 2 Comparison of
measured (red) b baryon masses
with (blue) the PDG values [2].
The mass of Λ0

b is shifted
upward by 175 MeV/c2 to
reduce the range of this plot.
The inner (outer) error bar is for
the statistical (total) uncertainty
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Fig. 3 Measured R values. The inner (outer) error bar is for the sta-
tistical (total) uncertainty

The data sample is the proton-proton collision data col-
lected by the LHCb experiment at a centre-of-mass energy of√
s = 13 TeV and corresponding to an integrated luminosity

of 5.1 fb−1. The masses of the Λ0
b, Ξ0

b and Ξ−
b baryons are

measured through these two decays, and are consistent with
the previous world average values [2]. These measurements
will improve the world averages. The relative branching frac-
tions of these two decays are also measured. The results are
consistent with SU (3) flavour symmetry and several pre-
dictions for relative production rates and decay branching
fractions of b baryons [6,33–35].
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Appendices

A Non-dicharm contribution

Three distinct sources of non-dicharm backgrounds are con-
sidered:

• The Hb → (pK−(K−)π+)(K+K−π+) decay with nei-
ther the Hc nor the D−

s hadrons.
• The Hb → (pK−(K−)π+)D−

s decay without the Hc

baryon.
• The Hb → Hc(K+K−π+) decay without the D−

s
meson.

Figure 4 shows the two-dimensional Hc versus D−
s invariant-

mass distribution in the signal region and the Hc and/or D−
s

sideband regions. There are four regions illustrated in Fig. 4:

• The region 1 lies in the Hc and D−
s sideband region.

• The region 2 lies in the Hc signal and D−
s sideband region.

• The region 3 lies in the Hc sideband and D−
s signal region.

• The region 4 lies in the Hc and D−
s signal region.

The Hb → (pK−(K−)π+)(K+K−π+) decay populates
every region, the Hb → (pK−(K−)π+)D−

s decay popu-
lates regions 2 and 4, the Hb → (pK−(K−)π+)D−

s decay
only populates regions 3 and 4, and real signal only populates
region 4. Besides, the distributions of non-dicharm compo-
nents in the Hc or D−

s invariant-mass distribution are found
to be approximately linear. Thus, the number of non-dicharm
backgrounds in region 4 can be calculated as

Nnon-dicharm = 0.5 × (N2 + N3) − 0.25 × N1, (7)

where N1, N2 and N3 are the Hb yields in region 1, 2, and
3, respectively. N1, N2 and N3 are estimated by simultane-
ous fitting to the Hb invariant-mass spectra in these regions.
The fit model is similar as the one mentioned in Sect. 4. Fig-
ures 5, 6, and 7 show the Λ0

b, Ξ0
b , and Ξ−

b invariant-mass
distributions in the Hc and/or D−

s sideband regions superim-
posed by the fit results, respectively.
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Fig. 4 Distributions of the Hc mass versus the D−
s mass with the

regions 1–4 indicated for (top left) Λ0
b, (top right) Ξ0

b , and (bottom)
Ξ−

b mode. The region 1 lies in the Hc and D−
s sideband region. The

region 2 lies in the Hc signal and D−
s sideband region. The region 3 lies

in the Hc sideband and D−
s signal region. The region 4 lies in the Hc

and D−
s signal region

Fig. 5 Invariant-mass distributions of Λ0
b candidates in the (top left) region 1, (top right) region 2, and (bottom) region 3
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Fig. 6 Invariant-mass distributions of Λ0
b candidates in the (top left) region 1, (top right) region 2, and (bottom) region 3

Fig. 7 Invariant-mass distributions of Λ0
b candidates in the (top left) region 1, (top right) region 2, and (bottom) region 3
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K. Müller46 , F. Mũnoz-Rojas8 , R. Murta57 , P. Naik56 , T. Nakada45 , R. Nandakumar53 , T. Nanut44 ,
I. Nasteva2 , M. Needham54 , N. Neri26,o , S. Neubert72 , N. Neufeld44 , P. Neustroev39, R. Newcombe57,
J. Nicolini16,12 , D. Nicotra76 , E. M. Niel45 , N. Nikitin39 , P. Nogga72, N. S. Nolte60 , C. Normand9,k,28 ,
J. Novoa Fernandez42 , G. Nowak61 , C. Nunez79 , H. N. Nur55 , A. Oblakowska-Mucha35 , V. Obraztsov39 ,
T. Oeser15 , S. Okamura22,l,44 , R. Oldeman28,k , F. Oliva54 , M. Olocco16 , C. J. G. Onderwater76 ,
R. H. O’Neil54 , J. M. Otalora Goicochea2 , T. Ovsiannikova39 , P. Owen46 , A. Oyanguren43 , O. Ozcelik54 ,
K. O. Padeken72 , B. Pagare52 , P. R. Pais18 , T. Pajero59 , A. Palano20 , M. Palutan24 , G. Panshin39 ,
L. Paolucci52 , A. Papanestis53 , M. Pappagallo20,i , L. L. Pappalardo22,l , C. Pappenheimer61 , C. Parkes58,44 ,
B. Passalacqua22,l , G. Passaleva23 , D. Passaro30,s , A. Pastore20 , M. Patel57 , J. Patoc59 , C. Patrignani21,j ,
C. J. Pawley76 , A. Pellegrino33 , M. Pepe Altarelli24 , S. Perazzini21 , D. Pereima39 , A. Pereiro Castro42 ,
P. Perret10 , A. Perro44 , K. Petridis50 , A. Petrolini25,n , S. Petrucci54 , H. Pham64 , L. Pica30,s , M. Piccini74 ,
B. Pietrzyk9 , G. Pietrzyk12 , D. Pinci31 , F. Pisani44 , M. Pizzichemi27,p , V. Placinta38 , M. Plo Casasus42 ,
F. Polci14,44 , M. Poli Lener24 , A. Poluektov11 , N. Polukhina39 , I. Polyakov44 , E. Polycarpo2 , S. Ponce44 ,
D. Popov6 , S. Poslavskii39 , K. Prasanth36 , L. Promberger18 , C. Prouve42 , V. Pugatch48 , V. Puill12 ,
G. Punzi30,t , H. R. Qi3 , W. Qian6 , N. Qin3 , S. Qu3 , R. Quagliani45 , B. Rachwal35 , J. H. Rademacker50 ,
M. Rama30 , M. Ramírez García79 , M. Ramos Pernas52 , M. S. Rangel2 , F. Ratnikov39 , G. Raven34 ,
M. Rebollo De Miguel43 , F. Redi44 , J. Reich50 , F. Reiss58 , Z. Ren3 , P. K. Resmi59 , R. Ribatti30,s ,
G. R. Ricart13,80 , D. Riccardi30,s , S. Ricciardi53 , K. Richardson60 , M. Richardson-Slipper54 , K. Rinnert56 ,
P. Robbe12 , G. Robertson54 , E. Rodrigues56,44 , E. Rodriguez Fernandez42 , J. A. Rodriguez Lopez71 ,
E. Rodriguez Rodriguez42 , A. Rogovskiy53 , D. L. Rolf44 , A. Rollings59 , P. Roloff44 , V. Romanovskiy39 ,
M. Romero Lamas42 , A. Romero Vidal42 , G. Romolini22 , F. Ronchetti45 , M. Rotondo24 , M. S. Rudolph64 ,
T. Ruf44 , R. A. Ruiz Fernandez42 , J. Ruiz Vidal43 , A. Ryzhikov39 , J. Ryzka35 , J. J. Saborido Silva42 ,
N. Sagidova39 , N. Sahoo49 , B. Saitta28,k , M. Salomoni44 , C. Sanchez Gras33 , I. Sanderswood43 ,
R. Santacesaria31 , C. Santamarina Rios42 , M. Santimaria24 , L. Santoro1 , E. Santovetti32 , D. Saranin39 ,
G. Sarpis54 , M. Sarpis72 , A. Sarti31 , C. Satriano31,u , A. Satta32 , M. Saur5 , D. Savrina39 , H. Sazak10 ,
L. G. Scantlebury Smead59 , A. Scarabotto14 , S. Schael15 , S. Scherl56 , A. M. Schertz73 , M. Schiller55 ,
H. Schindler44 , M. Schmelling17 , B. Schmidt44 , S. Schmitt15 , O. Schneider45 , A. Schopper44 , N. Schulte16 ,
S. Schulte45 , M. H. Schune12 , R. Schwemmer44 , G. Schwering15 , B. Sciascia24 , A. Sciuccati44 , S. Sellam42 ,
A. Semennikov39 , M. Senghi Soares34 , A. Sergi25,n , N. Serra46,44 , L. Sestini29 , A. Seuthe16 , Y. Shang5 ,
D. M. Shangase79 , M. Shapkin39 , I. Shchemerov39 , L. Shchutska45 , T. Shears56 , L. Shekhtman39 , Z. Shen5 ,
S. Sheng4,6 , V. Shevchenko39 , B. Shi6 , E. B. Shields27,p , Y. Shimizu12 , E. Shmanin39 , R. Shorkin39 ,
J. D. Shupperd64 , B. G. Siddi22,l , R. Silva Coutinho64 , G. Simi29 , S. Simone20,i , M. Singla65 , N. Skidmore58 ,
R. Skuza18 , T. Skwarnicki64 , M. W. Slater49 , J. C. Smallwood59 , J. G. Smeaton51 , E. Smith60 , K. Smith63 ,
M. Smith57 , A. Snoch33 , L. Soares Lavra54 , M. D. Sokoloff61 , F. J. P. Soler55 , A. Solomin39,50 ,
A. Solovev39 , I. Solovyev39 , R. Song65 , Y. Song45 , Y. Song3 , Y. S. Song5 , F. L. Souza De Almeida2 ,
B. Souza De Paula2 , E. Spadaro Norella26,o , E. Spedicato21 , J. G. Speer16 , E. Spiridenkov39, P. Spradlin55 ,
V. Sriskaran44 , F. Stagni44 , M. Stahl44 , S. Stahl44 , S. Stanislaus59 , E. N. Stein44 , O. Steinkamp46 ,
O. Stenyakin39, H. Stevens16 , D. Strekalina39 , Y. Su6 , F. Suljik59 , J. Sun28 , L. Sun70 , Y. Sun62 ,
P. N. Swallow49 , K. Swientek35 , F. Swystun52 , A. Szabelski37 , T. Szumlak35 , M. Szymanski44 , Y. Tan3 ,
S. Taneja58 , M. D. Tat59 , A. Terentev46 , F. Terzuoli30,w , F. Teubert44 , E. Thomas44 , D. J. D. Thompson49 ,
H. Tilquin57 , V. Tisserand10 , S. T’Jampens9 , M. Tobin4 , L. Tomassetti22,l , G. Tonani26,o , X. Tong5 ,
D. Torres Machado1 , L. Toscano16 , D. Y. Tou3 , C. Trippl45 , G. Tuci18 , N. Tuning33 , L. H. Uecker18 ,
A. Ukleja37 , D. J. Unverzagt18 , E. Ursov39 , A. Usachov34 , A. Ustyuzhanin39 , U. Uwer18 , V. Vagnoni21 ,
A. Valassi44 , G. Valenti21 , N. Valls Canudas40 , M. Van Dijk45 , H. Van Hecke63 , E. van Herwijnen57 ,
C. B. Van Hulse42,y , R. Van Laak45 , M. van Veghel33 , R. Vazquez Gomez41 , P. Vazquez Regueiro42 ,
C. V.ázquez Sierra42 , S. Vecchi22 , J. J. Velthuis50 , M. Veltri23,x , A. Venkateswaran45 , M. Vesterinen52 ,
D. Vieira61 , M. Vieites Diaz44 , X. Vilasis-Cardona40 , E. Vilella Figueras56 , A. Villa21 , P. Vincent14 ,
F. C. Volle12 , D. vom Bruch11 , V. Vorobyev39, N. Voropaev39 , K. Vos76 , C. Vrahas54 , J. Walsh30 ,
E. J. Walton65 , G. Wan5 , C. Wang18 , G. Wang7 , J. Wang5 , J. Wang4 , J. Wang3 , J. Wang70 , M. Wang26 ,
N. W. Wang6 , R. Wang50 , X. Wang68 , Y. Wang7 , Z. Wang46 , Z. Wang3 , Z. Wang6 , J. A. Ward52,65 ,
N. K. Watson49 , D. Websdale57 , Y. Wei5 , B. D. C. Westhenry50 , D. J. White58 , M. Whitehead55 ,
A. R. Wiederhold52 , D. Wiedner16 , G. Wilkinson59 , M. K. Wilkinson61 , I. Williams51, M. Williams60 ,
M. R. J. Williams54 , R. Williams51 , F. F. Wilson53 , W. Wislicki37 , M. Witek36 , L. Witola18 , C. P. Wong63 ,

123

http://orcid.org/0000-0002-5105-1305
http://orcid.org/0000-0002-4978-602X
http://orcid.org/0000-0002-6915-8370
http://orcid.org/0000-0001-6977-2971
http://orcid.org/0009-0000-6210-6861
http://orcid.org/0000-0002-6813-6794
http://orcid.org/0000-0002-5728-9867
http://orcid.org/0000-0001-7115-7214
http://orcid.org/0000-0002-8297-6714
http://orcid.org/0000-0002-6106-3756
http://orcid.org/0000-0002-0706-1944
http://orcid.org/0000-0003-2298-0102
http://orcid.org/0000-0001-9034-3637
http://orcid.org/0000-0001-7513-3033
http://orcid.org/0000-0002-6587-4695
http://orcid.org/0000-0003-0215-1091
http://orcid.org/0000-0003-2536-4209
http://orcid.org/0000-0001-5055-7710
http://orcid.org/0000-0002-1819-1381
http://orcid.org/0000-0003-4864-7164
http://orcid.org/0000-0002-2521-9346
http://orcid.org/0000-0002-7822-523X
http://orcid.org/0000-0003-1328-0534
http://orcid.org/0000-0002-0994-3641
http://orcid.org/0000-0001-7792-4082
http://orcid.org/0000-0003-1229-3093
http://orcid.org/0000-0001-6902-0710
http://orcid.org/0000-0001-7025-3407
http://orcid.org/0000-0002-6968-1217
http://orcid.org/0000-0002-2310-4166
http://orcid.org/0000-0002-9797-8464
http://orcid.org/0000-0002-9584-8500
http://orcid.org/0000-0002-3890-9426
http://orcid.org/0000-0002-4161-9147
http://orcid.org/0000-0002-8240-7300
http://orcid.org/0000-0003-3227-9248
http://orcid.org/0000-0001-7251-9125
http://orcid.org/0000-0003-3184-1622
http://orcid.org/0009-0005-9758-742X
http://orcid.org/0000-0001-9630-2000
http://orcid.org/0000-0002-6095-9593
http://orcid.org/0000-0001-7052-1360
http://orcid.org/0000-0001-9163-2051
http://orcid.org/0000-0003-0465-2893
http://orcid.org/0000-0002-5405-2901
http://orcid.org/0000-0001-7601-5602
http://orcid.org/0000-0002-0876-3163
http://orcid.org/0000-0003-0738-3668
http://orcid.org/0000-0003-4174-1334
http://orcid.org/0000-0003-3643-7469
http://orcid.org/0000-0002-8077-8378
http://orcid.org/0000-0002-8601-2197
http://orcid.org/0000-0002-5024-3495
http://orcid.org/0000-0003-3871-5602
http://orcid.org/0009-0000-1201-4918
http://orcid.org/0000-0002-5882-1747
http://orcid.org/0000-0001-9112-3724
http://orcid.org/0000-0002-7884-345X
http://orcid.org/0000-0002-1642-4030
http://orcid.org/0000-0002-1862-7122
http://orcid.org/0000-0002-7008-8082
http://orcid.org/0000-0001-9721-3325
http://orcid.org/0000-0002-5732-4343
http://orcid.org/0000-0002-1996-0496
http://orcid.org/0000-0001-7871-5119
http://orcid.org/0000-0003-0222-7594
http://orcid.org/0000-0001-8312-4268
http://orcid.org/0000-0003-2995-1953
http://orcid.org/0000-0001-9837-6556
http://orcid.org/0000-0001-8659-4409
http://orcid.org/0000-0003-1836-7233
http://orcid.org/0000-0001-9622-820X
http://orcid.org/0000-0002-7224-9708
http://orcid.org/0000-0002-7763-252X
http://orcid.org/0000-0001-5189-230X
http://orcid.org/0000-0003-4465-2441
http://orcid.org/0000-0002-2289-918X
http://orcid.org/0000-0001-8058-0436
http://orcid.org/0000-0001-7867-1232
http://orcid.org/0000-0003-2222-9925
http://orcid.org/0000-0001-5942-1772
http://orcid.org/0000-0002-6855-7783
http://orcid.org/0000-0002-4298-5309
http://orcid.org/0000-0002-1476-7056
http://orcid.org/0000-0002-8293-2922
http://orcid.org/0000-0003-3236-1452
http://orcid.org/0000-0001-9923-0938
http://orcid.org/0000-0003-0127-6255
http://orcid.org/0000-0003-2000-6306
http://orcid.org/0000-0002-5204-9821
http://orcid.org/0000-0003-0806-7149
http://orcid.org/0000-0002-8346-9052
http://orcid.org/0000-0002-9325-2308
http://orcid.org/0000-0003-3932-7556
http://orcid.org/0000-0001-8453-658X
http://orcid.org/0000-0002-7518-0961
http://orcid.org/0000-0002-3632-2453
http://orcid.org/0000-0002-0685-6497
http://orcid.org/0000-0003-2599-7209
http://orcid.org/0000-0003-3002-4719
http://orcid.org/0000-0001-7956-763X
http://orcid.org/0000-0003-1600-9432
http://orcid.org/0000-0002-8690-5198
http://orcid.org/0000-0003-0762-5583
http://orcid.org/0000-0002-2897-5323
http://orcid.org/0000-0002-4522-4863
http://orcid.org/0000-0001-9728-8984
http://orcid.org/0000-0002-2657-4040
http://orcid.org/0000-0002-8395-7654
http://orcid.org/0000-0001-9974-9350
http://orcid.org/0000-0001-9025-2225
http://orcid.org/0000-0003-1778-1213
http://orcid.org/0000-0002-9292-2066
http://orcid.org/0009-0009-8397-572X
http://orcid.org/0000-0002-4254-3658
http://orcid.org/0000-0002-6847-2835
http://orcid.org/0000-0002-2752-001X
http://orcid.org/0000-0001-9802-1122
http://orcid.org/0000-0002-0656-9033
http://orcid.org/0000-0002-7026-1383
http://orcid.org/0000-0003-2846-7625
http://orcid.org/0000-0002-3040-065X
http://orcid.org/0000-0003-1895-9319
http://orcid.org/0000-0002-7973-8061
http://orcid.org/0000-0002-1034-1058
http://orcid.org/0000-0001-7908-7214
http://orcid.org/0000-0002-5213-3783
http://orcid.org/0000-0001-7378-4350
http://orcid.org/0000-0003-0939-4272
http://orcid.org/0000-0002-1217-8418
http://orcid.org/0000-0002-8830-1486
http://orcid.org/0000-0002-0118-4214
http://orcid.org/0000-0003-3438-9774
http://orcid.org/0000-0001-5704-6163
http://orcid.org/0000-0002-0050-575X
http://orcid.org/0000-0002-8657-3576
http://orcid.org/0000-0002-5727-4454
http://orcid.org/0000-0001-8362-7164
http://orcid.org/0000-0002-3543-0313
http://orcid.org/0000-0003-4235-2445
http://orcid.org/0000-0002-6270-130X
http://orcid.org/0000-0002-2640-3794
http://orcid.org/0000-0001-9539-8370
http://orcid.org/0000-0003-3491-0232
http://orcid.org/0009-0007-9229-653X
http://orcid.org/0000-0002-7082-887X
http://orcid.org/0000-0001-7731-6757
http://orcid.org/0000-0003-3826-0329
http://orcid.org/0000-0002-9810-1816
http://orcid.org/0000-0002-8776-6759
http://orcid.org/0000-0002-2146-2648
http://orcid.org/0000-0002-5605-1662
http://orcid.org/0000-0002-9617-9986
http://orcid.org/0000-0003-1711-2044
http://orcid.org/0000-0002-6402-1674
http://orcid.org/0000-0001-5419-7951
http://orcid.org/0000-0002-4976-0460
http://orcid.org/0000-0003-2462-913X
http://orcid.org/0000-0001-8752-4293
http://orcid.org/0000-0001-8372-6031
http://orcid.org/0000-0003-2689-1123
http://orcid.org/0000-0001-8702-7991
http://orcid.org/0000-0003-2290-9672
http://orcid.org/0000-0003-4013-3468
http://orcid.org/0000-0003-0528-2724
http://orcid.org/0000-0002-6805-4721
http://orcid.org/0000-0001-8750-863X
http://orcid.org/0000-0002-1468-0479
http://orcid.org/0000-0003-3305-0576
http://orcid.org/0000-0002-8400-1566
http://orcid.org/0000-0002-6394-1081
http://orcid.org/0000-0002-6014-7552
http://orcid.org/0000-0002-8581-3312
http://orcid.org/0000-0003-0166-2105
http://orcid.org/0009-0001-8533-0783
http://orcid.org/0000-0002-3648-0830
http://orcid.org/0009-0005-5265-9792
http://orcid.org/0000-0003-1731-7939
http://orcid.org/0000-0003-0670-006X
http://orcid.org/0000-0002-8568-1487
http://orcid.org/0000-0003-0383-1451
http://orcid.org/0000-0003-1130-2197
http://orcid.org/0000-0001-9676-6059
http://orcid.org/0000-0001-9495-6115
http://orcid.org/0000-0002-5033-0580
http://orcid.org/0000-0002-1127-5144
http://orcid.org/0000-0002-0736-3061
http://orcid.org/0000-0001-7987-7558
http://orcid.org/0000-0002-0287-6124
http://orcid.org/0000-0002-4098-9592
http://orcid.org/0000-0001-9193-8106
http://orcid.org/0000-0003-0700-5448
http://orcid.org/0000-0002-2653-1366
http://orcid.org/0000-0003-1512-9715
http://orcid.org/0000-0003-1391-5384
http://orcid.org/0000-0002-1050-5649
http://orcid.org/0000-0003-3171-9125
http://orcid.org/0000-0002-5781-8933
http://orcid.org/0000-0001-5836-5211
http://orcid.org/0000-0002-4936-1152
http://orcid.org/0000-0002-8868-1730
http://orcid.org/0000-0001-8881-3943
http://orcid.org/0009-0006-8218-2566
http://orcid.org/0000-0002-3004-187X
http://orcid.org/0000-0002-1545-959X
http://orcid.org/0000-0001-6741-6199
http://orcid.org/0000-0003-3631-8398
http://orcid.org/0000-0003-3204-5847
http://orcid.org/0000-0003-3410-0731
http://orcid.org/0000-0001-6057-6018
http://orcid.org/0000-0002-9897-9506
http://orcid.org/0000-0002-2687-1950
http://orcid.org/0000-0003-2460-3327
http://orcid.org/0000-0002-8694-2853
http://orcid.org/0000-0002-9740-0574
http://orcid.org/0000-0002-1305-3377
http://orcid.org/0000-0002-3872-1917
http://orcid.org/0000-0001-6431-6360
http://orcid.org/0000-0002-2652-123X
http://orcid.org/0000-0001-6181-4583
http://orcid.org/0000-0002-4893-3729
http://orcid.org/0000-0003-0644-3227
http://orcid.org/0000-0002-5355-5996
http://orcid.org/0000-0003-4254-6012
http://orcid.org/0000-0002-8854-8905
http://orcid.org/0000-0003-0256-4320
http://orcid.org/0000-0003-1959-5676
http://orcid.org/0000-0003-3471-1751
http://orcid.org/0000-0001-7181-6785
http://orcid.org/0009-0003-3794-3408
http://orcid.org/0000-0002-1111-5597
http://orcid.org/0000-0002-4950-6665
http://orcid.org/0000-0002-6117-7307
http://orcid.org/0000-0002-5280-9464
http://orcid.org/0000-0002-9867-0453
http://orcid.org/0000-0002-7576-4019
http://orcid.org/0000-0001-8476-8188
http://orcid.org/0000-0002-8243-400X
http://orcid.org/0000-0003-1776-0498
http://orcid.org/0000-0001-5214-8865
http://orcid.org/0000-0001-7055-6467
http://orcid.org/0000-0002-9474-9332
http://orcid.org/0000-0003-3830-4889
http://orcid.org/0000-0002-2739-7453
http://orcid.org/0000-0001-6767-7698
http://orcid.org/0000-0002-6020-2304
http://orcid.org/0000-0002-0034-2567
http://orcid.org/0000-0003-4933-5058
http://orcid.org/0000-0003-2751-8515
http://orcid.org/0000-0001-6086-4116
http://orcid.org/0009-0006-0672-7771
http://orcid.org/0000-0002-6604-2938
http://orcid.org/0000-0002-2562-7163
http://orcid.org/0000-0002-9121-6629
http://orcid.org/0000-0003-3860-6545
http://orcid.org/0000-0001-8856-2777
http://orcid.org/0000-0002-6866-7085
http://orcid.org/0000-0003-2574-8560
http://orcid.org/0000-0002-9717-225X
http://orcid.org/0000-0003-3277-5268
http://orcid.org/0000-0003-0984-7593
http://orcid.org/0000-0003-1196-5943
http://orcid.org/0000-0003-4735-2014
http://orcid.org/0000-0003-4916-0446
http://orcid.org/0000-0003-4249-6641
http://orcid.org/0000-0002-2047-7020
http://orcid.org/0000-0003-4184-1335
http://orcid.org/0000-0001-7477-1148
http://orcid.org/0000-0002-5278-1203
http://orcid.org/0000-0001-7030-6468
http://orcid.org/0009-0007-5613-6520
http://orcid.org/0000-0002-4732-2408
http://orcid.org/0000-0003-3664-1240
http://orcid.org/0000-0002-0364-5758
http://orcid.org/0000-0003-2611-7840
http://orcid.org/0000-0003-3255-9514
http://orcid.org/0000-0003-0480-4850
http://orcid.org/0000-0002-1484-2546
http://orcid.org/0000-0002-6519-4526
http://orcid.org/0000-0002-5829-6284
http://orcid.org/0000-0001-7865-2357
http://orcid.org/0000-0002-8514-3777
http://orcid.org/0000-0003-2206-311X
http://orcid.org/0000-0001-9322-9565
http://orcid.org/0000-0002-6119-7535
http://orcid.org/0000-0001-8748-8448
http://orcid.org/0000-0003-2538-5798
http://orcid.org/0000-0001-7961-7190
http://orcid.org/0000-0001-8807-8811
http://orcid.org/0000-0002-5397-6782
http://orcid.org/0000-0002-7738-6066
http://orcid.org/0000-0001-6178-6623
http://orcid.org/0000-0001-5319-1128
http://orcid.org/0000-0002-0767-9736
http://orcid.org/0000-0002-5865-0677
http://orcid.org/0000-0002-4311-3166
http://orcid.org/0000-0002-4649-3221
http://orcid.org/0000-0001-7917-9661
http://orcid.org/0000-0001-6950-1477
http://orcid.org/0000-0001-7717-2765
http://orcid.org/0000-0001-9511-2846
http://orcid.org/0000-0002-0944-4340
http://orcid.org/0000-0002-1915-9543
http://orcid.org/0000-0002-7865-2856
http://orcid.org/0000-0002-9392-6157
http://orcid.org/0000-0002-9283-4541
http://orcid.org/0000-0003-1828-3881
http://orcid.org/0000-0001-9905-8031
http://orcid.org/0000-0002-2100-0726
http://orcid.org/0000-0002-4258-4062
http://orcid.org/0000-0001-6104-1496
http://orcid.org/0000-0002-7235-6976
http://orcid.org/0000-0001-6759-2504
http://orcid.org/0000-0003-0133-1664
http://orcid.org/0000-0002-5909-1379
http://orcid.org/0000-0001-6041-115X
http://orcid.org/0000-0001-7542-3073
http://orcid.org/0000-0002-6391-2205
http://orcid.org/0000-0002-3281-8136
http://orcid.org/0000-0001-6711-4465
http://orcid.org/0000-0003-4062-710X
http://orcid.org/0000-0002-6915-6607
http://orcid.org/0000-0002-2629-4735
http://orcid.org/0000-0002-2399-7646
http://orcid.org/0000-0003-3979-4330
http://orcid.org/0000-0002-5041-7651
http://orcid.org/0000-0003-0597-4878
http://orcid.org/0000-0003-4410-6889
http://orcid.org/0000-0003-4160-9333
http://orcid.org/0000-0002-8142-4678
http://orcid.org/0000-0002-4113-1539
http://orcid.org/0000-0001-6116-3944
http://orcid.org/0000-0002-4589-2626
http://orcid.org/0000-0002-5121-6923
http://orcid.org/0000-0002-2142-3673
http://orcid.org/0000-0002-1023-1086
http://orcid.org/0000-0002-4149-4137
http://orcid.org/0000-0001-5255-0619
http://orcid.org/0000-0001-6561-2145
http://orcid.org/0000-0001-8285-3346
http://orcid.org/0000-0001-5448-4213
http://orcid.org/0000-0002-2675-3567
http://orcid.org/0000-0002-5552-0842
http://orcid.org/0000-0001-5765-6308
http://orcid.org/0000-0002-8317-385X
http://orcid.org/0000-0001-9178-9921
http://orcid.org/0000-0002-9839-4065


Eur. Phys. J. C           (2024) 84:237 Page 15 of 17   237 

G. Wormser12 , S. A. Wotton51 , H. Wu64 , J. Wu7 , Y. Wu5 , K. Wyllie44 , S. Xian68, Z. Xiang4 , Y. Xie7 ,
A. Xu30 , J. Xu6 , L. Xu3 , L. Xu3 , M. Xu52 , Z. Xu10 , Z. Xu6 , Z. Xu4 , D. Yang3 , S. Yang6 , X. Yang5 ,
Y. Yang25,n , Z. Yang5 , Z. Yang62 , V. Yeroshenko12 , H. Yeung58 , H. Yin7 , C. Y. Yu5 , J. Yu67 , X. Yuan4 ,
E. Zaffaroni45 , M. Zavertyaev17 , M. Zdybal36 , M. Zeng3 , C. Zhang5 , D. Zhang7 , J. Zhang6 , L. Zhang3 ,
S. Zhang67 , S. Zhang5 , Y. Zhang5 , Y. Zhang59, Y. Z. Zhang3 , Y. Zhao18 , A. Zharkova39 , A. Zhelezov18 ,
X. Z. Zheng3 , Y. Zheng6 , T. Zhou5 , X. Zhou7 , Y. Zhou6 , V. Zhovkovska12 , L. Z. Zhu6 , X. Zhu3 ,
X. Zhu7 , Z. Zhu6 , V. Zhukov15,39 , J. Zhuo43 , Q. Zou4,6 , S. Zucchelli21,j , D. Zuliani29 , G. Zunica58

1 Centro Brasileiro de Pesquisas Físicas (CBPF), Rio de Janeiro, Brazil
2 Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
3 Center for High Energy Physics, Tsinghua University, Beijing, China
4 Institute Of High Energy Physics (IHEP), Beijing, China
5 School of Physics State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
6 University of Chinese Academy of Sciences, Beijing, China
7 Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China
8 Consejo Nacional de Rectores (CONARE), San Jose, Costa Rica
9 Université Savoie Mont Blanc, CNRS, IN2P3-LAPP, Annecy, France

10 Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France
11 Aix Marseille Univ, CNRS/IN2P3, CPPM, Marseille, France
12 Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France
13 Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique de Paris, Palaiseau, France
14 LPNHE, Sorbonne Université, Paris Diderot Sorbonne Paris Cité, CNRS/IN2P3, Paris, France
15 I. Physikalisches Institut, RWTH Aachen University, Aachen, Germany
16 Fakultät Physik, Technische Universität Dortmund, Dortmund, Germany
17 Max-Planck-Institut für Kernphysik (MPIK), Heidelberg, Germany
18 Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
19 School of Physics, University College Dublin, Dublin, Ireland
20 INFN Sezione di Bari, Bari, Italy
21 INFN Sezione di Bologna, Bologna, Italy
22 INFN Sezione di Ferrara, Ferrara, Italy
23 INFN Sezione di Firenze, Firenze, Italy
24 INFN Laboratori Nazionali di Frascati, Frascati, Italy
25 INFN Sezione di Genova, Genova, Italy
26 INFN Sezione di Milano, Milano, Italy
27 INFN Sezione di Milano-Bicocca, Milano, Italy
28 INFN Sezione di Cagliari, Monserrato, Italy
29 Università degli Studi di Padova, Università e INFN, Padova, Padova, Italy
30 INFN Sezione di Pisa, Pisa, Italy
31 INFN Sezione di Roma La Sapienza, Roma, Italy
32 INFN Sezione di Roma Tor Vergata, Roma, Italy
33 Nikhef National Institute for Subatomic Physics, Amsterdam, The Netherlands
34 Nikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam, The Netherlands
35 AGH - University of Science and Technology, Faculty of Physics and Applied Computer Science, Kraków, Poland
36 Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland
37 National Center for Nuclear Research (NCBJ), Warsaw, Poland
38 Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania
39 Affiliated with an institute covered by a cooperation agreement with CERN, Geneva, Switzerland
40 DS4DS, La Salle, Universitat Ramon Llull, Barcelona, Spain
41 ICCUB, Universitat de Barcelona, Barcelona, Spain
42 Instituto Galego de Física de Altas Enerxías (IGFAE), Universidade de Santiago de Compostela, Santiago de

Compostela, Spain
43 Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain
44 European Organization for Nuclear Research (CERN), Geneva, Switzerland

123

http://orcid.org/0000-0003-4077-6295
http://orcid.org/0000-0003-4543-8121
http://orcid.org/0000-0002-9337-3476
http://orcid.org/0000-0002-4282-0977
http://orcid.org/0000-0003-3192-0486
http://orcid.org/0000-0002-2699-2189
http://orcid.org/0000-0002-9700-3448
http://orcid.org/0000-0001-5012-4069
http://orcid.org/0000-0002-8521-1688
http://orcid.org/0000-0001-6950-5865
http://orcid.org/0000-0003-2800-1438
http://orcid.org/0000-0002-0241-5184
http://orcid.org/0000-0001-8885-565X
http://orcid.org/0000-0002-7531-6873
http://orcid.org/0000-0001-9558-1079
http://orcid.org/0000-0001-9602-4901
http://orcid.org/0009-0002-2675-4022
http://orcid.org/0000-0003-2505-0365
http://orcid.org/0000-0002-7481-3149
http://orcid.org/0000-0002-8917-2620
http://orcid.org/0000-0003-2937-9782
http://orcid.org/0000-0003-0572-2021
http://orcid.org/0000-0002-8771-0579
http://orcid.org/0000-0001-9869-5290
http://orcid.org/0000-0001-6977-8257
http://orcid.org/0000-0002-4393-2567
http://orcid.org/0000-0003-1230-3300
http://orcid.org/0000-0003-0468-3083
http://orcid.org/0000-0003-1714-9218
http://orcid.org/0000-0002-4655-715X
http://orcid.org/0000-0002-1701-9619
http://orcid.org/0000-0001-9717-1751
http://orcid.org/0000-0002-9865-8964
http://orcid.org/0000-0002-8826-9113
http://orcid.org/0000-0001-6010-8556
http://orcid.org/0000-0003-2279-8837
http://orcid.org/0000-0002-9794-4088
http://orcid.org/0000-0002-2385-0767
http://orcid.org/0000-0002-0157-188X
http://orcid.org/0000-0001-6346-8872
http://orcid.org/0000-0002-8185-3771
http://orcid.org/0000-0003-1237-4491
http://orcid.org/0000-0002-2344-9412
http://orcid.org/0000-0001-7647-7110
http://orcid.org/0000-0003-0322-9858
http://orcid.org/0000-0002-3804-9948
http://orcid.org/0009-0005-9485-9477
http://orcid.org/0000-0003-2035-3391
http://orcid.org/0000-0002-9812-4508
http://orcid.org/0000-0003-0609-6456
http://orcid.org/0000-0002-9573-4570
http://orcid.org/0000-0002-4485-1478
http://orcid.org/0000-0002-9211-3867
http://orcid.org/0000-0003-0159-291X
http://orcid.org/0000-0002-6227-3368
http://orcid.org/0000-0003-0038-5038
http://orcid.org/0000-0002-2411-1085
http://orcid.org/0000-0002-1478-4593
http://orcid.org/0000-0002-5972-6290


  237 Page 16 of 17 Eur. Phys. J. C           (2024) 84:237 

45 Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland
46 Physik-Institut, Universität Zürich, Zürich, Switzerland
47 NSC Kharkiv Institute of Physics and Technology (NSC KIPT), Kharkiv, Ukraine
48 Institute for Nuclear Research of the National Academy of Sciences (KINR), Kyiv, Ukraine
49 University of Birmingham, Birmingham, UK
50 H.H. Wills Physics Laboratory, University of Bristol, Bristol, UK
51 Cavendish Laboratory, University of Cambridge, Cambridge, UK
52 Department of Physics, University of Warwick, Coventry, UK
53 STFC Rutherford Appleton Laboratory, Didcot, UK
54 School of Physics and Astronomy, University of Edinburgh, Edinburgh, UK
55 School of Physics and Astronomy, University of Glasgow, Glasgow, UK
56 Oliver Lodge Laboratory, University of Liverpool, Liverpool, UK
57 Imperial College London, London, UK
58 Department of Physics and Astronomy, University of Manchester, Manchester, UK
59 Department of Physics, University of Oxford, Oxford, UK
60 Massachusetts Institute of Technology, Cambridge, MA, USA
61 University of Cincinnati, Cincinnati, OH, USA
62 University of Maryland, College Park, MD, USA
63 Los Alamos National Laboratory (LANL), Los Alamos, NM, USA
64 Syracuse University, Syracuse, NY, USA
65 School of Physics and Astronomy, Monash University, Melbourne, Australia associated to52

66 Pontifícia Universidade Católica do Rio de Janeiro (PUC-Rio), Rio de Janeiro, Brazil associated to2

67 School of Physics and Electronics, Hunan University, Changsha City, China associated to7

68 Guangdong Provincial Key Laboratory of Nuclear Science, Guangdong-Hong Kong Joint Laboratory of Quantum
Matter, Institute of Quantum Matter, South China Normal University, Guangzhou, China associated to3

69 Lanzhou University, Lanzhou, China associated to4

70 School of Physics and Technology, Wuhan University, Wuhan, China associated to3

71 Departamento de Fisica, Universidad Nacional de Colombia, Bogota, Colombia associated to14

72 Universität Bonn - Helmholtz-Institut für Strahlen und Kernphysik, Bonn, Germany associated to18

73 Eotvos Lorand University, Budapest, Hungary associated to44

74 INFN Sezione di Perugia, Perugia, Italy associated to22

75 Van Swinderen Institute, University of Groningen, Groningen, The Netherlands associated to33

76 Universiteit Maastricht, Maastricht, The Netherlands associated to33

77 Tadeusz Kosciuszko Cracow University of Technology, Cracow, Poland associated to36

78 Department of Physics and Astronomy, Uppsala University, Uppsala, Sweden associated to55

79 University of Michigan, Ann Arbor, Ann Arbor, MI, USAassociated to64

80 Departement de Physique Nucleaire (SPhN), Gif-Sur-Yvette, France

a Universidade de Brasília, Brasília, Brazil
b Centro Federal de Educacão Tecnológica Celso Suckow da Fonseca, Rio De Janeiro, Brazil
c Universidade Federal do Triângulo Mineiro (UFTM), Uberaba-MG, Brazil
d Central South U, Changsha, China
e Hangzhou Institute for Advanced Study, UCAS, Hangzhou, China
f LIP6, Sorbonne Universite, Paris, France
g Excellence Cluster ORIGINS, Munich, Germany
h Universidad Nacional Autónoma de Honduras, Tegucigalpa, Honduras
i Università di Bari, Bari, Italy
j Università di Bologna, Bologna, Italy

k Università di Cagliari, Cagliari, Italy
l Università di Ferrara, Ferrara, Italy

m Università di Firenze, Firenze, Italy
n Università di Genova, Genova, Italy
o Università degli Studi di Milano, Milano, Italy

123



Eur. Phys. J. C           (2024) 84:237 Page 17 of 17   237 

p Università di Milano Bicocca, Milano, Italy
q Università di Padova, Padova, Italy
r Università di Perugia, Perugia, Italy
s Scuola Normale Superiore, Pisa, Italy
t Università di Pisa, Pisa, Italy
u Università della Basilicata, Potenza, Italy
v Università di Roma Tor Vergata, Roma, Italy
w Università di Siena, Siena, Italy
x Università di Urbino, Urbino, Italy
y Universidad de Alcalá, Alcalá de Henares, Spain
z Universidade da Coruña, Coruña, Spain

∗Deceased

123


	Observation of  0b to +cD-s and -b to 0cD-s decays
	Abstract 
	1 Introduction
	2 Detector, samples and analysis strategy
	3 Event selections and efficiencies
	4 Signal yield determination and mass measurements
	4.1 Non-dicharm background

	5 Systematic uncertainties
	5.1 Uncertainties on the branching fraction
	5.1.1 Systematic uncertainties on the signal yield
	5.1.2 Systematic uncertainties on the efficiency

	5.2 Uncertainties on the Hb mass measurements

	6 Results
	7 Summary
	Acknowledgements
	Appendices
	A Non-dicharm contribution
	References


