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Abstract. The average lifetime of 6-baryons has been stud­
ied using 3 X 10̂  hadronic Z° 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 
A, a lepton and an oppositely charged pion; the impact pa­
rameter distribution of 441 muons with high transverse mo­
mentum accompanied by a /I in the same jet; and the proper 
decay time distribution of 125 ylc-lepton decay vertices with 
the Ac exclusively reconstructed through its pKir, pK° and 
/ISTT decay modes. The combined result is: 

T(6-baryon) = (1.254 l^o\llistat) 

±0.04isyst)^oil(syst)) ps 

where the first systematic error is due to experimental uncer­
tainties and the second to the uncertainties in the modelling 
of the 6-baryon production and semi-leptonic decay. Includ­
ing the measurement recently published by DELPHI based 
on a sample of proton-muon vertices, the average 6-baryon 
lifetime is : 

T(b-baryon) = {1.255H^QYolistat) ± 0.05) ps. 

1 Introduction 

Baryons containing a beauty quark, referred to as 6-baryons 
throughout this paper, were first observed by the UAI and 
SFM experiments, which reported signals for the exclusive 
At, decays into J/ipA [1] and pD°Tr~ and A^iT~iT'*'Tr~ [2] 
respectively. At LEP, evidence for 6-baryon production in 
Z" hadronic decays was found [3, 4] in the correlation ob­
served between yl's or Ac's and leptons (^'s). Using this 
correlation, first measurements of the average 6-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 of 6-baryons based on the proper time distri­
bution of partially reconstructed 6-baryon decay candidates 
containing n A or a. Ac correlated with a lepton [8]. The 
Ac -^ pK° and Ac —* A3ir decay modes are added to the 
Ac —> pKiT mode previously used in the exclusive recon­
struction of Ac particles, an analysis based on the the impact 
parameter distribution of muons in the same jet as a yl 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 (r0 coordinate) in the polar angle range 
43° < ^ < 137°. In 1994, two layers were equipped with 
detector modules with double sided readout providing a sin­
gle hit precision of 7.6 jim in the r(p coordinate, similar to 
that obtained previously, and 9 /xm 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 20 fim in the r0 plane and 34 
/im in the rz plane. 

Charged particle tracks were reconstructed with 95% ef­
ficiency and with a momentum resolution dp/p < 2.0 x 
10~^p (GeV/c) in the polar angle region 25° < 6* < 155°. 
The primary vertex of the e*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 40/im (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 300 fim along the flight direction 
of the decaying particle. 

. The RICH detector [12] consisted of two parts. A liq­
uid radiator provided P/K/TT 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. The dE/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° < 9 < 134° and detected elec­
trons with an energy precision as/E = 0.04 © 0.23/\/E 

(E in GeV). Two layers of muon chambers covered the po­
lar angle region 20° < 9 < 160°, except for two regions of 
±3° around 9 = 42° and 6̂  = 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 Z" selection and particle identification 

Hadronic events from Z° decays were selected by requiring 
a charged multiplicity greater than 4 and a total reconstructed 
energy greater than 0.12i/s, where A/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 global y^ 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 for K/n and K/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 a 6-baryon production 
rate reproducing the experimentally observed rate [8]. In the 
simulation, the generated lifetime of all weakly decaying b-
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Fig. 1. a) pTT and b) TTTT 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 simulated Z° hadronic 
decays were used in the analysis. 

4 A and K*^ reconstruction 

A particles were used in the /1-lepton analyses and in the re­
construction of the Ac —> A2)-ir decay mode in the /Ic-lepton 
analysis. K^ mesons were used to reconstruct the A^ —* pK'^ 
decays. 

The A ^ p-K and K'^ —• 7r7r decays were reconstructed if 
the distance in the rcf) plane between the A 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, the A selection 
required a loose particle identification for the decay product 
of higher momentum, assumed to be the proton: the A 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. For A 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 the A/K° momentum range 2-20 GeV/c. 

The invariant mass plots for accepted A and K^ can­
didates with p > 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. la,b respectively. 

5 Lifetime measurements using Ai pairs 

Decays of &-baryons giving a yl-lepton {Ai) pair in the final 
state are thought to originate mainly from 6-baryon decays 
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into AcivX with Ac —* AX', where X 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, the A has a harder 
momentum spectrum than the A's produced in light quark 
fragmentation. In the following, the selection of the A£ pairs 
required the momentum of the yl candidate to be greater than 
4 GeV/c and the momentum of the lepton to be greater than 
3 GeV/c. 

Background sources of A£ in the same jet were: 
- B meson semileptonic decays such as 5 —> AcNl'vX 
(where N is an antibaryon), 
- Ac semileptonic decays 
- accidental correlations of a yl candidate and a lepton. 

In both 6-baryon and B meson decays, the proton from 
the A decay has the opposite sign to the lepton, i.e. the 
pairs are p£~ not p£^ (charged conjugate states are always 
implied throughout this paper). This combination is referred 
to as right sign. However, the contribution of semileptonic 
B meson decays has been estimated to be negligible [8]. 

Background events from direct c production through the 
c —> /Ic —+ AivX decay chain have protons and leptons 
of the same sign (referred to as wrong sign combinations in 
the following); but the lepton pr spectrum is softer, so this 
background was reduced to a negligible amount by the pr 
and A£ invariant mass cuts defined below. 

Two methods using A£ pairs were developed for the de­
termination of the average 6-baryon lifetime. The first one 
was based on the reconstruction of 6-baryon candidate decay 
vertices using the yl, the lepton (e or p,) and an additional 
track supposed to come from the 6-baryon decay chain. The 
proper time distribution of these candidate vertices was fit­
ted. The second method used only the events with a yl and 
a muon and was based on the impact parameter distribution 
of the muons. 

5.1 The proper time distribution analysis 

In this analysis, the 6-baryon decay chain was partially re­
constructed using a yl, a lepton in the same jet as the yl, 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/c^. 

The lepton was accepted if its px. computed includ­
ing the lepton in the jet {pip), was greater than 0.6 GeV/c. 
The A£ pair was required to have an invariant mass in the 
range 2.0 to 4.5 GeV/c'̂  and a total momentum greater than 
9 GeV/c. 

The determination of the average &-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 the yl flight direction 
to the interaction region was not precise enough to sepa­
rate secondary from tertiary vertices in the 6-baryon decay 
chain, a unique secondary vertex was reconstructed using the 
yl, the correlated high p-j- lepton and an oppositely charged 
particle (assumed to be a pion) with momentum greater than 
0.5 GeV/c. The y^ probability of the vertex fit was required 
to be greater than 0.001. The lepton and the candidate pion 

1.12 1,14 1.16 
M(p7\) (GeV/c") 

Fig. 2. A candidate mass distributions for reconstructed Al-n vertices of 
a) right sign and c) wrong sign respectively, b) Tiie lifetime distribution 
for 206 fe-baryon candidates, i.e. right sign A(.-K vertices with 1.106 < 
Mipv) < 1.130 GeV/c^ (shaded area in the yl 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; in b) and d) the dashed 
line is the estimated fe-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 
(yl̂ Tr) invariant mass had to be less than 5.8 GeV/c^ and the 
(yl7r) invariant mass less than 2.3 GeV/c". 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 the At, decay chain. Out of 532 (280) right sign (wrong 
sign) yl£ events with 1.106 < M(p7r) < 1.130 GeV/c^ 206 
(113) decay vertices were reconstructed. The corresponding 
(p-K) 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 
yl 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 a 6-baryon and a yl from the primary 
interaction in the same jet, in which the 6-baryon decayed 
semileptonically and the A 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, the 6-baryon purity of the signal sample was 
found to be Fs = (55 ± 5)%. 

After the selection described above, background events 
were dominated by accidental combinations of a yl candi­
date (either a true yl from the primary vertex or a fake yl) 
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 generated 6-baryon energy and b) 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 the 6-baryon in the plane transverse to the 
beam direction. The curves in b) and c) represent the results of a Gaussian 
and a double Gaussian fit respectively to the distributions 

from charm and B 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, F/h, 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: Fft, + Fnf = 1. 

The 6-baryon momentum was estimated using the resid­
ual energy technique. The residual energy, Eres< was com­
puted by subtracting the energies of the A, EA, the lepton, 
Ee, and the pion, E-^, from the total "visible" energy, £'„;,,, 
in the hemisphere, defined by the plane perpendicular to the 
total momentum ptot of those three particles, that contained 
the A 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 the 6-baryon, EA^ , 
was then estimated from the equation: 

EAH = Ebe Er. Ebe + EA + Ei + ETJ 

where Ebeam is the beam energy. This method of estimating 
the 6-baryon energy assumes that all the unobserved energy 
is due to particles from the 6-baryon decay and that all the 
residual energy is due to particles not from the 6-baryon; this 
holds for the decay 6-baryon —* AIUTT if only the energy of 
the neutrino is undetected. In the simulation an additional 
small correction (a factor 0.97 for unpolarised 6-baryons) is 
needed to reproduce the generated spectrum [8]. This cor­
rection factor was therefore applied to the above value of 
Ei. The momentum pA,, of the 6-baryon was then deduced. 

The correlation between the reconstructed and gener­
ated 6-baryon energy and the resolution of the 6-baryon 

momentum are shown in Figs. 3a,b for a sample of sim­
ulated 6-baryon —>• AJi/ decays. A Gaussian fit to the dis­
tribution in Fig. 3b gave a fractional 6-baryon momentum 
error ap/p = 0.14; if additional pions were generated in 
the 6-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 function / 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 = Si ln[/(ti , ai, T, Tbck, Ffb)], 

with 

fiti, ai, T, Tbck, Ffb) = Fs • E{T) ® G{ai) 

+il - F,) • [Ffb • EiTbck) ^ Giai) 

+(1 - Ffb) • (d - 7) • G{ai) + 7 • G{ka,))] 

where E{x) = -exp(—ij/x) is a decreasing exponential with 
average x; r and Tbck are the signal and background life­
times; and G(ai) represents a Gaussian resolution function 
with standard deviation CTJ where ai is the error on the 
proper decay time t;. The constants 7 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 the 6-baryon vertex shown 
in Fig. 3c. The decay time ti was computed from the for­
mula ti = (li/sin9i)/{pi/Mbar), where k is the measured 
decay length in the plane transverse to the beam direc­
tion, 9i is the polar angle of the total momentum vector 
Ptot, Pi is the 6-baryon momentum pA^ estimated by the 
residual energy technique described above, and Mbar is 
the assumed 6-baryon mass. The systematic error associ­
ated with the cTj computation and the parametrisation of the 
non-flying background will be discussed below. The nor­
malisation constant Fg for the signal fraction was fixed to 
the fitted value of the 6-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 

r(6-baryon)= 1.46+^;^^ ps 

with a background lifetime Tbck = 1 •^'^-oxl; ps and Ffb = 
0.57 ± 0.05. The result of the fit for the lifetime was sta­
ble within 0.03 ps when changing the pr cut on the lepton 
from 0.6 to 1.0 GeV/c (thus increasing the 6-baryon purity 
of the sample from 0.55 to 0.62) and within 0.09 ps when 
changing the minimum accepted 6-baryon energy from 15 to 
40 GeV/c-. 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 of Ah vertices 

•Tick Fn, 
r 1.00 
•n,ck -0.46 
Fn, 

1.00 
0.02 -0.25 1.00 

: b) 

h t>^ ly 
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\ 
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U (ps) 

Fig. 4. a) The lifetime distribution for b-baryon candidates obtained from 
Ai-rr 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 generated 6-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 reconstructed 6-baryon decays 
generated with a lifetime of 1.3 ps. The result was T(6-
baryon)= 1.36 ± 0.12 ps and Uck - 1-54 ± 0.13 ps, with 
a 6-baryon purity î ^ = (61 ± 5)% and a fitted flying back­
ground fraction F/6 = 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 sign A mass peaks to be 0.55 ± 0.05. The 

second one comes from the estimation of the error <Ji 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 the 6-baryon 
momentum. 

The error CTJ was assumed to be Gaussian and estimated 
as : 

Oi^U- \J(.<^\IUf + {(TpIvY + (CTsin, 9/.sinl 0̂  

where a\ is the error on the decay length li, and (Tp/p = 0.14 
and (Tsine/.sinS = 0.025 are the resolutions on the estimated 6-
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 the 6-baryon momentum in the range (14 — 
18)% to take into account the effect on Up/p of additional 
hadrons (other than the A^) in the 6-baryon semi-leptonic 
decay, changed the fit result by —0.02 ps. Finally, varying 
the constant 7 describing the second Gaussian component 
of the non-flying background in the range 0 — 0.10 changed 
the fitted 6-baryon lifetime by ±0.005 ps. Thus an overall 
contribution to the total systematic error of I'^-j'^ ps was 
conservatively associated to the cfi estimation. 

To control the possible bias introduced by the fitting 
procedure, a fit to about 600 reconstructed 6-baryon decays 
from a dedicated simulation sample of 30000 /!{, —» Aclv 
decays generated with a lifetime of 1.30 ps gave T(6-
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 the A^ decay mode uncertainty was com­
puted in the simulation by varying within their experimental 
errors the relative amounts of the Ac -+ /ITT, Ac —> A-KI:° 
and Ac —> ^37r branching fractions [17]. The average value 
of the 6-baryon energy, < EA^ >, resulting from the frag­
mentation of the 6-quark was assumed to be the same as 
the average value measured for 6 hadrons [18], with an un­
certainty increased by a factor of 3 to take into account 
possible differences between 6-baryon and B-meson frag­
mentation. Varying it by the quoted uncertainty changed the 
correction factor in the 6-baryon momentum estimation by 
±0.7%. The assumed value of the average 6-baryon mass, 
Mbar< was shifted by 30 MeV/c'̂  with respect to the mea­
sured mass of the Ab , M{Ab) = 5640 ± 50 MeV/c2[l], to 
take into account the contribution of Sb production (mea­
sured to be 5 times smaller than Ab production [19]), as 
the Sb mass is expected to be 250 ± 50 MeV/c^ higher than 
the Ab mass. The 6-baryon semileptonic decay was simu­
lated in the framework of Heavy Quark Effective Theory, 
using the Isgur-Wise function TI{U>) = exp[a/n/(l — a;)][20], 
where ui = VA,, -VA^, and VA,, (OA^) is the 6-baryon (c-baryon) 
4-velocity. The Ab polarisation systematic was evaluated fol­
lowing the recommendations of [21]. If resonant and non-
resonant ylb —* A^iv + n-K decays are an important fraction 
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Table 2. Contributions to the systematic error on the average fc-baryon 
lifetime measured using the proper time distribution of /UTT 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 Fraction Fs 
(7i Parametrisation 
Fit procedure bias 

Ac Decay Mode Uncertainty 
< Eylj, > /Ebeam 

Mbar 

ry(w) = exp[a/w(l - w)] 
Ai, polarisation 
Br(ylb -^ AceumT)/BT{Ab -^ 

0.55 ± 0.05 
see text 
see text 

one St. dev. [17] 
0.70 ± 0.03 
5670 ± 70 MeV 

-0.47 ± 0.47 
AcM 0 -^ 0.3 

±0.01 
+O.03 
-0,04 
±0.05 

±0.02 
±0.01 
±0.015 
±0.01 
±0.01 
-0.06 

Total systematic error "+0.07 
-0 .09 

1.09 1.1 1.11 1.12 1.13 1.14 1.15 1.16 1.17 1.18 

M(p7t) (GeV/c^) 

1.17 1.18 
M(pjt) (GeV/c^) 

Fig. 5. A candidate mass distributions for reconstructed Afi events of a) 
right sign and b) 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, the 6-
baryon momentum estimation by the residual energy method 
must be further corrected. If the At, semi-leptonic decay was 
assumed to be a 4 or 5 body decay in 30% of the cases, 
the fitted lifetime was shifted by -0.06 ps with respect to the 
value obtained for the Ab —> Aciv decay mode. 

Summing the systematic uncertainties listed in Table 2 
in quadrature gives an overall systematic uncertainty of 
+0.07 n 
-0.09 P'' • 

5.2 The muon impact parameter distribution analysis 

In this analysis, only a A and a muon were reconstructed and 
the 6-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 (p^) , 
defined as in the analysis described above, between 1 and 

4 GeV/c. The A was required only to have a momentum 
above 4 GeV/c and a direction within 45° of the muon. The 
distributions of the A mass for the right sign and wrong sign 
/1/j candidates are shown in Figs. 5a,b. To be used in the life­
time analysis, the A mass was required to lie between 1.104 
and 1.128 GeV/c^. 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 
6-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, F^, of 0.38 ± 0.07. 

The lifetime of the 6-baryons was estimated from the 
impact parameter distribution of the muon candidates satis­
fying the above requirements. The impact parameters, 8, of 
the muons were calculated relative to an average beamspot, 
determined from several hundred events recorded close in 
time to the 6-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 a 6-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 the 6-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 the 6-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 6-baryon —> A^X decays was described by a "back­
ground function" parametrising the behaviour of 6 -^ /i, 
6 —> c —+ /i, c -̂ - /x, and fake lepton and A events. The 
relative proportions of these backgrounds were taken from 
the simulation, with only the mean 6 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 the 6-
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 dedicated 6-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 different 6-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 the 6-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 the b and c quark fractions in the 
sample. To further reduce these fractions, the 6-tagging vari­
able defined in [10], PH, based on impact parameters, was 
calculated using the tracks in the hemisphere opposite to 
the 6-baryon candidate. The construction of PH 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 —log^Pn < 0.5 (i.e. 
PH > 0.316), preferentially removing b and c 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, ki, 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, ^2, varied between 2.5 and 4.0. The 
widths kj and fc2 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 from b 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 
mean b hadron lifetime, with the c hadron lifetimes fixed. 
The lifetime to be used for this component of the back­
ground function was estimated from the data by removing 
all A 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 
A was needed to form the vertex). The muon sample was 
then reasonably insensitive to the 6-baryon lifetime as it was 
dominated by B meson decays - less than 10% of the muons 
were expected to originate from 6-baryons. The background 
function was convoluted with the resolution function and 
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Fig. 6. Lifetime-signed impact parameter distribution for a) all selected 
muon candidates and b) those with an associated A. Also shown are the 
results of the fits, as described in the text, to determine the background and 
6-baryon lifetimes respectively 

used in the maximum likelihood fit (see below) with the 
signal fraction, Fg, set to zero, to determine the mean b 
hadron lifetime of the background. The resulting value was 
1.639 ± 0.013:^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 of 6-baryons 
with a fake A remaining in the background sample when 
the A 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 hemisphere PH cut. The resulting sample was found to 
have a mean impact parameter of 52/xm, 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 = Eiln[f(6i,ai,T,nck)], 

with 

m , a,,T, Tbck) = [Fs • E^{T) + (1 - F J • {Ffb • Eiiuck) 

+(1 - Fft) • E'^)] ® [(1 - 7) • Gik^ai) + 7 • G{k2ai)] 

where r is the 6-baryon lifetime, E4 is the four-fold ex­
ponential for the muons from 6-baryons, E'^ is the one for 
muons from b and c background processes and E'^ is for 
fake muons from misidentified hadrons. The scaling factors 
A,] 2 describe the narrow and wide components respectively 
of the resolution function, while 7 is the fraction in the wide 
Gaussian. The proportions of the physics and flying back­
ground functions, Fs and F/t,, were fixed and the b hadron 
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Table 3. Contributions to the systematic error on the average 6-baryon 
Hfetime measured using muon impact parameters 

Error source Range of Variation Syst. error (ps) 
Signal Fraction Fs 
Physics Function 
Background Lifetime 
Resolution Function 

< EA^ > and M^ar 
/!(, polarisation 
Br(ylb -* /lc^t/n7r)/Br(ylb 

0.38 ± 0.07 
see text 
1 5 4 +0,06 

see text 

see Table 2 
-0.47 ± 0.47 

• AM 0 -^ 0.3 
Total systematic error 

+0,04 
-0.03 
±0.02 
+0.04 

-0.05 
±0.03 

±0.02 
±0.05 
-0.03 
+0.09— 

-0 .09 

- the total momentum to be at least 10 GeV/c, 
- the angle between the total momentum of the Ac candidate 
and the flight direction, defined as the line from the primary 
vertex to the Ac vertex, to be below 90°, 
- the proton and the kaon to be tagged by the RICH. 
If the RICH information was not available, the dE/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 the dE/dx measurement for the kaon 
candidate was required to be within 2 standard deviations of 
the value expected for a kaon. 

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

T(6-baryon)= 1.10_-°;|>s 

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 sign A 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 the 6-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 using Ac£ pairs 

The third analysis presented in this paper used fully recon­
structed Ac —» PKTT, AC —+ K°p and Ac -^ A3n decays 
correlated with an £^. Possible sources of Ac£~ in the same 
jet were: 
- &-baryon semileptonic decays 
- B meson semileptonic decays 
- accidental correlations of a Ac candidate with a lepton or 
a fake lepton. 

The Aci combinations from At 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.} Selection of Ac -^ pKn decays 

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

6.2 Selection of Ac —> pK° decays 

In the reconstruction of this decay mode, the K'^ candidates 
shown in Fig. lb with invariant mass 0.480 < Mi-Kir) < 
0.515 GeV/c^ 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 the K'^ 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 
Plot of the pi^°-lepton system had to be positive. Also, the 
projected angle in the plane transverse to the beam direction 
between the flight direction and ptot had to be below 10°. 

6.3 Selection of Ac —^ A3n decays 

The A candidates shown in Fig. la with invariant mass 
1.105 < Mipn) < 1.125 GeV/c^ were used in the recon­
struction of this Ac decay mode. Three-prong decay vertices 
were fitted using tracks with total electric charge equal to the 
proton charge in the A candidate. Again the vertex had to 
have positive decay length and the angle between the flight 
direction and the total momentum of the Ac candidate had 
to be less than 10°. 

6.4 Ac-lepton selection and lifetime determination 

The Ac candidates were paired with identified leptons of 
momentum over 3 GeV/c, within a cone of 45° around the 
Ac 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 the Ac had to exceed 18 GeV/c and the 
invariant mass of the Ac^ (^CG) pair was required to be 
greater than 3.5 GeV/c" (3.2 GeV/c^). 

The mass plots for the Ac 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. 

The 6-baryon candidate vertices were reconstructed using 
the trajectories of the Ac and the lepton to fit a common 
vertex. In the Ac —^ pK^^ case, the p-lepton vertex defined 
in the Ac selection was used as 6-baryon candidate vertex. 
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M{\'-nm\) (GeV/c") 
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Fig. 7. Invariant mass distributions for right sign (full line) and wrong sign 
(dashed line) Ac candidates correlated with a high pr lepton: a) pKrr 
channel, b) pA"" channel, c) Aiv channel, d) all channels combined 

The 6-baryon momentum was estimated with the residual 
energy technique: 

EA. = Ebe Eb e Ems + EAr_ + El 

with the quantities defined as in Sect. 5.1. In this case the 
simulation showed that, due to detector inefficiencies, the 
6-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 the 6-baryon decay, the 6-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(ylc) < 2.310 GeV/c^. In a simi­
lar way, a background sample of 139 vertices was defined us­
ing wrong sign pairs with 2.220 < M(Ac) < 2.340 GeV/c^ 
and "sideband" right sign pairs with 2.220 < M{Ac) < 
2.250 GeV/c^ or 2.310 < M(ylc) < 2.340 GeV/c^. 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 the A£ channel. In the likelihood function, the signal frac­
tion Fs was a function of the reconstructed Ac 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 ± I0)%. The result was: 

T(6-baryon)= 1.19 ĝ;̂ ^ ps 

where the error reflects the statistical contribution only. The 
fit gave a flying background lifetime of 1.72j!;g]4 P̂  ''"'^ ^ 
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 
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Fig. 8. Reconstructed Ac invariant mass distribution for Ac vertex can­
didates correlated with a high p-r lepton of a) right sign and c) wrong 
sign; b) lifetime distribution for 6-baryon candidates, 125 right sign Aci 
vertices with 2.250 < M{Ac) < 2.310 GeV/c^ (shaded area in the right 
sign mass plot). The full lines show the fit described in the text, the dashed 
line is the estimated 6-baryon contribution, the dotted and dot-dashed lines 
are the flying and non-flying backgrounds determined from d) the lifetime 
distribution of the 139 Act vertices in the background sample taken from 
the regions in a) and c) marked by the arrows. 

Table 4. Contributions to the systematic error on the average 6-baryon 
lifetime measured using Act correlations. 

Error source 
Signal Fraction F3 
cTi Parametrisation 
Fit procedure bias 

< EA^^ > and MbaT 
r;(w) = exp[anv(l - ui)] 
Br(/lb -» Aciiymv)/hr{Ax, -
Total systematic error 

Range of Variation 
0.69 ±0.10 
see text 
see text 

see Table 2 

-+ / IcM 0 -+ 0.3 
-

Syst. error (ps) 
±0.02 
±0.04 
±0.05 

±0.01 
±0.01 
-0.04 
+0.07 
-0 .08 

signal purity, which was varied in the fit within its statistical 
error. The di 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 reconstructed b-
baryon decays from a dedicated simulation sample of 20000 
ylb —+ Aclv{Ac —> pK-n) decays gave T(6-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 the At, polarisation was studied in the simulation 
and found to be negligible. 

Summing the systematic uncertainties in quadrature gave 
an overall systematic uncertainty of ^^^^^ ps. 
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7 Conclusions 

The average lifetime of the 6-baryon was studied using two 
different decay channels, relying on the detection of a fast A 
or a Ac in the same jet as a high pr lepton. The following 
results were obtained: 
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T(&-baryon) = (1.46Ig:^^!°o%)ps(206 AITT decay vertices), 

T(&-baryon) = (1.10:ri]:|?t°o°o9)ps(441 A/j, pairs), 

T(6-baryon) = (l A9 II'^^I-^Q^^S) ps (125 A J decay vertices). 

The statistical correlation between the first two analyses 
(20% of the Afi pairs used in the impact parameter measure­
ment were already used in the Afin vertex measurement) and 
between the Al and AJ 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: 

T{b-haiyon) = i\.254l°o]ll(stat) ±0.04isyst)l°ofsisyst))ps. 

The first systematic error resulted from the uncorrected 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 the 6-baryon production and semi-leptonic de­
cay. 

Another measurement of the 6-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 high pr muon: 

T(b- baryon) = (1.27^°it°o°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: 

T(b - baryon) = (1.255:::JJ:lî  ± 0.05) ps. 

This result for the average 6-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 all 6-baryons, weighted by 
their production rates in 6-jets at LEP and their semilep-
tonic branching ratios into the channels considered. The 
result based on Aci decay vertices, namely r(6-baryon) = 
(1.19 *o'̂ 8t.'o''o8) PS' might be considered as the one most rep­
resentative of the lifetime of the Ah baryon. However, the 
observed production rate of the Et, [19], which is the other 
weakly decaying 6-baryon expected to be most abundantly 
produced in 6-jets, is such that all samples are expected to 
be dominated by At, baryons. 
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