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More extensive and precise results are reported on the parameters of Z decay. On the basis of 20 000 Z decays collected with 
the ALEPH detector at LEP we find M z = 91.182 _+ 0.026 (exp.) _+ 0.030 (beam) GeV, F z = 2.541 + 0.056 GeV and a~ad = 41.4 --+ 0.8 
nb. The partial widths for the hadronic and lcptonic channels are / ]~d = 1804 + 44 MeV, Fe.,- = 82.1 + 3.4 McV, F~ +,_ = 87.9 + 6.0 
MeV and 1..+, .... 86.1 +5.6 McV, in good agreement with the standard model. On the basis of the average leptonic width 
/-~, ~- = 83.9 + 2.2 MeV, the effective weak mixing angle is found to be sinZ0w(Mz) = 0.231 + 0.008. Using the partial widths cal- 
culated in the standard model, the number of light neutrino families is N~=3.01 +0.15 (exp.) .+.0.05 (theor.). 

1. Introduction 

With the s tar t -up o f  LEP, one  o f  the in tercs t ing  

ques t ions  which could  be addrcsscd  was that  o f  the 

n u m b e r  o f  neu t r ino  species into which the Z decays,  

not  by the di rect  obse rva t ion  o f  the neutr inos ,  but  by 
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a precise m e a s u r e m e n t  o f  the Z width ,  or  o f  the cross- 

sect ion at the Z peak. The  lat ter  is s tat is t ical ly more  

powerful ,  but  systemat ical ly  more  d e m a n d i n g  be- 

cause it requires  precise knowlcdge  o f  the absolu te  

luminos i ty  and of  the Z decay de tec t ion  eff iciency.  

Several  results based on the cross-sect ion have  been  

repor ted  recent ly [ 1 - 5 ]  and are  in ag reemen t  with 

three neu t r ino  famil ies;  however ,  the most  precise  o f  

these [5] is only  2~ s tandard  dev ia t ions  away f rom 

four  families.  Wc therefore  be l ieve  it useful to repor t  

the con t i nua t i on  o f  ou r  work, based on a six-fold sta- 

t ist ical  increase in the data  sample .  The  analysis has 

r e m a i n e d  basical ly the same,  but  the de tec to r  has 

con t inuous ly  i m p r o v e d  and our  unde r s t and ing  o f  the 

sys temat ic  errors  has progressed.  In add i t ion  to the 

n u m b e r  o f  neu t r ino  famil ies  "Vv, new results for the Z 

mass  and line shape,  as well as the lcp tonic  b ranch ing  

rat ios  are given.  Fo r  a b r i e f  descr ip t ion  o f  the detec-  

tor, wc refer to ref. [ 5 ]. A more  de ta i lcd  descr ip t ion  

is in p repa ra t ion  [ 6 ]. 

2. Event  triggers 

T w o  independen t  tr iggers are used in this analysis 

( i )  a basic tr igger based on the e l ec t romagne t i c  cal- 

o r i m e t e r  ( E C A L ) ,  which requi res  a total  energy o f  

6.5 G e V  in the E C A L  barrel,  3.8 G e V  in e i ther  E C A L  

end-cap,  or  1.6 G e V  in both  end-caps;  ( i i )  a pene-  

t ra t ing-charged-panic le  trigger, which requires that  at 

least 5 inner  t racking chambe r  (1TC) wire planes and 
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at least 4 hadron calor imeter  (HCAL)  double  planes 
give signals in the same azimuthal  region. 

3. Z event selection and efficiency 

Events are selected in two independent  ways, one 
based on calor imetr ic  energy, the other  on charged 
tracks. Both require the basic trigger; the other  trigger 
is used exclusively to measure the trigger efficiency. 

The calor imetr ic  selection requires a min imum to- 
tal e lectromagnetic  and hadronic  energy o f  at least 20 
GeV. In addi t ion  it is required that at least 6 GeV of  
this energy be in the ECAL barrel  or  1.5 GeV in each 
of  the ECAL end-caps, if  there are at least 5 t ime pro- 
ject ion chamber  ( T P C )  tracks (95% of  the events)  
there are no further requirements.  For  events with 1 
to 4 tracks, addi t ional  cuts are imposed to e l iminate  
e+e - and p+p.-  final states. Bhabha 's  are rejected on 
the basis of  their  characterist ic  tight energy clusters 
in the electromagnetic  calorimeter .  To e l iminate  
muonic  decays, events are rejected if  there are ex- 
actly two tracks, each with associated hits (4 or more 
strips in the 10 outer layers) in HCAL. for events with 
no tracks at all, two addi t ional  cuts are appl ied  to 
e l iminate  cosmic rays: a t ime window of  _-350 ns 
based on t iming in ECAL, and a requirement  of  at 
least two clusters of  3 GeV each in ECAL. This  selec- 
tion leaves 18 654 events: 16 930 with 5 or more 
tracks, 872 with I to 4 tracks, and 852 with no tracks. 
This lat ter  class includes 804 events with the TPC 
turned off. All events with less than 5 tracks were vis- 
ually inspected: 121 events were identif ied as Bhabha 
events in which one or both electrons are in the cracks 
of  ECAL but the energy could be seen in HCAL, 14 
events are classified as beam-gas  interactions,  3 as 
muon pairs, and 92 could not be identif ied,  so that  
46 with an error  of  _+ 46 were included in the final 
event sample. As a check, in the visual inspection, 
z+'t  - decays were identified.  Almost  all z+~ - events 
should appear  in the 1-4 track category. On the basis 
of  the branching ratio F ~ / F h a d = O . 0 4 8  and the Monte 
Carlo simulation, 510 z~ events are expected, and 524 
were found. This identif ication,  however,  is not used 
in the analysis. 

We are left with a total o f  18 470 events. The dis- 
t r ibut ion in total ca lor imetr ic  energy is shown in fig. 
I a, together with the Monte  Carlo predict ion.  Fig. I b 
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Fig. 1. Distributions for calorimetrically selected events. (a) To- 
tal calorimetric energy; (b) absolute value of the cosine of the 
thrust axis. 

shows the dis t r ibut ion of  the calorimetr ical ly deter- 
mined thrust axis. The exper imental  energy distr i-  
but ion is somewhat wider than the s imulat ion.  This 
difference is due to noise problems in the hadron cal- 
or imeter  but has a negligible effect on the detect ion 
efficiency; the only use made here of  HCAL is the 20 
GeV total calor imetr ic  energy requirement .  This 
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conclusion is corroborated by the agreement betwccn 
data and Monte Carlo at low energy in fig. l a. The 
calculated efficiencies arc (99.4+0.2)% for had- 
ronic events, and (60+6)% for x+z - events. The 
possible contamination by the two photon process 
(,H) is estimated using the sample at the lowest en- 
ergy, in which this background would be concen- 
trated. We study the cross-section of the data with ca- 
lorimetric energy between 20 and 35 GeV (330 
events) as a function of the beam energy. The Z com- 
ponent must exhibit the resonance characteristics 
whereas the yy component is almost independent of 
energy. There is no indication of a ?7 cOmponent. The 
upper limit for the whole data sample duc to yy back- 
ground is 0.1%. The total systematic uncertainty in 
the cfficicncy for this selection is estimated to be 0.6%. 

The charged track selection requires at least 5 tracks 
in the TPC with the sum of the track energies (as- 
suming the pion mass) larger than 10% of the center- 
o f  mass energy. The tracks must have a polar angle 
above 18.2 :. This ensures that at least 6 TPC pad rows 
are traversed: at least 4 reconstructed coordinates per 
track are required. The distance of closest approach 
of the reconstructed tracks from the collision point 
must be less than 10 cm along the bcam and 2 cm 
transverse to it. Track reconstruction efficiency is 
~99%. Distributions based on the tracks, such as 
multiplicity, total energy, sphericity, thrust, etc. are 
in good agreement [ 5,7 ] with hadronization models 
[ 8 ]. For the accepted events, distributions of the to- 
tal encrgy and sphericity axis are shown in fig. 2a and 
2b, respectively. The calculated efficiency for qq 
events is (97.5+0.6)%. The background of ~+z- 
events is estimated at (30_+ 10) events, and is sub- 
tracted. The background from the two-photon pro- 
cess is calculated to be 15 pb. To check the two-pho- 
ton contribution, the cross-section for events with 
track energy between 0.1EcM and 0.15EcM is studied 
as a function of center of mass energy to separate the 
resonant and non-resonant contributions. A non-res- 
onant cross-section of ( - 2 z 3 2 )  pb is found, and 
( 15 _+ 15) pb is subtracted from the observed had- 
ronic cross-section. The total systematic uncertainty 
in the efficiency for the track selected sample is also 
estimated at 0.6%. 

The trigger efficiency is measured by means of the 
penetrating track trigger, which is entirely indepen- 
dent, and which overlapped in 92% of the events. 
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Fig. 2. Distributions for track selected events. (a) Total track en- 
ergy; (b) absolute value of the cosine of the sphericity axis. 

Events triggered by the penetrating track trigger and 
missed by the basic trigger correspond to 0.05% of 
the accepted event sample. Conservatively, the trig- 
ger inefficiency is (0.1-+_0.1)% for both event 
samples. 
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4. Luminosity detector, acceptance conditions and 
trigger 

Accurate measurement of the luminosity is essen- 
tial to the precise determination of the peak cross- 
section especially because the acceptance for the Z 
events is very close to unity and the uncertainty cor- 
respondingly small. The Bhabha events used to mea- 
sure the luminosity have a polar angle dependence of 
sin-4(½0); a clear and well understood acceptance at 
the inner boundary is therefore crucial. 

The ALEPH luminosity detector consists of a wire 
chamber arrangement followed by a calorimeter 
(LCAL) around the beam pipe at small angles on 
both sides of the detector. Only the calorimeter is used 
in the present analysis. It is a 38 layer lead and pro- 
portional-wire chamber sandwich construction, read 
out in projective towers, 784 on each side (see fig. 
3a). Each tower is read out in 3 stories, 4.7, 10.4 and 
9.4 radiation lengths in depth, respectively. There are 
two semicylindrical modules on each side covering 
the polar angle range 42-160 mrad. Within each 
module, the mechanical precision in the relative po- 
sition ofthc towers is 120 lam. The uncertainty on the 
inner radius due to the relative positioning of the two 
modules is 140 p.m. The distance of the shower max- 
imum from the collision point is 280 cm. The energy 
resolution is 3%, tower-to-tower response uniformity 
_+ 2%, and the spatial resolution of the shower posi- 
tion 1.2 mm in x and y. 

The acceptance region is defined by a boundary be- 
tween towers as shown for one half of one module in 
fig. 3a. The acceptance region excludes an inner band 
of towers and further excludes a large outer region, 
essentially the region outside ~ 110 mrad. The latter 
exclusion results in a loss of ~ 15% of the luminosity 
events, but was desirable, since this region is shad- 
owed by the end-plate of the ITC and TPC, degrad- 
ing the electron energies somewhat and consequently 
introducing a systematic error. Acceptance requires 
that the electron or positron shower pulse height in 
the front storey is larger in the acceptance region than 
in the boundary region on one side. There is no such 
requirement on the opposite side other than that the 
shower position be inside a 125 mrad contour. The 
side on which the boundary conditions must be met 
alternates from one event to the next. The asymme- 
try in the acceptance condition, together with the re- 

quirement of alternation from event to event, ensure 
that the acceptance is independent, in first order, of 
transverse and longitudinal displacement of the col- 
lision point and of small displacements of the beam 
direction. The pulse height requirement across the fi- 
ducial bounda~, results in a remarkably precise defi- 
nition of the fiducial region: the position uncertainty 
at the boundary is ~ 150 lam. The projective nature 
of the geometry is essential here. The x - y  position of 
the beam crossing relative to the calorimeters is mea- 
sured for each LEP fill on the basis of the shower po- 
sitions on the two sides with a precision of ~0.2 mm, 
but the consequent corrections are negligible. 

In addition to the geometric requirement, it is re- 
quired that the energy on each side is greater than 
0.22EcM, and the sum greater than 0.6Ec:M. 

Three triggers were used in the luminosity 
determination: 

(i) A basic luminosity trigger. This trigger requires 
a coincidence between the two sides with more than 
20 GeV on one and 16 GeV on the other. 

(ii) A high level single trigger, requiring more than 
31 GeV on either side. This trigger serves as a check 
and permits the efficiency determination of the basic 
trigger. 

(iii) Prcscaled single triggers of more than 20 GeV 
and 16 GeV on either side. These triggers enable de- 
termination of the background due to random coin- 
cidences of off-momentum electrons. 

The initial data sample [5 ] had a small problem in 
the coincidence trigger, which has since been cor- 
rected. The luminosity trigger inefficiency for the to- 
tal sample is measured to be (0. I _+0.1 )%. 

Fig. 3b shows the polar-angle distribution of ac- 
cepted events on the fiducial side, for data and sim- 
ulation. Fig. 3c shows the total energy distribution. 
fig. 3d shows the distribution in the difference, A0, 
between the azimuthal angles in the two arms after 
correction for beam position and magnetic deflec- 
tion. The Bhabha events are near 180°; a cut at 170: 
is applied. The data shown in this figure also permit 
an estimate of the background due to random coin- 
cidences in the two sides between single, off-momen- 
tum particles, this background is distributed much 
more broadly in A¢~ than the luminosity events. The 
events in the region 0 ~ < A 0 < I 0  ° and 160 ~<A~ 
< 170: can be used to subtract "the background at 
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Fig. 3. The luminosity calorimeter. (a) Tower structure in one quadrant showing acceptance boundary; (b) distribution of the polar 
angle; (c) distribution of the total Bhabha energy relative to the co ision energy, before and after background subtraction. The minimum 
value for acceptance is 0.6; (d) distribution of the difference in the azimuthal angle between the two sides. The acceptance region is 

170 ° <AO< 180 ° . 

170 ~ < A~5 < 180°. As can be seen in fig. 3d, the back- 
ground is small, at a level of  ~0.4%. 

The effective cross-section is calculated using an 
event generator  that includes f irst-order radiat ive 
corrections [9] .  The events were generated at 91.0 

GeV collision energy and the cross-section is found 
to be 26 .78+0 .15  (stat . )  +0 .20  ( theor . )  nb at 91.0 
GeV. For  other  energies this cross-section was mul- 
t ipl ied by the factor (91 GeV/EcM)  2 and corrected 
for small ( < 1%) electroweak effects. 
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We checked that the cross-section within our  cuts 
is not very sensit ive to radiat ive corrections.  The dif- 
ference between the lowest-order  and the f irst-order 
calculations is about I%. The systematic error intro- 
duced by neglecting higher orders  is expected to be 
smaller  than this value; we assume an error  of  0.7%. 
The hadronic  vacuum polar izat ion has been in- 
cluded [ 10]. The uncer ta inty  for the small momen-  
tum transfcr involved is of  order  10 -4, and is there- 
fore negligible. 

The systematic relative errors in the de te rmina t ion  
of  the luminosi ty  are es t imated as shown in table 1. 

Some checks on the systematic  quali ty o f  the lu- 
minosi ty  measurements  were possible. The precision 
o f  the geometrical  event  selection could be checked 
by repeating the selection, but basing it not on the 
first calor imetr ic  layer of  4.7 radia t ion lengths, but 
instead on the second o f  10.4 radia t ion lengths which 
contains  the bulk of  the shower. In a sub-sample of  
the data, 4169 events were selected on the basis o f  the 
first layer and 4171 on the basis of  the second. A total 
of  6 events were not in common.  A second, more 
comprehensive,  check was possible by compar ing  the 
result to that obta ined on the basis o f  a more restric- 
t ive selection in which the inner boundar3, is dis- 
placed by one tower width. The ratio of  accepted 
events was found to be 0.732 + 0.004 compared to lhe 
Monte  Carlo expectat ion of  0.729. In a third check, 
the energy requirement  was changed from the frac- 
tion o f  0.6 for the total energy to 0.66 and 0.55 of  the 
beam energy for the showers on the fiducial and non- 
fiducial sides respectively. The acceptance changed 
by 1.5% compared  to the Monte  Carlo expectat ion o f  
I%. The discrcpancy of  0.5% is due to known flaws 
in the detector  s imulat ion,  but  is below the given er- 
ror of  0.9%. 

5. Cross-sections on the  Z re s on an ce  

Data were obta ined at 11 energies: at the Z peak, 
and at the peak +0.25 GeV, + 1.0 GeV, + 1.5 GeV, 
+2 .0  GeV, _+3.0 GeV and +4 .0  GcV. The results 
reported here are based on ~ 20 000 Z decays which 
include the 3300 already reported [5] .  The calori- 
metr ic  selection did not require the TPC, so that  its 
integrated luminosi ty  is higher than that for the track 
selection. For  the data  accessible to both selections, 
96% of  the events are in common.  The remaining 4% 
are found only calorimetrically:  ~ of  these are z+~ - 
decays and the remaining ~ are hadronic  decays. 
These differences are as expected from the simula-  
tion. A detai led compar ison of  the two selections for 
the events with at least 5 tracks finds an agreement  o f  
bet ter  than 0.3%. 

The number  of  Z and luminosi ty  events are given 
in table 2 for the different energies and the two event 
selections. The resultant hadronic  cross-sections are 
listed as well. In the case of  the track selection, 

N t r a c k  O'Lu m 
Gha d - -  - -  

~track gLum ' 

where 

etra~k = 0.975 + 0 .006.  

In the case of  calor imetr ic  selection, 

Ncal O'I.um 
O'ha d - -  

~cal J~[Lum ' 

whcre 

Ecal ~--- 6cal,had + (cal,x 
O'ha d 

= 0 . 9 9 4 + 0 . 0 4 8  X0.60 

= 1.022 + 0.006 (at  the p e a k ) ,  

Table 1 

position of pad towers within a module and between the two halves 
inadequacy of simulation 
energy resolution and cell to cell variation 
uncertainty in collision position and beam angle relative to calorimeters 
theoretical uncertainty, higher order radiative effects 
statistics of simulation 

total estimated systematic error 

0.002 
0.009 
0.003 
negligible 
0.007 
0.004 

0.013 
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Table 2 
Results for ah,,~ near the Z peak. The number of Z decay candidates and luminosity event numbers and resultant hadronic cross-sections 
for the two event selections, as well as the combined result are shown. The errors are statistical only. 

Energy Track selection Calorimeter selection Average 
(GeV) cross-section 

N.-,,ck ,V~ ,,~ cross-section N~.t NLum cross-section (nb ) 
(nb) (nb) 

88.278 306 2015 4.43 +- 0.27 405 2447 4.56 +_ 0.25 4.49 + 0.25 
89.289 337 1020 9.45 ± 0.59 546 1570 9.46 +- 0.47 9.46 = 0.47 
90.285 1620 2310 19.65 _+ 0.63 1714 2341 19.58 +_ 0.62 19.61 _+ 0.62 
91.036 4057 3 6 9 1  311.16+0.68 4812 4188 30.15=0.64 30.15+_0.64 
91.288 4312 3835 30.58 + 0.68 4579 3874 30.82 _+ 0.68 30.70 +_ 0.68 
91.531 2884 2680 29.04 + 0.78 351/1 3136 28.79 ± 0.71 28.92 _+ 0.71 
92.286 1340 1686 21.01 +- 0.78 1429 1715 21.00 _+ 0.76 21.00_.+ 0.76 
92.565 130 222 15.40+- 1.71 143 225 15.91 _+ 1.73 15.65+_ 1.71 
93.292 827 1585 13.50 z 0.58 913 1685 13.36 +- 0.56 13.43 _+_ 0.56 
94.278 234 688 8.62 z 0.66 258 715 8.61 + 0.64 8.61 +- 0.64 
95.036 95 396 5.98 +_ 0.69 170 662 6.00 +_ 0.53 5.99 _+ 0.53 

where the error  inc ludes  all sys temat ic  uncer ta in t ies .  
In the following analysis,  the average result  o f  the 

two selections,  also given in table 2, is used. The  sys- 
t emat ic  errors are not  inc luded  in table 2. They  are 
1.3% for the luminos i ty  measu remen t ,  0.6% for the Z 
events  of  each selection, an d  0.4% for the corre- 
spond ing  error  in the c o m b i n e d  cross-section. 

6. The  resonance parameters  

The encrgy dependence  of  the cross-section near  the 
Z resonance  is expected to have the B r c i t - W i g n e r  

form: 

sF~ 
2 2 2 "2 2 ah~d=aO'~d ( s - - M = )  +S I z /Mz [ l + 6 ~ a d ( s ) ]  

P¢~ l'h.a ( 1 ) 
a ° . d = 1 2 ~ -  2 2 • 

MzFz 

Here, Fcc and  l'h~a are the part ial  widths  for Z decay 
to e+e - and  qq, respectively,  Fz is the total  Z width,  
and  Mz is the Z mass. To  ob ta in  a mean ingfu l  cross- 
section the b remss t rah lung  from the ini t ia l  state has 
to be r e summed  to all orders as described in refs. [ 11-  
15 ]. The  effect of  these correct ions  is s u m m a r i z e d  in 
the term 6,-~d(E) of  ( 1 ), which,  a l though of  the order  
of  30% at the peak, is known to bet ter  than  0.5%. 

A three-parameter  fit to the data  on  the basis  o feq .  
( 1 ) and  the c o m p u t e r  p rogram of  Burgers [ 15 ] and  

the formula  of  Borelli et al. [ 16 ] yields the peak cross- 
sect ion a°.d,  the Z mass and  l z :  

a~aa = 41 .4  +_ 0.8 n b ,  

M z = 9 1 . 1 8 2 + 0 . 0 2 6  (exp.)  + 0 . 0 3 0  ( b e a m )  G e V ,  

I z  =2 .541  + 0 . 0 5 6  G e V .  

The beam error in Mz is due to the uncer ta in ty  in the 
m e a n  e+e - coll is ion energy. This  error  was deter- 
m i n e d  by the LEP Div i s ion  [ 17 ]. 

The  absolute  scale error  f rom luminos i ty  and  
acceptance systematic  errors in t roduces  corre la t ions  
be tween  the points ,  and these corre la t ions  have been  
taken into account  in the fit. In the result for Mz, the 
error  due to the uncer ta in ty  in the coll is ion energy is 
stated separately. The possible changes in the beam 
energy fi 'om one  run  per iod to ano the r  do not  con- 
t r ibu te  s ignif icant ly  to any  of  these quant i t ies .  

The  ;(2 of  the fit is 10.5 for 8 degrees of  freedom. 
The cross-sections and  the expectat ions tbr two, three 
or four neu t r inos  are presented in fig. 4. Fig. 5 shows 
the 68% and  99% conf idence  l imi t  contours  in the 

0 ahad--I z plane. The  results are in agreement  with,  but  
cons iderably  more  precise than,  the m e a s u r e m e n t s  of  
only  two m o n t h s  ago [ 1-5 ]. 

So far this d e t e r m i n a t i o n  of  the Z resonance  pa- 
rameters  has been essential ly model  independen t .  It 
is possible to use the s t andard  model  predic t ions  for 
the part ial  widths  [ 18 ], 
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Fh,a = 1737+_22 MeV,  

F~.~_ = 8 3 . 5 + 0 . 5  McV 

Fvv= 166.5+ 1.0 M e V ,  

together with Fz = Fh~d + 3Fe ÷~_ + "~%1 ~, to find Nv on 
the basis of  the measured total width Fz. The result 
is A%= 3.30+ 0.37. 

7. Number of neutrino families 

In the frame of  the s tandard model,  the statist ically 
most powerful way to obtain the number  of  ncutr ino 
families is not from the measurement  of  the width, 
but from the peak cross-section, ~rOad. thc data  are re- 
fitted with only Nv and Mz as parameters.  Since the 
mass de te rmina t ion  is independent  of  the absolute 
cross-section and the width, Mz changes only slightly 
in this fit. We find 

Mz = 91.175 + 0.027 + 0.030 G e V ,  

A%= 3.01 + 0.15 (exp.)  + 0.05 ( theor . )  . 

The theoretical  uncertainty is due to uncertaint ies in 
the part ial  width calculation and is discussed in our  
previous letter [5].  T h e z  2 of  this fit is 11.3 for 9 de- 
grees of  freedom. The agreement  with the earl icr  re- 
suits [ 1-5 ], which give an average of~%= 3.13 + 0.25, 
is good. 

8. Leptonic branching ratios 

The leptonic branching ratio o f  the Z [ 19,20] has 
been determined,  using the larger data sample, in a 
way similar  to that reported in ref. [ 19]. The rcsult 
of  the detai led analysis is given in table 3. The e+e - 
and x"-~- channels were analyzed in a manner  iden- 
tical to ref. [ 19] using the same range of  energies. A 
somewhat  larger data sample, however, was used for 
the x+z-  than for the e+e - .  For  the la+p - channel a 
slightly different procedure  to ref. [ 19 ] was adopted 
in order  to extend the angular  range to [cos 0[ < 0.90 
and data at all center-of-mass energies were used. 
Candida te  events for g~p. -  pairs were selected as in 
rcf. [19],  However,  muons were identif ied here by 
requiring also that at least one of  the two energetic 
tracks to have a low energy deposi t  in the ECAL, 
compat ib le  with a m in imum ionizing particle. Some 
runs in which the HCAL readout  was not operat ional  
were excluded. The principal  backgrounds in each 
channel in table 3 are lepton pairs mistaken as an- 
other  type of  lepton pair. The last row in table 3 gives 
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Table 3 
Details of the evaluation of the corrected number of events for the three channels Z ~ + ~  -. The last row gives the ratio (P) of leptonic 
events to hadronic events of the same data sample. 

e+e - g+g- x+z - 

~+~- candidates 398 +_ 20 
background events 14 + 3 
t-channel subtraction 60 ± 6 + 5 

Z-,~+~ - (raw) 323 ± 21 + 6 

cross-section acceptance (%) 73.4 
selection efficiency (%) 94.5 -+ 2.0 
trigger efficiency (%) 100.0 - 0.2 

Z--,~+~ - (corrected) 466 -+ 30 _+ 13 
Z--,hadrons (corrected) 10385 _+ 103 

P~ (%) 4.48+ 0.30-_ 0.12 

382 ±20 
2 ±1 

380 -_20 + 1 

85.5 
96.5 _+ 1.1 
98.3 + 0.6 

469 _+ 25 + 5 
9769 _+99 

4.80_+ 0.26+0.05 

581 + 24 
47 = 9 

534 + 24 + 9 

89.5 
91.6 + 2.0 
99.7 _+ 0.2 

653 +_ 29 _+ 15 
13880 _+119 

4.70_+ 0.21± 0.11 

the rat ios o f  the number s  o f  lep ton  pairs to had ron ic  

events  where  the  lat ter  were  selected using the recon-  

s t ructed charged tracks as descr ibed  in sect ion 3. 

Table  4 shows these rat ios  (P )  together  wi th  the 

b ranch ing  rat ios  (B)  and part ial  wid ths  ( F )  deduced  

f rom the measu red  va lues  o f  tr°,d and  Fz  de r i ved  

above ,  cor rec t ing  for  the effect o f  single pho ton  ex- 

change.  Since the  measu red  lep tonic  b ranch ing  rat ios 

are  equal  wi th in  errors,  compa t i b l e  wi th  lepton uni- 

versal i ty,  the average  va lues  F~+~_, P~+~_ and  B~+~- 

are also given.  F r o m  these number s  the  had ron ic  and 

invis ib le  b ranch ing  rat ios  are  deduced  fo l lowing  the 

p rocedure  descr ibed  in ref. [ 19 ]. T h e y  all agree very 

well wi th  the s tandard  mode l  predic t ion .  

The  va lue  o f  ~s can be checked  by using Fh~a; we 
find o q =  0.22 +_ 0.10, a s suming  the first o rde r  expan-  

sion Fhad=/~had ( 1 + o L J n ) .  

Since  the b ranch ing  rat ios  add to unity,  the rat io  o f  

Table 4 
Measured ratios (P) ofleptonic to hadronic Z decays, branching 
ratios (B) and partial widths (F) for the different decay modes. 

Decay P B F (MeV) 

Z+e+e - 0.0448+0.0031 0.0323_*_0.0012 82.1+_ 3.4 
z - ,g+~ - 0.0480±0.0026 0.0346_+0.0023 87.9+ 6.0 
z--+'t+'t - 0.0470 ~- 0.0024 0.0339_+0.0021 86.1 + 5.6 
z ~ + ~  - 0.0468±0.0015 0.0330+0.0006 83.9+ 2.2 
Z-,hadrons 0.710 +0.015 1804  +44. 
Z-*invisible 0.191 _+0.014 495 +41. 

the invis ib le  to the  lep tonic  wid th  is 

Fin,, 1 1 

F~+~_ B~+~_ 1"~+~_ 
- -  - 3 = 5 . 7 8 + 0 . 3 9 ,  

where  B~+~_ and P~+~_ are the averaged  lcp tonic  

b ranch ing  ra t ios  and  the rat io  o f  the  lep tonic  to had-  

ronic  events ,  respect ively ,  and Finv and F~ +~_ are  the  

invisible  and leptonic  partial  widths.  Taking  the value  

Fvg/F~ +~- = 1.99 + 0.01, expec ted  f rom the s tandard  

e lec t roweak  model ,  the n u m b e r  o f  neu t r ino  types is 

2.90 + 0.19. T h e  i m p o r t a n c e  o f  this result  c o m p a r e d  

to the p rev ious  one,  to which  it is very  strongly cor- 

related,  is that  the  rat io F,~/F~+~_ is the only as- 

s u m p t i o n  f rom the s tandard  mode l  used in the anal-  

ysis. T h e  result  is still va l id  i f  add i t iona l  unexpec ted  

states y ie ld ing  hadrons  are present  in Z decays.  

T h e  average  lep tonic  part ial  wid th  can be related 

to the ef fec t ive  weak mix ing  angle s i n 2 O w ( M z )  ~ in 

the fo l lowing manner :  

,2 The effective weak mixing angle is defined as the ratio of the 
running QED and weak coupling constants evaluated at the Z 

m a s s :  

sin 20w(Mz) = ~ .~ 1 
M2w 

g (Mz) pM.2z " 

It is defined in different ways in the literature: 
sin z 0,(Mz)M~ [21 ], sin 20* (Mz) [22], sin20, [23]. The nu- 
merical differences are insignificant. 
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F~+~- = (1 +~¢) 

o~(Mz):14z { 1 + [ 1 - 4  sin 2 0 w ( m z ) ] z }  
× 

48 sinZ0w(.,'V/z) cosZ0w(Mz) 

where  ~ =  (0.2 + 0.3 )% represents  add i t iona l  e lectro-  

weak effects [24]  and o~(Mz) is the ef fec t ive  Q E D  

coupl ing  constant .  

F r o m  our  m e a s u r e m e n t ,  F~+~- = 8 3 . 9 + 2 . 2  MeV, 

we find 

sin z 0w(Mz)  =0 .231  + 0 . 0 0 8 .  

This  d e t e r m i n a t i o n  is insens i t ive  to a s sumpt ions  

on the top  quark  mass,  t h e  Higgs boson mass or  the 

Higgs s t ructure  o f  the  theory.  It cons t i tu tes  the mos t  

precise  di rect  d e t e r m i n a t i o n  at this t ime  o f  sin20,,, 

f rom neutral  cur ren t  coupl ings  o f  leptons.  
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