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Abstract

A measurement of the average lifetime of b hadrons has been performed
with the dipole method on a sample of 260,000 hadronic 7 decays recorded
with the ALEPH detector during 1991. The dipole is the distance between
the vertices built in the opposite hemispheres. The mean dipole is extracted
from all the events without attempting b enrichment. Comparing the average
of the data dipole distribution with a Monte Carlo calibration curve obtained
with different b lifetimes, an average b hadron lifetime of 1.51 4+ 0.08 ps is
extracted.
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1 Introduction

The average lifetime of b hadrons has been measured in the last years by several
experiments at PEP [1-4], PETRA [5-6], and LEP [7-10]. Most of the experiments
measured the lifetime enriching the data sample with bb events through high p, pr
leptons and fitting their impact parameter distribution. A few [5, 8] did not enrich
the sample and measured the lifetime through a fit of the impact parameter distri-
bution of high p, pr hadrons [8] or through the displacement of the decay vertices
[5].

The measurements with no enrichment scheme have so far not been as precise as
those with leptons because of the small bb fraction in hadronic events in experiments
running far from the Z peak and the limited knowledge of the production and decay
properties of the b hadrons. The large fraction of bb events at the Z peak, the recent
advance in knowledge of the b quark hadronization and decay properties and the
excellent tracking capability of the ALEPH detector, have made possible the mea-
surement of the b lifetime without enrichment scheme with a precision comparable
to that achieved with leptons.

In the present analysis, the dipole method, pionereed in [5, 11], is applied on a
sample of 260,000 hadronic events recorded with the ALEPH detector in 1991. It
measures the distance between two vertices reconstructed in a hadronic event cor-
responding to two b decays and compares the averages of the data and Monte Carlo
distributions to extract the lifetime.

2 The detector

A detailed description of the ALEPH detector is given in [12]. Briefly, charged
tracks are measured over the polar angle range | cos 6| < 0.966 by means of an Inner
Tracking Chamber (ITC) and a Time Projection Chamber (TPC). The ITC is a
cylindrical drift chamber with eight axial wire layers at radii between 16 to 26 cm.
The TPC provides up to 21 space points per track at radii between 40 and 171 em.
The tracking system is followed by a high granularity lead-proportional tube elec-
tromagnetic calorimeter (ECAL). The calorimeter is contained in a superconducting
coil providing a magnetic field of 1.5T. The return yoke of the magnet is instru-
mented with streamer tubes to form a hadron calorimeter (HCAL) and is followed
by two planes of streamer tubes serving as muon chambers. The calorimeters are
not used explicitly in this analysis but they are used in the trigger and hadronic
event selection.

Since 1991, two layers of a double sided silicon microstrip Vertex Detector (VDET)
[13] have been installed between the beam pipe and the ITC at radii of 6.3 and
10.8cm. It provides full coverage in the azimuthal angle ¢. The coverage in polar
angle is | cos ] < 0.85 for the inner layer and | cos 8| < 0.69 for the outer. The VDET
position resolution is 12 gm at normal incidence for both r-¢ and r-z [14]. Using
VDET and the beam spot information, the interaction point is known on an event
by event basis with an average precision of o, = 10 pm vertically and o, = 60 pm
horizontally. The position of the beam spot center is known within 25 ym in x and
10 gm in y.



3 The dipole method

The dipole method is a method that makes use of all two jet hadronic events to
measure the b hadron lifetime.

The tracks and the event axis are projected on the r-¢ plane where, for each hemi-
sphere separately, a weighted average of the intersection points of the jet tracks with
the axis is calculated. The distance between these two points projected along the
three-dimensional event axis is the dipole.

The analysis is performed both on the data and on a number of Monte Carlo samples
generated with different lifetimes. The averages of the distributions of the dipole
for different lifetimes are fitted with a function which is then used as calibration
curve. The lifetime is extracted from the comparison of the average of the dipole
data distribution with the calibration curve.

It is important to note that what is actually measured is, in first approximation, the
product 7, x I'** /T4 where the fraction of bb events in hadronic Z decays, I'"* /T¢,
is taken from Standard Model calculation.

If the exclusive b lifetimes are different, the lifetimes of the different species will be
weighted with their relative production rates and, to first order, with their average
charged multiplicities.

3.1 Event and track selections

The event and track selections are not designed to enrich the sample with bb events
but to choose good quality tracks; they leave the flavour composition essentially
unchanged.

Only data recorded with the VDET operational are considered and the standard
ALEPH hadronic event selection is applied. As discussed in detail in [15], an event
is selected if it has a total charged energy in excess of 15 GeV, the sphericity axis
lies between 35° < O, < 145° and has at least five good tracks. A good track has
a polar angle with respect to the beam between 20° and 160°, at least four TPC
hits, a transverse momentum pr larger than 0.2 GeV and originates from a cylin-
drical region around the origin with radius 3 cm and half-length 5cm. After this
preselection of hadronic events, an additional set of cuts is applied to ensure that
the events are two-jet—like and well contained in the tracking detectors: the polar
angle of the thrust axis calculated using an energy flow algorithm is required to be
between 50° < O < 130° and the thrust to be larger than 0.8.

Track selection criteria are applied to the remaining events: pairs of oppositely
charged tracks (V? candidates) are rejected if the invariant mass of the tracks is
consistent within 10 MeV with the K¢ or A° mass hypothesis or within 15MeV
with the hypothesis of ¥ — ete™ conversions and the distance dl between the re-
constructed V° vertex and the beam spot center is larger than 6 cm; the remaining
tracks are required to have a momentum larger than 1.0 GeV, a x? per degree of
freedom of the helix fit less than four, at least four hits in the I'TC, eight hits in
the TPC, one r-¢ and one r-z hit in the VDET. The tracks and the thrust axis are
projected onto the r-¢ plane, the thrust axis is positioned on the beam spot center
and the intersections of the tracks with it are calculated; the impact parameter dg
of a track with respect to the beam spot center is required to be less than 0.5cm



and the distance dl between the intersection of the track with the axis and the beam
spot center to be less than 6 cm. These last cuts are intended to remove decay and
conversion background and badly measured tracks. After these cuts at least two
tracks are required in each hemisphere.

The fractions of preselected hadronic events passing the cuts for Monte Carlo and
data are 52.5 £ 0.1% and 50.1 & 0.1%, respectively. The small difference between
Monte Carlo and data is due to the different number of hits produced in the various
chambers. The cuts on the hit numbers do not bias the sample with respect to life-
time, because no path-length-dependent information is used. The cuts on momenta
and vertices of long lived particles modify the flavour composition of the sample.
The Monte Carlo predicts that the fraction of bb events is 0.219 before the cuts and
0.244 after. This effect is taken into account in the calibration procedure.

3.2 Track weights

In calculating the dipole, the tracks are weighted with the product of the inverse
squared position error w; on the intersection of the track ¢ with the thrust axis
multiplied by the rapidity of the track y;. When the error on the azimuthal angle
of the track is negligible, the weight is w; = sin® U;/c?(dy;), where W; is the angle

between the event axis and the track in the r-¢ plane.
Ei+pq
Ei—py
of the momentum of the tracks along the thrust axis and the pion mass is used

The rapidity of a track is defined as y; = %ln( ), where py is the projection
to calculate the energy. Weighting the tracks with their rapidity gives a longer
dipole enhancing the contribution of tracks from b hadrons compared with tracks
from fragmentation. The weight distributions for data and Monte Carlo are in good
agreement.

3.3 Axis positioning

Two techniques, described in the following, are exploited to position the thrust axis
in the r-¢ plane. It can be positioned on the beam spot center determined for every
fill (beam spot) or on the event vertex determined on an event by event basis taking
into account the beam spot information (event vertex).

The event vertex technique has the smaller statistical and systematic errors and is
the one which is adopted; the other is used to estimate the systematic errors due to
tracking.

4 The dipole and lifetime measurement

After having positioned the axis according to one of the previously described pre-
scriptions, the intersection points x; are recalculated. The dipole p and its weight
w, are computed in the r-¢ plane and then projected along the thrust axis

p = (ZzeA Yi  2jeBTj ]y]) /sin O,
YicA Wil >_jeB WiY;
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o (ZiGA ws > jeB W;y;
where Or is the polar angle of the thrust axis and A and B correspond to the two
hemispheres.
The Monte Carlo sample has been produced with 7, = 1.50 ps equal for all the b
species and with the Standard Model Z branching ratios for my,, = 100 GeV and
MHiggs = 100GeV: T?/Td = 0.218 and T*/T"? = 0.171. The uncertainties on
these branching ratios due to the unknown values of my,, and my,,s are properly
accounted for as systematic errors.
The Monte Carlo and data dipole distributions are plotted in Fig. 7; the averages

-1
. 2
) X sin” O,

of the data pp and Monte Carlo py¢ dipole distribution are

pp=9201 £81um  pyc = 915.3 £ 5.6 um. (1)

To determine the b lifetime from the average dipole a Monte Carlo calibration
curve is used. A sample of 54000 bb events was simulated with different b life-
times (7, = 0.00 ps, 0.75ps, 1.50ps, 2.25ps and 3.00 ps) and combined with non-bb
events according to the Standard Model branching ratios to obtain the average
dipoles payc(m). The following parametrization (7, in ps, p in pm) is fitted to the
calibration points

prvc(m) = a+ b(m — 1.50)(1 — exp(—c/m)).
The fit is shown in Fig. 7 and the fitted parameters are

a=915.3+5.6um b=439.0 £ 4.3 um/ps ¢=4.314+0.14 ps. (2)

The quoted errors are only the statistical errors from the Monte Carlo simulation.
The b lifetime obtained using pp from Eq.1 and the coefficients in Eq.2 is

7 = 1.511 4 0.022 ps, (3)

where the error is statistical only.

5 Systematic errors

The systematic errors can be divided into two categories: those due to the algorithm
used and to detector effects and those due to uncertainties in the physics simulation.
The latter are estimated by changing the physics simulation parameters influencing
the measurement and by studying the effect of the cuts that discriminate between
b and non-b components.

In Table 1 the set of cuts used in the standard analysis (Normal) is shown together
with alternative sets of cuts on the physics and tracking parameters. The results
for all sets of cuts are summarized in Table 2. Taking into account the correlations
between the samples, the small differences in the lifetime obtained are compatible
with being statistical fluctuations. The largest difference is taken as an estimate of
a possible bias introduced by the particular values of the cuts.
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Table 1: The event and track cuts in the options used for systematic checks.

Cut Normal | Short | Long Low High

momentum | momentum
Thrust 0.8 0.8 0.8 0.7 0.9
Momentum(GeV) 1.0 1.0 1.0 0.5 1.8
do(cm) 0.5 0.3 3.0 0.5 0.5
dl(cm) 6.0 4.0 00 6.0 6.0

Table 2: Lifetimes and average dipoles for data pp and pys¢ for different sets of cuts

and positioning techniques.

78(ps) pp(pm) pauc(pm)

Normal 1.511 £0.022 | 920.1 £8.1 915.3 £ 5.6
No rapidity 1.483 £0.022 | 766.5 £ 7.3 T72.71£5.1
Beam spot 1.507 £ 0.025 | 909.0 £ 8.6 906.1 6.1
High resolution 1.479 £0.035 | 895.9 £ 11.1 | 898.3 +£10.3
Short 1.499 £ 0.029 | 862.5 £ 8.3 863.2 £ 8.9
Long 1.496 £0.028 | 1127.0 £10.1 | 1129.1 £ 11.1
Low momentum | 1.496 £ 0.028 | 815.0 £ 7.4 816.8 £ 8.2
High momentum | 1.507 £ 0.036 | 1231.3 £ 14.5 | 1227.1 £ 15.2
All VY removed | 1.515 £ 0.032 | 872.6 9.8 866.4 + 9.0

5.1

Systematic errors from tracking and physics simulation

The b lifetime has also been measured using the alternative positioning technique
previously described (Beam spot). This has a negligible effect on the lifetime mea-
surement.

The influence of the resolution simulation is studied by requiring two VDET hits in
both r-¢ and r-z views (High resolution). This effect is studied by comparing the
negative side of the dipole distribution in data and Monte Carlo. In Fig. 7 data with
normal cuts show a slightly worse resolution than the simulation. This discrepancy
disappears when using the High resolution cuts.

Further sets of cuts (Low and High momentum, Short and Long dipole) are chosen
to decrease and increase, respectively, the relative weight of the tracks coming from
b decays versus that of the tracks from hadronization and to remove more or fewer
tracks from long-lived particles. In the Low and High momentum sets the flavour
composition is changed so that the fraction of bb events, equal to 0.244 for the Normal
set, 1s 0.232 and 0.253, respectively; this tests a possible flavour bias coming from
the selection procedure. In addition the normal set is used without the rapidity
weighting (No rapidity) and with the V° candidates removed for any V° vertex
position (All V? removed). Note, for the Long set no V° is removed.

Among the different sets of cuts the dipole length changes by a factor of 1.6, while
the lifetime is stable within 2%. This indicates that the simulation is adequate for
both the hadronization in bb and non-bb events, including the selection efficiency of



bb events, and the reconstruction of tracks from long-lived particles. The systematic
error coming from the uncertainty in both detector effects and physics simulation is
taken as £32fs, the largest deviation from the Normal-cut lifetime among the values

in Table 2.

5.2 Studies of individual error sources

After this general consistency check of the simulation, the possible physics sources
of error are estimated separately. The average dipole for Monte Carlo light quark
events (uu, dd, s5) is 94.2 £4.0 ym, that is the contribution from v conversions and
decays from long-lived particles. Besides that, the average dipole has three other

C

sources: lifetime of b hadrons 7, lifetime of charmed hadrons in cc events 75¢, lifetime

of charmed hadrons in bb events 7°*. The contribution of 7, to the average dipole is
71.9%, that of 7¢¢ is 8.1%, that of 7** is 7.3%, that of other sources is 12.7%.

For the different sets of cuts from Table 1, the contribution from sources other than
the heavy-flavour lifetimes varies from 6.8% (Short) to 35.6% (Long). More specif-
ically, the average dipole for light quark events varies between 45 ym (Short) to
309 pm (Long). Removing all the tracks compatible with a A%, K2 or v vertex for
all positions of the vertex (All VV? removed), changes the dipole for light quark events
to 64um. The remaining dipole corresponds to other decays (7%, K* X% ...) and
to inefficiency in the V° finding procedure. The variation of the lifetime extracted
from the data over this range of light quark contribution is shown in Table 2. The
error from the light quark contribution uncertainty is therefore included in the over-
all 32fs systematic error.

Another check on the quality of the simulation of the momentum and rapidity distri-
butions is obtained by plotting the rapidity distributions for data and Monte Carlo
for the Normal and High momentum sets, as shown in Fig. 7. For both sets of cuts,
the differences between the Monte Carlo and the data distributions divided by their
sums are plotted in Fig. 7 and display good agreement for y > 1.. The effect of the
disagreement on the lifetime for y < 1. is checked through the High momentum set
of cuts, that depletes this region by over 80% of the tracks.

The other systematic errors can be divided into those related to the charm decay
properties, which are common to the contributions from 7 and 7%, those specific to
the production mechanism of charmed hadrons in bb and cé events, respectively, and
those related to the b hadron production and decay mechanism. The error sources
are listed in Table 3. The most relevant error sources are discussed in more detail
in the following.

The b fragmentation function has been measured at LEP with and without the as-
sumption of the functional form given in [17]. A value of < z, >= 0.695 + 0.015
that covers the full range of LEP measurements [26, 29] is taken. The error on the
b lifetime coming from the b fragmentation includes both varying the parameter of
the fragmentation function within its error and using an alternative fragmentation
function #*(1 — x) [18] tuned to reproduce the measured < x; >.

The errors from the uncertainties in the charged multiplicities of charmed and b
hadron decays come from inclusive measurements of charged multiplicity distribu-
tions at the U(3770) and Y(4s) resonances. They are increased to account for the
additional production of charmed strange mesons and baryons at the LEP energy.



Table 3: Systematic errors on the b lifetime.

Error source Error|[fs] | Ref.
Charm overall | Charm lifetime 11 [19]
Charm charged multiplcity | 18 [20]
Charm from cé | Charm fragmentation 6 [21]
D° Dt fractions 6 [21]
D, fraction 1 [22]
Charm baryon fraction 1 [22]
Charm from bb | Charm spectrum 24 [24, 25]
Species abundance 15 [24]
b b fragmentation 42 [26, 29]
B BT fractions 5
B; fraction 2 [27]
Baryon fraction 8 [27]
b charged multiplcity 37 [28]
7, differences 8
Hadronization | Simulation 17 [15]
Cut sensitivity 32
Theoretical error I'® /T4 13 [23]
Theoretical error I'**/T"? 1 [23]

The theoretical uncertainties on the branching ratios I'*/I"*e¢ and I'** /T"*%¢ are also
included. Summing quadratically the systematic errors from Table 3 the measure-
ment in Eq. 3 becomes

m, = 1.511 + 0.022(stat) + 0.078(syst) ps

6 Comparison with the previous ALEPH 0 life-
time measurement with leptons

ALEPH has published an analysis on the inclusive b lifetime in [7] using the impact
parameter distribution of high p, pr leptons. The result is 7, = 1.49+£0.03 +0.06 ps,
where the first error is statistical and the second systematic.

If the lifetimes of the different b hadron species are different, the two analyses are
measuring different quantities. In first approximation, the lepton analysis mea-
sures the average lifetime weighted with the semileptonic branching ratios, while
the dipole analysis measures the average lifetime weighted with the average charged
multiplicities. Using a simplified model with only two b hadron species with 20%
relative difference in lifetimes and 20% in charged multiplicities, both the lepton
weighted average and the charged multiplicity weighted average differ from the true
average by less than 1%; therefore the quantities measured are effectively, if not
conceptually, the same and can be compared.



The statistical and systematic errors of the two measurements are almost completely
uncorrelated; the average is

7, = 1.50 £ 0.02 £ 0.05 ps. (4)

7 Conclusion

The lifetime of b hadrons is measured using the dipole method. This method does
not depend on any b enrichment scheme and has different systematic errors from
lifetime measurements through the impact parameters distribution of high p, pr

leptons.
The result obtained using the Standard Model values for T /T4 and T /Thed is

7 = 1.51 £ 0.08 ps.

Averaging it with the previous ALEPH b lifetime measurement using the lepton
impact parameter distribution, the combined result is

7, = 1.50 £ 0.05 ps.
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Figure 1: The dipole distributions for Monte Carlo (solid) and data (points). The
generated Monte Carlo b lifetime was 1.50 ps.



1400 |—

plkm)

1200 |-
1000 |

800 -

600 | .

400 -

200 —

O I I ‘ | ‘ I ‘ I I ‘ I I ‘ I ‘ I I ‘ I I
0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2

Ty <DS>

Figure 2: Monte Carlo dipole with the normal selection versus 7,. The dashed line
is the result of a parametrization.
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Figure 3: A) Rapidity distributions of Monte Carlo (dashed line) and data (hollow
circles) for Normal cuts and of Monte Carlo (solid line) and data (black squares)
for High momentum cuts. B) Normalized differences (Monte Carlo - Data)/(Monte
Carlo 4+ Data) for Normal (dashed line) and High momentum (solid line) cuts.



