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We have measured the properties of Z°--,bl] decays using a sample of 944 inclusive muon events, corresponding to 18000 
hadron events obtained with the L3 detector at LEP. We measured the partial decay width of the Z ° into bb, Fb6 = 353 _+ 48 MeV, 
and we determined the vector coupling of the Z ° to the b quark; g~,(b)=0.095 _+ 0.047. We measured the forward-backward 
charge asymmetry in e + e-~bl~ events at ,,/s ~ Mz, and obtained Ab~ = 13.3 _+ 9.9%. 

1. Introduction 

Measurements of decays of the Z ° boson into bb 
pairs may be used to precisely determine the weak 
neutral couplings of heavy quarks, and to test the 
universality of the quark couplings. In the standard 
model [ 1 ] the partial width in Z°-~q~t depends on 
the weak isospin of the quark: the partial width is ex- 
pected to be larger for down-type quarks than for up- 
type quarks. Precise determinat ions  of the partial de- 
cay width for Z ° ~ b 6  (Fb6) and of the forward-back- 
ward asymmetry (Ab6), with high statistics at LEP, 
may therefore be used to perform stringent tests of 
the standard model and to accurately measure sin2Ow 

[21. 

Supported by the German Bundesministerium f'tir Forschung 
und Technologie. 

In previous measurements with the L3 detector at 
LEP [ 3,4 ], we have determined the total width of the 
Z ° boson Fz, and the partial widths into charged 
leptons (F~) ,  hadrons (Fha~ .. . .  ) and neutrinos 
(F~nvisib~c). In this paper we present our determina- 
tions of/'bb and Abb, 

Our measurements are based on a study of inclu- 
sive muons  in the reaction e + e - ~ t  + hadrons. The 
data were taken at ten center of mass energies cover- 
ing the range of the Z ° peak: 88.28 GeV ~< x/~< 95.04 
GeV. Inclusive muons have been used in previous 
measurements of heavy quark properties, at lower 
energies or with lower statistics [ 5 ]. The clean iden- 
tification and measurement  of muons  in the L3 de- 
tector allows us to select inclusive muons  events from 
the reaction e+e--~bl~, where the muon has a large 
transverse momen tum with respect to the nearest jet, 
with little background from ce or light q(t production. 
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2. The L3 detector 

The L3 detector  covers 99% of  4m The detector  
consists o f  a central  vertex chamber ,  a high resolu- 
t ion e lectromagnet ic  ca lor imeter  composed  of  BGO 
crystals, a ring of  scintil lation counters, a uranium and 
brass hadron  ca lor imeter  with propor t iona l  wire 
chamber  readout ,  and  a very accurate muon  chamber  
system. These detectors  are instal led in a 12 m 
d iamete r  magnet  which provides  a uniform field of  
0.5 T along the beam direction. The luminosity,  which 
is measured using small  angle Bhabha events in two 
calor imeters  s i tuated on either side of  the interact ion 
point,  has been de te rmined  with a total  systematic  
uncer ta inty  of  1.7% [ 3 ]. The detector  is descr ibed in 
detail  in ref. [ 6 ]. 

The fine segmentation of  the BGO detector  and the 
hadron ca lor imeter  allows us to measure  the axis of  
jets  with an angular  resolut ion of  2.5 °, and to mea- 
sure the total  energy of  hadronic  events from Z ° de- 
cay with a resolut ion of  12%. The muon detector  con- 
sists of  three layers of  precise drift  chambers,  which 
measure a muon ' s  t ra jectory 56 t imes in the bending 
plane, and 8 t imes in the non-bending direction.  

Fig. 1 il lustrates that  the L3 detector  is well sui ted 
for the s tudy of  inclusive muon events. The muon is 
observed in the vertex chamber ,  as well as in the had- 
ron calorimeter ,  as a well def ined track. It deposi ts  
energy corresponding to a m i n i m u m  ionizing part i -  
cle in the e lectromagnet ic  and hadronic  calorimeters.  
A clearly isolated muon track is measured in the muon 
chambers.  

Backgrounds from rt and K decay in flight are sup- 
pressed because of  the short  decay path (a t ransverse 
distance of  52 cm)  from the interact ion point  to the 
front face of  the BGO crystals. Background from non- 
interact ing hadrons  and secondary hadrons  pro- 
duced in showers (punch through)  is suppressed,  be- 
cause a pion has to penetra te  an average of  6.5 nu- 
clear absorption lengths to reach the muon chambers.  
The inclusive muon signal is then further separa ted  
from the residual  lower -momentum punch through 
and decay backgrounds be measuring the momen-  
tum after the hadron absorbers.  

la) 

Fig. 1. Example ofa hadronic event with a high p± inclusive muon 
(labeled "la track"). (a) shows the display of the event in the L3 
detector. (b) shows a close-up view in the vertex chamber. 

3. Selection of inclusive muon events 

Inclusive muon events from the reaction 
Z°-~ ja + hadrons  were triggered by either one o f  two 
independent  triggers. The pr imary  trigger required a 
total  energy of  15 GeV in the BGO and hadron calo- 
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rimeters.  The second trigger, which al lowed us to 
check our trigger efficiency, was a muon trigger which 
required two of  sixteen scint i l lat ion counter  ~ sectors 
in coincidence with a t rack in the muon  chambers.  
The combined  trigger efficiency for hadronic  events 
with muons was greater then 99.9%. 

The data  sample used in this analysis corresponds 
to a total  integrated luminosi ty  of  924 nb-% and 
18 000 hadron  events. 

The inclusive muon events were selected using the 
criteria: 

( 1 ) Evi~ > 40 GeV, 
(2)  IEitl/Evi~<0.4, 
(3)  E±/Evi~<0.7, 

where Ev~ is the total energy observed in the detec- 
tor. We def ined the energy imbalance  as the vector  
sum of  the energy clusters in the BGO crystals and 
the hadron ca lor imeter  towers, with the di rect ion of  
the vector  def ined relat ive to the center  of  the inter- 
act ion region. E, is the component  of  the energy im- 
balance vector  along the beam direct ion,  and E± is 
the project ion of  this vector  onto a plane through the 
interaction region which is perpendicular  to the beam 
direction.  

The number  o f  jets  was found using a two step al- 
gor i thm which groups the energy deposi ted  in the 
BGO crystals and in the hadron ca lor imeter  towers 
into clusters, before collecting the clusters into jets.  
We required: 

(4)  At least one je t  above 10 GeV. 
The clustering algori thm normally reconstructs only 

one cluster for each electron or photon  shower, and a 
few clusters for x's. We were therefore able to reject 
~+~- events, by a cut on the number  of  clusters: 
(5)  Nd,~t~> 10. 

The cuts above serve to select a clean sample of  
hadronic  events. Inclusive muon events are then se- 
lected by requiring: 

(6)  At least one track in the muon  detector,  with 
momentum greater than 3 GeV. The track had to have 
reconstructed segments in at least two of  the three 
layers of  m o m e n t u m  measur ing drift  chambers ,  and 
at least one track segment in the chambers  measuring 
along the beam direct ion.  

To reduce punch through background,  we required 
that  the muon track point  back to the interact ion 
point.  This was measured in terms of  the expected 
error  from mult iple  scattering in the plane perpen-  

dicular to the beam line axy, and in the direction along 
the beam a.. We required that  

(7)  The distance of  closest approach was less than 
3a~v in the transverse plane, and less than 4az along 
the beam. 

To ensure that  the angle of  the je t  axis, and hence 
the transverse m o m e n t u m  of  the muon with respect 
to the nearest jet  was accurately determined,  the thrust 
axis of  the event had to be well inside the detector  
acceptance. We required:  

(8)  Icos0~l <0.7 ,  
where 0T is the angle between the thrust axis and beam 
line. 

After  cuts, we were left with a sample of  944 inclu- 
sive muon events. The background from z+r  - final 
states was de te rmined  to be negligible. 

4. Measurement of Z °--, bb 

To de termine  the acceptance for inclusive muons 
after cuts, we used the Lund par ton shower program 
JETSET 6.3 [7] and the L3 detector  s imulat ion ~x 
This has been shown to provide  an accurate descrip- 
t ion of  hadronic  events from Z ° decays [3].  In our 
analysis Of Fb~ we have used the average of  the semi- 
muonic  branching ratios measured  by previous ex- 
per iments  [5]:  B r ( D - ~ t )  = 10.0% (averaged over  
the charged and neutral  D 's  p roduced)  and 
Br(B~p_)  = ( 11.8___ 1.1 )%. 

Fig. 2 shows the momen tum spectrum of  the inclu- 
sive muons passing the selection cuts given above. For  
the final analysis of  Fbb only events with a muon mo- 
mentum larger than 4 GeV were used. Fig. 3 shows 
the measured transverse momentum of  the muon with 
respect to the nearest jet, p±,  for p , >  4 GeV. The good 
agreement  between the data  and Monte  Carlo dem- 
onstrates  that  the contr ibut ions  from background 
(which are small at large p~ and p± ), and the detec- 
tor  resolut ion are well s imulated.  

In order  to obta in  a clean data  sample which is pre- 
dominan t ly  from Z°-~ bb, we selected inclusive muons 

~ The L3 detector simulation is based on GEANT Version 3.13, 
September, 1989. See ref. [8]. The simulation includes the 
effects of energy loss, multiple scattering, interactions and de- 
cays in the detector materials and the beam pipe. The 
GHE1SHA program [9] is used to simulate hadronic 
interactions. 
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Fig. 2. Tbe measured muon momentum d is t r ibut ion in inclusive 
muon events, compared to the Monte Carlo simulation. The con- 
tribution of bb events calculated by the simulation is indicated 
by the hatched area. The data with p~ > 4 GeV are dominated by 
bb decays. 
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Fig. 3. The measured distribution of the transverse momentum 
p± of the muon with respect to the nearest jet, for inclusive muons 
with p, > 4 GeV. The data are compared to the Monte Carlo sim- 
ulation. The contribution of b13 events calculated by the simula- 
tion is indicated by the hatched area. The data with p± > 1.6 GeV 
are dominated by bb decays. 

with 4 G e V < p o < 2 5 G e V  and 1 . 6 G e V < p a < 3 . 5  
GeV ~z. Because the averagep,  ofmuons  from heavy 
quark decays is approximately mq/4, a cut in p .  

~2 The upper cuts on p,  and p± are made to ensure that there is 
a well measured, high energy jet in the same hemisphere, so 
that pz with respect to the nearest jet is well defined. 

should be an efficient way to separate the signal due 
to b-quarks from the background from the lighter 
quarks (udsc). Using this selection, we obtained a 
sample of 171 events. Monte Carlo calculations show 
that 90.8% of this sample is expected to come from 
b13 (including 5.2% from the cascade decay 
b ~ c - ,  la + ). The contribution from ce is expected to 
be 4.4%. The expected contribution from the punch 
through and decay in flight of light hadrons (contain- 
ing u, d, and s quarks) is 4.8%. 

Fig. 4 shows the measured distribution of the 
transverse energy imbalance E±/Evis, for p~> 4 GeV. 
This distribution is sensitive to the energy carried 
away by the neutrino in the semileptonic decay of a 
heavy quark. The measured distribution agrees well 
with the Monte Carlo calculation. As seen in the fig- 
ure, bb events dominate in the region of large E±. 

In order to measure Fb6 accurately, it is necessary 
to study the fragmentation functions for b and c 
quarks [ 10 ], since the momentum distribution of the 
muons observed in the final state is directly related 
to the B hadron spectrum prior to decay. We there- 
fore determined Fb6 in a fit to the data which allowed 
both the fragmentation function for B mesons and 
Fb~ to vary. We characterized the fragmentation o fb  

I I I 

1 5o 

I T I I  • Data 
I ' '-1~ 

 oo' ' L. L 

0 0.2 0.4 0.6 

E / E vis 

0.8 

Fig. 4. The measured distribution for the energy imbalance E l ,  
compared to the Monte Carlo simulation. The contribution of 
bb events calculated by the simulation is indicated by the hatched 
area. The data at large E± levis values are dominated by b13 decays. 
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quarks in terms of the average scaled energy ~3 
xE= 2Ehadron/X/~, using the functional form given by 
Peterson et al. [ 11 ] which depends on a single frag- 
mentation parameter ~b. AS a result of our fragmen- 
tation study (see below) we found that Fb~ is rela- 
tively insensitive to the choice of the b quark 
fragmentation function. 

We performed a maximum likelihood fit to the two- 
dimensional p~ versus P i  distribution, and to the 
normalized E l  distribution, using all inclusive muons 
with 4 GeV < p ,  < 25 GeV and no p± cut. The p~ ver- 
sus p± distribution is sensitive to both Fbb and to %. 
Including the E± distribution in the fit, for events with 
p± > 1 GeV, provides additional sensitivity to Eb and 
improves the overall precision of the eb 
determination. 

The distributions in p,  versus p • and E•  were sim- 
ulated using JETSET 6.3 with as=0.12, and various 
fragmentation functions. The simulated events were 
generated with the same V/~ distribution as the data. 
Distributions for different fragmentation parameters 
were obtained in the fit by reweighting the Monte 
Carlo events as a function ofxE, assuming the Peter- 
son functional form. The Monte Carlo predictions 
were normalized to the same total number of had- 
ronic events as the data. 

The direct results of the fits are: Br(B--,la)Fb6 = 
= 0.049_OlOlO. This 41.7_+2.9 (stat) MeV and ~b(XE) +00J2 • 

value of eb(XE) corresponds to (XE) =0.69_+0.02. 
TO check the result of the fit the following tests were 

performed: 
( 1 ) Fits were made with several different cuts in 

p, (between 4 and 6 GeV) and p± (between 0 and 
1.6 GeV). We observed changes of typically 4% in 

Ebb. 
(2) The contribution from the lighter quarks 

(udsc), and the amount of background from punch 
through has been varied by _+ 20%. The results of the 
fits changed by less than 3% in Ebb and 0.005 in (xE). 

~3 The commonly used fractional "energy" of the primordial 
heavy hadron, Zr,~,:=(E+ptl)h.dro,J(E+p),auark, as recon- 
structed from the Monte Carlo four-vectors, is not meaningful 
in parton shower models. Because of  the radiation of energetic 
gluons, values of  z~¢ greater than unity are often observed in 
the JETSET model at Z ° energies. The variable XE= 2Ehadron/ 

was chosen because it can be directly measured, and be- 
cause its definition is independent of  fragmentation models. 

( 3 ) The fit has been repeated by leaving the charm 
fragmentation and the semileptonic branching ratio 
Br(c~p.) free. The result changes by 4% in Fb6 and 
0.008 in (XE). 

(4) We changed the functional representation of 
the xE distribution, by replacing the Peterson form by 
the "Lund symmetric" form [ 12 ]. The result of the 
fit changes by 2% for Ebb and 0.012 in (XF.). 

From these variations and the error on event selec- 
tion, we estimate a relative systematic error of _+ 7% 
in Fb6 and 4% in (XE). The final results from the fit 
are 

Br (B~  p.)Fb6 =41.7 _+ 2.9 (stat) _+ 3.0(sys) MeV, 

{XF. ) = 0.69 + 0.02 + 0.03. 

After inserting the semi-leptonic branching ratio, 
Br(B~B)=0.118_+0.011 [5], we obtain 

Fb6 = 353 _+ 25_+ 25 MeV, 

where the first error is statistical, and the second is 
systematic. Our measurement agrees with the ex- 
pected partial width in the standard model, Fb6 = 
379 MeV [13] ( forMz=91.160GeV [3] ,as=0.12,  
M t o p =  100 OeV, and MHiggs = 100 GeV). 

Since Fb6 zCg2A (b) +g2v (b), the measurement of the 
partial decay width can be used to determine the cou- 
pling constants of the b quark. The axial vector cou- 
pling has been measured at tow energies [4 ], and is 
in agreement with the standard model. Inserting the 
standard model value g A ( b ) = -  ½ into the expres- 
sion for f'bb, we solved for the vector coupling con- 
stant, and obtained 

g2 (b) = 0.095 + 0.024 (stat) + 0.024 (sys).  

This agrees with the standard model prediction 
g2(b)  =0.12, for sin 2Ow= 0.23, 

Alternatively we can express our result in terms of 
the ratio of bb events to all hadronic events. Our 
measurements yield 

FbB/Fhad . . . .  =0.204 _+ 0.014 (stat) _+ 0.014(sys) . 

Our measured value of this ratio agrees with the stan- 
dard model expectation Fb6/Fhad .... = 0.217. 

The uncertainty in the B semi-muonic branching 
ratio leads to an additional systematic uncertainty of 
33 MeV in Fb6, 0.032 in g2v(b), and 0.02 in 
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gbb/ghad . . . . .  Combin ing  all s tat ist ical  and systematic  
errors in quadrature ,  we obta in  our  final results: 

t ion ~5 for the full angular  range Abb : + 10.8%. 

Fbb = 353-+ 48 M e V ,  

g2 (b )  = 0.095 -+ 0 .047 ,  

Fbb/Fhad . . . .  = 0.204 -+ 0.028 . 

TO check the results on Fb6, another  de te rmina t ion  
was per formed by selecting the inclusive muons in 
the "pure  b"  events using the cuts ment ioned  above: 
4 G e V < p , < 2 5  GeV and 1.6 G e V < p .  <3.5  GeV. 
This  corresponds to a selection efficiency of  
(4 .05-+0.03)% for b events. F rom the 171 events 
passing these cuts, the fraction o f b  events to all had-  
ronic events was de te rmined  to be Fb6/Fhad= 
0.216+_0.018(stat) ,  in good agreement  with the re- 
sult of  the fit. 

5. Forward-backward asymmetry -,466 

We measured the forward-backward  asymmetry  in 
Z ° ~  bb at x/~ ~ Mz by using the same inclusive muon 
event  sample used for the de te rmina t ion  Of Fb6. In a 
semi-leptonic decay o f  a b quark, the charge of  the 
detected muon  is direct ly correlated with the b or 6 
quark. Using the thrust  axis to define the direct ion of  
the quark, and the sign o f  the muon charge to tag the 
b or b, we are able to measure  the fo rward -backward  
asymmetryAb6 in e+e - --. b13 [ 2 ]. The asymmet ry  was 
de te rmined  in every bin  of  the Pt d is t r ibut ion  using a 
fit with Ab6 and Ace as free parameters .  Contr ibu-  
tions from background and the cascade decay b ~ c - ~  la 
were taken into account.  F rom the fit we ob ta ined  
Ab6 = ( 10.6-+ 7.9)%, corresponding to the angular  
range [cos 01 <0.7 .  By extrapolat ing Ab~ to the full 
range I cos 01 < 1 we obta ined  the fo rward -backward  
asymmet ry  at x/~ ~ Mz:  

Ab~ = ( 1 3.3-+ 9 . 9 ) % ,  

where the error  is statist ical  only ~4. (The systematic  
error  is es t imated  to be smaller  than 3%). This result 
is in agreement  with the s tandard  model  predic-  

,4 This result is not corrected for B°-l] ° oscillations [ 2 ]. 

6. Conclusions 

We have analyzed Z ° - , b b  decays, using inclusive 
muon events selected from a sample of  18 000 had- 
ron events. F rom a s imultaneous fit to the p~, p± and 
E .  d is t r ibut ions  we have de te rmined  the part ia l  
width F ( Z ° - - , b 6 ) = 3 5 3 _ + 4 8  MeV, and the average 
fractional  energy of  hadrons containing b quarks 
( x E )  = 0 . 6 9 + 0 . 0 4 .  F rom the measurement  of  Fb6, 
the neutral  current  vector  coupling of  the b quark has 
been de te rmined  to be g2v (b )=0 .095+0 .047 .  Our  
measurement  of  the forward-backward  asymmetry  at 
x/~ ~ Mz yields Ab6 = ( 13.3--+9.9)°/0. 
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~5 Neglecting B°-B ° mixing, which is expected to reduce the 
magnitude of the asymmetry, as measured by using the sign of 
the muon electric charge to tag b and 1~ quarks, by a factor of 
0.75_+0.10 [15]. 
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