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ABSTRACT

We have measured the ratio of the strong coupling constants a, for bottom quarks and
light quarks at the Z° resonance, in order to test the flavour independence of the strong
interaction. The coupling strength o, has been determined from the fraction of events
with three jets, measured for a sample of all hadronic events, and for inclusive muon and
electron events. The b purity is evaluated to be 22% for the first data set and 87% for
the inclusive lepton sample. We find a,(b)/as(udsc) = 1.00 = 0.05(stat.) £ 0.06(syst.).
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Introduction

| Quantum Chromodynamics, the theory of strong interactions, predicts the coupling
constant a, to be independent of the quark flavour.

For the light quark species, up, down and strange, this prediction is supported by the
approximate isospin and SU(3) flavour symmetries. The relative coupling strengths for
charm and bottom quarks have been measured in ete~ annihilation at center of mass
energies around 30 GeV [1,2], confirming the flavour independence of a, within large un-
certainties. Also the comparison of a, values measured in charmonium and bottomonium
decays [3] with those obtained for other processes involving only u,d and s quarks supports
the flavour independence of the strong interaction. However, since these comparisons in-
volve different energy scales and different systematic errors, the accuracy of such tests
is limited. The flavour composition in hadronic events produced in ete™ collisions at
the Z° pole is different from that at lower center of mass energies. By comparing the
corresponding 3-jet fractions one finds that the strong coupling constants for quarks with
different electric charge (u,c and d,s,b) agree within 10% [4]. Here we present a precise
measurement of the relative coupling strength for bottom quarks at the Z° resonance
using the L3 detector at LEP.

The measured fraction of b events in hadronic decays of the Z° boson is in agreement
with the Standard Model prediction of 22% [5,6]. Bottom quarks can be tagged via their
semileptonic decays b — I + X: because of the large mass of the b quark, the leptons
have large momentum p and large transverse momentum p, with respect to the nearest
jet. By selecting hadronic events containing electrons and muons with large values of p
and p, we obtain a sample of events with a high b purity.

As the 3-jet rate (03_jet/0tot) is a measure of a,, the comparison of the 3-jet fractions
for event samples with different flavour composition provides a test of flavour indepen-
dence. In this letter we determine the ratio of the 3-jet fraction for inclusive lepton
events and of the 3-jet fraction for a sample of all hadronic events. In this double ratio,
which is sensitive to the ratio of the coupling constants a,(b)/a,(udsc), most systematic
uncertainties cancel.

The analysis is based on the events collected in 1990 (~ 5.5 pb~?! of integrated lumi-
nosity) at center of mass energies in the range 88.2 < /s < 94.2 GeV.

The L3 Detector

The L3 detector covers 99% of 4. The detector includes a central vertex chamber,
a precise electromagnetic calorimeter composed of BGO crystals, a ring of scintillation
counters, a uranium and brass hadron calorimeter with proportional wire chamber read-
out, and a high accuracy muon chamber system. These detectors are installed in a magnet
with an inner diameter of 12 m, which provides a uniform field of 0.5 T along the beam
direction.

The central tracking chamber is a time expansion chamber consisting of two cylindrical
layers of 12 and 24 sectors, with 62 wires measuring the R-¢ coordinate. The single wire
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resolution is 58 pm averaged over the entire cell. The double track resolution is 640 pm.
The fine segmentation of the electromagnetic detector and the hadron calorimeter allows
us to measure the axis of jets with an angular resolution of about 2.5°, and to measure
the total energy of hadronic events from Z° decay with a resolution of 10% [7]. The muon
detector consists of three layers of precise drift chambers. A detailed description of each
detector subsystem, and its performance, is given in reference [8].

For the present analysis, we use the data collected in the following ranges of polar
angles:

- for the central chamber, 41° < 6 < 139°,
- for the electromagnetic calorimeter, 42° < 6 < 138°,
- for the hadron calorimeter, 5° < 6 < 175°,

- for the muon chambers, 36° < 6 < 144°.

Event Selection

The primary trigger for hadronic events requires a total energy above 15 GeV in the
calorimeters, while the trigger for muons requires the signal of one of the 16 scintilla-
tion counter ¢ sectors to be in coincidence with a track in the muon chambers. The
two triggers are in a logical OR with a charged track trigger and a scintillation counter
multiplicity trigger. The combined trigger efficiency exceeds 99.9% for hadronic events,
with or without leptons.

The selection of ete~™ — hadrons events is based on the energy measured in the
electromagnetic and hadronic calorimeters:

0.6 < Eyis/\/3 < 1.4,
I E” | /Evi, < 0.40, E_L/Evi, < 0.50,
chuster > 12-

E.is is the total energy observed in the detector, Ej and E, are the parallel and transverse
energy imbalances with respect to the beam direction. Njyster is the number of clusters,
groups of neighbouring hits in the calorimeters with an energy exceeding 100 MeV. The
algorithm normally reconstructs one cluster for each particle produced near the interaction
point. The cut on the number of clusters rejects low multiplicity events (ete™, ptpu~,
7777). Applying the same cuts to simulated events, we estimate the acceptance to be

97%.

Events of the type Z° — bb are selected identifying the muons or electrons coming
from the semileptonic decay of the b quark.

Muons are identified and measured in the muon chamber system. A muon track must
consist of track segments in at least two of the three layers of the muon spectrometer. To
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reject the punch-through background, we require that the reconstructed track points to
the interaction region.

Electrons are identified using the BGO, the central tracking chamber and the hadron
calorimeter. We require the lateral shower shape of the cluster in the BGO to be consistent
with that of an electromagnetic shower. The energy in the hadron calorimeter behind this
cluster must be small, and the centroid of the cluster must be matched to a track in the
vertex chamber. The selection for both inclusive muon and electron events is described
in detail in reference [5].

Leptons coming from b semi-leptonic decays have a large momentum and a large
transverse momentum with respect to the b quark direction. Therefore we require the
muons and electrons to have a momentum greater than 4 GeV and 3 GeV respectively,
and a transverse momentum with respect to the axis of the nearest jet greater than 1.5
GeV for muons and 1 GeV for electrons. For this selection jets are reconstructed using the
algorithm described in reference [7]: the measured momentum of the lepton is excluded in
the calculation of the jet direction. From 110,000 hadronic events we select approximately
1800 muon and 1100 electron events.

Monte Carlo distributions were generated by the program JETSET 7.2 [9] with parton
shower and string fragmentation. For the heavy quarks we use the Peterson fragmentation
function [10] with parameters adjusted to match our measured inclusive muon data [5].
The generated events were passed through the L3 detector simulation [11] which includes
the effects of energy loss, multiple scattering, interactions and decays in the detector
materials and beam pipe. From Monte Carlo studies we estimate the b purity to be 86%
for the muon sample and 88% for the electron sample. The error on these numbers is
estimated to be +5% [5].

Determination of the 3-Jet Rate

In order to determine the number of jets in the selected samples of hadronic and
inclusive lepton events, we use the ‘JADE’ algorithm [12]. For each pair of ‘particles’
(calorimetric clusters and muons) i and j we calculate the scaled invariant mass squared
Yi; = 2E;E;/E%,-(1—cos §;;), where E; and E; are the particle energies and 6,; is the angle
between particles ¢ and j. The pair for which y;; is smallest is replaced by a pseudoparticle
k with four-momentum p, = p; + p;. This procedure is repeated until all y;; exceed the
jet resolution parameter ycy;. The remaining pseudoparticles are called jets.

We determine the 3-jet rate
f3 = N3—jct/Ntot

(where N is the number of events) at nine equidistant values of yey: ranging from 0.02 to
0.10, for the total hadronic sample

f3(ha.d) = Ns_jet(had)/Ngot(had)
and for the inclusive muon and electron samples separately

J3(1) = Ns_je(incl. muons)/Niq(incl. muons),



f3(€) = Ns_jet(incl. electrons)/N;q(incl. electrons) .

From these quantities we compute the ratios f3(1)/fs(had) and fs(e)/fs(had) for each
value of ycy;.

In order to correct the two ratios we use the Monte Carlo JETSET 7.2. The corrected
ratios are obtained by multiplying with a y.,. dependent factor

C=0C4q-Cy-Cs.

The factors Cy take into account the detector effects and are evaluated from the parton
shower Monte Carlo before and after including detector resolution and acceptance: they
range from 0.90 to 1. The factors C, are due to fragmentation effects and are given by
the ratio of fs(e, )/ fs(had) before and after hadronization: this gives a correction of
typically 3%. The numbers Cp have been evaluated using the first order QCD matrix
element, including mass effects, assuming a b quark mass of 5 GeV [13]: the correction is

around +2%.

The systematic uncertainty in the correction factor C4 has been evaluated by changing
the energy response in different components of the calorimeter up to 10% in the Monte
Carlo simulation. We find a systematic uncertainty of 3%.

To study the systematic uncertainty in the hadronization correction, we vary the ¢,
parameter of the Peterson fragmentation function of the b quark, and the fragmentation
parameters o, and b, in a range compatible with our measured inclusive lepton spectra
and event shape distributions [5,14]. We find a systematic uncertainty of 2% due to
hadronization.

Yeut f3(;l,)/f3(ha.d) f3(e)/f3(had)

0.02 |{ 0.94 £+ 0.03 + 0.05 | 0.94 + 0.04 + 0.05
0.03 || 0.98 +0.04 + 0.05 | 0.99 & 0.05 + 0.06
0.04 || 0.99 +0.04 £ 0.05 | 1.00 £ 0.05 + 0.06
0.05 || 0.99 +0.04 £ 0.05 | 1.02 + 0.06 + 0.07
0.06 || 1.00 & 0.05 + 0.06 | 1.02 + 0.07 + 0.07
0.07 || 0.97 +0.05 4 0.06 | 1.03 &+ 0.07 + 0.08
0.08 || 0.95 4 0.06 4 0.06 | 1.02 & 0.08 + 0.08
0.09 (| 0.92 +0.06 + 0.07 | 1.02 + 0.09 + 0.09
0.10 || 1.00 = 0.07 4+ 0.07 | 1.04 + 0.09 + 0.09

Table 1: Measured 3-jet rates for the inclusive muon and the inclusive electron samples
for the nine different values of yeue. The ratios have been corrected for detector acceptance
and resolution, for hadronization and bottom mass effect. The first error is statistical, the
second is systematic.

Table 1 shows the ratios fs(u)/fs(had) and fs(e)/fs(had) with the statistical and
systematic errors, for the values of y., considered. The systematic error also includes
the Monte Carlo statistical error, which ranges from 2% to 5%. There is good agreement



between p and e data, and the results are independent of the jet resolution parameter

Yeut-

Results and Conclusions

The two ratios for muons and electrons are finally combined in order to calculate the
ratio between the 3-jet fraction for bottom events and for all other flavours. Assuming
that there is no difference in the strong interaction for the quarks u, d, s and c, we can

write
(1 _ pe+u) . f;dsc + pe+# . f;
(1 — phed) . fpdse 4 phed - f2
where p*t* is the combined b purity for the two samples of inclusive lepton events (87+5%)
and p"* is the percentage of b in hadronic events (22 £ 0.5%).

fa(e + )/ fs(had) =

In first order QCD, the three jet rate is proportional to a,:

f3 = A(ycut) * Q.

The function A(ycu:) has been calculated in reference [15]. From the ratio f3(b)/fs(udsc)
we can then determine the relative coupling strength for b and the other quarks: figure 1
shows the ratio as(b)/as(udsc) as a function of yeys.

Taking into account second order corrections to the relation between the 3-jet rate
and a, [15], we find that the result changes by less than 1%. For these corrections we
used a value for a,(Mz) = 0.115 as determined from our previous analysis [16], and we
fix the renormalization scale p? to ycy: - 8.

For a value of y., = 0.05, for which the 4-jet rate is small and the 3-jet fraction is
large (29%) , we measure f3(e+ p)/f3(had) = 1.00 £ 0.03(stat.) + 0.04(syst.), from which
we obtain

as(b)/as(udsc) = 1.00 + 0.05 (stat.) & 0.06 (syst.)

where the systematic error includes also the small contributions from the errors on the
p°t# and pP®d fractions. This result is consistent with the flavour independence predicted
by QCD. The precision is significantly better than that previously achieved [2].
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Figure 1

Measured a,(b)/as(udsc) ratios, for the inclusive lepton sample (muons and electrons),
as a function of the jet resolution parameter yy. The error includes the statistical and
the systematic contributions. :
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