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Abstract

We present a review of measurements of the branching fraction of Z —* bb relative to all hadronic
decays of the Z. Results are obtained with the four detectors ALEPH, DELPHI, L3 and OPAL
at the CERN LEP e+e~ collider, using data collected in 1990 and 1991 with typically more
than 400 000 hadronic Z per experiment.



1 Introduction

The precise measurement of the partial decay width T(Z —* bb) at LEP is the framework of
intense works in all the 4 LEP collaborations : ALEPH, DELPHI, L3 and OPAL. Many methods
which take advantage of different properties of 6 quarks, have been developed to hit this target.
We can distinguish methods using leptons (from simple counting method to global analysis
with multi-leptons fit), global event shape analyses, lifetimes and double tagging methods with
leptons and/or another 6 discriminator like event shape or lifetime to tag b quarks.

Data collected in 1990 and 1991 have been analysed; this represents a sample of 1 200
000 hadronic Z decays for the four LEP experiments together. Only ALEPH has presented a
preliminary analysis with data collected in 1992.

2 Motivation for Precise Measurements

The measurement of the partial decay width of the Z into quarks and leptons allows a fun-
damental test of the Standard Model of electroweak interaction and have been measured with
about 1% precision at LEP [I]; a good agreement with predictions is observed. But, within
the Standard Model, radiative corrections introduce dependence on the unknown top quark
mass, me, into calculations of the total and partial widths of the Z boson. Corrections to the
Z self energy contribute to all the partial widths [2], but an additional correction contributes
primarily to the Zbb vertex [3], and has the effect of cancelling the top quark mass dependence
of the partial width of Z0 —• bb, F^ . So that the theoretical prediction of F6^ has very little
dependence on the mass of the top quark and is accurately predicted in the Standard Model
[4] to be (378 t\ MeV). An accurate measurement of F6J can therefore be a stringent test of
the Standard Model. Normalizing to the partial width to all hadronic decays, F/,^., R{b) =
Fbb/Thad. is calculated to vary from 0.218 to 0.213 as mt varies from 80 to 260 GeV/c2 [5]; so a
measurement of this relative partial width at the level of 1 % could be used to set constraints
on the top quark mass, in addition to that obtained from sin2$w, or on some possible extension
of the Standard Model.

3 Experimental situation

3.1 Lepton Analyses

3.1.1 6-tagging with Leptons

Due to the fairly large semileptonic branching ratio of the b and c quarks ( « 10% for e or
fi) a large fraction of Z —> bb events contains one or more identified leptons in the final state,
coming either from direct bottom (or charm) decay to a lepton, or from the secondary decay
b —» c—* I 1 . Furthermore, because of the hard fragmentation of the b quark and its large
mass, leptons from the direct semileptonic decay have large momentum P and large transverse
momentum P± with respect to the hadron direction. Leptons from other sources tend to have
lower momentum and transverse momentum.

Moreover all the four LEP detectors have a good lepton identification. These detectors
have been described in detail elsewhere [6]. Lepton detection varies among the detectors and

1Z denotes e or ft, charge-conjugate processes are also implied.



details of lepton identification may be found in existing publications [7],[8],[18],[13]. These
principles are almost the same : electrons are found through matching the measured energy
in the electromagnetic calorimeter to the momentum coming from the tracking chamber, and
through the longitudinal and transverse shower profile in the electromagnetic calorimeter which
must be compatible with that expected from an electron. In addition, the ionisation dE/dX of
the charged track has to be compatible with an electron. Muons are found by matching hits
in the hadron calorimeter and/or muon chambers to tracks measured in the central tracking
detectors, or to the interaction point.

Hence leptons are good candidates to study b physics.

In order to measure the transverse momentum of a lepton with respect to its parent hadron,
the hadron direction must be reconstructed from its detected decay products which are clustered
together to form a jet. The axis of the jet nearest to the lepton approximates the direction
of the hadron containing the heavy quark. However, the jet reconstruction and the definition
of the jet axis vary among experiments. ALEPH, DELPHI and OPAL use the JADE Scaled
Minimum Invariant Mass algorithm [9], neutral clusters and charged tracks to form jets but
with different parameters, and L3 uses a two-step algorithm which groups the energy deposited
in the electromagnetic and hadron calorimeters into clusters, and then merges cluster into jets
[10]. The jet axis can be calculated including (DELPHI, OPAL) or excluding (ALEPH, L3)
the lepton.

The Lund JETSET 7.3 parton shower Monte Carlo program [11] (sometimes with some
improvements) in conjunction with a computer program to simulate the detector efficiencies
was used by all experiments to calculate acceptance and to estimate event fractions and the
shape of momentum spectra. For the fragmentation of heavy quarks, the Peterson et al. [12]
fragmentation function is used :

DQ (*) = ^ rp^ j i

where z is the fraction of the available energy carried by the hadron z — , g ju1""*1""" and

CQ = ^-, niQ and mq are the mass of the heavy quark Q and of the associated light quark q

respectively.

3.1.2 Single Lepton Analyses

This sample receives mainly contributions from primary seniileptonic b decays (6 —> I) ( I =
e,n), cascade semileptonic b decays (fc —» c —• /) and from primary c decays (c —* Z) . The
other sources include electrons coming from Dalitz decays or photon conversions, hadrons mis-
identification and some other residual contributions, and muons coming from decays in flight
of light hadrons, TT* and K*, and punchthrough or sailthrough.

The number of tagged leptons can be expressed as :

JVf = Nt + N? + N?d' (1)

where ATf, Nf and N"d> are the numbers of detected leptons from Z decays to bb , cc or qq
(q = u, d, s) pairs and can be written :

- » J)
JVj = 1 udsjuds



fprocess are essentially acceptance factor which includes kinematic, geometrical and selection
efficiencies for each decay mode and are a function of (P , Pj. ) and of the parameter of the
fragmentation eq.

The measurement of Tb requires good knowledge of the different branching ratios and ac-
ceptances factors for both b and c quarks, decay and fragmentation modelling. Understanding
the (6 —» I) decay is a critical issue. In addition, experimentally the identification efficiencies
and backgrounds for electrons and muons must be well understood.

To extract Tb [13], the OPAL analysis technique consists of counting the numbers of leptons
and breaking this number down in terms of contributions from different sources. The fraction
of leptons from b hadron decays was enhanced by requiring that identified lepton candidates
pass minimum momentum and transverse momentum thresholds (see figure 1). The values of
these thresholds were chosen to give the smallest total error on F&, and differ for electrons and
muons because of different backgrounds and efficiencies in the two samples.
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Figure 1: The (a) P and (b) Px distributions for electron candidates passing all the OPAL
selection cuts, after substraction of the hadronic and conversion background, and correction for
the electron identification efficiency. The errors shown on data points are statistical only.

An important work concerning lepton identification and background control was done and
OPAL has also carefully studied effects of decay models. The kinematic acceptances of the
P and Px cuts for prompt leptons produced by different heavy hadron decays depend, for each
channel, on the lepton momentum spectrum in the rest frame of the decaying heavy hadron.
Several models predict these spectra, and were used by OPAL to estimate the size of the
resulting systematic uncertainties. For this analysis the (b —* I) and (6 —» c —• I) branching



ratios measured by the CLEO collaboration were taken according to the decay models used.
Following CLEO, two models of heavy flavour decays were considered, the ACCMM model
[14] (a free-quark model including QCD corrections) and the ISGW model [15] (based on a
form-factor calculation of an explicit sum of spectra calculated for individual three-body final
states). CLEO has also used a modified version of the ISGW model, referred to as ISGW**,
where the fraction of D*1" is allowed to float freely.

The effect of uncertainties in the momentum spectrum of leptons from semileptonic c decays
was also included by considering the spectra predicted by the ACCMM model from a fit [16]
to DELCO data [17] and ISGW model. Special treatment for cascade decays (b —* c —> I) was
also done. Branching ratios are summarized for different decay models in table 1.

Decay mode

b —> c —> /

ACCMM
10.5 ± 0.5
9.0 ± 1.2

ISGW
10.1
10.3

ISGW**
11.1
8.6

Table 1: Branching ratios, in per cent, derived for the different 6 and c hadron decays in
Z decays, for different semileptonic decay models.

Using the ACCMM model to obtain the central value, OPAL has measured with 6700
electrons (P > 2 GeV/c, P x > 0.8 GeV/c) and 7300 muons (P > 3 GeV/c, P x > 1-1 GeV/c)
identified from 480 000 hadronic Z decays collected:

R(b) = 0.220 ± 0.002 ± 0.006 ± 0.011

where the first error is statistical, the second arises from detector uncertainties and the
third from b and c modelling and branching ratio uncertainties. The total error, including
both statistical and systematic uncertainties, corresponds to ±5.8% of the measurement and is
completely limited by systematic errors.

The prospects for further reduction of the systematic errors on the measurement of F& using
this approach are limited.

3.1.3 Single + Dilepton Analyses

To improve the accuracy on Fi,, L3 [18] has performed a measurement of Br(fc —»• I) from the
ratio of dilepton to single lepton events before measuring Fb.

Without background the number of single lepton events observed (eq. 1) is given by :
Ni « 2TbBr(b -> I)(I -Br(b -» I)) and the number of dilepton events by : Nn « TbBr(b -* I)2

Two methods to extract the semileptonic branching ratio are used :

• Standard Model fit : by using single leptons, they perform a one parameter fit to determine
Br(6 —» I) with Fj, set to the Standard Model value,

• Ratio fit : the ratio of dileptons (Nu) by single leptons (Ni), is in first order, proportional
to Br(6 —» I) and independent of F&.

The background due to cascade decays depends on Fb, whereas direct charm production does
not. However, the ratio method still only depends very weakly on F&.



The composition of the event sample and the efficiency for finding leptons from each chan-
nel are determined using Monte Carlo. They assumed that high mass D-mesons (D**) were
produced in 15 % of B-hadron semi-leptonic decays [15], [16].

They observed 21000 inclusive muon (P > 4 GeVJc1 P± > 1 GeVjc) events, 5400 inclusive
electron (P > 3 GeV/c} Pj. > 1 GeV/c) events and a total of 1900 inclusive dilepton events
using 410 000 Z collected during 1990 and 1991. In order to use the maximum amount of
information from the data they fit the P and P± spectra of the single and dilepton samples to
extract Br(6 -> Z) :

Br(fc -> I) = 0.119 ± 0.001 (stat.) ± 0.006 (sys.)
Br(O -* Z) = 0.118 ± 0.005 (stat.) ± 0.006 (sys.)

The first value is obtained asssuming the Standard Model value of Î g ( 378 ± 3 MeV) and the
second one by using the ratio fit. The systematic errors are dominated by the uncertainties on
detector efficiencies and the amount of D** mesons.

Then they use the ratio fit value for Br(& -> /) combined with those from PEP and PETRA
[19] to determine IV For this measurement they use only the 1990 data ( « 115000 Z ) and
obtain :

R(b) = 0.218 ± 0.004 (stat) ± 0.006 (sys) ± 0.010 (Br)

where the third error is due to uncertainties on branching ratios.

ALEPH [20] has also a measurement of Yb and Br(fc —> Z) from high Pj. leptons by counting
the numbers of leptons with a high transverse momentum (P > 3 GeVjc and P± > 1.25 GeVjc
for both e and ft), and the number of events in which two such leptons appear in the same
event. But here, Tb and Br(6 —» Z) are measured simultaneously.

The single lepton sample is corrected for contamination and efficiencies to find the total
number of (6 —* Z) decays in the data. The dilepton sample, formed by all pairs of leptons
more than 90° apart is corrected for (6 —> Z) (6 —> c —» Z) backgrounds from the Monte Carlo.
After correcting the efficiencies, it gives the estimate of the number of (6 —» Z) (6 -* Z) decays
in the data. Lepton identification efficiencies and hadronic backgrounds are determined from
the data. The ACCMM decay model [14] for (b -> Z) decays and ISGW** [15] with 32% of D**
have been used to determine efficiencies (more details can be found section 3.4).

With this method, using 430 000 Z collected in 1990 and 1991, and with about 19400 leptons
and 800 dileptons identified, ALEPH obtains :

Br(6 -> Z) = 0.105 ± 0.004 (stat) ± 0.004 (sys) ± 0.005 (model)
R(b) = 0.234 ± 0.010 (stat) ± 0.009 (sys) ± 0.002 (model)

DELPHI has a new analysis from 250 000 hadronic Z decays collected in 1991. They
perform chi-square fits to single and dilepton distributions to determine the b quark component
in the full Px plane. Restricting the analysis to data taking periods when all detectors needed
to identify muons and electrons were fully functional a total of 16000 muons ( 9700 electrons)
candidates with momentum P > 3 GeV/c have been selected from 173 000 (200 000) hadronic
events.

Single leptons are fitted in (P , P± ) bins and dileptons in (P^ + P||2, P±i + PXÎ ) bins. The
fit to the electron distribution is restricted to electrons with Px > 0.4 GeV/c. Dilepton events
are separated, for both the data and the Monte Carlo samples, into two categories depending
on whether the two lepton candidates are in the same jet or in different jets.



First they perform a fit of the single leptons in (P , P± ) bins and determine I^ x Br(6 —*
Z) , r c x Br(c —* Z) and e& (the parameter of the fragmentation in the Peterson model [12]),
separately for 6 —* e and b —> p, assuming Br(6 —> c —» Z) and obtain :

r b x Br(b -» Z) = 0.217 ± 0.004 ± 0.008

Tc x Br(c -* Z) = 0.168 ± 0.012 ± 0.029

< XE >b = 0.701 ± 0.010

Then single and dilepton distributions are simultaneously fitted. Only F&, Br(6 —> Z) and Fc

are extracted with a x2 fit- The other parameters Br(c —» Z) , Br(6 —> c —> Z) (6 —» (ca) —>
Z) , BiZ(O —> V —» I+1~) are kept fixed to their values in the Monte Carlo. The Peterson
fragmentation parameter e& was fixed to its value determined from the single lepton fit. The fit
of the electron and muon distribution is performed separately, and by averaging the two, they
measure :

Br(6 -> Z) = 0.097 ± 0.007 (stat.) ± 0.006 (sys.)
R(b) = 0.196 ± 0.012 (stat.) ± 0.013 (sys.)

The main systematic comes from the branching ratio Br(6 —> c —> I) which is assumed to
be known to ± 15 %..

3.2 Global Event Shape Analyses

An alternative approach can use all hadronic Z decays provided that the 66 events can be dis-
criminated from the light quark events (uû,dd,ss,cc). Therefore an event shape discriminator
is needed to exploit differences in their topologies. Due to their higher mass, b quarks lose
less energy by gluon bremsstrahlung in the fragmentation and hadronization process than light
quarks. At LEP energies the fraction of beam energy carried by B-hadrons is 70 % on average,
while D-hadrons produced in cc events carry only 51 %. In particular, 66 events will appear
more spherical than light quark events and the particles produced in 66 events will have on
average higher momenta and transverse momenta with respect to their jet axis. Taking advan-
tages of these characteristics a set of purely kinematical variables can be defined. Two types of
variables can be used : variables based on the full event shape, like Sphericity and Aplanarity,
and variables based on the properties of the jets in the event, like the invariant mass of the
most energetic jet.

DELPHI has used a global event shape variable [21], the boosted sphericity product (B.S.P.),
to measure Tb- This variable was originally used by the TASSO collaboration at PETRA to
enrich data samples with 66 events [22]. This analysis uses two jet events (here, jets are built
from charged particles only). The jets are boosted along their axes into an hypothetical B-
hadron rest frame by a boost /3. /3 = 0.96 is chosen by Monte Carlo studies in order to optimize
the separation between 66 and other events. The B.S.P. is defined as the product S\ X 5*2 of the
sphericities 5i and S2 of the two jets calculated in their respective scaled reference frame. The
shape of the observed B.S.P. distribution is then used to estimate Ft, with a fit to the form:

120 000 hadronic Z decays collected during 1990 were used to measure R(b):

R(b) = 0.219 ± 0.014 ± 0.019



The main sources of systematic uncertainties, in such analyses, are related to the hadronization
mechanism modelling, to the b and c quark fragmentation, to the choice of the boost /?, to
the effects which modify the Pj. distributions of the hadrons relative to the jet axis, and to
the assumed cc fraction. An other problem is to avoid the so-called circularity problem (if
the parameters of the Monte Carlo are tuned to fit the data perfectly, it is arguable that the
analysis must yield the r6g value that was input when they were tuned). DELPHI has found
this effect small by using TASSO parameters.

The 6 discriminator power can be significantly improved by using not only single-variable
analyses, but a set of variables and a neural network technique which is a non-linear method.
This non-linearity is provided by one or several hidden layers. Typically a 6 purity of 65 % can
be obtained for a b efficiency of 50 %. The shapes of the classifier output for 6 and light quark
events are parameterized by using a large sample of fully simulated events. By performing x2

fits to the data distribution :

fData = R(b)fb + (1-R(b))fud3c

R(b) is obtained. ALEPH and DELPHI have used this technique 2.

ALEPH [23] has used 9 variables as input of a feed forward four layer neural network trained
with backpropagation of the errors. The structure of the neural network is the following : one
input layer with 9 neurons, two hidden layers with 9 and 6 neurons respectively, and one final
layer with 1 neuron giving the output of the network. The number of hidden layers and the
number of neurons per layer have been chosen to optimize the separation between b and non-6
events. Each neuron of a given layer is connected to all the neurons of the following layer. To
each connection is associated a weight which is determined during the learning phase. More
technical details can be found in [24].

Two types of variables have been used : variables based on a full hemisphere shape, and
variables based on the properties of the most energetic jet of each hemisphere. Nine variables
have been retained among a large set of variables which are discussed in details in [25] with
the help of a F-test [26] to take in+o account the discrimination power of each variable and the
correlations between them. Figure 2 shows the shape of the discriminator output of the neural
network obtained for data and Monte Carlo. By analyzing 440 000 Z ALEPH measures :

R(b) = 0.214 ± 0.003 ± 0.012

DELPHI [27] has used the same kind of neural network with 19 input variables. The
structure of the neural network is the following : 19 nodes in the input layer, one associated
with each of the input variables, one hidden layer with 25 nodes and 3 output nodes in the
final one to classify events in bb , cc and uû + dd + ss quark classes. They have 14 event
shape variables and invariant masses and one variable related to the long lifetime of the b, two
to kinematics of semileptonic decays (the momentum and transverse momentum of the most
energetic muon, useful for separation of events originating from c quark pairs), and charm quark
event classification was reinforced by using 2 variables derived from the characteristic decay of
the D* meson into a D° and a charged pion (D'* -» D0T*). With 123 500 selected hadronic
decays of Z , collected by DELPHI in 1991, they measure :

R(b) = 0.232 ± 0.005 ± 0.017

2Now L3 has a preliminary analysis using also this technique. See talk of W. Walliaff; these proceedings.
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Figure 2: Shape of the neural network discriminator output (a) for different Monte Carlo events
and (b) data.

In these analyses, the main systematic errors come from uncertainties on parameters used
in the JETSET Monte Carlo to describe b and c fragmentation, hadronization and on QCD
parameters, but also on F^ or in addition, for the DELPHI analysis on Br{b —* fi) and BT[C —>
fi).

The determination of Fj, by a fit of the event shape is statistically powerful but relies on
Monte Carlo prediction to describe the shape of b and udsc quark events.

3.3 Double Tag Methods

An improvement, from the systematical point of view, can be achieved by using double tagging
methods. These methods use two types of events : single tagged hadronic events where only
one quark is tagged and doubled tagged events where both the b and b quark are tagged. Each
event is divided into two hemispheres, with respect to the plane perpendicular to the thrust
axis, and b events are signed by hemisphere with a high Px lepton tag or a 6-discriminator tag
built on an event shape or a lifetime tag. This technique allows to measure simultaneously F^
and a global b tagging efficiency directly from data.

3.3.1 Single and Double Tag Lepton Events

As we have seen previously high P and Px leptons can be used as signature for bb events, but
there are several sources of uncertainties in the estimation of the tagging efficiency of bb events
using leptons coming from :

• the different branching ratios Br(O —> I) , Br(6 —• c —» /) , Br(fe —• r —• I),..

• the shape of the lepton energy spectrum in the B-hadron rest frame,



• the fragmentation of bottom quarks,

• the lepton identification efficiencies.

which are not well known. A double tag method permits to be independent of the different
points described above by measuring Tb and the b tagging efficiency on the data. High Px lep-
tons are sought in each hemisphere to sign the quark flavour. Events in which all the tagged
leptons belong to the same hemisphere give the single tagged sample whereas in the double
tagged sample each hemisphere contains at least one high Px lepton. Then simply by counting
the numbers Nst and Njt of single tagged and double tagged events, the value of I6^ can be
derived. These two numbers are related by the following relations :

f JVJt = 2P6(I - CPb)Nbl + Nl
a\

9ht (1)
1 Ndt = CPb

2NbB + N1J?" (2)
Where:

Ntb is the number of Z —> bb produced events in the hadronic sample.
Pb is the probability to tag one hemisphere of a bb event and includes all the unknown aspects
of the 6-physic.
C is a correction factor. C = P^l Pb where P6J is the probability to tag the two hemispheres
in a bb event. This factor takes into account for possible correlations between the tagging
efficiencies of the b and B hemispheres, and is mainly due to geometrical effects.

NlJfht and Njfht are the number of single and double udsc tagged events respectively.

Pb and iVjg are the two unknowns which are measured whereas the tagging probabilities of
light quarks, C, N3'f * and NJf * are estimated from Monte Carlo and hence are subject to
systematic errors coming from :

• the branching ratios Br(c —» ZfX) ,

• the lepton energy spectrum in c-hadron rest frame,

• the fragmentation of charm quarks,

• detector efficiencies.

The kinematical cuts used on leptons permit to have a small contribution of the light quarks
and so to reduce the influence of the Monte Carlo inputs. For example, in ALEPH, a bb purity
of 87 % in the single tag sample can be achieved for Pj. > 1.25 GeVjc, and for which the
bb purity of the double tagged sample is almost 100 %.

ALEPH [20] and OPAL have used this method :
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This method is limited by the double tagged sample statistics and the dominant systematic
error comes from the charm contribution. With more statistics, this error can be reduced by
increasing the Px cut. Also an improvement of the knowledge of the charm parameters are
expected with higher statistics. There is good chance for future improvement. A preliminary
study [28] adding the ^-lifetime information to reject the light background, showed that the
systematic error can be reduced by about a factor four.



3.3.2 Lepton -f- 6 Discriminator Tag

A tag on a ^-discriminator and a high P± lepton tag can be applied to each hemisphere to
recognize 66 events, resulting in a set of equations which are solved to obtain the tagging
efficiencies for 6 and light quarks directly from the data together with the measurement of
R(b). This method allows to improve the statistic, and to decrease the systematics mainly due
to the charm by measuring the light efficiencies also. Events can be tagged in the following
classes if we add the two others define previously :

1. only one hemisphere is signed with a high Px lepton tag

2. both hemispheres are signed with a high P± lepton tag

3. only one hemisphere is signed with a 6-discriminator tag

4. both hemispheres are required to be signed with a 6-discriminator tag

5. one hemisphere is signed with a high P i lepton tag and the other with a 6-discriminator
tag

Prom these samples we can define the following system of equations :

f Nat/2Nhad
{ N«/Nhad
I Nl?/Nlep =

C"t<ft' a r e correction factors which take into account possible correlations between the two
hemispheres due to kinematical constraints (conservation of momentum for instance), gluon
bremsstralhung by the primary quarks, identification of a high Px lepton in the opposit hemi-
sphere, and k"fd

c
t'

b that the hemisphere tagging efficiency is higher for charm events than for
uds events.

4 is the hemisphere 6-purity in the high P± lepton sample and is determined from the data.

R(b) and the cut efficiencies % and eudac for 66 and light quark events are extracted from the
data by solving this system provided 4 is determined.

This methods has been used by ALEPH [23] and OPAL. As a 6-discriminator ALEPH uses
an event shape tagger whereas OPAL uses a lifetime tagger.

In the ALEPH analysis two event shape discriminators have been used. One based on a
likelihood function and built with two variables and one based on a neural network (similar to
the one used section 3.2) which allow to have higher 6 efficiency and 6 purity. The observables
are computed for each hemisphere and have been chosen to reduce the correlations between
the two hemispheres since the correlations cannot be determined from the data and come from
the Monte Carlo simulation. So this neural network is in fact a compromise between the best
possible discrimination power between 66 and non 66 events and small correlations between the
two hemispheres. High Px lepton tags are used to measure the efficiency of the 6-discriminator.
17 000 leptons with P > 3 GeV/c and Px > 1.25 GeVjc sign one hemisphere. Knowledge
of the hemisphere 6-purity 4 m the lepton sample is vital for the double tag method and is
determined from a global analysis of single and dilepton hadronic events ( see section 3.4).

From a sample of 440 000 hadronic Z decays collected in 1990 and 1991 ALEPH measures :

= R(b)eb

= R(b)el(l + Cb
dt)

= J?(6)4e&(l + Cb
at)

+
+
+

(1 - R(b))eudac

(l-R(b))eldtc(l + Cf + kf
(1 - 4-R(6))eurf«(l + Cf + k^f

(3)
) (4)
- ) (5)



R(b) = 0.228 ± 0.005 ± 0.005

A 3 % measurement is achieved. The main systematic errors arise from the uncertainties in
the b purity 4 of the high Px lepton tag and in the correction factors C"t ^t' •

OPAL has used as b-discriminator a lifetime tag. The average lifetime of B hadrons has been
measured at LEP from the impact parameter distribution. The impact parameter allows to
discriminate tracks emerging from b flavoured hadron decays. The absolute value of the impact
parameter do is denned as the distance of closest approach between the track flight path and
the primary event vertex position.

The impact parameter is attributed a sign to further discriminate tracks originating from
6-hadron. The 6-hadron direction is estimated by the direction of the decay product. The sign
of the impact parameter is positive if the track crosses the parent jet axis downstream of the
primary vertex position, otherwise it is negative. In a typical 6-flavoured hadron decay, tracks
originating from the b vertex will be assigned a positive do. The effective separation of a track
from the primary vertex can be better determined when the signed impact parameter of a track
is normalized to its resolution <r{do). Therefore the variable significance, S, is denned as the
ratio :

doS =
<r(d0)

• 1991 OPAL dota

I uds Events

c Events

D b Events

Preliminary

4 5 6 7 8 9
Forward Multiplicity, S^2.

Figure 3: Forward multiplicity distribution for a significance cut S > 2.5. The points represent
the OPAL data. The histogram represents the Monte Carlo where the contributions from the
different flavours are shown. The same data are presented in a linear and logarithmic scale.

The topology of 6-flavoured hadron decays is expected to often include several charged tracks
with large positive significance. This can be exploited to identify 6-flavoured hadron decays and
isolate an enriched sample of Z —> 66 events. The probability for the presence of a 6-flavoured
hadron decay vertex from the primary vertex can be parametrised by the forward multiplicity
[29], which simply is the number M of tracks with significance above a given threshold. To apply
this double tag method, the forward multiplicity is calculated for each hemisphere separately.



The presence of a 6-flavoured hadron in an hemisphere is denned by the forward multiplicity
tag. The forward multiplicity distribution is shown Figure 3.

In this preliminary analysis OPAL as a lepton tag uses only electrons with P > 4 GeV'jc
and Px > 0.8 GeV/c which corresponds to a sample of 3 500 electrons. Using the electron tag
and the forward multiplicity tag OPAL measures the observables corresponding to equations
(1), (3), (4) and (5). Here the equation (1) is used to determine in the same analysis the lepton
purity. By analyzing 370 000 Z collected in 1990 and 1991 OPAL measures :

R(b) = 0.228 ± 0.013 ± 0.010

The main systematic effects come from a dependence upon forward multiplicity cuts and
from uncertainties in the different tagging efficiencies for uds quarks and c quarks.

These double tag methods can constitute an improvement to the measurement of Fj, by
reducing sensitivity of the measurement to a number of unknown quantities such as the b quark
fragmentation process, the b quark semileptonic branching ratio, modelling of the semileptonic
decays, ^-flavoured hadron lifetimes, and also to reduce the sensitivity to modelling by Monte
Carlo simulations and are less sensitive to charm physics.

3.3.3 Double Lifetime Tagging

ALEPH has a new preliminary analysis using lifetime as 6-discrimmator tag. This lifetime tag
exploits the signed impact parameter (in 3 dimensions) and the significance previously defined.
No explicit cuts on the charged multiplicity are done, but instead a combined probability for all
tracks to have come from the primary vertex is computed. The operated tag gives an efficiency
of finding the 6 hadron in the hemisphere of 26.7 %, with an associated purity of 96.6 %. 80%
of the remaining background comes from Z —• ce . Observables corresponding to equations (3)
and (4) defined in the previous section are constructed, and using 650 000 Z collected in 1992,
ALEPH obtains :

R{b) = 0.218 ± 0.002 ± 0.004

A 2% measurement is achieved. The principal systematics come from detector simulation and
from the background subtraction of Z —> cc decays. Monte Carlo has been used to make
corrections both for the charm contamination and for small (few %) correlations between the
two hemispheres tagging.

3.4 Global Lepton Analysis

Till now, we have seen that precision measurement of Tb with leptons are limited, either by
the precision on Br(6 —* I) , either by knowledge on charm physics, or by statistic if only high
Px leptons and dileptons are used to reduce the previous uncertainties. Yet, lepton and dilepton
samples contain a lot of informations which can be used simultaneously to improve the heavy
flavour physics knowledge, from a joint analysis of single lepton and double lepton data.

ALEPH [20] has combined the informations contained in the events with at least two leptons
with the single lepton sample to measure not only Ff, but simultaneously :

• Parameters of the electroweak Standard Model: Ab, Ac, Tb, T0,

• BB Mixing Xi



• Semileptonic Branching ratios Br(fc —> I) , Br(fc —» c —> I) ,

• b and c fragmentation.

From events containing at least two leptons, all the possible combinations of two leptons
aie built, and same side dileptons and opposite side dileptons are denned according to
the angle between the direction of two leptons. If larger than 90°, dileptons are called opposite
side dileptons and same side dileptons otherwise.

In this global analysis, each quantity is extracted from a well identified source and the
simultaneous fit allows to assemble the informations and to propagate correctly the errors. The
principles of the analysis can be described in a very schematic way as follows:

• The Single Lepton Sample provides a measurement of Br(6 —> Z) Tb and < Xb > (< Xb > is
the average fraction of the beam energy carried by 6-hadrons); this is due to the dominant
contribution of direct semileptonic b decays in the high-Pj. region. The low P± region
measures Br(c —> I)Tc and < xc >. The Ap8 and Ap8 asymmetries for bb and cc are
measured by looking at the forward and backward production of leptons.

• The Opposite Side Dilepton Sample provides a measurement of Bi(b —> /) 2 Tb which com-
bined with the single lepton sample allows to measured simultaneously Ft, and Br(i —> Z) ,
with the largest systematic error residing in Br(6 —» I) rather than in Tb. This is because
the ratio of double to single lepton events observed at high Px effectively measures an
efficiency for detecting a B decay in the analysis and this efficiency value includes the
branching ratio for semileptonic B decay, model dependences, and experimental ineffi-
ciencies.
The BB mixing parameter x is obtained from the splitting of this sample into same charge
and opposite charge lepton pairs.

• The Same Side Dileptons production is dominated by a double cascade where both the b
and c quark decay semileptonically. This provides a clean measurement of BR(b —> c —•
l)BR{b —¥ I)Tb- With the single lepton sample, this gives BR(b —» c -» I) from a very
pure b sample.

In practice, the ALEPH analysis characterizes single lepton events by a point in the (P ,Px ,
—Q cosQthruBt) space and double lepton events by a point in a (P®, P x „,,„) plane, where P® =
P L IP||2 + -PL 2-̂ Ji and Px min = Min(P± i,Px 2)- The various physical quantities of interest
that are extracted from the same 2-dimensional distribution of leptons are of course correlated,
and such a joint fit allows the correlations to be computed quite simply.

The lepton identification performances are directly measured on the data. The redundancies
of the tracking chamber and electromagnetic calorimeter informations allow to determine the
efficiency of the electron identification and the purity of the electron sample selected, whereas
muon chambers and hadronic calorimeter informations, combined with pure samples of muons
or pure samples of hadrons selected from r and K0 decays allow to check the muon identification.
The shape of the lepton spectrum in the B rest frame is obtained by weighting the generated
events by the best parameterization found by CLEO and ARGUS [16] to fit their data with the
ACCMM [14] and ISGW [15] models. Similarly, for the c -* I components, the shape is given
by DELCO data [17] and the charm semileptonic branching ratio is fixed to its world average
Br(c —* I) = (9.8 ± 0.5)% [30]. Systematic uncertainties in modelling the different spectra are
then covered.



The systematic errors quoted in table 2 account for ±3% uncertainties in the muon and
electron identification efficiencies, a ±5% in the converted photon background, a ±10% uncer-
tainty in the level of misidentified hadron background in the electron sample, a ±10% uncer-
tainty in the muon background from 7r and K decays, ±20% uncertainty in the level of hadron
punchthrough background in the selected muon sample, and a ±4% uncertainty in the charge
asymmetry of the hadronic backgrounds. The forward backward asymmetry of the backgrounds
was measured and varied by ±ltr. ALEPH also account for ± 5% uncertainty in Br(c —» /) ,
a ±50% uncertainties in the transition b —* W —* c and b —» u, ± 15% in 6 —> J/tp and they
take the value measured by ALEPH for BR{b -> T) = (4.1 ± 0.8)% [31] and its correspond-
ing uncertainty. To estimate the influence of the model used to describe the fragmentation
process the Peterson et al. model has been replaced by the Kartvelishvili et al. parameteriza-
tion [32] which predicts a quite different shape of the z distribution. The influence is shown to
be negligible for most of the results, except Fc which undergoes a relative decrease of about 3 %.

Parameter

R(b)(%)
R(c)(%)

<xb>
<xc>

BR(b -> /) (%)
BR{b -*c-> l)(%)

x(%)
Ac(%)

ATi%)

e+/x '90+'9I

21.9
16.5

0.714
0.485

11.4
8.2

11.4

9.9

8.7

Statistical
Uncertainty

0.62
0.54

0.004
0.008

0.33
0.25

1.40

2.04

1.40

Systematic
Uncertainty

0.42
1.87

0.005
0.006

0.37
1.00

0.68

1.63

0.16

Modelling
Uncertainty

0.23
0.25

0.010
0.001

0.20
0.60
0.44 j

0.74

0.13

Table 2: Final results of the ALEPH global lepton analysis

From 430 000 Z collected during 1990 and 1991, ALEPH identified 64 000 leptons (e,fi)
with P > 3 GeVIc and 6 700 dileptons (ee,fifi,efi) and this allows to measure :

R(b) = 0.219 ± 0.006 ± 0.005

All the measured quantities are given in table 2. The distributions of kinematical variables for
the three samples of events are shown in figure 4 a, b, c.

The asymmetries are given at the "peak" energy only and ApB is directly corrected in the
fit by the observed % mixing value. It was observed that x is influenced by b decay modelling.
This is due to the fact that x is sensitive to the ratio Br(6 —> I) / Br(6 —» c —> I) which is more
dependent on the decay models than the separated values. To reduce this sensitiveness x is
measured only when both leptons from the pair have a minimum Pj. cut (1 GeV/c) which gives
the smallest total error on %• ApB is essentially not affected and the corresponding extracted
value of sin20%f = 0.2340 ± 0.0023. A 1% measurement is achieved.

All these results are given by averaging the results obtained using the ACCMM and ISGW**
models and the correspondent uncertainty is quoted in the last column of the table 2. A 3.5 %
measurement on R(b) is achieved (2.8 % (stat.) ® 2.2 % (syst.)). The main systematic comes
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from the muon background knowledge which can be improve in the future. The uncertainty due
to the decay modelling on this Fb measurement with leptons is small (1.2%), Br(b —> 7) also is
slightly dependent, the major observed effect being on the fragmentation which becomes harder
to compensate the softer 6 —» I lepton energy spectrum.

4 Conclusion

The measurements of R{b), obtained with data collected in 1990 and 1991 by the four LEP
collaborations, are summarized figure 5 and table 3. Taking into account the correlations in
the errors [33] these measurements are combined to yield the LEP average value :

R(b) = 0.222 ± 0.005

which corresponds to a relative error of 2.2 %. Using the LEP average [34] T(Z —* hadrons)
= 1739.7 ± 6.3 MeV, T(Z -» bb) = 386.2 ± 8.8 MeV is obtained. The errors include both
statistical and systematic errors.

LEP Collab.
R(b)

ALEPH
22.4 ± 0.6

DELPHI
21.4 ± 1.3

L3
21.8 ± 1.2

OPAL
22.1 ± 1.2

Table 3: R(b) average, in per cent, for each LEP collaboration. The values used in this average
are labelled figure 5. The errors include both statistical and systematic errors.

If we include the preliminary ALEPH measurement obtained with data collected in 1992,
the ALEPH average measurement becomes R(b) = 0.220 ± 0.0035 and the LEP average value :

R(b) = 0.220 ± 0.0033

which corresponds to T(Z -* bb) = 382.7 ± 5.9 MeV. A 1.5 % measurement is achieved.

Plainly the R(b) measurement is getting a precise measurement.

A statistical uncertainty lower than 1 % could be easily obtained but the control of the
systematic uncertainties at the same level is more difficult. However, even if one method alone
is not able to provide a precise measurement of R(b) at a level lower than 1 %, different and
complementary methods have ben developed, new methods can also be used, and moreover
each method has different systematics, and by averaging results provided by various methods
and coming from all the four LEP experiments, a global error lower than 1 %, allowing to set
constraints on the Standard Model could be achieved before the end of 1994.
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* value used in the average D preliminary result

Single Lepton data 1990 + 91 e -f
OPAL
22.0 ± 0.2 ± 1.2 *

L3
21.8 ± 0.4 ± 1.2 *

ALEPH (single+dilepton hight P1)
23.3 ± 1.0 ± 0.9

DELPHI (single+dilepton )
19.6 ± 1.2 ± 1 . 3 * D ~

Event shape
ALEPH (Neur. Net.)
21.4 ± 0.3 ± 1.2

DELPHI (Neur. Net.)
23.2 ± 0.5 ± 1.7 *

DELPHI (Boost. Sph.)
21.9 ± 1.4 ± 1.9 *

Double Tag method
ALEPH (single+dilepton hight P1)
22.7 ± 0.9 ± 0.8

OPAL (single+dilepton hight P1)
22.3 ± 1.2 ± 1 . 1 * D

ALEPH (hight P, lepton + eventshape)
22.8 ± 0.5 ± 0.4 *

OPAL (hight P, lepton + lifetime)
21.8 ± 1.3 ± 1.0 D

Global Lepton analysis
ALEPH (Single+Dilepton)
21.9 ±0.6 ±0.5 *

Average

22.2 ± 0.5
I ' l l ! I I I I I I [ I I I I I I

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25

R(b)

Figure 5: Summary of the R(b) values for each method and collaboration. The narrow error
bars give the total error, and the thickers one the statistical error.
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