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In the first three years of data taking, the four LEP experiments have collected 1.8 mi '. J' 
hadronic ZO decays. About twenty percent of these events are ZO --. hi>. The measurements 
of the partial width of the ZO to hb pairs, rbb' and the b quark forward-backward charge 
asymmetry, AFB(bb), are discussed. These measurements are unique tests of the Electroweak 
Theory. In addition, this large sample of b quarks is used to study the properties of b hadrons. 
Measurements of neutral B meson mixing and the average b hadron lifetime are presented. 
Evidence of the production of the B~ meson and baryons containing b quarks is shown. 
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1.� Introduction 

In the first three years of operation, the four LEP experiments have collected 1.8 million 
hadronic ZO decays. "-bout 20% of these events are ZO -. bb, that is, about 400K bb pairs 
have been recorded. At the time of this presentation, the LEP collaborations have published 
nineteen papersl - 19) on b quark physics at the ZO resonance. The subjects of these papers 
include the partial width of the ZO to bb pairs (rbi;)l,6,8,9,12,14,19), the b quark forward-backward 
asymmetry (AFB(bb»4,7,9,1l,H), the mixing of neutral B mesons3,lO,17), the average lifetime of 
B hadrons2,6,13,16), and evidence for the production of baryons containing b quarks5,18). In 
addition, there have been studies20,21,22) of Quantum Chromodynamics based on tagging jets 
coming from b quarks. 

Why has there been so much interest in b quark production at LEP? There are two reasons. 
First, as will be discussed later in this paper, there are unique tests of the Electroweak Theory 
that can be performed using b quarks. Second, some properties of hadrons containing b quarks 
can be measured more precisely at the ZO resonance than at lower energy e+e- colliders. Prior 
to the operation of LEP, most of our knowledge of the properties of b hadrons came from 
experiments at the T(4S). This knowledge was limited to B~ and B± mesons. At LEP, the 
B~ and b baryons are also produced (the first evidence of these particles in data collected at 
LEP is discussed in this paper). In addition, on the ZO resonance, the b quarks have a large 
Lorentz boost, which makes it possible to measure the the b hadron lifetime. This large boost 
also separates the decay products coming from the b quark from the decay products coming 
from the b quark. At the T(4S), the B mesons are produced with very little kinetic energy, so 
the decay products of the B meson and B meson are mixed rather than boosted in opposite 
directions. The cross-section on the ZO peak is large: u(bb) = 6 nb, compared to q(BB) = 1 
nb on the peak of the T(4S), and u(bb) 5 0.03 nb at the lower center-of-mass continuum 
e+e- colliders such as PEP, PETRA, and TRISTAN. Measurements of the average lifetime of 
b hadrons were made at these lower energy colliders, but already the lifetime measurements 
at LEP are more precise. This higher precision is due to the larger statistics and the higher 
purity of the b quark data samples at LEP. On the ZO peak, 20% of the hadronic events are 
predicted to be bb pairs, and the ratio of the number of bb pairs to cc pairs, which are the 
largest physics background in b quark studies, is u(bb)/q(cc) = 1.3. At PEP and PETRA, 
only 9% of the hadronic events are bb, and the ratio of cross-sections q(bb)/q(cc) = 0.25. 

There are several signatures of b quark production. 

1.� The semileptonic weak decays of b hadrons: the branching fractions for an electron or 
muon from b quark decay are known to be about 10% each. The leptons are produced 
with large momentum p and a large component of momentum, Ph perpendicular to the 
line of flight of the decaying b hadron. 

2.� Secondary vertex tags: this signature exploits the long b hadron lifetime, which is about 
a picosecond. Since the average boost of the b hadrons is i ~ 6 on the ZO, the average 
decay length of the b hadrons is about 2 mm. 

3. Event shape variables:� the mass of the b quark is larger than the masses of the other 
quarks, and some event shape variables are sensitive to this larger mass. Often these 
event shape variables are based on dividing the event into two hemispheres. 

4.� A combination of signatures 1, 2, and 3 above: for example, vertex tags and lepton tags 
can be used simultaneously to get better statistics and to obtain the purity of b quark 
event samples from the data themselves. 

Almost all the published resultsl - 19) are based on the semileptonic decay signature, so the 
discussion in this paper is limited to results based on these lepton tags. For an example of 
using event shapes to tag b quarks, see the talk by B. Brandl in these same proceedings, and 
the measurement8) of r hi) using the boosted sphericity product. 
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The sources of leptons, i, where l = e or p" in hadronic ZO decay~ are (in this paper, 
reference to a b or c quark decay implies the charge conjugate decay for band c quarks) 

1.� primary b-flavoured hadrun decays, b -+ i- iilX; 

2.� the secondary decay products of b-flavoured hadrons, b -+ c -+ t+lItX, b -+ c -+ i- iilX, 
b -+ r- -+ l- iilX, and b -+ t/J -+ l+l-X; 

3.� the direct production of charmed hadrons, ZO -+ cc, with c -+ l+ IItX; 

4.� misidentified hadrons; 

5.� the decays of 11" and K mesons to muons, Dalitz decays, and photon conversions. 

Leptons from the first three sources are referred to as prompt leptons. Leptons from primary b
flavoured hadron decays have a harder momentum spectrum than leptons from the other sources 
due to the hard b quark fragmentation. Leptons from primary b decays have a larger average 
momentum component perpendicular to the momentum of the decaying hadron than leptons 
from the other sources due to the large b-llavoured hadron mass. The transverse momentum 
Pt is measured with respect to the jet axis of the jet containing the lepton candidate. The 
maximum Pt value, not including the affects of detector resolution is approximately mb/2. In 
some publications, the lepton momentum is removed from the jet-axis calculation; in this case, 
the maximum Pt value is approximately mb. In this paper, unless explicitly stated otherwise, 
Pt refers to the case in which the lepton is included in the jet-axis definition. Figure 1 shows 
the muon Pt. spectrum measured14) by the OPAL collaboration. The points with error bars 
are the data, and the histograms are the spectrums of the different sources of muons predicted 
by Monte Carlo simulation. The muons from primary b hadron decay have a much harder 
Pt spectrum than the muons from the other sources. Typical kinematic cuts to enhance the 
fraction of primary b hadron decays are P > 3 GeV/ e and Pt > 1 GeV/ e; with these cuts, 80% 
of the prompt leptons come from primary b hadron decay. 

The four collaborations have lepton identification procedures that are different in detail, but 
that use the same basic principles. Electron identification is based on dEIdx in the tracking 
chambers, the longitudinal and transverse shower shape in the electromagnetic calorimeter, 
and the comparison of the tracking chamber momentum with the energy in the electromagnetic 
calorimeter. In the angular range 1cos 81 < 0.8 «(J is the polar angle with respect to the z-axis, 
which is the direction of the electron beam), for electrons with p > 3 GeVIe and Pt. > 1 GeVI e, 
the electron identification efficiency ranges from 50% to 80%, depending on the experiment. 
This efficiency can be determined, in principle, from the data, although some experiments rely 
on Monte Carlo simulations. The errors on the efficiency are a minimum of 3% of the efficiency 
itself; in most analyses, this is the largest experimental systematic coming from the electrons. 
The backgrounds from misidentified pions, Dalitz decays, and photon conversions range from 
4% to 33% of total number of candidates for p > 3 GeVIe and P.. > 1 GeVIe. 

Muon identification is based on looking for a track that has penetrated a lot of material 
(at least 6 nuclear interaction lengths) to reach the outer muon detectors. The track in the 
inner tracking chamber and the track in the outer muon detector are required to agree in 
position, angle, or both. The outer muon track should point back to the nominal ZO decay 
point. SOIDe collaborations use both muon chambers and their hadronic calorimeters as muon 
detectors. The muon identification efficiency is determined using ZO -+ p,+p,- data, and then 
making a. smaIl correction to this efficiency using Monte Carlo with full detector simulation 
to account for slight differences in efficiency due to the nonisolation of the muons in hadronic 
events. The identification efficiencies are typically 75% to 80% in the angular range 'cos 8/ < 
0.8. The background due to hadron punchthrough, sa.ilthrough, and decay is determined with 
Monte Carlo. For p> 3 GeVIe and Pt > 1 GeVIe, this background ranges from 11% to 30%, 
depending on the experiment; the knowledge of this background is the main systematic error 
coming from the muon channel. 
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2. f bb 

The theoretical prediction for r bb in the Standard Model is shown in Fig. 2 as a function 
"f t~e mass of the t quark, mt. The solid curve was calculated with the ZFITTER23) program, 
with mz = 91.174 ± 0.020 GeV/c2, mH = 250 GeV/c2, and a. = 0.116 ± 0.008. The dashed 
lines indicate the extremes due to varying the above parameters within the quoted errors and 
from varying the Higgs mass from 50 to 1000 GeV/ c2( the Higgs mass variation is the main 
contribution). The partial width of the ZO to d quarks, fda, is also shown (dotted curve) in 
this figure. The dependence of r da on mt comes from virtual t quark loops in the propagator. 
In b quark production, there are additional vertex corrections involving t quark exchange that 
cancel the effect of t quark loops in the propagator so that r bb has very little dependence on 
mt. A precise measurement of f bb allows a strict test of the Standard Model without knowing 
the precise value of mt; that is, a deviation of f bb from the predicted value means there 
is something else beside the Standard Model with three families. Some new physics mainly 
affects r bb (and consequently, rha(h but measuring r bb would help pin down the source of the 
new physics), for example, exotic fermions24) that mix with the lighter known fermions and 
extended technicolour theories25). In addition, the ratio of r bb to the total hadronic width 
of the ZO, fhad' is sensitive to mt, but is not affected by other new physics that affects the 
propagator via vacuum polarization. (in principle, r b6/fhad can be used to measure the top 
quark mass). These tests of the electroweak model are unique to the b quark. 

The first determinations of f bb from LEP data were based on the rate of leptons in hadronic 
events. To illustrate how these measurements were made, we now consider the hypothetical 
situation that the only source of leptons in hadronic events is b hadron decay. The number 
of bb pairs produced can be determined from counting the number of observed leptons, and 
correcting for the lepton detection efficiency and the b hadron semileptonic branching fraction. 
Usually some kinematic cuts are made on the leptons to enhance the primary b quark decay 
fraction. Typical cuts are p > 3 GeV/ c and Pt > 1 GeV/ c. The number of leptons observed, 
Nt, is 

Nt =2· Nhad· f bb . B(b ..... ii/tX) . e(b ..... ii/tX),
rhad 

where Nhad is the number of hadronic events, B(b ..... ii/IX) is the average semileptonic branch
ing fraction of the b hadrons produced on the ZO resonance, and e(b ..... ii/tX) is the efficiency for 
detecting the lepton, i. The product Nhadrbb/fhad is the number of bb pairs produced; there is 
a factor 2 because either the b quark or the b quark can decay semileptonically. The efficiency, 
e(b ..... ii/tX), is the product of the efficiency of the lepton identification procedure, the kine
matic acceptance of the p and Pt cuts (e.g. P > 3 GeV/ c and Pt > 1 GeV/ c), and the geometric 
acceptance (e.g. Icos iJl < 0.7). The kinematic and geometric acceptances are determined using 
Monte Carlo techniques. 

From the measurement of Nt, we can determine f bb/fhad: 

f bb Nt� 
rhad = 2Nhad . B(b ..... ii/tX) . e(b ..... ii/tX)·� 

If Nt contains background, N~ack, then this background must be subtracted; that is, in the 
above formula, Nt must be replaced by Nt - N~. H the uncertainty in N~ is .6.N~, then 
the fractional error on rbb/fhad due to background subtraction is .6.N~/(Nt - N~adt). 

What should we use for the value of the branching fraction, B(b ..... ii/tX)? Before the 
operation of LEP, measurements of B(b -+ ii/tX) were made at the T(4S) resonance and at 
PEP and PETRA. There are problems with using these branching fractions for LEP. At the 
T(4S), only B~B~ pairs and B+B- pairs are known to be produced, (50% of the time each, as 
far as we know) so the measured semileptonic branching ratio measured at the T(4S) is the 
average of the semileptonic branching ratio of this mixture of B~ and B* mesons produced 
at the T(4S). This same mixture is presumably produced at the ZO, but in addition, so are 

4� 



B~ mesons and b baryons. Therefore the average semileptonic branching fraction at the ZO 
may be different than the average semileptonic branching fraction at the i(45). There is a 
second difficulty with the measurements of B(b --+ liitX) from the i(45). Figure 3 illustrates 
how B(b --+ liilX) is measured at the i(45). The <lata are from the CLE02

6) collaboration. 
The same technique has been employed by the ARGUS27), CRYSTAL BALL28

), and CUSB29) 
collaborations. 

The figure shows the momentum spectrum of electrons coming from BB events. On the 
i(4S), the B mesons are produced with a small boost ({3 = 0.06), so this spectrum is very close 
to the momentum distribution of the electrons in the B meson restframe. Above 1.2 GeVIe, 
the spectrum is dominated by primary B meson decay: b --+ dVl, and b --+ uillt. This second 
process contributes less than 2% of the total spectrum and will not be considered further. To 
determine the branching fraction, B(b --+ liilX), it is necessary to use a. model to extrapolate 
to low momentum where the cascade decays, b --+ c --+ sivt, dominate, and where the lepton 
spectrum is poorly measured. Different models predict different extrapolations, which give 
different branching fractions. The CLEO collaboration reports26

) a variation in B(b --+ liitX) 
from 9.9% to 11.2% due to model variation alone. 

Measurements of B(b --+ liitX) have also been reported30) by collaborations at the e+e
storage rings PEP and PETRA. The mixture of b hadrons produced at PEP and PETRA is 
probably similar to the mixture produced at the Zo. These measurements should be limited 
by the same modelling uncertainties that affect the measurements at the i(45), but none of 
these model variations have been reported, so the data are difficult to interpret. 

Given these uncertainties from measurements made at lower center-of-mass energy, the 
LEP collaborations have been left with only one alternative: measure B(b --+ liitX) at the ZO 
resonance themselves. The most promising method so far has been to compare the number of 
hadronic events with two leptons, Nu, to Nt, which is defined above. This method to determine 
B(b --+ liitX) is not necessarily the only method that will be used in the future. 

Extending the above illustration, the number of events with two leptons, Nu, is 

r -
Nil = Nhad . r: . (B(b --+ liitX ) . f(b --+ iiitX »2 . TJ, 

where f] is a correlation factor that is mainly geometric, i.e. if one lepton is in the geometric 
acceptance of the detector, then probably the other lepton is also in the geometric acceptance. 
This geometric correlation factor can be determined reliably with Monte Carlo calculations. 
The measured values of Nil and NL can be used to measure the product of the branching 
fraction times the efficiency: 

B(b -+ ii/LX) . £(b --+ liitX ) =2.1]. Nil. 
Nl 

The ratio of Nil to Nt does not measure B(b -+ ii/LX), it measures the product B(b --+ liitX) . 
E(b --+ ii/tX). To measure B(b --+ liitX), we have to assume a model to determine £(b -+ iiiLX), 
and the same modelling uncertainties that affect measurements at the i(4S) will affect this 
measurement. The uncertainty is even larger at LEP, since there is limited experimental 
information on the mass and decays of the B~ meson and b baryons that are presumably 
produced on the Zoo The product B(b --+ ii/tX) . £(b --+ liitX) can be plugged into the above 
formula for rbb/rhad to determine 

r b6 Nt2 • 1] 

rhad = 4· Nhad • Nil . 

The fractional error on rb6/rhad due to uncertainty in the background is 2~Nra/(Nt- Nra), 
which is twice the error when rbb/rhad is determined using Nt alone. The other limitation of 
this method is that there is a. large statistical error on Nil. Extending this simplified case to 
take into account the cascade decays is straightforward: the product B(b --+ ii/tX) ·£(b --+ liitX) 
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is generalized to B(b -+ tiitX)·c(b -+ tiitX)+B(b -+ c -+ lVtX)·c(b -+ c -+ stVt). The cascade 
decay is not a physics background, rather it adds to the statistics. This is because in this 
measurement, the sign of the charge of the lepton is not important. 

Instead of counting leptons, most of the results are based on fits to the measured momentum 
and transverse momentum spectra of the leptons. The fits allow for a reduction of the statistical 
error and reduce some of the uncertainties associated with fragmentation and misidentification 
background. For example, at low Ph the muon spectrum is dominated by background. If the 
shape of the background is well-understood, then the normalization is fixed by the rate of 
muons at low Pt and can be extrapolated reliably to large Ph where the b signal dominates. 

The most recent results on f b6/fhad are summarized here; previously published results 
that are not mentioned here can be found in the References. The ALEPH Collaboration has 
measured rbb/fhad using both electrons and muons using a fit to the variables31) momentum 
cross product and minimum transverse momentum used by the MARKII Collaboration at 
PEP. This fit is described in the talk by B. Brandl at this conference and is used to determine 
r bb/fhad, rcc/rhad, B(b -+ liilX), B(c -+ IVlX), (XE)b, (XE)c, and X, where (XE)b is the mean 
fraction of the beam energy of the b hadrons, (XE)c is the same quantity for c hadrons, and X is 
the B meson mixing parameter, which is discussed later in this paper. The result for r bb/rhad 
is 

rbb/rhad = 0.211 ± 0.007 ± 0.008 (ALEPH preliminary, e and Jl combined), 

and the resulting branching ratio is B(b -+ liilX) = 0.110±0.004±0.004 (ALEPH preliminary). 
The first error is statistical and the second error is systematic. The DELPHI Collaboration re
ports a preliminary measurement of the product f bb/fhad' B(b -+ tiilX), which is the combined 
result of their electrons and muons: 

rbb/rhad . B(b -+ liilX) = 0.0222 ± 0.0014 (DELPHI preliminary, e and Jl combined), 

where the error is the combined statistical and systematic error. All four collaborations choose 
to report their first measurements of fb6/fhad in this form to eliminate the uncertainty due 
to the branching fraction. The uncertainty due to the modelling of b hadron decay is still 
important. The DELPHI result does not include an error due to this uncertainty. The L3 
Collaboration has published a value of rbb/fhad' 

rb6/fhad = 0.221 ± 0.004 ± 0.006 ± 0.011 (L3 published12
), e and Jl combined), 

where the first error is statistical, the second error is due to their experimental systematics, 
and the third error is due to the error in the semileptonic branching fraction. They determine 
B(b -+ liilX) = 0.113 ± 0.010 ± 0.006 using the same fit to their e and Jl P and Pt spectra, 
and then they combine this result with an average from PEP and PETRA experiments in 
order to reduce the uncertainty on the measured branching fraction. This reduction in error 
is not necessarily justified, since it is not clarified whether the L3 branching fraction and the 
branching fraction determined at PEP and PETRA were derived using the same models of 
b hadron decay. The OPAL Collaboration has published the product rb6/fhad . B(b -+ liilX) 
separately for electrons and muons: 

fb6/rhad . B(b -+ liilX) = 0.0226 ± 0.0007 ± 0.0013 (OPAL published14
), Jl only), 

f bb/fhad · B(b -+ liilX) =0.0238 ± 0.0008 ± 0.0020 (OPAL published19
), e only). 

The result based on electrons includes modelling uncertainties (about 5%) in the systematic 
error. These uncertainties were neglected in the muon result, so the two results have not been 
combined. The OPAL Collaboration also reports19) a value offb6/fhad = O.226±O.008±O.018, 
assuming that the semileptonic branching fraction of the mixture of b hadrons at the T(48) is 
the same as the semileptonic branching fraction of the mixture of b hadrons at the ZO. This 
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measurement makes use of the CLEO data to reduce uncertainties due to the modelling of 
b hadron decay. 

The preliminary results from the ALEPH Collaboration are encouraging. These results 
are based on approximately 500000 hadronic ZO decays; the statistical error is 3% and the 
systematic error is 4%. With an increase in statistics of a factor of ten, the combined systematic 
and statistical error could reach 2%. Other methods of measuring rbb/rhad, such as vertex 
tags, may reach this precision as well. 

3. The b quark Forward-Backward Asymmetry: AFB(bb) 

On the peak of the ZO resonance, the forward-backward cha.rge asymmetry for b quarks is 
predicted32) to be approximately 10%. This asymmetry is much larger than the 1% asymmetry 
predicted for muon pairs. In principle, a more precise value ofsin Ow can be determined from the 
b quark forward-backward asymmetry than the lepton pair forward-backward asymmetry. Of 
course, it is much easier to identify t+l- pairs than it is to identify bb events, and determining 
whether the lepton is in the forward or backward hemisphere is much more straightforward 
than determining whether the b quark is in the forward or backward hemisphere. 

The b quark angular distribution is proportional to 

8 
du/d cos 0 ex 1 +3'AFB cos 0 +cos 2 9, 

where 8 is the angle of between the b quark momentum and the electron beam momentum, and 
AFB is the forward-backward asymmetry. The angle 0 is defined by the b quark at production, 
not by the momentum vector of the b hadron, which may be different due to final state gluon 
or photon radiation and hadronization. Leptons with large p and Pt are used to tag primary 
b quark decays. The event thrust axis is used to estimate the b quark production angle, 0, 
and the charge of the lepton is used to determine whether it is a b or b that decays. Primary 
b quark decays produce negative leptons. Figure 4 shows the distribution of -q . cos 8T, where 
q is the charge of the lepton, and 8T is the angle of the thrust axis, measured by the ALEPH 
collaboration using data collected during the 1990 and 1991 runs of LEP. The plot is based 
on 434K hadronic ZO decays taken at the peak and ±1 GeV away from the peak, only, since 
AFB(bb) varies with ..;s. Both electrons and muons with p> 3 GeV/e and Pt > 1 GeV/e are 
used to tag the b quarks. The data points have been corrected for acceptance, but have not 
been background subtracted. The curve is the above formula, with the value of AFB(bb) 
determined from the data. The value of AFB(bb) obtained in this way must be corrected for 
geometric acceptance (the data are observed from -0.9 < Icos 01 < 0.9), for nonprompt lepton 
backgrounds, for secondary b decays, and for B meson mixing. The last two corrections are 
not important in the measurement of r bb/rhad, since the sign of the charge of the lepton is 
irrelevant. In this measurement, the sign is used to distinguish b quarks from b quark decays. 
To account for B meson mixing, the observed asymmetry must be corrected by 1/(1 - 2X), 
where X is the mixing parameter defined in the next section. For X = 0.14, this correction 
factor is 1.4; that is, the observed asymmetry must be increased by 40% to account for the 
dilution of mixing. 

The individual measurements of AFB(bb) by the four LEP collaborations are reported in 
the talk by J. Nash at this conference. The value for AFB(bb) averaged over the four LEP 
experiments, and corrected for mixing using X =0.139 ± 0.013 is 

AFB(bb) =0.094 ± 0.014 (average of the four LEP experiments). 

The error is the combined statistical and systematic error; the statistical contribution is dom
inant. The dominant systematic uncertainties are the knowledge of the mixing, x, and the 
secondary branching fraction, B(b -+ c -+ lVtX). These two systematic uncertainties will prob
ably be the ultimate limitation of the determination of AFB(bb). 
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4. Neutral B Meson Mixing 

The transformation of a neutral B meson via second order weak interactions to a neutral 
B antimeson is known as B meson mixing. The mixing is quantified by X, which is defined by 

_ Pr(B -+ B -+ l-) 
X = Pr(B -+ B -+ l-) +Pr(B -+ l+)· 

The B meson contains a b quark, which decays to an l+. With this definition, the maximum 
value of X is 0.5. This maximum value occurs when the period of oscillation of meson to 
antimeson is much shorter than the B ~eson lifetime. That is, if you start out with a B meson, 
there is 50% chance it will decay as a B antimeson and 50% chance it will decay as a B meson. 

Both the B~ meson and B~ meson can mix. Presumably the mixing probabilities are 
different, and each is quantified by a different X: Xd and X•. At LEP, the measured X is related 
to Xd and X. by 

X = Id . Xd + I• . X., 

where Id is the fraction of b quarks that form a B~ antimeson, and I. is the fraction of 
b quarks that form a B~ antimeson. The precise values of these fractions are unknown, but are 
estimated32} to be approximately Id ~ 0.40 and I. ~ 0.12. 

The signature of mixing is an excess of large p and large Pt lepton pairs with like-sign on 
opposite sides of the event in hadronic decays of the Zo. The physics background to this signal 
for mixing is events with one primary semileptonic decay, b -+ l-VlX, on one side of the event, 
and a secondary semileptonic decay, b -+ c -+ l- iilX on the other side of the event. Again, as 
in the measurement of AFB(bb), it is necessary to know the primary and secondary branching 
fractions. 

To determine the mixing parameter X, two methods have been used. The first is based on 
counting the number of like-sign lepton pairs and comparing it to the total number of lepton 
pairs: 

N(+ + or --)R= ,N(+ + or - - ) + N(+- ) 
where N(+ + or - -) is the number of events with an l+l+ or l-l- lepton pair, and N(+-) is 
the number of events with an l+l- lepton pair. The lepton pairs are required to be separated 
by some minimum angle, which is 60° in the case of L3 and OPAL and 90° in the case of 
ALEPH. Minimum values are placed on the momenta and transverse momenta of the leptons 
to enhance the signal of double primary b hadron decays over the background of one primary 
b hadron decay plus one secondary b hadron decay. The mixing parameter X is determined 
from the measurement of R. The lepton pairs that are on the same side of the event (e.g. the 
leptons separated at an angle of less than 60°) can be used to check the background from 
secondary b hadron decays. A b hadron that has both a primary and secondary semileptonic 
decay produces a lepton pair of opposite sign on the same side of the event. This check of the 
background can be made because the b quark and b antiquark are boosted to opposite sides of 
the events and their decay products are well separated. This is not the case at the T(48). 

The second method is based on fits to variables formed from P and Pt. Different collab
orations use different combinations of these variables. As mentioned previously, the ALEPH 
collaboration uses the variables31) used by the MARKII collaboration; the L3 collaboration 
fits10} to the lepton P and Pt spectra (in this case Pt is defined with the lepton momentum 

. removed in the definition of the jet axis); and the OPAL collaboration fits17} to a single vari

able, Pcomb, formed from P and Pt: Pcomb = V(p/10GeV/C)2 +p~. Exploiting the full range of� 
momentum and transverse momentum increases the statistical significance of the measurement� 
of X. The reported measurements of X are� 

X = 0.134 ± 0.013 ± 0.008 (ALEPH preliminary); 

X = 0.178!g:g:~ ±0.02 (L3 published10»; 
X = 0.145:!:g:~~ ± 0.018 (OPAL published17

}). 
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The statistical error on the ALEPH result is smaller because it is based on data collected during 
the 1990 and 1991 LEP runs. The L3 and OPAL results are based on 1990 data. only. ALEPH 
has published3) a result based on 1990 data alone. The above ALEPH result is an average of 
the value of X determined using dileptons and the value determined using a technique called the 
jet-charge method. In this method, only one lepton tag is needed, so there is larger statistics 
than the dilepton sample. Since the time of this talk, ALEPH has published33

) a value of X 
based on this jet-charge method. 

The results on mixing are still statistics limited. The main systematic error is due to the 
uncertainty on B(b -+ c -+ lv[X). 

5. The Average Lifetime of b hadrons 

At LEP, all four collaborations have measured2,6,13,16) the average lifetime of the mixture 
of b hadrons produced at the ZO resonance. These measurements are much more precise than 
previous measurements30) by experiments at PEP and PETRA because the LEP experiments 
have much higher statistics and higher purity b quarks samples, a larger Lorentz boost ("'1 "'-J 6), 
and a smaller beam spot (O'x "'-J 150 J.Lm and Oy "'-J 10 J.Lm). Despite this improved measurement 
of the lifetime, the measurement of Vbc has not been greatly improved, due to limitations26,27) 

in our understanding of the semileptonic decays of b hadrons. 
All four collaborations measure the lifetime using a maximum-likelihood fit to the lepton 

impact parameter distribution. Cuts are applied to the lepton p and Pt to enhance the fraction 
of leptons coming from b hadron decay. The impact parameter, 6, is depicted in Fig. 5. It 
is the distance of closest approach of the lepton trajectory to the beam spot in the plane 
perpendicular to the beam axis. The impact parameter has a sign convention, which is a 
crucial part of the sensitivity of 6 to lifetime: 6 is positive if the cosine of the angIe 0, depicted 
in Fig. 5 is positive. 

The advantage of using the impact parameter to measure the lifetime as opposed to the 
decay distance is that the extraction of the lifetime from the measurement of the 6 distribution 
is much less sensitive to the modelling of the fragmentation of the b hadrons. The impact 
parameter distribution, however, is dependent on the assumptions that are made about the 
polarization of b hadrons with spin that deca.y weakly, such as the Ab. 

Figure 613) is the impact parameter distribution of electrons and muons in 115K hadronic 
decays of the ZO recorded with the L3 detector. The muons are required to have P > 4 GeVIc 
and Pt > 1.5 GeVIc, a.nd the electrons are required to have P > 4 GeVic and Pt. > 1.0 GeVIc. 
The lepton is not included in the definition of the jet axis. The data points show a. clear 
asymmetry favouring positive values of 6, and are mostly due to primary b hadron decay. 
The backgrounds from misidentified hadrons a.nd meson decay have much more symmetric 
distributions in 6, since these backgrounds contain little lifetime information. 

The average lifetime of the b hadrons produced at the ZO resonance measured by the four 
different LEP collaborations are 

7b = 1.29 ± 0.06 ± 0.10 psec (ALEPH published2»; 
Tb = 1.45 ± 0.03 ± 0.06 psec (ALEPH preliminary 1991 data only); 

Tb = 1.30 ± 0.10 ± 0.08 psec (DELPHI published6»; 
'7b = 1.32 ± 0.08 ± 0.09 psec (L3 published13»); 
'7b = 1.37 ± 0.07 ± 0.06 psec (OPAL published16»). 

All of the published results are based on data taken during the 1990 LEP run and use both 
electrons and muons, except the DELPHI result, which is based on muons only. In each mea
surement, the statistical and systematic errors are about the same size. The largest systematic 
error is due to the uncertainty in the modelling of the detector resolution. Increased statis
tics will allow a better understanding of this detector resolution, so both the sta.tistical and 
systematic errors should decrease with more ZO's. 
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The average lifetime of b hadrons has also been measured from the decay length of the J / t/J 
observed in hadronic ZO decay. On the ZO resonance, J /t/J particles at large momentum are 
expected1S

) to come primarily from b hadron decay. The J /t/J are detected in e+e- and p.+p.
final states. The OPAL collaboration has published15) a measurement of 1b based on the decay 
length of J/t/J found in 163K hadronic ZO decays from their 1989 and 1990 data samples: 

1b = 1.32~g:~~ ± 0.15 psec (OPAL published15) from b --+ J /t/J + X). 

The ALEPH collaboration has a preliminary measurement of 1b based on J / 1/J found in 450K 
hadronic decays of the ZO from their 1990 and 1991 data samples: 

1b = 1.40~g:~~ ± 0.07 psec (ALEPH preliminary from b --+ J /t/J +X). 

Both of these measurements agree with the measurements of 1b obtained from the lepton impact 
parameters. 

6. Evidence for b-baryons and B~ 

Now that the average lifetime of the b hadrons produced on the ZO resonance has been 
measured to better than 7% precision, the next step is to measure the individual lifetimes of 
the different b hadrons. The question we want to answer is whether or not these individual 
lifetimes are the same. To measure the individual lifetimes, we first need to isolate signals for 
the different b hadron species. 

The ALEPH and OPAL collaborations have both publishedS,18) evidence for baryons con
taining b quarks. This baryon is usually referred to as the Ab' but the signal need not be 
entirely due to a bound state of the u, d, and b quark; there could be, for example, some 
contribution from weak decays of a bound state of au, s, and b quark. 

The signal for b baryon production is the observation of a lambda and a lepton in the same 
jet (Al-) or an antilambda and an antilepton in the same jet (Al+). These pairs are expected 
from the following decay chain: Ab --+ Atl-Vt, with At --+ A +X. This gives a high p and Pt 
lepton from a primary b quark semileptonic decay and a high momentum A. The decay of a Ab 
produces an antilambda-antilepton pair. The A (A) is detected in the pr- (pr+) final state. 

There are several sources of background to this signal. There can be accidental combinations 
of prompt leptons from b hadron decay with A from jet fragmentation. This background should 
produce equal numbers of the correct Al- combinations (and charge conjugate) as well as wrong 
Al+ combinations (and charge conjugate). The number of wrong combinations can be used to 
estimate the amount of this background in the sample of correct combinations. Other sources 
of background are the decays of At: At ~ Al+llt, which gives the wrong combination; and 
the decay of:B antimesons: :B ~ At'Nl-;;t, where N is an antibaryon, which gives the correct 
combination. These backgrounds can be suppressed to small levels with kinematic requirements 
such as the lepton momentum and transverse momentum, the lambda momentum, and the 
invariant mass of the lambda-lepton pair. 

Figure 7a shows the invariant mass distribution of lambda candidates correlated with lep
tons (and antilambda candidates correlated with antileptons) published18) by the OPAL col
laboration. This plot is based on 459K hadronic ZO decays. The invariant mass distribution of 
lambda candidates correlated with antileptons (and antilambda candidates correlated with lep
tons) is shown in Fig. 7b. There is very little signal in the region of the lambda mass. The signal 
of correct combinations is 55±9:!:g:~. The asymmetric systematic error is due to the subtraction 
of the background from :B meson decays. The ALEPH collaboration has publishedS) similar 
results based on their 1990 data sample, and has observed a signal of 117 ± 18 (preliminary) 
correct combinations in 451K ZO decays from their 1990 and 1991 runs combined. 

Based on these observed signals, the following results have been obtained: 

feb --+ Ab)' BR(Ab ~ Al-;;X) = 7.5 ± 1.1 ± 1.8 x 10-3 (ALEPH preliminary); 
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rb6/r had. feb -+ Ab) . BR(Ab -+ Al-iiX) = 1.2 ± 0.2 ± 0.3 x 10-3 (OPAL published18»). 

These two results agree within errors, if you assume r b6/fhad ~ 0.22, To make the comparison 
eC'."ier, I have multiplied the OPAL result by two, since the OPAL result is the average of the 
two numbers obtained using electrons and muons separately, but the ALEPH result is the sum 
of the separate electron and muon results. 

ALEPH has used the lepton impact parameter in these Al- combinations to get a first 
measurement of the b baryon lifetime: 

T(Ab) = 1.12!g:~~ ± 0.18 psec (ALEPH preliminary). 

The systematic error includes a contribution of 0.06 psec that takes into account the uncertainty 
in the degree of Ab polarization. 

In response to the reported signal34) by the UAI collaboration of the observation of the 
signal Ab -+ J I t/JA, the ALEPH collaboration has reported on a search for the same signature. 
They find no signal and put a. limit on the branching ratio: 

BR(Ab -+ J11/JA) < 1.15% (ALEPH preliminary). 

The branching ratio reported by UA1 is BR(Ab -+ J I't/JA) =1.8 ± 1.1%, assuming that b quarks 
form b baryons 10% of the time. 

The ALEPH and DELPHI collaborations have reported evidence for the production of the 
B~ meson. The signal is a large p and Pt lepton, l-, with a Dt in the same jet. These 
particles come from the primary semileptonic decay of a B~ antimeson as depicted in Fig. 8. 
The background to tlUs signal is also depicted in Fig. 8: the primary semileptonic decay of a. 
B~ or a. B- can produce a Dt and a lepton, l-, or these mesons can decay to a DtD pair, 
and the D can decay semileptonica.lly. Kinematic requirements on the lepton suppress this 
latter background, since the lepton comes from a secondary decay. The first background is not 
suppressed by kinematic cuts and must be estimated. It is not expected to be large. Unlike 
the Ab' no important background from accidental combinations of nt and lepton candidates 
is expected. 

Figure 9 shows the Dt (and charge conjugate) mass distribution from the DELPHI collab
oration from hadronic events with a muon candidate with p > 3 GeVIe. Both the </>1r+ and 
K*oK+ final states of the Dt have been included in these plots, which are based on the analysis 
of 270K hadronic events. The DELPHI silicon vertex detector has been used to reduce combi
natorial background. The lefthand plot in Fig. 9 shows the mass distribution when the muon 
is required to have Pt > 0.8 GeVIe. In this analysis, Pt. is calculated without including the 
lepton in the jet definition. In the righthand plot in Fig. 9 the Pt. cut is increased to 1.2 GeVIc. 
The signal is 7.5 ± 2.5 events35). The fact that the signal remains when the Pt requirement is 
increased indicates that the Dt-lepton pair comes from primary B~ semileptonic decay rather 
than secondary :83 or B- decay. 

The ALEPH collaboration has searched36) for ntt- pairs (and charge conjugate) in 450K 
hadronic events. They use both muons and electrons with P > 3 GeV/ c. The 4nr+ final state is 
used for the Dt, and the invariant mass of the Dtt- pair is required to be more than 3 GeVI c2 • 

The D: mass plots for both Dt associated with l- (the correct combination) and with L+ (the 
wrong combination) are shown in Fig. 10. The correct charge combination (Fig. lOa) shows a 
signal of 16.0 ± 4.3 events. The wrong charge combination (Fig. lOb) shows no signal. After 
accounting for the backgrounds, a signal of 13.7 ±4.4!g:g is found. The systematic error is due 
to the estimate of the background from B~ and B± decay, which is not subtracted, but could 
be as large as 2.0 ± 0.6. 

Conelusions 

The study of b quark production using high momentum and high transverse momentum 
leptons in hadronic ZO decays at LEP has allowed unique tests of the Electroweak Model and 
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has produced new results on the properties of hadrons containing b quarks. The precision of 
each of these measurements is limited by statistics. The determination of the partial width 
of the ZO to bb, rbi), using lepton tags could reach a precision of 2%, if backgrounds from 
misidentified hadrons and cc production are well known. The ultimate precision of forward
backward charge asymmetry, AFB(bb), and neutral B meson mixing will depend how precisely 
the ratio of the primary branching fraction, B(b -... liitX), to the secondary branching fraction, 
B(b -+ c -+ lVtX)is known. The first evidence for the production of the B~ and the Ab on the 
ZO resonance has been seen. The next step is to isolate B~ mixing and to measure the individual 
lifetimes of the b hadrons. 
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Figure 1: The transverse momentum spectrum for muon candidates with p > 4.5 GeVIe in 
hadronic Z decays measured14} by the OPAL Collaboration. The points are the data, and the 
histograms are the composition predicted by Monte Carlo simulations: prompt b is primary 
b hadron decays; cascade refers to secondary b hadron decays; prompt c means the decays 
of directly produced charmed particles; and background refers to misidentified hadrons meson 
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Figure 2: The prediction of the partial width of ZO -+ bb as a function of the t quark mass. 
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CLEO Collaboration. 
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distribution for the wrong correlation: Lambdas correlated with antileptons and antilambdas 
correlated with leptons. 

SIGNAL BACKGROUND 

w/<vi-

w/<vi

,
b c I 

D+ 
sBs D+ -Bs 

b 

c:
C 

Ks s q q 

/<: ns
W 

b I c 

B D 

q q 

Figure 8: The signature for B~ production and the backgrounds from B~ and B± mesons. 

17� 



- -"u '0DELPHI 1991 DELPHI 1991 
~ ~ 
t) e f- t) l
2 2 
It) It) 

-....;- ( (pJ. > 0.8 CeV/c ) ...., e(pJ. > 1.2 CeV/c ) 
........ ........� 
In In

.! 5 - .~ 4 - Ic c ,Iu t) 

~ 
4  ·� J ·II f- Me- 1966.U:5.1""/~~ ,,He- 7.5 %2.5 events 

~ I,
J .. ·,He ~ 3.7 at 9SX C.L ,

, 
2 f- ~ 

2 r-- ... ... ... I
I 

,I, 
I 

'--- r-- ~ r-,,.--- L ,,
-. -.- I---. l- --._- ..' , 

'.. -- .. ---. f· 
I II I II I I I I 

01.7 1.8 1.9 2 2.1 1.8 2 

(GeV/c~ 

Figure 9: Evidence for the production of the B~ meson seen by the DELPHI Collaboration. 
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