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Abstract. A b enrichment technique using the long 
B lifetime has been developed, by which ,-~ 600 had- 
ronic events with >65% b purity are obtained. The 
properties of the associated jets are studied, with com- 
parisons made between them and those in hadronic 
data in which b quarks make up only 10% of the 
total, and jets in Monte Carlo events. The distribu- 
tions in rapidity and multiplicity yield two new deter- 
minations of the fragmentation variable z for b had- 
rons and confirm that the b fragmentation function 
is hard. We also present the first measurement of the 
relative strength of the strong interaction coupling 
of the b quark compared with the average of all fla- 
yours. 

1 Introduction 

This paper introduces a method of isolating large 
samples of hadronic events with high b quark content 
by using the relatively long flight path of B hadrons: 
recognition of secondary vertex structure associated 
with the B decay is used as a tag [1]. The systematic 
effects of this method are very different from those 
associated with the more usual lepton tag technique 
[2]. The properties of jets of hadrons produced by 
initial b quarks are extracted and compared with the 
properties of average jets. Both the rapidity and mul- 
tiplicity distributions for the B jets are sensitive to 
the b fragmentation function and the mean value of 
the fragmentaion variable z has been determined. The 
first measurement of the ratio of coupling constants 

a~(b) 
is presented. This technique of vertex tag- 

~(average) 
ging will be increasingly powerful at higher energies. 

This study used the TASSO detector of which a 
detailed description can be found in [3]. Central to 
this analysis are the TASSO Vertex Detector, the 
VXD [4], which is described in more detail in the 
next section and the TASSO main drift chamber [5]. 
The 45 pb -1 of data taken by TASSO in 1983-1985, 
at centre of mass energies of 38-46 GeV contain a 
total of 7983 hadronic events. The 110 pb-1 data tak- 

en in 1986 at a fixed energy of V ~ = 35 GeV amount 
to 31 176 hadronic events which passed standard had- 
ronic selection cuts [6]. The same analysis method 
is used for both data samples and most of the discus- 
sion will be based on the analysis of the large sample 
of 35 GeV data, but results from the high energy data 
are given where relevant. 

2 The vertex detector 

The main features of the VXD which are important 
to this analysis are summarised here. The VXD had 

8 sense layers between radii of 8.1 cm and 14.9 cm 
and an active length of 57.2 cm. The materials in the 
beam pipe and assemblies within the VXD active vol- 
ume, including the 95/5Ar/CO2 gas mixture, 
amounted to 0.9% of a radiation length. The chamber 
spatial resolution for hadronic tracks was found to 
be ,-~110 gm with a _+25% variation depending on 
the layer and cell position of the hit. The distribution 
of the distance of closest approach of a reconstructed 
track to the interaction point depends sensitively on 
the track momentum especially for tracks below 
1 GeV/c, due to multiple scattering. A study of high 
energy wide angle back-to-back two-prong events 
yielded an individual track impact parameter resolu- 
tion of ~ 100 gm. This agrees very well with the value 
obtained from Monte Carlo Bhabha events. 

The tracks used in this analysis were those found 
by the track finder FELIX [7] and were refitted [8] 
in the plane perpendicular to the beams - the r-q~ 
plane - allowing for a single kink due to multiple 
scattering between the main drift chamber and VXD. 

3 Monte Carlo modelling 

The evaluation of data presupposes an understanding 
of the experimental acceptances and biases and of 
the theoretical kinematics of the process under con- 
sideration. The vertex tagging method is very sensitive 
to the B decay multiplicity and, to a lesser extent, 
to the b fragmentation function. In order to estimate 
backgrounds in the b-enriched sample, we used a 
Monte Carlo generator containing a B decay routine 
tuned to reproduce the results of CLEO [9] and with 
a b fragmentation function which could be easily ad- 
justed without affecting properties of jets initiated by 
other quarks. 

The Monte Carlo used in this analysis incorpo- 
rated independent jet fragmentation [10] with the ex- 
tended FKSS [11] calculation of the full second order 
QCD matrix element. The B decay Monte Carlo re- 
produced the results of CLEO and the fragmentation 
functions for the heavy quarks were represented by 
the single parameter form of Peterson et al. [12]. The 
production of charm and bottom baryons was not 
simulated, but they would be expected to have little 
influence on this analysis. In the Monte Carlo, the 
B lifetime was set to be 1.23 ps and the average value 
of the b fragmentation function, (zb) was taken as 
0.80, except where stated otherwise. Table 1 lists the 
important parameters of the Monte Carlo. The TAS- 
SO Drift Chamber (DC) and VXD were simulated 
with efficiency and resolution parameters tuned to 
values obtained in hadronic data. Noise hits in the 
detector were taken from random beam crossing 
events in the data. The Monte Carlo events were sub- 



Table 1. Main parameters used in the Monte Carlo (QCDFF at 
W= 35 GeV) 

QCD matrix element calculation 

Extended FKSS full 2nd order s = 0.2. E b . . . .  3 = 40 ~ 

Independent jet fragmentation model 

cq=0.155 

EP conservation [26] 
Light quark fragmentation 

~(1-z) ~L 
Heavy quark fragmentation [12] 

aq=0.350GeV 

eL=0.660 

=0.010, eb=0.075 

P/(P+V) qqqq/(qq+qqqq) u~:dd:sg 
0,42 0.10 1 : 1:0.4 

Heavy meson lifetimes (ps) 

( B )  D O D + D~ 

1.23 0.43 1.03 0.35 

ject to the same processing procedure as for the data, 
including the track finding. 

Among  the most  successful Monte  Carlo genera- 
tors are those of the Lund group [13] embodying 
either second order Q C D  or a leading logarithm 
Q C D  cascade. In the latest and best studied versions, 
the partons are connected with a string, and frag- 
mented with a universal form for the fragmentation 
function. We have not used these generators for the 
bulk of our work for two reasons. First, the B decay 
routine embedded in them has not been tuned to re- 
produce the )'(4S) results. Secondly, the universal 
symmetric fragmentation form yields a very hard frag- 
mentat ion function, which cannot be tuned indepen- 
dently of other variables. 

4 The b-enrichment technique 

The tagging method depends on our finding the event 
vertex, then finding characteristic vertices associated 
with the decay of a particle relative to this event ver- 
tex. Since the resolution in the TASSO r - r  plane 
is an order of magnitude better than in the plane 
containing the track and the beams - the s - z  view 
- all distance variables refer to projected distances 
in the r -  r plane. Only charged tracks are considered. 

4.1 Eve'nt vertex finding 

The vertex tagging method depends on the separation 
of B decay vertices from the interaction point. The 
interaction region - the beam spot - is relatively large 
and individual events can occur within an envelope 
about  the mean beam position. The profile and centre 
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Found Event Spot ~ \  
Generated Monte Carlo "~ 
Interaction Point ~ 

? 
Beam Envelope 

Y 

/ 

T r a c k  i 

Fig. 1. Illustration of event spot finding scheme for a single Monte 
Carlo event. The event spot is reconstructed from the weighted 
positions of the event tracks i on crossing the x axis 

of the beam spot were determined for each data tak- 
ing run, or for a few runs grouped together when 
event statistics dictated, using beam associated events 
[14]. The statistical errors for the beam centre coordi- 
nates were typically ___ 35 gm in the 1986 data. The 
track resolution gave the major  contribution to the 
error in the beam y position determination where the 
expected beam 'he ight '  is of order 20 gm, while the 
error in the beam centre x coordinate is insignificant 
compared with the beam envelope size of ~ 350 gm. 
Here, both  x and y are perpendicular to the beam, 
with positive y vertically upwards, and positive x to- 
wards the storage ring centre. 

It  is possible to determine the actual interaction 
point for an event more accurately by exploiting the 
fact that the vertical spread in y is about  ten times 
smaller than the lateral spread in x. With the event 
vertex y coordinate fixed to that  of the beam centre, 
the crossing points xi, of all good quality tracks i 
(as defined below) in an event with the horizontal 
line y = Ybeam were found and weighted by W i = [sin r 
to account for the fact that the vertical tracks pro- 
vided more accurate crossing points in x. Given the 
sum of the weights for all tracks, Wo, an ordered sum 
of track weights was then made in the order of in- 
creasing xi, until the sum reached the point closest 
to Wo/2. The weighted average of the two xi points 
just above and just below this half-sum was then as- 
signed as the estimated event spot x. Notice that bias- 
ing by any single track is avoided. The resolution 
on the resulting x coordinate, obtained from Monte  
Carlo, is ,-,200 gin. The procedure is illustrated in 
Fig. 1, which represents a single Monte  Carlo event. 
This procedure was found not  to be biased for or 
against finding Monte  Carlo b decay events. 



�9 20 

4.2 Event and track selections 

Events were selected from standard hadronic events 
[6] according to the following criteria: 

�9 Icos 0thrustl <0.75 to avoid the worst of acceptance 
limitations. 

�9 Events in runs with a poorly determined beam spot 
were rejected. 

�9 Events with large clusters of noise hits in the VXD 
were rejected. 

�9 Events which failed a minimum weight require- 
ment of Wo > 3 in the event spot finding procedure 
were rejected. 

were 21322 events at 1/s=35 GeV surviving There 
the selection cuts and 5734 events for the high energy 
data. Tracks found by the FELIX track finder were 
subjected to the following track quality cuts before 
being used in the tagging procedure: 

�9 ~ _ ~ / N D F  < 3.0 

�9 Icos 01<0.87 

�9 Izol< 10.0 cm 

�9 Idol <0.20 cm 

�9 P>0.3  GeV/c 

�9 Number of VXD hits on track > 4 

where d o is the perpendicular distance of a track, mea- 
sured from the reconstructed interaction point, in the 
r-q5 plane and z o is the distance along the beam 
axis of the point associated with that do projected 
perpendicularly onto the beam axis. 

The last 3 cuts are the most important for rejecting 
spurious tracks or K ~ A decay tracks and limiting 
the effect of multiple scattering. 

4.3 Tagging method 

No attempt has been made to reconstruct a multi- 
track b decay vertex. Rather, secondary decay struc- 
tures were identified by a method in which we consid- 
ered all pairs of tracks, satisfying the criteria below, 
in turn. A vertex was constructed from each such 
pair, the distance l~ from the vertex was found and 
the angle ~ between the sum of the two-track momen- 
ta and the line going through the event vertex and 
the two track vertex was reconstructed. The distance 
l~ and cos ~ were used to assign a weight to the vertex. 
Both lv and the impact parameter were defined in 
the r-~b plane. The definitions of various vertex ge- 
ometry parameters are illustrated in Fig. 2. 

The following cuts were used to reject spurious 
vertices or vertices unlikely to come from a pair of 
B decay tracks: 

,..' 

Pa"'"'"'"'",, / 

Pv 

P1 ~ 0  

A Positive Vertex 

Pv 

4 0  
Event Spot A Negative Vertex 

Fig. 2. Illustration of geometry parameters used in vertex weight 
definition. P~, P2 and P. are the tracks' and resultant vertex momenta 

~D < 60~ 

~ D  5 ~ 
Iv < 7 mm 

where ~D and ~D are the opening angles between 
the momentum vectors of the 2 tracks in 3-D and 
2-D (that is, the r -  ~b plane) respectively. 

Each surviving vertex was then weighted by an 
amount which reflected its likelihood of having come 
from a secondary decay. A study of the decay kine- 
matics, and of effects such as multiple scattering, sug- 
gested the empirical form: 

W = ( 1 - e  (~~ cc (1) 

The vertex distance resolution parameter av was cal- 
culated from the momentum dependent track impact 
parameter resolution obtained in Monte Carlo stu- 
dies together with the track opening angles and folded 
in quadrature with an event vertex resolution of 
200 ~tm. 

The event tag is made on the sum of the weights 
of all two track vertices as defined above. This defini- 
tion ensures that vertices formed from a pair of frag- 
mentation tracks, originating at the interaction point, 
are equally likely to contribute positive or negative 
weights to the sum. Events originating with primary 
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Fig. 3. Normalised distributions of vertex weights for all accepted 
pairs of tracks. The Monte Carlo distribution is shown for compari- 
son, as are the distributions in which the Monte Carlo resolution 
a of the track impact parameter resolution is smeared by _ 20% 

u, d or s quarks are thereby suppressed. Notice that 
the maximum obtainable weight is 1, and that spuri- 
ous vertices with their momentum vectors nearly per- 
pendicular to the apparent decay paths are sup- 
pressed by the factor cos c~. 

Events are tagged by imposing a cut on the 
summed weights ~ W of two-particle vertices and two 
modes of tagging were used. In the jet-mode tag an 
event is divided into 2 hemispheres, using the plane 
perpendicular to the event thrust axis so that tagging 
one side would leave the other half to be studied rela- 
tively free of bias. In the global-mode all track pairs 
in an event are taken without dividing the event. The 
cut on pair opening angle ensures that few pairs are 
accepted where the tracks are drawn from different 
hemispheres thereby restricting the otherwise large 
number of spurious combinations. The global-mode 
is especially suitable for studying events with B me- 
sons not produced back to back e.g. 3 or 4 jet events. 

The normalised distribution of vertex weights is 
shown in Fig. 3 for all two track vertices which passed 
the selection cuts. This distribution is for track pairs 
within the same hemisphere with the event divided 
by a plane perpendicular to the event thrust axis. The 
variation of the weight with a _+ 20% change in as- 
sumed track impact parameter resolution in the 
Monte Carlo is also shown. Most of the vertices are 
distributed symmetrically around zero and their dis- 
tribution is consistent with that expected from the 
broadening due to detector resolution. There is a sig- 
nificant excess of positive weights, as would result 
from the decay of long-lived particles. 

The half event weight sums for the jet-mode tag 
are shown in Figs. 4 and 5 for data and Monte Carlo, 
normalised to the same number of input events. The 
flavour content in the Monte  Carlo at positive ~ W 

50000 
. . . . . .  ~ . . . . . . .  TASSO 

loooo I I ~ Dat~ 

m ~ I00 

5 
z 

1 ~ r , , i , i , , 
-5 ,0  0.0 5,0 i0 .0  

Sum ~geights 
Fig. 4. Half event weight sums for jet-mode tag (whole range) 
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iOO0.O -~ [] ,M.C. b Jets 

~x~ [ ]  M.C. e Jets 
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Sum ~'e'ights 

Fig. 5. Half event weight sums for jet-mode tag (positive tail) 

~ 500.0 

50000100005000 i~ . . . . . . . . .  .-e-] - --+ }~ont sData TASSO icarlo 

i00o 
5oo 

> 
[.x,.] 100 

5o 

5 
? 

-5 ,0  0.0 5.0 10,0 
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Fig. 6. Whole event weight sums for global-mode tag (whole range) 

is also indicated. A similar set of plots for the global- 
mode tag can be found Figs. 6 and 7. 

The enrichment in bb-events can be obtained by 
various cuts on the weight sum ~ W depending on 
the desired purity and efficiency. The cut selected for 
this analysis was ~, W >  4 for both tagging modes. 
Among the 21322 inputs 35 GeV data events, the 
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Table 2. Purities and efficiencies of the tagging techniques 

Tag mode Tagged jets or events Event 
Purity 

Event tagging 
Efficiency 

Data Monte  Carlo 

Jet-mode 374 jets 431 jets 68% 11% 
Global-mode 516 events 565 events 68% 16% 

number of tagged jets/events and estimated b effi- 
ciency and purity are listed above in Table 2 for data 
and Monte Carlo with the Monte Carlo normalised 
to the same number of input events as in the data. 
The errors on these estimates are discussed in Sect. 5. 
The agreement between data and Monte Carlo is not 
perfect, but the discrepancies have little effect on the 
b purity of the enriched sample. If the discrepancies 
are real and are attributed wholly to the b tagging 
efficiency, then the b event efficiencies and purities 
inferred are 9% and 63% for the jet mode and 14% 
and 65% for the global mode. We note that using 
the Lund second order generator we find b tagging 
efficiencies and purities of 12% and 60% in the jet- 
mode, while the numbers of events initiated by u, d, 
s and c quarks which are tagged are in good agree- 
ment with those obtained from the independent jet 
generator. The above changes in purity are well with- 
in the estimates of systematic errors given in Sect. 5. 

The most serious source of background is from 
the decay of charmed particles from events with pri- 
mary c quarks. Monte Carlo studies show that this 
source is greatly suppressed (Figs. 4-7). The most im- 
portant  factor in this suppression is the average decay 
charged multiplicity of B mesons of ,-~ 5.5, compared 
with ~ 2.4 in D decays. 

The efficacy of this tagging method has been stud- 
ied in several ways. 

�9 The number of double tag events in the jet-mode, 
compared with the number of single jet tags with 

W > 3, was 26 doubles out of 846 tagged jets, while 
the Monte Carlo predicted a rate of 30. One would 
expect 8 were the weights uncorrelated. 

�9 We found that the mean track impact parameter 
opposite tagged jets was 93 + 19 gm in the data and 
129_+ 12 pan in the Monte Carlo which can be com- 
pared with ~ 35 gm in the average jets. 

�9 The 'sphericity product '  method employed for the 
b enrichment in the TASSO B lifetime measurement 
[15], is based on event shape variables alone and 
thus is independent of the decay distance information 
used for vertex tagging. Following the standard cuts 
as in [15] to consider tracks within a 41 ~ cone around 
the sphericity axis and using a Lorentz boost fl of 
0.70, the cut of $1.$2>0.1 gave a b purity of 33% 

1500.0 

#3 

Z 

i000.0 

500.0 

[] 

[] 

[] 

0.0 
2.0 4.0 6.0 8.0 

TASSO 

Data 

M.C. b Events 

M.C. c Events 

,~.C. uds Events 

i0.0 12.0 

Sum ~Yeights 

Fig. 7. Whole Event weight sums for global-mode tag (positive tail) 

in the Monte Carlo. The number of events in the 
data passing both the ~ W > 4 cut in the global-mode 
vertex tagging and the cut S~. $2 > 0.1 was 175 (Monte 
Carlo predicting 198) while if there were no correla- 
tion between the two methods one would expect only 
64 events. 

All these results confirm the overall effectiveness of 
the tagging method. 

5 Study of systematic effects 

The results on systematic uncertainties given here are 
mainly obtained from the jet-mode tag; there are simi- 
lar effects in both methods. 

By running the tagging program on the rejected 
events with large noise hit clusters in the VXD, it 
was found that the overall tagging rate was similar 
to that of the normal sample. Thus the remaining 
effect due to small hit clusters remaining in the normal 
sample was deemed negligible. Similarly, possible un- 
certainties in event spot coordinates were found to 
cause immeasureably small changes in the b tagging 
efficiency or the b purity. No dependence in efficiency 
on the azimuthal angle ~b of the event thrust axis 
was found. 

The effect of a systematic misalignment of the 
VXD with respect to the main drift chamber was 
tested by artificially rotating the VXD by 0.1 mrad, 
and then refitting the tracks for all data events. Only 
5% of the previously tagged candidates failed tagging 
cuts while a similar number of new candidates was 
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Table 3. Systematic error contributions in jet-mode Tag with 
~ W > 4  

Systematic error origins No. of tagged jets 

b c u d s  

Actual contents 255 

Impact parameter  resolutions + 31 
- 2 7  

Light flavour fragmentation model 

B lifetime + 44 
--30 

B decay charge multiplicity + 18 
- 1 8  

b fragmentation function - 4 
- 2 8  

Charm fragmentation function 

Combined 

80 39 

+24  +12  
- 1 2  -- 5 

+12  +17 
- - 9  - - 6  

+ 9 
--12 

+57  +28 +21 
- 5 2  --19 - 8 

added. The change in b purity was again negligible. 
This rotational error is considered to be the positional 
misalignment which would have the greatest effect 
on b purity and efficiency. 

We will now outline the way in which effects which 
are significant were studied. The results of these stu- 
dies are in Table 3. The effect due to uncertainties 
in VXD resolution was studied by changing the track 
impact parameter resolution values in the Monte Car- 
lo by ___ 10%. A comparison of vertex weight distribu- 
tions of data and Monte Carlo can be seen in Fig. 4. 

We estimated the effect of uncertainties in the frag- 
mentation modelling for the lighter flavour udsc 
background by varying the vertex 3-D opening angle 

cut from 55 ~ to 66 ~ and noting the change in the 
number of tagged lighter flavour events. 

The effect of the uncertainty in B meson lifetime 
was found to be important. Monte Carlo jets were 
weighted with a broad range of B lifetime values and 
the resultant jet tagging efficiency and b purity values 
were noted for a fixed cut of ~ W > 4. The systematic 
error on the b content in the tagged sample was taken 
as that due to the variation of B lifetime between 
1.0 and 1.4 ps. 

The effect of the uncertainties in the b fragmenta- 
tion function was studied using two extra samples 
of Monte Carlo b events generated with eb -- the free 
fragmentation parameter - of 0.003 and 0.03, corre- 
sponding to 0.86 and 0.73 respectively in the average 
value (Zb) of the fragmentation function, again using 
the Peterson function. The former value, producing 
a harder function, made practically no difference; the 
number of tagged b's was reduced by about 11% for 
the softer b fragmentation function. The uncertainties 
due to charm fragmentation were studied by weight- 
ing charm jets corresponding to an effective variation 
of ec from 0.03 to 0.13, equivalent to a variation in 
(Zc) of 0.73 to 0.60. 

The variations of b content due to the uncertainty 
of B decay charged multiplicity was also included by 
considering the differences in efficiency and purity 
found for Monte Carlo b jets in the range 5.34 
< (nB) < 5.80. 

The effect of uncertainties in D decay charged mul- 
tiplicities was also checked and was found to be negli- 
gible. The dependence on primary D~ + yield was 
checked (bearing in mind their rather different life- 
times) and was also found to be undetectable. 

We find that the uncertainty in B lifetime is the 
largest source of systematic error in flavour content. 
The uncertainties in detector resolution and the mod- 
elling of fragmentation also contribute significantly. 

Table 4. Final estimates of flavour content in tagged data  samples with statistical and systematic 
errors all included 

Tagging mode Tagged jets or events 

b c u d s  

35 GeV data 
Jet-mode 

Global-mode 

42 GeV data  
Jet-mode 

Global mode 

No. of jets 255+549 80_+219 39_+ 22 
Flavour fractions 68 _+ 7% 21 _+ 6% 11 + 4% 

No. of events 349 + s v 6 120_+ 24~ 47_+ 26 
Flavourfract ions 68 •  7% 23___ 6% 9 +  4% 

No. of jets 72+2,~ 2 6 + 1 0  20_+ 8 
Flavour fractions 61 • 10% 22 • 8% 17 • 7% 

No. of events 99_+~ 40 •  14 25 •  10 
Flavourfract ions 60_+ 9% 25_+ 8% 15_+ 6% 
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Fig. 8. Global-mode tag b purity and efficiency for different ~ W 
cuts 

The best estimates of flavour content in the tagged 
data sample with systematic errors and statistical er- 
rors added together are listed in Table 4 with a tag- 
ging cut of ~ W__> 4 for both modes. The correspond- 
ing results for the high energy data are also listed. 
The most important point to be noted is that the 
efficiency of this first attempt on vertex tagging has 
already surpassed the best of the high Pr lepton tags 
[2]. The uncertainty of ~ 7% in b purity is also com- 
parable to that of the high Pr lepton tag experiments. 

The Monte Carlo estimates of b tagging efficiency 
and purity are plotted for the global-mode in Fig. 8 
with different ~ W cuts. It can be noted that a rather 
wide choice of efficiency and purity combinations are 
available for different analysis purposes. 

Although this method has natural biases in favour 
of b events with long B decay times and large B decay 
charged multiplicities, and against B's with very low 
momenta, it has a relatively uniform acceptance in 
momentum of B's with momenta > 10 GeV/c, which 
makes it a particularly suitable method for the study 
of fragmentation functions. 

6 The properties o f  jets from b-quarks 

A relatively unbiased sample of b enriched jets can 
be obtained from those recoiling against the jet tagged 
in the jet mode. With ~ W > 4, our sample contained 
374 tagged jets. To use this sample, correction factors 
accounting for QED radiative effects, detector accep- 

tance and hadronic selection biases and their effects 
on both jet and track characteristics were determined 
by Monte Carlo. Except when otherwise stated, the 
distributions in tracks and jets have been thus cor- 
rected with Monte Carlo data at a nominal energy 
of 35 GeV. These results have been evaluated using 
the independent jet model Monte Carlo [10]. Where 
appropriate, that is, for studies of average jets, checks 
have been made with the Lund Monte Carlo [13]. 

6.1 Jet sphericity and thrust 

The jet sphericity and thrust distributions for b en- 
riched jets as compared with average jets and Monte 
Carlo are shown in Figs. 9 and 10 respectively. The 
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sphericity and thrust were calculated using tracks in 
a hemisphere but using axes determined from tracks 
in the whole event. 

The sphericity distribution is much broadened, 
and the thrust distributions noticeably so, for the b- 
enriched jets. This is to be expected because of the 
relatively low velocity of the b hadron, and the ap- 
proximately 5.5 charged tracks per decay. However, 
this broadening effect does not extend to the very 
high sphericity and very low thrust tails where hard 
gluon emissions are expected to dominate. 

6.2 Transverse and longitudinal momenta 

The squared transverse momentum P] distributions 
and rapidity distributions for charged tracks in the 
b enriched jets are shown in Figs. 11 and 12 respec- 
tively. The Pr was defined with respect to the event 
sphericity axis and the P~I used for calculating rapidity 
was with respect to the event thrust axis. All particles 
were assigned the pion mass. 

The Pr 2 distributions were similar in b enriched 
jets and average jets. When PT was defined with re- 
spect to the thrust axis, the distribution of b-enriched 
jets again closely follows that of average jets, in con- 
trast to the Pr of leptons in semileptonic decays. 

The difference in rapidity distribution, however, 
between the b enriched jets and average jets, is statisti- 
cally significant. This difference lies primarily (Fig. 12) 
in an enhancement of the B jet rapidity in the mid- 
plateau region of q ~ l  3. The tagged jets contain 
more tracks from B decay than do the enriched jets 
and the enhancement was found to be even more pro- 
nounced for the tagged jets in both data and Monte 
Carlo. Its origin is easily understood. A B decay pro- 
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vides on average 5.5 charged tracks in a B jet out 
of a total of about 8 (see Sect. 6.6) and these tracks 
are isotropically distributed in the B rest frame. In 
this frame the rapidity distribution of such tracks is 
peaked at zero and is forward-backward symmetric. 
This distribution is transformed to the laboratory 
frame merely by adding to the track rapidity the rap- 
idity of the B meson. The distribution in rapidity is 
thus sensitive to the b fragmentation function, and 
we have used the rapidity distribution to determine 
the mean value of the fragmentation variable z for 
the b initiated jets. 

The uncorrected rapidity distribution for the B 
enriched jets was compared with that for Monte Car- 
lo events generated over a range of <%>, using the 
Peterson function, which were passed through a simu- 
lation of the detector and the same jet tagging as 
the data. The quantity <%> is the average value of 
Zb, which is defined as 

% = (E b + plbl)/(Eq + pq) 

where the suffixes b and q refer to the hadron and 
primary quark respectively, and the hadron momen- 
tum p/I is the component measured parallel to the 
primary quark direction. The population of each rap- 
idity bin in the Monte Carlo enriched jets was para- 
metrised as a function of mean % and the data fitted. 
The data were well reproduced with a value of <%> 
of 0.85 and these studies yielded 

Fig. 11. Charged track jet Pr 2 in b enriched and average jets <Zb> = 0.85 _+ 0.03 
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where the error is statistical only. The systematic error 
will be discussed later. This result is consistent with 
the results from prompt lepton analyses [16] and is 
independent of that method. Figure 13 shows the de- 
pendence of the rapidity distribution on the fragmen- 
tation function and Fig. 14 the comparison between 
the data and the interpolated Monte Carlo fragmen- 
tation distribution. 

6.3 Inclusive momentum spectrum 

The inclusive momenta of charged particles are shown 
in Fig. 15 for b enriched jets and average jets. Again, 
the softer momentum spectrum of the b jets can be 
seen from the excess of tracks in the low x region 
just below 0.2 for the b enriched jets compared with 
the average jets. This is a direct reflection of the rapid- 

ity peak already discussed and is modelled successful- 
ly by the Monte Carlo. 

6.4 Charged multiplicity 

To take account of the charged multiplicity distribu- 
tions' sensitivity to detector biases, the following pro- 
cedure was taken to unfold the charged multiplicity 
distributions with the assistance of Monte Carlo. The 
first step was to correct the tracking inefficiency and 
the losses due to limited detector acceptance. This 
was done by checking the number of observed tracks 
Nr against the generated number of tracks for each 
Monte Carlo event after detector simulation and 
track finding. An unfolding matrix was formed to pre- 
dict the probability that the true charged multiplicity 
of an event was n~, when no tracks were observed. 
An unfolded charged multiplicity distribution could 
be thereby obtained: 

1 
f (np) = ~,.~ ~ e(np, no) N (no) (2) 

e v  n o  

where 

(rip, no) 
No. of events with np tracks produced 

when no tracks were observed 
- N o .  of events with no tracks observed, N(no)" (3) 

This procedure typically gave ~ 1.9 tracks more per 
event at Vs= 35 GeV after unfolding compared with 
the observed tracks. The systematic uncertainty in 
the unfolding procedure was monitored by repeating 
the process for two separate trackfinders. This con- 
tributed _+0.32 to the systematic error. Secondly, 
QED initial state radiation lowers the effective centre 
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of mass energy, and thus also the charge multiplicity. 
The reduction in (n> was estimated to be ,,~ 0.8 tracks 

at r  35 GeV using the QED radiative correction 
of Behrends and Kleiss [17] with a maximum radia- 
tive photon energy cut-off 0.98"Ebeam. The detector 
trigger and hadronic selection gave a bias of ~ 1.3 
towards higher multiplicity, which was corrected for. 
The subtraction of the background contribution from 
0.7% ~ pair events and 0.9% 77 events with mean 
charged multiplicity of 6.0 and 7.9 respectively is ac- 
companied by a systematic error of _+0.13. Differ- 
ences between our Monte Carlo generators resulted 
in an additional systematic error of _+ 0.25, a compari- 
son of two independent detector simulations pro- 
duced +_0.18 and the effect of the cut on the thrust 
axis (Icos 0thrust [ < 0.75) resulted in an extra systematic 
error of 0.07. These were added in quadrature to ob- 
tain a total systematic error of -t-0.46 [-18]. 

The result obtained for average event charge mul- 
tiplicity for 1/~= 35 GeV, with full corrections was 

<n~h> = 13.314-0.03 (statistical) 

• 0.46 (systematic). (4) 

Following a similar procedure as in the case of whole 
event charged multiplicity, the result for average jets 
after all corrections is 

<nch> (average jets) = 6.69 4- 0.01 (statistical) 

___ 0.33 (systematic) (5) 

which can be seen to be consistent with being 1/2 
of the full event charged multiplicity result in (4). 

The possible bias in charged multiplicity of the 
b enriched sample was studied by comparing the gen- 
erated charged multiplicities of Monte Carlo b jets 
in the whole sample and in the b-enriched sample. 
Since high multiplicity events are favoured in both 
global and jet tag modes, the contributions of residual 

pair and 7 ? backgrounds were negligible, in contrast 
to the case when we considered average jets. We there- 
fore have to correct for this in comparing with the 
average jets. The tagging bias was found to be 
- 0.19 +- 0.09 in jet charged multiplicity. The observed 
raw jet charged multiplicities for b enriched jets and 
average jets are shown in Fig. 16. The average 
charged multiplicity of b enriched jets, unfolded and 
corrected, was found to be 

<n~h> (b enriched jets) = 7.44 ___ 0.15 (statistical 

_+ 0.40 (systematic). (6) 

The uncertainty in unfolding the b jets using the ma- 
trix obtained for average jets is estimated by produc- 
ing the unfolding matrix from Monte Carlo b events 
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Fig. 16. Observed raw charged multiplicity in b enriched and aver- 
age jets 

alone. The average of the two results gives (6) while 
an extra systematic error of +_0.21 is included and 
is equal to one half of the difference between the two 
unfolded results. 

To extract the average charged multiplicity for 
b jets only, the mean charged multiplicities and the 
estimated flavour contents for the average hadronic 
jets and b enriched jets are used to form two simulta- 
neous equations. If we hypothesise that the difference 
between average charge multiplicities of charm jets 
and uds jets is 0.5 +- 0.5 (an assumption which is con- 
sistent with published figures [19]) then we can solve 
these equations. We arrive at the result of 

(nch> (b jets) = 7.98 _ 0.23 (statistical) 

_+ 0.68 (systematic). (7) 

This was after the correction of +0.19 for tagging 
bias with its uncertainty of +0.09 were included as 
systematic errors. Beside the systematic errors carried 
over from the result for b enriched jets, the uncertainty 
in the b purity of + 7 %  in the b enriched sample 
gives an extra contribution of 4-0.17 to the systematic 
error. Another systematic source comes from the un- 
certainty in the fraction of charm events in the b en- 
riched sample and the assumed difference between 
charm jets and light flavours which amounted to 
+0.08. 

The results for the high energy data with {]/~> 
of 42.1 GeV: 

{nch> (average jets) = 7.44 + 0.03 (statistical 

+ 0.37 (systematic) 

(rich> (b jets) = 8.51 ___ 0.50 (statistical) 

_+ 0.86 (systematic). (8) 
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There are ~ 5.5 charged tracks per B decay as mea- 
sured by CLEO [20], which can be compared with 

result which indicates that at 1/~--~ 35 GeV there our 
are 5.0 fragmentation tracks in b b events. It is there- 
fore not surprising that some of the jet properties 
were rather different from those of light flavours. The 

Monte Carlo at 1~  = 35 GeV showed that a variation 
of (Zb) by _ 0.06 around (zb)=0.80  corresponds to 
a variation of ~ _ 0.5 in the average b jet charged 
multiplicity, which is a fairly large range considering 
there are only ~ 2.5 primary fragmentation tracks per 
jet not from B decay. The sensitivity of the multiplicity 
in a b jet to the b fragmentation function can be un- 
derstood in the following way. The B decay provides 
5.5 charged tracks on average. If the B carried only 
half the available energy on average, then the frag- 
mentation tracks would be produced from half the 
energy of the event, 17.5 GeV. The mean charged mul- 

l / s =  17.5 GeV is about 9, half of which tiplicity at 
would appear on average in each jet. The mean b 
jet multiplicity would then be 10 rather than the 7.98 
which we have determined. 

We have used the distribution of b enriched multi- 
plicity to determine the mean value of z b. The raw 
distribution was compared with the corresponding 
distribution from Monte Carlo events, the multiplicity 
being parameterised as a function of (Zb). The distri- 
bution was well represented with amean value of Zb 
of 0.89 and we obtain from the mean multiplicity 
(Zb) = 0.89 + 0.02 with the error only statistical. 

We can now consider the systematic errors asso- 
ciated with this and the largely independent measure- 
ment of (Zb) from the rapidity distribution. In the 
rapidity determination, we find that the systematic 
error is dominated by the systematic uncertainties on 
the tagging efficiency and from the effects of employ- 
ing two different track finders [7, 21]. The result is 
insensitive to the details of the background from jets 
initiated by quarks other than b quarks. While the 
rapidity distribution produced by independent frag- 
mentation is known to deviate from the data for all 
hadronic events at low rapidity, fitting to rapidities 
of greater than 1.5 gave a result which did not differ 
significantly from the value found using the full range 
of the rapidity distribution. We derive a systematic 
error of +0.03. 

The systematic error in the measurement of (Zb) 
in the multiplicity determination includes the uncer- 
tainty on the B decay multiplicity and a contribution 
from the differing effects of two track finders. Note 
that other contributions to the error differ from those 
associated with the rapidity method. The result is in- 
sensitive to the purity of the b enriched jets. We varied 
the number of background events due to u, d, s and 

c initiated events by + 4 0 %  and found a variation 
in the extracted value of (Zb) of +__0.01. We note that 
the number of u, d, s and c jets tagged in the Lund 
Monte Carlo is in good agreement with the numbers 
from the independent jet Monte Carlo. The systematic 
error contains uncertainties in modellling, and the un- 
certainty on the B decay multiplicity. When all known 
effects are summed, we obtain a systematic error of 
___ 0.04. This measurement is consistent with the value 
obtained from our rapidity distribution. We can com- 
bine the two to obtain 

(Zb) = 0.87 _+ 0.02___ 0.03 

where the systematic error comes from the two largely 
independent measurements. 

This result is consistent with the values deter- 
mined from prompt lepton analyses. The b fragmenta- 
tion is very hard, as predicted on theoretical grounds 
1-12, 22] and as elsewhere measured [16]. 

7 Test of flavour independence of ~s 

The flavour independence of 0~ s can best be tested 
by measuring the ratio of ~s for different flavours and 
so cancelling many systematic effects. Note  that the 
~s measured from all hadronic events is influenced 
only very little by the b flavoured component. We 
choose to use the asymmetry (AEEC) in the Energy- 
Energy Correlation (EEC) 1-23] for this measurement. 

The normalised EEC is defined as 

1 dS  (cos •) 
- f ( c o s  Z) 

ao d c o s g  

= ~ 6 (cos Z -  cos Zij) (9) 
E ts , Wvis  

where Zij is the angle between two particles i and 
j with energies E i and Ej. Wv~ is the total visible ener- 
gy in an event. The summation is extended over all 
pairs i,j of particles in an event including the case 
i=j, and over all events N. The normalisation is there- 
fore 

Sf(  cos Z) d cos Z = 1. (10) 

Most of the effects of 2 jet fragmentation and 
centre of mass energy dependence can be removed 
by considering the asymmetry of EEC: 

A ((cos Z ) = f  (cos (Tr--Z))--f(cos Z))- (11) 

The remaining effects due to fragmentation of 2 jet 
events near Icos ~1 ~ 1 can be further suppressed by 
constraining the fits to obtain a s from the region 



Table & Tagging efficiences of different flavour/parton topology in 
global-mode 

Monte Carlo Tagging efficiency 
f l a v o u r s  

2 jets 3 or 4 jets 

bE 19.6• 11.1• 
c6 1.8• 1.5• 
uds 0.5• 0.5• 

I cos ZI <0.7 of the EEC asymmetry. The detailed dis- 
cussion of the merits of EEC, especially its asymmetry, 
can be found elsewhere [24, 25]. 

7.1 Data and Monte Carlo samples 

All 1986 hadronic data at ] /~=35 GeV are used to 
obtain the c~ measurement for the average of all fla- 
yours, while the b enriched sample, used for the mea- 
surement of ~ (b), was isolated using the global-mode. 
The global-mode tag gives a sample of 516 events 
with an estimated bb  purity of 68_+7%. To check 
possible biases in the tagging procedure, the efficien- 
cies for accepting 2 jet events and 3 or 4 jets events, 
were studied in Monte Carlo events and are shown 
in Table 5. 

Since the results of ~ measurements are very sensi- 
tive to the QCD matrix element calculation and frag- 
mentation models used, we reiterate here the impor- 
tant aspects of the Monte Carlo. The Monte Carlo 
used an extended FKSS 2nd order QCD matrix ele- 
ment Ell]  with an (% 5) cut of (0.1, 40~ together with 
an independent jet fragmentation scheme where 
gluons were fragmented in the same way as quarks 
and the energy-momentum conservation scheme was 
according to the Monte Carlo of Ali et al. [263. 

7.2 Results and systematic effects 

The EEC asymmetry distribution was fitted in the 
region [cos Zl <0.7, giving the result 

e~ (average hadrons) = 0.147 4- 0.004 (statistical only) 
(12) 

with a z2/d. o. f. of 2.0/6. With the fitting range fixed 
to Icos zl <0.6 and then Icos)d <0.8, the result in es 
changed by __ 0.004. The AEEC distribution with the 
above ~s value for the Monte Carlo is compared with 
data in Fig. 17. 

This result is consistent with a more comprehen- 
sive and systematic study of energy energy correla- 
tions in the TASSO data [25]. For  our present pur- 
poses, we only aim to extract the the ratio of e~(b) 
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Fig. 17. EEC asymmetry distribution of average hadrons 

29 

E E C  A s y m m e t r y  

0 . 1 5  

0.i0 

Data 

~ .c .  a , ( b )  = 0 . 1 7  i.__1._..2 

~.c. a,(b) = mOO 

~.C. a , ( b )  = 0 .25  .... : . . . .  

O. 0 ' : : < -  T 

r I ~ , r 

0.0 0.2 0.4 0.6 0.8 1.0 
cosx 

Fig. l& EEC asymmetry distribution of b enriched sample 

to c% (all) and have not attempted to get the best abso- 
lute value. The EEC asymmetry distribution of the 
b enriched sample was then also fitted in the region 
[cos Z[ <0.7, but fixing the c% value for udsc flavours 
to that of the average of all hadrons as in (12) and 
only allowing c%(b) to vary. We find: 

~s (b) = 0.172 + 0.073 (statistical only) (13) 

with a %2/d.o.f. of 7.5/6. The measured value of es 
changed by • 0.02 in varying the fitting range in the 
same way as for the average hadrons. Tagging biases 
for 3 or 4 jet events are taken care of during fitting. 
The AEEC distribution for the b enriched sample 
with the best fit of c~s values for the Monte Carlo 
is compared with data in Fig. 18. 

The most important systematic errors are flavour- 
dependent. The most prominent of these is due to 
the present rather poor knowledge of the b fragmenta- 
tion function. The standard Monte Carlo used the 
Peterson function with G=0.010, corresponding to 
<zb} = 0.80. As mentioned, we also generated Monte 
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Carlo b events with eb of 0.003 and 0.03 respectively 
which represent the two extremes of experimental 
measurement results, and were processed at the gener- 
ator level only. This study showed that with a harder 
b fragmentation (with <zb)= 0.86) the measured value 
of the ratio R = as (b)/a~(average) increased by 0.20 and 
with the softer b fragmentation, it decreased by 0.20. 
This will be seen to be the major systematic error. 

The QCD matrix element calculations with full 
2nd order corrections for 3 parton final states as- 
sumed all quarks were massless. Since no full second 
order matrix element calculation with quark masses 
included is available, we compared the cases of partial 
second order calculations (no virtual corrections for 
3 parton final states) with and without quark masses 
in the matrix elements. The study of AEEC distribu- 
tions at the Monte Carlo generator level showed that 
the inclusion of masses would only result in an effec- 
tive increase of measured R of 0.04 and is therefore 
negligible. 

Varying the assumed as value of the udse back- 
ground by _+0.01 [27] in the fit to the b enriched 
sample resulted in a change of ___ 0.07 in R. Varying 
the assumed b purity by • 10% resulted in a change 
of • in R. The flavour-dependent systematic er- 
rors in R total • 0.27. 

All other known sources of systematic error are 
flavour blind, at least when compared with the magni- 
tude of that associated with the uncertainty in the 
b fragmentation function. We attribute a collective 
systematic error of 10% on the ratio a~(b)/~s(average) 
to account for all effects due to different fragmenta- 
tion models and thereby arrive at the final result 

as(b) 
- 1.17 • 0.50 • 0.28. (14) 

as(average) 

The strong coupling strength of the b quark is consis- 
tent with being the same as the other flavours. 

8 Summary 

We have demonstrated a new technique which is 
shown to have a high efficiency in obtaining a rela- 
tively pure sample of b b hadronic events. This is the 
first occasion the long lifetime of the B hadrons was 
used for the purpose. 

We have studied the fragmentation properties of 
the b quark and made comparison with average had- 
tonic events in which the b flavour only make up 

10%. The gross properties of b jets are very similar 
to those from average jets, despite the fact that most 
particles arise from B decay rather than fragmenta- 
tion. b jets have a slightly higher multiplicity and are 
slightly softer and more spherical than the average 

jet. All these differences can be understood in terms 
of a mean zb of 0.87 and are well reproduced by 
Monte Carlo. The multiplicity and rapidity distribu- 
tions have been used to make two new determinations 
of the mean value of zb and these are independent 
of a hard lepton tag. We find 

<zb) = 0.87 -t- 0.02 -t- 0.03 

which is in agreement with both previous determina- 
tions and theoretical predictions. Our studies have 
verified the validity of current models of jets initiated 
by the b quark. 

We have made the first measurement of the strong 
coupling constant to b quarks and find it is consistent 
with being identical to that of the light quarks. 
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