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Abstract. The cross-sections and the forward-backward 
charge asymmetries of muon and tau pairs produced 

in e + e-  collisions at 1 / s=35  GeV have been measured 

by the JADE Collaboration. The cross-sections, au(]//s 

=35 GeV)=69 .79_  1.35_+ 1.40pb and a~(Vs=35 GeV) 
= 71.72_+ 1.48 _+ 1.61 pb, are in agreement with the QED 
e3 prediction. The charge asymmetries are A , = - ( 9 . 9  
_+ 1.5 + 0.5)% and At = - (8.1 _ 2.0 _ 0.6)% in agreement 
with the value - 9 . 2 %  predicted by the standard model, 
using Mz = 91.0 GeV and sin / 0 w = 0.230. 
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Introduction 

The production of muon pairs is one of the simplest 
reactions in which the predictions of QED and the stan- 
dard model [1] can be tested in e+e - annihilations. 
Whereas QED in lowest order - predicts a symmetric 
angular distribution for the muon pairs the standard 

model predicts an asymmetry at PETRA energies, ~/~ 
30 GeV. This asymmetry is due to the interference of 

the photon and the Z ~ amplitudes. The magnitude of 
the asymmetry depends on the center-of-mass energy 
and on the values of the parameters of the model. 

The asymmetry was first established experimentally 
when the e + e -  storage ring P ETRA  was operating at 

center-of-mass energies of ~/s~ 34 GeV [2, 3]. Since that 
time numerous measurements of the angular asymmetry 
of muon pairs have been made by experiments at PEP 

(]/~= 29 GeV), PETRA (]//s~ 30M5 GeV) and recently 

also TRISTAN (1/~ up to ~ 60 GeV) [23]. In addition the 
asymmetry was also measured for the process e+e - 

z § z -,  which, according to the standard model, should 
be identical to that of e+e  - - , # + # - .  The magnitude 
of the asymmetry was in general found to agree with 
the numerical predictions of the standard model within 
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experimental errors [4]. However  it was noticed that  
the magnitude of the measured muon  asymmetries at 

an energy of ~fs ~ 34 GeV were approximately two stan- 
dard deviations above the expectation. For  e+e - 
~ + z -  the opposite was true: al though in agreement 
with the theory, albeit with somewhat larger errors, al- 
most  all measurements were below the expectation. This 
has sometimes been attributed to unrecognised back- 
ground in the tau pair data  samples. 

No deviation from the QED prediction could be 
found in the total cross-sections of muon  and tau pairs 
in the PEP and P E T R A  energy range. This is as expected 
in the standard model since the predicted deviations 
from pure QED, with the given parameter  values, are 
below the experimental errors. 

Here we present the results of an analysis of data  
which were accumulated with the JADE detector in the 
last year of operation of the e § e -  storage ring PETRA.  

Data  were taken at I / s =  35 GeV and 4772 muon pairs 
corresponding to an integrated luminosity of 88.3 p b -  
and 3238 tau pairs corresponding to 92.5 pb - ~ were ana- 
lysed. In the muon  pair analysis a renewed effort was 
made to understand the absolute normalisation. As a 
further test of the predictions of the standard model the 
angular asymmetry was studied as a function of the acol- 
linearity of the muon  pairs. In the tau-pair  analysis the 
main point of interest was an improved determination 
of background, in particular of any contaminat ion by 
events from Bhabha scattering. 
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Fig. 1. Distribution of Ebo,m/p for muon pair candidates, Ebeam 
= 17.5 GeV. The histogram shows the results of the simulation 

For  the running at PETRA's  highest energies the middle 
part  of the barrel (lcos 0[<0.277) was replaced by SF6 
of 18Xo depth, thus diminishing energy leakage. The 

energy resolution was a~/E=O.O4/VFE+o.o15(E in 
GeV); the angular resolution for electrons at high ener- 
gies was a~ = 10 mrad and a0 = 12 mrad. 

The detector was surrounded by the muon filter 
which was designed to detect penetrating particles. It 
consisted of layers of absorbers interleaved by drift- 
chambers and was unchanged compared  to previous 
analyses. A particle moving from the interaction point 
through the muon filter perpendicular to the beams had 
to traverse a minimum of 6.4 absorpt ion lengths. 

Detector 

The upgraded JADE detector [-5, 6] was used for the 
measurement.  The tracking system consisted of three de- 
tectors, the jet-chamber, a vertex detector close to the 
beam interaction region and a z-chamber surrounding 
the jet-chamber. The heart of the detector was the jet- 
chamber with the new flash-ADC electronics which re- 
sulted in an improved resolution of 110 Bm in the drift 
direction (rq)) and a double track resolution of better 
than 2 ram. The longitudinal z-coordinate was measured 
by charge division in the jet-chamber and in addition 
an accurate point was delivered by the z-chamber at 
a radius of ~ 1 m. The latter had a precision of better 
than 0.5 m m  and led to an overall z-resolution in combi- 
nation with the jet-chamber of ~ 2 0  mrad in the polar 
angle 0. 

Another  improvement  of the detector was the instal- 
lation of a vertex detector inside the je t-chamber close 
to the interaction point. Its main purpose was to increase 
the accuracy of life-time measurements,  but it had the 
side effect of further improving the momen tum resolu- 
tion and improving the rejection of background for the 
tau pair analysis. The momen tum resolution for high 
momen tum tracks was determined to be Ap/p2 

1.0% GeV-1,  which is reflected as a full width at half 
maximum of ~ 4 0 %  in Fig. 1. The electromagnetic 
shower detector consisted of lead-glass blocks, the ma-  
jority of which were SF5 with a radial length of 12X o. 

p-Pairs 

The selection of muon  and tau pairs followed the same 
procedure as described in previous publications [2, 7, 
8]. It  is only briefly summarized here. Muon pairs were 
selected by demanding two high momen tum tracks 
which came from the interaction region and which left 
a pat tern in the muon  filter corresponding to minimum 
ionizing particles. The time of flight of the muon  candi- 
dates had to agree with the beam timing thus eliminating 
cosmic rays. Contrary  to previous selections no cut was 
made on the acollinearity angle. In practice it was re- 
stricted by the acceptance cut which demanded that  both 

Table 1. Determination of the total cross-sections for e + e- ~ # + #- 
and e + e- ~ z + z-. a 0 is the radiatively corrected measurement and 
~rQE o the QED prediction in lowest order 

e + e  - ____~ # +  # -  e + e  - ._+.C + ~ - 

Events 4772 3238 
Background(%) 2.66 _+0.31 5.75 _+0.46 
Losses(%) 15.50 +0.83 15.40 _+0.70 
L(pb -1) 88.33 +_0.29 92.49 +_0.30 
Acceptance(%) 68.10 -+0.40 40.87 +0.39 
Rad. Corr. (c~ 3) 1.306 _ 0.001 1.311 • 0.009 

~o (pb) 69.79 • 1.35 71.72 • 1.48 
~QED (pb) 70.9 
R = aO/aQED 0.984 • 0.019 1.012_+ 0.021 



muon candidates have [cos 0[<0.85. Background from 
the reaction e + e - ~ e + e - # + #  - ,  giving in general a 
muon pair of lower momenta,  and tau pairs were elimi- 
nated by a cut on the momentum sum of the muon 
tracks. The cut varied with the acollinearity angle. The 
remaining background was estimated to amount  to 
2.7%. The background fraction is reduced to 0.94% if 
an acollinearity cut of 200 mrad is applied as in previous 
publications. 

The acceptance was studied using a Monte Carlo 
simulation ofe  + e -  ~ # +  # -  to order c~ 3 by Berends et al. 
[-9]. The detector effects - resolutions, efficiencies, etc. 
- were then simulated for the particles and the same 
cuts applied as in the data. The geometrical detector 
acceptance defined by [cos0[<0.85 is 73.4%; it is re- 
duced to 68.1% by the cuts on track quality and by 
the efficiency of the muon identification. Additional 
losses not included in the simulation - were caused 
by the trigger inefficiency (4.5%), inefficiencies of the 
time-of-flight counters (5.2%), and losses due to calibra- 
tion errors (5.8%). The losses were determined using ap- 
propriate data samples, e.g. the trigger and counter ineffi- 
ciencies were determined using tau pair data which were 
triggered by independent triggers based on the shower 
counters. The losses due to calibration errors were deter- 
mined by reprocessing a fraction of the data with the 
final calibrations. 

After correcting for c~ 3 contributions from QED the 
total measured cross-section is: 

au (]/s = 35 GeV) = 69.79 __ 1.35 __ 1.40 pb 

where the first error is statistical and the second contains 
the estimated systematic uncertainties from the lumino- 
sity measurement, the acceptance calculation and the 
background determination. This measurement can be di- 
rectly compared with the QED prediction in lowest 

order for l / s =  35 GeV which is 70.9 pb. The new mea- 
surement agrees well with this theoretical prediction. The 
deviation from pure QED predicted by the standard 
model is + 0.2 pb with present parameter values (for the 
numbers see paragraph on comparison with the standard 
model), which is too small to be detected given the exper- 
imental errors. 

For  the calculation of the differential cross-section 
the events were split in 10 bins of cos 0, where 0 was 
the polar angle of the #+ with respect to the flight direc- 
tion of the positron. The corrections for event losses 
and background were applied as for the calculation of 
the total cross-section; they have no angular asymmetry. 
Radiative corrections for e3 effects from pure QED were 
applied, they have an asymmetry of about + 1.5% in 
the accepted angular range. The corrected cross-section 
is shown in Fig. 2a. It is well described by a function 
of the form predicted by the standard model: 
sda/df2 oc 1 + cos 2 0 + 8/3 A cos 0. The parameter A is 
the integrated angular asymmetry, which is defined as 

NF- NB 
A = ~ ,  where NF denotes the number of " forward"  

and NB the number of "backward" events, respectively. 
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Fig. 2a, b. Differential Cross-Section for a) e+e - ,#+# and b) 
e + e- ~ +  1:- at I/s= 35 GeV after QED radiative corrections. The 
full lines represent 2-parameter fits to the form N(l+cos20 
+ 8/3 A cos 0) (the numerical results for A are given in the text) 
while the dotted lines are symmetric QED predictions 

Events are counted as forward (backward) if the angle 
of the positive muon with respect to the positron beam 
direction is smaller (larger) than 90 ~ . The fit to the data 
shown in Fig. 2 a yields the asymmetry: 

A n = - 0.099 __ 0.015 __ 0.005. 

Restricting the data sample to an acollinearity of 
< 200 mrad as in previous analyses the result remains 
unchanged within the errors. 

The new value for A u agrees well with our previous 
statistically independent result of - 0.111 _+ 0.018 +_ 0.010 

at an energy of ( l / s ) =  34.4 GeV [7]. We have given 
a smaller estimate of the systematic error which results 
mainly from our better understanding of the charge de- 
termination and the background. 

In lowest order electroweak theory muon pairs are 
produced back to back, i.e. within experimental resolu- 
tion they are collinear. Emission of hard photons either 
in the initial or the final state leads to acollinear muon 
pairs. The acollinearity distribution of the selected events 
is shown in Fig. 3; it is well described by the standard 
simulation, which includes c~ 3 effects. 

The muon asymmetry was also studied as a function 
of acollinearity, see Fig. 4. The theoretical expectation 
can be interpreted as follows. In pure QED collinear 
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Fig. 3. Acollinearity distribution of muon pair candidates. The 
histogram shows the simulation including e3 contributions 
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Fig. 4. Asymmetry for e + e- --, #+ #- as a function of acollinearity 
for data and Monte Carlo simulation. The simulation includes elec- 
troweak contributions and full e3 radiative corrections. The param- 
eters are as in the text, except Mz which was set to 91.9 GeV 

events have a positive asymmetry due to the interference 
of two photon exchange processes with one photon ex- 
change. Non-collinear events on the other hand have 
a negative asymmetry due to the interference of ampli- 
tudes with photon emission in the initial and final states. 
The interference with the Z-amplitude shifts the whole 
curve to negative values. Due to the finite angular resolu- 
tion the abrupt change of the asymmetry to negative 
values when allowing for an acollinearity is smeared out. 

The data were split into three acollinearity bins and 
the asymmetries in these bins were computed by compar- 
ing the number of events in the forward and backward 
directions. In Fig. 4 the results are compared with the 
prediction of a Monte Carlo computation including ,3 
effects, i.e. photonic corrections for photon and for Z ~ 
exchange diagrams. It can be seen that the agreement 
between data and simulation is good. Previously, in an 
independent analysis the fraction of acollinear events 
with a visible energetic photon has been shown to agree 
with the standard model in separate studies for both 
# + # - 7  and for z + r - 7  [10]. 

z - P a i r s  

The tau selection, described in detail in [8], was designed 
to select all decays except those where both taus decayed 
into electrons or muons plus neutrinos. These latter 
events were excluded because of the overwhelming back- 
ground from e + e - ~ # + #  - and e + e - ~ e + e  -.  The 
event selection started with a topology requirement: all 
charged and neutral particles had to lie in two opposite 
cones of half opening angle 45 ~ . The angle between the 
cone axes was restricted to values below 100 ~ and the 
polar angle of both cone axes was required to have 
Icos0[<0.76. Cuts were applied to reject background 
from e + e -  ~ # + # - ,  e + e -  ~ hadrons and two photon 
production of muons, taus and hadrons. Particular care 
was taken to reject events from Bhabha scattering, the 
main cuts were the following: events were eliminated 

if they had a total shower energy above 0.80 ~/~, or a 

shower above 0.45 ~/s, or in which the single charged 

particles deposited shower energies of more than 0.60 ~ .  
Finally events were rejected if they only contained two 
electrons in the two hemispheres. Electrons were recog- 
nized by comparing the energy deposited in the lead- 
glass counters with the particle momentum. All events 
were then subjected to a visual scan in order to eliminate 
as much of the remaining background as possible. 

The background from Bhabha events was carefully 
analysed since it has a particularly strong impact on 
the asymmetry measurement. In the acceptance region 
the Bhabha cross-section to order ,3 is a factor 17.5 
higher than the tau pair cross-section and the asymmetry 
is ~ + 7 8 %  due to the presence of the t-channel photon 
exchange. After the energy cuts mentioned above, Bhab- 
ha events are in general only accepted as tau candidates 
for two reasons: either they radiate a large amount  of 
their energy, the radiated photons remain undetected 
and the electrons are not recognised as such; or they 
can be accepted due to detector deficiencies like defective 
lead-glass channels or gaps between the lead-glass 
counters. 

For  the simulation of the Bhabha background a 
Monte Carlo program was used which, in addition to 
complete ,3 effects [11], simulated higher orders approx- 
imately by radiating multiple photons in the final state 
[12, 13]. In addition, the gaps between the lead-glass 
blocks which in total amount  to roughly 2% of the inner 
surface of the lead glass array were simulated. An elec- 
tron hitting such a gap can escape without depositing 
an appreciable amount  of energy. The general detector 
simulation program G E A N T  [14] was used leading to 
a background estimate of (2.7_+0.4)%. A large fraction 
of these events was however rejected in the visual scan 
which was tailored to reject Bhabha scattering candi- 
dates by explicitly removing events where a track oppo- 
site to a showering particle pointed to a counter gap 
or a defective channel. Thus the final background in 
the data sample from Bhabha scattering was estimated 
to be (1.2_+ 0.3)%. This estimate is higher than our pre- 
vious result which was (0.6+0.6)%. The two estimates 
are however compatible within the errors. 



A d d i t i o n a l  b a c k g r o u n d  came  from two p h o t o n  p ro -  
duc t ion  of t au  pa i rs  (2.0%), o the r  two p h o t o n  processes  
(1.4%), m u l t i h a d r o n i c  events  (0.86%) a n d  m u o n  pairs  
(0.4%). 

Even t  losses were ma in ly  due  to nuc lear  in te rac t ions  
(3.7%), the  visual  scan (9.8%) and  smal l  losses due to 
cuts (1.9%). The  compar i t i ve ly  high loss of  events  in 
the visual  scan resul ted  f rom the scanners '  a im of  ob t a in -  
ing a c lean sample  of  t au  events  for the d e t e r m i n a t i o n  
of  the t au  lifetime. The  loss was de t e rmined  by  ana lys ing  
in de ta i l  the scanners '  c r i ter ia  for reject ing events.  

The  accep tance  was ca lcu la ted  using a M o n t e - C a r l o  
event  gene ra to r  i n c o r p o r a t i n g  ~3 effects [9].  The  t au  de-  
cay b r a n c h i n g  ra t ios  were t aken  f rom [15] ;  they  were 
however  ad jus ted  to  sum up  to 100% and  to r ep roduce  
well the m e a s u r e d  topo log ica l  b r a n c h i n g  rat ios .  Due  to 
the event  select ion the accep tance  is no t  very sensit ive 
to the  b r a n c h i n g  rat ios ,  their  uncer ta in t ies  lead  to an 
accep tance  e r ro r  of  0 .7%. The  de tec to r  effects were t aken  
in to  accoun t  and  the same cuts app l i ed  as for the data .  
The  m e a s u r e d  c ross -sec t ion  after cor rec t ing  for a 3 effects 
is 

a,  (~/~ = 35 GeV) = 71.72 _+ 1.48 _+ 1.61 pb. 

The  sys temat ic  e r ro r  is due  to  e r rors  in the  luminos i ty  
de te rmina t ion ,  the rad ia t ive  correc t ions ,  the accep tance  
ca lcu la t ion  and  the d e t e r m i n a t i o n  of b a c k g r o u n d  and  
event  losses. The  ag reemen t  wi th  the theore t ica l  predic-  
t ion of  70.9 pb  and  our  p rev ious  measu remen t s  [8]  is 
good.  

In  o rde r  to de te rmine  the differential  c ross-sec t ion  
only  those  events  were selected in which at  least  one 
hemisphere  of  the event  con ta ined  exact ly  one g o o d  
t rack.  Its charge  was then used to de te rmine  whe ther  
the event  was fo rward  or  backward .  The  p o l a r  angle 
of  the  t au  was a p p r o x i m a t e d  by  the  p o l a r  angle  of the 
vec tor  difference of  the  two m o m e n t u m  vectors  of  the 
event  hemispheres  which  were ca lcu la ted  by  su mming  
the cha rged  and  neu t ra l  par t ic le  m o m e n t a .  The  differen- 
t ial  c ross-sec t ion  cor rec ted  for b a c k g r o u n d  and  ~3 Q E D  
effects for the  2932 accepted  events  is shown in Fig.  2b ;  
the a s y m m e t r y  due to c~ 3 Q E D  effects was + 1.3%. The  
r ema in ing  a s y m m e t r y  was ca lcu la ted  f rom a fit to the 
m e a s u r e d  differental  c ross-sec t ion  as for m u o n  pairs.  The  
resul t  is: 

A~ = - 0.081 • 0.020 __+ 0.006. 

The  sys temat ic  e r ro r  con ta ins  con t r i bu t i ons  f rom uncer-  
ta int ies  in rad ia t ive  cor rec t ions  the d e t e r m i n a t i o n  of the  
" p o s i t i v e "  t au  di rect ion,  and  f rom the b a c k g r o u n d  deter-  
m i n a t i o n  (mainly  B h a b h a  scattering).  To check tha t  this 
resul t  was no t  inf luenced by  r ema in ing  b a c k g r o u n d  f rom 
B h a b h a  scat ter ing,  the  a s y m m e t r y  was de t e rmined  using 
on ly  non  shower ing  events  and  also event  samples  in 
which events  po in t i ng  to coun te r  gaps  h a d  been re- 
moved .  N o  signif icant  change  was obse rved  in the result-  
ing a symmet ry .  

The  c o r r e s p o n d i n g  m e a s u r e m e n t  at  [ / s = 3 4 . 6  G e V  

was A~ = - 0.060 _+ 0.025 +_ 0.010 [8] which becomes  
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Table 2. Asymmetries for e + e-  ~ # +  # -  and z + z . If two errors 
are given, the second one is due to systematic errors 

e+e - ~#+/~-  

]/s(OeV) ~Ldt(pb -1) Events A(%) AsMa% 

13.9 1.6 458 + 2.7__+4.9 - 1.2 
22.0 2.4 264 -10.6__+6.4 - 3.3 
34.4 71.2 3400 -11.1+1.8+1.0 - 8.8 
35.0 88.3 4772 - 9.9+1.5+0.5 - 9.2 
38.0 11.9 422 - 9.7+5.0+1.0 -11.2 
43.7 43.1 1258 -19.1+2.8+1.0 -15.9 

e + ~ 3  - - . ~  ,.~ + , ~ -  

~ ( G e V )  jLdt(pb -1) Events A(%) AsMa(%) 

34.6 62.4 1998 - 6.7+2.5+1.0 b - 8.9 
35.0 92.5 2935 - 8.1+2.0+0.6 - 9.2 
38.0 11.8 336 + 6.8+6.3+1.0 b -11.2 
43.7 43.1 913 - 17.7+ 3.6+ 1.0 b -15.9 

a ASM was computed with the formula given in the text with M z 
=91.0 GeV and sin 2 0w=0.230 
b Modified compared to the old publications to take into account 
the increased estimate of Bhabha background 
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Fig. g. Asymmetry for e+e --+#+#- and e+e - ~ r + z -  as a func- 
tion of s. The new data are shown as full points, the error bars 
include statistical and systematic errors added in quadrature. The 
curves show the predicted asymmetry in lowest order for QED 
and the Standard Model with sin 20w = 0.230 and Mz = 91.0 GeV 

- 0 . 0 6 7  if the presen t  es t imate  of  B h a b h a  b a c k g r o u n d  
is also app l i ed  to the  o ld  data .  The  new m e a s u r e m e n t  
is in agreement  with the o ld  one. F o r  convenience  al l  
J A D E  lep ton  a s y m m e t r y  m e a s u r e m e n t s  are  given in Ta-  
ble 2 and  Fig. 5. 

Comparison with the Standard Model 

A c c o r d i n g  to the p red ic t ion  of un iversa l i ty  of genera-  
t ions,  which is also bui l t  in to  the s t a n d a r d  model ,  the 
a symmet r i e s  of  m u o n  and  t au  shou ld  be equal .  The  new 
me a su re me n t s  s u p p o r t  this;  the  direct  c o m p a r i s o n  of  the 
presen t  m u o n  and  t au  a symmet r i e s  yields:  
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Table 3. Summary of axial coupling constants 

JADE 

~s  ~ 34.7 GeV ]/s ~ 30-46 GeV 

1986 pre-1986 combined 

a n 1.08_+0.17 1.27_+0.23 1.15_+0.14 1.16_+0.10 
at 0.88_+0.23 0.75+0.30 0.84-+0.18 0.90-+0.14 
a,/a~ 1.22-+0.37 1.68_+0.73 1.37_+0.34 1.28_+0.23 

PETRA (CELLO, JADE, MARK J, PLUTO, TASSO) 

]fs ~ 34.7 GeV lfs ~ 30-46 GeV 

1986 pre-1986 combined 

a n 1.04_+0.11 1.25_+0.12 1.13_+0.08 1.12_+0.06 
a~ 0.88_+0.15 0.82+_0.21 0.86-+0.12 0.90_+0.09 
aJa~ 1.17_+0.23 1.52_+0.41 1.32_+0.21 1.26_+0.15 

A u  = 1.22 +_ 0.37 
A~ 

inc luding  s ta t is t ical  and  sys temat ic  er rors  which were 
a d d e d  in quadra tu re .  

In  o rde r  to increase  the significance of  this c o m p a r i -  
son our  o lder  i ndependen t  results  were inc luded  and  - 
in a second step - also the  results  of  the o the r  P E T R A  
exper iments .  Since these d a t a  were o b t a i n e d  at  different 
energies they were c o m p a r e d  to the p red ic t ion  of  the 
s t a n d a r d  model ,  which  is in lowest  o rde r :  

3 4 a e a~{~) Z + 8 vu(~) au(~) a e v e Z 2 
A =  

)~ + (De ~- ae)(vu(~) 8 l + 2 v u ( ~ ) v  e 2 2 2 2 2 + au(~)) )~ 

where  

1 s 

Z -  16 sin 2 0w.COS 20w"  s - M  2" 

Using  sin 2 0 w = 0 . 2 3 0  [-16] and  M z = 9 1 . 0  G e V  [17] and  
s t a n d a r d  coupl ings,  i.e. a e = a , ( ~ ) = - I  and  ve=v, (~)= 

- 1 + 4  sin z Ow, the p red ic t ed  a s y m m e t r y  at  V s =  35 G e V  
is ca lcu la ted  to be  - 9 . 2 % .  In  the  above  pa r ame te r i s a -  
t ion  the  theore t ica l  a s y m m e t r y  can be di rec t ly  c o m p a r e d  
with  the d a t a  in Tab le  2 and  this c o m p a r i s o n  is correct  
up to the one l oop  level*. 

Us ing  the m e a s u r e d  a s y m m e t r y  values  the axia l  cou-  
p l ing cons t an t  of  the m u o n  or  t au  were de t e rmined  f rom 
the theore t ica l  expression.  The  ave raged  results  for au(~ ) 
and  for the ra t io  au/a ~ are given in Table  3 for the J A D E  
d a t a  as are  the results  o b t a i n e d  when all  P E T R A  d a t a  
are  used [20]. The  er rors  in the  tab le  con ta in  s ta t is t ical  
and  sys temat ic  con t r ibu t ions  f rom the a s y m m e t r y  mea-  
surement .  A n  a d d i t i o n a l  unce r t a in ty  comes  f rom the er- 
ro r  of  the Z - m a s s  and  sin 2 0 w .  A n  uncer t a in ty  of  
_+0.1 G e V  in the  Z - m a s s  - this  is the  presen t  e r ro r  esti- 
ma te  for the direct  mass  measu remen t s  [17] - leads  to 

* For a discussion of radiative corrections for different parameter- 
isations see e.g. [7, 18, 19] 

an uncer t a in ty  of  +_ 0.003 in the coup l ing  cons tan ts ,  an  
unce r t a in ty  of  _+0.005 in sin 2 0w to an  uncer t a in ty  of  
_+ 0.015 in the m u  or  tau  coupl ing  constants .  Both  er rors  
are  negl igible  c o m p a r e d  wi th  the exper imen ta l  er rors  of  
the a s y m m e t r y  measu remen t s  and  are  no t  con ta ined  in 
the table.  

The  " n e w "  measu remen t s  at  l / s =  35 G e V  are  shown 
in co lumn  2 of  Table  3 and  the " o l d "  ones at  a s imi lar  
energy in co lumn 3 in the same table  (note  tha t  the 
number s  in this co lumn  have been re -ca lcu la ted  using 
the new Z - m a s s  and  sin 2 0w). The  c o m p a r i s o n  shows 
be t te r  ag reemen t  with the universa l i ty  p red ic t ion  for the 
new data ,  no t  on ly  for J A D E  data ,  bu t  also for the results  
using all P E T R A  data .  The  best  s ta t is t ical  accuracy  is 
ob t a ined  when all d a t a  at  all energies are  used. The  t rend  
tha t  a ,  is s l ightly h igher  and  a~ lower  than  expected  is 
still observed :  a, /a~ = 1.26 __ 0.15. The  dev ia t ion  f rom 1 
in a J a ~  co r r e sponds  to 1.7 s t a n d a r d  devia t ions .  This  
n u m b e r  does  no t  change  s ignif icant ly if the d a t a  f rom 
the P E P  co l l abo ra t i ons  are  inc luded  [21]. 
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