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Abstract. The lifetimes of the BT and B® mesons, and their ratio, have been measured in the OPAL
experiment using 2.4 million hadronic Z° decays recorded at LEP. Z° — bb decays were tagged using
displaced secondary vertices and high momentum electrons and muons. The lifetimes were then measured
using well-reconstructed charged and neutral secondary vertices selected in this tagged data sample. The
results are

T+ = 1.643 £ 0.037 & 0.025 ps
7o = 1.523 & 0.057 & 0.053 ps
Tp+/Tho = 1.079 £ 0.064 4 0.041,

where in each case the first error is statistical and the second systematic.

A larger data sample of 3.1 million hadronic Z° decays has been used to search for CP and CPT
violating effects by comparison of inclusive b and b hadron decays. No evidence for such effects is seen.
The CP violation parameter Re(eg) is measured to be

Re(es) = 0.001 £ 0.014 £ 0.003

and the fractional difference between b and b hadron lifetimes is measured to be

= —0.001 £ 0.012 £ 0.008 .

(ﬁ) _ 7(b hadron) — 7(b hadron)
b

T o 7 (average)
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1 Introduction

The lifetimes of b hadrons depend both on the strength of
the b quark coupling to the lighter ¢ and u quarks, and on
the dynamics of b hadron decay. In the spectator model
of heavy hadron decay, the decay of the heavy quark is
unaffected by the presence of the other light quarks in
the hadron, so the lifetimes of all hadrons containing the
same heavy quark are predicted to be equal. This model
fails badly for the charm hadrons, where the lifetime of
the D is more than 2.5 times the lifetime of the DY [1],
but is a better approximation for the b hadrons, due to
the larger mass of the b quark [2]. The difference between
the Bt and BY lifetimes' is expected to be at most 10 %,
and depends on the details of the various non-spectator
processes contributing to their decay. Measurements at
the level of a few percent or better are therefore needed to
test this prediction and probe the dynamics of b hadron
decays.

Experimentally, most measurements of the Bt and B°
lifetimes have been performed using semileptonic decays,
fully or partially reconstructing the decay products to dis-
tinguish B* from B° [3,4]. These measurements are lim-
ited due to the small branching ratios and limited recon-
struction efficiencies for the selected final states. A more
inclusive approach is to reconstruct resolvable secondary
vertices from b hadron decays, since their long lifetimes
lead to significant decay lengths [5,6]. In these analyses,
the Bt and BP decays are distinguished by reconstructing
the charge of the secondary vertex. This technique results
in much larger data samples, and offers the best hope of
improving the precision. A measurement of this type is
presented in the first part of this paper.

Inclusive samples of B decays can also be used to
search for CP and CPT violating effects. Although CP
violation has so far been seen only in the neutral kaon
system, possibly large effects are expected also in the B-
meson system, so it is worthwhile to search for them even
with the relatively small data samples collected at LEP.
In the B%-BY system the weak eigenstates |B°) and |B°)
differ from the mass eigenstates |B1) and |Bg):

(1+es+05)B% + (1 — e —65)|B?)
V2(1 + [es + 65[2)

(14 e —65)B% — (1 —eg +65)|B?)
V2(1+ [es — d5[%)

1B1) = (1)

|B2) =

where the parameters eg and dp parameterise indirect CP
violation and CPT violation respectively [7]. These param-
eters can be studied using semileptonic b hadron decays,
and limits of a few 1072 have been set on both quantities
[8-11]. A non-zero value of ep is also expected to produce
time dependent asymmetries in inclusive B® wvs. inclusive
BY decays [12]. This provides a second method to look for
CP violating effects in b decays, and such an asymmetry
is searched for in the second part of this paper. The same

! Charge conjugate states are implied when discussing the
lifetimes of individual b hadron species.
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data sample is also used to test a basic prediction of CPT
invariance, that the lifetimes of b and b hadrons are equal.

A brief overview of the analysis strategies is presented
in Sect. 2, followed by a review of the data and Monte
Carlo samples in Sect. 3. The parts common to both B
and BY lifetime and CP(T) violation analyses, namely the
bb event tagging and b hadron production flavour tagging,
are discussed in Sects. 4 and 5. The lifetime analysis is de-
scribed in detail in Sect. 6 and the CP and CPT violation
analyses in Sect. 7. Finally, all the results and conclusions
are summarised in Sect. 8.

2 Analysis overview

The analyses exploit the characteristic topology of the
Z° — bb decay: two back-to-back jets aligned along the
direction of the thrust axis. The event is divided into two
hemispheres by the plane perpendicular to the thrust axis
and containing the eTe™ interaction point. One hemi-
sphere (the ‘tag hemisphere’ T) is tagged as containing
a b decay using either a displaced secondary vertex or a
high momentum lepton. The production flavour of the b
hadron in the tag hemisphere (whether it originated from
a b quark or b antiquark) is also determined, using jet, ver-
tex and lepton charge information. The unbiased b decay
in the other hemisphere (the ‘measurement hemisphere’
M) is used to perform the measurement of b hadron de-
cay time.

The decay time of the b hadron in the measurement
hemisphere is determined by reconstructing its decay ver-
tex and energy. In the BT and B lifetime analysis, this
decay vertex is required to be significantly separated from
the event primary vertex, and very strict requirements are
placed on the confidence with which tracks are assigned to
either this secondary vertex or the primary vertex. These
requirements lead to a final data sample of only about
10000 reconstructed vertices with well determined charge.
The reconstructed decay times of the b hadrons giving rise
to these charged and neutral vertices are then used to de-
termine the lifetimes of the BT and B® mesons, employing
the excess decay length technique [5,13] to eliminate bi-
ases caused by the separated vertex requirement. The cor-
relation of the sign of reconstructed charged b hadrons in
the measurement hemisphere with the production flavour
of the b hadron in the tag hemisphere is used to measure
the probability of mis-reconstructing the b hadron charge.

In the CP(T) violation analysis, only the decay time
of the b hadron in the measurement hemisphere is recon-
structed. The charge is not determined, so no strict re-
quirements are placed on the quality or separation of the
b hadron vertex, leading to a much larger data sample
of about 400000 events. The production flavour of this
b hadron is inferred from that of the b hadron in the
tag hemisphere, aided by information in the measurement
hemisphere, and taking into account the effects of B® and
By mixing. The decay time distribution of decays tagged
as b or b hadrons is then used to search for CP and CPT
violating effects.
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3 Data sample and event simulation

The OPAL detector is well described elsewhere [14-16].
The analyses described here rely mainly on charged parti-
cle track reconstruction using the central tracking cham-
bers and the silicon microvertex detector. The b hadron
lifetime analysis requires excellent pattern recognition,
and uses only data taken between 1993 and 1995 with the
upgraded silicon microvertex detector measuring tracks in
both the r-¢ and r-z planes? [16]. The CP(T) violation
analysis also uses data taken in 1991 and 1992 with the
original silicon microvertex detector measuring only in the
r-¢ plane [15].

Hadronic Z° decays were selected using standard cri-
teria [17], additionally requiring at least 7 charged tracks
in the event. The thrust axis polar angle cosfr was cal-
culated using charged tracks and electromagnetic clusters
not associated to any track. To ensure the event was well
contained within the acceptance of the detector, the thrust
axis direction was required to satisfy | cosfr| < 0.9. The
complete event selection has an efficiency of about 88 %,
and selected a total of 2390 221 events in the 1993-95 data
and 754 372 events in the 1991-92 data.

Charged tracks and electromagnetic calorimeter clus-
ters with no associated track were combined into jets using
a cone algorithm [18], with a cone half angle of 0.65rad
and a minimum jet energy of 5 GeV. The transverse mo-
mentum p; of each track was defined relative to the axis
of the jet containing it, where the jet axis was calculated
including the momentum of the track.

Monte Carlo simulated events were generated using
JETSET 7.4 [19] with parameters tuned by OPAL [20].
The fragmentation functions of Peterson et al. [21] were
used to describe the fragmentation of b and ¢ quarks. The
generated events were passed through a program that sim-
ulated the response of the OPAL detector [22] and through
the same reconstruction algorithms as the data.

4 Tagging bb events

Two methods were used to tag bb events, based on dis-
placed secondary vertices and high momentum leptons.
The first method exploits the long lifetime, hard fragmen-
tation, high decay multiplicity and high mass of b hadrons.
An attempt was made to reconstruct a significantly sep-
arated secondary vertex in each jet of the event. If a sec-
ondary vertex was found, an artificial neural network was
used to further separate b decays from charm and light
quark background. The neural network has five inputs, de-
rived from decay length, vertex multiplicity and invariant
mass information. The algorithm is described fully in [23].
For this analysis, a hemisphere was defined to be tagged
if any jet in the hemisphere had a secondary vertex with

2 A right handed coordinate system is used, with positive z
along the e~ beam direction and z pointing towards the centre
of the LEP ring. The polar and azimuthal angles are denoted
by 6 and ¢, and the origin is taken to be the centre of the
detector.
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tag variable B > 1.2 [23], giving a hemisphere tagging
efficiency of 32% in bb events, and a non-b impurity of
12 %.

Electrons and muons with momentum p > 2 GeV and
transverse momentum p; > 1 GeV were also used to tag
bb events?3. Electrons were identified in the polar angle
region |cosf| < 0.9 using a re-optimised version of the
neural network algorithm described in [24]. The identifi-
cation relies on ionisation energy loss (dE/dx) measured
in the tracking chamber, spatial and energy-momentum
(E/p) matching between tracking and calorimetry, and the
multiplicity measured in the presampler detectors. Photon
conversions were rejected using another neural network al-
gorithm [24]. Muons were identified in the polar angle re-
gion |cosf| < 0.9 by requiring a spatial match between a
track reconstructed in the tracking detectors and a track
segment reconstructed in the external muon chambers, as
in [25].

The tagged lepton hemispheres were further enhanced
in semileptonic b decays by using information from the
lepton p and p¢, and its degree of isolation from the rest of
the jet, in a neural network algorithm [26]. This suppresses
contributions from cascade (b — ¢ — ¢) decays (which
have the wrong correlation of lepton sign with b hadron
production flavour), charm and fake lepton background.
The output S of the network was required to be greater
than 0.7, giving a lepton sample about 75 % pure in b — £
decays. The lepton tags contribute an additional 5% to
the hemisphere b-tagging efficiency, bringing the total to
about 37 % with an impurity of 13 % in Monte Carlo.

The events used for the final analysis are those tagged
by either of the b tagging methods described above (re-
ferred to as the T-tag) in one hemisphere, and passing the
measurement selection requirements in the other hemi-
sphere. These latter requirements are described below in
Sect. 6.1 for the b hadron lifetime analysis and Sect. 7.1
for the CP(T) analysis, and are referred to as the M-tag.
Both hemispheres are used as measurement hemispheres
in events tagged by both tags in both hemispheres. The
effect of the additional correlations between the two mea-
surement hemispheres in these events is negligible.

The bb purity of the combined tag T-M samples
(tagged by the T-tag in one hemisphere and the M-tag
in the other) were determined by applying an extension
of the double tagging technique used for measuring R,
[23]. The number of hemispheres N; tagged by tag i (i=T
or M), and the number of events N;; tagged by tag ¢ in
one hemisphere and tag j in the other hemisphere, are re-
lated to the total number Ny,q of events passing the event
selection by:

N; = 2Npaa{e! Ry +¢ Re + €' (1— Ry, — Ro)}, (2)
Nij = (2= 6ij) Nuaa{C}; €7€2 Ry, + C5; €5¢5 Re
FORS edselds (1 — Ry, — Re)}

Here €] gives the efficiency of tag i to tag hemispheres
of flavour q (q=uds, ¢ or b) and §;; is the Kronecker

3 The notation ¢ = 1 is employed in this paper.
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Table 1. The numbers of hadronic events, selected combined
tag T-M events and tag purities for each of the data samples.
The breakdown of statistical and systematic errors for each of
the purity values is also given

Data Sample 1993-95 1993-95 1991-92
b lifetime CP(T) CP(T)
Number of events 2390221 2390221 754372
Number of T-M events 10532 293416 100703
Combined tag purity (%) 94.8+£1.5 87.9+2.6 81.8+3.6
Statistical error 0.7 0.4 0.7
Systematic errors:
T-tag uds efficiency 0.1 1.3 1.7
T-tag charm efficiency 0.3 0.4 0.7
Correlations (udsc events) 1.2 2.2 3.0
Correlations (b events) 0.5 0.4 0.4
R value 0.1 0.2 0.3
Total systematic error 1.3 2.6 3.5
Total error (%) 1.5 2.6 3.6

delta symbol. The correlations Cj; are defined by Cj; =
€5/ (€i€}) where €, is the efficiency to tag a qq event si-
multaneously with tag ¢ in one hemisphere and tag j in the
other. Deviations of C?j from unity account for the fact
that the tagging in the two hemispheres is not completely
independent, there being small efficiency correlations for
both physical and instrumental reasons. The quantities
Ry, and R, are the fractions of hadronic Z° decays to bb
and cc, and were taken to be R, = 0.2170 & 0.0009 and
R, =0.173 £ 0.005 [1].

The values of €5 and €29 (which are known to be well
modelled in Monte Carlo [23]) together with all the corre-
lation terms C%, were determined from the Monte Carlo,
and the values of Npaq, N; and N;; measured from the
data. The five Equations 2 were then solved using a x?
minimisation procedure to give the b-tagging efficiency e
of the T-tag, and all the tagging efficiencies €}, €§; and
eXds of the M-tag. The b-purity Iy of the combined tag
T-M sample was then calculated as:

Ry

cb . b.b
I = I X 591:1:;\'11 ’;FCFC"T"%? endsepste “’Rb’R”(. )
3
The results of this procedure are given in Table 1 for the
three data samples: 1993-95 data with the M-tag used to
measure the b hadron lifetime, and 1993-95 and 1991-92
data with the M-tag used in the CP(T) analysis. In the
last case, the T-tag used vertexing in the r-¢ plane only
[23], and the purity is correspondingly lower. The purity is
somewhat higher for the b lifetime analysis, as the require-
ments on the M-tag secondary vertex also provide some
rejection of non-b background. In contrast, the CP(T) M-
tag has almost equal efficiency for all flavours.

The systematic errors resulting from each of the in-
puts used in the fits for the b purity are also given in
Table 1. They were evaluated using the methods and pa-
rameter ranges discussed in [23]. The efficiency errors in-
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clude the effects of charm and light quark physics uncer-
tainties, tracking resolution and lepton identification. The
hemisphere tagging correlations for bb events are slightly
larger than those in [23], and a systematic uncertainty of
40.02 on the C’}Oj values is estimated, in addition to the
Monte Carlo statistical errors. The correlations are larger
because of stronger geometrical effects at large values of
| cos O7|. The uncertainties on the uds and c€ correlations
CPds and Cf; include systematic errors of +£0.2 but are
still dominated by Monte Carlo statistics. The error from
uncertainty in the value of Ry, is negligible.

5 Tagging the b production flavour

The production flavour (b or b) of the b hadron in the
T-tagged hemisphere was determined using up to three
pieces of information in each event: the momentum-
weighted average track charge, or ‘jet charge’; the charge
of a secondary vertex reconstructed in the hemisphere; and
the charge of a high momentum lepton in the hemisphere.
The jet charge can be calculated for every tagged hemi-
sphere, and either or both of the vertex or lepton charges
is always available as a consequence of the b-tagging tech-
niques used. The three charges were combined using a
neural network algorithm to produce a single production
flavour tag variable Qr for each T-tagged hemisphere.

The jet charge Qjct was calculated for the highest en-
ergy jet in the T-tag hemisphere as:

Zi(pé)n%
b

where pl is the longitudinal momentum component with
respect to the jet axis and ¢; the charge (£1) of track i,
and the sum was taken over all the tracks in the jet. The
parameter x was set to 0.5 to optimise the separation be-
tween hemispheres containing b and b hadrons, including
the effects of B and By mixing [27].

For hemispheres tagged by a secondary vertex, the
charge of this vertex Qy¢x was calculated as:

Quix = Z W;q;
i
and the uncertainty oq,,, as:

aém = sz(l —w;)q?
i

Qjet = (4)

()

(6)

where w; is the weight for track i to have come from
the secondary, rather than the primary, vertex [28]. The
weights w; were obtained from a neural network algorithm
using as input the track momentum, transverse momen-
tum with respect to the jet axis, and impact parameters
with respect to the reconstructed primary and secondary
vertices, as in [27]. A well reconstructed vertex charge
(with small oq,,,) close to +1 (—1) indicates a BT (B7),
tagging the hemisphere as containing a b (b) quark, whilst
a vertex charge close to zero indicates a neutral b hadron
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(e.g. B? or BY), giving no information on the production
flavour. A vertex charge with large o¢,,, cannot distin-
guish between Qyix = 0 or Qv = *1, so again provides
no information on the production flavour.

For hemispheres tagged by a lepton, the lepton charge
gives an estimate of the b production flavour, diluted by
BY and B, mixing, cascade b decays, charm decays and
fake leptons. The product Q.S of the lepton charge @, and
the output S of the neural network used to select b — ¢
decays (see Sect. 4) was used as a tagging variable analo-
gous to Qjet and Qvix. Higher values of S indicate greater
probability of the lepton originating from a semileptonic
b decay.

The available production flavour estimates for each T-
tagged hemisphere were combined into a single estimate
Q@ using a neural network algorithm, as in [27]. The neu-
ral network has four inputs: the jet charge Qjet, the vertex
charge Qyx and its error og, ., and the lepton tag Q¢S.
Separate neural networks with fewer inputs were trained
for use in hemispheres with only a vertex or a lepton. The
variable Qr is defined such that:

_ Nu(2) — Ny (2)
Ny () + Ny (2)

where Ny, (z) and Ni(z) are the numbers of Monte Carlo
b hadron and b hadron hemispheres with a particular
value of the neural network output . Thus hemispheres
with QT = +1 are tagged with complete confidence as b
hadrons, hemispheres with QT = —1 with complete con-
fidence as b hadrons, and hemispheres with Q1 = 0 are
equally likely to be b or b hadrons. The modulus |Qr|
satisfies |Qr| = 1 — 27, where 7 is the ‘mis-tag proba-
bility’, i.e. the probability to tag the production flavour
incorrectly.

For the CP(T) violation analysis, both the production
flavour estimate from the T-tag hemisphere and the jet
charge Qje; in the M-tag hemisphere are used to infer the
production flavour of the b hadron in the M-tag hemi-
sphere. In this hemisphere, the parameter x in Equation 4
is set to zero, so the jet charge becomes simply the average
of the charges of the tracks in the jet. This avoids being
sensitive to the decay flavour of mixed or unmixed B® and
B mesons, but is still sensitive to the production flavour
of the b hadron via the information carried by the frag-
mentation tracks in the jet [29]. This jet charge is used to
produce a tagging variable @\ defined similarly to Qr for
the T-tag hemisphere. The information from both hemi-
spheres is combined into a single variable )2, defined as:

2{ (1-Qr)(1 +Qwm) }_1
(1-QT)1+Qm)+ (1+Qr)(1 - Qum)

The variable Qs is positive (negative) if the event is tagged
as containing a b (b) hadron in the M-tag hemisphere.
The Qjer and Qvix distributions are not charge sym-
metric because of detector effects causing a difference in
the rate and reconstruction of positive and negative tracks.
These effects are caused by the detector material and the
Lorentz angle in the tracking chambers [10]. They were re-
moved by subtracting offsets from the Qje¢ and Qyix values

Qr

Q2 =
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before the calculation of Q1 and Qur. The offsets were de-
termined from data using the inclusive T-tagged samples,
and were found to be fractions 0.018 £0.002, 0.034+0.002
and 0.028 £ 0.002 of the RMS width of the Qjc¢(k = 0.5),
Qjet(k = 0) and Qyx distributions, respectively.

The distributions of Q1 and @y in T-tagged data and
Monte Carlo events are shown in Figs. la and 1b. The
sharp drop at about |Qr| = 0.8 in Fig. la is due to the irre-
ducible fraction of lepton tagged events that are tagged in-
correctly due to B® and By mixing. Around 30 % of events
have equal numbers of positive and negative tracks in the
jet in the M-tag hemisphere, giving zero jet charge and
Qn = 0. These events are not shown in Fig. 1b. Some dis-
crepancies between data and Monte Carlo distributions
are visible. These discrepancies are not important, pro-
vided that the QT values in data correctly describe the
data mistag probabilities. To check that this is the case,
events where both hemispheres are T-tagged, yielding b
production flavour estimates QQr; and (T2, were used.
Since the two hemispheres must contain b hadrons pro-
duced with opposite flavour, the product & = Qr1Q T2
is negative if both (or neither) hemispheres are tagged cor-
rectly, and positive if only one is tagged incorrectly. The
distribution f(&pr) of &pr in data thus allows the produc-
tion flavour estimate @t to be checked. The function:

f(érT)
f(€rr) + f(=&rr)

g(érr)

{for &xr >0} (7)

represents the ‘wrong sign fraction’ at a particular value
of [{rr|, and should satisfy g(&rr) = (1 — &rr)/2 if Qr
correctly describes the mis-tag probabilities. The distri-
bution g(¢17) in data is shown in Fig. lc, together with
a linear fit. The distribution has the expected form, and
the fitted gradient is dg/détrt = —0.514 + 0.012, showing
that the average magnitude of Q) is correct to a relative
precision of 2.6 %.

The same technique was used to study Qu, via the
‘cross-tag’ product &y = Qr1Qwe, as @y has a smaller
tagging power than Q. The function g(&1m) was defined
in an analogous way to g({rr) in Equation 7. The distri-
bution g(&érym) in data is shown in Fig. 1d, and the corre-
sponding gradient is —0.545+0.018. Since Q1 has already
been shown above to be correct to 2.6 %, all of this dis-
crepancy is attributed to @y, which therefore has a bias
of up to about 10%. These values are used to calculate
tagging systematic errors.

6 Bt and B lifetime analysis

The bb event tagging and production flavour tagging de-
scribed above is common to both the b hadron lifetime
and CP(T) analyses. The remainder of each analysis—the
M-tag and the fits to the data—are specific to each anal-
ysis. The b hadron lifetime analysis is described in this
section, and the CP(T) analysis in Sect. 7.
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Fig. 1la—d. Production flavour tagging of bb events: a Dis-
tribution of the flavour tagging variable Q1 in data (points)
and Monte Carlo (histogram) T-tagged hemispheres. The con-
tributions from b hadrons, b hadrons and non-b backgrounds
are shown. b The analogous distributions for the M-tag hemi-
spheres. The 30 % of the sample (90000 events in data) with
Qm = 0 are not shown. In both a and b, the error bars on
the data points are smaller than the symbols. ¢ Distribution of
the wrong sign fraction g({7rr) in events tagged with a T-tag
in both hemispheres, with a linear fit superimposed. d Dis-
tribution of the wrong sign fraction g(éTm) in the same data
sample, again with a linear fit superimposed

6.1 b hadron reconstruction

The b hadron reconstruction used for the M-tag in this
analysis is similar to that used in [5]. It aims to reconstruct
a relatively small sample of clear secondary vertices where
each track can be unambiguously associated to either the
primary or secondary vertex.

The algorithm considers all tracks in a jet which have
momentum p > 0.5 GeV, impact parameter (in the r-¢
plane) |dg] < lcm and error on the impact parameter
0d, < 0.1cm. All possible sets of assignments of these
tracks to the primary and secondary vertices (‘arrange-
ments’) were considered, requiring at least two tracks to
be assigned to the secondary vertex, and including the
combination where no tracks at all are assigned to the
primary vertex.

The positions of the two vertices in each arrangement
were determined by fitting all the assigned tracks to a
common vertex in three dimensions. For the primary ver-
tex, an additional constraint from the average beam spot
position was used, determined from a fit to the tracks in
many consecutive events [30]. The x? of the arrangement
was calculated as the sum of the x2 values for the primary
and secondary vertex fits, and the fit probability of the ar-
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rangement determined from the x2 value and the number
of degrees of freedom in the two vertex fits.

For the jet to be accepted as having a clear secondary
vertex, the following conditions had to be satisfied:

1. One and only one arrangement (the ‘best arrangement’)
has a fit probability exceeding 1 %.

. All other arrangements have a y2 value exceeding that
of the best arrangement by at least 4.

. The decay length L of the secondary vertex, divided
by its error oy, satisfies L/oy, > 3. The decay length
is calculated from the distance between the fitted pri-
mary and secondary vertices, using the direction of the
jet axis as a constraint [23].

. The decay length must be positive, but less than 3 cm.
The decay length is positive if the secondary vertex is
displaced from the primary vertex in the same direc-
tion as the jet momentum vector.

These requirements ensure that the best arrangement has
an acceptable probability, that no other arrangement is
likely to be the correct one, and that the primary and
secondary vertices are well separated. Jets containing b
hadrons with short decay lengths will tend to fail require-
ments 2 or 3, whilst those with a mis-measured track
which does not fit with either the primary or secondary
vertex will tend to fail requirement 1.

The charge @ of the secondary vertex and its error g
were then calculated, using Equations 5 and 6, with track
weights w; optimised for this vertex finding algorithm. To
ensure the vertex charge was well reconstructed, the error
og was required to be less than 0.7. All tracks in the jet
were used in calculating the vertex charge, including those
which failed the tighter selection used for the initial vertex
finding.

A total of 10532 combined T-M tagged events were
found in the data with this selection for the M-tag. The
distribution of the M-tag vertex charge, together with the
Monte Carlo prediction, is shown in Fig. 2. Clear peaks at
@ = +£1 and 0 are seen, corresponding to high purities of
charged and neutral b hadrons. In the Monte Carlo, the
neutral b hadrons are a mixture of approximately 63 % B,
24 % B and 13 % b baryons (denoted by Ay,). The charged
b sample is almost entirely B*, with a very small contri-
bution from charged b baryons (= ) which is estimated
at about 1% and is neglected.

6.2 Excess proper time reconstruction

The decay length distributions of secondary vertices se-
lected by the above algorithm in data and Monte Carlo
are shown in Fig. 3a. The decay lengths are very biased
towards large values, since the algorithm preferentially se-
lects well separated secondary vertices. Therefore in order
to extract the b hadron lifetimes, the excess decay length
method is used, as in [5,13]. For each selected event, the
minimum b hadron decay length that would still result
in a resolvable secondary vertex passing all the require-
ments described in Sect. 6.1 was determined. To find this
minimum decay length, all the tracks assigned to the sec-
ondary vertex in the best arrangement were assumed to
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cated

come from the b hadron. They were then translated along
the direction of the jet axis towards the primary vertex
(as if the b hadron had decayed at an earlier time), and
the entire vertex selection repeated (requirements 1-4 of
Sect. 6.1 and og < 0.7, including recalculating the x?
values for all possible vertex arrangements). The transla-
tion distance at the point where the modified arrangement
just fails one of the requirements defines the excess decay
length Lex. The distributions of Leyx in data and Monte
Carlo are shown in Fig. 3b.

For most selected vertices, the point of failure occurs
when one of the less good arrangements has an improved
x?, and fails requirements 1 or 2. Others fail because the
L/o separation becomes too small or the vertex charge
error og becomes too large.

The distribution of excess decay length is approxi-
mately a negative exponential, with the same slope as
the b hadron decay length distribution before the vertex
selection requirements were imposed. The distribution is
exactly an exponential provided that the assignment of b
hadron decay tracks to the secondary vertex and fragmen-
tation tracks to the primary vertex is correct, and that the
effects of vertex resolution and the lifetime of the charm
hadron produced in the b hadron decay can be neglected.

That the distribution is exponential is most easily seen
in terms of the excess decay proper time, obtained from
the excess decay length via the reconstruction of the b
hadron energy. The effect of the charm hadron lifetime will
be considered first. Ignoring resolution effects, the rate of
events F'(t) with excess decay time t is given by the convo-
lution of the lifetime exponentials e~ /™ and et/ for
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Carlo (histogram), for all selected secondary vertices. The ex-
pected contributions of b hadrons and non-b background are
indicated

the decaying b and charm hadrons. Here ¢ is the decay
time and 7, the lifetime of the b hadron, and similarly
for the charm hadron. The convolution is obtained by in-
tegrating over the excess decay time t’ of the b hadron,
defined as t' = t, — tg, where ¢y is the minimum decay
time for this event to pass the vertex selection require-
ments. Since the introduction of excess decay time just
corresponds to the redefinition of zero time at ¢, = to and
does not affect the form of the b lifetime exponential, the
distribution F'(t) is given by replacing ¢, by t', t. with
t —t/, and integrating:

b
F(t) / et /e =t/ gy!
t'=b

o e—t/™ [eft’(l/'rbfl/'rc)}
t'=a

where normalisation factors have been neglected. The up-
per limit b is simply given by b = ¢, as only b hadrons de-
caying with excess time smaller than ¢ can contribute. The
lower limit @ = —ty, corresponding to b hadrons decaying
at t, = 0. As long as this minimum b hadron excess de-
cay time is in magnitude much larger than the maximum
contributing charm decay time, the lower limit can be ap-
proximated by a = —oo. The requirements of Sect. 6.1 se-
lect events with a single secondary vertex well separated
from the primary vertex. This ensures a long b hadron de-
cay time, and suppresses events with a resolvable tertiary
vertex from a long-lived charm hadron, effectively truncat-
ing the charm decay exponential. These conditions ensure
that the approximation a = —oo is valid, and the integral

3
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finally becomes
F(t) cce7t/m

A similar argument holds for the effect of the finite detec-
tor resolution. In this case, the resolution function replaces
the charm hadron lifetime exponential in the convolution,
and the limits become a = —oo and b = oo. Since the
convolution (taken over all values of t) of an exponential
with any finite function is another exponential with the
same decay constant as the original, the b hadron lifetime
distribution is again recovered.

However, for a small fraction of events (mainly those
with low Ley), one or more tracks are mis-assigned from
the primary to the secondary vertex or vice versa, which
introduces distortions in the excess decay length and
proper time distributions. Such events also tend to have
some tracks with vertex charge weights w; =~ 0.5 (i.e. not
clearly assigned to either vertex), and so are concentrated
in the regions of @) away from the peaks at integer values.

The excess decay length was combined with an esti-
mate of the b hadron energy FEy, in each event to determine
the excess proper time t, via the relation:

mchx
2 2
Vv Ep —myg

where my, is the b hadron mass, taken to be that of the
B* and B, i.e. 5.279 GeV [1]. The b hadron energy was
estimated using a technique described in [31]. First, the
energy of the b jet Eyje was estimated by treating the
event as a two-body decay of a Z° into a b jet of mass my,
and another object making up the rest of the event. Then,
the charged and neutral fragmentation energy Fpprag in
the b jet was estimated using the charged track weights w;,
and the unassociated electromagnetic calorimeter clusters
weighted according to their angle with respect to the jet
axis. Finally the b hadron energy was calculated as Fy, =
Ebjet - Ebfrag~

The resulting distributions of b hadron energy in data
and Monte Carlo are shown in Fig. 4a. The agreement is
generally good, and the small differences around the peak
are within the uncertainties due to the imprecise knowl-
edge of b fragmentation. In addition to all the vertex re-
quirements described above, selected M-tag hemispheres
were required to have Ep > 20 GeV, which suppresses to
a negligible level events where the M-tagged jet originates
from a gluon and not a b quark. This cut is included in the
definition of the M-tag and is included in the event counts
and purities of Table 1. The energy resolution in Monte
Carlo bb events is shown in Fig. 4b. The reconstructed
energy has a mean equal to the true energy, but has asym-
metric tails. However, these tails are small enough not to
have a significant effect on this analysis.

6.3 Fit and results

The lifetimes of the BT and BY mesons were extracted by
using a maximum likelihood fit to the mean excess proper
time t as a function of the modulus of the vertex charge
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Q. All events with 0 < t < 15ps were used in the fit.
The data were divided into ten bins between |@| = 0 and
|Q| = 2, and all events with |Q| > 2 put into an eleventh
bin. The mean excess decay time (t); was then calculated
for each |Q| bin j, and compared to the fit prediction 7;.
The latter depends on the lifetime 7, of each source s
(b hadron type or background) and the fraction of each
source fJ expected in bin j.

The fractions fJ depend on the vertex charge Q. If
the charge tagging were perfect, only charged b hadrons
would be expected at @@ = +1, and only neutral b hadrons
at @ = 0. However, there is some cross-contamination, as
can be seen in Fig. 2. As the measurement of the BT and
BY lifetimes depends crucially on the level of this contam-
ination, this was fitted from the data by exploiting the
correlation of the vertex charge @ with the opposite (T-
tag) hemisphere b production flavour estimate Q. For
example, a b hadron in the T-tag hemisphere implies a b
hadron? (B~, B?, B, or Ay,) in the M-tag hemisphere,

giving a correctly reconstructed charge of Q = —1 or
@ = 0. The number of such events reconstructed with
@ = +1 therefore gives information on the number of

neutral b hadrons incorrectly reconstructed as charged
b hadrons, since a true BT (being a b rather than a b
hadron) cannot be opposite another b hadron. In fact, the
charged /neutral separation is a function of the continu-

4 By convention, the b mesons considered as particles (Pfr,
]:%0, B.) contain a b antiquark, and the antiparticles (B~, B°,

Bs) contain a b quark. The opposite is true for baryons, so a
Ay, contains a b quark and a Ay contains a b antiquark.

5 10 15 20 25 30 35 40 45 50
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ous variable @, and is described by a parameterisation
constrained by the above correlation. These parameters
were determined at the same time as the source lifetimes
7, as additional parameters in the fit.

In more detail, the total likelihood of the event sample
was given by:

L= Etlme . H EEag (8)
1

where £%™¢ represents the likelihood from the fit to the
lifetime as a function of vertex charge Q and L;*® repre-
sents the likelihood of each event used to determine the
charged /neutral separation. The former is calculated in
bins of @), whilst the latter is determined event by event,
and the product is taken over all events 1.

The logarithm of the time likelihood £%™¢ is given by:

In £ =% " N, <<j>ﬂ + 1mj>
j J

where the index j runs over the bins of vertex charge Q.
The term inside the sum represents the log-likelihood to
measure a mean decay time (t); in a sample of N; events
distributed according to a negative exponential with life-
time 7;. Although the data events are not distributed ac-
cording to a single exponential, the differences are suffi-
ciently small that this expression can be used. The ex-
pected true mean decay time in bin j is given by:

7= D((Q);) +)_ firs (9)

where f7 is the fraction of events from source s in bin j,
and 74 is the lifetime of source s. There are nine sources
in total:

s ={B*,B~,B% B B, B, Ay, Ay, background}

and the lifetimes of particle and antiparticle are assumed
to be equal (7g+ = 73— etc). The background is charac-
terised by a lifetime 7,4, taken from Monte Carlo.

The function D((Q);) in Equation 9 accounts for the
distortions in the excess decay length distribution caused
by mis-assigned tracks discussed in Sect. 6.2. These can
be seen in Fig. 5, which shows the mean excess proper
time (t) as a function of |@Q| for both data (points) and
Monte Carlo (solid line). Events which have one or more
mis-assigned tracks tend to have smaller than average ex-
cess proper time, and to be concentrated away from inte-
ger values of (). Some correctly reconstructed events with
small proper time also have tracks with w; close to 0.5,
and also populate these regions. This reduces the mean
excess decay time away from integer values of @), and de-
pletes the regions close to integer values of (), increasing
their measured mean time. This effect, seen clearly in both
data and Monte Carlo, is parameterised by the periodic
correction function D, which has the form:

D(q) =d(q —1/2)*

where ¢ = (Q — int(Q)) is the non-integer part of Q. The
parameter d characterises the amplitude of the distortion,

—d/8 {for0<q¢< 1} (10)
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and is left as a free parameter in the fit. The functional
form of this correction was chosen by studying the effect
in Monte Carlo.

The second part of the overall likelihood in Equation 8
is the tag likelihood L8, It is given for each event i by:

tag Z PQ

The function P2(Q) gives the probability of each source
s as a function of the b hadron vertex charge ). For the
BT this function is given by:

(1 — fog)cs for Q < -1
(1 - fbg)(C() + (Co - C3)Q) for —-1<@ <0

i) PL(@Qry) (11)

P§+(Q) =9 (I = fog)(co+ (c1 — co
—2)Q + Q%) for0<@<1
(1— fog)ca for @ >1

where fi, is the fraction of non-bb background, co repre-
sents the fraction of signal BT events at Q = 0, and ¢; the
fraction of signal BT events at Q = 1. A quadratic interpo-
lation with coefficient ¢o is used in the range 0 < Q < 1,
and the fraction of BT is constant for Q > 1. A small
fraction c3 of BT events has Q < —1, and a linear inter-
polation is used for the fraction of BT between —1 and 0.
This functional form is illustrated in Fig. 6 and is seen to
give a reasonable description of the B fraction in Monte
Carlo. Large variations in the parameters ¢y and c3 are
considered when assessing the systematic errors.

The fraction of B~ is given by charge symmetry:

PB?_ Q) = PBQJr (—Q). The remaining signal fraction is neu-

tral b hadrons, so the fractions of B® and B® are given by:

P5i(Q) = P5,(Q) (12)
= (L= /8~ /2,01~ foe = PE(Q) — PE(Q)

where flgs and f?lb are the fractions of Bg and Ay, in the
neutral b hadron sample. The P® values for By and Ay,

S
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rameterisation is shown by the solid line, and the levels co, ¢1
and c3 by the dotted lines. The quadratic coefficient ¢z is used
between @ = 0 and Q = 1. Note that the non-bb background
fraction is not included, and the B fraction is plotted using a
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are given in an analogous way to Equation 13 but with the
factor (1 — f]gg — fﬂb) replaced by fgg or fgb. Finally the
background function P@(Q) = fbg, i.e. the background
fraction is a constant independent of ), as found in Monte
Carlo.

These functions together describe the source fractions
as a function of @ in terms of four parameters: ¢; and cs,
which are left free in the fit; and ¢y and c3, which are input
from Monte Carlo. The values of ¢; and ¢, are constrained
by the correlation between the type of b hadron in the M-
tag hemisphere and the production flavour (b or b) of the
other b hadron in the T-tag hemisphere. The contamina-
tion of neutral b hadrons at @ =~ £1 (which is given by
1 —¢; — ¢3) is thus determined almost entirely from the
data, whilst the contamination of charged b hadrons at
Q =~ 0 (given by ¢p) has to be taken from Monte Carlo,
since the vertex charge provides no distinguishing power
between neutral b and b hadrons.

The function PT(Q7) in Equation 11 gives the proba-
bility for each source to be tagged by the opposite hemi-
sphere flavour tag of value Qr:

(1—Qr)/2 for s = B*,B% B, Ay,
(14 Qr)/2 for s = B~,B%, By, Ay,
1 for s =background

P! (Qr) =

Finally, the fractions f7 of each source contributing in each
bin j of the time likelihood (Equation 9) are given by the
average of the source fractions f! for each of the events i
in bin j, where:

iz P2(Qi) P (Qry)
T Y. PAQ)PT(Qr)

In total, 5 parameters were left free in the fit: the BT
and BO lifetimes mz+ and 7po, the charge separation pa-
rameters ¢; and co, and the distortion parameter d. The
Bs lifetime was taken to be 1.54 £+ 0.07ps [1], and the
Ay lifetime was taken to be 1.22 + 0.05ps. The latter
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Fig. 7. Distributions of excess proper time in four regions
of absolute vertex charge |Q)|, for data (points with error bars)
and Monte Carlo simulation (histogram). The Monte Carlo B*
and BP lifetimes have been reweighted to the same values as
measured in the data

value is an average of separate results given in [1] in-
cluding and excluding A.¢ and A¢*T £~ analyses. The back-
ground lifetime was taken to be that in the Monte Carlo,
Thg = 2.1ps, and the background fraction was measured
to be fog = 0.052£0.015 (see Table 1). The remaining pa-
rameters f]gs, f?lb, co and c3 were taken from the Monte
Carlo. Uncertainties on all these parameters are consid-
ered when evaluating the systematic errors.

The results of the fit for the B+ and B lifetimes are:

T+ = 1.643 £ 0.037 ps
o = 1.523 £ 0.057 ps

where the errors are statistical only. The correlation coef-
ficient between the two measured lifetimes is —0.53, and
their ratio is 7+ /70 = 1.079 £ 0.064. The other fit-
ted parameters were measured to be ¢; = 0.84 + 0.03,
c2=0.10£0.18 and d = 1.76 + 0.21 ps.

The distribution of mean excess decay time (t) as a
function of |@| is shown in Fig. 5, for data and for Monte
Carlo simulation reweighted to the measured Bt and B
lifetimes. The Monte Carlo sample is 13 times larger than
the data sample, and the x? between data and Monte
Carlo distributions is 9.4 for 8 degrees of freedom. The
results of the fit to the data (the values of 7;) are shown
by the dashed line, and the fit follows the data reasonably
well. The distribution of data excess proper time in various
regions of |@Q] is shown in Fig. 7, again together with the
reweighted Monte Carlo simulation. The deviations from a
pure exponential away from integer values of () can clearly
be seen in both data and Monte Carlo.
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Table 2. Systematic errors on the measured values of 75+,
7o and Tg+ /Tgo. The values for 1+ /T30 take into account
correlations between 75+ and Tgo

bb events, and requiring the T-tag hemisphere to fail
the vertex tag pre-selection [23] gave a sample of 41 %
uds, 23 % cc and 35 % bb events. The effective lifetimes
measured in the M-tag hemispheres for these samples

Sou%ce - Ai (bs) ATgo (3) AT /7o were found to agree in data and Monte Carlo to better
B; lifetime 0.000 0.026 0.019 than 0.05 ps. From this, a er limit due to the mis-
ps. From this, an upper limi
b baryon lifetime 0.000 0.011 0.008 modelling of the background in the primary b-tagged
B, /B’ fraction 0.000 0.001 0.001 sample was estimated as 0.1 ps, and used to assess the
Ay /B fraction 0.000 0.025 0.018 systematic error on the B* and B lifetimes.
Background lifetime 0.005 0.009 0.003 Fit procedure: The entire fitting procedure, including
Background fraction  0.010 0.015 0.004 the derivation of the excess decay lengths and the cor-
Fit procedure 0.014 0.023 0.022 rection for the dlstprtlon given in Equation 10, was
) tested on a fully simulated Monte Carlo sample 13
Charge separation 0-005 0.019 0.015 times larger than the data sample. In this sample,
b fragmentation 0.008 0.009 0.000 where the Bt and B lifetimes were both 1.6ps, the
Detector resolution 0.008 0.007 0.009 fit gave the results 75+ = 1.588 + 0.014 ps and 70 =
Silicon alignment 0.009 0.011 0.012 1.623 + 0.017 ps. The larger of the deviations of these
Total 0.025 0.053 0.041 results from the true values or the statistical errors

6.4 Systematic errors

The systematic errors on the BT and B lifetime mea-
surements and their ratio are summarised in Table 2, and
discussed in more detail below. In most cases, the system-
atic errors are evaluated by repeating the fit in either data
or Monte Carlo, varying the appropriate parameter.

B and Ay contamination: The neutral b hadron sam-
ple consists not only of B® mesons but an irreducible
contribution from Bg and Ap. Uncertainties in both
the lifetimes (7p, and 7,,) and sizes (fg_and f§ ) of
these backgrounds affect the B lifetime measurement,
the By lifetime being the largest single source of uncer-
tainty. The efficiencies for B®, By and Ay, to pass the
vertex selection requirements are similar, but some-
what sensitive to their average charged decay multi-
plicities. However, by far the largest uncertainty in the
level of contamination comes from the knowledge of
the B, and Ay, production fractions in Z° — bb events,
taken to be f(b — By) = 10.5718 % and f(b — Ap) =
10.1737 % [1].

Non-bb background contamination: The effective mean
decay time of the non-bb contamination in the selected
sample is 2.1ps in Monte Carlo. This has two dis-
tinct components—a contribution from mis-measured
tracks and strange particle decays causing fake b decay
vertices with long decay lengths, and a contribution
from the decay of charm hadrons which have genuine
lifetime. Charm events have both contributions, giv-
ing an effective lifetime of about 1.8 ps. Only the for-
mer contribution is present in uds events, which have
an effective lifetime of about 2.3 ps. The effect of fake
vertices in real bb events is negligible.

To study the modelling of the background lifetime,

were taken as systematic errors due to the fitting pro-
cedure. As can be seen from Figs. 5 and 7, the Monte
Carlo provides a good description of the time distribu-
tions in the data.

Additional Monte Carlo studies were performed to
check the correctness of the fit procedure and errors.
To verify the errors returned by the fit, it was per-
formed on many Monte Carlo subsamples, and the dis-
tribution of fitted lifetimes studied. The Monte Carlo
was also reweighted to change the Bt and BO lifetimes
one at a time. In each case, the fit correctly recovered
the modified lifetime, whilst returning a stable result
for the lifetime of the unmodified b hadron.

As a cross check, the fit to the data was repeated with
the parameterisation of the distortion given in Equa-
tion 10 replaced with the distortions measured in the
large Monte Carlo sample. Consistent results were ob-
tained, with the values of 7+ and 7o changing by
0.017 ps and —0.013 ps respectively.

Charge separation: The fraction of neutral b hadron

contamination at |Q| ~ 1 (i.e. 1 — ¢; — ¢3) was fitted
from the data. However, the corresponding contami-
nation of charged b hadrons at @ = 0 (i.e. ¢p), and
the fraction of wrong sign charged b hadrons c3 were
taken from the Monte Carlo, and varied by £50 % to
assess the systematic error (see Fig. 6). This varia-
tion is larger than the difference seen between data
and Monte Carlo in the neutral contamination of the
charged b sample, and also larger than the variation
resulting from changing the b hadron charged decay
multiplicities within their experimental uncertainties
[32].

The fit to determine the charge separation depends
on the T-tag hemisphere production flavour tag Qr,
which is subject to mis-tag and jet and vertex charge
offset subtraction uncertainties, as discussed in Sect. 5.
The effect of these uncertainties on the b hadron life-
time measurement is negligible.

two control samples were used, generated by modify- b fragmentation: The effect of uncertainties in the av-

ing the selection for the T-tag. Requiring the vertex
tag variable B in the T-tag to be between 0 and 1.2
gave a sample consisting of 9% uds, 18 % c¢ and 72 %

erage b hadron energy (xg) = Ep/FEpeam was assessed
in Monte Carlo by reweighting so as to vary (xg) in the
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range 0.702 4+ 0.008 [32], and repeating the lifetime fit.
The effect on the lifetimes is small since the b hadron
energy is estimated event by event.

Detector resolution and alignment: The error due to
uncertainty in the tracking detector resolution was as-
sessed in Monte Carlo by applying a global 10 % degra-
dation to the resolution of all tracks, independently in
the r-¢ and r-z planes, as in [23]. The lifetime mea-
surements are also sensitive to the effective radial posi-
tions of the silicon detectors (both the positions of the
detectors themselves and the positions of the charge
collection regions within them). These are known to a
precision of £20 um from studies of cosmic ray events
[23]. The resulting uncertainty was calculated by ap-
plying 20 pm radial shifts to one or both silicon layers
in Monte Carlo and repeating the lifetime fits.

The total systematic errors amount to £0.025ps on
the Bt and £0.053 ps on the B lifetimes, and £0.041 on
their ratio, where correlated systematic errors have been
taken into account.

7 CP(T) violation analysis

In the Standard Model framework for describing CP vio-
lation, according to the formalism given in Equation 1, an
asymmetry is predicted in the time dependent inclusive
decay rates of B and B® mesons:

I'(BY — anything) — I'(B® — anything)
I'(B® — anything) + I'(B® — anything)

At =

For a totally unbiased selection of B® and B® mesons, the
form of this asymmetry as a function of true proper decay

time ¢’ is given by:
Amgt’
2

(13)
where acp is the CP-violating observable, Amyg is the B°
oscillation frequency and 7o the B lifetime[12,33]. The
parameter ap is related to the CP-violation parameter e
by:

AdeBo

A(t) = acp {2

sin(Amgt’) — sin® (

Gop

RG(GB) = 4
using the convention that |eg| is small. Searching for an
asymmetry of the form given in Equation 13 therefore pro-
vides a method of probing the value of eg. In the Standard
Model, Re(ep) is expected to be around 1073 [12], but it
could be up to an order of magnitude larger in superweak
models [34].

In this analysis, the T-tag is used to tag bb events,
and an inclusive reconstruction algorithm is used to re-
construct the b hadron decay time ¢ in the M-tag hemi-
sphere. The production flavour (b or b) of this M-tagged
b hadron is given by the combined tagging variable Qs
(see Sect. 5), using information from both hemispheres
of the event. No attempt is made to separate B® and B°

(14)
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decays from other b hadron decays in the M-tag hemi-
sphere. A similar asymmetry to that given in Equation 13
is expected for Bs mesons, with Amgq replaced with the By
oscillation frequency Amyg, but it is expected to be at least
an order of magnitude smaller and is neglected. No asym-
metry is expected for BT and Ay. These other b hadrons
therefore dilute the expected B? asymmetry, but do not
change its form. Hence no attempt is made to remove BT
decays by requiring well reconstructed neutral vertices, as
this would not greatly increase the sensitivity to CP vio-
lation in the BY decays, and would lead to a large loss in
reconstruction efficiency.

Although the time dependent rates of B and B de-
cay are predicted to be different, this does not violate the
CPT invariance prediction of equal total decay rates. The
lifetimes of B® and BY are thus still expected to be equal.
If CPT violation were present, the lifetimes of b and b
hadrons could be different:

e (),
™m=q1l+-(— Tav
2 T /Y

1 /AT
n={i-5 (), f

where 7,y is the average and (A7/7), the fractional differ-
ence in lifetimes. The value of (A7/7)y, is determined by
measuring the lifetimes of b and b hadrons, using the same
time reconstruction algorithm as for the CP-violation anal-
ysis.

(15)

7.1 b hadron reconstruction

The b hadron decay length was reconstructed using a sec-
ondary vertex finding algorithm similar to those employed
in [28] and [31]. In the highest energy jet in the M-tag
hemisphere, the two tracks with the largest impact pa-
rameter with respect to the primary vertex were used to
form a ‘seed’ vertex. All tracks consistent with this seed
vertex were then added to it using an iterative procedure.
Only tracks satisfying the quality requirements detailed
in Sect. 6.1 were considered for inclusion in the secondary
vertex.

The resulting vertex was required to have at least three
tracks, and the invariant mass (assuming all tracks to be
pions) was required to be at least 0.8 GeV. The trans-
verse miss distance (the projection of the vector between
primary and secondary vertices onto a plane orthogonal
to the total momentum vector of the tracks assigned to
the secondary vertex) divided by its error was required to
be less than 3 [31]. These requirements help to eliminate
badly reconstructed and fake secondary vertices. The de-
cay length L between primary and secondary vertices was
then calculated, using the jet axis direction as a constraint,
as in [23]. An acceptable secondary vertex was found in
approximately 70 % of hemispheres, for both bb and back-
ground (c€ and light quark) events.

The b hadron energy was estimated as described in
Sect. 6.2, calculating the charged fragmentation energy
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using weights w; tuned with this alternative vertex finder.
The estimate t of the b hadron decay proper time was
then calculated as before:

mbL

E2 mb .
In Monte Carlo, the resolution of this estimate can be
described by the sum of two Gaussians. For the 1993-95
data, the narrower Gaussian has an RMS width of 0.33 ps
and contains 65 % of the events, and the wider Gaussian
has a width of 1.3 ps. For the 1991-92 data, where the
vertex reconstruction was done in the r-¢ plane only, the
narrow Gaussian has a width of 0.33 ps and contains 64 %
of events, and the wider Gaussian has a width of 1.4 ps.
Since the resolutions are similar, the two data samples
were combined and a single resolution function used for
the entire sample. These resolutions are an average over all
true decay proper times ¢, and significant non-Gaussian
effects can be seen in small slices of /, as in [31]. These
effects are caused by the presence of tracks from the pri-
mary vertex, and make a full description of the resolution
as a function of ¢’ very complicated. However, they are not
important for the analysis described here, which does not
rely heavily on an accurate description of the decay time
resolution.

7.2 Fit and results for e

The CP-violating parameter a., was extracted using a x?
fit to the observed time dependent asymmetry A(t) in 34
bins of reconstructed time in the range —2 to 15 ps. Within
each time bin i, the observed asymmetry was calculated
in ten bins j of |@Q2| (0 < |Q2] < 1) to make best use of
the tagging information in each event. These ten estimates
of the asymmetry were averaged with appropriate weights
to calculate the overall observed asymmetry ASP® in each
time bin ¢. The observed asymmetry was compared with
the expected asymmetry A" calculated for a given agp,
taking into account the time resolution and dilution from
non-BY decays in the event sample.

The corrected observed asymmetry in bin ¢ of recon-
structed time ¢ and bin j of |Q)2] is given by:

b _ A
obs _ _ DVij — NG

Y {IQal)if (N5 + N)

and the error o 4obs is given by:
ij

P (<|Q2|>U AObs)
A 2(|Qz1)s;

where N (N}) is the number of events with Qy > 0
(Q2 < 0). The factor 1/(|Q2|)s; corrects for the tagging
dilution (mis-tagging), which reduces the observed asym-
metry for imperfectly tagged events. The ten estimates
A‘Z?J'»DS were then averaged, weighting according to (o A;,Jps)’z

to derive the corrected observed asymmetry A?bs.
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Fig. 8. Asymmetry of tagged b and b hadrons as a function of
reconstructed time ¢ in data (points), and fit (solid line). The
expected asymmetry for acp = 0.15 is shown by the dotted line

The true asymmetry as a function of reconstructed
time t is given by:

AT = (1= o) fio {fo P(t)A(t)R(t — t/)dt/}

I P(R(t — t")dt!

where fi,¢ is the fraction of non-bb events in the sample,
fpo is the fraction of B in the bb part of the sample,
P(t') is the lifetime exponential P(t') = (1/7p0)e~t/TB,
A(t") is the asymmetry as a function of true proper time ¢’
given in Equation 13, and R(t —t') is the time resolution
function. R(t') is the sum of two Gaussians, with param-
eters given in Sect. 7.1. The expected asymmetry in time
bin i was calculated from the mean reconstructed decay
time of all events in bin 4: AU = AUe((¢),).

A binned x? fit was performed to the distribution of
asymmetry as a function of reconstructed time. Both
1991-92 and 1993-95 data samples were used together,
setting the background parameter to the average impu-
rity of the two samples, fpg = 13.7 4+ 3.0% (see Table 1).
The values of 750 and Amg were taken to be 750 = 1.56 &
0.04 ps and Amg = 0.464 +0.018 ps~! [1]. The parameter
fro was taken from the Monte Carlo to be fgo = 0.41.

The observed asymmetry for the 394119 data events
is shown in Fig. 8, together with the result of the one
parameter fit to acp. The fit result is

aep = 0.005 £ 0.055

where the error is statistical only.

The form of the asymmetry given in Equation 13 as-
sumes that the reconstruction efficiencies for all decay
modes are equal. In particular, if the efficiency to re-
construct B® decays to final states containing no charm
hadron, one charm hadron and two charm hadrons are
different, then additional asymmetries may be seen [33].
This is because the semi-inclusive B® decays to final states
containing different numbers of charm hadrons may ex-
hibit larger CP-violating effects of different signs which
largely cancel out in the inclusive decay. In this case, the
expected asymmetry takes the form

Amgt!
A(t) = cop sin(Amgat’) — acp sin® <"2‘d> (16)
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Table 3. Systematic errors on the measured values of acp
(from the one parameter fit) and ccp (from the two parameter

fit)

Source Aacp  Acep
B lifetime 0.002  0.000
Amg value 0.001 0.001
B° fraction 0.002 0.002
Flavour tagging offsets 0.003 0.013
Flavour tagging mis-tag 0.009  0.005
b fragmentation 0.008 0.006
Time resolution 0.002  0.000
Total 0.013 0.015

where acy, is still related to Re(eg) as in Equation 14, and
Cep is an additional CP-violating parameter [33]. A second
fit to the form shown in Equation 16, allowing the values
of both ac, and c¢p to vary, gave the results

aep = 0.002 4 0.055
Cep = 0.026 + 0.027

where again the errors are statistical only, and the corre-
lation coefficient between the two parameters is 0.72. No
evidence is seen for a significant sin(Amgt’) term, and the
value of acp shifts by only —0.003 (5% of the statistical
error) with respect to the one parameter fit, showing that
the effects of efficiency differences are not significant.

The systematic errors on the values of ac, and cgp
(from the one and two parameter fits respectively) are all
small compared to the statistical errors. They are shown
in Table 3, and discussed in more detail below.

Physics input parameters: The values of the B life-
time 7o and oscillation frequency Amg were taken
from [1] and varied within the quoted errors.

BY fraction: The fraction of BY events in the data sam-
ple depends on the production fractions of By and Ay
in bb events [1] and on the fraction of non-bb back-
ground, determined to be 13.7 &= 3.0 % from the data.

Flavour tagging: The offsets in the jet and vertex charges

used for tagging the B° production flavour were mea-
sured directly in the data, as described in Sect. 5. The
uncertainties in these offsets contribute to the system-
atic errors on acp and cep.

If a time dependent CP-violating effect were present, it
could change the value of the offset measured for the
T-tag vertex charge Q,ix, as the vertex tagged sam-
ple (being biased towards long BY decay times) would
contain an unequal mixture of B® and B® which do
not have equal vertex charge offsets. With the offsets
measured in Monte Carlo and a CP-violating effect of
acp, = 0.05, this effect would shift the Q¢ offset by
0.0006 of the RMS width of the Qyx distribution. This
shift is much smaller than the statistical error on the
vertex charge offset in the data, and does not present
an important additional source of systematic error.
The production flavour mis-tag probabilities as a func-
tion of @1 and Qy; were also tested in the data, and
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found to be correct to precisions of 2.6 % and 10 %, re-
spectively (see Sect. 5). These uncertainties were trans-
lated into errors on ac, and cg, by scaling the values
of QT and Qu by £2.6% and £10% as in [27] and
repeating the fits.

Reconstruction asymmetry: The fit assumes that the
secondary vertex reconstruction efficiencies in the M-
tag hemisphere are equal for B? and B® mesons. The
track reconstruction asymmetries mentioned in Sect. 5
may potentially introduce an efficiency asymmetry, since
the vertex reconstruction requires a secondary vertex
with at least three tracks, and the sign of the high-
est momentum tracks will be different for B® and B°
mesons. However, the track reconstruction asymme-
tries in the Monte Carlo, which are somewhat larger
than those in the data, lead to no significant efficiency
asymmetry for reconstructing secondary vertices.

b fragmentation: The proper time reconstruction de-
pends slightly on the average energy of the b hadrons.
This effect was assessed by reweighting Monte Carlo
events and repeating the fit, as discussed in Sect. 6.4.

Time resolution: The fit is rather insensitive to the re-
constructed proper time resolution, since the effects
of CP violation are characterised by a time scale ¢ =
7/ Amg which is much larger than the average proper
time resolution. The sensitivity was assessed by vary-
ing the width of each Gaussian in the resolution func-
tion by £10 %, varying the fraction of the wider Gaus-
sian by +50 % and by using an alternative resolution
function parameterisation derived from a Monte Carlo
sample with 10 % degraded tracking resolution, as in
Sect. 6.4.

The fit was tested on Monte Carlo by introducing non-
zero values of acp, and c.p, and checking that the fit cor-
rectly reproduced the input asymmetries. The fit errors
were also verified to be correct by splitting the Monte
Carlo input into several sub-samples and studying the dis-
tributions of fitted outputs.

Including all systematic errors, the value of a., was
determined from the one parameter fit to be a¢, = 0.005+
0.055 £ 0.013. The value of ¢, was determined from the
two parameter fit to be c.p, = 0.026 = 0.027 = 0.015. The
result for ac, can be translated into a measurement of
Re(ep) using Equation 14, and gives

Re(eg) = 0.001 + 0.014 =+ 0.003

where the first error is statistical and the second system-
atic.

7.3 Fit and results for (A71/7)b

The same data sample was used to measure the fractional
difference between b and b hadron lifetimes. This was done
by dividing the data into 20 bins of b/b hadron purity us-
ing the tagging variable Q2 and simultaneously fitting all
the reconstructed proper time distributions. The expected
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proper time distribution Fj(¢) in bin j of the tagging vari-
able Q2 (=1 < Q2 < 1) is given by:

B0 = [ PR

where P(t') describes the true proper time distribution of
the events and R(t — ') is the time resolution function.
The true proper time distribution is given by:

Pj(t/) =(1- fbg) {(1—’—<2Q2>j>7—1be—t’/7'b

L (1= (Q2)5) let'/Tb}
2 Th

e { 1580) + (1= f) /s |
Thg

where fy,q is the fraction of non-bb background in the data
sample and (Q2); is the average value of Q2 in the tag-
ging bin j. The parameters 7, and 7y are the lifetimes
of b and b hadrons, related to the average lifetime 7,
and fractional difference (A7/7), by Equation 15. The
non-bb background was modelled by two components—a
fraction fs at ' = 0 and the remainder having a lifetime
Thg, both distributions being convolved with the same res-
olution function as the signal.

A two parameter 2 fit was performed to the 20 recon-
structed proper time distributions in 0.5 ps bins between
1 and 15ps, fitting the values of (A7/7), and 7,y. The
region below 1ps was excluded from the fit because the
function F;(t) does not give a good representation of the
data in this region. This is because of the effects of the pri-
mary vertex on the resolution function R(¢ —t’) discussed
in Sect. 7.1. Such effects have to be taken into account
when fitting the lifetime itself [31], but are not important
when searching for a difference in b and b hadron lifetimes.

In the fit, the background fraction was set to f,s =
13.4 + 3.0% as in Sect. 7.2. The background parameters
were taken from the Monte Carlo and set to fs = 0.87 and
Thg = 2.9 ps.

The results of the fit were

(AT> — —0.001 +0.012
VAN

and 7,, = 1.500+0.003 ps, where the errors are statistical
only. The result for 7,, has large systematic errors of the
order of 0.1 ps associated with the resolution function and
should not be interpreted as a measurement of the average
b hadron lifetime.

The distributions of proper time in four different ranges
of @2, together with the fit results and expectation for
(AT/7)p = 0.2, are shown in Fig. 9. Apart from the small
fraction of events at large ¢, the fit describes the data well,
and no evidence for a difference between b and b hadron
lifetimes is seen. The discrepancies at large ¢ are within
the systematic error associated with the time resolution
function.

The systematic errors on (A7/7)p, are small, as most
uncertainties affect both lifetimes in the same way. They
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Fig. 9. Distributions of reconstructed proper time ¢ (1 < ¢ <
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the points with error bars, and the prediction of the fit by
the solid lines. The expected distributions for a 20 % difference
between b and b hadron lifetimes ((A7/7), = 0.2) are shown
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Table 4. Systematic errors on the measured value of (A7/7)y,

Source A((AT/7T)b)
Background fraction 0.000
Background lifetime 0.000
Flavour tagging offsets 0.001
Flavour tagging mis-tag 0.008
b fragmentation 0.000
Time resolution 0.001
Total 0.008

are summarised in Table 4. Most of them are similar to
those of the CP-violation analysis described in Sect. 7.2,
and were evaluated in the same way. The uncertainty from
the background lifetime was evaluated by varying the frac-
tion of background at ¢’ = 0 from 82% to 92 %, and by
varying the lifetime of the other component from 2.4 ps to
3.4 ps. No significant effect was seen.

The total systematic error on (A7/7)y, is £0.008, and
is dominated by the uncertainty on the flavour mis-tag
rates. Additionally, it was checked that the fit was sta-
ble with respect to variations of the minimum and max-
imum time cuts. The fit was tested on Monte Carlo by
reweighting so as to introduce variations between the b
and b hadron lifetimes, and checking that the fit recovered
the correct values of (A7/7)p. The errors were checked by
splitting the Monte Carlo into subsamples, as before.
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8 Summary and conclusions

The lifetimes of the BT and B® mesons, and their ratio,
have been measured using a technique based on recon-
structed secondary vertices. From a sample of 2390221
hadronic Z° decays collected by the OPAL detector be-
tween 1993 and 1995, the results

T+ = 1.643 £ 0.037 £ 0.025 ps
o = 1.523 & 0.057 + 0.053 ps
o+ /TR0 = 1.079 £ 0.064 + 0.041

were obtained, where in each case the first error is sta-
tistical and the second systematic. These results are in
agreement with other measurements from LEP, SLD and
CDF [3-6], and with the world average values of g+ =
1.65 £ 0.04 ps and 750 = 1.56 £ 0.04 ps [1]. The result for
the BT lifetime is the most precise determination to date.

Using a similar technique, an inclusive sample of b
hadron decays has been used to search for CP and CPT
violation effects. No such effects have been seen. From the
time dependent asymmetry of inclusive B? decays, the CP
violation parameter has been determined to be

Re(eg) = 0.001 = 0.014 + 0.003 .

This result agrees with the OPAL measurement using
semileptonic b decays: Re(eg) = 0.002 £ 0.007 £ 0.003
[10], and is also in agreement with other less precise re-
sults from CLEO and CDF [9].

The fractional difference in the lifetimes of b and b
hadrons has also been measured to be

<AT> _ 7(b hadron) — 7(b hadron)
b

7(average)
= —0.001 £ 0.012 £+ 0.008 .

This is the first published analysis to test the equality of
the b and b hadron lifetimes.
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