# Fermi National Accelerator Laboratory

FERMILAB-Conf-99/332-E
CDF

Experimental Statusof b Hadron Lifetimes

S. Donati
For the CDF Collaboration

I.N.F.N. Sezione di Pisa
Via Livornese, 1291, 56010, San Piero a Grado, Pisa, Italy

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510

November 1999

Presented Paper at the 8th International Symposium on Heavy Flavor Physics (Heavy Flavors 8),
Southhampton, England, July 25-29, 1999

Operated by Universities Research Association Inc. under Contract No. DE-AC02-76CHO03000 with the United States Department of Energy



Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or reflect

those of the United States Government or any agency thereof.

Distribution

Approved for public release; further dissemination unlimited.

Copyright Notification

This manuscript has been authored by Universities Research Association, Inc. under con-
tract No. DE-AC02-76CH03000 with the U.S. Department of Energy. The United States
Government and the publisher, by accepting the article for publication, acknowledges that
the United States Government retains a nonexclusive, paid-up, irrevocable, worldwide license
to publish or reproduce the published form of this manuscript, or allow others to do so, for

United States Government Purposes.



HEAVY 8
FLAVOURS

Heavy Flavours 8, Southampton, UK, 1999

PROCEEDINGS

Experimental Status of b Hadron Lifetimes

S. Donati, for the CDF Collaboration

INFN Sezione di Pisa, Via Livornese, 1291, 56010 San Piero a Grado, Pisa, Italy

mailto: donati@pi.infn.it

ABSTRACT: In this paper we review the most recent experimental results on the various b hadron
species lifetimes obtained at electron - positron machines and at the Tevatron.

1. Introduction

The precise measurement of the specific B life-
times is very important in the determination of
elements of the Cabibbo - Kobayashi - Maskawa
matrix. Furthermore measurements of the life-
times of B hadrons probe decay mechanisms be-
yond the simple spectator quark decay model.
In the spectator model the ¢ quark within the B
hadron acts as a spectator and the b quark decays
as a free particle. In analogy to the muon life-
time and neglecting the b — u transitions, all the
B hadrons would have the same lifetime, which
would be given by following formula:
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T 19273
where @ is a phase space factor. Experimental
results [1] show that this picture fails in the pre-
diction of the charm hadron lifetimes, which are
measured to be:

| Ve |2 @ (1.1)

7(D7) ~2.57(D% ~ 2.57(D;) ~ 5.07(A,)

Due to the heavier quark mass, the lifetime differ-
ences are expected to be smaller among bottom
hadrons. Differences are expected to arise from
unequal amplitudes for the annihilation and W-
exchange diagrams and from the final state Pauli
interference effects. A lifetime difference between
the Bt and B° mesons of the order of 5 % and
very similar B® and B? lifetimes are predicted on
the basis of phenomenological models [2] (figure
1).

Several direct measurements of the single species
of b hadrons have been performed by e*e™ exper-
iments and by CDF. The precision of these mea-
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Figure 1: Comparison between the experimental re-

sults (points with error bars) and the theoretical pre-

diction (shaded bands) for the ratios of the b hadrons
lifetimes to the B° lifetime. See the text below for
the discussion.

surements is now approaching the level where the
small differences can be seen. Further improve-
ments will provide a strong test of the B hadron
decay mechanisms.

2. B° and B™ lifetimes

Several techniques have been used to measure
the B® and B7 lifetimes by the LEP experi-
ments, CDF and SLD. The cleanest method re-
constructs exclusive B® and Bt decays but suf-
fers from small branching fractions (section 2.2).
Most measurements use samples of semileptonic
B decays with the D(*) exclusively reconstructed
and intersected with the lepton to determine the
B decay vertex (section 2.1). There are also more
inclusive techniques used by ete™ experiments
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which reconstruct secondary vertices from b ha-
dron decays and distinguish B+ and B° decays
from the charge of the secondary vertex (section
2.3).

2.1 Measurements in D(*)] samples

This method has been used by CDF [3] and by
ALEPH, DELPHI and OPAL at LEP.

CDF: For the CDF measurement data collected
in run I (1992-1995) and corresponding to an in-
tegrated luminosity of 110 pb~! have been used.
In order to identify semileptonic decays of B me-
sons, events with a lepton (e~ or u~, denoted by
17) associated with a D° or a D*T are selected
(in this paper charge conjugate modes are always
implied). A single lepton trigger data set with a
principal lepton p; threshold of about 8 GeV/c
is used. The DIt candidates consist mostly
of charged B decays, while the D*¥I~ consist
mostly of neutral B decays. The D° mesons
are reconstructed using the decay mode D° —
K~—7t, while the D*T decays are reconstructed
using the decay mode D*t — DOz, followed
by the D° - K—7n+, K—ntnt7n~ or K—ntn°.
From the D] sample events consistent with the
decay chain D** — DOt are removed. The to-
tal number of events in the signal region (defined
to be in the mass range 1.84 to 1.88 GeV/c?) is
estimated to be 5198, with a background frac-
tion of 0.53+0.02. For the D** modes, the D**
meson is reconstructed by combining an addi-
tional track, assumed to have the pion mass, with
the D° candidate and computing the mass dif-
ference (Am) between the D7+ and D° candi-
dates. The estimated number of events in the sig-
nal regions are respectively 935, 1166 and 2858,
with background fractions 0.09 + 0.01, 0.18 +
0.02 and 0.37 £ 0.02.

The decay vertex (Vg) of the B meson is given
by the intersection of the trajectory of the lep-
ton with the flight path of the D° candidate.
Using a common procedure for both D%~ and
D**]~ pairs, the B decay length Lp is defined
as the displacement of Vg from the primary ver-
tex, measured in the plane perpendicular to the
beam axis, and projected onto the transverse mo-

mentum vector of the D%~ system:

— — 07—
(Ve —Vp)-pP"!
ﬁtDol_

Lg = (2.1)
The momentum of the B meson is necessary to
measure the proper decay length of the decay.
Due to the missing neutrino, this measurement
cannot be performed precisely and pP°!” is used
to estimate the B momentum for each event.
This results in the so called ”pseudo-proper de-
cay length” (z = Lgmp/pP"""). The correction
for the difference between p?ol_ and pP is esti-
mated from Monte Carlo and is introduced dur-
ing the lifetime fit.

The lifetime measurement is obtained from a ma-
ximum likelihood fit to the observed pseudo-pro-
per decay length distributions. The probability
distribution of the signal consists of an expo-
nential function, convoluted with the distribu-
tion of the correction factor and the resolution
function. The combinatorial background is pa-
rameterized with three components: a Gaussian
for the prompt component and two exponentials
convoluted with a Gaussian for the left (cr < 0)
and the right (er > 0) tails. For each sample, the
proper time distribution of the events in the sig-
nal mass region is fitted simultaneously with the
one of the sideband mass regions and the wrong
sign combinations, to model the combinatorial
background. The results of the measurement are:

7(BT) = 1.637 + 0.05875:9%> ps
T(B°) = 1.474 £ 0.0391:027 ps
7(B*)/7(B%) = 1.110 + 0.05619:933

ALEPH: The ALEPH Collaboration has mea-
sured the BY and B7 lifetimes using a sample
of four million hadronic Z decays collected in
1991-1995. The D**I~ candidates are identified
via the decay D*t — DO+, followed by D° —
K7t D° 5 Katnat, D° -5 K—7tx0 or
D% - K%t 7r~. The mass plots for the four de-
cay channels are shown in figure 2. The D°I*
sample consists of events with a lepton and a D°
candidate, where the D° is not the decay prod-
uct of a D**. DY candidates are identified via
the decay D° - K—nt, D° - K—n*t7° and
D° — K%t 7~. A fit to the proper time of 1915
D**]~ (figure 3) and 2093 D°I* candidates (fig-
ure 4) yields the following results [4]:
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Figure 2: Invariant mass plots of the D° candidates
for the four subsamples in the D*~ [T sample recon-
structed by ALEPH.
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Figure 3: Proper time distribution of the DIt
ALEPH sample, with overlaid the result of the fit.
Shaded are shown the background contribution and
the B® and B* components.

7(Bt) = 1.646 + 0.056 75938 ps
7(B®) = 1.524 + 0.05310:03 ps
7(B*)/7(B°) = 1.080 £ 0.062 £+ 0.018

DELPHI: The DELPHI Collaboration has used
the data collected from 1991-1993 to reconstruct
a sample of 309 D*T[~ events in the channel
D*t]— — D%t followed by D° — K—7t, D°
- K- nt 7~ at, D° - K—7t7% and a sample
of 377 DO events in the channels D° — K ~n™,
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Figure 4: Proper time distribution of the D°*
ALEPH sample, with overlaid the result of the fit.
Shaded are shown the background contribution and
the BT and B° components.

D° — K—ntx—xt. The lifetime measurement
yields the following result [5]:

7(Bt) = 161709 £0.12 ps
7(B°) = 1.5247313 £ 0.08 ps
7(B+)/7(B%) = 1.0079-17 + 0.01

OPAL: The OPAL Collaboration has used 1.72
million hadronic Z° decays recorded during the
period 1991-1993 and has reconstructed D*T1~
candidates in the channel D*t{~ — DOt fol-
lowed by D° -+ K—7t and D° - K—ntn—nt
decays. The B° mesons are reconstructed also
through decays into D=1+ followed by the decay
D~ — K*Tn~7~. The Bt candidates are recon-
structed through the decay BT — D°lt, with
the DO reconstructed in the D® — K7+ chan-
nel. The resulting total sample consists of ap-
proximately 1000 events which allows the direct
lifetime measurement [6]:

7(Bt) = 1.52+0.14 4+ 0.09 ps
7(B°) = 1.53 + 0.12 £ 0.08 ps
7(B*)/7(B%) = 0.99 £ 0.1415-9%

2.2 Measurements in exclusive channels

The CDF Collaboration has measured the B+
and B meson lifetimes using fully reconstructed
B — UK decays (¥ = J/4¢ or (2S) and K =
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K+, K*(892)F, KO or K9(892)°) [9]. The ¢(25)
has been reconstructed in the decay ¥(2S) —
J/ wrr~ and the J/¢ in the J/¢ — ptp~
decay. The kaons have been reconstructed using
the decay channels K0 — 7t7—, K*(892)°
K*7r~ and K*(892)" — Ko7+,

Starting from a data sample of 110 pb—!, 824
fully reconstructed B+ and 436 fully reconstruct-
ed B are selected. The two-dimensional B me-
son decay length and the transverse momentum
are used to obtain the proper time distribution
for signal and background events (defined as the
B sideband region). The lifetimes are extracted
from a simultanesous fit to the signal and side-
band events, with the sideband events used to
determine the shape of the proper decay length
distribution of the background in the signal re-
gion. The results of the fit are summarized be-
low:

7(B*) =1.68 £0.07 £ 0.02 ps
7(B%) = 1.58 £ 0.09 & 0.02 ps
7(B*)/7(B°%) = 1.06 £ 0.07 £ 0.02

2.3 Measurements from vertex charge re-
construction

A more inclusive approach used at ete™ ma-
chines is to reconstruct resolvable secondary ver-
tices from b hadron decays, since their long life-
times lead to significant decay lengths. The B*
and B decays are distinguished by reconstruct-
ing the charge of the secondary vertex. This tech-
nique results in much larger data samples and of-
fers the possibility to improve the precision. This
technique has been used by OPAL, DELPHI and
L3 at LEP and by SLD at SLC.

OPAL: The analysis [10] exploits the 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 per-
pendicular to the thrust axis and containing the
interaction region. One hemisphere is tagged as
containing a b decay using a displaced vertex or a
high momentum lepton. The production flavour
of the b hadron in the tag hemisphere is deter-
mined using jet, vertex and lepton charge infor-
mation.

The unbiased b decay in the other hemisphere is
used to perform the measurement of the b hadron

OPAL data

charged b hadrons |
neutral b hadrons |
non-b background-

1000:7 ﬂ

800 -

/i
By~

600 H g

Figure 5: Distributions of the vertex charge () in the
OPAL data (points) and in Monte Carlo (histogram),
normalised to the same number of entries. The ex-
pected contributions from charged b hadrons, neutral
b hadrons and non-b background are indicated.

decay time. The decay time is determined by re-
constructing the position and the energy of the
decay vertex. To increase the purity of the sam-
ple the decay vertex is required to be separated
from the primary vertex. Starting from a sam-
ple of 2.4 million hadronic Z° decays collected
between 1993 and 1995, this leads to a sample
of about 10,000 reconstructed vertices with well
determined charge (figure 5). In figure 5 clear
peaks at Q = £1 and 0 are visible, corresponding
to high purities of charged and neutral b hadrons.
The actual sample composition is determined from
Monte Carlo. The reconstructed decay times of
the b hadrons are then used to determine the
B*t and BO lifetimes, employing the excess de-
cay length technique to eliminate biases caused
by the separated vertex requirement. The life-
times are extracted by using a maximum like-
lihood fit to the mean excess proper time as a
function of the modulus of the vertex charge Q).
The measured values are:

7(B*) = 1.643 + 0.037 & 0.025 ps
7(B®) = 1.523 £ 0.057 = 0.053 ps
7(B*)/7(B%) = 1.079 + 0.064 + 0.041

DELPHI: The DELPHI Collaboration has used
1.4 million of hadronic Z° decays from 1993 -
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1996 data to reconstruct approximately 1800 B
hadron candidates [11]. 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. The
lifetime of charged and neutral B hadrons has
been extracted by means of an unbinned maxi-
mum likelihood fit to the excess decay time. The
measured lifetimes are:

7(BT) = 1.72 + 0.08 + 0.06 ps
7(B%) =1.63+0.14 £+ 0.13 ps
T(BT)/7(B°) = 1.061313 + 0.10

L3: The L3 Collaboration has applied the meth-
od of measuring the charge of the secondary ver-
tex to the 1994 - 1995 data [12] and has measured
the following lifetimes:

7(B*) = 1.66 + 0.06 + 0.03 ps
7(BY) = 1.52 + 0.06 + 0.04 ps
7(B*)/7(B°) = 1.09 £ 0.07 + 0.03

SLD: For this analysis the SLD Collaboration
has used the entire sample of 550,000 hadronic
Z9 decays collected by the SLD experiment at
SLC between 1993 and 1998 [13]. The excel-
lent 3-D vertexing capabilities of SLD have been
exploited with an inclusive topological vertex-
ing technique to identify B hadron vertices with
high efficiency. The decay length is measured
using the reconstructed vertex location while the
B hadron charge is determined from the total
charge of the tracks associated with the vertex.
The analysis of the 1997 - 1998 dataset of 350,000
Z° decays isolates 51,634 B hadron candidates
(30,903 charged and 20,731 neutral) with good
charge purity enhanced by the vertex mass, the
beam polarization and opposite hemisphere jet
charge information. The reconstructed vertex
charge for the 1997 - 1998 dataset is shown in
figure 6. The results from these data have been
combined with the earlier 1993 - 1996 measure-
ments to yield the following lifetime measure-
ments:

7(Bt) = 1.623 + 0.020  0.034 ps
7(B°) = 1.585 + 0.021 £ 0.043 ps
7(B1)/7(B%) = 1.037$:9% + 0.024

The world averages resulting from all the avail-
able measurements are:

22500
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éPr e?lfl?n' nary

17500 |

15000 o MC B°
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F— MC other

12500
10000
7500
5000

2500 |
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Reconstructed Vertex Charge

Figure 6: Reconstructed vertex charge for data
(points) and Monte Carlo (histogram) for the 1997 -
1998 SLD dataset.

7(B*) = 1.65+ 0.03 ps
7(B®) = 1.56 % 0.03 ps
7(B+)/7(B%) = 1.07 + 0.02

Although with a limited statistical power, the
world average for 7(B71)/7(B°) is beginning to
show evidence for being different from unity, as
expected from the theoretical prediction (figure

1).

3. B? lifetime

Several techniques have been used to measure the
BY lifetime. In principle the best approach would
be to use exclusive channels (J/1¢), but at the
moment it is statistically limited (section 3.3).
The best measurements have been determined
using the semileptonic channel D IT, where the
D7 can be fully or partially reconstructed. These
measurements have been performed by LEP ex-
periments as well as by CDF (section 3.1). There
are more inclusive approaches, which use D, +
hadrons, inclusive D; and ¢ — I~ correlations
(section 3.2). These approaches have been used
only at LEP because they need a clean event
topology and good particle identification.

3.1 Measurements from D,l correlations

CDF: The CDF Collaboration has used partially
reconstructed semileptonic decays BY — D, [tv,
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with the lepton being either an electron or a
muon [14]. The D candidates are recontructed
in four modes:

e D, »¢m ,¢—> K K~

e Dy - K*K—, K* - Ktn~
e Dy 5> KK~ K - ntn~
e D 5 ou v, > KYK™

For the first three decay modes the reconstruc-
tion is based on a single lepton trigger data set
with a principal lepton p; threshold of about 8
GeV/c, while the semileptonic D, decay mode
is based on a dimuon data sample selected with
a muon p; threshold of about 2 GeV/c and with
the requirement m(up) < 2.8 GeV/c2.

Signal events are events with a D [T invariant
mass between 3 and 5 GeV/c?. About 600 sig-
nal events have been found, which is the largest
sample of semileptonic B from a single experi-
ment. Mass plots for the four decay channels are
shown in Fig 7. Control samples for the combi-
natorial background are obtained from the D
mass sidebands and from wrong sign D -lepton
combinations. A source of background is due to
D; — K*r~ and D; — K27~ events which
can be reconstructed as D, decays to K*°K~
and K9K~. This is caused by the poor CDF
particle identification. Due to low signal statis-
tics, no attempt at reducing this background is
performed. Instead, the estimated fraction of D
events in the signal samples has been introduced
as a parameter of the final lifetime fit. This frac-
tion is estimated using the large mass difference
between D, and D, and the shape of reflec-
tions in the mass distributions. Intersecting the
D7 and the lepton trajectories in the transverse
plane, the B? decay length is determined with
a resolution of the about 100 ym. The correc-
tion for the missing transverse momentum of the
neutrino is applied event by event to obtain the
proper decay time. The combined result of the
four modes is

7(BY) = 1.36 £ 0.09 = 0.05 ps

which is the currently the most precise measure-
ment from a single experiment.
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Figure 7: D invariant mass for the B — D;ITv
events reconstructed by CDF. Shaded histograms are
the wrong sign Dg ! combinations which are used to-
gether with the D; mass sidebands to determine
the background shape in the lifetime fit. For the
D, — ¢u v channel the masses of the ¢ candidates
are shown: in this case wrong sign combinations are
ptp® and K*K* and the shaded histogram normal-
isation is rescaled to have the same number of signal
and background events in the mass sidebands.

ALEPH: The ALEPH Collaboration has used
the 1991-1995 data (four million Z° decays) to
reconstruct DI candidates (with the leptons
being electrons as well as muons) in seven de-
cay modes: ¢r~, K*°K—, K’K—, ¢ntn—7~,
K*K*~, ¢e~v and ¢u~ v, where ¢ - KTK—,
K* —» K*¢~ and K? — wtm~. 277 signal
events have been found with a signal purity larger
than 60 %. The measured B? lifetime is [15]:

7(B%) = 1.541512 £ 0.04 ps

DELPHI: The DELPHI Collaboration has used
the 1991 - 1995 data to perform this lifetime
measurement. 230 D [T candidates have been
reconstructed in eight decay modes: ¢n—, K*°K—,
KK, ¢ntn m, ¢pn 70, K*OK*~, ¢e 7 and
¢p~ 7. The measurement gives [16]:

7(BY) = 1.42%512 + 0.03 ps

OPAL: The OPAL Collaboration has used the
1990 - 1995 for this analysis. DIt combina-
tions are reconstructed in five decay modes: ¢n—,
K*K—, K'K—, ¢e 7 and ¢u 7. The total
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number of signal events is estimated to be 172.
The resulting BY lifetime measurement is [17]:

7(BY) = 1.501 1% £ 0.04 ps

3.2 Measurements from D;-hadron(s) cor-
relations

ALEPH: One or more tracks (excluding lep-
tons) are combined with D, candidates recon-
structed in five channels: ¢n—, K*K~, KK,
¢e 7 and ¢u~ v. This analysis uses also the
semileptonic channel DIt with the D} recon-
structed in the mode ¢p=, ¢ - KTK~, p~ —
7~m0, 7° — ~7. The number of signal candi-
dates (1620) is larger than in the D [T analysis,
but the signal purity (22 %) is lower. The mea-
sured BY lifetime is [18]:

7(BY) = 1.47 £ 0.14 = 0.08 ps

DELPHI: This analysis uses events with a fully
reconstructed D accompanied by a charged ha-
dron. The D are reconstructed in the two chan-
nels D; — ¢n~ and Dy — K*°K~. The mea-
sured BY lifetime is [16]:

0.16 +0.07
T(Bg) = 1-49J:0.15 J:0.08 ps

In this paper we do not have space to report on
some less effective techniques which use inclusive
D reconstruction (OPAL [7] and DELPHI [8])

and ¢l correlations (DELPHI [8]).

3.3 Measurement in exclusive channels

CDF has performed a B? lifetime measurement
using 58 fully reconstructed B? — J/1¢ events
[9]. Due to the limited statistics, the lifetime
fit and the invariant mass fit are simultaneously
performed in order to have the number of signal
events better constrained. The measured value
is:

7(BY) = 1.347023 4+ 0.05 ps

From all the available measurements the follow-
ing world average is determined:

7(BY%) = 1.46 + 0.06 ps

4. B, discovery and lifetime

The CDF Collaboration has recently reported on
the discovery of the B, meson partially recon-
structed in the B, — JYlX (I = e or p) decay
channel [19]. The measured lifetime is:

7(B.) = 0.4610 15 £ 0.03 ps

5. A) lifetime

The A baryon lifetime has been measured by
CDF as well as by the ALEPH, DELPHI and
OPAL experiments at LEP.

CDF: The A is partially reconstructed using
the semileptonic decay A) — ATI~7, where the
A} is reconstructed through its decay AF — p
K~ 7t [20]. In figure 8 the mass plot for the
AY candidates is shown. The estimated num-
ber of signal events is 197 + 25. The fit to the
pseudo-proper decay length (figure 9), where the
background shape is estimated from the A} —
pK~7t sidebands, gives the following results:

7(A9) = 1.32+ 0.15 + 0.07 ps

ALEPH: The ALEPH Collaboration has used
the 1991 - 1995 data to reconstruct 193 A) —
A}l 7 events, with the Al reconstructed in four
decay channels, AT — pK—7t, A} — pfo, A
= Artrtr~ and AF — Ant [21]. The measured
A9 lifetime is:

7(A9) = 1.18+013 £ 0.03 ps

Both CDF and ALEPH results agree on a A
lifetime smaller than the theoretical prediction
(figure 1).

6. Conclusions

We have reviewed the current status of b hadrons
lifetime measurements obtained at electron - pos-
itron machines and at the Tevatron. Although
the current level of precision is insufficient to
make definitive statements, the world average for
7(BT)/7(B%) is beginning to indicate a signifi-
cant difference from unity, which is in agreement
with the theory, while the AJ lifetime is found to
be smaller than predicted.
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Figure 8: Invariant mass of Al candidates recon-
structed by CDF for right (points with error bars)
and wrong (shaded area) A}l combinations. The fit
yields 197 &+ 25 right sign events. There is no ev-
idence of a A} signal in wrong sign combinations.
The signal region is defined to be 2.260 - 2.308
GeV/c? and the two sideband regions are 2.176 -
2.224 GeV/c? and 2.376 - 2.424 GeV/c?.
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Figure 9: Pseudo-proper decay length distribution
of the AJ signal region events reconstructed by CDF.
The points with error bars are data, the solid line is
the fit result, the shaded area is the signal distribu-
tion and the shaded line is the background contribu-
tion.
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