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Studies of beauty baryon decays to D0ph− and Λþ
c h− final states

R. Aaij et al.*
(LHCb Collaboration)

(Received 20 November 2013; published 13 February 2014)

Decays of beauty baryons to the D0ph− and Λþ
c h− final states (where h indicates a pion or a kaon) are

studied using a data sample of pp collisions, corresponding to an integrated luminosity of 1.0 fb−1,
collected by the LHCb detector. The Cabibbo-suppressed decays Λ0

b → D0pK− and Λ0
b → Λþ

c K− are
observed, and their branching fractions are measured with respect to the decays Λ0

b → D0pπ− and
Λ0
b → Λþ

c π
−. In addition, the first observation is reported of the decay of the neutral beauty-strange baryon

Ξ0
b to theD

0pK− final state, and a measurement of the Ξ0
b mass is performed. Evidence of the Ξ0

b → Λþ
c K−

decay is also reported.

DOI: 10.1103/PhysRevD.89.032001 PACS numbers: 14.20.Mr, 13.30.Eg, 14.20.−c

I. INTRODUCTION

Although there has been great progress in studies of
beauty mesons, both at the B factories and hadron
machines, the beauty baryon sector remains largely unex-
plored. The quark model predicts seven ground-state
(JP ¼ 1

2
þ) baryons involving a b quark and two light

(u, d, or s) quarks [1]. These are the Λ0
b isospin singlet,

the Σb triplet, the Ξb strange doublet, and the doubly strange
state Ω−

b . Among these states, the Σ0
b baryon has not been

observed yet, while for the others the quantum numbers
have not been experimentally established, very few decay
modes have been measured, and fundamental properties
such as masses and lifetimes are in general poorly known.
Moreover, the Σ�

b and Ξ0
b baryons have been observed by a

single experiment [2,3]. It is therefore of great interest to
study b baryons and to determine their properties.
The decays of b baryons can be used to studyCP violation

and rare processes. In particular, the decay Λ0
b → D0Λ has

been proposed to measure the Cabibbo–Kobayashi–
Maskawa unitarity triangle angle γ [4–6], following an
approach analogous to that for B0 → DK�0 decays [7]. A
possible extension to the analysis of the D0Λ final state is to
use the Λ0

b → D0pK− decay, with the pK− pair originating
from the Λ0

b decay vertex. Such an approach can avoid
limitations due to the lower reconstruction efficiency of the
Λ decay. In addition, if the full phase space of the three-body
decay isused, the sensitivity to γmaybeenhanced, in a similar
manner to the Dalitz plot analysis of B0 → DKþπ− decays,
which offers certain advantages over the quasi-two-body
B0 → DK�0 analysis [8,9].

This paper reports the results of a study of beauty baryon
decays intoD0pπ−,D0pK−, Λþ

c π
−, and Λþ

c K− final states.1

A data sample corresponding to an integrated luminosity of
1.0 fb−1 is used, collected by the LHCb detector [10] in pp
collisions with center-of-mass energy of 7 TeV. Six
measurements are performed in this analysis, listed below.1

The decay mode Λ0
b → D0pπ− is the Cabibbo-favored

partner of Λ0
b → D0pK− with the same topology and

higher rate. We measure its rate using the mode
Λ0
b → Λþ

c π
− for normalization. To avoid dependence on

the poorly measured branching fraction of the Λþ
c →

pK−πþ decay, we quote the ratio

RΛ0
b→D0pπ− ≡ BðΛ0

b → D0pπ−Þ × BðD0 → K−πþÞ
BðΛ0

b → Λþ
c π

−Þ × BðΛþ
c → pK−πþÞ : (1)

The D0 meson is reconstructed in the favored final state
K−πþ and the Λþ

c baryon in the pK−πþ mode. In this way,
the Λ0

b → Λþ
c π

− and Λ0
b → D0pπ− decays have the same

final state particles, and some of the systematic uncertain-
ties, in particular those related to particle identification
(PID), cancel in the ratio. The branching fraction of the
Cabibbo-suppressed Λ0

b → D0pK− decay mode is mea-
sured with respect to that of Λ0

b → D0pπ−:

RΛ0
b→D0pK− ≡ BðΛ0

b → D0pK−Þ
BðΛ0

b → D0pπ−Þ : (2)

The Cabibbo-suppressed decay Λ0
b → Λþ

c K− is also stud-
ied. This decay has been considered in various analyses as a
background component [11,12], but a dedicated study has
not been performed so far. We measure the ratio

RΛ0
b→Λþ

c K− ≡ BðΛ0
b → Λþ

c K−Þ
BðΛ0

b → Λþ
c π

−Þ : (3)
* Full author list given at the end of the article.
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The heavier beauty-strange Ξ0
b baryon can also decay

into the final states D0pK− and Λþ
c K− via b → cūd color-

suppressed transitions. Previously, the Ξ0
b baryon has only

been observed in one decay mode, Ξ0
b → Ξþ

c π
− [3]; thus, it

is interesting to study other final states, as well as to
measure its mass more precisely. Here we report measure-
ments of the ratios of rates for Ξ0

b → D0pK−,

RΞ0
b→D0pK− ≡ fΞ0

b
× BðΞ0

b → D0pK−Þ
fΛ0

b
× BðΛ0

b → D0pK−Þ ; (4)

and Ξ0
b → Λþ

c K− decays,

RΞ0
b→Λþ

c K− ≡ BðΞ0
b → Λþ

c K−Þ × BðΛþ
c → pK−πþÞ

BðΞ0
b → D0pK−Þ × BðD0 → K−πþÞ ; (5)

where fΞ0
b
and fΛ0

b
are the fragmentation fractions of the b

quark to Ξ0
b and Λ

0
b baryons, respectively. The difference of

Ξ0
b and Λ0

b masses, mΞ0
b
−mΛ0

b
, is also measured.

II. DETECTOR DESCRIPTION

The LHCb detector [10] 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
consisting 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. The combined
tracking system provides a momentum measurement with
relative uncertainty that varies from 0.4% at 5 GeV=c to
0.6% at 100 GeV=c and impact parameter (IP) resolution
of 20 μm for tracks with high transverse momentum (pT).
Charged hadrons are identified using two ring-imaging
Cherenkov (RICH) detectors [13]. Photon, electron,
and hadron candidates are identified by a calorimeter
system consisting of scintillating-pad and preshower detec-
tors, an electromagnetic calorimeter, and a hadronic calo-
rimeter. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional
chambers [14].
The trigger [15] 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. Events used in this analysis are required to
satisfy at least one hardware trigger requirement: a final-
state particle has to deposit energy in the calorimeter
system above a certain threshold, or the event has to be
triggered by any of the requirements not involving the
signal decay products. The software trigger requires a two-,
three-, or four-track secondary vertex with a high sum of pT
of the tracks and a significant displacement from the

primary pp interaction vertices (PVs). At least one track
should have pT > 1.7 GeV=c and χ2IP with respect to any
PV greater than 16, where χ2IP is defined as the difference in
χ2 of a given PV reconstructed with and without the
considered track. A multivariate algorithm [16] is used
for the identification of secondary vertices consistent with
the decay of a b hadron.
In the simulation, pp collisions are generated using

PYTHIA 6.4 [17] with a specific LHCb configuration [18].
Decays of hadronic particles are described by EVTGEN

[19]; the interaction of the generated particles with the
detector and its response are implemented using the
GEANT4 toolkit [20,21] as described in Ref. [22].

III. SELECTION CRITERIA

The analysis uses four combinations of final-state
particles to form the b-baryon candidates: Λþ

c π
−,

D0pπ−, Λþ
c K−, and D0pK−. The D0 mesons are recon-

structed in the K−πþ final state, and Λþ
c baryons are

reconstructed from pK−πþ combinations. In addition,
the combinations with the D0 meson of opposite flavor
(i.e., D̄0pπ− and D̄0pK− with D̄0 → Kþπ−) are selected to
better constrain the shape of the combinatorial background
in D0ph− final states. These decay modes correspond to
either doubly Cabibbo-suppressed decays of the D0, or to
b → u transitions in theΛ0

b and Ξ
0
b decays, and are expected

to contribute a negligible amount of signal in the current
data sample.
The selection of b-baryon candidates is performed in two

stages: the preselection and the final selection. The pre-
selection is performed to select events containing a beauty
hadron candidate with an intermediate charm state. It
requires that the tracks forming the candidate, as well as
the beauty and charm vertices, have good quality and are
well separated from any PV, and the invariant masses of the
beauty and charm hadrons are in the region of the known
values of the masses of the corresponding particles. The
preselection has an efficiency of 95%–99% for the signal
depending on the decay mode.
Two different sets of requirements are used for the final

selection. The ratio RΛ0
b→D0pπ− is measured by fitting the

invariant mass distribution for candidates obtained with a
loose selection to minimize the systematic uncertainty.
The signal yields of these decays are large, and the
uncertainty in the ratio is dominated by systematic effects.
The ratios RΛ0

b→D0pK− and RΛ0
b→Λþ

c K− are less affected by
systematic uncertainties since the topologies of the decays
are the same. A tight multivariate selection is used in
addition to the loose selection requirements when meas-
uring these ratios, as well as the ratios of the Ξ0

b
decay rates.
The loose selection requires that the invariant masses of

the intermediate Λþ
c and D0 candidates are within

25 MeV=c2 of their known masses [1], and the decay
time significance of the D0 meson from the Λ0

b → D0pπ−
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decay is greater than one standard deviation. The decay
time significance is defined as the measured decay time
divided by its uncertainty for a given candidate. The final-
state particles are required to satisfy PID criteria based on
information from the RICH detectors [13]. Pion candidates
are required to have a value DLLKπ < 5 for the difference
of logarithms of likelihoods between the kaon and pion
hypotheses; the efficiency of this requirement is about
95%. The requirement for kaon candidates of DLLKπ > 0
is about 97% efficient. The protons are required to satisfy
DLLpπ > 5 and DLLpK > 0. The corresponding effi-
ciency is approximately 88%. The momentum of each
final-state track is required to be less than 100 GeV=c,
corresponding to the range of good separation between
particle types.
For candidates passing the above selections, a kinematic

fit is performed [23]. The fit employs constraints on the
decay products of the Λ0

b, Λ
þ
c , and D0 particles to originate

from their respective vertices, the Λ0
b candidate to originate

from the PV, and the Λþ
c and D0 invariant masses to

be equal to their known values [1]. A momentum scale
correction is applied in the kinematic fit to improve the
mass measurement as described in Ref. [24]. The momen-
tum scale of the detector has been calibrated using inclusive
J=ψ → μþμ− decays to account for the relative momentum
scale between different data taking periods, while the
absolute calibration is performed with Bþ → J=ψKþ

decays.
The tight selection is based on a boosted decision tree

(BDT) [25] trained with the gradient boost algorithm. The
D0ph− selection is optimized using simulated D0pK−
signal events and combinations with opposite-flavor D0

candidates (D̄0pK−) in data as a background estimate. The
optimization of the Λþ

c h− selection is performed with a
similar approach, with the Λþ

c Kþ candidates as the back-
ground training sample. The optimization criteria for
the BDTs are the maximum expected statistical signifi-
cances of the Λ0

b → D0pK− and Λ0
b → Λþ

c K− signals,
Sstat ¼ Nsig=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nsig þ Nbck

p
, where Nsig and Nbck are the

expected numbers of signal and background events. The
expected number of events for the optimization is taken
from the observed yields in the Λ0

b → Λþ
c π

− and Λ0
b →

D0pπ− modes scaled by the Cabibbo-suppression factor.
The variables that enter the BDT selection are the follow-
ing: the quality of the kinematic fit (χ2fit=ndf, where ndf is
the number of degrees of freedom in the fit); the minimum
IP significance χ2IP of the final-state and intermediate charm
particles with respect to any PV; the lifetime significances
of the Λ0

b and intermediate charm particles; and the PID
variables (DLLpπ and DLLpK) for the proton candidate.
The D0ph− selection has a signal efficiency of 72% on
candidates passing the loose selection while retaining 11%
of the combinatorial background. The Λþ

c h− selection is
99.5% efficient and retains 65% of the combinatorial
background.

In approximately 2% of events, more than one
candidate passes the selection. In these cases, only the
candidate with the minimum χ2fit=ndf is retained for further
analysis.
Several vetoes are applied for both the loose and tight

selections to reduce backgrounds. To veto candidates
formed from J=ψ → μþμ− combined with two tracks, at
least one of the pion candidates in Λþ

c π
− and D0pπ−

combinations is required not to have hits in the muon
chambers. For D0ph− combinations, a Λþ

c → pπþh− veto
is applied: the invariant mass of the pπþh− combination is
required to differ from the nominal Λþ

c mass by more than
20 MeV=c2. This requirement rejects the background from
Λ0
b → Λþ

c K− decays. Cross-feed between Λ0
b → D0ph−

and Λ0
b → Λþ

c π
− decays does not occur since the invariant

mass of the D0p combination in Λ0
b → D0ph− decays is

greater than the Λþ
c invariant mass.

IV. DETERMINATION OF SIGNAL YIELDS

The signal yields are obtained from extended maximum
likelihood fits to the unbinned invariant mass distributions.
The fit model includes signal components (Λ0

b only for
Λþ
c π

− and D0pπ− final states and both Λ0
b and Ξ0

b for
D0pK− and Λþ

c K− final states) as well as various back-
ground contributions. The ratio RΛ0

b→D0pπ− is obtained from
the combined fit of the Λþ

c π
− and D0pπ− invariant mass

distributions of candidates that pass the loose selection,
while the other quantities are determined from the simulta-
neous fit of the Λþ

c h−, D0ph−, and D̄0ph− (h ¼ π or K)
invariant mass distributions passing the tight BDT-based
selection requirements.
The shape of each signal contribution is taken from

simulation and is parametrized using the sum of two
Crystal Ball (CB) functions [26]. In the fit to data, the
widths of each signal component are multiplied by a
common scaling factor that is left free. This accounts for
the difference between the invariant mass resolution
observed in data and simulation. The masses of the Λ0

b
and Ξ0

b states are also free parameters. Their mean values as
reconstructed in the D0ph− and Λþ

c h− spectra are allowed
to differ by an amount ΔM (which is the same for Λ0

b and
Ξ0
b masses) to account for possible imperfect calibration of

the momentum scale in the detector. The mass difference
ΔM obtained from the fit is consistent with zero.
The background components considered in the analysis

are subdivided into three classes: random combinations of
tracks, or genuine D0 or Λþ

c decays combined with
random tracks (combinatorial background); decays where
one or more particles are incorrectly identified (misiden-
tification background); and decays where one or more
particles are not reconstructed (partially reconstructed
background).
The combinatorial background is parametrized with a

quadratic function. The shapes are constrained to be the
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same for the D0ph− signal and D̄0ph− background
combinations. The D̄0pπ− fit model includes only the
combinatorial background component, while in the
D̄0pK− model, the Λ0

b → D̄0pK− signal and partially
reconstructed background are included with varying
yields to avoid biasing the combinatorial background
shape. The two contributions are found to be consistent
with zero, as expected.
Contributions of charmed B decays with misidentified

particles are studied using simulated samples. The
B̄0
s → Dþ

s h− and B̄0 → Dþh− decay modes are considered
as Λþ

c h− backgrounds, while B̄0 → D0πþπ−, B̄0 →
D0KþK− [27], and B̄0

s → D0Kþπ− [28] are possible
backgrounds in the D0ph− spectra. These contributions
toD0ph− modes are found to be negligible and thus are not
included in the fit model, while the B̄0

ðsÞ → Dþ
ðsÞπ

− com-
ponent is significant and is included in the fit. The
ratio between B̄0

s → Dþ
s π

− and B̄0 → Dþπ− contributions
is fixed from the measured ratio of their event yields [29].
Contributions to D0pK− and Λþ

c K− spectra from the
Λ0
b → D0pπ− and Λ0

b → Λþ
c π

− modes, respectively, with
the pion misidentified as a kaon (K=π misidentification
backgrounds) are obtained by parametrizing the simulated
samples with a CB function. In the case of the Λ0

b →
D0pπ− background, the squared invariant mass of the
D0p combination,M2ðD0pÞ, is required to be smaller than
10 GeV2=c4. This accounts for the dominance of
events with low D0p invariant masses observed in data.
In the case of the Λþ

c π
− spectrum, the Λ0

b → Λþ
c K−

contribution with the kaon misidentified as a pion is also
included. In all cases, the nominal selection requirements,
including those for PID, are applied to the simulated
samples.
Partially reconstructed backgrounds, such as Λ0

b →
D�0pπ−, D�0 → D0π0=γ decays, or Λ0

b → Σþ
c π

−, Σþ
c →

Λþ
c π

0 decays, contribute at low invariant mass.
Simulation is used to check that these backgrounds

are well separated from the signal region. However, their
mass distribution is expected to depend strongly on the
unknown helicity structure of these decays. Therefore,
an empirical probability density function (PDF), a
bifurcated Gaussian distribution with free parameters,
is used to parametrize them. The shapes of the back-
grounds are constrained to be the same for the D0pK−
and D0pπ− decay modes as well as for the Λþ

c K− and
Λþ
c π

− decay modes.
Backgrounds from partially reconstructed Λ0

b → D�0pπ−
and Λ0

b → Σþ
c π

− decays with the pion misidentified as a
kaon contribute to the D0pK− and Λþ

c K− mass spectra,
respectively. These backgrounds are parametrized with CB
functions fitted to samples simulated assuming that the
amplitude is constant across the phase space. Their yields
are constrained from the yields of partially reconstructed
components in the D0pπ− and Λþ

c π
− spectra taking into

account the K=π misidentification probability.
Charmless Λ0

b → pK−πþh− backgrounds, which have
the same final state as the signal modes but no intermediate
charm vertex, are studied with the Λ0

b invariant mass fit to
data from the sidebands of the D0 → K−πþ invariant mass
distribution: 50 < jMðK−πþÞ − mD0 j < 100 MeV=c2.
Similar sidebands are used in the Λþ

c → pK−πþ invariant
mass. A significant contribution is observed in the D0pπ−
mode. Hence, for theD0ph− combinations, theD0 vertex is
required to be downstream of Λ0

b vertex, and the D0 decay
time must differ from zero by more than one standard
deviation. The remaining contribution is estimated from the
Λ0
b invariant mass fit in the sidebands. The Λ0

b → D0pπ−
yield obtained from the fit is corrected for a small residual
charmless contribution, while in other modes the contri-
bution of this background is consistent with zero.
The Λþ

c π
− and D0pπ− invariant mass distributions

obtained with the loose selection are shown in Fig. 1 with
the fit result overlaid. The Λ0

b yields obtained from the fit to
these spectra are presented in Table I. Figures 2 and 3 show
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FIG. 1 (color online). Distributions of invariant mass for (a) Λþ
c π

− and (b) D0pπ− candidates passing the loose selection (points with
error bars) and results of the fit (solid line). The signal and background contributions are shown.
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the invariant mass distributions for the D0ph− and Λþ
c h−

modes after the tight BDT-based selection. The Λ0
b and Ξ0

b
yields, as well as their masses, obtained from the fit are
given in Table II. The raw masses obtained in the fit are
used to calculate the difference of Ξ0

b and Λ0
b masses,

mΞ0
b
−mΛ0

b
¼ 174:8� 2.3 MeV=c2, which is less affected

by the systematic uncertainty due to knowledge of the
absolute mass scale.
Figures 4 and 5 show the Dalitz plot of the three-body

decay Λ0
b → D0pπ− and the projections of the two

invariantmasses,where resonant contributions are expected.
In the projections, the background is subtracted using the
sPlot technique [30]. The distributions show an increased
density of events in the low MðD0pÞ region, where a
contribution from excited Λþ

c states is expected. The
Λcð2880Þþ state is apparent in this projection. Structures
in thepπ− combinations are also visible. TheDalitz plot and
projections of D0p and pK− invariant masses for the
Λ0
b → D0pK− mode are shown in Fig. 6. The distributions

for the Λ0
b → D0pK− mode exhibit similar behavior with

the dominance of a low MðD0pÞ contribution and an
enhancement in the low MðpK−Þ region.
V. CALCULATION OF BRANCHING FRACTIONS

The ratios of branching fractions are calculated from the
ratios of yields of the corresponding decays after applying
several correction factors,

R ¼ Ni

Nj

εjsel
εisel

εjPID
εiPID

εjPS
εiPS

; (6)

where Ni is the yield for the ith decay mode, εisel is
its selection efficiency excluding the PID efficiency, εiPID
is the efficiency of the PID requirements, and εiPS is the
phase-space acceptance correction defined below.
The trigger, preselection, and final selection efficiencies

that enter εsel are obtained using simulated signal samples.
The selection efficiency is calculated without the PID
requirements applied, except for the proton PID in the
tight selection, which enters the multivariate discriminant.
Since the multiplicities of all the final states are the same,
and the kinematic distributions of the decay products are
similar, the uncertainties in the efficiencies largely cancel in
the quoted ratios of branching fractions.
The efficiencies of PID requirements for kaons and

pions are obtained with a data-driven procedure using
a large sample of D�þ → D0πþ, D0 → K−πþ decays.
The calibration sample is weighted to reproduce the
kinematic properties of the decays under study taken from
simulation.
For protons, however, the available calibration sample

Λ → pπ− does not cover the full range in momentum-
pseudorapidity space that the protons from the signal
decays populate. Thus, in the case of the calculation of
the ratio of Λ0

b → Λþ
c π

− and Λ0
b → D0pπ− branching

fractions, the ratio of proton efficiencies is taken from
simulation. For the calculation of the ratios BðΛ0

b →
D0pK−Þ=BðΛ0

b → D0pπ−Þ and BðΛ0
b → Λþ

c K−Þ=
BðΛ0

b → Λþ
c π

−Þ, where the kinematic properties of the
proton track for the decays in the numerator and
denominator are similar, the efficiencies are taken to
be equal.
The simulated samples used to obtain the selection

efficiency are generated with phase-space models for the
three-body Λ0

b → D0ph− and Λþ
c → pK−πþ decays. The

TABLE I. Results of the fit to the invariant mass distribution of
Λ0
b → Λþ

c π
− and Λ0

b → D0pπ− candidates passing the loose
selection. The uncertainties are statistical only.

Decay mode Yield

Λ0
b → D0pπ− 3383� 94

Λ0
b → Λþ

c π
− 50 301� 253

]2c) [MeV/−πp0(DM

5400 5500 5600 5700 5800 5900 5400 5500 5600 5700 5800 5900

)2 c
C

an
di

da
te

s 
/ (

10
 M

eV
/

]2c) [MeV/−pK0(DM

)2 c
C

an
di

da
te

s 
/ (

10
 M

eV
/

0

100

200

300

400

500

600

700

800

0

10

20

30

40

50

60

70

80LHCb
 signal−πp0 D→0

bΛ
Combinatorial
Partially rec.(a)

LHCb
signal−pK0D→0

bΛ
Combinatorial
Partially rec.

−πp0D→0
bΛ

−πp*0D→0
bΛ

signal-pK0D→0
bΞ

(b)

FIG. 2 (color online). Distributions of invariant mass for (a)D0pπ− and (b)D0pK− candidates passing the tight selection (points with
error bars) and results of the fit (solid line). The signal and background contributions are shown.
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three-body distributions in data are, however, significantly
nonuniform. Therefore, the efficiency obtained from the
simulation has to be corrected for the dependence on

the three-body decay kinematic properties. In the case
of Λ0

b → D0pπ− decays, the relative selection efficiency as
a function of D0p and pπ− squared invariant masses
ε½M2ðD0pÞ;M2ðpπ−Þ� is determined from the phase-space
simulated sample and parametrized with a polynomial
function of fourth order. The function ε½M2ðD0pÞ;
M2ðpπ−Þ� is normalized such that its integral is unity over
the kinematically allowed phase space. The efficiency
correction factor εPS is calculated as

εPS ¼
P

iwiP
iwi=ε½M2

i ðD0pÞ;M2
i ðpπ−Þ�

; (7)

where M2
i ðD0pÞ and M2

i ðpπ−Þ are the squared invariant
masses of the D0p and pπ− combinations for the ith event
in data and wi is its signal weight obtained from the
MðD0ph−Þ invariant mass fit. The correction factor for the
Λþ
c → pK−πþ decay is calculated similarly.
Since the three-body decays Λþ

c → pK−πþ and Λ0
b →

D0ph− involve particles with nonzero spin in the initial and
final states, the kinematic properties of these decays are
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FIG. 3 (color online). Distributions of invariant mass for (a) Λþ
c π

− and (b) Λþ
c K− candidates passing the tight selection (points with

error bars) and results of the fit (solid line). The signal and background contributions are shown. The same distributions are magnified in
(c) and (d) to better distinguish background components and Ξ0

b → Λþ
c K− signal.

TABLE II. Results of the fit to the invariant mass distributions
of Λ0

b → Λþ
c h− and Λ0

b → D0ph− candidates passing the tight
selection. The uncertainties are statistical only.

Decay mode Yield

Λ0
b → D0pπ− 2452� 58

Λ0
b → Λþ

c π
− 50 072� 253

Λ0
b → D0pK− 163� 18

Λ0
b → Λþ

c K− 3182� 66

Ξ0
b → D0pK− 74� 13

Ξ0
b → Λþ

c K− 62� 20

Particle Mass ½MeV=c2�
Λ0
b 5618:7� 0.1

Ξ0
b 5793:5� 2.3
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described by angular variables in addition to the two Dalitz
plot variables. The variation of the selection efficiency with
the angles can thus affect the measurement. We use three
independent variables to parametrize the angular phase
space, similar to those used in Ref. [31] for the analysis
of the Λþ

c → pK−πþ decay. The variables are defined in the
rest frame of the decaying Λ0

b or Λ
þ
c baryons, with the x axis

given by their direction in the laboratory frame, the

polarization axis z given by the cross product of the beam
and x axes, and the y axis given by the cross product of the z
and x axes. The three variables are the cosine of the polar
angle θp of the proton momentum in this reference frame,
the azimuthal angle φp of the proton momentum in the
reference frame, and the angle between the D0h− plane
(for Λ0

b → D0ph−) or K−πþ plane (for Λþ
c → pK−πþ) and

the plane formed by the proton and polarization axis.
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FIG. 4. Dalitz plot of Λ0
b → D0pπ− candidates in (a) the full phase space region and magnified regions of (b) low M2ðD0pÞ and

(c) low M2ðpπ−Þ.
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STUDIES OF BEAUTY BARYON DECAYS TO … PHYSICAL REVIEW D 89, 032001 (2014)

032001-7



The angular acceptance corrections are calculated from
background-subtracted angular distributions obtained from
the data. The distributions are similar to those obtained from
the simulation of unpolarized Λ0

b decays, supporting the
observation of small Λ0

b polarization in pp collisions [32].
The angular corrections are found to be negligible and are
not used in the calculation of the ratios of branching
fractions.
The values of the efficiency correction factors are given

in Table III. The values of the branching fraction ratios
defined in Eqs. (2–5), obtained after corrections as
described above, and their statistical uncertainties are given
in Table IV.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the measurements of the
ratios of branching fractions are listed in Table IV.
The uncertainties due to the description of signal and

background contributions in the invariant mass fit model
are estimated as follows:
(i) The uncertainty due to the parametrization of the

signal distributions is obtained by using an alternative
description based on a double-Gaussian shape, or a
triple-Gaussian shape in the case of Λ0

b → Λþ
c π

−.
(ii) To determine the uncertainty due to the combinatorial

background parametrization, an alternative model with
an exponential distribution is used instead of the
quadratic polynomial function.

(iii) The uncertainty in the parametrization of the back-
grounds from B meson decays with misidentified

particles in the final state is estimated by removing the
B̄0
ðsÞ → Dþ

ðsÞπ
− contribution. The uncertainty due to the

parametrizaton of the K=π misidentification back-
ground is estimated by using the shapes obtained with-
out the PID requirements and without rejecting the
eventswith theD0p invariantmass squared greater than
10 GeV2=c4 in the fit to the simulated sample.

(iv) The uncertainty due to the partially reconstructed
background is estimated by fitting the invariant mass
distributions in the reduced range of 5500–5900 MeV=
c2 and by excluding the contributions of partially
reconstructed backgrounds with K=π misidentification
from the fit for D0pK− and Λþ

c K− combinations.
(v) The uncertainty due to the charmless background

component Λ0
b → pK−πþh− is estimated from the fit

of the D0ph− (Λþ
c h−) invariant mass distributions in

the sidebands of the D0 (Λþ
c ) candidate invari-

ant mass.
A potential source of background that is not included in

the fit comes from Ξ0
b baryon decays into D�0pK− or

similar final states, which differ from the reconstructed
D0pK− state by missing low-momentum particles. Such
decays can contribute under the Λ0

b → D0pK− signal peak.
The possible contribution of these decays is estimated
assuming that BðΞ0

b → D�0pK−Þ=BðΞ0
b → D0pK−Þ is

equal to BðΛ0
b → D�0pK−Þ=BðΛ0

b → D0pK−Þ and that
the selection efficiencies for Ξ0

b and Λ0
b decays are the

same. The one-sided systematic uncertainty due to this
effect is added to the background model uncertainty for the
Λ0
b → D0pK− decay mode.
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FIG. 6. (a) Λ0
b → D0pK− Dalitz plot and background-subtracted distributions of (b) MðpK−Þ and (c) MðD0pÞ invariant masses. The

distributions are not corrected for efficiency.

TABLE III. Efficiency correction factors used to calculate the ratios of branching fractions.

Correction factor RΛ0
b→D0pπ− RΛ0

b→D0pK− RΛ0
b→Λþ

c K− RΞ0
b→D0pK− RΞ0

b→Λþ
c K−

εisel=ε
j
sel 1.18 1.01 0.99 0.97 0.68

εiPID=ε
j
PID 0.98 1.06 1.17 – 1.07

εiPS=ε
j
PS 1.03 1.02 – – 0.92
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The trigger efficiency uncertainty is dominated by the
difference of the transverse energy threshold of the hard-
ware-stage trigger observed between simulation and data. It
is estimated by varying the transverse energy threshold in
the simulation by 15%. In the case of measuring the ratios
RΛ0

b→D0pK− and RΛ0
b→Λþ

c K− , one also has to take into account
the difference of hadronic interaction cross section for
kaons and pions before the calorimeter. This difference is
studied using a sample of Bþ → D̄0πþ, D̄0 → Kþπ−
decays that pass the trigger decision independent of the
final-state particles of these decays. The difference was
found to be 4.5% for D0ph− and 2.5% for Λþ

c h−. Since
only about 13% of events are triggered exclusively by the
h− particle, the resulting uncertainty is low.
The uncertainty due to track reconstruction efficiency

cancels to a good approximation for the quoted ratios
since the track multiplicities of the decays are the same.
However, for the ratios RΛ0

b→D0pK− and RΛ0
b→Λþ

c K− , the
difference in the hadronic interaction rate for kaons and
pions in the tracker can bias the measurement. A systematic
uncertainty is assigned taking into account the rate of
hadronic interactions in the simulation and the uncertainty
on the knowledge of the amount of material in the LHCb
tracker.
The uncertainty in the selection efficiency obtained from

simulation is evaluated by scaling the variables that enter
the offline selection. The scaling factor is chosen from the
comparison of the distributions of these variables in
simulation and in a background-subtracted Λ0

b → Λþ
c π

−
sample. In addition, the uncertainty due to the finite size of
the simulation samples is assigned.
The uncertainty of the phase-space efficiency correction

includes four effects. The statistical uncertainty on the
correction factor is determined by the data sample size and
variations of the efficiency over the phase space. The
uncertainty in the parametrization of the efficiency shape is

estimated by using an alternative parametrization with a
third-order rather than a fourth-order polynomial. The
correlation of the efficiency shape and invariant mass of
Λ0
b (Ξ0

b) candidates is estimated by calculating the effi-
ciency shape in three bins of Λ0

b (Ξ0
b) mass separately and

using one of the three shapes depending on the invariant
mass of the candidate. The uncertainty due to the difference
of the Λ0

b (Ξ
0
b) kinematic properties between simulation and

data is estimated by using the efficiency shape obtained
after weighting the simulated sample using the momentum
distribution of Λ0

b (Ξ0
b) from background-subtracted Λ0

b →
Λþ
c π

− data.
Corrections due to the angular acceptance in the calcu-

lation of ratios of branching fractions are consistent with
zero. The central values quoted do not include these
corrections, while the systematic uncertainty is evaluated
by taking the maximum of the statistical uncertainty for the
correction, determined by the size of the data sample, and
the deviation of its central value from unity.
The uncertainty in the PID response is calculated differ-

ently for the ratio of Λ0
b → D0pπ− and Λ0

b → Λþ
c π

−
branching fractions using loose selection and for the
measurements using tight BDT-based selections. For the
ratio of Λ0

b → D0pπ− and Λ0
b → Λþ

c π
− branching fractions,

RΛ0
b→D0pπ− , the uncertainty due to the pion and kaon PID

requirements is estimated by scaling the PID variables
within the limits given by the comparison of distributions
from the reweighted calibration sample and the back-
ground-subtracted Λ0

b → Λþ
c π

− data. The dominant con-
tribution to the PID uncertainty comes from the uncertainty
in the proton PID efficiency ratio, which is caused by the
difference in kinematic properties of the proton from Λ0

b →
D0pπ− and Λ0

b → Λþ
c π

− decays. The proton efficiency
ratio in this case is taken from simulation, and the
systematic uncertainty is estimated by taking this ratio to
be equal to 1. In the case of measuring the ratios RΛ0

b→D0pK−

TABLE IV. Measured ratios of branching fractions, with their statistical and systematic uncertainties in
units of 10−2.

RΛ0
b→D0pπ− RΛ0

b→D0pK− RΛ0
b→Λþ

c K− RΞ0
b→D0pK− RΞ0

b→Λþ
c K−

Central value 8.06 7.27 7.31 44.3 57
Statistical uncertainty 0.23 0.82 0.16 9.2 22

Systematic uncertainties
Signal model 0.03 0.03 0.05 0.2 3
Background model 0.07 þ0.34−0.54 0.09 5.0 20
Trigger efficiency 0.01 0.08 0.07 <0.1 <1
Reconstruction efficiency <0.01 0.04 0.04 <0.1 <1
Selection efficiency 0.12 0.01 <0.01 <0.1 <1
Simulation sample size 0.06 0.07 0.08 0.6 <1
Phase space acceptance 0.07 0.04 – <0.1 <1
Angular acceptance 0.15 0.29 – 3.5 4
PID efficiency 0.26 0.11 0.04 – 1

Total systematic uncertainty 0.35 þ0.48−0.64 0.16 6.0 21
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and RΛ0
b→Λþ

c K− , the uncertainty due to the proton PID and
the tracks coming from the D0 or Λþ

c candidates is
negligible due to similar kinematic distributions of the
decays in the numerator and denominator. The dominant
contribution comes from the PID efficiency ratio for the
kaon or pion track from the Λ0

b vertex; this is estimated by
scaling the PID distribution as described above. In addition,
there are contributions due to the finite size of the PID
calibration sample and the uncertainty due to assumption
that the PID efficiency for the individual tracks factorizes in
the total efficiency. The latter is estimated with simulated
samples.
Since the results for the Λ0

b decay modes are all ratios to
other Λ0

b decays, there is no systematic bias introduced by
the dependence of the efficiency on the Λ0

b lifetime and the
fact that the value used in the simulation (1.38 ps) differs
from the latest measurement [33]. We also do not assign
any systematic uncertainty due to the lack of knowledge of
the Ξ0

b lifetime, which is as yet unmeasured (a value of
1.42 ps is used in the simulation).
The dominant systematic uncertainties in the measure-

ment of the Ξ0
b and Λ0

b mass difference (see Table V)
come from the uncertainties of the signal and background
models and are estimated from the same variations
of these models as in the calculation of branching fractions.
The uncertainty due to the momentum scale calibration
partially cancels in the quoted difference of Ξ0

b and Λ0
b

masses; the residual contribution is estimated by varying
the momentum scale factor within its uncertainty of
0.3% [24].

VII. SIGNAL SIGNIFICANCE AND FIT
VALIDATION

The statistical significance of the Λ0
b → D0pK−,

Ξ0
b → D0pK−, and Ξ0

b → Λþ
c K− signals, expressed in

terms of equivalent number of standard deviations (σ), is
evaluated from the maximum likelihood fit as

Sstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi−2Δ ln L

p
; (8)

where Δ ln L is the difference in logarithms of the like-
lihoods for the fits with and without the corresponding
signal contribution. The fit yields the statistical significance

of the Λ0
b → D0pK−, Ξ0

b → D0pK−, and Ξ0
b → Λþ

c K−
signals of 10:8σ, 6.7σ, and 4.7σ, respectively.
The validity of this evaluation is checked with the

following procedure. To evaluate the significance of each
signal, a large number of invariant mass distributions is
generated using the result of the fit on data as input,
excluding the signal contribution under consideration. Each
distribution is then fitted with models that include back-
ground only, as well as background and signal. The
significance is obtained as the fraction of samples where
the difference Δ ln L for the fits with and without the
signal is larger than in data. The significance evaluated
from the likelihood fit according to Eq. (8) is consistent
with, or slightly smaller than, that estimated from the
simulated experiments. Thus, the significance calculated as
in Eq. (8) is taken.
The significance accounting for the systematic uncer-

tainties is evaluated as

Sstatþsyst ¼ Sstat=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ σ2syst=σ2stat

q
; (9)

where σstat is the statistical uncertainty of the signal
yield and σsyst is the corresponding systematic uncertainty,
which only includes the relevant uncertainties due to
the signal and background models. As a result, the
significance for the Λ0

b → D0pK−, Ξ0
b → D0pK−, and

Ξ0
b → Λþ

c K− signals is calculated to be 9.0σ, 5.9σ, and
3.3σ, respectively.
The fitting procedure is tested with simulated experi-

ments where the invariant mass distributions are generated
from the PDFs that are a result of the data fit and then fitted
with the same procedure as applied to data. No significant
biases are introduced by the fit procedure in the fitted
parameters. However, we find that the statistical uncertainty
on the Ξ0

b mass is underestimated by 3% in the fit, and the
uncertainty on the Ξ0

b → D0pK− yield is underestimated by
5%. We apply the corresponding scale factors to the Ξ0

b →
D0pK− yield and Ξ0

b mass uncertainties to obtain the final
results.

VIII. CONCLUSION

We report studies of beauty baryon decays to the D0ph−
and Λþ

c h− final states, using a data sample corresponding to
an integrated luminosity of 1.0 fb−1 collected with the
LHCb detector. First observations of the Λ0

b → D0pK−
and Ξ0

b → D0pK− decays are reported, with significances
of 9.0 and 5.9 standard deviations, respectively. The
decay Λ0

b → Λþ
c K− is observed for the first time; the

significance of this observation is greater than 10
standard deviations. The first evidence for the Ξ0

b →
Λþ
c K− decay is also obtained with a significance of 3.3

standard deviations.
The combinations of branching and fragmentation frac-

tions for beauty baryons decaying into D0ph− and Λþ
c h−

final states are measured to be

TABLE V. Systematic uncertainties in the measurement of the
mass difference mΞ0

b
−mΛ0

b
.

Source Uncertainty (MeV=c2)

Signal model 0.19
Background model 0.50
Momentum scale calibration 0.03

Total 0.54
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RΛ0
b→D0pπ− ≡ BðΛ0

b → D0pπ−Þ × BðD0 → K−πþÞ
BðΛ0

b → Λþ
c π

−Þ × BðΛþ
c → pK−πþÞ

¼ 0.0806� 0.0023� 0.0035;

RΛ0
b→D0pK− ≡ BðΛ0

b → D0pK−Þ
BðΛ0

b → D0pπ−Þ
¼ 0.073� 0.008þ0.005−0.006 ;

RΛ0
b→Λþ

c K− ≡ BðΛ0
b → Λþ

c K−Þ
BðΛ0

b → Λþ
c π

−Þ
¼ 0.0731� 0.0016� 0.0016;

RΞ0
b→D0pK− ≡ fΞ0

b
× BðΞ0

b → D0pK−Þ
fΛ0

b
× BðΛ0

b → D0pK−Þ
¼ 0.44� 0.09� 0.06;

RΞ0
b→Λþ

c K− ≡ BðΞ0
b → Λþ

c K−Þ × BðΛþ
c → pK−πþÞ

BðΞ0
b → D0pK−Þ × BðD0 → K−πþÞ

¼ 0.57� 0.22� 0.21;

where the first uncertainty is statistical and the second
systematic. The ratios of the Cabibbo-suppressed to
Cabibbo-favored branching fractions for both the D0ph−
and the Λþ

c h− modes are consistent with the those observed
for the B → Dhmodes [1]. In addition, the difference of Ξ0

b
and Λ0

b baryon masses is measured to be

mΞ0
b
−mΛ0

b
¼ 174:8� 2.4� 0.5 MeV=c2:

Using the latest LHCb measurement of the Λ0
b mass mΛ0

b
¼

5619:53� 0.13� 0.45 MeV=c2 [24], the Ξ0
b mass is

determined to be mΞ0
b
¼ 5794:3� 2.4� 0.7 MeV=c2, in

agreement with the measurement performed by CDF [3]
and twice as precise.
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