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Abstract. The lifetimes of charged and neutral B hadrons
have been measured using data collected by the DELPHI
experiment at LEP between 1991 and 1993. B hadrons are
tagged as jets with a secondary vertex and the charge of the
B candidate is taken to be the sum of the charges of the
particles in the secondary vertex. Approximately 1,434,000
multihadronic Z° decays yielded 1817 B hadron candidates.
The B purity was estimated to be around 99.14-0.3%, and
83% (70%) of the events measured as neutral (charged) came
from neutral (charged) B’s. The mean lifetimes of charged
and neutral B hadrons were found to be 1.7240.08 (stat.)
£0.06 (syst.) ps and 1.58+0.11 (stat.)=£0.09 (syst.) ps re-
spectively. The ratio of their lifetimes, Teharged/Tneutrats
was 1.097%!} (stat.)£0.08 (syst.). By making assumptions
about the BY and AJ states, the B* and B® meson life-
times were determined to be 75+ = 1.72 £ 0.08 (stat.)
£0.06 (syst.) ps and 750 = 1.63+0.14 (stat.)=£0.13 (syst.) ps
and the ratio of their lifetimes was:

Tp+ /TRo = 1.06*_0(3.1]31 + 0.10. The mean B lifetime was also
deduced to be < 75 >= 1.64+0.06 ( stat.)40.04 ( syst.) ps.

1 Introduction

This analysis is an update to the topological B! lifetimes
measurement, first performed using the 1991 DELPHI
data [1]. B hadron candidates are identified as distinct dis-
placed secondary vertices of charged particle tracks which
were reconstructed with high precision using the vertex de-
tector. The charge of each B candidate is the total charge
of the tracks assigned to the secondary vertex. The excess
decay length method [2] is used to extract the lifetime.

The current analysis uses events collected from 1991 to
1993, and it therefore supplants the previous analysis. The
method is dependent upon measuring the production point
of charged particle tracks and relies heavily upon the silicon
vertex detector.

According to the spectator model [3], the light con-
stituent quarks are expected to play a passive role in weak
decays of hadrons composed of a heavy quark and light
quarks. This model predicts that the lifetimes of all B hadrons
are equal and are determined by the lifetime of the b quark.
However, the lifetime differences between charmed particles
clearly indicate corrections to the spectator model. These

2
are expected [4] to give g+ /750 = 1.0+0.05 x <—zoo{\?ev> )

where fp is the meson decay constant, the value of which
is uncertain at present.

! The symbol B means charged or neutral B hadron

A brief description of the detector can be found in
Sect. 2. Section 3 explains how the beam position was found.
Section 4 details the event selection procedure, and the ver-
tex reconstruction and selection is in Sect. 5. The sample
obtained is shown in Sect. 6, while Sect. 7 describes the fit
technique. The B lifetime results are presented in Sect. 8.

2 The apparatus

The DELPHI detector has been described in detail else-
where [5]. The detector was identical to that used in [1],
and only a very brief summary is given here.

In the barrel region, charged particles were measured
by a set of cylindrical tracking detectors whose z axes are
common with the electron beam and with the axis of the
solenoidal magnet which produced a 1.23 T field. The pos-
itive z axis was oriented along the electron beam direction,
the radius R was then defined in the plane perpendicular to
z, and the origin of ¢ pointed to the centre of LEP. The ¢
origin was also taken as the x axis, and the y axis completed
a right-handed coordinate system.

The Time Projection Chamber (TPC) was the main track-
ing device. Charged particle tracks were reconstructed in
three dimensions for radii between 30 cm and 122 cm with
up to 16 space points for polar angles between 39° and 141°.
Additional measurements were provided by the Inner Detec-
tor, (ID), between 12 and 28 c¢m, and the Outer Detector,
(OD), at around 200 cm.

The silicon Vertex Detector (VD) [6] had three con-
centric layers located at average radii 6.3 cm, 8.8 cm
and 10.9 cm, each of which could provide one or two
R¢ coordinates for particles with polar angle between 43°
and 137°. The point precision in R¢ was 8 pum.

3 Determination of the interaction region

The position in = and y, and the width in z of the beam
interaction region? have been measured as a part of this
study. This was done by forming a vertex from each hadronic
event, and then combining the vertices to measure the beam
position and size.

For each event a common vertex was formed from all
the tracks with hits on at least two layers of the microvertex
detector. The track which contributed the largest x> was re-
moved until no track was contributing more than 10 units.
Events with at least 8 tracks remaining are depleted in heavy
quark species and only these were used to measure the beam

2 The y width was much smaller, and its uncertainty was not a significant
error
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intersection region. These events were accumulated in sam-
ples with a typical size of 200 events, corresponding to the
cartridges written by the data acquisition system. In each
sample the beam position and z width were fitted from the
event vertices.

The fit was a likelihood fit to the position of the ver-
tices with two terms, one for light quark events, and the
other for events which are distorted by lifetime effects. The
latter component was measured by fitting the events from
cartridges with more than 250 events. It was found to be
reasonably described by a 16% fraction of events with a
Gaussian width of 270 pm. (This should be compared with
an initial 22% of b quarks with an approximately exponen-
tial decay length distribution of mean 3000 ym, and also a
¢ contribution). This fraction and width was then fixed for
all cartridges, as was the y size of 20 pym. Cartridges where
less than 20 events were available to find the beamspot were
excluded. The typical width in z was 100 — 130 ym.

The analysis was also performed using a beamspot cal-
culated from a single fit to all the tracks on a cartridge [7],
rather than to the vertices as described here, as a cross check.

4 Event reconstruction
4.1 Hadronic event selection

Only charged particles with a momentum above 0.1 GeV/c,
a measured track length over 50 cm and an angle to the
beam axis exceeding 25° were used in this analysis.

The sum of the energies of these charged particles in each
of the forward and backward hemispheres was required to
exceed 3 GeV, and the total energy had to be more than
15 GeV. At least six charged particles were required with
momenta above 0.2 GeV/c. These cuts selected approxi-
mately 1,434,000 events as hadronic Z° decays.

The quality of the (ID) data was checked by demanding
that for each event at least 65% of good barrel tracks with
vertex detector hits also had ID hits. This removed 5% of
events in the data.

After this hadronic event selection, the JADE jet cluster-
ing algorithm [8] was applied to the charged particles using
a scaled invariant mass squared cut of 0.04. This large value
reduces the chance of splitting the B decay products into
two jets. For the subsequent analysis each particle was re-
assigned to the closest jet in @ — ¢ space. In simulation this
decreased the number of B tracks assigned to the wrong jet
from 0.03 to 0.022. The JADE algorithm is an iterative pro-
cedure which combines tracks at each step and can never
re-assign them, and it is therefore not a surprise that it is
possible to improve the final track selection.

The charged particles from light hadron decays or from
photon conversions can confuse an attempt to find a B vertex.
To reduce this problem all pairs of oppositely charged par-
ticles were combined to see if they were consistent with a
K9 or A decay or y conversion. The selection criteria were
designed for purity rather than efficiency, to reduce misiden-
tification of B direct decay products as coming from one of
these sources. About 0.17 Kg , 0.06 A and 0.48 ~ per event
were identified and the charged particles tagged as coming
from other sources and not considered further.

After the jet finding and pair rejection, charged particles
with momenta lower than 0.5 GeV/c or a closest approach
to the beam spot in the R¢ plane larger than 1 cm were
removed. Only jets with at least three remaining charged
particles were accepted. All selected particles in the jet were
required to have hits on at least two (of the three) layers
of the vertex detector in order to be considered as reliably
measured. Only one jet in five met the latter requirement.
Over half the loss of jets was due to purely geometric effects
coming from the finite size of the vertex detector.

The effect of these and other requirements on the com-
bined data are listed in Table 1. Also shown are the re-
sults of a full Monte Carlo simulation, starting from 70
decays generated by the program JETSET 7.3 [9] and in-
cluding particle interactions in materials and detector reso-
lutions [10](‘DELSIM’). To reproduce this resolution bet-
ter, particularly in the tails of the distributions, a smearing
package initially developed for B tagging was used [11].
This smeared the reconstructed track parameters using a
sum of Gaussians and exponentials. The lifetimes of all the
B species were set to 1.60 ps in this simulation.

The simulation had different efficiency for selections 4)
and 5) than the data. The fourth could have led to a bias in
the data to low multiplicity events, but it will be seen that
this was not significant. The fifth suggested that there could
be slightly larger tails on either the beamspot or the track
errors in the data, and its effect has been estimated at the
end of Sect. 5.1.

4.2 Track extrapolation errors

The assignment of particles to the primary vertex and sec-
ondary vertex used the extrapolated track positions in the
plane perpendicular to the beam direction. The 2 coordinate
was much less precise than R¢, therefore the vertex recon-
struction used only the R¢ projection of the charged particle
tracks.

There were two contributions to the extrapolation error,
O Rre: the intrinsic measurement resolution (Gimeas), Which in-
cludes alignment errors, and the multiple scattering (0gcat)-
For tracks with hits in at least two of the silicon layers it
was parameterized by:

2 as‘zcat %
OR¢ = l:o-meas + m} )
where p was the particle momentum in GeV/c and 6 was
its polar angle. Values of opmess = 30 £ 3 pm and oy =
70 + 4 pm were used; these represent an average over dif-
ferent classes of tracks, and are slightly larger than those in
reference [6], for which hits in all three silicon layers were
required on each charged particle.

5 Vertex reconstruction

Charged particles had to be assigned to the correct vertex in
order to determine the charge of the B hadron. Each jet was
examined independently. If produced by a b quark it will in
general contain several vertices: the primary interaction, b
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Table 1. Cumulative effect of each selection on the data and the selected simulated hadronic events.

The last two cuts are described in Sect. 5

Event Selection Data Simulation
Number  Ratio Number  Ratio
1) Good hadronic events 1434425 — 3433432 —
2) Initial jet sample 3519393 2.45440.0013 8338853  2.429+0.001
3) Three or more particles per jet 3096042  0.880+0.0002 7477289  0.897+0.0001
4) Two or more VD hits per particle 892571  0.288+0.0003 2452065  0.328+0.0002
5) Not all from primary vertex 407446  0.457+0.0007 1019407 0.41610.0004
6) Clear secondary vertex 47327  0.1162£0.0005 114749  0.113+£0.0003
rw)loﬁlll\‘||‘4|!‘\‘|‘V‘|‘ll‘VIVVI\II\IV\II\\JII!\_ thCBdecayWaslarge.ItWaSalsorequiredthattheSecond
5 . Data 2 best combination should have a P(x?) below 1% and its
L; R < Simulation x? should exceed that of the best combinjcltion.by at lea§t 4
2 105 3 units, i.6. X2, pest — Xoest > 4 Jets which did not satisfy
’, this requirement were regarded as ambiguous, and were re-
104! R B— jected. The results of these vertex requirements are shown
i..Hj...,lu.,],".\‘..l\H.li.‘..J,.HJ..Hl..., in Table 1.
9 Ol 902 03 04 05 06 07 08 09 1
10%* | b .
: Is)lﬁ lation} No outs : ];m - }P<x2) 19, 500) > i# 5.1 Secondary vertex selection
104 gM” 1 In order to select a sample of events with a high content of
S B hadrons, a variety of selections were applied to the candi-
e date events. These requirements are detailed in the following
O I I M e A afrofoPul o AP Wurist e paragraphs,

0 01 02 03 04 05 06 07 08 09 1

Fig. 1. The upper plot shows the P(x?) distributions for one vertex formed
from all the charged particle tracks and the beam spot in data and simulation.
The lower plot shows the P(x?) of the best vertex as described in Sect. 5,
both before (o) and after (O0) demanding that it be distinct from the next
best

decay, c¢ decay and perhaps s decay. However, in order to
simplify the analysis, the jet was assumed to contain only
the primary vertex and a single decay vertex.

A vertex was formed from all selected particles in the
jet constrained to pass through the measured beam spot, for
which the z size was determined as described in Sect. 3,
and the y size was assumed to be 10 ym. A larger value of
the y size was used in finding the interaction region in order
not to reject good vertices. The value used here was more
accurate, but in practice the difference was very small. The
probability of this fit in data and simulation can be seen in
Fig. 1. If the probability was better than 1%, it was assumed
that all the tracks in the jet came from the primary vertex,
and such jets were not considered further.

Next, all the particles within the same jet were divided
into two groups, with all possible permutations being tried.
One group was used to make a vertex which was constrained
by the beam spot, while a second vertex was formed using
the particles in the other group with no such constraint. At
least two particles were required in the secondary vertex,
while any number were allowed in the primary. The proba-
bility, for which the x> was the sum of those at the primary
and secondary vertices and the number of degrees of free-
dom was the number of particles minus two, was found for
each combination.

It was required that the best combination should have
a P(x?) exceeding 1%. This requirement tended to reject
events where the flight distance of the charmed hadron from

Firstly it was required that the interaction position was
well measured for the data events, and that there was no
evidence of any movement within the period for which the
position was averaged.

Then it was demanded that there be at least three tracks
at the vertex, as simulation studies showed that B candidates
making use of only two tracks had excessive background.
This requirement favours charged over neutral B’s as the
selection efficiency was biased to low multiplicity, and the
lowest multiplicity retained (three) had an odd number of
tracks. 80% of the vertex candidates have only two tracks,
but many of these have low mass as well.

Next, the invariant mass of the candidate, M., was cal-
culated, using only the charged particles attached to the sec-
ondary vertex and assigning them the pion mass. B decays
were selected by requiring that My, exceed 2.2 GeV/c?,
which is above the charm kinematic limit. The mass dis-
tribution after all cuts can be seen in Fig. 2 a). Only a few
events were found to have mass above that of the B , which
refiects the generally correct assignment of particles to ver-
tices.

Table 2 shows the effect of this and the other selections.

Next, the vector sum of the momenta of all the parti-
cles assigned to the secondary vertex was found, and its
azimuthal angle, ¢nom, Obtained. Taking the azimuthal an-
gle, Pgeom, Of the vector joining the primary and secondary
vertices, the difference 6¢ = ¢mom — Pgeom Was computed.
This was expected to be near zero for B candidates because
the momentum will point in the same direction as the line
of flight, while background combinations coming from badly
measured tracks and random combinations need not satisfy
this condition.

However, ¢mom did not coincide with the direction of
the B momentum, mostly because of the momentum carried
by neutral particles; the R.M.S. difference found in simu-
lated events was 50 mrad at M, = 2.2 GeV/c?, improving
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Table 2. Cumulative effects of the selections applied to the vertices

Vertex Selection Data Simulation
Number ratio Number Ratio Purity
Initial vertex sample 47327 — 114749 — 0.410
Beam position measured 43716  0.924+0.001 114749 — 0.410
Three or more tracks 8287  0.190+0.011 24268 0.211+0.006 0.845
Mass > 2.2 GeV/c? 3027 0.36540.018 9587 0.395+£0.010 0.966
bd/osy <3 2767  0.91440.005 9111  0.950+£0.002 0.982
P(x® > 0.10 1838  0.66440.011 6108  0.682+0.006 0.988
lpe <4 cm 1827  0.9944-0.002 6178  0.995+0.001 0.992
Vertex forward 1817  0.9954-0.002 6155 0.996+0.001 0.994
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= 400 i o Data O § F e Data K e 3
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Fig. 3. The R¢ decay lengths of the accepted vertices in simulation and
400 data. Negative lengths correspond to vertices which would have passed the
200 6¢ cut had their momentum vector been reversed. The radius of the beam
pipe was 5.5 cm
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Fig. 2. a) The reconstructed masses of the vertices, b) the multiplicity of
the secondary vertices, and ¢) the summed momenta at those vertices. Only
the finally accepted events are shown, except that in a) and b) those rejected
only by the relevant cut are also shown

to 15 mrad at 5.0 GeV/c?. Furthermore, the measurement
of the primary and secondary vertices produced an error on
6¢ which decreases with increasing decay length. The er-
ror, 054, Was the quadratic sum of the error on ¢p,n, taken
from simulation and depending upon the visible mass, and
the error on the position which was taken from the appropri-
ate projection of the calculated vertex errors. Vertices were
accepted if |6¢|/as, was less than three. At this stage in the
analysis, events were also retained which would have passed
if their momentum had been reversed. These events are used
to estimate background.

The cut on é¢ rejects 5% of the simulated events (see
Table 2), and it would have been expected that 150 data
events would not have passed. In fact, 260 were rejected, an
excess of 70%. The simulated events rejected were mostly
light quark events in the tails of the beam spot for which the
whole jet from the Z° was interpreted as a B . In the real
data the beam spot had non Gaussian tails.

Events passing the above cuts were required to have a x?
probability of the accepted vertex combination greater than
10%, while preserving the previous criterion that no other
combination should have a probability over 1%. Requiring
this large difference in probability reduces the chance of
associating the wrong particles to the secondary vertex.

The decay length, [ry, distribution for the vertices se-
lected so far is shown in Fig. 3. The decay length was re-
quired to be less than 4 ¢cm, because there was a small num-
ber of events found at 5.5 cm, the radius of the beam pipe.
This rejected 0.5% of events.

The negative tail of the distribution was also removed.
The fraction of events affected was 0.5 & 0.2% in data and
0.4 £ 0.1% in simulation. Based on these values, and the
fractions of events rejected by the ¢ cut, (8.6 £ 0.5% and
5.1 £ 0.2% respectively), and the background in the sim-
ulation of 0.6%, the light quark contamination in the data
was estimated to be between between 0.6% and 1.2%. This
reflected the excess events in the data seen in entry 4) of
Table 1.

The charged multiplicity distribution of the accepted
secondary vertices is shown in Fig. 2 b); the mean was
3.944-0.02 for the data and 3.9640.01 for the simulation.
The slightly lower probability of having two VD hits on
each track in the data might have led to a lower multiplic-
ity, but there was no firm evidence for this effect.

6 Selected sample composition

The composition of the simulated event sample before and
after the selections is listed in Table 3, as is the assumed
original composition of the data, which was taken from



Table 3. The composition of the selected event sample. In the simulation
all the B hadron lifetimes were 1.60 ps. The DELSIM sample had a rather
low rate of Ag production, and for fits to the data the values on the right
hand side of the table were assumed

Measured in simulation Assumed in data

Type Initial Selected Initial Selected

B hadrons vertices B hadrons  vertices
B* 42.7% 53.7£1.0% 40% 50.0%

BY 41.9% 34.6+£0.7% 40% 32.9%
B? 11.3% 8.7£0.4% 12% 9.4%
A 3.6% 2.0+0.2% 8% 6.8%
Other B 0.5% 0.4+0.1% 0% 0.0%
Background 0.6+£0.1% — 0.9%

reference [12], and the estimated composition of the se-
lected sample. The fraction of B jets after the selections was
99.4+0.1% in simulation. There was a significant enhance-
ment in the selection of B* with respect to neutral species.
This comes from the variation of efficiency with charged
multiplicity, which, as discussed above, peaks at low multi-
plicity and favours charged B hadrons, and from the lower
efficiency for selecting D* rather than D° due to the differ-
ence in the lifetime. There was also a further suppression of
the A% , which was due to a lower typical value for M,;s in
these events.

The ‘other’ b states selected in the simulation are all =3,
and roughly half of these are charged. The effect of a 0.2%
contribution of =, has been neglected throughout.

It should be noted that the selection efficiency is lifetime
dependent. Table 3 shows the efficiencies if the lifetimes are
identical, and the changes introduced by the lifetimes are
handled in the fit described in Sect. 7.3.

7 Lifetime fitting procedure

The lifetime of charged and neutral B hadrons was extracted
from the data by means of an unbinned maximum likelihood
fit to the excess decay time (see Sect. 7.2 below). Events fall
into one of four classes:

a) B events where all tracks from the B are correctly
assigned.

b) B events where a decay track was missing from the set
of tracks in the jet. This could be because of the 0.5 GeV/c
momentum cut, the jet finding or the DELPHI track finding
efficiency. This was assumed to be proper time independent.

c) B events where a track was misassigned from B to
primary or vice versa. The P(x?) of the correct assignment
of tracks must be bad for these events to be accepted, but
the P(x?) of the incorrect one must be good. The probability
of the correct vertex combination having a bad P(x?) was
independent of proper time, so good events are removed in
a manner which does not bias the lifetime of the remain-
ing events. However, the probability of the new arrange-
ment producing an acceptable P(x?) clearly decreases with
B decay length.

d) Non B events, coming from charm or lighter quarks.

All four categories are distinct, but the proper time dis-
tributions of a) and b) are similar, while the other two have
their own individual distributions.
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7.1 Charge estimation

In order to extract the charged and neutral B lifetimes, it was
important to know the accuracy of the charge estimator. The
relative proportion of classes a), b) and ¢) was fitted from the
data as part of the final fit, in order to minimize systematic
errors. Using the quark model prediction that there are no
multiply-charged B hadrons, the number of doubly and triply
charged secondary vertices found was used to estimate the
probability of loosing a track, or of putting a primary track
into a secondary vertex.

This was done by treating each track in the B candidate
as having an independent probability of being missed, and
using binomial statistics to calculate what the observed
charge distribution was for one or two tracks missed. This
distribution was of course dependent upon the true charge.
For simplicity, the calculation assumed that all B s started
with the same number of tracks, normally four. The sensi-
tivity to this number was not large.

The charge estimation was binned according to how
many tracks were rejected from the jet because of the
low momentum or large impact parameter requirements of
Sect. 4.1. In general three quality bins were used, for 0 or
1, 2 or 3 and 4 or more tracks rejected. The binomial ex-
pansions are well known, as is the probability that m tracks
from n are missing when the mean number of missing tracks
was . By summing over them, an expression, P(q, @, ),
for the probability of observing a B of true charge ¢ as hav-
ing measured charge (2 in bin j was derived. In the final
fit the &” values are controlled by the observed numbers of
multiply-charged events.

For the events where a track was assigned to the wrong
vertex, class ¢), the charge distribution used was that de-
scribed above, with a change of 1 to account for the track
which was wrong.

The charge distribution of background events was as-
sumed to be the same in the data as in the simulation.

However, there was an important correction, which came
from the fact that the acceptance probability was a rapidly
changing function of the number of tracks. If a B* decaying
to three charged particles had one track missing it failed
the selection criteria, while a B® decaying to four prongs of
which one is missed may be accepted. Because three and
four prong decays dominate the selected sample, charged
B mesons have their charge estimated better than neutral
ones. To allow for this the values of & used in the fit were
internally increased by 40% for B , while for B* they were
decreased by the same amount.

The procedure outlined above can be seen in Fig. 4
to provide a reasonable description of the simulation. The
charge was measured correctly in 774+1% of the simulated
charged events and 57+1% of the neutral ones, and the num-
bers of multiply-charged vertices, shown in Fig.4 b, were
used to fit the parameters & in the data (see Table 4).

7.2 Excess proper time estimation
The B lifetime was fitted from the excess proper time distri-

bution of the reconstructed decays. This requires a knowl-
edge of the excess decay length and the B hadron velocity.
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Fig. 5. The minimum decay length distribution for data and simulation

The former was found from the positions of the primary and
secondary vertices and by moving the secondary vertex back
towards the primary along the reconstructed line of flight to
find the minimum acceptable decay length of the given de-
cay; the latter was estimated from the measured momentum
and invariant mass.

7.2.1 Excess decay length measurement

The measured decay length distribution, /g4, was a convo-
lution of the decay length of the B hadron with that due to
the subsequent decays of B decay products, particularly D
mesons. There was also an acceptance probability which was
lifetime dependent. To measure the lifetime, the excess de-
cay length, I35, beyond the minimum required to identify

the vertex, l""", was used rather than the full decay length,
Irs. This glves an exponential distribution in lifetime and
removes the dependence on the simulation of the acceptance
and distortion caused by subsequent decays.

Ei(; was found on an event by event basis from the data,
and the measured distribution is shown in Fig. 5. In each
accepted event, the secondary vertex and all the charged
particle tracks associated to it were moved towards the pri-
mary interaction vertex. lm'(;‘ was the point at which that
particular secondary vertex would just be accepted by the
x? cuts described above. The time distribution of the decay-
ing particles beyond this point was then just given by their
lifetime.

The D lifetime did not distort the shape of the distribu-
tion, essentially because its effects are independent of the
B flight time, and the vertices were sufficiently far from the
production point that the effects near it could be neglected.
The excess decay time distribution was then described by an

exponential with a slope given by the B lifetime to a very
good approximation®.
The excess three dimensional decay length, [**°**, was

found from this excess length in the R¢ plane, le"cess, as
%{;&SS

lCXCCSS — 2
sin 8 @

where 6 was the polar angle of the vector sum of the mo-

menta of the charged particles assigned to the decay vertex.

7.2.2 Boost estimation

The momentum of the parent B was found using the method
of reference [13], which employs the fact that for sufficiently
large boost the velocity of the B is the same as that of the
observed component:

1 est M X 1
L _ vis 3
(PB> “ Mg P ©)

est
is the estimate of the inverse of the B mo-

where (7;—;)
mentum, Mg is the true B hadron mass, M, is the effective
visible mass, assuming that all the particles are pions, P
is the sum of the momenta of the particles at the secondary
vertex and « is a correction factor of order one. Substituting
this into the equation for the excess proper time gives:

est . jexcess
fexeess My jexcess L - aMwsl
Pvis

) “

The value of o used was (0.871 + 0.0331 x M —
0.00266 x My2)~!, where M, is measured in GeV/c?.
This varies from 1.08 to 1.03 in the mass range used. It
deviated from one because of the exclusion of charged par-
ticles of momentum less than 0.5 GeV/c, the fact that M
was calculated assuming that all the particles were pions
when it was very likely that at least one was a kaon, and
because of the missing transverse momentum which biased
the estimator for low momentum. This parameterization and
its coefficients were derived from the full simulation, and
depended weakly upon the B decay scheme assumed there.
The largest error is due to the uncertainty in the B — K*X
branching ratio, which contributes approximately 0.004 to
the uncertainty in a.

This estimate of the boost of the B had an error of 22% in
the simulation, which increased the spread of the proper time
distribution by a factor of v 1.0 +0.222 = 1.02. The value
of a was compatible within statistical errors (which were
less than 1%) for B® , B* and BY , but was 10£2% larger
for B baryons in the simulation used. This came from the
assumption of the pion mass for any protons, which reduced
the measured M,;;. No correction was made for this effect;
it is in any case comparable with the error on the B baryon
lifetime.

The ‘raw’ mean momentum of the candidate B’s, shown
in Fig. 2 ¢), was 21.3+£0.2 GeV/c in the data and
21.64+0.1 GeV/c in the simulation. The calculated mean
momentum, using equation 3 and assuming that the mass

3 The convolution of an infinite exponential with an unknown (but finite)
distribution is an exponential with the slope of the original



of each B hadron is 5.28 GeV/c?, was found to be 35.7
+0.2 GeV/c for the data and 35.6+0.1 GeV/c for the simu-
lation.

7.3 The fit method

A maximum likelihood fit was made to the excess proper
times of the events. This included a binned estimation of
the probability of reconstructing the charge wrongly, using
the number of doubly and triply charged secondary vertices
observed in each bin as described in Sect. 7.1. The likelihood
of event 7 to have observed charge (J; and excess proper time
15%°%% was taken to be:

Fi =Y Plgy, Qi i)Cre T/ &)

where the sum runs over the B hadron species considered
in the fit, the background, and the excess events accepted
at short decay length (class ¢) of Sect. 7, denoted ‘con-
fused’. The two fits considered later allow the species to be
(i) the charged and neutral B hadrons, and (ii) the four most
common species (B, B?, B, A?) at LEP. P(q,,Q;, ;) is
the probability that a B hadron of charge ¢, will be recon-
structed as having charge @; if the quality bin is j;, C, is
the normalization constant for species v, and 7, is the mean
lifetime typical of species v.

While only the B lifetime distributions are expected to
be exponential, the other two contributions are both small,
and an approximate description is adequate. Therefore an
exponential distribution is used for each.

P(q,, Q;, %) has been described in Sect. 7.1. It depended
on the vector of parameters &7, which were allowed to vary
in the fit.

The normalization constants C', are given as:

F,

C Ty [1 - e—t"’“‘/fu] ©
where the F,, are the relative fractions of the various B
species and the background in the selected sample, and ¢™**
is the maximum allowed excess proper time of the events
used in the fit and was set to 12 ps to be within the 4 cm de-
cay length cut. The fractions of the selected sample, F),, are
related to the fractions f, which would have been observed
if the lifetimes had been equal:

1 foe

s N ; PN fue "t n @
where N is the number of selected events and tM7 is the
proper time of the minimum decay distance at which event
© would have been observed. The fractions f, are not the
same as the initial fractions of the various B species because
of the different selection efficiencies for the different decay
topologies, but are the selected fractions given in Table 3.

8 B lifetime results

8.1 Fit to B hadron lifetimes
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Fig. 6. The excess proper time distributions of the charged and neutral
vertices, with the fit result superimposed. The slight curvature is because
the fit is a sum of exponentials

Table 4. Fit to average charged and neutral lifetimes, with the statistical
errors shown. & is defined in Sect. 7.1, and fy is the fraction of neutral
B hadrons which would have been selected if the lifetimes had been equal.
The last two entries are not independent parameters, but the errors have
been calculated separately

Parameter Data Simulation
Fit result  Correct value
< Tcharged > (PS) 1.7240.08 1.5740.05 1.60
< Tneutral > (PS) 1.584+0.11 1.6440.06 1.60
Teonfused (PS) 0.39"'_%‘42% 0.63+0.17
fo 0.4240.05 0.381+0.03
Feonfused 0.05+0.04 0.0610.02
A 0.20+0.12 0.1940.05
EZ) 0.324+0.10 0.3310.05
A 0.601+0.10 0.631+0.06
< Tcharged > / < Tneutral > l-ogi%_lllo 095:%%66 1.00
<71 > 1.641+0.06 1.6140.03 1.60

The excess proper time distributions of the charged and
neutral vertices are shown in Fig. 6. The fit to the average
charged and neutral B lifetimes, as described below, is super-
imposed. In this fit it was assumed that all charged B species
have one lifetime and all neutral ones have another. The rel-
ative normalization of the two species was left free to reduce
the dependence upon the simulation. A background fraction
of 0.9%, as described in Sect. 5.1 is included. The results of
this fit are shown in Table 4.

The three classes of &7 contain 380, 580 and 857 events
respectively. The charge measurement is poor in &4; but
it should be remembered that even events with no charge
information whatsoever would still contribute to measuring
the mean lifetime. The advantage of splitting the charge error
into three bins is that the relatively precise measurements are
used to their full.

The lifetime ratio and < 75 > in Table 4 are the results
of a fit in which the charged and neutral B lifetimes were
replaced with the ratio of charged to neutral lifetimes, and
the mean B lifetime at production in LEP, assuming that the
composition is as given in Table 3 and that all the neutral
species have the same lifetime. This number is shown for
comparison with the more careful average performed below
in Sect. 8.2. .

The systematic errors estimated in the analysis are dis-
cussed below and summarized in Table 5:
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Table 5. Systematic uncertainties in the fit to the average charged and neutral B lifetimes

Effect Investigated < Toharged > < Theutral > <:ﬁ2: s <71 >
1) Background fraction/lifetime +0.01 ps 10.02 ps +0.02 +0.01 ps
2)  Background charge +0.01 ps 40.01 ps +0.01 +0.00 ps
3)  Binning of charge +0.03 ps 40.01 ps +0.03 +0.00 ps
4)  Relative charge width +0.01 ps 10.01 ps +0.01 +0.00 ps
5)  Momentum estimation +0.01 ps +0.03 ps +0.02 +0.02 ps
6) Maximum time in fit +0.01 ps +0.05 ps +0.04 +0.02 ps
7)  Possible analysis bias +0.05 ps +0.06 ps +0.05 +0.03 ps

Total +0.06 ps +0.09 ps +0.08 +0.04 ps
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Fig. 7. The variation of the results with maximum time. Data is shown in
a) and simulation, with all lifetimes 1.6 ps, in b). The neutral results have
been offset slightly to the right for clarity

1. The background fraction was varied from 0.6% to 1.2%
and its lifetime halved and doubled to estimate a sys-
tematic error.

2. The charge distribution used for the background has also
been changed to double the number of events with charge
greater than 1. This resulted in a very small systematic
€ITor.

3. The charge error was normally binned by the number
of tracks deliberately excluded. For comparison this was
changed to depend upon the measured mass, to which it
was not as sensitive. The observed change in the results
has been taken as a systematic error.

4. The value of & was altered inside the fit by -40%
(+40%) for truly charged(neutral) B’s. This was changed
0 -20%(+20%) and -60%(+60%), which give the ratio
of the error as 1.5 and 4 respectively, and while the fit
results for some of the technical parameters changed, the
lifetimes were almost unaffected. The change produced
in the fitted function was much larger than the discrep-
ancies between the fit and the simulated events seen in
Figs. 4a and 4b.

5. The conversion from decay length to boost was another
potential cause of systematic error. From the difference
between the value of « applicable for the A2 and the
other neutral B species, and the uncertainty of the frac-
tion of AJ in the sample, a 2% or 0.03 ps systematic
error was deduced. For the charged B the expression for
o was expected to be good to 0.5%.

6. The variation of lifetime seen in Fig. 7 as a function
of the maximum proper time in the fit was taken as a
systematic error for the neutral B lifetime. That seen in
the charged B was not statistically significant. The results
are quoted for a maximum time allowed of 12 ps.

7. The statistical error of the simulation was taken as a fur-
ther systematic error, as there could be unforseen effects
of that magnitude. For example, the classifications intro-

duced in Sect. 7 are not perfectly valid, but overall the
fit reproduces the simulated input.

Variation of the exact values of the cuts used produced
changes in the results compatible with the statistical fluc-
tuations expected (e.g. 1.68+0.07 and 1.62+0.10 ps for a
mass cut at 2.0 GeV/c? and 1.7340.07 and 1.5440.10 ps
for a probability cut at 0.03.) These have therefore not been
quoted as systematic errors.

There was no evidence for any dependence upon the
angles ¢ and 6 of the B particle. The data have also been
divided by the year in which it was recorded, and no year
differs from the mean by more than one standard deviation.

To check the effect of the discrepancies seen in Table 1,
the analysis of the simulation has been performed without the
additional smearing of the reconstructed impact parameters.
This increases the discrepancies at cuts 4) and 5) by a factor
of 2, but hardly changes the lifetimes reconstructed from the
simulation. This is evidence that these discrepancies are not
important.

The data have also been fitted excluding those events
where more than three tracks were rejected, 857 events.
The results are < Teparged >= 1.75+0.09 and < Theyyral >=
1.59+0.12. These too are consistent.

The results for the mean charged and neutral lifetimes
amez: T

< Teharged > = 1.72 £ 0.08 ( stat)
£0.06 ( sys) ps
< Theutral > = 1.58 £ 0.11 ( stat)
40.09 ( sys) ps
< Tenarged > / < Toeural > = 1.092 15 ( stat)

+0.08 ( sys)

®)

8.2 Fit to B meson lifetimes

The data were also interpreted in terms of the lifetimes of the
B? and B* mesons, by assuming that the selected neutral B
hadrons are composed of BY , BY and A? , with the lifetimes
of the B? and A? as measured in independent analyses [14]
and that all the charged B hadrons are B* . The B lifetime
extracted in such a manner depended critically upon these
assumptions, but the B* was relatively insensitive to them.
The B? and A? lifetimes were set to the current mean val-
ues [14] of 1.54+0.15 ps and 1.16£0.11 ps respectively and
the BY lifetime splitting was set to £9%[4]. The fractions of
B? and A at production were taken to be 12+4% and 8+4%
respectively while the relative amount of B* was fitted. The
results are shown in Table 6.



Table 6. Results for the B* and B lifetimes; only statistical errors are
quoted. The B lifetimes were set to 1.6 ps in the simulation for all states

Parameter Data Simulation
Fit result Correct value
T8+ (pS) 1.724£0.08 1.56+0.05 1.60
TR0 (PS) 1.63£0.14  1.6610.08 1.60
Teonfused (PS) 0.40+0.39  0.6310.17
fo 0.434+0.05 0.384+0.03
Feonfused 0.054£0.04  0.061+0.02
A 0.20+0.13  0.1940.05
A 0.324+0.10  0.3340.05
A 0.60+0.10  0.6310.06
g+ /Tgo 1067013 0947007 1.00
< 18 > (pS) 1.64+0.06 1.61+0.03 1.60

Table 7. The change in the measured lifetimes produced by making various
assumptions about the minority B species

Parameter T+ Tgo  Te+/Tgo < TB >
fB, =0.08 +0.00 -0.02 +0.01 -0.00
fB, =0.16 -0.00 +0.02 -0.01 +0.00
7B, = 1.39 -0.00 +0.03 -0.02 -0.01
7B, = 1.69 +0.00 -0.05 +0.04 +0.00
No 7g, splitting -0.00 +0.01 -0.00 +0.00
+18% T, splitting +0.00 -0.02 +0.01 -0.01
fAb =0.06 +0.00 -0.03 +0.02 +0.01
fAb =0.14 -0.00 +0.03 -0.02 -0.01
TA, = 1.05 +0.00 +0.01 +0.00 -0.01
TAp = 1.27 +0.00 +0.00 +0.00 +0.01
Z, contribution +0.02 +0.00 +0.00 +0.00
total F0.02  #0.05 F0.06 0.0

—0.02 007 —0.05 —0.02

Also shown in the table are the 7g+/7g0 and < 78 >.
These values are a re-parameterization of the result ob-
tained for the B® and B* lifetimes, but the errors have
been evaluated separately. < 73 > is a measurement of the
mean B lifetime using the relative abundances produced at
LEP (see Table 3) and assuming the values for the BY and
A? lifetimes mentioned above. As the measured lifetimes of
the other B’s were lower than the B* and B lifetimes the
mean B lifetime was reduced.

The experimental systematic uncertainties have been
taken from Table 5, scaled by the increase in the statisti-
cal errors, as this reflects the increased change in the result
to a given change in the inputs. The systematic error from
the composition of the sample, estimated by changing the
B? and A fractions as given in [12], varying their lifetimes
as stated above, and altering the B? lifetime splitting can be
seen in Table 7. The mean B lifetime was relatively unaf-
fected by these changes because the fitted B? lifetime tends
to compensate for them. Note that the mean B lifetime was
exactly the same as that extracted assuming only two B
species.

The simulation predicts 0.2% of the B sample is =".
This is 0.4% of the charged B’s, or around 1% when the
Z, production is increased analogously to the A . DELPHI
has measured the lifetime of the =3[15]. If we allow a life-
time range of zero to 3 ps, which is theoretically generous,
it contributes a 0.02 ps error.

The final values for the lifetimes are:

T8+ = 1.72 £ 0.08 ( stat)
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£0.06 ( sys) £ 0.02 (composition) ps
o = 1.63 +0.14 ( stat)
+0.11 (syst.)*%%,; (composition) ps )
o+ /Tpo = 1.067%'3 ( stat)
40.09 ( sys)*%%s (composition)
< 18 > = 1.64 £0.06 ( stat)
40.04 ( sys)*%%, (composition) ps

9 Summary

From 1434425 hadronic Z° decays collected at the LEP
collider with the DELPHI detector between 1991 and 1993,
a sample of 1817 B hadron candidates with an estimated
purity of 99% has been extracted. The results for the mean
charged and neutral lifetimes are:

< Tcharged > = 1.72 £ 0.08 ( stat)
+0.06 ( sys) ps
< Theptral > = 1.58 £0.11 ( stat)
£0.09 ( sys) ps
< Teharged > / < Toewral > = 1.0975 1 ( stat)
40.08 ( sys)

The assumptions stated in the previous section allow the
B* and B lifetimes to be measured. Combining the system-
atic uncertainties, these are as follows:

8+ = 1.72 £ 0.08 ( stat) = 0.06 ( sys) ps
TRo = 1.63 £ 0.14 ( stat) £ 0.13 (syst.) ps
T8+ /g0 = 1.06"%', (stat) £ 0.10 ( sys)
< 7 > =1.64 £0.06 ( stat) £ 0.04 ( sys) ps

A composition systematic uncertainty was taken into ac-
count; it is significantly smaller for the B than the B°
because the B* almost completely dominates the charged
state.

These results are in agreement with, and supplant, our
previous publication [1]. In an accompanying paper, DEL-
PHI publishes a measurement of these lifetimes based upon
D - lepton correlations [16], finding 7+ = 1.61’106_1166 +0.12 ps
and 7o = 1.617%% 4+ 0.08 ps. The correlations between this
analysis and the one presented here are very small, and the
results have been combined to give:

g+ = 1.70 £ 0.09 ps

and
o = 1.62 £ 0.12 ps

The other measurements of these lifetimes presented to
the 1994 Rochester Conference [14] by the LEP collabora-
tions have been averaged using the methods of [12] and are:
7+ = 1.57 £ 0.11 ps and 70 = 1.62 = 0.10 ps. These are in
agreement with the measurements presented here.
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