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A sample of pp collision data, corresponding to an integrated luminosity of 5.5 fb−1 and collected by the
LHCb experiment during LHC Run 2, is used to measure the ratio of the lifetime of the Ξ−

b baryon to that of
the Λ0

b baryon, rτ ≡ τΞ−
b
=τΛ0

b
. The value rτ ¼ 1.076� 0.013� 0.006 is obtained, where the first

uncertainty is statistical and the second systematic. This value is averaged with the corresponding value

from Run 1 to obtain rRun 1;2τ ¼ 1.078� 0.012� 0.007. Multiplying by the world-average value of the Λ0
b

lifetime yields τRun 1;2Ξ−
b

¼ 1.578� 0.018� 0.010� 0.011 ps, where the uncertainties are statistical,

systematic, and due to the limited knowledge of the Λ0
b lifetime. This measurement improves the

precision of the current world average of the Ξ−
b lifetime by about a factor of 2, and is in good agreement

with the most recent theoretical predictions.

DOI: 10.1103/PhysRevD.110.072002

I. INTRODUCTION

The heavy quark expansion (HQE) [1] is a theoretical
framework that predicts the inclusive decay rates of beauty
hadrons through an expansion in powers of the strong
coupling constant, αs, and ΛQCD=mb. Here, ΛQCD is the
energy scale at which the strong-interaction coupling
becomes large, Oð100 MeVÞ, and mb is the b-quark mass.
When combined with precision measurements of heavy-
quark decays, the HQE framework can be used to calculate
b-hadron parameters required for the determination of
Cabibbo-Kobayashi-Maskawa [2,3] matrix elements,
which in turn provide constraints on physics beyond the
Standard Model.
A stringent test of the HQE framework is to confront its

predictions of lifetimes, i.e., the inverse of the correspond-
ing decay widths, with precision measurements. At leading
order in the calculation using the HQE framework, the
decay width of all b hadrons is equal to that of the b quark,
and therefore, all b hadrons have the same lifetime. The
higher order corrections account for nonperturbative
effects, the interactions of the b quark with the spectator
quarks, and the effects of Pauli interference [4], leading to
differences in the total decay width of the b hadrons.
Therefore lifetime measurements provide a direct quanti-
tative test of the HQE higher-order corrections. Improved

theoretical calculations of lifetimes from the HQE have
recently been published [5], and they are generally in good
agreement with the available measurements. The lifetime
ratios of theΞ−

b andΩ−
b baryons with respect to that of theΛ0

b
baryon, τΞ−

b
=τΛ0

b
and τΩ−

b
=τΛ0

b
, have theoretical uncertainties

of 1.9% and 4.2%, which are less than the experimental
uncertainties of 2.5% and 11% [6], respectively.
The Ξ−

b baryon was first observed in 2007 by the CDF [7]
and D0 [8] Collaborations in proton-antiproton (pp̄) colli-
sions at

ffiffiffi

s
p ¼ 1.96 TeV. The CDF Collaboration sub-

sequently measured the lifetime of the Ξ−
b baryon using

Ξ−
b → J=ψΞ− decays [9]. Soon after, measurements of the

Ξ−
b baryon lifetimewere reported by the LHCbCollaboration

usingΞ−
b → Ξ0

cπ
− [10] andΞ−

b → J=ψΞ− [11] decays, using
proton-proton (pp) collision data taken between 2011 and
2012 (Run 1) at center-of-mass energies of

ffiffiffi

s
p ¼ 7 and

8TeV.AtLHCb, theΞ−
b → Ξ0

cπ
− decaymode provides about

a factor of 2.5 better statistical precision than the Ξ−
b →

J=ψΞ− mode due to the higher total efficiency for detecting
such decays.
In this paper, a new measurement of the Ξ−

b baryon
lifetime is reported using a pp collision data sample
collected between 2016 and 2018 (Run 2) by the LHCb
experiment at

ffiffiffi

s
p ¼ 13 TeV, corresponding to an inte-

grated luminosity of 5.5 fb−1. The integrated luminosity
and bb̄ production cross section are both about a factor of 2
larger compared to the previous analysis [10]. The Ξ−

b
baryons are detected through their decays to the Ξ0

cπ
− final

state, with Ξ0
c → pK−K−πþ. The lifetime is normalized to

that of the Λ0
b baryon, which is selected through the decay

Λ0
b → Λþ

c π
− with Λþ

c → pK−πþ. The inclusion of charge-
conjugate processes is implied throughout this paper.
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The quantity that is measured experimentally is the ratio
of efficiency-corrected signal yields as a function of decay
time, t,

RðtÞ≡ N½Ξ−
b → Ξ0

cπ
−�ðtÞ

N½Λ0
b →Λþ

c π
−�ðtÞ ·

ε½Λ0
b →Λþ

c π
−�ðtÞ

ε½Ξ−
b → Ξ0

cπ
−�ðtÞ ¼R0 expðλtÞ;

ð1Þ

where R0 is an overall normalization factor, and N and ε
represent the signal yields and efficiencies of the decay
mode indicated in the brackets, respectively. The parameter
λ is related to the lifetimes of the Λ0

b and Ξ−
b baryons

through

λ≡ 1

τΛ0
b

−
1

τΞ−
b

: ð2Þ

The ratio of lifetimes is then

rτ ≡
τΞ−

b

τΛ0
b

¼ 1

1 − λτΛ0
b

: ð3Þ

Because λ is small, about 0.05 ps−1, and τΛ0
b
¼ 1.464�

0.010 ps is precisely measured [6], the uncertainty in the
Λ0
b baryon lifetime is a very small contribution to the

overall uncertainty in rτ.

II. DETECTOR AND SIMULATION

The LHCb detector [12,13] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector used for this analysis includes a high-precision
tracking system consisting of a silicon-strip vertex detector
surrounding the pp interaction region [14], a large-area
silicon-strip detector located upstream of a dipole magnet
with a bending power of about 4 T m, and three stations of
silicon-strip detectors and straw drift tubes [15] 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 polarity of the
LHCb magnet is alternated regularly throughout each
period of data taking. The minimum distance of a track
to a primary pp collision vertex (PV), the impact parameter
(IP), is measured with a resolution of approximately
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 informa-
tion from two ring-imaging Cherenkov detectors [16].
Photons, electrons and hadrons are identified by a calo-
rimeter system consisting of scintillating-pad and pre-
shower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed

of alternating layers of iron and multiwire proportional
chambers [17]. The online event selection is performed by a
trigger [18], which consists of a hardware stage (L0), 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 multivariate
algorithm [19,20] 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 [21]
with a specific LHCb configuration [22]. Decays of
unstable particles are described by EvtGen [23], in which
final-state radiation is generated using PHOTOS [24]. The
interaction of the generated particles with the detector, and
its response, are implemented using the Geant4 toolkit [25]
as described in Ref. [26]. The underlying pp interaction is
reused multiple times, with an independently generated
signal decay each time [27]. Unless otherwise indicated, the
lifetimes of the beauty and charm baryons in the simulation
use the world-average values [6]. Simulated Ξ−

b and Λ0
b

decays are generated for each of the three data-taking
years—2016, 2017 and 2018—with conditions that corre-
spond to the running conditions for that year. These
conditions are primarily related to changes in the hardware
and software trigger thresholds, implemented to adapt to
changes in the instantaneous luminosity.

III. CANDIDATE SELECTION

Signal Ξ−
b (Λ0

b) candidates are formed by combining in a
kinematic fit a Ξ0

c → pK−K−πþ (Λþ
c → pK−πþ) candidate

decay with a π− candidate. Hereafter, the notation Hb and
Hc is used to refer to the b and c baryons, when the
discussion applies to both the Λ0

b and Ξ−
b modes. All final-

state particles from the Hb baryons are required to have
trajectories that are significantly detached from all PVs in
the event, characterized by the quantity χ2IP. Its value is
obtained from the difference in the vertex-fit χ2 of a given
PV reconstructed with and without the particle in question,
and is approximately equal to ðIP=σIPÞ2. Thus, for particles
originating from theHb orHc decay vertices, the χ2IP values
tend to be large, whereas for particles originating from the
PV (such as the reconstructed Hb baryon), they ought to be
small. The difference between the Ξ0

c (Λþ
c ) candidate mass

and the known value [6] is required to be less than
15 MeV=c2 (25 MeV=c2), which is about 3 times the
mass resolution, and the Hc decay time is required to
satisfy −0.5 < tΞ0

c
< 1.245 ps (−0.5 < tΛþ

c
< 2.5 ps). The

upper limits on the decay times are about 10 times the
known lifetimes [6].
Mass vetoes, in combination with additional particle

identification (PID) requirements, are used to suppress
crossfeeds from misidentified Dþ

ðsÞ → KþK−πþ, D�þ →
D0ðKþK−Þπþ, and Dþ → K−πþπþ decays faking
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Λþ
c → pK−πþ decays, as well as ϕ → KþK− decays in

which aKþ meson is misidentified as a proton. These vetoes
reduce the background in theΛ0

b sample by about 18%while
retaining 98.5% of the signal decays.
In some cases, a single particle may be reconstructed as

two nearly overlapping track segments in the vertex
detector (VELO), which match two distinct track segments
in the downstream tracking stations, producing two par-
ticles, one real and one fake. Such overlaps are highly
unlikely in the decays studied here. Candidates having any
pair of tracks with an opening angle in the VELO detector
of less than 0.5 mrad are removed. The efficiency of this
requirement on simulated Λ0

b (Ξ−
b ) decays is 99.8%

(99.7%), while the background is suppressed by 4% (30%).
Signal Hb candidates are partitioned into two subsam-

ples based on the information from the L0 hardware trigger.
The first category, “triggered on signal” (TOS), contains
those candidates in which one or more of the final-state
hadrons from the signal decay are associated with a positive
L0 hadron trigger decision. The second category, “triggered
independently of the signal” (TIS), represents the case
where none of the final-state hadrons from the signal decay
are associated with a positive L0 trigger decision. An event
can satisfy both the TOS and TIS requirements, in which
case the event is classified as TOS. The TOS signal decays
tend to have larger pT than those of the TIS candidates due
to the high energy transverse to the beamline that is
required by the hadron trigger. Requiring events to be in
one of these two categories retains 96% of the Λ0

b and Ξ−
b

signal decays selected by any L0 trigger in the data. At the
level of the software trigger, the signal candidates are
required to satisfy the requirements of the topological
trigger [19,20].

A. Simulation corrections

A set of weights and corrections needs to be applied to
the simulation to account for imperfect modeling of the
signal decays, the detector response and the relative
luminosity for each year. The weights that are applied to
the simulation correct for the Hc decay kinematics, the Λ0

b
baryon lifetime, the ðpT; ηÞ spectra of the Hb baryons and
the fractions of TOS and TIS events. The weights are
obtained using the selections described previously, before
applying the multivariate discriminant, which is described
later. Weights to account for differences in the Hc decay
kinematics are obtained from previous studies of semi-
leptonic Λ0

b → Λþ
c μ

−ν̄μX and Ξ−
b → Ξ0

cμ
−ν̄μX decays [28].

The Λ0
b lifetime weight accounts for a small difference

between the value of τΛ0
b
used in the simulation (1.451 ps)

and the world average value of 1.464 ps. The ðpT; ηÞ
weights (wkin) forHb are obtained by taking the ratio of the
background-subtracted signal distributions in the data [29]
to the corresponding distributions in simulation, separately
for each L0 trigger category. With those weights applied,

the TOS fraction in simulation is about 20% higher relative
to that seen in the data. Weights are applied to the
simulation so that the fractions of TOS and TIS events
match those in the data. Projections of the pT and η spectra
in data and simulation with all weights applied are shown in
Fig. 1. Without the kinematic and TIS/TOS weights
applied, the pT spectrum from the simulation is clearly
shifted toward larger values than that of the data. After the
weights are applied, the simulation matches the data well.
In addition to the weights, a correction is applied to the

2017 and 2018 simulations. With the increased radiation
exposure in theVELOdetector, cluster sizes increased due to
more charge sharing between adjacent strips, which in turn
improved the IP resolution in data as compared to the
simulation. Since quantities such as χ2IP are used in the
selection, and affect the decay-time acceptance, it is impor-
tant that the simulation is well calibrated. Correction factors
that depend on p and η are derived using the Λ0

b → Λþ
c π

−

decay mode. This decay mode is ideal since the Λ0
b baryon

lifetime is precisely known, and the signal yield is large
(∼106) with a high signal-to-background ratio. The derived
corrections increasewith particlemomentum, and depend on
η, due to the radiation profile [30]. The correction to the χ2IP
value varies from 1.0, at low momentum, to about 1.55, on
average, for protons with p ¼ 200 GeV=c. For the K−, πþ

(from theΛþ
c decay) and π− mesons (from theΛ0

b decay) the
average corrections at 200 GeV=c are about 1.35, 1.25 and
1.30, respectively.
A comparison of the distributions of the logðχ2IPÞ of the

proton from the Λþ
c decay in four different η regions is

shown in Fig. 2 for the 2017 data and simulation. Prior to
the correction, the simulation is clearly shifted with respect
to the data, and the difference increases with η, as higher
momentum tracks tend to be at smaller angles with respect
to the beamline. After the correction, the simulation is in
good agreement with the data. A similar level of agreement
in χ2IP is obtained for all final-state particles.
Similar corrections are derived for the Hb and Hc vertex

χ2 values, which are unity at low momentum and increase
to about 1.15 at 200 GeV=c. The calibrations are validated
by comparing the background-subtracted distributions in
data with the fully weighted simulation. The derived
calibration parameters are then applied to the Ξ−

b sample
as well.
The hadron PID response of the final-state particles is

calibrated using large samples of D�þ → ðD0 → K−πþÞπþ
and Λ0

b → Λþ
c π

− decays as described in Ref. [31]. Using
the calibration data, the PID response for each hadron type
is parametrized as a function of its transverse and total
momentum, and the track multiplicity in the event [32]. The
PID response of each hadron in simulated signal decays is
updated to use the response obtained from these calibration
data, chosen at random from the relevant PID probability
distribution.
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B. Multivariate selection

To suppress background caused by random combina-
tions of reconstructed particles, a gradient-boosted decision
tree (BDT) algorithm [33,34] is employed. The variables
used to train the BDT classifiers include the Hb decay
vertex-fit χ2 and cosðθPVÞ, where θPV is the angle between
the Hb momentum vector and the vector that joins the PV
and Hb decay vertex; the Hc decay vertex-fit χ2 and the Hc
baryon decay time; and for each final-state particle, the p,
pT, χ2IP values and a PID variable providing a measure of
the likelihood that the PID information is consistent with
the particle hypothesis [31].
A total of 20 (24) variables are used in the training of the

Λ0
b (Ξ−

b ) BDT classifiers. The signal distributions are taken
from simulated signal decays with all weights applied.
The background sample for the Λ0

b (Ξ−
b ) mode is taken

from the high-mass sideband region, 5750–5950 MeV=c2

(5900–6100 MeV=c2), after all selections are applied. For
the Ξ−

b decay, the Ξ0
c mass requirement is relaxed to include

candidates with jmðpK−K−πþÞ −mΞ0
c
j < 30 MeV=c2 to

increase the size of the background sample. A loose require-
ment is applied to the BDTalgorithm output, which provides
a signal efficiency of about 99%, while suppressing the
combinatorial background by a factor of 4 (6) for theΛ0

b (Ξ−
b )

decay mode. After the BDT requirement, less than 1% of
events have more than one Hb candidate, and all candidates
are retained.

C. Fits to the mass distributions

The invariant-mass spectra for selected candidates are
shown in Fig. 3, along with the results of binned extended
maximum-likelihood fits [35]. Each mass spectrum is
described by the sum of a signal function and three back-
ground shapes. The signal-mass shapes are parametrized by

FIG. 1. Comparison of the (left) pT and (right) η spectra between background-subtracted data (points) and simulation (Sim.), before
(red dashed line), and after (blue line) the kinematic and TOS/TIS weights (wkin) are applied. The top row shows the distributions for the
Λ0
b decay mode, and the bottom shows those for the Ξ−

b mode.
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FIG. 2. Distributions of logðχ2IPÞ for background-subtracted 2017 data (points), uncalibrated simulation [Sim. (no Corr)] (red dashed
line), and calibrated simulation [Sim. (Corr)] (blue solid line) for the proton from Λ0

b → Λþ
c π

− decays. The four plots show the
distributions in four η regions of the proton.

FIG. 3. Invariant-mass spectra for (left) Λ0
b → Λþ

c π
− and (right) Ξ−

b → Ξ0
cπ

− candidates in the data. The fit results, as described in the
text, are overlaid.
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the sum of two Crystal Ball functions [36] with a common
mean. The signal shape parameters are fixed to the values
obtained from simulation, except for the peak position and an
overall scale factor, which accounts for a small difference in

themass resolution between data and simulation. In fits to the
data, the scale factor is about 1.13, which is consistent with
other analyses of b hadron in LHCb.
The mass shape of misidentified Hb → HcK− decays is

also described using the sum of two Crystal Ball functions,
with shape parameters fixed to the values obtained from
simulated Λ0

b → Λþ
c K− decays. Taking into account the

ratio of branching fractions BðΛ0
b → Λþ

c K−Þ=BðΛ0
b →

Λþ
c π

−Þ [6] and the relative selection efficiency, it is
estimated that the yield fraction NðHb → HcK−Þ=NðHb →
Hcπ

−Þ is ð3.1� 0.6Þ% for the Λ0
b mode, and ð3.1� 0.9Þ%

for the Ξ−
b decay. An additional 20% relative uncertainty is

included for the Ξ−
b mode to account for an assumption that

TABLE I. Signal yields by L0 trigger category for Λ0
b and Ξ−

b
decays for the total 2016–2018 dataset after all selections. Each
yield is obtained from an independent fit to the respective
invariant-mass spectrum.

Mode TOS TIS TOSþ TIS

Ξ−
b 4363� 76 3976� 71 8303� 107

Λ0
b (×103) 519.9� 0.9 408.0� 0.8 928.4� 1.2

FIG. 4. Left: signal yields divided by the bin width for the (top) Λ0
b mode, (middle) Ξ−

b mode as a function of decay time, and (bottom)
the ratio NðΞ−

b Þ=NðΛ0
bÞ. Right: selection efficiencies for the (top) Λ0

b mode (middle) Ξ−
b mode, and (bottom) the ratio of efficiencies

εðΛ0
bÞ=εðΞ−

b Þ, obtained from the weighted simulation. The uncertainties shown are due to the finite number of events in the data and
simulation samples.
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the relative branching fraction between the Cabibbo-
suppressed and Cabibbo-favored mode is equal to that
of the Λ0

b baryon [6]. These fractions are included in the fit
with Gaussian constraints. Toward the lower edges of the
mass distributions there are small contributions from
partially reconstructed b-hadron decays with a missing
pion or photon(s). The partially reconstructed background
is modeled with an ARGUS shape [37] convolved with a
Gaussian resolution function. The shape parameters are
obtained from a fit to the data in a wider mass region, and
then fixed to those values in the default mass fits. The
default mass fit includes candidates in the mass ranges
5500–5800 MeV=c2 and 5650–5950 MeV=c2 for the Λ0

b
and Ξ−

b samples, respectively, which eliminates most of
the partially reconstructed decays. The combinatorial
background is described by an exponential function with
the shape parameter free to vary in the fit. The results of
the fit are overlaid on the data in Fig. 3. The Ξ−

b and Λ0
b

signal yields for each L0 category and both L0 categories
combined are given in Table I.

IV. DETERMINATION OF rτ

The determination of the lifetime ratio rτ requires the
ratio of signal yields and the ratio of selection efficiencies,
as shown in Eq. (1). The yields N½Ξ−

b → Ξ0
cπ

−�ðtÞ and
N½Λ0

b → Λþ
c π

−�ðtÞ are determined by fitting the combined
TOSþ TIS Hb mass spectra in decay-time bins, ranging
from 0.4 to 10 ps. Specifically, the bin widths are 0.2 ps
from ½0.4; 1.8� ps, 0.4 ps from ½1.8; 3.0� ps, 0.5 ps from
½3; 4� ps, and 1 bin each from [4, 5], [5, 7] and ½7; 10� ps.
The mass fits are performed as described previously, where
the signal shape parameters in each decay-time bin are
obtained from the corresponding fit to the simulated signal
decays in the same decay-time bin, with all weights
applied. The mass resolution scale factor is Gaussian
constrained to the value obtained from the fit to the full
data sample. This is validated using simulation, where the
mass resolution is found to be independent of the decay
time. All signal and background yields are free parameters
in the fit for each decay-time bin. The yields of Λ0

b and Ξ−
b

baryon decays as a function of the decay time are shown in
Fig. 4 (left), along with the ratio of yields, NðΞ−

b Þ=NðΛ0
bÞ.

The yield ratio decreases as the decay time approaches
zero. This trend is expected, and is due to the detachment
requirement (see Sec. III) on all final-state tracks from all
PVs, which has a lower efficiency for the five-particle final
state (Ξ−

b ) than the four-particle final state (Λ0
b).

The selection efficiencies for decays within the LHCb
acceptance are obtained from simulation, corrected for
data-simulation discrepancies as detailed in Sec. III A.
The resulting efficiencies versus decay time are shown in
Fig. 4 (right). The Λ0

b and Ξ−
b signal efficiencies show a

steep rise from zero decay time, followed by a plateau.
Due to very low selection efficiency, and potentially large

systematic effects, only Hb decay times larger than 0.4 ps
are used in the lifetime determination. As shown in the
bottom plots of Fig. 4, the reduction in the yield ratio
NðΞ−

b Þ=NðΛ0
bÞ mirrors the ratio of selection efficiencies

εðΛ0
bÞ=εðΞ−

b Þ.
The product of the yield and efficiency ratios shown in

Fig. 4 (bottom) gives RðtÞ, and the result is shown in Fig. 5
(top). The points are placed along the time axis at the
weighted average within the bin, assuming a decay-time
spectrum that is exponential with an effective lifetime
of 1.51 ps, which is halfway between the world-average
values of the Λ0

b and Ξ−
b baryons’ lifetimes. The results

are insensitive to choosing other values within the
range from 1.47 to 1.61 ps. The results of a fit to an
exponential function are overlaid on the data, yielding
λ ¼ ð48.3� 7.8Þ × 10−3 ps−1, where the uncertainty is
due to the finite signal yields in the data. From this
value, the relative lifetime and Ξ−

b lifetime are readily
computed as

FIG. 5. Top: corrected yield ratio RðtÞ as a function of the decay
time. The red line shows the fit result, and the gray band shows
the 68% confidence level interval. Bottom: overlay of the decay-
time spectrum of Ξ−

b signal decays and simulation using the best
fit lifetime of 1.575 ps.
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rτ ¼ 1.076� 0.013;

τΞ−
b
¼ 1.575� 0.019 ps;

where the uncertainties are statistical only.
Figure 5 (bottom) shows an overlay of the decay-time

spectrum of Ξ−
b data obtained using the sPlot method [29],

and simulation weighted to represent the best fit Ξ−
b lifetime

of 1.575 ps. It is seen that the best fit lifetime is in good
agreement with the data.

V. SYSTEMATIC UNCERTAINTIES
AND CROSS-CHECKS

A number of possible sources of systematic uncertainty
are considered and shown in Table II, along with their
associated values. For each of the sources, unless otherwise
indicated, the systematic uncertainty is assessed by making
a change to the default method, and assigning the relative
change in rτ with respect to the default value as the
systematic uncertainty. The total is obtained from the
quadrature sum of the values from each source.
The largest systematic uncertainty is due to the finite

simulated sample sizes. The uncertainty is obtained by
performing 1000 alternative fits for rτ, where in each fit the
relative efficiency in each bin is fluctuated by its uncer-
tainty according to a Gaussian distribution. The standard
deviation of the 1000 alternative fits is assigned as the
systematic uncertainty.
The uncertainty due to the assumed signal shape is

quantified by using the sum of a Bukin [38] and Gaussian
function with a common peak value for the signal function
to fit the data. Sensitivity to the choice of the combinatorial
background function is investigated by using a third-order
Chebychev polynomial instead of an exponential function
in the mass fits.
To assess the sensitivity to the corrections applied to the

χ2IP observable of final-state tracks in the 2017 and 2018
simulations, the parameters used for the scaling are
modified from their best values by about 1 standard

deviation. The selections are reapplied, and the full analysis
is rerun with the new scaling parameters.
For the efficiency determination, the reconstructed signal

decays in the simulation are required to be truth-matched
with the generated signal decays. In a few percentage of
cases, this association can fail if the fraction of matched hits
between the reconstructed track and the true particle do not
exceed a minimum threshold. The potential impact is
assessed by removing the matching requirement entirely
for the efficiency determination.
The mass fits are binned extended maximum-likelihood

fits, with bin widths of 2.0 and 5.0 MeV=c2 for the Λ0
b and

Ξ−
b mass fits, respectively. To assess whether the choice of

binning has any impact on the results, the bin widths in
mass are halved, and new values of N½Ξ−

b → Ξ0
cπ

−�ðtÞ and
N½Λ0

b → Λþ
c π

−�ðtÞ are used in place of the default ones. To
study the sensitivity to the range in mass over which the
mass spectrum is fitted, the region of the mass fit is
extended by 50 MeV=c2 on both sides and the fits are
redone.
To study the effects of the binning in decay time, the

number of decay-time bins is increased from 16 to 25. The
mass fits in the narrower decay-time bins are redone,
leading to a new set of data points for RðtÞ, and a
corresponding change in the fitted rτ.
The BDT requirement is highly efficient, about 99% on

simulated signal decays. Nonetheless, some of the inputs
are correlated with decay time. To estimate a potential
impact of the BDT requirement on the measurement of rτ,
the operating point is made less stringent, doubling the
amount of combinatorial background, and increasing the
signal efficiency to at least 99.5%. The observed change is
assigned as a systematic uncertainty, although it certainly
includes a statistical component due to the increased level
of background in the mass fits.
The systematic uncertainty in rτ due to the limited

precision of the measured Λ0
b baryon lifetime is small,

due to its precisely known value. The total systematic
uncertainty on rτ is 0.57%, which can be compared to the
statistical precision of about 1.2%.
A number of cross-checks are performed to ensure self-

consistency among different subsets of the data. The data and
simulation are divided into mutually exclusive datasets, and
the lifetime is measured separately in each subsample. Four
different partitions are investigated: by year (2016, 2017, and
2018), by L0 trigger category (TOS and TIS), by LHCb
magnet polarity, and by track multiplicity in thepp collision
event (Ntrk ≤ 150 andNtrk > 150). All of the lifetime values
obtained from the twelve independent subsets are within 1
standard deviation of the overall average.

VI. SUMMARY

In summary, using a pp collision data sample corre-
sponding to an integrated luminosity of 5.5 fb−1, the LHCb

TABLE II. Sources and values of the relative systematic
uncertainty on rτ.

Source Value (%)

Simulated sample size 0.43
Signal shape 0.07
Background shape 0.01
χ2IP scaling 0.20
Truth matching 0.07
Bin width in mass 0.03
Mass fit range 0.18
Bin width in time 0.06
BDT requirement 0.21
Λ0
b lifetime 0.05

Total 0.57
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Collaboration measures the ratio of lifetimes of the Ξ−
b

baryon relative to that of the Λ0
b baryon to be

rτ ¼ 1.076� 0.013� 0.006;

where the uncertainties are statistical and systematic,
respectively. Multiplying by the known Λ0

b baryon lifetime
of 1.464� 0.010 ps [6], the Ξ−

b lifetime is found to be

τΞ−
b
¼ 1.575� 0.019� 0.009� 0.011 ps;

where the last uncertainty is due to that of the Λ0
b baryon

lifetime. This is the most precise measurement of
the Ξ−

b baryon lifetime and is consistent with previous
measurements.
The rτ value obtained here is combined with the

corresponding value obtained with the Run 1 data sample
of 1.089� 0.026� 0.011 [10]. The resulting Run 1 and
Run 2 average values are

rRun 1;2τ ¼ 1.078� 0.012� 0.007;

τRun 1;2Ξ−
b

¼ 1.578� 0.018� 0.010� 0.011 ps:

All uncertainties, except that of the Λ0
b baryon lifetime, are

taken as uncorrelated in the average. This represents a
statistical precision on the lifetime ratio of about 1.3%,
which improves on the world-average value by about a
factor of 2. The measured value is in agreement with the
prediction from the heavy quark expansion, of rHQEτ ¼
1.078� 0.021 [5]. This prediction only accounts for the
decay width of the b quark and higher-order corrections.
Decays of the Ξ−

b baryon involving the weak s → uūd
transition have been observed by LHCb [39], with branch-
ing fraction BðΞ−

b → Λ0
bπ

−Þ ∼ 1%, which would reduce the
central value of the theoretical prediction by about 1%.

After applying this correction the theoretical calculation
would still be in agreement with the measured rτ value.
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bAlso at Università degli Studi di Milano-Bicocca, Milano, Italy.
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