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From a sample of about 120000 hadronic Z ° decays, using a technique based on a separation of the different 
event categorics in the boosted sphericity product, the fraction of bb dccays has been measured to be 0.219 + 0.014 
(stat) = 0.019 (syst). Using the DELPHI detcrmination of the hadronic Z ° width, this corresponds to a partial 
width Fbg = 378 + 42 MeV (in good agreement with the standard model prediction of ~ 380 MeV). Combining this 
measurement with the determinations based on events with high Pt leptons gives an estimate for the branching ratio 
of b into leptons at LEP of (11.2 - 1.2)%, consistent with previous determinations. 

1. I n t r o d u c t i o n  

This letter presents a study of the branching ra- 

tio of the Z ° into bb pairs, using a method based on 
the boosted sphericity product. The boosted sphericity 
product (BSP) is a shape variable that was originally 

used by the TASSO collaboration at PETRA to en- 
rich data samples with bb events [ 1 ]. After selecting 
two jct events, the jets are boosted along thcir axes 
(defined by the direction of the sum of the momenta 
of their charged particles) towards their hypothetical 

B hadron rest frame by a boost ft. The sphericities 
St and $2 of the two jets in their respective scaled 
reference frame are then calculated, and the boosted 
sphericity product is dcfined as the product of St and 
$2. Duc to the large rcst mass of thc B hadrons, bb 
events have larger values for St and $2. The boost fl 
is tuned via Monte Carlo simulations in order to op- 
timize the separation betwecn the bb events and the 
background. The final result should be independent 
of the precise value chosen for/~, any residual depen- 
dence is taken as contribution to systematic uncer- 
tainties. Thc shapc of the observed BSP distribution 
is then used to estimate the branching fraction of the 
Z ° into bb pairs. 

2.  E x p e r i m e n t a l  procedure  and  event  s a m p l e  

This analysis is based on the data collected by 
DELPHI in the period March 1990-August 1990, cor- 

responding to ~- 120 000 hadronic Z ° decays. The com- 
ponents of the DELPHI detector relevant for this anal- 
ysis have already been described in ref. [ 2 ], as well as 
the trigger for the hadronic events. Tracks are mea- 
sured in a 1.2 Tesla magnetic field by a set of three 
cylindrical tracking detectors: the Inner Detector (ID) 
(inner radius 12 cm, outer radius 28 cm, covering po- 
lar angles between 29 ° and 151°), the Time Projec- 
tion Chamber (TPC) (inner radius = 30 cm, outer 
radius = 122 cm, covering polar angles between 21 ° 

and 159 °) and the Outer Detector (OD) (inner ra- 
dius = 198 cm, outer radius = 206 cm, covering polar 
angles between 42 ° and 138 ° ). TPC, ID and OD pro- 
~fide complete coverage of the region between 35 °) 
and 145 ° in the polar angle 0. The average momen- 
tum resolution is in the range Ap/p  ~_ (0.002-0.01)p 
(p in GeV/c) .  Only charged particles were used in 

the analysis and were required to fulfill the following 
criteria: 
- impact parameter at the nominal  p r imal ,  vertex is 
less than 5 cm in radius from the beam axis and less 
than 10 cm along it; 
- momentum p larger than 0.1 GeV/c; 

- measured track length in the TPC greater than 50 
cm; 
- polar angle 0 between 35 ° and 145 °. 

All particles were assumed to be pions. Hadronic 
events were then selected by imposing the following 

requirements: 
- each of the two hemispheres cos 0 < 0 and cos 0 > 
0 contained a total energy in charged particles Ech = 

~ E ,  larger than 3 GeV, where E, are the particle 

energies; 
- the total energy of the charged particles seen in both 
hemispheres together exceeded 15 GeV; 
- there were at least 8 charged particles and among 
those at least 5 with momenta above 0.2 GeV/c; 
- the polar angle 0 of the sphericity axis was in the 
rangc 50 ° < 0 < 130 ° . 

In addition the events were rcquired to be classi- 
ficd as two jet events by the JADE/E0 algorithm [3] 
with ycut = 0 . 0 8 ,  with at least 3 charged particles in 

each jet. The choicc of ycut ----- 0.08 was a compro- 
mise between the size and the quality of the two jet 
event samplc. In this algorithm the scaled invariant 

'¢/* 'E 2 mass Yk/ = ~' ~l/ "~is is computed (Evis  is the seen 
energy in the event) for all pairs of charged particles 
k , l  of an event and the two particles (or clusters) 
with the smallest Ykl value are replaced by a "cluster" 
of 4-momentum (Pk + Pl )- This procedure is iterated 
until all Yk/exceed a threshold value Yc.~ and the result- 
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ing number  of  clusters is called the jet  mult ipl ici ty of  
the event. The selected event sample has a negligible 
(< 0.3%) contaminat ion from beam-gas  scattering, 
Y7 interactions and z - z -  events. A total o f _  ~ 51 000 
events were left after these cuts. 

Table 1 
Fractions (in percent) of data and Monte Carlo events for 
which Sl - $2 is larger lhan a given cut. The percentage of 
bb events in the Monte Carlo simulation remaining after 
the cut is also shown. 

St.S2 Data fraction Monte Carlo fraction bb purity 

3. Analysis and results 

The Lund Parton Shower Monte Carlo JETSET 7.2 
[4] (JETSET PS) was used to generate a sample of  
52 000 hadronic Z decays; the Peterson et al. frag- 
mentat ion scheme [5] was selected for heavy quarks, 
assuming eb = 3× 10 -3 and (c = 24× 10 -3. The frag- 
mentat ion function is defined as D ~ ( z )  = N× ( l / z )  
x [ l  - ( I / z )  - e Q / ( l  - z ) ]  -2, the normalizat ion N 
is fixed by summing over all hadrons containing the 
heavy quark Q; z is the ratio between the values of  
the light cone variable E + I'L for the heavy hadron 
and for the fragmenting Q~ system. The axis along 
which PL is defined is taken as the Q direction in the 
centre of  mass of  the fragmenting system. As the val- 
ues used for ~b and ¢c in the Monte Carlo simulation 
are not those that give a mean beam energy fraction 
taken by the B and the D hadrons - XE - that agrees 
with actual measurements,  a weighting procedure has 
been applied to the simulated events. This procedure 
allows one to vary ~b and ¢c and is used to correct the 
previously mentioned discrepancy. 

The events were then followed through the detailed 
detector simulation, (DELSIM [6]) ,  which includes 
simulation of  all secondary interactions and collection 
and digitization of  all electronic signals; the simulated 
data were then processed through the same analysis 
chain as the real data. For all the two jet  events in 
the Monte Carlo sample both jets were boosted along 
their axes. It was found that a boost value fl = 0.96 re- 
sulted in maximum sensitivity for the determinat ion 
of  the bb branching fraction. Therefore this value was 
used in the analysis. The Monte Carlo distr ibutions 
for St.S2 (fl = 0.96) for bb  and non-bb events are 
plotted in fig. 1. The BSP distr ibution of  c~ events 
is indistinguishable from those of  light quark events 
and hence the cut on S~.$2 is quite insensitive to the 
charm content of  the events. The effects of  selecting 
events with St.S2 above a cutoff  value (for the data 
and the simulation described above) arc summarized 
in table 1. The comparison between the fractions of  

0.025 75.0-1-0.2 75.5-t-0.3 25.6=0.5 
0.050 56.2±0.2 56.4__+0.3 28.9±0.6 
0.075 42.3-t-0.2 42.6=0.3 31.4-t-0.7 
0.100 32.3-'-0.2 32.4+0.3 33.2+0.8 
0.125 25.0+0.2 25.0±0.3 35.6-t-1.0 
0.150 19.4±0.2 19.2:~0.3 37.3+1.1 
0.175 15.0-t-0.2 14.5-t-0.2 39.4i l .3 
0.200 11.5-t-0.1 11.0-t-0.2 41.4-t- 1.6 
0.225 8.7-t-0.1 8.4±0.2 41.7+1.8 
0.250 6.6-t-0.1 6.3-t-0.2 42.8+2.2 
0.275 5.0-t-0.1 4.6-t-0.1 44.6=2.6 
0 300 3.7+0.1 3.4--0.1 44.7+3.0 

real and Monte Carlo events passing the cut will be 
the subject of  this analysis. From table 1 it can be 
noted that they agree reasonably well; the parameters  
used for the Monte Carlo simulation were those cor- 
responding to the standard model. It is evident,  how- 
ever, that at LEP this discr iminator  does not select bb 
samples of  high purity, the enrichment being lower 
than at PETRA where the B particles take a larger 
fraction of  the available energy. The boosted spheric- 
ity depends not only on the mass of  the fragmenting 
quark; it is also sensitive to the multiplici ty and to the 
kinematic parameters  (momentum and angle) of  the 
particles inside the jet. For  light quarks these variables 
depend mainly on the hadronizat ion process, whereas 
for heavy quarks they are also governed by the decay 
properties of  the heavy particles. The global properties 
of  mult ihadronic final states have been found to be in 
well reproduced by the Monte Carlo simulations [7]. 
The value of  the boosted sphericity is mainly sensitive 
to a subsample of  kinematic variables, which need to 
be under control in the Monte Carlo simulation. Of  
part icular  importance are the distr ibutions of  the track 
momentum and of  the transverse momentum relative 
to the jet  axis: this is discussed in section 3.2. 

3.1. The results o f  the fit 

Fig. 2 and table 2 compare the observed St.S2 
distr ibution with the predict ion for pure Z ° ~ b b  
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Fig. 1. Simulated $1-$2 distribution using JETSET PS for b (dashed line) and light quarks events (solid line), fl -- 0.97. 
The ordinate is the probability per event per bin of 0.025 in the BSP variable ( - Prob(BSP) ). 

events, (Sl'S2)bb, and for all other hadronic events, 
(St .$2 ) . . . .  bg" The observed SI .$2 distribution was fit- 
ted to the form 

(SI-S2)data  = otx ( S I ' S 2 ) b ~  "t- (1 - ¢~) x (SI'S2) . . . .  bg' 

(3) 

where the two Monte Carlo S,.$2 distributions, for 
bb and non-bb events, were normalized to unity and 
the branching fraction ~ was taken as an unknown 
parameter. The fit gave ~ = 0.217 + 0.014 (star) 
wi tha  chi-squared value of 15.2 for 19 degrees of free- 
dom. The value ofc~ was corrected by 2%, to take into 
account the flavour dependent differences in the se- 
lection efficiency induced by the event cuts described 
previously. The bb branching ratio was determined to 

be: 

R -  
F ( Z ° ~ b b )  

F (Z0~hadrons )  
= 0.213 ± 0.014(stat). (4) 

Repeating the same analysis using simulated events 
generated with the LUND 7.2 Matrix Element (ME) 

generator gave: 

F ( Z ° f l ~ b b )  
R = _ = 0.213 + 0.014(stat). (5) 

F (Z0 ~had rons )  

The fragmentation function for b quarks in the LUND- 
ME generator was tuned to give the same mean energy 
fraction for B hadrons as in the LUND Parton Shower 

generator. 

3.2. Study of systematic effects 

The main sources of systematic uncertainties are 
related to the modelling of the hadronization mecha- 

nism. 
1. One of these sources is the uncertainty in the 

fragmentation function of the b quarks. Avcraging the 
results from the LEP experiments [8-1 1 ] the mean 
value of the fraction of the beam energy taken by a 
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Table 2 
Bin contents for Data and Monte Carlo events, as a percentage of the 2-jet events fulfilling the cuts given in section 2 (the 
bins have a common width of 0.025 and the first bin corresponds to the range 0-0.025). 

SI-S2 Data Monte Carlo bb Monte Carlo non-bb 

0.025 25.06z0.22 12.23±0.49 27.94±0.40 
0.050 18.77±0.19 13.87+0.52 20.56±0.34 
0.075 13.85 ±0.16 13.46±0.51 14.00±0.28 
0.100 10.02+0.14 11.52±0.47 9.77±0.23 
0.125 7.33±0.12 8.53±0.41 7.13±0.20 
O. 150 5.56±0. I 0 7.98±0.40 5.16±0.17 
0.175 4.47±0.09 6.69:=0.36 4.09+0.15 
0.200 3.48±0.08 5.16+0.32 3.03-0.13 
0.225 2.74±0.07 4.73-1-0.30 2.11 +0.11 
0.250 2.08±0.06 3.79±0.27 1.68±0.10 
0.275 1.66+0.06 2.84±0.24 1.29-t-0.09 
0.300 1.31 ±0.05 2.50+0.22 0.88+0.07 
0.325 1.06±0.05 1.60±0.18 0.60+0.06 
0.350 0.70=0.04 1.37=0.16 0.48±0.05 
0.375 0.63±0.04 1.02±0.14 0.40=0.05 
0.400 0.44+0.03 0.84±0.13 0.32±0.04 
0.425 0.30+0.02 0.59±0.11 0.24±0.04 
0.450 0.24±0.02 0.67-t-0.11 0.13±0.03 
0.475 0.17+0.02 0.31 +t-0.08 0. I 1 -t-0.02 
0.500 0.14±0.02 0.29±0,08 0.08+0.02 

B hadron is (x~)-ER/Eb~am = 0.705 • 0.011, the 
uncertainty of  which corresponds to a variation in R 
of  ± 0.009. 

2. I f  the B particles are produced with different en- 
ergy distr ibut ions in the data and in the Monte Carlo 
simulation, the measured value of  R will depend on 
the choice of  ft. From the dispersion of  the results 
for fl varying in the range (0.95-0.98) a systematic 
uncertainty of  • 0.007 on R is evaluated. The limits 
of  the considered range of  variation for fl are dictated 
by the reduced sensitivity for the determinat ion of  the 
bb branching fraction at the upper value of  the range 
and by the dominant  influence of  soft hadroniza- tion 
effects at the lower end. The correlation between the 
uncertainties in eb and /?  is negligible. 

3. The contr ibution from the uncertainty in the c 
quark fragmentation function is roughly one third of  
that from the b quark. 

4. Another  uncertainty concerns the knowledge of  
the c~ fraction. A c~ content larger than that predicted 
by the s tandard model  could modify the S~.$2 shape 
for the background, but from fig. 1 it is clear that this 
effect is small as charm quarks and light quarks pro- 
duce very similar distributions. The present knowl- 

edge of  the cE branching fraction is, from the average 
of  refs. [8,12,13] 

Br(Z°--,cE) = 0.166 + 0.034. 

This corresponds to a variat ion of  • 0.004 in the 
measured R. 

5. A contribution to the error on R is expected from 
the modell ing o f  the transverse momentum distribu- 
tion of  the hadrons relative to the jet  axis. The cor- 
responding distr ibutions from Data and from Monte 
Carlo simulation should be equal, independent  of  p~, 
if  the following conditions are satisfied: 
- the Monte Carlo generator gives a good description 
of  the hadronic production mechanism, 
- the decays of  the B particles are correctly described, 
- the detector simulation correctly models the track 
reconstruction, 

- the rate of  production of  b quarks is the same in 
the data and in the Monte Carlo sample. 

The first three points are independent  of  any a pri- 
ori assumption on the coupling of  the Z ° to b quarks. 
There is good agreement between the Data and the 
Monte Carlo simulations for the charged particle mul- 
tiplicity of  the events and for the particle momentum 

389 



Volume 281, number 3,4 PHYSICS LETTERS B 14 May 1992 

ffl 

O 

10 "1 

10 "2 

10 .3 

"-.% 

, , I , . , I  ; , , t , i  ~ I I  , l l L l l !  i A ~ l l  ~ l l l ~  I , , ,  

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
BSP 

Fig. 2. Prob(BSP) distribution, for fl = 0.96. The lines superimposed correspond to the predictions of JETSET PS for a 
Z ° ~ bb branching fraction of 1.0 (dashed line), 0.217, the standard model prediction (dotted line), 0.0 (solid line). 

distribution. Noticeable differences are observed be- 

tween the transverse momentum - pt - distributions 

relative to the jet axis. These differences vary with 

Pt and their amplitude reaches 6-7% in a restricted 

region around 600 MeV/c.  It was verified that the dif- 

fcrences have nothing to do with the beauty content 

of  the events by varying this parameter in the simu- 

lation. This variation in the bb fraction also changes 

the charged particle transverse momentum distribu- 

tion but over a much larger range in pt and with a much 

smaller amplitude, even for very unrealistic values for 

the Z ° ~ b b  branching fraction. I n order to evaluate the 

associated systematics, the transverse momentum dis- 

tribution of  individual particles in the Monte Carlo 

simulation was varied locally within the bounds of  

these differences. Then the bb fraction was changed 

in the Monte Carlo from 22% to 50%, and R was 

re-evaluated by fitting the corresponding BSP distri- 

bution. The result was compatible with a systematic 

Table 3 
Different contributions to the systematic error. 

Systematic source Error 

1 ) b fragmentation :tz 0.009 
2) Choice of fl + 0.007 
3) c fragmentation + 0.003 
4) Br(Z°~c~) 4- 0.004 
5) Modelling (systematic) + 0.004 
6) Modelling (statistics) = 0.010 
7) PS/ME Monte Carlo Simulations + 0.009 
8) Choice of Ycut + 0.004 

Total + 0.019 

contribution of  < 0.004 to R, 
6. The contribution from the statistical error result- 

ing from the correction 5) has been evaluated from 

the uncertainties on the fitted parameters used for the 

correction. This gives an uncertainty on R of + 0.010. 
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Tablc 4 
Check on the bb enriched sample. 

p~ cut % of bb events % of bb events 
from BSP from muon spectrum 

no cut 50.2+3.9 51+5 
> 1.0 GcV/c 70.9+6.9 67±7 

7. Another  source of  uncertainty comes from the 
difference in the results using different equally valid 
simulations. Averaging the results of  the fits using the 
PS (eq. (4))  and the ME (cq. (5))  simulations, a 
central value of  0.219 is obtained for R together with 
a systematic error contribution of  + 0.009. (This is 
a conservative est imate because these two measure- 
ments are within the statistical uncertainties of  the 
two Monte Carlo simulat ions) .  

8. Another  source of  systematic error arises from 
the choice of the jet  resolution parameter  Your. Con- 
sidering a large range for the variat ion of  this param- 
eter [0.02-0.16] a systematic error of  0.004 to R is 
assigned although no trend of  the fitted values as a 
function of  yeut is observed. The lower limit is dic- 
tated by statistical considerations (with ycu~ = 0.02 
only 40% are classified as two jet  events) while the 
upper limit Yc~t = 0.16 is well inside the region where 
the JADE/E0  algorithm gives mainly two je t  events. 

These contributions to the systematic uncertainty 
on the measurement  of  R are summarizcd in table 3. 
Other possible systematic errors, such as that com- 
ing from the differences in the efficiencies induced 
by the global event selection cuts, are negligible, This 
measurement  of  the branching fraction of  the Z ° to h 
quark pairs is based on the study of  an event shape 
variable which uses comparisons between data and 
Monte Carlo simulated samples. Since the parameters  
governing the simulation have been tuned to repro- 
duce several distr ibutions of  kinematical  variables it 
can bc argued [ 14] that an analysis used to find any of  
these parameters  or any parameter  dependent  directly 
on them is bound to obtain the values introduced at 
the beginning in the simulation (circularity problem).  
But, in this analysis, the two samples of  Monte Carlo 
simulated events - Parton Shower and Matrix Ele- 
ment - have been produced using sets of  parameters  
tuned on TASSO data [15,16] where the influence 
of  the Z ° is negligible. Also, the fragmentation dis- 

tr ibutions of  heavy particles - charm and beauty - 
have been chosen to reproduce the mean fraction of 
the beam energy taken by heavy hadrons, determined 
using inclusive distr ibutions of  high pt leptons, and 
not the event shape distributions. Fur thermore an ap- 
proach has been presented which evaluates the corre- 
lation between the tuning of  the Monte Carlo simula- 
tion on the data and the beauty content of  the events 
used for this tuning. It can be stressed that this proce- 
dure is essentially Monte Carlo independent,  once the 
set of  variables which really influences the boosted jet  
sphericity has been identified. 

3.3. Check on an enriched b sample 

In order to chcck the separation in St.5"2 indcpen- 
dently of  the Monte Carlo simulations, the S~.$2 dis- 
tr ibution was studied for the events with an identified 
muon in the final state. Such a sample is enriched in 
bb events [9]. Fig. 3 confirms that the BSP distribu- 
tion of  this sample approaches more closely that ex- 
pected for a purc bb sample. When pt, the transverse 
momentum of  the muon with respect to the axis of  
the closest jet ,  is required to exceed 1 GcV/c ,  thus 
further increasing the puri ty of  the sample, this trend 
continues but the statistical errors increase. Table 4 
summarizes thc results of  these studies. (It was veri- 
fied that thcre is no statistically significant difference 
between the BSP distr ibutions for all bb events and for 
those in which a B decays scmilcptonically; compar-  
ing the two distr ibutions gave a chisquared/(degree  
of  freedom) of  16.5/19) 

4. Results and conclusion 

The Z ° branching ratio fraction into bb pairs is 
found to be: 

F(Z° -~bE) 
F ( Z  ° ~ hadrons) 

= 0.219 + 0.014(stat)  + 0.019(syst) .  (6) 

Using our current experimental  determinat ion of  the 
hadronic Z ° width Fhad = 1726 :t: 19 MeV [17], this 
gives: 

Fb~ ----- 378 ----_ 42 MeV, (7) 
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Fig. 3. Prob(BSP) distribution for the enriched b sample, for fl = 0.96. The lines superimposed correspond to the predictions 
of JETSET PS for a bb branching fraction of 1.0 (dashed line), 0.217 (dotted line), 0. (solid line). 

in good agreement with the s tandard model  prediction 
of  ~ 380 MeV. 

MARK lI, ALEPH, DELPHI,  L3 and OPAL have 
recently measured the product  of  the branching frac- 
tion of  the Z ° into bb pairs times the inclusive semilep- 
tonic branching fraction of  the hadrons produced from 
the b quarks [8-11 ]. The average of  their determina- 
tions is: 

Y ( Z ° ~ b b )  
B r ( b ~ e X )  x F ( Z 0 ~ h a d r o n s  ) 

= 0.0246 ± 0.0006 (8) 

(where e can be a muon or an electron; the branching 
fractions to muons and electrons are assumed to be 
equal).  Determinat ions  (6) and (8) give 

B r ( b - , ~ X )  = (11.2 + 1.2)%. (9) 

This result can be compared with the lepton in- 
clusive branching fraction measured at the ~f(4S), 

B r ( b ~ g X )  = (10.6 :k 0.4)% [18] ;wi th themeasure -  
ments at higher energy colliders (PEP and PETRA),  
B r ( b ~ t X )  = (11.9 + 0.7)% [19]; and with the di- 
rect LEP measurement  B r ( b ~ g X )  = (11.3 + 1.2)%, 
using thc ratio of  double to single lepton events [20]. 
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