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Abstract

The average lifetime of weakly decaying b-baryons was studied using 3.6 million
7% hadronic decays collected by the DELPHI detector at LEP. The measure-
ment of the proper decay time distribution of secondary vertices was used on
three complementary samples. The first sample consisted of events with a fully
reconstructed AT and an opposite charge lepton, or an oppositely charged lep-
ton pair accompanied by a A°. The other two samples were more inclusive,
where b-baryon semileptonic decays were recognized by the presence of either a
proton identified by the RICH detector or a A° and a lepton of charge opposite
to that of the proton. The combined result was:

7(b — baryon) = 1.14 + 0.08 (stat) £+ 0.04 (syst) ps .

It updates and replaces all previous results published by the DELPHI collabo-
ration.

(Submitted to Eur. Phys. J. C)
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1 Introduction

The weak decays of baryons containing a beauty quark, referred to as b-baryons
throughout this paper, were observed in Z° hadronic decays at LEP [1,2] by the cor-
relation found between Aor Afparticles and leptons. Using this correlation, first mea-
surements of the average b-baryon lifetime were made [2,3]. Theoretical predictions give
for this quantity values only 5% to 10% less than the B meson lifetime [4]. However, cur-
rent experimental results [5-7] indicate a substantially shorter lifetime which is difficult
to accommodate theoretically. This paper updates the previous DELPHI publications
and benefits from the final data set and detector calibration.

The b-baryon lifetime was measured using the proper time distribution of decays at
secondary vertices. The first sample used partially reconstructed b-baryon decay candi-
dates, containing a At correlated with a high momentum lepton, or a A° correlated with a
pair of oppositely charged leptons, originating from the semileptonic decay of a b-baryon
into a charmed baryon, followed by the semileptonic decay of the charmed baryon into
A0£+ I/gX.

Two more inclusive analyses are also reported, where the presence of the beauty quark
was tagged by a high momentum lepton; b-baryon decay candidates were selected by the
presence of a proton or a AY among the particles coming from the secondary vertex,
taking advantage of the proton identification capability of the DELPHI detector.

The signal events selected in these analyses are a mixture of different b-baryon types,
weighted by their production rates at LEP and selection efficiencies. But, as it will
be shown below, the average lifetime measured, referred to as b-baryon lifetime, was
essentially sensitive to that of AY’s.

As the branching fractions of the decays involved are poorly known, it was important to
measure the sample compositions and background lifetimes in the data. In the following,
the inclusion of charge conjugate states will always be implied.

2 Event reconstruction with the DELPHI Detector

The DELPHI detector and its performance have been described in detail elsewhere
[8,9]. In this section are summarised the most relevant characteristics for this analysis.

2.1 Global event reconstruction
2.1.1 Charged particle reconstruction

The detector elements used for tracking were the Vertex Detector (VD), the Inner
Detector (ID), the Time Projection Chamber (TPC) and the Outer Detector (OD).

The VD provided the high precision needed near the primary vertex. For the data
taken from 1991 to 1993, the VD consisted of three cylindrical layers of silicon detectors
(radii 6.3, 9.0 and 10.9 cm) measuring points in the plane transverse to the beam direction
(r¢ coordinate) in the polar angle range 43° < 6 < 137°. In 1994, two layers were
equipped with detector modules with double sided readout, providing a single hit precision
of 7.6 pm in the r¢ coordinate, similar to that obtained previously, and 9 ym in the
coordinate parallel to the beam (z) [10]. For high momentum particles with associated
hits in the VD, the extrapolation precision close to the interaction region was 20 pm in
the r¢ plane and 34 pgm in the rz plane.



Charged particle tracks were reconstructed with 95% efficiency and with a momentum
resolution o,/p < 2.0 x 107%p (p in GeV/c) in the polar angle region 25° < § < 155°.

2.1.2 Energy reconstruction

The total energy in the event was determined by using all information available from
the tracking detectors and the calorimeters. For charged particles, the momentum mea-
sured in the tracking detector was used. Photons were detected and their energy measured
in the electromagnetic calorimeters, whereas the hadron calorimeter detected long lived
neutral hadrons such as neutrons and K¢ 's.

The electromagnetic calorimetry system of DELPHI was composed of a barrel
calorimeter, the HPC, covering the polar angle region 46° < § < 134°, and a forward
calorimeter, the FEMC, for polar angles 8° < 6 < 35° and 145° < 8 < 172°. The rela-
tive precision on the measured energy F was parametrised as o /E = 0.32/V/E @ 0.043
(E in GeV) in the barrel, and o5/ F = 0.12//E & 0.03 (F in GeV) in the forward region.

The hadron calorimeter, HCAL, was installed in the return yoke of the DEL-
PHI solenoid. In the barrel region, the energy was reconstructed with a precision of

op/E =112/VE & 0.21 (E in GeV),

2.1.3 Hadronic Z° selection

Hadronic events from Z° decays were selected by requiring a charged multiplicity
greater than four and a total energy of charged particles greater than 0.12y/s, where /s
is the centre-of-mass energy and all particles were assumed to be pions; charged particles
were tequired to have a momentum greater than 0.4 GeV/c and a polar angle between
20° and 160°. The overall trigger and selection efficiency was (95.0+0.1)% [11]. A total
of 3.6 million hadronic events was obtained from the 1992-1995 data.

2.2 Particle identification
2.2.1 Lepton identification

Lepton identification in the DELPHI detector was based on the barrel electromagnetic
calorimeter and the muon chambers. Only particles with momentum larger than 2 GeV /¢
were considered as possible lepton candidates.

Two layers of muon chambers covered the polar angle region 20° < 6 < 160°, except for
two regions of £3° around 6 = 42° and § = 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 ¢m
of iron. The probability of a particle being a muon was calculated from a global y? of
the match between the track 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)%.

The probability of a particle being an electron was calculated using a) the spatial
separation between its extrapolated position at the HPC and the position of the near-
est electromagnetic shower, b) a comparison between its momentum and the measured
energy, and ¢) a successful fit to the longitudinal profile of the shower in the nine HPC
layers. The measurement of the dE /dz in the TPC (described in section 2.2.2), was used
in the algorithm as independent and complementary information. With the selections ap-



plied and inside the angular acceptance of the HPC, the electron identification efficiency
was found to be (65 + 1)% and the hadron misidentification probability 0.4%.

2.2.2 Hadron identification

Hadron identification relied on the RICH detector and on the specific ionisation mea-
surement performed by the TPC.

The RICH detector [12] used two radiators. A gas radiator separated protons from
pions between 3 and 15 GeV/¢, where protons gave no Cherenkov light whereas pions
did, and between 15 and 20 GeV /¢, using the measured Cherenkov angle. It also pro-
vided proton/kaon separation from 8 to 20 GeV/c. A liquid radiator, which was fully
operational for 1994 and 1995 data, provided p/ K'/m separation in the momentum range
1.5-7 GeV/e.

The combination of the information of the two radiators provided proton identifica-
tion up to 20 GeV /¢, with a constant efficiency of 70%. The proton/pion rejection factor,
defined as the ratio between the percentage of protons correctly identified and the per-
centage of pions misidentified as protons, was about 10. A similar rejection factor was
obtained for the proton/kaon separation between 1.5 and 6 GeV/c using the liquid ra-
diator, and between 8 and 20 GeV/c using the gas radiator. Between 6 and 8 GeV/e,
proton/kaon separation was obtained with a poorer efficiency. As a consequence, for the
analyses where both pion and kaon rejections were needed, the efficiency depended on
the particle momentum: for the analyses presented here, the efficiency, averaged on the
full momentum spectrum, was 35%.

The specific energy loss (dF/dxz) was measured in the TPC by using up to 192 sense
wires. At least 30 contributing measurements were required to compute the truncated
mean. In the momentum range 3 < p < 25 GeV /¢, this was fulfilled for 55% of the tracks,
and the dF/dx measurement had a precision of £7%.

For the semi-exclusive channels, which used invariant mass cuts to select the b-baryon
events, or for decays involving a A°, only a loose proton identification was required, and
the RICH and dF/dz information were combined, using the “or” of the two flags.

In the proton-lepton analysis, for which the B meson rejection relied only on particle
identification, only 1994 and 1995 data were used. In a first step, only the RICH was used
to identify protons. The dF/dz information was used to measure the resulting purity
and to estimate the corresponding systematic uncertainty. Then, particles for which the
measured dF/dz was incompatible with the expectation for a proton were rejected.

2.2.3 A° and K° reconstruction

The A° — pr~ and K® — 777~ decays were reconstructed if the distance in the
r¢ plane between the A® decay point and the primary vertex was less than 90 cm. This
condition meant that the decay products had track segments at least 20 cm long in the
TPC. The reconstruction of the V? vertex and selection cuts are described in detail in
reference [9].

For K%s, the 77~ invariant mass was required to lie between 0.475 and 0.525 GeV /c?.
For A%s, the particle with the highest momentum was assumed to be the proton, and
the pr invariant mass was required to lie between 1.08 and 1.18 GeV/c%. In addition,
the A° candidate was rejected if the dE/dz or the Cherenkov angle measured for the
proton candidate were incompatible with the values expected for a proton. It was also
required that neither the proton nor the pion were identified as a lepton. This reduced
the combinatorial background by about a factor of two, with negligible efficiency loss.



For the considered decay modes, the A’/ K® momentum varied between 2 GeV /¢ and
20 GeV/c. The K° — nt7~ and A® — pr~ reconstruction efficiencies depended strongly
on the V¥ momentum, and varied between 35% and 10%.

2.3 Primary and secondary vertex reconstruction

The primary vertex of the ete™ interaction was reconstructed on an event-by-event
basis using the beam spot position as a constraint [9]. In 1994 and 1995 data, the position
of the primary vertex, transverse to the beam, was determined with a precision of about
40 pm in the horizontal direction, and about 10 pgm in the vertical direction. For 1992
and 1993 data, the uncertainties were larger by about 50%.

The event was divided into two hemispheres, using the plane perpendicular to the event
thrust axis. The particles were clustered into jets (using the LUCLUS algorithm [13]), and
the search for a secondary vertex was triggered in the jets where a high momentum lepton
was identified. The track selection and secondary vertex reconstruction were different for
the exclusive and inclusive analyses, and will be described in detail in the corresponding
sections. Due to the precision of the track extrapolation obtained with the VD, secondary
vertices from beauty and charm hadron decays were reconstructed with a precision of
about 300 pm along the flight direction of the decaying particle.

The sum of the momenta of the particles attached to the secondary vertex was used to
estimate the energy of the incoming particle, Fjy_jqryon. The “residual energy” method,
described in more detail in [7,14,15], was used to evaluate the missing energy in the b-
baryon decay. First, the energies of all particles attached to the secondary vertex were
added, defining the quantity Fs... The total energy F,;s in the hemisphere containing
the secondary vertex was computed. The b-baryon energy was then defined to be:

Eb—baryon = Ebeam - Eres = Ebeam - (Em's - Esec) . (1>

The resulting resolution on the b-baryon momentum was Ap/p = 15%. Possible differ-
ences between data and the simulation prediction were studied using B meson semilep-
tonic decays, which have similar properties to those of b-baryons and are better known.
They were used to check that the detector behaviour was well described by the simulation,
in particular concerning the estimation of the b-baryon momentum.

For each event, the decay time was computed from the formula: ¢t = M ASL /p, where

Mo is the AY mass [16], L the distance between the primary and secondary vertices and
p the b-baryon momentum. A typical resolution of 0.20 ps was obtained.

2.4 b-tagging

Charged particle tracks from the hemisphere opposite to that of the reconstructed
vertex were used to enrich the samples in events containing b-hadrons, without distorting
the distribution of the secondary vertex flight distance. The b-tagging package developed
by the DELPHI collaboration has been described in reference [17]. The impact parameters
of the charged particle tracks, with respect to the primary vertex, were used to build
the probability that all tracks come from the primary vertex. Due to the long b-hadron
lifetime, the probability distribution was peaked at zero for events which contained beauty
whereas it was flat for events containing light quarks. Demanding a probability smaller
than 0.1 rejected 70% of the events which contained no beauty quark. The distributions
of the b-tagging probability were compared in data and simulation, and agreed within
3% . The residual correlation between the two hemispheres, due to the common primary



vertex, was also studied, and found to be negligible compared to the precision expected
on the lifetime measurement.

3 Event simulation

The DELPHI simulation program [9] included a full simulation of the detector re-
sponse. It used the PYTHIA event generator and the JETSET Parton Shower program
for the quark fragmentation [13]. About 5 million simulated Z° hadronic decays were
used in the analysis.

The simulation was tuned to match the experimentally observed b-baryon production
rate and decay properties. Events were reweighted to accomodate the most recent mea-
surements and to estimate the systematic uncertainty related to the model assumptions.

e b-baryon production:
The uncertainty on the total b-baryon production fraction from b jets at LEP is
large [6], but did not affect the analyses presented here because the sample com-
positions have been measured on data. Various types of b-baryons produced in Z°
decays, A’s but also Z,’s, which might have different lifetimes. The fraction of
=p’s among the b-baryons produced at LEP is presently known with a precision of
+30% [16,18], and has been set to 14% in the simulation. However, after secondary
vertex reconstruction and selection criteria, the =; contribution to the signal was
found to be negligible in the AT/ sample, and only of about 2% in the proton-lepton
channel. Other b-baryons, like ¥3’s or ¥}’s, decay immediately into A by strong
interaction. Therefore, the average lifetime measured is essentially that of the AY.

e b-baryon momentum spectrum and semileptonic decay:
The fragmentation function of the b-quark into b-baryons has never been measured.
But the mass difference between B mesons and b-baryons is such that their fragmen-
tation functions are expected to be almost identical. Therefore, the average value of
the b-baryon energy was assumed to be the same as the average value measured for
b hadrons ((Fy—phadron/ Ebearm) = 0.715 + 0.030 [19]), and possible difference between
the b quark fragmentation distributions into mesons and baryons were included in
the systematic uncertainties. The b-baryon semileptonic decays were simulated in
the framework of the Heavy Quark Effective Theory, using the Isgur-Wise func-
tion [20]. The generated lifetime of all B mesons and b-baryons was set to 1.6 ps
in the DELPHI simulation, and events were reweighted to mimic shorter b-baryon
lifetimes.

¢ A) mass and decay modes:
The AY baryon mass entered in the decay time calculation but, due to a recent accu-
rate measurement (5624 +£9 GeV/c? [16,21]), the related uncertainty was negligible.
The simulation predicted that 90% of the AY semileptonic decays proceeded via a
A}. Non-resonant A) — At (n7)¢~1, decays (where n is a positive integer) might
be an important fraction of the total decay width. The effect on the b-baryon
momentum estimation was studied in detail, using special simulated samples. The
A polarisation modifies the distribution of the impact parameter of the lepton (with
respect to the primary vertex) but did not affect the analyses presented here, where
the A} decay vertex was reconstructed.

o AT decay:
In both semi-exclusive and inclusive analyses, the selected signal events occurred
through several A} decay channels for which the precision on the secondary vertex



reconstruction could be different. For example, the proton-lepton sample contained
AF — A°X decays, where the A° was not reconstructed and for which the secondary
vertex reconstruction was slightly deteriorated compared to direct AT — pX decays
(without A?). Similarly, the b-baryon momentum reconstruction could be affected
when the AY decay involved some 7° or K9, which might escape detection. The
presently measured AT decay branching ratios [16,22] have large uncertainties. Sim-
ulated events were reweighted accordingly: as discussed below, all effects were found
to be very small.

4 Lifetime measurement using AF¢~ and AC¢—e
samples

The analysis presented in this section used AY — AT{~0, decays, with the AT either
fully reconstructed in a hadronic decay mode or partially reconstructed in the semileptonic
decay AT — A%°%* 1, X. The decay time distribution obtained from the observed distance
between the reconstructed vertices and from the estimated A momentum was fitted, using
the likelihood function described below, to determine the average b-baryon lifetime.

4.1 Selection of the A/~ sample

Fully reconstructed AT — pK~=nt, At — K% and At — pKOo7tz~ decays were
correlated with the presence of a £~ in the same hemisphere. This analysis extended
the study presented in detail in [7] to the full data set. It also benefitted from the final
detector calibration and data processing, and the combined identification from the RICH
and TPC detectors. The b-tagging selection discussed in section 4.2 was used.

The A} candidates were paired with identified leptons of momentum above 3 GeV /e,
within a cone of half angle 1.2 rad around the A} direction. The lepton transverse
momentum with respect to the jet axis, p!, was computed including the lepton itself
inside the jet. The requirements on the properties of At decay products and of the AT¢~
pairs are reported in Table 1.

The mass plots for the AT candidates are shown in Figure 1 for the three considered
channels. The A} candidate decay products had to fit a common vertex with a probability
larger than 0.001. The line of flight had to be within a cone of half angle 10° relative
to the reconstructed momentum direction. The b-baryon decay vertex was reconstructed
using the trajectories of the AT and of the lepton fitted to a common vertex, except for
the At — pK° channel where the proton-lepton vertex was used.

147 vertices were selected in the right sign AT~ combination and in the signal mass
region (with 2.260 < M(AT) < 2.330 GeV/c?), shown by the arrows in Figure 2a. 888
background vertices were selected in the wrong sign AT/* combination (with 2.100 <
M(AT) < 2.400 GeV/c* ) and in the right sign combination but outside the signal region
(with 2.100 < M(A}) < 2.220 GeV/c? or 2.350 < M(A}) < 2.400 GeV/c?).

The b-baryon momentum was estimated with the residual energy method described in
section 2.3. The positions of the primary and decay vertices were used to measure the
decay distance.



Table 1: Selection cuts on A decay products and on Af-lepton candidates. p; and p!
are the momentum and transverse momentum of the particle 7, P(at ) and M(AT/) are

the total momentum and invariant mass of the (AF/) system.

AT decay channel| Kinematical variable Accepted range
Af = pK—nt Py > 3.0 GeV/c
7 PK > 2.0 GCV/C

T P > 1.0 GeV/e

Af — pK° Py > 3.0 GeV/c

K PR > 2.0 GeV/c

AF — pKOntn- Py > 3.0 GeV/c
K DKo > 1.5 GeV/e

K Pr > 0.8 GeV/c

all Pat > 8.0 GeV/c

K Pe > 3.0 GeV/c

. o 2 0.6 Gev/e

K P(ate) > 16.0 GeV /¢

K M(AF?) 34< M <55 GeV/c?

4.2 Selection of the A% ¢ sample

In the decay channel AY — AT/, X with AF — A%, X" and A° — pr~, where X
and X' are any particles, the A® was combined with a pair of oppositely charged leptons.
This decay channel was used to adjust the selection cuts, although this analysis is sensitive
to b-baryon semileptonic decays into any c-baryon, followed by the semileptonic decay of
the c-baryon into A%ty X.

The lepton from the semileptonic decay of the b-baryon is expected to have a high
transverse and a high longitudinal momentum with respect to the jet axis. The lepton
candidate with the highest pr was required to have a momentum greater than 3 GeV/c,
a pr value larger than 0.5 GeV/c and a charge opposite to that of the proton from the
A? decay. The second lepton was required to have a momentum greater than 2 GeV/c,
a pr value larger than 0.2 GeV/c and the same charge as the proton. This combination
will be referred to as “right sign” in the following. The “wrong sign” combination groups
events in which the two leptons had same charge, and events in which the lepton with
the highest pr had the same charge as the proton.

The b-tagging selection discussed in section 2.4 was used. Due to the presence of two
consecutive semileptonic decays, the average number of charged particles was reduced in
such events. Therefore a further background reduction was obtained by requiring less
than 10 particles within a cone of half angle 18° from both lepton directions. The A°
reconstruction and selection was described in section 2.2.3. Since the A° from the AF
decay typically had a harder momentum spectrum than that of A%s produced in light
quark fragmentation, the momentum of the A° candidate in the selection of A/~ /% events
was required to be greater than 4 GeV/c.

The AY momentum was estimated with the residual energy method mentioned in
section 2.3. The resulting pyo was required to be greater than 18 GeV/c. The invariant

mass of the A°/~(* was required to be between 2.1 GeV/c? and 4.5 GeV/c* and M (A°/)
had to be less than 2.3 GeV/c?.



With these requirements 22 “right sign” events were selected in the “peak region”
1.104 < M(pr) < 1.132 GeV/c?, as shown in Figure 2b. The corresponding “wrong
sign” peak in Figure 2e contained 9 events. This could be compared with the predictions
obtained by studying a simulated sample of 5 million Z" hadronic decays, i.e. 1.4 times the
data set, which gave 39 “right sign” events and 11 “wrong sign” events in the peak region.
In the simulated sample, 25 “right sign” events were true A, — AT~ X decays with
Af — A%+, X', The rest of the sample mainly came from fake A%s, or A, decays with
a true A combined with a true lepton from the semileptonic b-decay, and a misidentified
second lepton. The probability of interchanging the two leptons was also studied in the
simulated events, but this contribution was found to be negligible.

For each event a vertex was fitted using the two lepton tracks, giving an estimate for
the decay distance of the Aj. Since the second lepton came from the AT decay, this gave
an overestimated decay distance. This distance had thus to be multiplied by a factor
0.90 £ 0.03, obtained by equalizing the average estimated distance with the generated
one in the simulated sample. Using only the A® and the first lepton track was also
investigated, but this was found to give a poor reconstruction of the A, decay vertex.
Due to the residual energy method, the presence of the additional neutrino did not affect
the b-baryon momentum estimation and no correction was needed.

4.3 Likelihood function for the lifetime fit

The lifetime fit was performed using the AT/~ and A%~¢* samples together. The
signal and background lifetimes were determined by fitting the “right sign” and “wrong
sign” samples simultaneously.

For each event i, the decay time t; was computed as explained in section 2.3. The
uncertainty o; on the measured decay time ¢; was computed from the quadratic sum of
the relative errors on the secondary vertex position, computed for each event, and on the
b-baryon momentum, estimated to be 15%. The likelihood function used in the lifetime
fit was the sum of four contributions parametrising the signal and background behaviour:

11’1L=Eilnf(tiao-ia'raf17f277—1’7-2> (2>
with

f(tiaaiaTa flafZaTlaTZ> - fsz'gnal : P(tiaTa Uz') +
(1= fsignat) - [fr - P(tiy 1, 00) + far P(li, 7ay00) + (1 = fr — f2) - F(ti,00)] - (3)

The signal fraction, fsnq, was parametrised for each decay channel as a function of
the reconstructed AF (A?) invariant mass, using the distributions shown in Figures 1
and 2b.e. For the “right sign” combination its value, averaged over various channels, was
(56 £ 6)%. For “wrong sign” events, the contribution of b-baryons was small and fs;zna
was set to zero.

The function P(t;, T, 0;) was the convolution of an exponential function with an average
lifetime 7 and a Gaussian resolution function of width o;. The reconstruction efficiency
was found to be independent of the decay time and no acceptance correction was needed.

The background with null lifetime, due to vertices reconstructed in wu,d, s events,
was parametrised, using the simulation, as the sum F(¢;, 0;) of Gaussian functions. The
“flying background” had a lifetime shape very close to an exponential, with an “effective”
lifetime 7. But a better fit stability was obtained by adding a second contribution, of
“effective” lifetime 75. As for the signal, the function P({;,7;,0;) was the convolution



between the exponential function of lifetime 7; and a Gaussian resolution function of
width o;.

The fit had five free parameters: the signal lifetime 7, and the four parameters
f1, fa, 71, 72 describing the flying background composition and shape. The proper time
distributions with the fit result are shown in Figures 2c¢ and 2f for the right and wrong
sign combinations. The fitting procedure was checked using simulated events, which were
reweighted to mimic b-baryon lifetimes between 1.1 ps and 1.6 ps. No significant bias was

found.

4.4 Lifetime fit result and systematics
The result of the fit was:
T(AT) = 111100 (stal.) ps , (4)

where the error reflects the statistical contribution only. The fit gave also the flying
background lifetimes 7, = 1.48703% ps and 7, = 0.411531 ps with a correlation coefficient
with the b-baryon lifetime of -0.052 and 0.009, respectively. The fitting procedure was
tested using Monte-Carlo samples. No bias was found and the fitted background lifetimes
were compatible, within the errors, with the ones obtained on data.

The different contributions to the systematic uncertainty are summarised in Table 2

and detailed as:

e Signal fraction fggnq and background parametrisation:
The signal fraction fsz,4 was varied within its statistical error: the resulting sys-
tematic uncertainty was £0.02 ps. The background proper time distribution was
fitted simultaneously with the signal. Thus, the statistical error quoted above al-
ready included the systematic uncertainty related to the background composition
and lifetime.

¢ Resolution functions P and F':
As explained above, the error o; on the measured decay time ¢; was the result of
two contributions. The error related to the secondary vertex reconstruction was
extensively checked by comparing pull distributions in data and simulation. The
simulation prediction concerning the momentum reconstruction was checked in the
data using a control sample of 1200 B meson semileptonic decay candidates, recon-
structed in the channel B® — D*(~, X followed by Dt — K~ntrt. The average
momentum measured in real and simulated events agreed at the percent level. The
shape of the distribution was used to compare the resolution: possible differences
between real and simulated data were found to be smaller than 10%. This was taken
into account in the fit by multiplying the error (¢(p)/p) in the o; computation by a
scaling factor 1.0 & 0.1.
The coefficients used in the function F(t;,0;), which was used to parametrise the
non-flying background, were fitted using the simulation: they were also changed by
their uncertainties.
The resulting systematic uncertainty was £0.04 ps.

e b-baryon properties:
The systematic uncertainties related to the b-baryon properties were studied by
reweighting events and using special simulated samples.
The uncertainty from the average b-baryon energy resulting from b-quark fragmen-
tation and from the lepton spectrum from the semileptonic decay modelling was
+0.01 ps. As mentioned in section 4.2, the flight distance measured in the A°/=¢*
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Table 2: Contributions to the systematic uncertainty on the average b-baryon lifetime
measured using AT/ correlations.

Error source Values and o used |Syst. error (ps)
Signal fraction 0.56 £ 0.06 £0.02
Resolution function see text +0.04
Fragmentation and lepton spectrum see text £0.01
AY2¢ flight scaling 0.90 £0.03 +0.01
Br(A) — Af(nm)l~2,)/Br(A) — AT (~ 1) 0.15£0.15 +0.02
Total systematic error — +0.05

sample was slightly rescaled. The scaling factor was changed within its errors, and
the corresponding systematic uncertainty was +0.01 ps. No specific correction was
required for the other decay channels.

The dominant uncertainty concerning the b-baryon decay modelling is the fraction
of non-resonant decays. For such events, a fraction of the b-baryon momentum
was carried by the additional pions. This was studied, using a special sample of
A) — AF(nm)l~v, decays. The fraction of such decays was set to 15% and was
varied by £15%: the fitted lifetime was changed by £0.02 ps.

Summing the systematic uncertainties in quadrature gave an overall systematic un-
certainty of £0.05 ps. The final result from this analysis was thus:

T(A0) = 1111513 (stat.) £ 0.05 (syst.) ps . (5)

5 Lifetime measurements using inclusive secondary
vertices

Complementary samples containing b-baryon decays of the type AY — AT(~17, were
obtained by searching for inclusive secondary vertices.

5.1 Secondary vertex reconstruction and selection

The secondary decay search was originally developed for the study of B mesons [15].
The identified lepton had to have a momentum larger than 3 GeV/c. The algorithm tried
first to recognize AT decay products among the other charged particles which belonged
to the same jet as the lepton, by clustering them with the LUCLUS algorithm [13] and
adding those with the largest pseudo-rapidities (relative to the cluster direction) until
the total invariant mass exceeded 2.5 GeV/c. The AT vertex was reconstructed and
the procedure was repeated, but using the At direction and both charged and neutral
particles (including reconstructed V’s). The average number of particles selected was 5.3,
out of which 2.0 were neutrals. The A} direction was used, together with the lepton, to
fit the b-baryon decay vertex. The b-baryon momentum was measured using the residual
energy method mentioned in section 2.3. The average momentum resolution could be
described as the sum of two Gaussian functions of widths 6.3% (for 45% of the events)
and 16% (for the rest). The difference between the reconstructed and generated lifetimes
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could be described as the sum of two Gaussian functions of widths 0.16 ps (for 68% of
the decays) and 0.70 ps (for the rest). In order to enrich the sample in beauty events, the
b-tagging selection defined in section 2.4 was used and the lepton was required to have a
transverse momentum, with respect to the At direction, larger than 1.2 GeV/c.

The b-baryon candidates were selected and grouped in two samples. Events where
a reconstructed A was found among the tracks attached to the secondary vertex were
grouped into the “A%lepton” sample. Events where no reconstructed A° but an identi-
fied proton was attached to the secondary vertex were grouped into the “proton-lepton”
sample.

The number of events common to the semi-exclusive and inclusive samples was found
to be very small. This was due to the fact that the inclusive analysis was sensitive to
all AT decays, whereas the kinematical and identification cuts applied to the lepton and
proton were softer in the semi-exclusive analyses. Events entering the semi-exclusive
sample were removed from the inclusive samples. Therefore, by construction, there was
no overlap between the semi-exclusive, proton-lepton and A°lepton samples.

5.2 Lifetime measurement using the proton-lepton sample

The charged particle with the highest momentum among the Ay decay products, ex-
cluding the identified lepton, was required to have a momentum higher than 3 GeV/¢, and
a charge opposite to that of the lepton. It had to be identified as a proton by the RICH
detector, and be incompatible with the kaon hypothesis. If the dE/dx measurement was
available, it had to be compatible with the proton hypothesis.

5.2.1 Composition of the proton-lepton sample
Reconstructed vertices in the b-baryon sample could be divided into four classes:

o The signal, where both the identified lepton and the proton originated from a b-
baryon decay.

o Well reconstructed B meson decays, in which both tracks were originating from the
secondary vertex. In the simulation, the number of true protons in this sample
was very small. These decays were selected because the leading pion or kaon was
misidentified as a proton by the RICH. This class of vertices was referred to as “B
mesons” .

e Badly reconstructed B decays, in which a particle produced at the primary vertex,
in particular a genuine proton, was attached to the secondary vertex and had a
momentum higher than all other secondary particles. This class of vertices was
referred to as “primary”.

e Vertices reconstructed in events originating from light or charm quarks. This class
of vertices was referred to as “light”.

The simulation predicted a signal purity fsna close to 50%. However, as stressed in
section 3, this number depended on the b-baryon production fraction and decay branching
ratios, which are poorly known. Events with the “wrong sign” combination could not
be used to measure the background level, because of the background due to B mesons:
high momentum kaons are produced preferentially in the “wrong sign” combination,
and the proton/kaon and proton/pion rejection factors obtained with the RICH are not
identical. Therefore, the resulting background was not symmetric. However, the sample
composition was measured on data, in the following ways.
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The measurement of the fraction fy; 4 relied on the b-tagging probability described in
section 2.4 . The cut usually set to enrich the sample was reversed, in order to select
events which contained no beauty. The resulting sample was then dominated by “light”
vertices, in particular for negative or small proper times. The shape of the proper time
distribution was parametrised using the simulation and the only free parameter was the
amount of “light vertices”. The fit result was unfolded from the b-tagging cuts efficiencies
and purities, and the fraction fi n = (13 £ 1)% was determined, in agreement with the
simulation.

The fraction f, imary was fitted using the reconstructed B momentum distribution. For
“signal” and “B meson” vertices, the shape of this distribution reproduced the b-quark
fragmentation function. This was not the case for “primary” vertices, where particles from
the fragmentation were attached to the secondary vertex by mistake: the reconstructed B
momentum distribution was approximately flat. This feature was used to fit the amount
of such vertices in the total sample: fprimary = (19 £ 5)% was found, again in agreement
with the simulation.

In order to measure the fraction f,,cson of “B mesons”, only the RICH proton selection
was applied to the leading particle. Figures 3a-d show, for each class of vertices, the
distributions of the difference, £, between the measured dE /dx value and the one expected
for true protons, divided by its error. For “signal” vertices, the proton candidate was
a true proton, and the distribution was centered on zero. The leading particles for “B
meson” vertices were kaons and pions misidentified by the RICH: kaons were largely
suppressed by the required charge correlation, opposite to that of the lepton, and the
shape of the distribution was dominated by the pion contribution, which peaked around
2.7. The distribution measured using the total sample was fitted to determine the amount
of “B mesons”. The fit result was ficson = (32 & 3)% on data. The main systematic
uncertainty on this result came from the relative number of kaons and pions contributing
to “B meson” vertices. It was measured on data by using similar dE/dz fits, after kaon
and pion RICH identification cuts. All resulting systematic uncertainties on fi,eson were
small compared to the statistical error. Then, particles which had a measured ¢ larger
than 2 were rejected. The final fraction of “B mesons” in the proton-lepton sample was
then freson = (21 £ 2)%, whereas the simulation predicted 18%.

The fraction fyignq of “signal” vertices in the sample was thus measured to be (47+5)%.

5.2.2 Likelihood function for the lifetime fit

The probability P to measure a decay time {; for “signal” vertices was taken to be
proportional to:

[o.0]
Py(ti,7) o / A~ R(t, 4:)dt (6)
=0
where 7 is the b-baryon lifetime and ¢ the true decay time; A(t) is the acceptance function
(the efficiency to reconstruct the secondary vertex) and R(f,t;) the resolution function
of the proper time measurement. To have a detailed description of the time resolution
function R(t,t;), the distribution of the difference (¢; —t) was parametrised as a function
of the true proper time ¢ (using a combination of Gaussian distributions). To obtain the
acceptance function A(t), the true time distribution of the simulated events passing the
selection cuts was compared with the initial exponential law: the efficiency decreased by
at most 10% for small flight distances.



13

The log-likelihood function was built as the sum of terms, corresponding to the classes
of events defined above:

InL =%;Inf(t;,7) (7)
with
f(ti; T) = fsignal ' Ps(tia T) + fmeson ' Pm(ti, TB) + fprimary ' Fp<t7> + fh?ght ' Fl(ti> ) (8>

where the fractions foignats fiights fprimary and freson were fixed to the measured values.

The probability P,, to measure a decay time ¢; for “B meson” vertices was studied
and parametrised in the same way as the function Ps for “signal” vertices. As explained
below, this allowed the “B meson” background lifetime 75 to be measured from the data.

The functions F; and F), described the time distribution of “light” and “primary” ver-
tices. The time distribution of “light” vertices, which did not contain any B hadron, was
parametrised as a sum of Breit-Wigner functions, peaked around zero. For the “primary”
vertices, the inclusion of a high momentum particle from fragmentation introduced a shift
towards the primary vertex and spoiled the correlation between the measured and the
real flight distance. The simulation showed that the resulting time distribution was not
sensitive to a change of the B lifetime. The shape was thus parametrised using the sim-
ulation, as a sum of Breit-Wigner functions. The simulation was used to check that the
procedure did not introduce any bias.

5.2.3 Lifetime fit result and systematics

The proton-lepton sample consisted of 499 events, with a purity of 47%. The proper
time distributions of the selected samples in real and simulated data are shown in Figure 4.
The result of the fit for the value of the b-baryon lifetime was:

7(pl) = 1.19 £ 0.14 (stat.) ps . (9)
The contributions to the systematic uncertainty are listed in Table 3:

e Signal fraction:
The fractions of “light”, “B meson” and “primary” backgrounds measured on data
were changed by +1o to estimate the effect on the likelihood fit result. For the
“light” and “primary” vertices, an increase of the background fraction increased the
measured lifetime by 0.02 ps and 0.05 ps respectively, whereas an increase of the “B
meson” fraction reduced the measured lifetime by 0.03 ps. The three uncertainties
were added in quadrature.

e Background lifetime:
The dominant systematic error related to lifetimes was found to be due to the “B
meson” background. The “B meson” background lifetime was fixed to the value
measured on data in the following way. A control sample, highly enriched in B
mesons, was selected by replacing the proton selection by a pion selection. A likeli-
hood fit, similar to the one described above, was applied to this sample: the lifetime
result obtained on data was 75 = 1.61 & 0.03 ps, in agreement with the present
world average [16]. The resulting systematic uncertainty on the b-baryon lifetime
was found to be £0.03 ps. The uncertainty on the shapes of “primary” and light
background had negligible effect on the b-baryon lifetime result.

¢ Resolution function:
The resolution function R(¢,1;) was parametrised using the simulation. In a similar
way to that explained in section 4.4, the sample enriched in B mesons was used
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Error source Values and o used |Syst. error (ps)
signal fraction 0.47 £0.05 + 0.06
background lifetime 1.61 +0.03 ps + 0.03
resolution function see text + 0.02
AY and AT decay see text + 0.01
Total systematic error - + 0.07

Table 3: Contributions to the systematic uncertainty (in ps) for the proton-lepton chan-
nel.

to check extensively the Monte-Carlo predictions concerning the flight distance and
energy measurement. No significant difference between data and simulation was
found. This was also confirmed by the measured “B meson” background lifetime
which agreed, within the statistical uncertainty of 0.03 ps, with the present world
average value. The parameters used to describe the resolution function R(t,t;) were
fitted using simulated events: they were changed within their errors. The overall
systematic uncertainty was found to be £0.02 ps.

e b-baryon properties:
In the semi-exclusive analysis, the dominant uncertainty was found to be related
to non-resonant A} — Af(n7){~1; decays. The inclusive sample could include, a
priori, a wider range of non-resonant decays, not necessarily involving a AT, but the
sensitivity was much reduced for two reasons. First, because the lepton transverse
momentum spectrum is softer for such decays. With the cut used in this analysis,
which is twice harder than the one used for semi-exclusive channels, the selection
efficiency was found to be 40% of that obtained for A) — A*/~7, decays. Further-
more, in 30% of the selected non-resonant events, some of the additional pions were
attached to the secondary vertex and the A momentum estimation was correct. As
a consequence, the systematic error related to non-resonant decays was found to be
negligible.
On the other hand, the sample selected in this inclusive analysis was a mixture of
events where the proton was produced directly (e.g. via AT — pK =7t decay), or via
a A which was not reconstructed. The presently measured branching fractions [16]
were used to estimate that the ratio between the AT — pX and AT — A°X branch-
ing fractions could vary between 0.75 and 0.4, whereas it had been set to 0.7 in
the simulation. As the resolution of the lifetime measurement was predicted to be
slightly different for these two cases, events were reweighted to study this effect in
detail. The resulting systematic uncertainty was found to be smaller than 0.01 ps.
A similar study was performed to compare the resolution for events in which K%’s
and 7%s were produced. All effects were negligible.
The systematic uncertainty related to the b-baryon and A} decay properties was
thus conservatively set to £0.01 ps.

As a result of this study, the dominating systematic uncertainties were due to the
background level, measured on data and thus independent of Monte-Carlo assumptions.
The numbers quoted in Table 3 were added in quadrature, and the lifetime fit result was:

7(pl) = 1.19 £ 0.14 (stat.) £ 0.07 (syst.) ps . (10)
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5.3 Lifetime measurement using A°-lepton correlations

The sample used in this analysis was obtained by demanding a reconstructed A among
the particles attached to the secondary vertex. The AY selection cuts were summarised
in section 2.2.3. The particle with the highest momentum of the A° decay products had
to be identified as a proton and to have a charge opposite to that of the lepton. The A°
momentum had to be larger than 2.5 GeV /ec.

5.3.1 Composition of the A’-lepton sample and likelihood function

The signal and background contributions in the A%lepton sample could be grouped
into the same four classes as in the proton-lepton channel analysis: “signal”,“light”,
“primary” and “B meson” vertices. However, in this sample the simulation predicted
that all backgrounds were contributing in the same way in the “right sign” and “wrong
sign” A°lepton combinations within a precision better than +10%, and had the same
proper time distribution in both sign combinations. Therefore, “wrong sign” events were
used to parametrise the total background.

262 events were selected in the “right sign” and 172 events in the “wrong sign” com-
binations, giving a signal purity f na = (34 £ 6)%.

The likelihood function used in the lifetime fit was similar to the one used in the
proton-lepton channel analysis, but restricted to two terms:

InL =%;Inf(t;,1) (11)
with
f(tz', T) = fsz'gnal . Ps(tia T) + (1 - fsignal) . FOpp<ti> 9 (12>
where the signal distribution Ps was obtained by the convolution of an exponential func-
tion with the resolution function R(t,t;), parametrised as in the proton-lepton analysis
described in section 5.2.2. The background distribution was parametrised on data using
the “wrong sign” sample.

5.3.2 Lifetime fit result and systematics

The proper time distributions of the “right sign” and “wrong sign” samples are shown
in Figures 5a,b. For the “right sign” sample, the curves show the result of the likelihood
fit. The result is:

7(A%0) = 1.16 & 0.20 (stal.) ps . (13)
The values of the systematics are summarised in Table 4:

e Background level and lifetime:
The total number of “wrong sign” events was measured with a statistical precision
of £8%: the resulting change in the b-baryon lifetime was & 0.02 ps. The parametri-
sation used for the proper time shape, fitted on the “wrong sign” sample, was also
varied within its errors. The resulting systematic uncertainty was £0.08 ps.

e Resolution function and b-baryon properties:
In a similar way to the other analyses, the description of the resolution function was
varied. All effects were found to be smaller than 0.02 ps.

The dominating systematic uncertainties were found to be independent of Monte-Carlo
assumptions, and the lifetime fit result was:

7(A%) = 1.16 £ 0.20 (stat.) & 0.08 (syst.) ps . (14)
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Error source Values and o used |Syst. error (ps)
signal fraction 0.34 + 0.06 + 0.02
background lifetime see text + 0.08
resolution function see text + 0.02
Total systematic error - + 0.08

Table 4: Contributions to the systematic uncertainty (in ps) for the A%lepton channels.

6 Final result and conclusion

The average lifetime of the b-baryon was measured using three different samples, se-
lected by the presence, in the same jet, of a high pr lepton and a fast A, proton, or
A°:

T(AY) = 1117513 (stat.) £0.05 (syst.) ps
(pl) = 1.19 £0.14 (stat.) +0.07 (syst.) ps
7(A%) = 1.16 £ 0.20 (stat.) £0.08 (syst.) ps.

Only 15% of the exclusive AT/~ vertices passed the selections used in the inclusive
analyses, due to the tight requirement on the lepton transverse momentum and proton
identification. These events were removed from the inclusive samples and, therefore, there
was no statistical overlap between the three samples.

The systematics related to the parametrisation of the resolution function depended
on Monte-Carlo assumptions, regarding both the b-baryon properties and the simulation
of the detector characteristics. Therefore, they were considered as fully correlated in the
three lifetime measurements.

These new measurements replace all previously published DELPHI results, in particu-
lar the references [6,7], except for the analysis based on the impact parameter distribution
of identified muons, associated with a high momentum A° [7], whose result was:

r(impact) = 1.10%512 (stat.) £ 0.09 (syst.) ps .

Due to the different kinematical and b-tagging cuts, only 20% of the events used
in the A’lepton analysis passed the selection cuts of the impact parameter analysis.
The systematic uncertainties were uncorrelated, since the dominant one for the impact
parameter analysis was the effect of the AY polarisation, which does not affect the new
measurements, based on reconstructed secondary vertices.

Taking into account the correlations, the combination of the four lifetime determina-
tions gave the result:

7(b — baryon) = 1.14 + 0.08 (stat.) £ 0.04 (syst.) ps .

This measurement confirms the discrepancy between the measured and expected b-
baryon lifetime. It should be stressed that these results correspond to lifetime averages of
different b-baryons, weighted by their production rates in b-jets at LEP and their semilep-
tonic branching ratios into the considered channels. However, the expected production
rates and selection efficiencies are such that all samples are expected to be dominated by
A} baryons.
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Figure 1: Reconstructed invariant mass distributions for AT vertex candidates correlated
with a high pr lepton: a) pKm, b) pK® and ¢) pK°rm channels. The full line (dashed
line) histograms are the “right sign” AT¢~ (“wrong sign” AF{T) combinations.
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Figure 2: Invariant mass distribution for a) A} candidates and b) A° candidates in right
sign combinations; the arrows show the invariant mass regions defining the “signal sam-
ples”; ¢) proper time distribution for the corresponding b-baryon candidates of the two
signal samples combined; d-f) same for wrong sign combinations (see text for defini-
tion). The histograms superimposed to the data points in ¢) and f) show the different

components resulting from the likelihood fit described in the text.
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Figure 3: Distributions of the difference, £, between the measured dF /dx value and the
one expected for a proton, normalized to the error, for the proton candidate identified
by the RICH detector. The fitted function is superimposed to the distribution predicted
by the simulation for each vertex class (a to d). For clarity, the distributions have
been normalised to their relative contributions in the Monte-Carlo sample. The total
distribution and the fit result are shown for the simulation (e) and the data (f). The
vertical scale is in arbitrary units (a.u.).
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simulation. The sample distributions (dots) are superimposed on the result of the fit.
The contribution of each class of vertices is also shown.
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