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Abstract 

A classifier based on a Feed-Forward Neural Network has been used 
for separating a sample of about 123,500 selected hadronic decays of the 
zo, collected by DELPHI during 1991, into three classes according to the 
flavour of the original quark pair: uu+dd+ss (unresolved), cc and bb. The 
classification has been used to compute the partial widths of the ZO into 
band c quark pairs. This gave rcc/r h == 0.lSl±0.008(stat)±O.041(sys), 
r bb / r h = 0.232 ± 0.005 ( s tat) ± 0.0 1 7 ( sy s ) . 
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A classifier based on a Feed-Forward Neural Network has been used for separating a sample of 
about 123,500 selected hadronic decays of the ZO, collected by DELPHI during 1991, into three 
classes according to the flavour of the original quark pair: uu+dd+.ss (unresolved), cc and bb. 
The classification has been used to compute the partial widths of the ZO into band c quark pairs . 

1. Introduction 

The difficulties in the classification of hadronic events according to their parent quark flavour 

can be overcome by utilizing multidimensional variables for the separation1. Among the mul

tidimensional classifiers, Feed-Forward Neural Networks 2 appear to be a good candidate for 

complicated problems such as this. Feed-Forward Neural Networks (NN in the following) can 

map a set of variables calculated from the event onto a feature space in which the different 
species are well separated. 

The possibility of using a NN for hadronic event classification was explored in Ref. 3, in 
which the problem of separating ZO decays into bb pairs was considered. The result of this 

study was that, in the case of a perfect detector, a separation could be achieved with a higher 
efficiency than with respect to traditional separation variables 1 

• Further studies4 demonstrated 
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that, also in the presence of detector effects, NN s could be a useful tool for the classification of 
bb events, and preliminary results on data have been recently presented5 • 

In this paper, it is shown that a NN can be used to classify effectively decays of the ZO into 
bb and cc pairs. It has been possible to measure, from the data collected by the DELPHI 
detector6 at LEP during 1991, the rates of the hadronic decays into bb and cc . The robustness of 
the separation against systematic uncertainties related to model dependence of the classification 
has been investigated by varying a wide range of parameters in the main lVlonte Carlo model 
used, and by comparing the results obtained with different models. The behaviour of the NN is 
consistently similar on the lVlonte Carlo test sample and data. Thus, the NN could be used for 
extracting flavour probabilities for each event, which offers interesting prospects for subsequent 
physics analysis. 

2. 	Data Selection 

The sample of events used in the analysis was collected during 1991 by the DELPHI detector 
at the LEP e+ e- collider, operating at center-of-mass energies around the ZO peak. , 

A description of the apparatus can be found in Ref.6. Features of the apparatus relevant for 
the analysis of multihadronic final states (with emphasis on the detection of charged particles) 
are outlined in Ref. 7 

, as well as the cuts used for the selection of the hadronic events. The 
analysis was based on charged particle tracks only. 

Strict quality cuts on the detector performance were made, in order to guarantee the relia
bility of the variables used for the analysis. 

A total of 123,475 hadronic decays of the ZO satisfying these selections was used in the present 
analysis. Events due to beam-gas scattering, to {'"'{ interactions and to decays into r+r- pairs 
have been estimated to be less than 0.3% of the sample. 

For the study of NN input variables, tuning and testing of the Network, and classification 
of data, a sample of 255,000 events was generated using the JETSET 7.2 Parton Shower (PS)8 
1V1onte Carlo program, with the lVlonte Carlo parameters optimized as ing 

. The generated 
events were followed through a detailed detector simulation lVlonte Carlo program DELSIlvI 1o , 

and processed through the same reconstruction and analysis chain as the data. 

3. 	Variables used for the classification 

Nineteen variables were used as an input for the separation. Their choice carne from a study 
of flavour-dependent distributions based on JETSET 7.2 PS, and from the examination of the 
literature. 

The lis t of the variables used follows ~ 

1. 	 The sphericity S(J) of the first jet, calculated after a boost f3 = 0.96 along its axis. The 
. axis of the jet was defined by the.sum of the momenta of the particles belonging to it. 

2. 	 The directed sphericity sEL of the four most energetic particles in the first jet. For a 
set of Q particles in a jet, this variable is defined as SQ = 2:Q PZ /2:Q Ip12, where the 
Ipl's are the momenta in the rest frame of the set Q and the Pt'S are their components 
perpendicular to the original jet direction in the laboratory frame. 

tThe most energetic jet will be called "first jet", and indicated by the superscript (I); the second most energetic 
jet will be called "second jet" , and indicated by the superscript (s). 
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3. The directed sphericity si~~,*, 

4. The invariant mass lVI1(n4 of the four most energetic particles in the first jet. 

5. The invariant mass l\!f};14 of the four most energetic particles in the second jet. 

6 .. 9. 	 The products of the homolo~ue directed sphericities for triplets of particles in the first 
and the second jet, sJJ2 X Si~k' (ijk) = (123,124,134,234), where the four most energetic 
particles of the jet are considered~ 

10 .. 13. The products of the homologue invariant masses for triplets of particles in the first and 
1"1(1) 11{;(3) .d .t he secon Jet, lYj ijk X lY.. ijk . . 

14. 	The momentum of the slowest pion of the jet 1, after a boost along the jet aXlS corre
sponding to a n- energy equal to one half of the beam energy. 

15. Same as 14, for the second jet. 

16. 	The sum over the jets of the ratios between the momentum of the leading particle and 
the momentum of the jet. 

17. 	Sum of the absolute values of the track impact parameters, each one scaled by its error 
(to reinforce the classification of bb events). Tracks with impact parameters greater than 
2 mm are omitted because they are likely to come from secondary decays of strange 
particles. 

18. 	 Absolute momentum 1P1 of the most energetic muon (0 if no muons found with momentum 
greater than 3 Ge V Ie). Muons were identified as in Ref. l1 

. 

19. 	 Ip~1 of the most energetic muon with respect to the axis of the closest jet (0 if no muons 
found with momentum greater than 3 GeVIe). 

Event shape variables and invariant masses discriminate between heavy and light quark 
events due to the high mass of the b. Variables related to the long lifetime of the b, and 
kinematics of semileptonic decays were included as well, since they provide clean signatures of 
bb events. All variables were rescaled in such a way that they ranged from 0 to 1. 

4. 	The Neural Network 

A NN with 19 nodes in the input layer, one associated with each of the input variables Xi, was 
used. The input variables define the pattern space P. There were 25 nodes in the hidden layer. 
The outputs of the three output nodes, forming the vector 8, belong to the feature space F. 
The components of the output vector were assigned to the three quark classes uu+dd+ss (un
resolved), ee and bb. 

The network was trained using backpropagation. We refer to 12 for a detailed description of 
the procedure. 

5. Results 

The fraction of events, 13k, of each class k (k = 1. .. 3), corresponding to uu+dd+ss (unresolved), 
ee, and bb respectively, were determined from the data in the following way. 
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For each event, the outputs of the three nodes were projected in a 2-dirnensional space (u,v), 

by normalizing their sum to 1, and plotting them in a Dalitz plot (the distance from each side of 

an equilateral triangle was proportional to the corresponding output node value) ~ The results 

of such a procedure on (a) u, d, s events from simulation, (b) c events from simulation, (c) b 
events from simulation, and (d) data are displayed in Fig. 1. 
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Fig. 1. Dalitz plot (see text) of the nec',''''ork ou:pu t 


for simulated uu+-dd+ss events (a), cc events (b), bb events (c), a:1d for the data (d). 


The fractions \yere then obtained by means ofaX2 fit in the 2 unknown parameters {32 and 

{3J to the form 

~(u,v) = (1 - /32 - ;JJ)al(u,v) + ;J2 a2(U,V) + ;JJaJ(u,v) 

where ~(u,v) is the map of the data through the network into the feature space (Fig. 2(d)), 
and the ak(U, v) are the distributions for each class k in the feat ure space, determined in the 
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test sample. The distributions for the PS test sample are shown in Figures 2(a)-(c). The best 
fit 'with the JETSET PS sample, containing 200,000 events, gave x2/Number of Degrees of 

Freedom := 1.0, and correlation coefficient C between /32 and /33 was -0.6. 

In order to estimate the model dependence of the result, a fit was also performed with a test 

sample generated with the JETSET 7.2 Matrix Element model (lYlE), and passed through the 
full detector simulation. This sample contained 60,000 events. The X2 /NDF of the fit was 1.1, 
and correlation coefficient C := -0.4. 

The average of the two determinations was taken as the result of the measurement. This 

gave 

0.151 ± 0.008(stat) (1) 
0.232 ± 0.005(stat). (2) 

In the Dalitz plots (Fig. 1), a separate class of bb events appears as a concentrated band. 

These originate from the events containing identified muons. The muon variables separate 
bb events, and to a lesser extent cc events, into two classes which the network correctly recog
nIzes. 

Systematic uncertainties can arise from the model used to determine the distributions ak 

described above. These distributions come from a Ivlonte Carlo model, which contains several 

adjustable parameters. The fine tuning of these parameters is, in general, done by assuming 

that the branching fractions into each flavour are given by the Standard Nlodel. One potential 
problem is that this may cause "circularity", i.e. our result for the estimated quark fractions 

could reflect the assumed values when determining the best tuning of the Ivlonte Carlo. To 
avoid circularity, the range of variation of relevant parameters in JETSET PS, independent of 
the hadronic branching fraction's, was established by studying the dependence of the X2 of the 
rapidity (with respect to the sphericity axis) and aplanarity distributions on the value of the 

parameters tuned in Ref. 9 , allowing free variation of rcc and rbb . 

The systematic uncertainty in the branching fraction determinations, due to the free param
eters in the simulation in the range established as described in the previous paragraph, were 

estimated to be: 6.(rcc/rh) := ±0.023, 6.(rbb/rh) := ±0.010. 

Other sources of systematic uncertainties considered were: detector modelling in the sim

ulation, and the model used for generating the initial state (JETSET PS, JETSET lYlE or 

HERvVIG 1J
). This gave 6.(rcc/rh) := ±0.009, 6.(rbb/rh) = ±0.011 from the detector mod

elling, and 6(rcc/rh) = ±0.033, 6.(rb6/rh) = ±0.008 from the model dependence. 

6. Conclusions 

By combining in quadrature the systematic uncertainties, the final results were 

0.151 ± 0.008(stat) ± O.O<!l(sys) (3) 

0.232 ± 0.005(stat) ± 0.017(sys). (4) 

The results are consistent with the Standard iYIodel, which gives in the Born approximation 

r cc / r h = 0.171, r bb / r h = 0.2 17. 
The behaviour of the Neural Network has been investigated against a wide range of system

atic uncertainties. The Neural Network has been found to be able to generalize consistently 
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to data, and thus, it has been demonstrated that a N eural Network could reliably be used for 
assigning events with a probability of coming from the hadronization of a bb or of a cc pair. 
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