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28 Dipartimento di Fisica, Università di Milano and INFN, Via Celoria 16, I-20133 Milan, Italy
29 Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen 0, Denmark
30 NC, Nuclear Centre of MFF, Charles University, Areal MFF, V Holesovickach 2, 180 00, Praha 8, Czech Republic
31 NIKHEF-H, Postbus 41882, NL-1009 DB Amsterdam, The Netherlands
32 National Technical University, Physics Department, Zografou Campus, GR-15773 Athens, Greece
33 Physics Department, University of Oslo, Blindern, N-1000 Oslo 3, Norway
34 Dpto. Fisica, Univ. Oviedo, C/P. Pérez Casas, S/N-33006 Oviedo, Spain
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46 Dipartimento di Fisica, Università di Trieste and INFN, Via A. Valerio 2, I-34127 Trieste, Italy

and Istituto di Fisica, Università di Udine, I-33100 Udine, Italy
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Abstract. The average lifetime ofb-baryons has been stud-
ied using 3×106 hadronicZ0 decays collected by the DEL-
PHI detector at LEP. Three methods have been used, based
on the measurement of different observables: the proper de-
cay time distribution of 206 vertices reconstructed with a
Λ, a lepton and an oppositely charged pion; the impact pa-
rameter distribution of 441 muons with high transverse mo-
mentum accompanied by aΛ in the same jet; and the proper
decay time distribution of 125Λc-lepton decay vertices with
theΛc exclusively reconstructed through itspKπ, pK0 and
Λ3π decay modes. The combined result is:

τ (b-baryon) = (1.254+0.121
−0.109(stat)

±0.04(syst) +0.03
−0.05(syst)) ps

where the first systematic error is due to experimental uncer-
tainties and the second to the uncertainties in the modelling
of the b-baryon production and semi-leptonic decay. Includ-
ing the measurement recently published by DELPHI based
on a sample of proton-muon vertices, the averageb-baryon
lifetime is :

τ (b-baryon) = (1.255+0.115
−0.102(stat) ± 0.05) ps.

1 Introduction

Baryons containing a beauty quark, referred to asb-baryons
throughout this paper, were first observed by the UA1 and
SFM experiments, which reported signals for the exclusive
Λb decays intoJ/ψΛ [1] and pD0π− andΛ +

c π
−π+π− [2]

respectively. At LEP, evidence forb-baryon production in
Z0 hadronic decays was found [3, 4] in the correlation ob-
served betweenΛ’s or Λc’s and leptons (̀’s). Using this
correlation, first measurements of the averageb-baryon life-
time were made [4, 5]. It is predicted to be shorter than that
of B mesons, but only by some (5− 10)% [6]. But current
experimental data [7, 8] indicate a substantially shorter life-
time that would be difficult to accommodate theoretically. It
is therefore important to pursue these measurements further.

This paper updates the recent DELPHI results on the av-
erage lifetime ofb-baryons based on the proper time distri-
bution of partially reconstructedb-baryon decay candidates
containing aΛ or a Λc correlated with a lepton [8]. The
Λc → pKo andΛc → Λ3π decay modes are added to the
Λc → pKπ mode previously used in the exclusive recon-
struction ofΛc particles, an analysis based on the the impact
parameter distribution of muons in the same jet as aΛ is also
added, and the data collected in 1994 are included.

2 The DELPHI detector

The DELPHI detector and its performance have been de-
scribed in detail elsewhere [9, 10]. Both the charged parti-
cle tracking through the uniform axial field and the particle
identification are important in this analysis. The detector el-
ements used for tracking are the Vertex Detector (VD), the
Inner Detector (ID), the Time Projection Chamber (TPC) and
the Outer Detector (OD). The VD provides the high preci-
sion needed near the primary vertex. Hadron identification
is based mainly on the Ring Imaging Cherenkov detector
(RICH), and lepton identification on the barrel electromag-
netic calorimeter (HPC) and the muon chambers; supple-
mentary information is provided by the ionisation loss mea-
surements in the TPC.

For the data taken from 1991 to 1993, the VD consisted
of 3 cylindrical layers of silicon detectors (radii 6.3, 9.0
and 10.9 cm) measuring points in the plane transverse to
the beam direction (rφ coordinate) in the polar angle range
43◦ < θ < 137◦. In 1994, two layers were equipped with
detector modules with double sided readout providing a sin-
gle hit precision of 7.6µm in therφ coordinate, similar to
that obtained previously, and 9µm in the coordinate par-
allel to the beam (z) [11]. For high momentum tracks with
associated hits in the VD, the extrapolation precision close
to the interaction region was 20µm in therφ plane and 34
µm in therz plane.

Charged particle tracks were reconstructed with 95% ef-
ficiency and with a momentum resolutionσp/p < 2.0 ×
10−3p (GeV/c) in the polar angle region 25◦ < θ < 155◦.
The primary vertex of thee+e− interaction was reconstructed
on an event-by-event basis using a beam spot constraint. The
position of the primary vertex could be determined in this
way [10] to a precision of about 40µm (slightly dependent on
the flavour of the primary quark-antiquark pair) in the plane
transverse to the beam direction. In this plane, secondary
vertices from beauty and charm decays were reconstructed
with a precision of about 300µm along the flight direction
of the decaying particle.

The RICH detector [12] consisted of two parts. A liq-
uid radiator providedp/K/π separation in the momentum
range 2.5–8 GeV/c by measuring the size of the Cherenkov
angle with an average precision of 13 mrad, correspond-
ing for example to 3% for a proton with a momentum of
3 GeV/c. A gas radiator separated protons from kaons be-
tween 16 and 30 GeV/c in the same way, and also provided
proton selection in the intermediate 8–16 GeV/c momentum
range, where protons gave no Cherenkov light, by vetoing
pions and kaons. ThedE/dx measurement had a precision
of ±7% in the momentum range 4< p < 25 GeV/c.
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The barrel electromagnetic calorimeter (HPC) covered
the polar angle region 46◦ < θ < 134◦ and detected elec-
trons with an energy precisionσE/E = 0.04⊕ 0.33/

√
E

(E in GeV). Two layers of muon chambers covered the po-
lar angle region 20◦ < θ < 160◦, except for two regions of
±3◦ aroundθ = 42◦ andθ = 138◦. The first layer consisted
of three planes of chambers and was inside the return yoke
of the magnet, after 90 cm of iron, while the second, with
two chamber planes, was mounted outside the yoke, behind
a further 20 cm of iron.

3 Hadronic Z0 selection and particle identification

Hadronic events fromZ0 decays were selected by requiring
a charged multiplicity greater than 4 and a total reconstructed
energy greater than 0.12

√
s, where

√
s is the centre of mass

energy; charged particles were required to have a momen-
tum greater than 0.4 GeV/c and a polar angle between 20◦
and 160◦. The overall trigger and selection efficiency was
0.9500± 0.0011 [13]. An identified lepton was required in
the event; only tracks with momentum bigger than 3 GeV/c
were considered as possible lepton candidates.

Lepton identification in the DELPHI detector is de-
scribed in [10]. The probability of a track being an elec-
tron was calculated using a) the spatial separation between
its extrapolated position at the HPC and the position of the
nearest electromagnetic shower, b) a comparison between its
momentum and the measured energy, and c) a successful fit
to the longitudinal profile of the shower in the 9 HPC layers.
The dE/dx measurement in the TPC was used in the algo-
rithm as independent and complementary information. With
the selections applied, the electron identification efficiency
inside the angular acceptance of the HPC was found to be
(65±1)% and the hadron misidentification probability 0.4%.

The probability of a track being a muon was calculated
from a globalχ2 of the match between its extrapolation to
the muon chambers and the hits observed there. With the
selections applied, the muon identification efficiency was
(86±1)% and the hadron misidentification probability (0.7±
0.1)%.

Hadron identification in the DELPHI detector is also de-
scribed in [10]. The analysis presented in this paper used
protons in a momentum range well above the pion threshold
in the gas radiator of 2.5 GeV/c. Above this threshold, the
gas radiator vetoed pions up to 16 GeV/c. The average pro-
ton selection efficiency was 75% (varying slightly with the
momentum) for a pion rejection factor of 15. Kaons were
vetoed in the same way between 8.5 GeV/c, the gas radiator
threshold for kaons, and 16 GeV/c. Above 16 GeV/c, identi-
fication was provided by the measurement of the Cherenkov
angle of the detected photons [10, 14], with (80± 10)% ef-
ficiency and rejection factors of 5-10. The algorithms were
also applied to the liquid radiator data, which provided com-
plementary information forK/π andK/p separation in the
momentum range 1-7 GeV/c.

The DELPHI simulation program [10] included full sim-
ulation of the detector response. It used the JETSET Parton
Shower event generator [15], with ab-baryon production
rate reproducing the experimentally observed rate [8]. In the
simulation, the generated lifetime of all weakly decayingb-

Fig. 1. a)pπ andb) ππ invariant mass distributions for oppositely charged
pairs of particles, selected as two-prong decay candidates, having a momen-
tum sum greater than 4 GeV/c and accompanied by a lepton of momentum
greater than 3 GeV/c in the same hemisphere

baryons was 1.3 ps. About 5 million simulatedZ0 hadronic
decays were used in the analysis.

4 Λ and K0 reconstruction

Λ particles were used in theΛ-lepton analyses and in the re-
construction of theΛc → Λ3π decay mode in theΛc-lepton
analysis.K0 mesons were used to reconstruct theΛc → pK0

decays.
TheΛ→ pπ andK0 → ππ decays were reconstructed if

the distance in therφ plane between theΛ decay point and
primary vertex was less than 90cm. This condition meant
that the decay products had track segments at least 20cm
long in the TPC. The reconstruction of two-prong decays in
the DELPHI detector is described in detail in [10]. In ad-
dition to the selection criteria defined there, theΛ selection
required a loose particle identification for the decay product
of higher momentum, assumed to be the proton: theΛ can-
didate was retained if the proton candidate had a measured
dE/dx at least one standard deviation below the value ex-
pected for the pion hypothesis or was tagged as a proton by
the RICH. ForΛ particles with a momentum above 4 GeV/c,
this requirement reduced the combinatorial background by
about a factor of two, with negligible efficiency loss. The
efficiencies for the decay modes considered varied between
35% and 10% in theΛ/K0 momentum range 2-20 GeV/c.

The invariant mass plots for acceptedΛ andK0 can-
didates withp > 4 GeV/c accompanied by a lepton with
p > 3 GeV/c in the same hemisphere (defined by the thrust
axis) are shown in Figs. 1a,b respectively.

5 Lifetime measurements usingΛ` pairs

Decays ofb-baryons giving aΛ-lepton (Λ`) pair in the final
state are thought to originate mainly fromb-baryon decays



203

into Λc`νX with Λc → ΛX ′, whereX and X ′ are any
particles. Typically, the lepton has high transverse momen-
tum,pT , with respect to the jet direction, defined below, and
also high longitudinal momentum. Also, theΛ has a harder
momentum spectrum than theΛ’s produced in light quark
fragmentation. In the following, the selection of theΛ` pairs
required the momentum of theΛcandidate to be greater than
4 GeV/c and the momentum of the lepton to be greater than
3 GeV/c.

Background sources ofΛ` in the same jet were:
- B meson semileptonic decays such asB → ΛcN̄`

−νX
(whereN̄ is an antibaryon),
- Λc semileptonic decays
- accidental correlations of aΛ candidate and a lepton.

In both b-baryon and B meson decays, the proton from
the Λ decay has the opposite sign to the lepton, i.e. the
pairs arep`− not p`+ (charged conjugate states are always
implied throughout this paper). This combination is referred
to asright sign. However, the contribution of semileptonic
B meson decays has been estimated to be negligible [8].

Background events from directc production through the
c → Λc → Λ`νX decay chain have protons and leptons
of the same sign (referred to aswrong signcombinations in
the following); but the leptonpT spectrum is softer, so this
background was reduced to a negligible amount by thepT
andΛ` invariant mass cuts defined below.

Two methods usingΛ` pairs were developed for the de-
termination of the averageb-baryon lifetime. The first one
was based on the reconstruction ofb-baryon candidate decay
vertices using theΛ, the lepton (e or µ) and an additional
track supposed to come from theb-baryon decay chain. The
proper time distribution of these candidate vertices was fit-
ted. The second method used only the events with aΛ and
a muon and was based on the impact parameter distribution
of the muons.

5.1 The proper time distribution analysis

In this analysis, theb-baryon decay chain was partially re-
constructed using aΛ, a lepton in the same jet as theΛ, and
an oppositely charged track selected by the procedure de-
scribed below. Charged and neutral particles were clustered
into jets using the LUND jet finding algorithm LUCLUS
[16] with a clustering mass parameter equal to 2.5 GeV/c2.

The lepton was accepted if itspT , computed includ-
ing the lepton in the jet (pinT ), was greater than 0.6 GeV/c.
TheΛ` pair was required to have an invariant mass in the
range 2.0 to 4.5 GeV/c2 and a total momentum greater than
9 GeV/c.

The determination of the averageb-baryon lifetime was
based on the reconstruction of the decay vertex and hence
the decay length with respect to the reconstructed primary
vertex [10]. Since the extrapolation of theΛ flight direction
to the interaction region was not precise enough to sepa-
rate secondary from tertiary vertices in theb-baryon decay
chain, a unique secondary vertex was reconstructed using the
Λ, the correlated highpT lepton and an oppositely charged
particle (assumed to be a pion) with momentum greater than
0.5 GeV/c. Theχ2 probability of the vertex fit was required
to be greater than 0.001. The lepton and the candidate pion

Fig. 2. Λ candidate mass distributions for reconstructedΛ`π vertices of
a) right sign andc) wrong sign respectively.b) The lifetime distribution
for 206 b-baryon candidates, i.e. right signΛ`π vertices with 1.106 <
M (pπ) < 1.130 GeV/c2 (shaded area in theΛ mass plot);d) The lifetime
distribution of the background sample defined in the text. The full lines
represent the result of the fits described in the text; inb) andd) the dashed
line is the estimatedb-baryon contribution and the dotted and dot-dashed
lines represent the flying and non-flying backgrounds respectively

were each required to have at least two associated hits in the
vertex detector. To reduce the combinatorial background, the
(Λ`π) invariant mass had to be less than 5.8 GeV/c2 and the
(Λπ) invariant mass less than 2.3 GeV/c2. If more than one
pion gave a vertex which passed the above cuts, the highest
momentum one was chosen. In the simulation, in 90% of the
cases the candidate pion associated to the vertex did originate
from theΛb decay chain. Out of 532 (280) right sign (wrong
sign)Λ` events with 1.106< M (pπ) < 1.130 GeV/c2, 206
(113) decay vertices were reconstructed. The corresponding
(pπ) invariant mass plots are shown in Figs. 2a,c respec-
tively.

The b-baryon purity of the sample after the vertex re-
construction,Fs, was determined from the data by a fit to
the mass plots for the right and wrong sign correlations
(Figs. 2a,c). In the simulation, the background from a true
Λ accidentally accompanied by a lepton was found to be
(8± 3)% bigger in the wrong sign sample than in the right
sign sample. This asymmetry was due to the contribution
from events with both ab-baryon and aΛ̄ from the primary
interaction in the same jet, in which theb-baryon decayed
semileptonically and theΛ̄ was reconstructed. Taking into
account this difference and assuming the number of back-
ground events from all the other sources of accidental com-
binations to be the same in both samples, as predicted by
the simulation, theb-baryon purity of the signal sample was
found to beFs = (55± 5)%.

After the selection described above, background events
were dominated by accidental combinations of aΛ candi-
date (either a trueΛ from the primary vertex or a fakeΛ)
and a lepton candidate (mostly true leptons). They contained
fake vertices constructed using charged tracks from the pri-
mary vertex only, and also vertices using tracks originating
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Fig. 3. a)Reconstructed vs generatedb-baryon energy andb) distribution of
the difference between reconstructed and generated momentum, normalised
to the generated momentum, in the simulation sample;c) pull distribution
for the reconstructed position of theb-baryon in the plane transverse to the
beam direction. The curves inb) andc) represent the results of a Gaussian
and a double Gaussian fit respectively to the distributions

from charm andB meson decays. The time distribution of
the former component (the“non-flying background”) was
parametrised by two Gaussian functions centred on zero with
widths determined by the detector resolution. The fraction
of the total background,Ffb, due to the latter component
(the “flying background”) and its average lifetime were de-
termined from the data by the fitting procedure described
below. The fraction of the background due to the non-flying
component,Fnf , was then determined by the normalisation
equation:Ffb + Fnf = 1.

The b-baryon momentum was estimated using theresid-
ual energytechnique. The residual energy,Eres, was com-
puted by subtracting the energies of theΛ, EΛ, the lepton,
E`, and the pion,Eπ, from the total “visible” energy,Evis,
in the hemisphere, defined by the plane perpendicular to the
total momentumptot of those three particles, that contained
theΛ and the lepton. The visible energy was defined as the
sum of the energies of the charged particles, assumed to be
pions, and of the electromagnetic shower energies not asso-
ciated to charged tracks. The energy of theb-baryon,EΛb

,
was then estimated from the equation:

EΛb
= Ebeam − Eres = Ebeam − Evis +EΛ +E` +Eπ

whereEbeam is the beam energy. This method of estimating
the b-baryon energy assumes that all the unobserved energy
is due to particles from theb-baryon decay and that all the
residual energy is due to particles not from theb-baryon; this
holds for the decayb-baryon→ Λ`νπ if only the energy of
the neutrino is undetected. In the simulation an additional
small correction (a factor 0.97 for unpolarisedb-baryons) is
needed to reproduce the generated spectrum [8]. This cor-
rection factor was therefore applied to the above value of
Ei. The momentumpΛb

of the b-baryon was then deduced.
The correlation between the reconstructed and gener-

ated b-baryon energy and the resolution of theb-baryon

momentum are shown in Figs. 3a,b for a sample of sim-
ulatedb-baryon→ Λclν decays. A Gaussian fit to the dis-
tribution in Fig. 3b gave a fractionalb-baryon momentum
error σp/p = 0.14; if additional pions were generated in
the b-baryon semileptonic decay the resolution deteriorated
to 18% and the correction factor increased. This effect was
taken into account in the systematic errors, as discussed be-
low.

A maximum likelihood fit was performed simultaneously
to the lifetime distribution of the 206 events of the signal
sample and to the 113 background vertices with the wrong
sign which survived the same selection procedure as that
used for the signal. The likelihood functionf was defined
as the sum of two exponential functions representing the
time distributions of the signal and the flying background,
each convoluted with a Gaussian function representing the
experimental resolution, and a double Gaussian term repre-
senting the behaviour of the non-flying background. Thus
the function to be maximised was

L = Σi ln[f (ti, σi, τ, τbck, Ffb)],

with

f (ti, σi, τ, τbck, Ffb) = Fs · E(τ )⊗G(σi)

+(1− Fs) · [Ffb · E(τbck)⊗G(σi)

+(1− Ffb) · ((1− γ) ·G(σi) + γ ·G(kσi))]

whereE(x) = 1
xexp(−ti/x) is a decreasing exponential with

averagex; τ and τbck are the signal and background life-
times; andG(σi) represents a Gaussian resolution function
with standard deviationσi where σi is the error on the
proper decay timeti. The constantsγ and k described the
size and width of the second Gaussian describing the tail
in the detector resolution distribution. They were fixed to
the values 0.06 and 4.7 respectively, obtained in the sim-
ulation from a double Gaussian fit to the pull distribution
for the reconstructed position of theb-baryon vertex shown
in Fig. 3c. The decay timeti was computed from the for-
mula ti = (li/sinθi)/(pi/Mbar), where li is the measured
decay length in the plane transverse to the beam direc-
tion, θi is the polar angle of the total momentum vector
ptot, pi is the b-baryon momentumpΛb

estimated by the
residual energy technique described above, andMbar is
the assumedb-baryon mass. The systematic error associ-
ated with theσi computation and the parametrisation of the
non-flying background will be discussed below. The nor-
malisation constantFs for the signal fraction was fixed to
the fitted value of theb-baryon purity discussed above in
the right sign sample and was defined to be zero in the
wrong sign sample. A three parameter fit to the data gave

τ (b-baryon)= 1.46 +0.22
−0.21 ps

with a background lifetimeτbck = 1.37 +0.21
−0.18 ps andFfb =

0.57± 0.05. The result of the fit for the lifetime was sta-
ble within 0.03 ps when changing thepT cut on the lepton
from 0.6 to 1.0 GeV/c (thus increasing theb-baryon purity
of the sample from 0.55 to 0.62) and within 0.09 ps when
changing the minimum acceptedb-baryon energy from 15 to
40 GeV/c2. The lifetime distributions for the signal events
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Table 1. Correlation matrix between the variables of the lifetime fit to the
proper flight time distribution ofΛ`π vertices

− τ τbck Ffb

τ 1.00
τbck −0.46 1.00
Ffb −0.02 −0.25 1.00

Fig. 4. a) The lifetime distribution forb-baryon candidates obtained from
Λ`π vertices in real data (points with errors) compared with the signal sam-
ple from simulation (histogram).b) The same for the background sample.
In the simulation, the generatedb-baryon lifetime was 1.6 ps. The curves
are as in Figs. 2b,d

and for the background, together with the probability func-
tions resulting from the fit, are shown in Figs. 2b,d. The cor-
relation matrix is shown in Table 1, where the anticorrelation
between the signal and background lifetimes is quantified.

Figures 4a and 4b compare the distributions of the re-
constructed lifetime in the data with the corresponding dis-
tributions in the simulation, obtained by applying the same
reconstruction and selection procedure as in the data. The
parts of the distributions for negative reconstructed flight
time, which are sensitive to the behaviour of the detector
resolution which was fixed from the simulation in the likeli-
hood fit, show good agreement between real and simulated
data.

To check the consistency of the method, the same analy-
sis and fitting procedure was applied to the simulated event
sample, containing about 200 reconstructedb-baryon decays
generated with a lifetime of 1.3 ps. The result wasτ (b-
baryon)= 1.36± 0.12 ps andτbck = 1.54± 0.13 ps, with
a b-baryon purityFs = (61± 5)% and a fitted flying back-
ground fractionFfb = 0.76± 0.03. This fraction correctly
reproduced within the statistical error the fraction (0.75) of
reconstructed decays in the simulated background sample in
which at least one track originated from a weakly decaying
particle.

The different contributions to the systematic uncertainty
are listed in Table 2. The first one reflects the uncertainty in
the signal purity, which was estimated from the fits to the
right and wrong signΛ mass peaks to be 0.55± 0.05. The

second one comes from the estimation of the errorσi on the
individual time measurements discussed below. The third is
due to the possible bias introduced by the fit procedure. The
remaining contributions affect the estimation of theb-baryon
momentum.

The errorσi was assumed to be Gaussian and estimated
as :

σi = ti ·
√

(σil/li)
2 + (σp/p)2 + (σsinθ/sinθ)2

whereσil is the error on the decay lengthli, andσp/p = 0.14
andσsinθ/sinθ = 0.025 are the resolutions on the estimatedb-
baryon momentum and direction found in the simulation.
The error on the secondary vertex position in the simulation
resulting from the vertex fit had to be scaled by a factor 1.5
to reproduce the observed spread of the difference between
the reconstructed and generated decay lengths, as determined
from the pull distribution of Fig. 3c. An uncertainty of±0.5
was conservatively assumed on the value of this rescaling
factor, which was also used in the real data, leading to a
contribution to the systematic error of±0.03 ps. Varying
the resolution on theb-baryon momentum in the range (14−
18)% to take into account the effect onσp/p of additional
hadrons (other than theΛc) in the b-baryon semi-leptonic
decay, changed the fit result by−0.02 ps. Finally, varying
the constantγ describing the second Gaussian component
of the non-flying background in the range 0− 0.10 changed
the fittedb-baryon lifetime by±0.005 ps. Thus an overall
contribution to the total systematic error of+0.03

−0.04 ps was
conservatively associated to theσi estimation.

To control the possible bias introduced by the fitting
procedure, a fit to about 600 reconstructedb-baryon decays
from a dedicated simulation sample of 30000Λb → Λclν
decays generated with a lifetime of 1.30 ps gaveτ (b-
baryon)= 1.28± 0.05 ps. The statistical error of this result
was considered as a systematic error from this possible error
source.

The effect of theΛc decay mode uncertainty was com-
puted in the simulation by varying within their experimental
errors the relative amounts of theΛc → Λπ, Λc → Λππo

andΛc → Λ3π branching fractions [17]. The average value
of the b-baryon energy,< EΛb

>, resulting from the frag-
mentation of theb-quark was assumed to be the same as
the average value measured forb hadrons [18], with an un-
certainty increased by a factor of 3 to take into account
possible differences betweenb-baryon and B-meson frag-
mentation. Varying it by the quoted uncertainty changed the
correction factor in theb-baryon momentum estimation by
±0.7%. The assumed value of the averageb-baryon mass,
Mbar, was shifted by 30 MeV/c2 with respect to the mea-
sured mass of theΛb , M (Λb) = 5640± 50 MeV/c2[1], to
take into account the contribution ofΞb production (mea-
sured to be 5 times smaller thanΛb production [19]), as
theΞb mass is expected to be 250±50 MeV/c2 higher than
the Λb mass. Theb-baryon semileptonic decay was simu-
lated in the framework of Heavy Quark Effective Theory,
using the Isgur-Wise functionη(ω) = exp[aIW (1− ω)][20],
whereω = vΛb

·vΛc
andvΛb

(vΛc
) is theb-baryon (c-baryon)

4-velocity. TheΛb polarisation systematic was evaluated fol-
lowing the recommendations of [21]. If resonant and non-
resonantΛb → Λc`ν + nπ decays are an important fraction
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Table 2. Contributions to the systematic error on the averageb-baryon
lifetime measured using the proper time distribution ofΛ`π vertices: the
modelling uncertainties in the lower part of the table are fully correlated
with corresponding errors in other analyses

Error source Range of Variation Syst. error (ps)
Signal FractionFs 0.55± 0.05 ±0.01
σi Parametrisation see text +0.03

−0.04
Fit procedure bias see text ±0.05

Λc Decay Mode Uncertainty one st. dev. [17]±0.02
< EΛb > /Ebeam 0.70± 0.03 ±0.01
Mbar 5670± 70 MeV ±0.015
η(ω) = exp[aIW (1− ω)] aIW = 1.7 +3.3

−1.7 ±0.01
Λb polarisation −0.47± 0.47 ±0.01
Br(Λb → Λc`νnπ)/Br(Λb → Λc`ν) 0→ 0.3 −0.06
Total systematic error − +0.07

−0.09

a)                                           

M(pπ  ) (GeV/c2)

E
nt

rie
s/

(4
 M

eV
/c2 )

b)                                           

M(pπ  ) (GeV/c2)

E
nt

rie
s/

(4
 M

eV
/c2 )

0

20

40

60

80

100

120

140

160

1.08 1.09 1.1 1.11 1.12 1.13 1.14 1.15 1.16 1.17 1.18

0

20

40

60

80

100

120

140

160

1.08 1.09 1.1 1.11 1.12 1.13 1.14 1.15 1.16 1.17 1.18

Fig. 5. Λ candidate mass distributions for reconstructedΛµ events ofa)
right sign andb) wrong sign respectively. The hatched region shows the
events used in the impact parameter lifetime analysis

of the total decay width, where n is a positive integer, theb-
baryon momentum estimation by the residual energy method
must be further corrected. If theΛb semi-leptonic decay was
assumed to be a 4 or 5body decay in 30% of the cases,
the fitted lifetime was shifted by -0.06 ps with respect to the
value obtained for theΛb → Λc`ν decay mode.

Summing the systematic uncertainties listed in Table 2
in quadrature gives an overall systematic uncertainty of
+0.07
−0.09 ps .

5.2 The muon impact parameter distribution analysis

In this analysis, only aΛ and a muon were reconstructed and
the b-baryon lifetime was measured from the impact param-
eter distribution of the muons. Electron candidates were not
used as bremsstrahlung radiation resulting from their pas-
sage through the detector material gave larger uncertainties
in their impact parameters.

The muon candidates used were required to have at least
two associated hits in the vertex detector, a momentum be-
tween 3 and 30 GeV/c, and a transverse momentum (pinT ),
defined as in the analysis described above, between 1 and

4 GeV/c. TheΛ was required only to have a momentum
above 4 GeV/c and a direction within 45◦ of the muon. The
distributions of theΛ mass for the right sign and wrong sign
Λµ candidates are shown in Figs. 5a,b. To be used in the life-
time analysis, theΛ mass was required to lie between 1.104
and 1.128 GeV/c2. A fit to the mass peak and background,
as shown in the figure, gave the number of right sign events
above background as 308± 21 out of a total of 441 events.
The wrong sign sample gave 186± 19 out of 323 events.
Correcting for the (8± 3)% asymmetry in the background
combinations described previously, and for a contribution
of similar size where the muon is from charm decay, the
b-baryon signal in the right sign sample was estimated to be
169± 30 events. This error estimate includes a contribution
from varying the parametrisation used in the mass fit. This
corresponds to a signal fraction,Fs, of 0.38± 0.07.

The lifetime of theb-baryons was estimated from the
impact parameter distribution of the muon candidates satis-
fying the above requirements. The impact parameters,δ, of
the muons were calculated relative to an average beamspot,
determined from several hundred events recorded close in
time to the b-baryon candidate event. The impact param-
eters were assigned a “lifetime-sign” [10], determined by
whether the track crosses its associated jet axis in front of
(positive sign) or behind (negative sign) the beamspot. Par-
ticles resulting from the decay of ab-baryon with a flight
path along the jet axis would be expected to have only pos-
itive lifetime-signed impact parameters, in the absence of
resolution effects.

The contribution of theb-baryon to the muon impact
parameter distribution was represented by a “physics func-
tion”, which described the distribution expected in the ab-
sence of detector resolution effects. This was parametrised
as a function of theb-baryon lifetime and was then convo-
luted with a “resolution function” to represent the beamspot
size and the effects of the detector. The contribution not
from b-baryon→ ΛµX decays was described by a “back-
ground function” parametrising the behaviour ofb → µ,
b → c → µ, c → µ, and fake lepton andΛ events. The
relative proportions of these backgrounds were taken from
the simulation, with only the meanb hadron lifetime and the
impact parameter distribution of the fake leptons being fitted
to the data, as described below. This background contribu-
tion was also convoluted with the resolution function. The
sum of all expected contributions was then fitted to the data
using a maximum likelihood technique to determine theb-
baryon lifetime. The estimation of each of these components
is described briefly below; full details of this analysis can
be found in [22].

The physics function was determined from the simula-
tion, using a dedicatedb-baryon sample of 12000 events and
by applying the same kinematical cuts as in the data. The
distribution was parametrised by four exponentials, two for
either sign of the impact parameter distribution. The simu-
lation was reweighted to mimic several differentb-baryon
lifetimes and the variation of the seven parameters of the
exponentials (three relative normalisations and four means)
was determined. The uncertainty on the parameters due to
the finite simulation statistics was taken as a source of sys-
tematic error, giving a contribution of 0.02 ps. The varia-
tion of the parameters with theb-baryon polarisation was
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also calculated, again using a weighting technique to mimic
different polarisation values. The uncertainty of the expo-
nential parameters due to the uncertainty in the polarisation
was considered as a separate source of systematic error, see
Table 3.

The resolution function was determined directly from the
data using a sample dominated by tracks from the primary
vertex, where the width of the impact parameter distribution
is due mainly to resolution effects. The above cuts were ap-
plied except that all muon identification requirements were
removed, which reduced theb and c quark fractions in the
sample. To further reduce these fractions, theb-tagging vari-
able defined in [10],PH , based on impact parameters, was
calculated using the tracks in the hemisphere opposite to
the b-baryon candidate. The construction ofPH was tuned
[23] for both data and simulation to have a flat distribution
over the range 0< PH < 1 if all the tracks considered came
from a single vertex, and to be shifted to lower values if they
did not. To select events for the resolution function deter-
mination,PH was required to satisfy−log10PH < 0.5 (i.e.
PH > 0.316), preferentially removingb andc quark events.
It was estimated from the simulation that, in the resulting
track sample, only 8% of tracks originated from decays of
particles with non-zero lifetimes. The distribution of impact
parameters divided by their errors for this sample was fitted
using two Gaussian functions over various impact parame-
ter ranges between±0.02 cm and±0.10 cm. The narrower
of the two Gaussian functions described between 91% and
97% of the tracks and had a width,k1, in all cases equal
to one within a few percent. The wider Gaussian described
a combination of the tail in the detector resolution distri-
bution and the remaining non-zero lifetime component of
the tracks; its width,k2, varied between 2.5 and 4.0. The
widths k1 and k2 were used to scale the impact parameter
errors from their nominal values in the likelihood function
described below. The variation in the fit parameters with
the fitted range was taken to reflect the uncertainty in the
proportions of these two components. The systematic error
associated to the parametrisation of the resolution function
was 0.03 ps.

The background distribution was due to two main
sources: the flying and non-flying backgrounds, as in the
previous analysis. The biggest contribution,Ffb = 81%, was
due to muons fromb and c hadron decays. These result
from decays of particles with non-zero lifetimes and their
expected impact parameter distribution was parametrised di-
rectly from the simulation, again using four-fold exponential
distributions as for the physics function described above. In
this case, the parametrisation was done as a function of the
meanb hadron lifetime, with thec hadron lifetimes fixed.
The lifetime to be used for this component of the back-
ground function was estimated from the data by removing
all Λ selection requirements from the right sign sample. This
method was used, rather than fitting the wrong sign sample
as in the previous analysis, because it provides a much larger
sample (it could not be used in the previous analysis as the
Λ was needed to form the vertex). The muon sample was
then reasonably insensitive to theb-baryon lifetime as it was
dominated by B meson decays – less than 10% of the muons
were expected to originate fromb-baryons. The background
function was convoluted with the resolution function and

•a)                                                               Data

Background 

δ (cm)

E
nt

rie
s/

(0
.0

1 
cm

)

•b)                                                               Data

Λb
0→ Λ0µ-

Background 

δ (cm)

E
nt

rie
s/

(0
.0

1 
cm

)

0

2000

4000

6000

8000

10000

12000

14000

-0.2 -0.1 0 0.1 0.2 0.3

0

20

40

60

80

100

120

-0.2 -0.1 0 0.1 0.2 0.3

Fig. 6. Lifetime-signed impact parameter distribution fora) all selected
muon candidates andb) those with an associatedΛ. Also shown are the
results of the fits, as described in the text, to determine the background and
b-baryon lifetimes respectively

used in the maximum likelihood fit (see below) with the
signal fraction,Fs, set to zero, to determine the meanb
hadron lifetime of the background. The resulting value was
1.639± 0.013+0.06

−0.04 ps; the distribution and fit are shown in
Fig. 6a. The systematic error on the background lifetime is
dominated by the uncertainty in the proportion ofb-baryons
with a fakeΛ remaining in the background sample when
the Λ selection requirement is reimposed; the error quoted
corresponds to the full possible range of (0− 10)%.

The remaining 19% of the background was from hadrons
misidentified as muons, some of which originated from par-
ticles with significant lifetimes. The impact parameter dis-
tribution of this sample was measured from the data by
removing the muon identification requirements, as for the
resolution function study, but without imposing the oppo-
site hemispherePH cut. The resulting sample was found to
have a mean impact parameter of 52µm, reflecting its life-
time component, and this sample was also parametrised by
a four-fold exponential, as for the physics function.

A maximum likelihood fit was performed to the 441 right
sign events within the mass window specified above. The
function to be maximised was the sum of the above contri-
butions all convoluted with the resolution function:

L = Σi ln[f (δi, σi, τ, τbck)],

with

f (δi, σi, τ, τbck) = [Fs · E4(τ ) + (1− Fs) · (Ffb · E′
4(τbck)

+(1− Ffb) · E′′
4 )] ⊗ [(1− γ) ·G(k1σi) + γ ·G(k2σi)]

where τ is the b-baryon lifetime,E4 is the four-fold ex-
ponential for the muons fromb-baryons,E′

4 is the one for
muons fromb and c background processes andE′′

4 is for
fake muons from misidentified hadrons. The scaling factors
k1,2 describe the narrow and wide components respectively
of the resolution function, whileγ is the fraction in the wide
Gaussian. The proportions of the physics and flying back-
ground functions,Fs andFfb, were fixed and theb hadron
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Table 3. Contributions to the systematic error on the averageb-baryon
lifetime measured using muon impact parameters

Error source Range of Variation Syst. error (ps)
Signal FractionFs 0.38± 0.07 +0.04

−0.03
Physics Function see text ±0.02
Background Lifetime 1.64 +0.06

−0.04 ps +0.04
−0.05

Resolution Function see text ±0.03

< EΛb
> andMbar see Table 2 ±0.02

Λb polarisation −0.47± 0.47 ±0.05
Br(Λb → Λc`νnπ)/Br(Λb → Λc`ν) 0→ 0.3 −0.03
Total systematic error − +0.09

−0.09

lifetime in the background function,τbck, was set to the value
deduced from the background fit described above. The only
remaining parameter was theb-baryon lifetime; the resulting
value was:

τ (b-baryon)= 1.10 +0.19
−0.17 ps

where the error reflects the statistical contribution only. The
distribution of impact parameters and the result of the fit are
shown in Fig. 6b.

The different contributions to the systematic uncertainty
are listed in Table 3. The first reflects the uncertainty in
the signal purity, which was estimated from the fits to the
right sign and wrong signΛ mass peaks described above.
The second error arises from the finite simulation statistics
used to parametrise the physics function. The next two errors
are from the background and resolution function uncertain-
ties. The main contribution to the background uncertainty
was due to the effective background lifetime, in particular
its systematic uncertainty. The uncertainty in the resolution
function was estimated by varying the function fit range be-
tween±0.02 cm and±0.10 cm, as described above. The
remaining systematic errors listed in the table result from
uncertainties in the description of theb-baryon properties, as
considered in the previous analysis (see Table 2). Summing
the systematic uncertainties listed in Table 3 in quadrature
gives an overall systematic uncertainty of±0.09 ps.

6 Lifetime measurement usingΛc` pairs

The third analysis presented in this paper used fully recon-
structedΛc → pKπ, Λc → K0p and Λc → Λ3π decays
correlated with aǹ−. Possible sources ofΛc`

− in the same
jet were:
- b-baryon semileptonic decays
- B meson semileptonic decays
- accidental correlations of aΛc candidate with a lepton or
a fake lepton.

The Λc` combinations fromΛb decays were charac-
terised by higher invariant mass and by higher transverse
and longitudinal momentum of the lepton than the back-
ground pairs from other sources.

6.1 Selection ofΛc → pKπ decays

Λc candidates were selected by requiring:
- the proton momentum to be greater than the pion momen-
tum,

- the total momentum to be at least 10 GeV/c,
- the angle between the total momentum of theΛc candidate
and the flight direction, defined as the line from the primary
vertex to theΛc vertex, to be below 90◦,
- the proton and the kaon to be tagged by the RICH.
If the RICH information was not available, thedE/dx mea-
surement in the TPC for the proton candidate was required
to be not more than 1 standard deviation above the expecta-
tion for a proton and thedE/dx measurement for the kaon
candidate was required to be within 2 standard deviations of
the value expected for a kaon.

6.2 Selection ofΛc → pK0 decays

In the reconstruction of this decay mode, theK0 candidates
shown in Fig. 1b with invariant mass 0.480 < M (ππ) <
0.515 GeV/c2 were used. The candidate proton track had to
be uniquely identified by the RICH (i.e. the kaon hypothesis
had to be excluded by the identification algorithm). To re-
duce the combinatorial background further, the proton track
and the lepton track accompanying theK0 candidate had
to have at least two hits in the vertex detector and to fit a
common decay vertex and decay length, measured from the
reconstructed primary vertex, had to be “positive”: i.e. the
scalar product of the flight direction and the total momentum
ptot of the pK0-lepton system had to be positive. Also, the
projected angle in the plane transverse to the beam direction
between the flight direction andptot had to be below 10◦.

6.3 Selection ofΛc → Λ3π decays

The Λ candidates shown in Fig. 1a with invariant mass
1.105 < M (pπ) < 1.125 GeV/c2 were used in the recon-
struction of thisΛc decay mode. Three-prong decay vertices
were fitted using tracks with total electric charge equal to the
proton charge in theΛ candidate. Again the vertex had to
have positive decay length and the angle between the flight
direction and the total momentum of theΛc candidate had
to be less than 10◦.

6.4Λc-lepton selection and lifetime determination

The Λc candidates were paired with identified leptons of
momentum over 3 GeV/c, within a cone of 45◦ around the
Λc direction. The lepton had to have a transverse momentum
with respect to the jet axis, again computed including the
lepton itself, greater than 0.6 GeV/c. The total momentum
of the lepton and theΛc had to exceed 18 GeV/c and the
invariant mass of theΛcµ (Λce) pair was required to be
greater than 3.5 GeV/c2 (3.2 GeV/c2).

The mass plots for theΛc candidates are shown in
Figs. 7a-c for the three channels considered. The full line
(dashed line) histograms are the right sign (wrong sign) en-
tries. The three channels are shown combined in Fig. 7d.

Theb-baryon candidate vertices were reconstructed using
the trajectories of theΛc and the lepton to fit a common
vertex. In theΛc → pK0 case, thep-lepton vertex defined
in the Λc selection was used asb-baryon candidate vertex.
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Fig. 7. Invariant mass distributions for right sign (full line) and wrong sign
(dashed line)Λc candidates correlated with a highpT lepton: a) pKπ
channel,b) pK0 channel,c) Λ3π channel,d) all channels combined

The b-baryon momentum was estimated with the residual
energy technique:

EΛb
= Ebeam − Eres = Ebeam − Evis +EΛc +E`

with the quantities defined as in Sect. 5.1. In this case the
simulation showed that, due to detector inefficiencies, the
b-baryon energy estimate had to be scaled by the factor
0.950± 0.015, where the quoted error was due to the fi-
nite simulation statistics available. This error was included
in the systematic errors. If one or two additional pions were
produced in theb-baryon decay, theb-baryon energy was
on average respectively 3.5 or 6 GeV too low. But as the
selection efficiency was lower for the multiple pion modes
than for the mode with no additional pions, the effect of this
uncertainty on the momentum resolution was found to be
small.

A sample of 125 signal vertices was selected using right
sign pairs with 2.250< M (Λc) < 2.310 GeV/c2. In a simi-
lar way, a background sample of 139 vertices was defined us-
ing wrong sign pairs with 2.220< M (Λc) < 2.340 GeV/c2

and “sideband” right sign pairs with 2.220 < M (Λc) <
2.250 GeV/c2 or 2.310< M (Λc) < 2.340 GeV/c2. The re-
sulting proper time distributions, shown in Figs. 8b and 8d,
were fitted with the same technique as that used for the study
of theΛ` channel. In the likelihood function, the signal frac-
tionFs was a function of the reconstructedΛc invariant mass
and of the decay channel, obtained from the plots shown in
Figs. 7a-c. Its average value over the whole signal sample
was (69± 10)%. The result was:

τ (b− baryon) = 1.19 +0.21
−0.18 ps

where the error reflects the statistical contribution only. The
fit gave a flying background lifetime of 1.72 +0.16

−0.14 ps and a
correlation coefficient with the b-baryon lifetime of -0.19.

The different contributions to the systematic error are
shown in Table 4. The first came from the uncertainty on the

Fig. 8. ReconstructedΛc invariant mass distribution forΛc vertex can-
didates correlated with a highpT lepton of a) right sign andc) wrong
sign; b) lifetime distribution forb-baryon candidates, 125 right signΛc`
vertices with 2.250 < M (Λc) < 2.310 GeV/c2 (shaded area in the right
sign mass plot). The full lines show the fit described in the text, the dashed
line is the estimatedb-baryon contribution, the dotted and dot-dashed lines
are the flying and non-flying backgrounds determined fromd) the lifetime
distribution of the 139Λc` vertices in the background sample taken from
the regions ina) andc) marked by the arrows.

Table 4. Contributions to the systematic error on the averageb-baryon
lifetime measured usingΛc` correlations.

Error source Range of Variation Syst. error (ps)
Signal FractionFs 0.69± 0.10 ±0.02
σi Parametrisation see text ±0.04
Fit procedure bias see text ±0.05

< EΛb
> andMbar see Table 2 ±0.01

η(ω) = exp[aIW (1− ω)] aIW = 1.7 +3.3
−1.7 ±0.01

Br(Λb → Λc`νnπ)/Br(Λb → Λc`ν) 0→ 0.3 −0.04
Total systematic error − +0.07

−0.08

signal purity, which was varied in the fit within its statistical
error. Theσi parametrisation was studied in the simulation,
following the procedure discussed in Sect. 5.1, and a total
systematic error of 0.04 ps was assigned. The error scaling
factor was 1.3 in this case. A fit to about 400 reconstructedb-
baryon decays from a dedicated simulation sample of 20000
Λb → Λclν(Λc → pKπ) decays gaveτ (b-baryon)= 1.26±
0.05 ps. The statistical error of this result was considered to
be a systematic error from the possible bias introduced by the
fitting procedure. The determination of the other entries of
Table 4 also followed the discussion in Sect. 5.1 closely. The
effect of theΛb polarisation was studied in the simulation
and found to be negligible.

Summing the systematic uncertainties in quadrature gave
an overall systematic uncertainty of+0.07

−0.08 ps.
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7 Conclusions

The average lifetime of theb-baryon was studied using two
different decay channels, relying on the detection of a fastΛ
or aΛc in the same jet as a highpT lepton. The following
results were obtained:

τ (b-baryon) = (1.46 +0.22+0.07
−0.21−0.09) ps (206Λ`π decay vertices),

τ (b-baryon) = (1.10 +0.19+0.09
−0.17−0.09) ps (441Λµ pairs),

τ (b-baryon) = (1.19 +0.21+0.07
−0.18−0.08) ps (125Λc` decay vertices).

The statistical correlation between the first two analyses
(20% of theΛµ pairs used in the impact parameter measure-
ment were already used in theΛµπ vertex measurement) and
between theΛl andΛcl lepton samples (5%) was taken into
account when averaging the results. The full correlation of
the entries in the lower halves of Tables 2, 3 and 4 was also
taken into account in combining the systematic errors. The
combined result was:

τ (b-baryon)=(1.254+0.121
−0.109(stat)± 0.04(syst) +0.03

−0.05(syst))ps.

The first systematic error resulted from the uncorrelated part
of the systematic errors of the individual measurements,
mainly due to experimental uncertainties. The second sys-
tematic error was due to the common uncertainty from the
modelling of theb-baryon production and semi-leptonic de-
cay.

Another measurement of theb-baryon lifetime was re-
cently published by DELPHI [8], based on the proper decay
time distribution of candidate vertices with a high momen-
tum proton and a highpT muon:

τ (b− baryon) = (1.27 +0.35+0.09
−0.29−0.09) ps.

The overlap between this sample and those used in the
present work is negligible. Only a small fraction (0.02 ps)
of the systematic error is correlated with the errors of the
analyses reported in this paper. Combining this measurement
with those presented here gives:

τ (b− baryon) = (1.255+0.115
−0.102± 0.05) ps.

This result for the averageb-baryon lifetime includes and
therefore supersedes all previous Delphi measurements [4,
8].

It should be stressed that all these results correspond
to means of the lifetimes of allb-baryons, weighted by
their production rates inb-jets at LEP and their semilep-
tonic branching ratios into the channels considered. The
result based onΛc` decay vertices, namelyτ (b-baryon) =
(1.19 +0.21+0.07

−0.18−0.08) ps, might be considered as the one most rep-
resentative of the lifetime of theΛb baryon. However, the
observed production rate of theΞb [19], which is the other
weakly decayingb-baryon expected to be most abundantly
produced inb-jets, is such that all samples are expected to
be dominated byΛb baryons.
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