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Abstract

The lifetimes of the £29 and Z2 baryons are measured using a pp collision dataset
collected by the LHCb experiment, corresponding to an integrated luminosity of
9fb~!. The charm baryons are produced in the fully reconstructed decay chains
Q27— (= pK K nt)n~ and =, — Z)(— pK~ K n")n~. The measurement
uses topologically and kinematically similar B~ — D%(— K~ K*7~7") 7~ decays
for normalisation. The measured lifetimes are

Too = 276.3 £19.4 (stat) £ 1.8 (syst) & 0.7 (7po) fs,
Tzo = 149.24& 2.5 (stat) £ 0.9 (syst) £ 0.4 (po) f5,
where the first uncertainty is statistical, the second systematic and the third due

to the uncertainty of the DU lifetime. These results are consistent with previous
measurements performed by the LHCb experiment.
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1 Introduction

Charm and beauty hadron lifetime measurements are important means to explore and
document the properties of hadrons. Experimentally, accurate simulation of particle decays
requires good knowledge of the lifetimes. From a theoretical viewpoint, charm hadron
lifetimes are an excellent testing ground to evaluate different techniques for calculating
hadron properties. Recent measurements of the 29 and =0 lifetimes are in tension with
earlier results, and this paper presents new results that confirm the revised lifetimes.

The lifetime of the £2° baryon, with a valence quark content of css, was first measured
by the E687 and WAS89 collaborations [1,2] and the FOCUS experiment [3], resulting
in an average of 69 + 12fs [4]. In a more recent measurement, the LHCb experiment
measured the 20 lifetime to be almost four times larger than, and inconsistent with, the
previous average. This measurement was based on a significantly larger sample of (29
baryons originating from semileptonic b-baryon decays [5]. This result was subsequently
confirmed by a measurement from the LHCb experiment using an independent sample
of £2° baryons produced promptly in pp collisions [6], yielding an average for the LHCb
measurements of 275 + 12fs. The Belle IT experiment recently measured the 29 lifetime
to be 243 + 49fs [7], consistent with the longer lifetime reported by LHCb.

Similarly, the lifetime of the Z° baryon, with a valence quark content of csd, was
first measured by the ACCMOR, WA687 and FOCUS collaborations [8-10], resulting
in an average of 112*]3 fs [4]. The more recent measurements by the LHCb experiment,
using =0 baryons produced in semileptonic decays [11] and promptly in pp collisions [6],
average to a lifetime of 152.0 + 2.0fs, in tension with the previous average. These
discrepancies in measured lifetimes for the 22 and Z° baryons highlight the need for
additional measurements.

The lifetimes of charm baryons can be calculated using heavy-quark-expansion the-
ory [12-18], which is an effective theory based on an expansion in inverse powers of the
mass of the heaviest quark. At leading order, the lifetime only depends on the mass of
the charm quark, resulting in the same lifetime for all four weakly decaying single-charm
baryons. Differences in the lifetimes of the single-charm baryons are expected to arise
from higher-order effects, such as weak IW-exchange and Pauli interference, caused by the
spectator quarks. Charm hadron lifetimes are more sensitive to these contributions than
beauty hadrons since the size of the contributions increases as the mass of the heaviest
quark decreases [19-24].

The higher-order effects on the lifetimes of single-charm baryons have been evaluated
to give a hierarchy of 7o+ > 7+ > 7=0 > 7o [21-25], consistent with the earlier mea-
surements of the lifetimes. Different treatments of the higher-order effects predict the
hierarchy 7o+ > 7o > 7,4+ > 7=0 [21,24,26], which is consistent with the more recent
measurements. Hence, experimental input is crucial to arbitrate between these different
calculations.

The measurements presented in this paper exploit charm baryons produced
in hadronic b-baryon decays recorded by the LHCb experiment, specifically
27— = pK K 7t)r and =, = E9(— pK~ K 7") 7 decays.! These fully recon-
structed decays have well defined production and decay vertices and are statistically
independent from previous measurements by the LHCb experiment. The lifetimes are

!The inclusion of charge-conjugate processes is implied throughout.



measured using the topologically and kinematically similar B~ — D°(— K- K a7 t) 7~
decay for normalisation to minimise the uncertainties associated with the decay time
acceptance. Two different methods for the background subtraction are used to cross-check
the results, giving consistent values. In order to avoid experimenter’s bias, the results of
the analysis were not examined until the full procedure had been finalised.

The data sample was collected by the LHCb experiment in the years 2011, 2012 and
2015 —2018 at centre-of-mass energies of /s = 7, 8 and 13 TeV, respectively, corresponding
to an integrated luminosity of 9fb~*.

2 Detector and simulation

The LHCb detector [27,28] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < n < 5, designed for the study of particles containing b or
¢ quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [29], 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 [30,31] 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 minimum distance of a track to a primary pp collision vertex
(PV), the impact parameter (IP), is measured with a resolution of (15+29/pr) pm, where
pr 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 [32]. Photons, electrons and hadrons are identified by a calorimeter system
consisting of scintillating-pad and preshower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed of alternating layers of iron and
multiwire proportional chambers [33].

The online event selection is performed by a trigger [34], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction. At the hardware trigger stage, events are
required to have a muon with high pr or a hadron, photon or electron with high transverse
energy in the calorimeters. The signal candidates selected for the measurement are not
required to have passed a specific set of criteria at the hardware stage; all candidates
accepted by the trigger are included. The software trigger requires a two-, three- or
four-track secondary vertex with a significant displacement from any PV. At least one
charged particle must have a transverse momentum pr > 1.6 GeV/c and be inconsistent
with originating from a PV. A multivariate algorithm [35,36] is used for the identification
of secondary vertices consistent with the decay of a beauty hadron.

Simulation is required to determine how the detector acceptance and selection criteria
affect the decay time distributions, and to determine the decay time resolution. In addition,
simulation is used to develop the candidate selections. In the simulation, pp collisions
are generated using PYTHIA [37,38] with a specific LHCDb configuration [39]. Decays
of unstable particles are described by EVTGEN [40], in which final-state radiation is
generated using PHOTOS [41]. The interaction of the generated particles with the detector,
and its response, are implemented using the GEANT4 toolkit [42] as described in Ref. [43].
To make more efficient use of computing resources, the underlying pp interaction is reused



multiple times and combined with independently generated signal decays each time [44].
The simulated data are produced with charm and beauty hadron lifetimes consistent with
the known values [45], or weighted to match those values if different.

The simulation provides a good description of the data, with the agreement further
improved by data-driven corrections. The b-baryon pr spectrum, track multiplicity and
hardware-trigger efficiency are corrected with weights determined from the observed
differences between data and simulation. The tracking efficiency corrections are applied
using tables binned in pseudorapidity and pr, derived from calibration samples. The
simulation is corrected so that the fractions of candidates triggered by the signal or by
other particles in the event match those in data. The particle identification performance
in simulation is corrected using information from calibration data samples [46,47].

The lifetime is measured from the distribution of decay times ¢ for the signal candidates,
evaluated in the particles’ rest frames. It is determined from the reconstructed decay
length [, invariant mass m and momentum p of the signal candidate, where t = m?'l [29].
This relation is evaluated in a fit where the candidate is constrained to originate from
its associated PV. The associated PV is that to which the candidates has the smallest
X3p, defined as the difference in the vertex-fit x? of a given PV reconstructed with and
without the track under consideration.

3 Selection of signal candidates

The selection of signal candidates exploits the long lifetime of the b-hadrons, avoiding
requirements on quantities that directly affect the decay time distribution of the charm
hadrons. Hence, the selection efficiencies only depend weakly on the charm hadron decay
time, which simplifies the corrections for the decay time acceptance. The selection of the
normalisation mode closely matches that of the signal modes, to ensure good cancellation
of the acceptance functions in the ratio of the signal and normalisation modes. Differences
are limited to particle identification requirements and mass-range selections.

Four charged tracks, not originating from a PV and with requirements on their p and
pr, are selected to form a good-quality displaced vertex. The tracks must be consistent
with the pion, kaon or proton hypotheses, as required to form the 20— pK~-K -7,
E0 5 pK~K 7wt and D°— K- K*tr 7" candidate decays.

Each charm hadron candidate is combined with a charged track that does not originate
from a PV, has a high probability of being a pion and satisfies requirements on its
p and pr, to form a beauty-hadron candidate. The charm hadron and the additional
track are required to originate from a common vertex, which must be displaced from
all PVs and be of good quality. In addition, the reconstructed momentum vector of the
b-hadron candidate must point back to the associated PV. A kinematic fit to the full decay
tree [48] is performed on these 2, — (= pK K 7" 7, 5, = E%(— pK K 7)) 7
and B~ — D%~ K~ K™n~7") 7~ candidates, in which they are constrained to originate
from their associated PV. A loose requirement on the quality of that fit is applied,
estimated by its x* per degree of freedom (x%p/ndf).

A boosted decision tree (BDT) classifier [49,50], implemented in the TMVA toolkit [51],
is employed to further reject background. The classifier is trained using proxy datasets
to represent signal and background decays. The signal is represented by simulated
signal decays. The background is represented by candidates from data with pK~ K7™



(KTK rntm *) invariant masses outside the charm baryon (D° meson) signal regions, or
with 2%77, 2%~ or D7~ invariant masses significantly displaced above the b-hadron
signal peaks. These training datasets are subject to the selection criteria described above.

Fifteen variables are used in the BDT to differentiate between signal and background.
Among these, the variables associated with the pions from the b-hadron decays are their pr,
their x% and their probability of being a pion. Variables associated with the charm hadrons
are their total momentum, the sum of pr of their decay products and the probability of
each decay product being assigned the correct particle identity. Variables associated with
the b-hadron candidates are their pr, x%p and x3yp/ndf, the x?/ndf of their decay vertex
fits, the angle between their reconstructed flight path and momentum vector, and the
flight distance significance, defined as the distance divided by its uncertainty.

The requirements on the BDT output variable for accepting charm baryon candidates
are optimised by maximising the signal significance, which is defined as S/v/S + B =
So€s/ v/ Soes + B. The background yield in the signal region, B, is determined from a fit
to data. The signal yield Sy is determined from a fit to data when applying a loose BDT
requirement, which is then scaled with the change in selection efficiency (€;) determined
from simulation, as the BDT requirement is tightened. This ensures that the measurement
is not biased by the optimisation procedure. For the normalisation channel, a requirement
that is tighter than the optimum given by the described procedure is applied. The number
of selected candidates in the normalisation mode is significantly higher than for the signal
modes; hence, the tighter selection does not affect the statistical precision, and the very
clean selected sample simplifies the modelling of the invariant mass spectrum.

The training of the BDT classifier and the optimisation of the output variable require-
ment are performed separately for the data-taking periods 2011-2012 and 2015-2018, to
account for the differences in running conditions and centre-of-mass energies.

Candidates are required to have pK~ K~ 7" (K*K 7n"7~) invariant masses within
three times the mass resolution around the known charm baryon (D°) masses [45], and
7=, Z%~ and D7~ invariant masses in ranges from 300, 200 and 150 MeV/c? below
to 550, 550 and 450 MeV/c? above the known (2, , =, and B~ masses, respectively.

The selected decay time ranges for the two charm baryons are chosen to extend up to
six times their lifetimes, which gives ranges of —0.15 to 1.50 ps for the £2° candidates and
—0.15 to 0.90 ps for the =Y candidates. Some candidates are reconstructed with negative
decay times due to the finite decay time resolution; hence, the measurements include the
negative decay time region. The normalisation mode candidates are analysed separately in
two subsamples based on their lifetime, that match the ranges of the £2° and =0 lifetime
measurements.

After the full selection sequence is applied, approximately one percent of the events
contain more than one signal candidate. These multiple candidates are retained for the
measurement [52], to avoid the risk of biasing the measurement in the choice of which
candidates to keep.

4 Fits to the invariant-mass spectra

The signal and background components are separated through unbinned maximum-
likelihood fits to the invariant-mass spectra of the selected candidates. The mass fits
are performed to the 2, — %7~ =, — =97~ and B~ — D7 invariant-mass spectra,



since this gives a better discrimination between the signal and backgrounds with charm
hadrons in the decay chain than fits to the pK~ K7t and Kt K 77~ spectra. The
invariant-mass spectra and fits are shown in Fig. 1 for the signal modes and in Fig. 2 for
the normalisation mode.
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Figure 1: Top row: Invariant-mass distributions of reconstructed (left) £2,” — 297~ and (right)

—_——

=p

— 297~ candidates, with pK ~ K ~7" invariant masses falling in the shaded regions of the

bottom row plots. Bottom row: Distributions of the reconstructed pK ~ K ~7* invariant mass, for
(left) 29 and (right) Z° candidates with invariant masses within three times the mass resolution
of the §2," and =}~ barons, respectively.

The b-hadron signals are modelled with a modified Crystal Ball function [53] with
power law tails on both sides of the peak (double-sided Crystal Ball, DCB), plus an
additional Gaussian function. The tail parameters, as well as the relative widths and
fractions of the two functions, are determined from simulation, whereas the peak position
and overall width are determined from data.
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Figure 2: Top row: Invariant-mass distributions of reconstructed B~ — D%~ candidates, with
K™K~ n"r~ invariant masses falling in the shaded regions of the bottom-row plots. Bottom row:
Distributions of the reconstructed K™K ~n+7~ invariant mass for B~ candidates with invariant
masses within three times the mass resolution of the B~ meson. Candidates with D° decay

times in the ranges used in the (left column) 22 and (right column) Z? lifetime measurements
are included.

The three spectra contain small fractions, less than 1%, of the Cabibbo suppressed
2y = K-, =y — ZYK~ and B~ — DK~ decays where the kaons have been misiden-
tified as pions. These components are modelled with DCB functions where all parameters
are determined from simulation and their yields are constrained relative to the yields of
the signal decays. The branching fractions of the b-baryon decays are not known; hence,
the ratios of branching fractions between the Cabibbo favoured and suppressed decays
are assumed to be the nominal Cabibbo suppression of approximately twenty, with an
uncertainty of 30% to account for SU(3) breaking effects. The branching fractions of the
B~ — D%~ and B~ — D°K~ decays are known with good accuracy and their ratio is



calculated to be (7.9 +0.4)% [45]. The relative efficiencies of the Cabibbo favoured and
suppressed decays are determined from simulation. These ratios, including uncertainties,
are combined to form Gaussian constraints in the fit.

Partially reconstructed decays, where one of the decay products is not in-
cluded in the decay hypothesis, may enter the invariant-mass spectra. The decays
27— 2.(2770)°(— 299) 7—, where the photons are not included, are modelled with a
template determined from an analytic calculation. The shape depends on the helicity of
the excited charm baryon, which is either % or %, whose relative couplings are not known.
Hence, both states are included as independent components of the fit, where their yields
are determined to be approximately equal.

The corresponding partially reconstructed =, — =Z°(— =) 7~ decays are modelled
with a sum of a generalised Gaussian function and a Johnsons’s Sy distribution [54],
where the parameters are determined from fast simulation [55]. The dependence on the
helicity of these decays is neglected since the yield is modest.

The 2%~ and Z%7~ invariant-mass spectra contain partially reconstructed
2, — 77" and =, — E097 70 decays, where the 7~ 7 either originate from p(770)~
decays or are nonresonant. These decays are modelled with an Johnsons’s Sy distribution,
with parameters fixed from fast simulation. The shapes of the invariant-mass distributions
are not significantly affected by the helicity of the 7~ 7" system [56]. It is not possible
to determine the relative fractions of the resonant and nonresonant decays from data;
hence, the model giving smallest fit x? is selected. The nonresonant model is used for the
fit to the 227~ invariant-mass spectrum and the resonant model is used for the =07~
invariant-mass spectrum. The yields of these decays are determined from data.

Partially reconstructed B~ — D**(— D%y)r~ decays enter the B~ — D7~ invariant-
mass spectrum and are modelled with a Johnsons’s Sy distribution with parameters
determined from fast simulation [55]. The ratio of yields relative to the B~ — D%~
decays, which is estimated from the relative branching fractions [45] and the relative
reconstruction and selection efficiencies, is used as a Gaussian constraint in the fit.

Other peaking backgrounds are found to be negligible, for instance those from charmless
=, and (2 baryon decays.

The combinatorial background in these spectra originate from two sources: either from
correctly reconstructed 22, 9 or DY hadrons combined with an unassociated charged pion
or from candidates built from five charged hadrons that originate from different processes
in the event. The combinatorial background in the 297~ and Z%7~ invariant-mass spectra
are dominated by the second category and the shapes are modelled with exponential
functions, where the slope parameters are determined from a sample of candidates where
the pK~ K~ nt invariant mass is not consistent with originating from 29 or Z9 decays.
These parameters, including uncertainties, are used as Gaussian constraints in the fit to
data.

The combinatorial background in the B~ — D%~ spectrum is very small and modelled
by an exponential function with an unconstrained slope.

The fits give signal yields of 355 & 26 for the 2, — 297~ decays and 8260 + 100 for
the =, — =27~ decays. The fitted yields for the B~ — D%~ decays are 53420 % 260
(48 720 + 250) in the decay time range used for the 29 (Z9) lifetime measurement.



5 Lifetime measurements

The 29 and Z? lifetimes are measured with a least-squares fit to the ratio of yields between
the signal and normalisation modes, in bins of decay time. The bin boundaries are chosen
to give approximately the same number of signal candidates in each bin, where six bins are
used for the 20 lifetime measurement and fifteen are used for the =0 lifetime measurement.
The ratio of yields in decay time bin ¢ with boundaries ¢; and ¢;,; is modelled to be

tit1
/ A92752(t) . (e*t/TQg»EQ % RQB,59<t>> dt
t;
Ty = tit1 ) (1)
Apo(t) - <e_t/TD0 % Rpo (t)) dt

t;

where 7o =0 po are the hadron lifetimes, Ago =0 po the decay time acceptance functions,
Rgo =0 po the decay time resolution functions and the symbol * represents a convolution.
The DY lifetime is fixed to its known value of 7po = 410.3 £ 1.0fs [45], while the charm
baryon lifetimes are determined from the fit.

The decay time resolution function is determined from simulation and modelled with
a sum of three Gaussian functions. The effective resolutions, defined as the square root of
the sum of the Gaussian variances weighted by their fractions, are 83 fs for the £2°, 101 fs
for the =0 and 75 fs for the D° decay times. A multiplicative scale factor to account for
differences in resolution between data and simulation is determined from a fit to the D°
decay time distribution. The distribution is modelled with an exponential function, with
the D° lifetime fixed to its known value, convolved with the resolution function including
a scale factor for its width, and multiplied by the acceptance function. The scale factor is
determined to be 1.08 £ 0.02, which is applied to all three decay modes.

The decay time acceptance functions are determined from simulation, from the ratio be-
tween the reconstructed decay time distributions and a model consisting of an exponential
function convolved with the resolution function. The lifetimes in the exponential functions
are set to the values used in the simulation. The acceptance is almost independent of the
charm hadron decay time, which is expected since the selection is designed to exploit the
long b-hadron lifetimes. They are modelled with the sum of second-order polynomials
and a Gaussian function with a mean of approximately —0.15ps to account for a small
deviation from a polynomial shape in that region.

Two different methods are employed to determine the decay time distribution of the
signal. In the first method, the data are divided into bins of decay time and a mass fit is
performed on each subset. The same fit functions as those described in Sec. 4 are used,
with only the yields allowed to vary and all other parameters fixed to the values given by
the time-integrated mass fits. The ratios of signal and normalisation mode yields in each
bin are fitted with the function given in Eq. 1.

The second method uses the sPlot technique [57], a statistical tool that determines the
decay time distributions of the components included in the mass fits, using the 2, — 297~
=, — E%7 and B~ — D% invariant masses as the discriminating variables. This results
in binned decay time distributions for the signal and normalisation modes. The ratios of
the distributions for the signal and normalisation modes are fit with the function given in
Eq. 1.

Both methods return the generated lifetimes when applied to signal simulation, and
give unbiased results when evaluated on a large number of pseudoexperiments that include
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Figure 3: Ratio of yields (r;) between the (left) 2, — 297~ and (right) =, — Z07~ decays,
and the B~ — D1~ decays, in bins of decay time. The results from the fit with the model
given in Eq. 1 are shown.

backgrounds. The statistical correlations of the measurements with the two methods,
determined from pseudoexperiments, are 92% for the 29 lifetime and 99% for the =?°
lifetime. The statistical and systematic uncertainties of the two methods are nearly
identical. The results of the two methods were compared before unblinding and were
found to be consistent when accounting for their total uncertainties and correlations.

The first method for background subtraction, fitting the signal yields in bins of decay
time, is used for the nominal result of this measurement. This method was selected since a
similar method was used in a previous LHCb measurement [6] and since pseudoexperiments
indicate that it is slightly more precise on average. This choice was made before the
results were unblinded.

The fits to the lifetime ratios are shown in Fig. 3 and the measured lifetimes are

Too = 276.3419.4 (stat)fs,
Tzo = 149.24 2.5(stat)fs.

For comparison, the measured lifetimes for the second method are 70 = 265.5+£19.8 (stat)
and 7zo = 148.2 + 2.6 (stat) fs.

6 Systematic uncertainties

Several sources of systematic uncertainty are considered and they are summarised in
Table 1. In addition, the quoted statistical uncertainty includes a small component of
systematic uncertainty due to the Gaussian constraints used in the mass fits.

The systematic uncertainties associated with the shape of the signal mass models are
evaluated by generating pseudoexperiments with the nominal model described in Sec. 4,
and fitting them with an alternative model consisting of a DCB function without the
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Table 1: Systematic uncertainties for the £29 and =9 lifetime measurements.

Sources Oro [fs] Or g [fs]
Signal mass modelling 0.1 < 0.1
Partially reconstructed background modelling <0.1 <0.1
Cabibbo suppressed =, — 297~ decay < 0.1 —
Helicity of the 2, — 2.(2770)°(— £2%9) 7~ decay 0.3 —
Combinatorial background modelling 0.3 < 0.1
Decay time acceptance modelling 1.7 0.8
Decay time resolution modelling 0.1 0.5
Decay time resolution correction < 0.1 < 0.1
Uncertainty of the (2, and =, lifetimes 0.5 0.1
Total systematic uncertainty 1.8 0.9
Uncertainty of the D lifetime 0.7 0.4

additional Gaussian function. The difference in average lifetime between the nominal and
alternative fits, across all pseudoexperiments, is taken as the systematic uncertainty.

The uncertainty related to the modelling of the partially reconstructed background is
evaluated by generating pseudoexperiments using the nominal values for the parameters
governing the shapes, and fitting them with parameter values that are varied within their
uncertainties. The difference in fitted lifetime with the two sets of parameter values is
determined for each pseudoexperiment, and the spread of this difference plus its average
value is assigned as the systematic uncertainty. The decay =, — Z.(2645)°(— Z27°) 7~
could contribute to the selected data, and an associated uncertainty is evaluated from
pseudoexperiments that include this background, which are fit with the nominal model.
This uncertainty is found to be negligible, since the background is absorbed in the
modelling of the other partially reconstructed backgrounds.

Similarly, background from the Cabibbo suppressed decay =, — 297~ could be present
in the 2,” — 2%~ mass spectrum, but its influence on the measurement is found to be
negligible.

The uncertainty associated with the unknown fractions of the two helicity states for
the 2, — 2.(2770)°(— 2%v) 7~ decay is evaluated by generating pseudoexperiments with
the helicity fractions taken from the nominal fit result. The pseudoexperiments are fit
with two alternative models, either with helicity % or % The average of the difference
between the nominal and alternative models is computed, and the largest of the two
differences is taken as the systematic uncertainty.

The uncertainty related to the combinatorial background modelling is partially included
in the statistical uncertainty, through the Gaussian constraint on the slope parameter.
An additional uncertainty is assigned by fitting the pseudoexperiments with the slope
parameter allowed to vary freely in the fit. The results from these fits are compared
with those from the nominal fit, and the average difference is assigned as the systematic
uncertainty.

The systematic uncertainties associated with the decay time acceptance and decay time
resolution modelling are evaluated by generating pseudoexperiments with the nominal
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models described in Sec. 5 and fitting them with alternative models. For the acceptance
functions, a first order polynomial is used as the alternative model, without the additional
Gaussian function. This is the dominant systematic uncertainty for both measurements.

The uncertainty related to the decay time resolution modelling is evaluated with an
alternative model consisting of a sum of two Gaussian functions. The average differences
between the nominal and alternative models are taken as the systematic uncertainties.

The uncertainty on the decay time resolution scale factor extracted from data is
propagated to the lifetime measurements. Pseudoexperiments are generated using the
nominal value of the scale factor and fitted with the value varied within its uncertainty,
independently for the signal and normalisation modes. The spread of this difference plus
its average value is assigned as the systematic uncertainty.

The simulated samples used to determine the acceptance functions are generated with
the known lifetimes for the (2, and =) baryons [45]. Since these lifetimes are known
with finite precision, the associated systematic uncertainty is evaluated by weighting
the simulated samples to vary the b-baryon lifetimes up and down by one unit of their
uncertainty. The acceptance functions determined from these weighted samples are used
as alternative models to generate pseudoexperiments, which are fit with the nominal
model. The average shift in fitted lifetime is assigned as the systematic uncertainty.

The charm baryon lifetimes are measured relative to the D lifetime; hence, the
fractional uncertainty on its lifetime is assigned as a separate systematic uncertainty.

The consistency of the results is validated by performing the measurement on subsets
of the data, divided into years of data taking, polarity of the LHCb magnet, centre-of-mass
energy (7 and 8 TeV versus 13 TeV) and divided into two regions of m (K ~7") invariant
mass. The latter is to verify that the resonant structures present in the charm hadron
decays do not affect the measured lifetimes. The data are also divided into two trigger
categories, depending on if the hardware trigger decision was based on properties of the
signal candidate or based on other particles produced in the pp collisions. The results
from all these subsets are consistent for both methods of background subtraction.

7 Results and conclusion

The lifetimes of the 29 and Z? baryons are measured in fully reconstructed decay chains
using data collected by the LHCb experiment in the years 2011 —-2012 and 2015—-2018
corresponding to an integrated luminosity of 9fb™'. The measured lifetimes are

Too = 276.3 & 19.4 (stat) & 1.8 (syst) & 0.7 (7po) s,
Tzo = 1492+ 2.5(stat) £ 0.9 (syst) £ 0.4 (7po) fs,

where the first uncertainty is statistical, the second is systematic and the third is due to
the uncertainty of the D° lifetime. The statistical uncertainties are dominant, in particular
for the 29 lifetime. These results are consistent with the previous measurements by the
LHCb experiment [5,6,11], confirming the revised hierarchy of charm baryon lifetimes,
and provide guidance on the accuracy of the different techniques used to calculate charm
baryon lifetimes.

The measured lifetimes are combined with the previous LHCb measurements [5,6, 11],
using a linear unbiased estimator [58,59], accounting for correlations. The measurements
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are statistically independent and all non-negligible systematic uncertainties are uncor-
related, apart from those related to the decay time resolution, which conservatively are
considered to be fully correlated.

The studies of semileptonic decays [5, 11] measured the ratio between the charm
baryons and the D™ lifetimes, with the known value of the DT lifetime [4] as input. The
knowledge of the D* lifetime has since improved [60], resulting in a new average [45]
which is used to re-evaluate the 29 and =Y lifetimes. The LHCb combinations use these
updated lifetimes. The uncertainties associated with the D and D lifetime uncertainties
are uncorrelated.

The measurements that used promptly produced charm baryons [6] were performed
relative to a D° decay, using a previous average for the DY lifetime [61] as input. The
measurements with hadronic decays use an updated average D° lifetime [45], which
includes a new measurement [60]. The correlation between the systematic uncertainties
associated with the D lifetime between the two measurements is estimated to be 68%.

The combinations give x?/ndf values of 0.13/2 for the 29 lifetime and 2.1/2 for the
=9 lifetime and the resulting averages of the LHCb measurements are

Too = 274.8 +10.51s,
Tzo = 150.7+ 1.6fs,

where the uncertainties include both statistical and systematic effects.
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