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Abstract 

An inclusive measurement of the average multiplicity of b& pairs from gluons, g,,b, in hadronic 2’ events collected by 
the DELPHI experiment at LEP, is presented. A counting technique, based on jet b-tagging in 4-jet events, has been used. 
Looking for secondary bottom production in events with production of any primary flavour, by requiring two b-tagged jets 
in well defined topological configurations, gave g,g = (0.21 f 0.11 (stat) ZIZ O.O9(syst))%. This result was checked with a 
different method designed to select events with four b quarks in the final state. Agreement within the errors was found.@ 
1997 Elsevier Science B.V. 

1. Introduction 

1 On leave of absence from IHEP Serpukhov. 
* CICYT-AEN96-168 1. 

The main contribution to the “gluon splitting” 

mechanism responsible for the secondary production 
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Fig. 1. Lowest order contribution to the secondary production of 

bottom quark pairs (the symmetric graph with gluon radiation 

from the 4 line is implied). 

of bottom quarks in e+e- annihilation, g + b6, is 
sketched in Fig. 1. At lowest order, it consists of gluon 
radiation from a quark leg, followed by the gluon 
splitting into a b6 pair. Interference with diagrams 
where a primary b6 pair emits a gluon which splits 
into a q4 quark pair is, to first order, non-zero only 
when q4 = b6 (four-b events), and is small enough 
to be neglected [ I]. The probability for secondary 
production of a bottom quark pair from a gluon per 
hadronic 2’ decay, 

N( Z” + qrfs, g --j b6) 

gbg = N( Z” --f hadrons) 
(1) 

is expected to be very small, since the gluon must have 
sufficient energy to produce the bottom quark pair. 
The probability is an infrared finite quantity, because 
the quark mass provides a natural cutoff, so it can 
be safely computed in the framework of perturbative 
QCD [ l-31, However, large logarithmic terms, arising 
from the difference of the jet energy scale compared 
with the quark mass, can spoil the convergence of the 
perturbative expansion. 

Knowledge of the probability of secondary produc- 
tion of bg pairs, gbg, is extremely important for the 
precision measurement of some electroweak quanti- 
ties: for example, the uncertainty coming from gbb is 
at present the biggest source of systematic error in the 
measurement of Rb = rb~/rhod [4]. 

Recent theoretical calculations [ 1 ] , performed at 
leading order in CYS with resummation of large lead- 
ing and next-to-leading terms to all orders, predict the 
multiplicity of gluons splitting to b6 pairs to be gt& = 

0.177%, and that to cc pairs g$ = 1.349%. The JET- 
SET Parton Shower (JETSET PS) Monte Carlo model 
[ 51, which provides a description of parton cascades 
accurate to leading logarithmic order and in agreement 

with the first order results for hard gluon production, 
predicts gbhps = 0.16% and gcrps = 1.7%. 

OPAL [6,7] have recently measured gcE to be 
(2.27 & 0.28 f 0.41) % [ 61 and observed the produc- 
tion of Y mesons in Z” decay [ 81, which could also 
receive a contribution from the g -+ b6 mechanism. 

In this analysis, about 1.4x lo6 hadronic Z” events 
collected by the DELPHI detector at LEP in 1994 have 
been used to measure the magnitude of the g -+ b6 ef- 
fect. A b-tagging algorithm, based on lifetime infor- 
mation coming mainly from the vertex detector [ 91, 
was applied to jets in events showing a 4-jet topol- 
ogy. The presence of two identified b-jets in well 
defined topological configurations was required, in 
order to isolate Z” --+ qqg decays with subsequent 
g -+ b6 splitting. A second method was then devel- 

oped, intended as a systematic check of the first one, 
in which the presence of at least 3 b-tagged jets was 
required, thus looking for g ---) bi; events with primary 

b6 ffavour production and four b quarks in the final 
state. 

2. The DELPHI detector and the hadronic event 
sample 

The DELPHI detector and its performance have 
been described in detail elsewhere [ IO,1 11. Only the 
details most relevant to this analysis are mentioned 

here. 
In the barrel region, the charged particle tracks are 

measured by a set of cylindrical tracking detectors 
whose axes are parallel to the 1.2 T solenoidal mag- 
netic field and to the beam direction. The time projec- 
tion chamber (TPC) is a cylinder with a length of 3 
m, an inner radius of 30 cm and an outer radius of 122 
cm. Between polar angles 0 = 39” and 6 = 141’ with 
respect to the beam direction, tracks are reconstructed 
using up to 16 space points. Additional precise R@ 

measurements, in the plane perpendicular to the mag- 
netic field, are provided at larger and smaller radii by 
the Outer and Inner detectors respectively. The Outer 
Detector (OD) has five layers of drift cells at radii be- 
tween 198 and 206 cm and covers polar angles from 
42” to 138”. The Inner Detector (ID) is a cylindri- 
cal drift chamber having an inner radius of 12 cm and 
outer radius of 28 cm. When the data used in this anal- 
ysis were taken, it covered polar angles between 29” 
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to 151” and contained a jet chamber section provid- 
ing 24 R@ coordinates surrounded by five layers of 
proportional chambers providing both RQ, and longi- 
tudinal z coordinates. 

The vertex detector (VD) is located between the 
LEP beam pipe and the ID. It consists of three con- 
centric layers of silicon microstrip detectors placed at 
radii of 6.3, 9 and 11 cm from the interaction region. 

For all layers, the microstrip detectors provide hits in 
the RQ-plane with a measured resolution including 
alignment errors of about 8 pm. For the data taken in 
1994, z information was also available from the inner 
and the outer layer, due to an upgrade of the VD. 

Only the data collected during 1994 were used for 
this analysis because the upgrade of the VD allowed 
the extension of the b-tagging algorithm to 3 dimen- 
sions, with a significant improvement in efficiency and 
purity with respect to the 2-dimensional case. 

Hadronic decays of the Z” were selected by requir- 
ing the presence of 7 or more charged particle tracks 
satisfying the following requirements: 
- measured momentum, p, greater than 0.2 GeV/c; 
- polar angle in the range 20” < 8 < 160”; 
- Sp/p < 1 where Sp is the error on p; 
- track length greater than 30 cm; 
- impact parameter transverse to the beam < 4 cm; 
- impact parameter along the beam < 10 cm. 
Neutral particles, detected in the calorimeters sur- 
rounding the tracking chambers, were accepted if they 
had a reconstructed total energy greater than 0.5 GeV. 
These requirements selected 1.4x lo6 hadronic events. 

The JETSET PS 7.4 Monte Carlo model [5] was 
used to generate simulated events. The Lund symmet- 
ric fragmentation function [5] was used to describe 
the hadronisation of the u, d, s quarks, while the frag- 
mentation of heavy quarks, c and b, was parametrised 
by a Peterson function [ 121. 

The response of the DELPHI detector to the gener- 
ated events was simulated in full detail using the pro- 
gram DELSIM [ 111. A sample of 4.5 x IO6 simulated 
hadronic Z” -+ q4 decays was used. An additional 
sample of 8 x lo5 Z” --f bh events was used for the 
study of the background. 

A further sample of 2.7 x lo6 Z” -+ q4 events and 
two dedicated samples of 1.6 x lo6 Z” + b6 events 
and of 1.7 x lo5 g -+ b6 events were produced with 
the JETSET Matrix Element (ME) generator [ 51 and 
were used to check the model dependence of the result. 

3. Analysis method 

The major steps of the analysis were: 
- the selection of 4-jet events from the previously 

mentioned hadronic sample; 
- making a b-tagging requirement on two jets selected 

in a particular configuration, to select candidates 
originating from a g + b6 process; 

- applying additional topological selections to im- 
prove the signal/background ratio; 

- carrying out background subtraction and extracting 
the g -+ bi; signal. 
Reconstructed charged and neutral particles were 

grouped into jets. Alternative jet-finding algorithms 
were investigated, such as LUCLUS [ 131 and 
JADE [ 141, but the DURHAM algorithm [ 151 was 
preferred as it gave the best agreement between data 
and simulation in the distribution of the number of 
jets. The value of the parameter ycut was chosen by 
minimizing the final error (statistical plus system- 
atic) on gbt. This involved a compromise between 

maximising the g --+ b6 purity of the 4-jet event sam- 
ple, which increases with ycut, and maintaining the 
number of g -+ b6 4-jet events selected, which falls 
with ycut: the optimum was found to be ycnt = 0.017. 

Distributions of the number of jets in the event for 
data, for generic qq simulated events, and for sim- 

ulated events containing g -+ b6 gluon splitting are 
shown in Fig. 2. The discrepancy between data and 
simulation in the fraction of 4-jet events amounts to 

f:$Y 
- = 1.077 f 0.006. 
f:-$ 

(2) 

According to the simulation, the efficiency of se- 
lecting 4-jet events with g --+ b6 is (15.4 f 0.4)%, 
while the g + b6 content of the selected 4-jet sam- 
ple is ( 1.17 f 0.03) %. The selected 4-jet data sample 
contained 3.2 x lo4 events. 

It was not possible to perform the gbh measurement 

using the 3-jet sample due to its very low g -+ bb pu- 
rity: with the value of ycut used, the g -+ bi; content 
in 3-jet events was only 0.38%. 

Jets containing only one particle, or jets composed 
of neutral particles only, were rejected. Then the 
lifetime-signed impact parameters of charged parti- 
cles with respect to the primary vertex in the event 
were used to tag b-jets, following a method origi- 
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Fig. 2. Comparison between data and simulation for the distribution 

of the number of jets in the event. The solid line represents the 

data, the dashed line represents the simulation, and the dotted line 

represents the shape of the distribution for s -+ b6 splitting events 

in the simulation, where g -+ Ol? splitting events make up 0.16% 

of the total. 

nally developed by the ALEPH Collaboration [ 161 
and adapted to the DELPHI data [ 9,111. The impact 
parameters were considered in units of their errors, 
and a quantity l’i was defined for each reconstructed 
jet in the event as the probability for the hypothesis 
that jet j contained only charged tracks coming from 
the event primary vertex. After appropriate tuning of 
the errors [ 171, the distribution of the probability Z’i 
was essentially flat for light quark jets. Because of the 
significant lifetimes and decay multiplicities of charm 
and b hadrons, it was then peaked at low values for 
charm quark jets, and strongly peaked at low values 

for b quark jets, so b-tagging was implemented by 
selecting low values of ci. Different selections on Pi 
were used, depending on the analysis (see Sections 4 

and 5). 

4. Selection of g -+ bh events and results 

The two jets forming the smallest angle in the event 
and satisfying the multiplicity requirements (see Sec- 
tion 3) in the 4-jet event sample were considered as 
candidates for originating from the gluon splittingpro- 
cess g -+ bt. The efficiency of this choice for selecting 

Fig. 3. Ratio of the data and simulation PI and Pz probability 

distributions for the two selected jets in 4-jet events. The proba- 

bilities PI and Pz, used for b-tagging, are described in the text. 

both of the two jets originating from a g + b6 pro- 
cess was estimated from the simulation to be (54.4 f 
1.3) %, while the corresponding probability of select- 
ing only one of them was (29.2 f 1.1) %. Other se- 
lections were studied, such as choosing the two least 
energetic jets, or the two jets forming the smallest in- 
variant mass, but they resulted in lower efficiencies. 

The selected jets were labelled as jet 1 and jet 2, 
where jet 1 was more energetic than jet 2. The other 
two jets in the event were labelled as jets 3 and 4, 
where jet 3 was more energetic than jet 4. 

The partons giving rise to jets 1 and 2 in simu- 
lated 4-jet events which do not contain the process 
g --+ b6 (i.e. background events) are mainly gluons 
and light quarks: on average, 48% are gluons, 33% are 
light quarks, 9.5% are b-quarks, and 9.5% are charm 
quarks. 

The effect of b-tagging on jets 1 and 2 was there- 
fore studied. The ratio of the distributions of Pt and 
P2 probabilities between data and simulation in 4-jet 
events is shown in Fig. 3; good agreement can be ob- 
served. It was required that Pj be less than 0.003 for 
both jets separately. This selection was chosen to min- 
imise the final total error on g,i;. 

Jet tagging efficiencies and background evaluation 
were taken from simulation. They were checked by 
comparing the fraction of 4-jet events, in data and 
simulation, having at least one tagged jet or at least 
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Table 1 
Ratio of fractions of events with at least one b-tagged jet in data 

and simulation 4-jet events. 

Jet ,fDATA /fSIM 

1 1.04 f 0.03 

2 1.02 f 0.04 

3 1 .oo zk 0.03 

4 1.02 f 0.04 

two tagged jets. The comparison of the single b-tagged 
jet fractions is shown in Table 1, which shows good 
agreement within statistical uncertainties. 

Because of energy ordering, the single jet purities 

are different for jets 1 and 2: (& = (79.3 f 0.8)% 
and (&‘) = (64.2 + 0.8)%. The efficiencies also dif- 

fer. The mean jet b-tagging efficiencies and the mean 
jet b purities averaged over jets 1 and 2 in 4-jet back- 
ground events are (&) = (28.8 f 0.5)% and (@t2) = 
(74.1 f 0.6) %, where (@F2) is a weighted average us- 
ing the single jet efficiencies as weights. 

The b-tagging correlation between jet 1 and jet 2 
was defined as 

where (eff;) is the efficiency for simultaneous tagging 

of jet 1 and jet 2, and (et) and (6,“) are the single 
jet b-tagging efficiencies. According to the simulation 
cii = 0.11 f 0.02, while cii = 0.10 f 0.02 (the errors 
are statistical). 

The fractions of events with two b-tagged jets were 
then compared between data and simulation. In the 
case of jets 1 and 2, i.e. the jets used in the g,g mea- 
surement, this comparison gave 

f ?tTA L = 1.08 f 0.11. 
fS,Y 

(3) 

According to the simulation, about 18% of the selected 
events contained the gluon splitting process g -+ b6. 

The comparison of the fraction of events showing a 
b-tag on both jet 3 and jet 4 yielded 

DATA 
f 3,4 

f :,Y 
= 0.93 zt 0.09, (4) 

with 3.5% of the selected simulated events containing 
the process g -+ b6. The mean jet b purity averaged 
over jets 3 and 4 in the simulation is (93 f 1) %. The 
result in Eq. (4) is thus essentially a data-simulation 
comparison of the product 

G, x ct) x (1 + & (5) 

and was used to quote a systematic error from the b- 
tagging efficiency evaluation (see Section 5). 

Applying the b-tag to jets 1 and 2 selected 90 events 
in the data, while the normalised number in the sim- 
ulation was 16% lower (see Eq. (2) and Eq. (3)). 
Of the simulated sample, (74.1 f 2.9)% was back- 
ground, (18.3 f 2.5)% contained g -+ bb splitting, 
and (7.6 f 1.7)% contained g -+ CC? splitting. 

Events with primary b6 production constituted 
(97.0f 1.3)% of the (74.1+2.9)% that were back- 
ground, while (2.4 f 1.2) % were events with primary 
cz production and the remaining (0.6 f 0.6) % were 
light quark events. Most of the background came 
from Z” --) b6gg events, in which at least one b jet 
triggered the b-tag. Jets 1 and 2, in such events, both 
arose from primary b quarks in 50% of the cases, and 
from a primary b quark and a gluon (wrongly tagged 
as a b) in 45% of the cases. 

In the ( 18.3 f 2.5)% that were signal, (42 f 8) % 
were events with primary bi; production, (8 f 5)% 
were with primary cE production, and (50 f 8)% 
were with primary light flavour production. The Z” + 
b6 component is enhanced with respect to the other 
flavours since these events are four-b events, so jets 
1 and 2 are always b-jets, no matter how efficient the 
selection is. 

Three further selections were then used to reduce 
the background. 

Firstly, events in which jets 1 and 2 were the two 
most energetic ones were rejected. This requirement 
rejected (3&2)%ofthesignaland (17f2)%ofthe 
background, in the simulated tagged sample. 

Secondly, the rapidity 17~1 of jet 1 with respect to 
the thrust direction of the event was used to distin- 
guish between primary and secondary b production. 
Jet 1, being the more energetic of the two selected and 
tagged jets and thus having probably lost less energy in 
radiative processes, has a higher probability of being 
close to the thrust direction if it is a primary b jet from 
Z” ---) b6 decay than if it is a secondary b jet from 
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Fig. 4. Distributions of the rapidity r]~t with respect to the thrust 

direction of the more energetic of the two jets that formed the 

smallest angle in the event: (a) simulated untagged sample, (b) 
data and simulated tagged samples normalized to the data. Events 

with mr above 1.2 were rejected. 

g + b6. The rapidity VT1 is thus expected to be higher 
in Z” + 66 background events than in g + b6 signal 
events. This effect is shown in Fig. 4a: the distribu- 

tions were obtained for simulated untagged events in 
which jet 1 was known from the simulation to origi- 
nate from a secondary b quark (g -+ b6 process) or 
from a primary b quark (background). Fig. 4b repre- 
sents the distributions of the same variable obtained 
after b-tagging of jets 1 and 2 for data, simulated 
background (mostly Z” -+ b&), and simulated signal 
(g + b6). Events with 771 < 1.2 were selected. This 
selection, applied to 4-jet events satisfying the b-tag 
requirement on jets 1 and 2, kept (60f 8) % of the sig- 
nal and (32.7 + 2.7) % of the background, according 
to the simulation. The presence of signal in the data 
distribution in Fig. 4b was then checked. A maximum 
likelihood fit of the shapes of the simulated signal 
and background components to the data distribution 

showed a signal of (40 f 16) % of the data sample. 
This fit result was not used in the g,j; measurement 3, 
but was considered as a consistency check. 

Thirdly, the variable 1 cos a~+~j, where a1234 is the 
angle between the plane II12 formed by jets 1 and 2 

3 Since the 4-jet rates in data and simulation disagreed, the shape 
of the background in the simulation was considered insufficiently 

reliable to be used for this purpose. 

v) 30 
.?g _ g+bb 

3 25 ------ BACKGROUND 

Fig. 5. Distributions of 1 COS(YQ~/ in 4-jet events, where cut234 is 

the angle formed by the two planes IIt, and II34 spanned by jets 

12 and 34: (a) simulated untagged sample, (b) data and simulated 

tagged samples normalized to the data. Events with jcosq2341 
above 0.8 were rejected. 

and the plane B34 formed by jets 3 and 4, i.e. at234 G 

Bx& was used to suppress the b6gg background. 
This variable is similar to the Bengtsson-Zerwas an- 
gle [ 181, but, in the original Bengtsson-Zerwas for- 
mulation, energy ordering of the four jets was ap- 
plied to separate primary from secondary jets (i.e. 
the variable was the angle between the plane spanned 
by the two most energetic jets in the event and the 
plane spanned by the two least energetic jets in the 
event). The Bengtsson-Zerwas angle is known to dis- 
tinguish between qgqq final states, as expected in sig- 
nal g -+ bb events (qqb&), and qqgg final states, es- 
pecially in the cases in which the gluons come from 
a triple gluon vertex g --+ gg [ 181. The radiated vir- 
tual gluon in the process Z” -+ qqg is polarized in the 
plane of the three-par-ton event, and this is reflected 
in its subsequent splitting, by strongly favouring g -+ 
qq emission out of this plane compared to the g -+ 
gg process, which is favoured to happen in the event 
plane. Fig. 5a shows the distribution of 1 cos ~11234 
for simulated signal and 2’ --) b6 background events 
for the untagged 4-jet sample, while Fig. 5b shows 
the same distributions after b-tagging of jets 1 and 
2 for data, simulated background, and simulated sig- 
nal (g + b&). Events with 1 cosam41 > 0.8 were re- 
jected. This selection, applied to 4-jet events satisfying 
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the b-tag requirement on jets 1 and 2, kept (75 f 8) % 
of the simulated signal and (58.1 f 2.8) % of the sim- 
ulated background. The same fitting procedures as in 
the r]rt case were used in order to check the presence 
of signal in the data distribution, with compatible re- 
sults. 

The combined effect of these last three selections 
(referred to as “topological selections” in the follow- 
ing) was checked in data and simulation by compar- 
ing the fractions of events surviving the cuts in the 
untagged 4-jet sample (the tagged sample contained 
too high a fraction of signal events to provide a valid 
cross-check). A discrepancy 

DATA 
f 
- = 1.09 f 0.01 
fSIM (6) 

was measured. This ratio was then used to correct the 
background evaluation (see below). 

After all the selections, 22 events were left in data, 
while the normalised number in simulation was 21% 
lower. In the simulation, the background consisted 
solely of events with primary b6 production. Thus it 
could be estimated more precisely using the additional 
sample of 8 x lo5 Z” -+ b6 events. Including this 
sample, the simulated events were found to be dis- 
tributed as follows: (52.0 & 6.9) % were background 
events, (39.5 * 8.2) % were signal events containing 
g -+ b6 gluon splitting, and (8.5 f 3.8) % were events 
containing g --+ CC gluon splitting. The efficiency of 
the method in detecting simulated g --f b8 events was 
computed to be 

es-b& = (0.31 i 0.06)%, (7) 

where the error comes from the simulation statistics. 
The simulated background events were scaled to the 

data taking into account a) the 7.7% data-simulation 
discrepancy in the 4-jet rate, ELq. (2)) and b) the dis- 
crepancy found in Eq. (6). After this correction, the 
22 data events were expected to contain 10.9 f 1.4 
background events, where the error is statistical. This 
scaling correction was not applied to events containing 
gluon splitting, assuming that JETSET PS was able to 
reproduce correctly the distribution of the number of 
jets and the topological distributions for this kind of 
event. 

Using the OPAL g,e measurement together with the 
probability of a g -+ CC event being selected, taken 

from the simulation, 2.0 f 0.9 g -+ cE events were 

expected inside the data sample. The sample was thus 
estimated to contain 9.1 f 4.6 f 1.7 g + bb events, 
where the first error is the data statistical error and the 
second one comes from the simulation statistics and 
the g + CC subtraction. Then, using Eq. (7) for the 
efficiency evaluation of the g -+ bi; signal, the result 

g,5 = (0.21 f O.ll)% (8) 

was obtained, where the error comes from the data 

sample statistics. 

5. Estimation of systematic errors 

The first source of systematic uncertainty consid- 
ered was the discrepancy in 4-jet rates between data 
and simulation, see Eq. (2). It was considered that 
the assumption that the 4-jet rate for events contain- 
ing g -+ b6 splitting was well reproduced by JETSET 
PS could be wrong by the full amount of the discrep- 
ancy found in the case of the background, that is 7.7%. 
This gave a systematic contribution of f0.02% to the 

g,h measurement. 
The systematic uncertainty due to the particular 

choice of ycut in the clusterization algorithm (see Sec- 
tion 3) was studied. The measurement was entirely re- 

peated using a ycut value of 0.008, which increased the 
statistical size of the selected sample, but decreased 
its g --+ b6 purity. Using the same selections as in the 
described measurement, the result 

g,60.008 = (0.20+0.08(stat) &O.l3(syst))% 

was obtained. The statistical overlap with the ycut = 
0.017 sample was about 50% of the latter. A contri- 
bution of fO.Ol% was thus assigned to g,,J,. 

Another source of systematic uncertainty consid- 
ered was the b-tagging efficiency. This affects both 
the signal extraction and the background estimate, 
the latter being totally composed of events with pri- 
mary bi; production. In order to evaluate the impact of 
this effect on the final measurement, Eq. (4)) which 
compares b-tag performances on jets 3 and 4 (see 
Eq. (5)), was assumed to be also representative of 
the b-tag performances on jets 1 and 2. As the central 
value of the ratio in Eq. (4) is compatible with one, its 
error was used to evaluate the uncertainty with which 
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the fraction of events having both jets 1 and 2 tagged 
as b jets was known4 . This procedure also takes into 
account the jet-jet b-tag efficiency correlations (see 

Eq. (5)) which, according to the simulation, are of 
the same order for jets 1 and 2 and for jets 3 and 4 
(see cfi and c$ in Section 4). This gave a systematic 
contribution of +0.04% to the g,s measurement. 

Systematic uncertainties coming from the effect of 
cutting on distributions like the jet rapidity qrt and 
the angle between jet planes at234, and from the re- 
jection of events in which jets 1 and 2 were the most 
energetic ones, were then taken into account. It was 
assumed that the uncertainty on the background eval- 
uation coming from the discrepancy in Eq. (6) could 
be of the same order as the discrepancy itself. Further- 
more, as the correction in Eq. (6) was not applied to 

the g -+ bi; signal, it was assumed that the signal eval- 
uation could also be affected by the same uncertainty. 
This gave a systematic contribution of &0.04% to the 
gb6 measurement. 

Uncertainties coming from the models used in the 
simulation were also estimated. The measurement as- 
sumes that the JETSET PS model correctly describes 
the features of the events containing g -+ b& and the 
background events. This was checked using the sam- 
ple of 2.7 x 10” Z” 4 @ events and the special 
samples of 1.7 x I@ g --+ b6 events and 1.6 x lo6 
Z” 4 bb events, generated with the JETSET Matrix 
Element [ 51 simulation program and analysed by the 
full DELPHI off-line reconstruction chain. The Matrix 
Element model is expected to give a quite different de- 
scription of the g + bh mechanism, as it implements 
the analytical 4-parton final state cross section calcu- 
lation (second order QCD). Thus it is well suited to 
estimating a possible bias in the measurement. The 
measurement was therefore repeated using the Matrix 
Element sample (which reproduces the experimental 
4-jet rate to better than 1%) as reference. The result 

was & ME = (0.19 f 0.04) %, where the error comes 
from the ME simulation statistics. The larger of a) the 
difference between the measurements using the JET- 
SET PS and JETSET ME models, and b) its statistical 
error, was assigned as the systematic uncertainty, i.e. 
f0.04%. 

4 Eq. (3) cannot be used for this purpose because that ratio 
contains the unknown fraction of gluon splitting events, whose 

measurement is the goal of the analysis. 

Fig. 6. (a) Energy distributions of gluons splitting to b6 in the 

JETSET PS (solid line) and JETSET ME (dashed line) simula- 

tions. (b) Differential efficiency of the method as a function of 

the energy of the splitting gluon (JETSET ME). 

In order to check the validity of this assumption in 
more detail, the uncertainty coming from the differ- 
ence between the various simulation models in pre- 
dicting the gluon energy spectrum was estimated sepa- 
rately (this contribution is included in the uncertainty 
estimated above from the gbgME result). Fig. 6a shows 
the energy distributions of the gluon before splitting 
to b6 for the two models considered. The differential 
efficiency of the method as a function of the gluon en- 
ergy in the JETSET ME simulation after all selections, 
computed using the large g -+ b6 dedicated sample, 
is shown in Fig. 6b. This efficiency distribution was 
applied to the JETSET PS gluon spectrum and an 
integral efficiency was computed, which differed by 
2.5% from the quantity in Eq. (7). Such a difference 
corresponds to a variation of less than 50.01% on 
gb6, which is compatible with the f0.04% uncertainty 
evaluated above. 

The differential efficiency of the method is near zero 
in the first bin of the distribution shown in Fig. 6b, 
near the kinematical threshold for g -+ bh. A further 
systematic contribution was therefore computed as the 
difference, normalized to the area of the distributions, 
of the first bin populations of the JETSET PS and JET- 
SET ME gluon energy spectra. This gave a contribu- 
tion of fO.Ol% to g,b. 

The effect of a b quark mass different from the one 
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Table 2 

Summary of the systematic errors on the g,t measurement. 

Source 

4-jet rate discrepancy 

)jcut chow 

b-tag efficiency 

Topological cuts 

QCD Model (PS-ME) 

Threshold efficiency 

17 mass 

Value of 6 --+ CL? 

Sim. statistics 

Total 

Agbr, (%I 

f0.02 

fO.O1 

zto.04 

f0.04 

f0.04 

fO.O1 

fO.O1 

fO.O1 

f0.06 

f0.09 

used in the simulation was evaluated by making use, 

at the generator level, of the Accomando-Ballestrero- 
Maina WPHACT program [ 191, which is based on a 
matrix element calculation that includes quark masses 
in a general way. Events including the g -+ b&process 
were generated for b quark masses ranging from 4.7 
to 5.3 GeV/c2 and gluon spectra were obtained. The 
differential efficiency in Fig. 6 was then applied to 
these spectra, and the spread of the results was taken 
as a systematic uncertainty. This gave a contribution 
of fO.Ol% to g,I;. 

Another source of systematic error is related to 
the contribution of the g -+ cc background. Varying 
the value of g,? according to the error quoted by 
OPAL [6,7] gave a contribution of fO.Ol% to the 
g,g measurement. 

Finally, the errors arising from the uncertainties 
in the detection efficiencies and in the background 
subtractions due to the limited simulation statistics 
amounted to f0.06%. 

Table 2 summarises the various contributions to the 
systematic error. The final estimated systematic error 
was thus &0.09%, giving 

gb~=(0.21f0.11(stat)f0.09(syst))%. (9) 

This result was checked by another method, de- 
signed to select a sample of candidate events with pri- 
mary b6 production radiating a hard gluon that split 
to b6. In this method, events with four b quarks in the 
final state were searched for. This was achieved by 
asking for 4-jet events in which at least three of the 

jets were b-tagged. Looser b-tag selections were used, 
in order to counteract the statistical reduction of the 
sample: Pj < 0.005 was required for each jet. Any 
jet showing a b-tag was allowed to participate in the 
counting procedure, but the same topological selec- 
tions on the variables 77~1 and Ly1234, as in Section 4, 
were applied, with the same jet labelling. 

The probability of secondary bottom production in 
events with primary bottom flavour is expected to be 
the same as in primary light flavoured events, at least 
to the precision of the present measurement (see for 
example Table 1 in Ref. [ 1 ] ) . 

After all the described selections, 13 events in data 
were left, with no statistical overlap with the 22 events 
sample of the previous method. 

Using the JETSET PS model as reference yielded 

gbi, = (0.29 5 0.16)%, (10) 

where the error is statistical only. This value is com- 
patible within the errors with the more precise result 
inEq. (9). 

6. Conclusions 

An inclusive measurement of the average multiplic- 
ity of gluons splitting into bi; pairs in hadronic Z” de- 
cays collected by the DELPHI experiment at LEP has 
been presented. The experimental result is: 

g,g = (0.21 f O.ll(stat) f O.O9(syst))%. 

A check with a different method, looking for events 
with four b quarks in the final state, gave a result com- 
patible with this within its substantially larger errors. 

This result is also compatible with theoretical ex- 
pectations [l] and with the JETSET model prediction 
of 0.16%. 
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