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The decay Ξ−
b → Λ0

bπ
− is observed using a proton-proton collision data sample collected at center-of-

mass energy
ffiffiffi

s
p ¼ 13 TeV with the LHCb detector, corresponding to an integrated luminosity of 5.5 fb−1.

This process is mediated by the s → uūd quark-level transition, where the b quark in the Ξ−
b baryon

is a spectator in the decay. Averaging the results obtained using the two Λ0
b decay modes, Λ0

b → Λþ
c π

−

and Λ0
b → Λþ

c π
−πþπ−, the relative production ratio is measured to be ðfΞ−

b
=fΛ0

b
ÞBðΞ−

b → Λ0
bπ

−Þ ¼
ð7.3� 0.8� 0.6Þ × 10−4. Here the uncertainties are statistical and systematic, respectively, and fΞ−

b
ðfΛ0

b
Þ is

the fragmentation fraction for a b quark into a Ξ−
b (Λ0

b) baryon. Using an independent measurement of
fΞ−

b
=fΛ0

b
, the branching fraction BðΞ−

b → Λ0
bπ

−Þ ¼ ð0.89� 0.10� 0.07� 0.29Þ% is obtained, where the

last uncertainty is due to the assumed SU(3) flavor symmetry in the determination of fΞ−
b
=fΛ0

b
.
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I. INTRODUCTION

In the constituent quark model [1,2] quarks (antiquarks)
are 3C (3̄C) color-triplets (color-antitriplets) of SUð3Þcolor,
the gauge group of quantum chromodynamics (QCD).
Conventional mesons (baryons) are formed from the color-
singlet combination of a quark and an antiquark (three
quarks). More complex structures, including tetraquarks,
composed of two quarks and two antiquarks, or penta-
quarks, formed from four quarks and one antiquark, are
expected. These states may be either compact (tightly
bound), or molecular (loosely bound). Many candidates
of these more exotic states have been reported over the
last two decades [3,4]. One natural way to characterize
compact tetraquarks and pentaquarks is to describe them
as bound states of quarks and diquarks. Diquarks are
constructed from two quarks, which together form a color-
antitriplet 3̄C of SUð3Þcolor. At leading order in QCD, the
two quarks in a diquark exhibit an attractive force that is
half as strong as that between a quark and an antiquark,
when the diquark is in the JP ¼ 0þ state. Thus compact
tetraquarks may be formed from the color-singlet combi-
nation of a 3̄C diquark and a 3C antidiquark, and penta-
quarks can be built from two 3̄C diquarks and one 3̄C
antiquark. In this model, it is possible that some conven-
tional baryons could be best described as the bound state of

a 3C quark with a 3̄C diquark. See Refs. [5,6] for reviews
on diquarks.
The weak decay Ξ−

b → Λ0
bπ

−, where the b quark is a
spectator, involves the parity-violating S-wave matrix
element sdð0þÞ → udð0þÞ þ π−ð0−Þ [7]. Here, the quan-
tities in parentheses indicate the spin-parity (JP) of the
preceding quark pair or particle. There are several predic-
tions for the size of this matrix element that lead to a
branching fraction BðΞ−

b → Λ0
bπ

−Þ in the range from 0.14%
to 8% [7–14]. The largest of these predictions [11,12] is
derived from a current algebra approach, and considers
the possibility of enhanced short-range correlations within
diquarks [15,16] that could significantly increase the had-
ronic matrix element for the Ξ−

b → Λ0
bπ

− transition, leading
to a value of BðΞ−

b → Λ0
bπ

−Þ in the range of (2–8)%. If such
a large branching fraction was measured, it would be among
the largest of any Ξ−

b decay mode.
In the absence of any large enhancements to the Ξ−

b
decay rate from the sd diquark, a rough estimate of the
ratio of the s-quark decay rate to the b-quark decay rate
within the Ξb baryon can be obtained from the ratio of
lifetimes τΛ0

b
=τΛ ≃ 0.58% [3]. Thus, a branching fraction

for the decay Ξ−
b → Λ0

bπ
− anywhere in the range of (2–8)%

would be rather striking, and could lend support to diquark
models and enhanced short-range correlations within
diquarks.
Regardless of the value for the Ξ−

b → Λ0
bπ

− decay rate,
this contribution should be accounted for when comparing
the measured Ξ−

b lifetime to theoretical predictions, such
as those made using the heavy quark expansion (see
Ref. [17] for a review). Such comparisons typically
consider only the decay of the heavy b quark, along with
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higher-order corrections due to the spectator quarks, and
do not include contributions from the decay of the s quark.
A previous search for the Ξ−

b → Λ0
bπ

− decay was
performed by the LHCb Collaboration using 3 fb−1 of
proton-proton (pp) collision data at center-of-mass ener-
gies

ffiffiffi

s
p ¼ 7 and 8 TeV, and found evidence for the decay at

the level of 3.2σ significance [18]. This paper reports a
follow-up analysis of this decay mode, and measurement of
the branching fraction BðΞ−

b → Λ0
bπ

−Þ. The inclusion of
charge-conjugate processes is implied throughout. The
measurement of BðΞ−

b → Λ0
bπ

−Þ is performed by normal-
izing the Ξ−

b signal yield to the yield of inclusively
produced Λ0

b baryons through the equation

rs ≡
fΞ−

b

fΛ0
b

BðΞ−
b → Λ0

bπ
−Þ ¼ NðΞ−

b → Λ0
bπ

−Þ
NðΛ0

bÞϵrel
: ð1Þ

Here fΞ−
b
and fΛ0

b
are the b → Ξ−

b and b → Λ0
b fragmenta-

tion fractions, respectively, with the ratio measured by

LHCb to be
fΞ−

b
fΛ0

b

¼ ð8.2� 0.7� 0.6� 2.5Þ% [19] at
ffiffiffi

s
p ¼ 13 TeV. The yield in the normalization mode,
NðΛ0

bÞ, is the number of selected Λ0
b signal decays from

all sources, and NðΞ−
b → Λ0

bπ
−Þ is the yield of Ξ−

b → Λ0
bπ

−

signal decays. The factor ϵrel ≡ ϵsig=ϵnorm is the relative
efficiency between the signal and normalization modes.
The measurement uses pp collision data samples col-

lected by the LHCb experiment at
ffiffiffi

s
p ¼ 13 TeV, corre-

sponding to an integrated luminosity of 5.5 fb−1. The
integrated luminosity and bb̄ production cross section
are each about a factor of two larger compared to the
previous analysis [18]. Moreover, the previous work used
the single decay mode, Λ0

b → Λþ
c π

−, and this analysis uses
both Λ0

b → Λþ
c π

− and Λ0
b → Λþ

c π
−πþπ− decays. Taken

together, a substantial improvement in statistical precision
is expected compared to the previous measurement.
The signal for the Ξ−

b → Λ0
bπ

− decay is a narrow peak in
the spectrum of the mass difference, δM≡MðΛ0

bπ
−Þ−

MðΛ0
bÞ −mπ , where MðΛ0

bπ
−Þ and MðΛ0

bÞ are the recon-
structed invariant masses of the respective candidates, and
mπ is the known π− mass [3]. From the known masses of
the Ξ−

b [20] and Λ0
b baryons [3], the peak is expected

at 38.14� 0.29 MeV=c2.

II. DETECTOR AND SIMULATION

The LHCb detector [21,22] is a single-arm forward
spectrometer covering the forward direction and designed
for the study of particles containing b or c quarks. The
detector includes a high-precision tracking system consist-
ing of a silicon-strip vertex detector surrounding the pp
interaction region [23], 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 [24] placed downstream of the magnet.
The tracking system provides a measurement of the
momentum, p, of charged particles with a relative uncer-
tainty that varies from 0.5% at low momentum to 1.0% at
200 GeV=c. The minimum distance of a track to a primary
pp collision vertex (PV), the impact parameter (IP), is
measured with a resolution of σIP ¼ ð15þ 29=pTÞ μm,
where pT is the component of the momentum transverse
to the beam, in GeV=c. Different types of charged hadrons
are distinguished using information from two ring-imaging
Cherenkov detectors [25]. Photons, electrons and hadrons
are identified by a calorimeter system consisting of scin-
tillating-pad and preshower detectors, an electromagnetic
and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire
proportional chambers [26]. The online event selection is
performed by a trigger [27], 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. The software stage employs a multi-
variate algorithm [28,29] to identify secondary vertices
consistent with the decay of a b hadron.
Simulation is required to model the effects of the detector

acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA [30]
with a specific LHCb configuration [31]. Decays of
unstable particles are described by EvtGen [32], in which
final-state radiation is generated using PHOTOS [33]. The
interaction of the generated particles with the detector, and
its response, are implemented using the Geant4 toolkit [34]
as described in Ref. [35]. The underlying pp interaction is
reused multiple times, with an independently generated
signal decay for each one [36].

III. EVENT SELECTION

Two samples of Λ0
b candidates are reconstructed, one

composed of Λþ
c → pK−πþ candidates combined with a

single π− (1π sample), and a second formed by pairing Λþ
c

candidates with three pions, π−πþπ− (3π sample). All final-
state tracks are required to be significantly detached from all
PVs in the event, pass loose particle identification (PID)
criteria for the particle to be consistent with the assumed
decay, and have pT > 100 MeV=c. The Λþ

c baryon is
required to have jMðpK−πþÞ −mΛþ

c
j < 25 MeV=c2, where

mΛþ
c
is the known Λþ

c mass [3], and have a decay time in the
range −0.5 < t < 5 ps. For the latter, the negative lower
bound allows for finite resolution of the Λþ

c baryon decay
time. For the Λ0

b → Λþ
c π

−πþπ− decay, the dominant reso-
nant feature of the π−πþπ− system is the contribution from
the broad a1ð1260Þ− resonance. Since the combinatorial
background under the Λ0

b baryon signal peak rises steeply
with Mðπ−πþπ−Þ, a requirement of Mðπ−πþπ−Þ <
2800 MeV=c2 is imposed, which retains about 90% of
the signal. Each Λ0

b candidate is assigned to the PV for
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which χ2IP is smallest, where χ2IP is the increase in χ2 of
the PV fit when the particle under consideration is included
in the fit. To a good approximation, χ2IP ≃ ðIP=σIPÞ2, and
all decay products of the Λ0

b candidate are required to
have χ2IP > 4.
Backgrounds from other b-hadron decays, where the

Λþ
c candidate is compatible with a misidentified D meson,

are suppressed by recomputing the three-body mass with
the Dþ → K−πþπþ; KþK−πþ, Dþ

s → KþK−πþ, D�þ →
ðD0 → KþK−Þπþ mass hypotheses, and applying stringent
PID requirements if the mass is consistent with any of the
above charm mesons within about twice its resolution. A
similar procedure is employed to remove the contribution
from ϕ → KþK− decays where the Kþ is misidentified
as a proton. The efficiency of this veto is about 98% on
simulated signal decays, while removing about 15% of the
misidentified backgrounds.
In a small fraction of cases, a single particle in the vertex

detector can be misreconstructed as two distinct tracks
that have almost zero opening angle. This background
is removed by requiring all pairs of final-state tracks in
the decay to have an opening angle larger than 0.8 mrad. The
efficiency of this requirement on simulated Λ0

b decays is
99.8%, while suppressing the misreconstruction background
by 3% (14%) for the Λ0

b → Λþ
c π

− (Λ0
b → Λþ

c π
−πþπ−)

candidates.
The Ξ−

b sample is formed by combining each Λ0
b

candidate satisfying 5560 < MðΛ0
bÞ < 5680 MeV=c2 with

a π− meson candidate. The π− meson must pass loose PID
requirements, have pT > 100 MeV=c, and have an open-
ing angle larger than 0.8 mrad relative to each of the other
final-state particles of the Ξ−

b candidate. No requirement is
imposed on χ2IP for the π

− meson, because its low pT, about
0.35 GeV=c on average for those pions that are recon-
structed, leads to a relatively large uncertainty on σIP. The
fitted Ξ−

b decay vertex is required to have good fit quality.
Using the same selection criteria as the right-sign (RS)
Λ0
bπ

− combinations, wrong-sign (WS) combinations are
also formed to study the combinatorial background, and to
train the multivariate discriminants discussed below. When
there are multiple candidates in an event, which happens in
a few percent of selected events, all candidates are retained.
The Λ0

b and Ξ−
b baryons are required to be within the

fiducial region pT < 20 GeV=c and 2 < η < 6, which is
the region in which fΞ−

b
=fΛ0

b
was measured [19].

To improve the signal-to-background ratio in the Λ0
b

normalization and Ξ−
b signal modes, two pairs of boosted

decision tree (BDT) classifiers [37–39] with gradient
boosting are employed. The first pair (BDT1), one applied
to the 1π and the second for the 3π mode, is used to
suppress the combinatorial background under the Λ0

b signal
peak. The second pair (BDT2) suppresses the combinato-
rial background under the Ξ−

b signal peak. Each classifier

has an output variable that ranges from −1 to 1, with the
signal (background) events peaking toward 1 (−1).
The optimization of these BDT algorithms requires

accurate determination of the efficiency from simulation.
Two weights are applied to the simulated events to account
for the differences in the kinematical distributions in the
final state between data and simulation. The first weight
accounts for the differences in the ðpT; ηÞ production
spectra of the beauty baryons. For the Λ0

b decays, the
weights are obtained from the ratio of the background-
subtracted ðpT; ηÞ distributions in Λ0

b → Λþ
c π

−ðπþπ−Þ data
using the sPlot method [40] and simulated signal decays.
For the Ξ−

b simulation, ðpT; ηÞ weights are obtained from
the Ξ−

b → Ξ0
cπ

− decay, where Ξ0
c → pK−K−πþ.

The second weight accounts for imperfect modeling of
the resonant contributions to the Λþ

c → pK−πþ decay. This
weight is a function of the pair of invariant masses
½mðpK−Þ; mðK−πþÞ� in the Λþ

c decay, and are obtained
from large samples of semileptonic Λ0

b → Λþ
c μνμX decays

in data and simulation. Both weights are applied when
computing all efficiencies.
The BDT1 classifiers use a combination of geometric,

kinematic and PID variables to distinguish signal from
background. The geometric quantities include the χ2IP of
all final-state particles, the three-dimensional and radial
flight distances of the Λ0

b candidate decay vertex from its
associated PV, the χ2 of theΛ0

b candidate vertex fit, the angle
θp⃗;V between the momentum vector of the Λ0

b candidate and
the line that joins the Λ0

b decay vertex and the PV, the χ2 of
the Λþ

c decay-vertex fit, and the decay time of the Λþ
c

candidate. The kinematical quantities include the total
momentum and transverse momentum of each final-state
particle. For each particle, a probability for the assigned
PID hypothesis [41] is also used. The PID response of
the charged hadrons in the simulated signal and normali-
zation mode decays is obtained from dedicated calibration
samples from the data where no PID requirements are
imposed [25,41]. For the 3π sample, two additional vari-
ables, Mðπ−πþπ−Þ and the χ2 of the vertex separation
between the 3π vertex and the PV, are included.
To train the BDT1 classifiers, signal Λ0

b decays are taken
from simulated Ξ−

b → Λ0
bπ

− decays, where the Λ0
b baryon is

forced to decay into either the Λþ
c π

− or Λþ
c π

−πþπ− mode.
The latter is simulated with a number of intermediate
resonances to reproduce the two and three-body masses
observed in the data. The usage of the Ξ−

b → Λ0
bπ

−

simulation will favor selecting Λ0
b baryons that are pro-

duced in the decay of a Ξ−
b baryon. The combinatorial

background sample for the BDT1 training is composed of
Λ0
b candidates in the data that have invariant mass in the

range 5700 < MðΛþ
c π

−½πþπ−�Þ < 5850 MeV=c2.
The optimal requirement on the BDT1 response for

each Λ0
b decay mode is determined by taking the maxi-

mum value of the figure of merit (FOM), defined as
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FOM ¼ S=
ffiffiffiffiffiffiffiffiffiffiffiffi

Sþ B
p

, where S ¼ S0ϵBDT1. The estimated
number of Ξ−

b signal decays with no BDT1 requirement,
S0, is taken to be 200, based on an extrapolation of the
results in Ref. [18], and ϵBDT1 is the efficiency of the
BDT1 requirement on simulated signal decays, which
includes the weights discussed previously. The quantity B
is the expected number of background events in the range
34.8 < δM < 41.6 MeV=c2, about 2.5 times the expected
mass resolution. The FOM is found to have a broad and
nearly flat maximum with a drop near the endpoints of
−1 and 1. A loose requirement of BDT1 > 0 is chosen
for both Λ0

b modes, resulting in an efficiency of 93% for
selecting Λ0

b baryons in Ξ−
b → Λ0

bπ
− decays and 87% for

promptly produced Λ0
b baryons, while removing about

80% of the combinatorial background.
The mass spectra of Λ0

b candidates passing all selection
requirements, except the final Λ0

b mass window of
5560 < MðΛ0

bÞ < 5680 MeV=c2, are shown in Fig. 1.
The mass distributions are described as the sum of a
signal shape and several background components, and a
binned extended maximum-likelihood fit is performed to
obtain the Λ0

b signal yields. The signal shapes are obtained
from simulated decays, and are modeled as the sum of two
Crystal Ball functions [42] with power law tails on each
side and a common peak value. All parameters are fixed
to the values estimated from the simulation except for
the peak mass value and an overall scale factor for the
resolution to account for a small difference between the
mass resolution in data and simulation. The invariant
mass shapes describing the partially reconstructed Λ0

b →
Λþ
c π

−ðπþπ−ÞX decays, where X represents one or more
missing particles, and misidentified Λ0

b → Λþ
c K−ðπþπ−Þ

background contributions are based on simulated decays,
and are described in Ref. [43]. The combinatorial back-
ground is parametrized with an exponential function.

Signal yields of ð921� 1Þ × 103 and ð511� 1Þ × 103 in
the full fit range are obtained in the Λ0

b → Λþ
c π

− and Λ0
b →

Λþ
c π

−πþπ− modes, respectively. The mass resolution scale
factor is 1.1, which is consistent with that found in other
b-hadron decay analyses. The background-to-signal ratios
in the signal region from 5560–5680 MeV=c2 are 2.1%
and 6.8% for the Λ0

b → Λþ
c π− and Λ0

b → Λþ
c π− πþ π−

decay modes, respectively.
In forming the Ξ−

b candidates, the major sources of
background are from random combinations of Λ0

b baryons

and π− mesons, and from the strong decays Σð�Þ−
b → Λ0

bπ
−.

Both of these backgrounds have a candidate decay-time
distribution that peaks at zero, whereas the signal has
preferentially positive decay times. Ordinarily, this would
be a powerful discriminant against background, but due to
the low π− meson momentum and relatively small opening
angle in the Ξ−

b baryon decay, the uncertainty on the Ξ−
b

vertex position is large. The resolution on the z coordinate
of the Ξ−

b decay vertex is about 7 mm, which is to be
compared to about 0.5 mm for the Λ0

b decay vertex. This
relatively large uncertainty makes it more challenging to
separate Λ0

bπ
− background from the Ξ−

b → Λ0
bπ

− signal.
The second BDT classifier, BDT2, is employed to

suppress combinatorial background, primarily from prompt
Λ0
bπ

− combinations, and uses 12 discriminating variables:
the pT, flight distance, and θp⃗;V of the Ξ−

b candidate; the
decay time, p and pT of theΛ0

b baryon; the p, pT, and χ2IP of
the π− meson and its associated PID probability to be a
pion; and ηðΛ0

bÞ − ηðπ−Þ and ϕðΛ0
bÞ − ϕðπ−Þ, where ηðXÞ

and ϕðXÞ are the pseudorapidity and azimuthal angle of the
indicated particles. Simulated signal decays are used to
train the BDT2 classifier. Wrong-sign candidates within
2.5σ of the expected signal peak position in δM are used to
represent the background.

FIG. 1. Invariant-mass spectra of (left) Λ0
b → Λþ

c π− and (right) Λ0
b → Λþ

c π− πþ π− candidates for the full data sample. The fitted
signal and background shapes, as described in the text, are overlaid.
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A second FOM, defined in an analogous way to that of
BDT1, is used to optimize the BDT2 selection require-
ment. The maximum value of the FOM corresponds to
BDT2 > 0.9, which is used for the signal significance. For
the branching fraction measurement, a looser requirement
of BDT2 > 0.8 is used, which gives about 30% higher
relative efficiency according to simulation with only a
slightly lower FOM. Hereafter, these are referred to as the
tight (BDT2 > 0.9) and loose (BDT2 > 0.8) selections.
The looser selection on BDT2 reduces the systematic
uncertainty associated with the BDT2 requirement. The

two BDT2 requirements, their efficiencies and FOM
values are shown in Table I.
Figure 2 shows the δM spectra for the selected Ξ−

b →
Λ0
bπ

− signal candidates passing the tight BDT2 requirement
for the Λ0

b → Λþ
c π

− and Λ0
b → Λþ

c π
−πþπ− samples. The

corresponding distributions with the loose BDT2 selection
for the rs measurement are shown in Fig. 3. In both cases,
there are clear peaks at the expected location for aΞ−

b signal in
the RS spectra, and no such peak in the WS spectra.
A simultaneous unbinned extended maximum likelihood

fit to the four (RS and WS for each Λ0
b mode) δM spectra is

TABLE I. Efficiencies for the two BDT2 selections on simulated Ξ−
b signal decays and on WS background (in %)

for the two Λ0
b final states. The FOM values are also shown. Uncertainties are statistical only.

ϵ
Ξ−
b

BDT2 ϵbkgBDT2 FOM

BDT2 selection Λþ
c π− Λþ

c π− πþ π− Λþ
c π− Λþ

c π− πþ π− Λþ
c π− Λþ

c π− πþ π−

Tight 35.6� 0.2 39.9� 0.2 0.6� 0.1 1.1� 0.1 5.4 6.2
Loose 46.1� 0.2 51.8� 0.2 1.4� 0.1 2.6� 0.2 5.0 5.7

FIG. 2. (Top row) Spectra of the mass difference,MðΛ0
bπ

−Þ −MðΛ0
bÞ −mπ− for Ξ−

b → Λ0
bπ

− candidates, for the (left) Λ0
b → Λþ

c π
− and

(right) Λ0
b → Λþ

c π
−πþπ− right-sign samples, with the tight BDT2 selection. The bottom row shows the corresponding distributions for

the wrong-sign candidates. Fits to the data are overlaid as described in the text.
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performed to obtain the Ξ−
b signal yields. The spectra are

modeled as the sum of a Ξ−
b signal shape, and background

shapes for the Σð�Þ�
b resonances and random Λ0

bπ
− combi-

nations. The Ξ−
b signal shape for eachΛ0

b mode are obtained
from simulated signal decays, and is described by the sum
of two Crystal Ball functions [42]. All shape parameters are
fixed to the values obtained from simulation except for the
peak mass value. When fitting the data, the mass resolution
parameters in the Crystal Ball function are scaled by 1.1
to account for the larger mass resolution in data than in

simulation. The Σð�Þ�
b resonances are modeled by a rela-

tivistic Breit-Wigner function, as described in Ref. [18],
convolved with the mass resolution. The peak mass values

of the Σð�Þ�
b signals are biased by aboutþ2 MeV=c2 due to

the selection favoring those decays that are reconstructed
with positive displacement relative to the PV, and for this
reason, the peak mass values are allowed to vary freely in
the fit. The widths are fixed to the world average values [3].
The combinatorial background is described by a threshold
function of the form ðδMÞAð1 − e−δM=CÞ. The parameters A
and C are freely varied in the loose BDT fit, but the low

background level in the tight BDT fit is insufficient to
constrain the parameter A. It is therefore fixed in the tight
BDT fit to the value obtained in the loose BDT fit. Among
the freely varied parameters in the fit, only the peak mass

values of the Ξ−
b signal and the Σð�Þ�

b resonances are shared
between the two Λ0

b modes.
The results of the fits are overlaid in Figs. 2 and 3. The

Ξ−
b signal yields with the tight BDT2 selection, used only

for maximizing the signal significance, are 85� 13 and
103� 15 for the Λ0

b → Λþ
c π

− and Λ0
b → Λþ

c π
−πþπ−

modes, respectively. Using Wilks theorem [44], the sig-
nificance of the pair of Ξ−

b signal peaks corresponds to
about 11σ, thus definitively establishing the first observa-
tion of the Ξ−

b → Λ0
bπ

− decay. For the loose BDT2
selection, the corresponding Ξ−

b signal yields are 126�
19 and 154� 23. The larger yield in the 3π mode is
anticipated, based upon the larger relative efficiency (dis-
cussed later) and the measured yields of Λ0

b decays. The Ξ−
b

peak position in δM is at 38.5� 0.2ðstatÞ MeV=c2, which
is about 1σ from the value of 38.14� 0.29 MeV=c2, based
on a recent precise measurement of the Ξ−

b mass using
Ξ−
b → Ξ0

cπ
− decays [20]. No narrow peaks are seen in the

FIG. 3. (Top row) Spectra of the mass difference,MðΛ0
bπ

−Þ −MðΛ0
bÞ −mπ− for Ξ−

b → Λ0
bπ

− candidates, for the (left) Λ0
b → Λþ

c π
− and

(right) Λ0
b → Λþ

c π
−πþπ− right-sign samples with the loose BDT2 selection. The bottom row shows the corresponding distributions for

the wrong-sign candidates. Fits to the data are overlaid as described in the text.
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WS spectra. Corresponding fits to the combined sample,
where the fraction of Ξ−

b signal in the Λ0
b → Λþ

c π
− mode is

fixed to 45% of the total, are shown in Fig. 4.

IV. SELECTION EFFICIENCIES

Simulated decays of the signal and normalization modes
are used to estimate the relative efficiency, ϵrel ¼ ϵsig=ϵnorm,
where ϵsig (ϵnorm) refers to the efficiency to reconstruct and
select the Ξ−

b signal (Λ0
b normalization) mode. For the

normalization mode efficiency, production of Λ0
b baryons

through weak decays, which contribute at the 10−3 level,
are neglected. Relative efficiencies are determined for each
of the Λ0

b decay modes, Λþ
c π

− and Λþ
c π

−πþπ−. The relative
efficiencies are computed within the pT < 20 GeV=c, 2 <
η < 6 fiducial acceptance. Since the Λ0

b decay is common
to the signal and normalization mode, and the low-
momentum pion from the Ξ−

b decay contributes negligibly
to the hardware or software trigger, no specific selections
are made on the trigger decisions.
To account for small differences between the simulation

and data, a multiplicative correction to the relative effi-
ciency is applied, defined as

ϵcorrrel ¼ ϵtrackrel ϵBDT2rel ϵtrigrel : ð2Þ

The first correction accounts for small differences in the
tracking efficiency, and is measured using large samples of
J=ψ → μþμ− calibration samples [45]. A correction factor
ϵtrackrel ¼ 0.99� 0.03 is obtained.
The source of the second correction is the BDT2

requirement. The simulation indicates an efficiency of
about 50% for the loose BDT2 selection. To probe whether
the BDT2 distribution in data and simulation are compat-
ible, the signal yield ratio, rBDT2, for the loose to tight
BDT2 selection is compared. From the fitted yields in the

two cases, the ratios are r1πBDT2 ¼ 1.48� 0.17 and
r3πBDT2 ¼ 1.50� 0.18, where the expected value using
efficiencies from simulation is 1.30 for both Λ0

b decay
modes. Although both ratios in data are within about one
standard deviation of the expected value, they are both
larger, suggesting that the BDT2 response from simulation
may be more strongly peaked at unity than the data. This
supposition is supported by comparing the BDT1 distri-
butions in simulation and background-subtracted data,
where the large Λ0

b sample in simulation is seen to be
more sharply peaked at unity than the data. A correction is
derived by smearing the BDT2 distribution from simulation
with a one-sided Gaussian function in order to reproduce
the rBDT2 values obtained in data. The values of ϵBDT2rel
obtained are 0.94� 0.03 and 0.93� 0.04 for the 1π and 3π
modes, respectively.
The third correction accounts for a slightly different

hardware trigger efficiency between data and simulation.
Two classes of events are studied: (1) those events where
the signal decay products result in the event passing the
hardware trigger (TOS, short for Triggered on Signal); and
(2) cases where other activity in the event, such as the other
b hadron or the beam fragments, produces the hardware
trigger (TIS, short for Triggered Independently of the
Signal). Both are studied in data and simulation using
the TISTOS method [46]. A given event can pass the TOS,
TIS, or both the TOS and TIS requirements. Briefly, by
selecting TIS events, one can measure the efficiency of
TOS events, and vice versa. The benefit of this method is
that it can be applied identically to both data and simu-
lation. Using this method, the relative trigger efficiency
between data and simulation, ϵtrigrel , is found to be 1.033�
0.017 and 1.008� 0.004 for the 1π and 3π samples,
respectively.
The products of the three correction factors, ϵcorrrel , are

0.972� 0.046 and 0.941� 0.046 for the Λ0
b → Λþ

c π
− and

Λ0
b → Λþ

c π
−πþπ− decay modes, respectively. For the loose

FIG. 4. Spectra of the mass difference, MðΛ0
bπ

−Þ −MðΛ0
bÞ −mπ− for Ξ−

b → Λ0
bπ

− candidates for the combined Λ0
b → Λþ

c π
− and

Λ0
b → Λþ

c π
−πþπ− samples for (left) tight BDT2 selection and (right) loose BDT2 selection.
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BDT2 requirement, the relative efficiencies, including the
above corrections, are found to be

ϵΛ
þ
c π

−

rel ¼ 0.210� 0.004ðstatÞ; ð3Þ

ϵΛ
þ
c π

−πþπ−
rel ¼ 0.394� 0.008ðstatÞ: ð4Þ

A significantly larger relative efficiency is obtained when
the Ξ−

b signal decay is reconstructed in the Λ0
b →

Λþ
c π

−πþπ− mode as compared to the Λþ
c π

− mode. There
are two main factors that contribute to this enhancement.
The first arises from the χ2IP-related selection requirements
in the trigger and analysis-related selections. In the Λþ

c π
−

mode, all final-state particles tend to have fairly high pT,
and thus large values of χ2IP. The larger decay distance of
the Λ0

b baryon from the PV in the signal mode leads to only
moderate increases in ϵsig relative to ϵnorm. However, for the
Λþ
c π

−πþπ− final state, the 3 pions tend to have lower pT,
leading to smaller values of χ2IP. If any of the pions have
χ2IP < 4, the Λ0

b candidate is not selected. The combination
of (1) the larger displacement of the Λ0

b baryon from the PV
(due to the Ξ−

b baryon lifetime) for the signal mode as
compared to the normalization mode, and (2) the lower pT
of the pions, leads to a significantly larger increase in ϵsig
relative to ϵnorm for the Λþ

c π
−πþπ− final state. The second

effect that contributes to the increase in ϵrel is the difference
in the average p and pT of reconstructedΛ0

b decays for each
of the two final states. Higher-multiplicity final states must,
on average, have larger momentum in order to be recon-
structed and pass all selection requirements. This requires a
higher momentum Ξ−

b baryon when reconstructed in the 3π
mode than the 1π mode, which in turn leads to a higher
relative efficiency for reconstructing the π− from the
Ξ−
b decay.
A summary of the yields in the signal and normalization

modes, the relative efficiencies, and the computed rs values
are shown in Table II. The Λ0

b yields include about a 1%
contribution from misidentified Λ0

b → Λþ
c K−ðπþπ−Þ

decays, which also have a narrow peak in δM at about
38 MeV=c2. The rs values for the two Λ0

b modes are
statistically compatible with each other.

V. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties on rs are summarized in
Table III, and have contributions related to the determi-
nation of the signal and normalization mode yields and the
relative efficiencies. The systematic uncertainty in the Ξ−

b
signal yields is obtained from the fractional difference in
the yields when increasing and decreasing the resolution
scale factor by �5%. For the normalization modes, differ-
ent bin widths and fits allowing all Λ0

b shape parameters to
vary freely are performed. The bin widths have negligible
effect on the signal yields. The change in the Λ0

b yield
between the alternative and baseline fit is assigned as the
systematic uncertainty. The Λ0

b background-shape uncer-
tainty is taken as the fractional change in yield when using a
second-order Chebychev polynomial in place of the base-
line shape. For the Ξ−

b combinatorial background, the
fractional change in yield between the baseline shape
and the alternative three-parameter function PðδMÞ ¼
fð1 − e−δM=AÞ þ ð1 − fÞð1 − e−δM=BÞ is assigned as the
systematic uncertainty.
For the relative efficiency, a number of systematic

uncertainties are considered. Those uncertainties associated
with the selections on the Λ0

b candidates are common to
both the signal and normalization mode, and are signifi-
cantly reduced.
The uncertainty in the geometric acceptance is due to

the usage of finite-sized samples of simulated decays. The
weights applied to the simulated decays to replicate the
ðpT; ηÞ distributions in data are limited by the finite yields of
Λ0
b → Λþ

c π
−ðπþπ−Þ and Ξ−

b → Ξ0
cπ

− decays in simulation

TABLE III. Systematic uncertainties in the measurement of rs
for each of the two decay modes of the Λ0

b baryon. The horizontal
dividing line separates the uncorrelated (above) and correlated
(below) uncertainties. For the latter, the listed sources are 100%
correlated between the two Λ0

b decay modes.

Value (%)

Source Λþ
c π

− Λþ
c π

−πþπ−

Ξ−
b signal shape 1.4 2.4

Ξ−
b background shape 3.1 1.8

Λ0
b signal shape 0.3 0.8

Λ0
b background shape 0.1 0.7

Geometrical acceptance 1.8 1.8
Simulation weights & sample sizes 3.6 3.4
Trigger efficiency 1.7 0.4

Ξ−
b pT spectrum 3.2 5.6

IP resolution 1.3 0.7
BDT2 efficiency 3.0 3.5
Tracking efficiency 3.3 3.3
Multiple candidates 0.5 2.6
Ξ−
b lifetime 3.0 2.5

Total 8.5 9.7

TABLE II. Summary of the yields in the signal [NðΞ−
b Þ] and

normalization modes [NðΛ0
bÞ], the relative efficiencies (ϵrel), and

the resulting rs values for the loose BDT selection. The Λ0
b signal

yields are in the invariant-mass region 5560 < MðΛ0
bÞ <

5680 MeV=c2. Uncertainties are statistical only.

Fit parameter Λþ
c π− Λþ

c π− πþ π−

NðΞ−
b → Λ0

bπ
−Þ 126� 19 154� 23

NðΛ0
bÞ ½103� 879� 1 483� 1

ϵrel ½10−2� 21.0� 0.4 39.4� 0.8
rs ½10−4� 6.80� 1.05 8.09� 1.23
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and in the data. The uncertainty is assigned by varying all of
the weights within their uncertainties, and recomputing the
relative efficiency. This procedure is carried out 100 times,
and the standard deviation of the ϵrel distribution is assigned
as the uncertainty.
The Ξ−

b efficiencies are obtained from simulated signal
decays, where the signal weights are obtained from Ξ−

b →
Ξ0π− decays. Because of differing kinematics between the
control and Ξ−

b → Λ0
bπ

− modes, the assigned weights could
have some small biases. To estimate the potential magni-
tude of this bias, the relative efficiencies are reevaluated
using the Λ0

b weights for the signal mode in place of the Ξ−
b

weights. The fractional change in the relative efficiency is
assigned as the systematic uncertainty.
The IP resolution shows some small differences between

data and simulation. To estimate how the difference impacts
the relative efficiency, a scaling of the logðχ2IPÞ values of
each track is performed that brings the χ2IP distributions in
data and simulation into good agreement. With the scaling,
some of the final-state tracks will fail the χ2IP > 4 require-
ment, leading to a reduction in the selection efficiency. The
procedure is applied to both the signal and normalization
modes, and the fractional change in the relative efficiency is
assigned as the systematic uncertainty.
As discussed previously, the BDT2 distribution in

simulation is smeared to obtain an efficiency correction
for the loose BDT2 requirement, and the uncertainty is
taken to be 50% of the difference of the correction factor
from unity. Similarly, the uncertainty in the relative trigger
efficiency is assigned to be half of the applied correction.
The tracking efficiency is calibrated using large samples

of J=ψ → μþμ− decays, and provide a data-to-simulation
correction for tracks in the momentum range from
5–200 GeV=c and 1.9 < η < 4.9 [45]. The corrections
are mostly within (1–2)% of unity. About 65% of the π−

mesons from the Ξ−
b decay have momentum below

5 GeV=c, and for these cases, the correction at 5 GeV=c
is used with an uncertainty that is inflated by a factor of two.
The luminosity-weighted average correction is 0.99� 0.03.
An additional 1.4% uncertainty is assigned due to a
potential difference in the number of hadronic interaction
lengths in the simulated and actual detector.
A possible bias due to keeping all candidates in an event

has been studied by comparing the average number of
candidates in the δM signal region (34.8 < δM <
41.6 MeV=c2) and in the lower mass sideband region
(27.8 < δM < 34.6 MeV=c2) in data. To the extent that
the average number of candidates is the same in these two
regions, there is no bias, as it corresponds to an overall
increase in the background level. The average number of
candidates in the signal region is 1.0 (1.005) for the signal
(sideband) regions for the 1π mode. The corresponding
numbers are 1.046 (1.02) for the 3π mode. The difference in
the average multiple candidate rate between the signal and
sideband regions is assigned as a systematic uncertainty.

The uncertainty in the relative efficiency due to the
limited knowledge of the Ξ−

b lifetime [3] is estimated by
weighting the simulated Ξ−

b decay time to produce a smaller
lifetime (1.53 ps) and a larger lifetime (1.61 ps), corre-
sponding to a �1σ variation. The relative change in the Ξ−

b
efficiency is assigned as a systematic uncertainty.

VI. RESULTS AND SUMMARY

The two rs values obtained are averaged, taking the first
seven systematic uncertainties in Table III as uncorrelated,
and the remaining six uncertainties as 100% correlated. The
resulting value is

fΞ−
b

fΛ0
b

BðΞ−
b → Λ0

bπ
−Þ ¼ ð7.3� 0.8� 0.6Þ × 10−4;

where the uncertainties are statistical and total systematic,

respectively. Using the independent measurement
fΞ−

b
fΛ0

b

¼
ð8.2� 0.7� 0.6� 2.5Þ% [19], the branching fraction is
determined to be

BðΞ−
b → Λ0

bπ
−Þ ¼ ð0.89� 0.10� 0.07� 0.29Þ%;

where the last uncertainty is obtained from the quadrature

sum of the uncertainties in
fΞ−

b
fΛ0

b

. The corresponding value

obtained from the previous measurements of rs [18] and
fΞ−

b
fΛ0

b

[19] at 7 TeV and 8 TeV is readily computed to

be BðΞ−
b → Λ0

bπ
−Þ ¼ ð0.85� 0.27� 0.13� 0.26Þ%. The

measurement reported here has about three times better
statistical precision.
In summary, using a pp collision data sample at center-

of-mass energy 13 TeV collected by the LHCb experiment,
corresponding to an integrated luminosity of 5.5 fb−1, the
Ξ−
b → Λ0

bπ
− decay, in which the b quark is a spectator in the

decay process, is observed for the first time. The branching
fraction does not show any large enhancements of up to 8%
as suggested in Refs. [11,12]. The measured branching
fraction is consistent with the diquark model calculation of
0.69% in Ref. [9], and predictions of (0.19–0.76)% based
on current algebra approaches [10,13,14], and ð0.63�
0.42Þ% based on duality [7]. The lower predicted values of
ð0.14� 0.07Þ% using a nonrelativistic constituent quark
model [8] or 0.2% obtained with the MIT bag model [9] are
disfavored. The branching fraction obtained here is also
compatible with the naïve ratio of total decay widths of the
Λ to Λ0

b baryons, which is 0.58%. Although there is no
sizeable enhancement in this decay mode, this extra
contribution to the Ξ−

b decay width should be taken into
account when comparing the measured Ξ−

b lifetime to
theoretical predictions that only consider the decay of
the b quark.
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gAlso at Università di Bologna, Bologna, Italy.
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