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Abstract. An analysis of the three leptonic reactions 
e + e - ~ e + e  , ~+l~-  and ~+z-  over a wide range of 

12<] / / s<46 .78GeV is presented. The data energy, 
were obtained with the JADE detector at the e+e - 
storage ring PETRA. They are compared to pre- 
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dictions of electroweak theories, in particular the 
standard model. For  the total cross-sections of all 
three reactions and for the differential cross-section 
of Bhabha scattering no deviation from QED is 
found over the entire energy range. The differential 
cross-sections of/~ and -c pairs at high energies show 
the angular asymmetry predicted by electroweak in- 
terference. The axial-vector and vector weak cou- 
pling constants, sin20w and M z are determined and 
compared to other measurements. Finally, limits on 
deviations from the standard model are given. 
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Introduction 

In the period 1980-1984 the JADE detector at PE- 
TRA was used to collect data on the production of 
lepton pairs, e + e - ~ e + e  - ,  # + # -  and z+z - .  These 
data were used to test predictions of electroweak 
theories, specifically the standard model of Glashow 
et al. [1]. The main deviation from QED predicted 
by electroweak theories, which is measurable at 
e+e - storage rings with energies well below the 
mass of the Z ~ is an angular asymmetry for muon- 
and tau-pairs. This is an effect of the interference of 
the two neutral currents contributing, the electro- 
magnetic and the weak neutral current. The total 
event rate on the other hand is not expected to be 
affected measurably by electroweak effects. In Bha- 
bha scattering which is dominated by t-channel ex- 
change the electroweak interference effects on the 
angular distribution are less pronounced than for 
muon and tau production. 

The weak axial-vector and vector coupling con- 
stants are determined by comparing the data with 
the theoretical predictions. These comparisons can 
be made for the three processes separately and thus 
universality between electrons, muons and taus 
which is a fundamental assumption of the standard 
model is tested. This is of particular interest with 
regard to z pairs since their properties with respect 
to the weak neutral current are not well known and 
e + e-  interactions provide so far the only possibility 
to study them. Furthermore constraints are obtained 
on the weak mixing angle sin 20 w and the mass M z 

of the weak intermediate boson Z ~ Finally limits on 
deviations from the standard theory which are al- 
lowed within the experimental errors are computed. 

The Data 

The data were collected at center-of-mass energies 

1 2 < ] / s < 4 6 . 7 8 G e V  and correspond to a total in- 
tegrated luminosity of 103 pb -1. The data were par- 
tially taken in energy scans, where the beam energy 
was increased in fine steps; therefore the exact aver- 
age value of s depends on how the data were binned 
Approximately 75pb -1 were taken at energies 

around 1/s=34.5 GeV and approximately 27pb -1 

around l / s =  43.4 pb-1. The detector and the analy- 
sis procedures have been described in previous pub- 
lications [2M]. For  the analyses presented in this 
paper, also data at the highest PETRA energies, 
which have not been published before, will be in- 
cluded. 

The numerical values of the data used are sum- 
marized in Tables 4-7 at the end of the paper. The 
differential and total cross-sections for e+e --->e+e - ,  

# + # -  and z+z - at energies above ] / s ~ 3 0 G e V  are 
also shown in Figs. 1~4. The data are corrected for 
detection efficiencies as well as for higher order 
QED effects. QED diagrams up to order ~3 were 
included in the corrections [5]; these corrections 
have an angular asymmetry of ~ 2  % for muons and 
taus. Corrections due to higher orders in the Z ~ 
exchange diagrams were not  applied to the cross- 
sections; the resulting correction for the asymmetry 
will be discussed later. The errors shown in Figs. 1 4  
are statistical; the additional normalisation uncer- 
tainties are indicated in Figs. l b and 4, they are 
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Fig. 1. a Angula r  d i s t r ibu t ion  of e + e - ~ e  + e -  at  the two highest  
P E T R A  energies. The  dashed  lines are  the Q E D  predic t ions  and 
the fulI l ines the p red ic t ion  by the s t anda rd  mode l  wi th  s i n : 0  w 
:0 .217 .  b Ra t io  of the to ta l  cross-sect ion for e + e - ~ e + e  - for 
1cos0[ <0 .76  to the expec ta t ion  f rom Q E D  as a funct ion of s. The  
error  bars  represent  the s ta t is t ica l  error ;  the no rma l i sa t ion  un- 
cer ta in ty  is ind ica ted  
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3.2% for Bhabha scattering, ~ 5 %  for muon pair 
production and ~ 4  % for tau pairs. 

The luminosity was obtained from e +e---*e+e - 
and e+e --*77. For the Bhabha cross-sections in 
Fig. 1 the endcap region at polar angles of 
0.91<1cos01<0.955 was used for normalisation, 
which has a systematic error of 2.8 % and dominates 
the total normalisation error. For  muon and tau- 
pairs the luminosity obtained in the barrel region, 
I cos01 <0.76, was used, which has a systematic error 

of 1.6% at 1 /s~34.5  GeV and 2.5% at higher en- 
ergies. 

e+e - ~ p.§ J A D E  
1 2 k ' ' ' '  I . . . .  I . . . .  I . . . .  I 

i 

2 

, , , ~ I , J ~ ~ ] , , r i I ~ ~ , , 

-1 0.5 0.0 0.5 -1 

>. 

t- 
b ~  

~0! \ ~  ~=u 5G,v 

\ \  / / /  - 

-1 -0.5 0.0 0.5 

, . . . .  , . . . .  I , ,  , 

~o~- ~ ~-- L~8GeV 

2 

0 I t I r I t t r i I ~ i r L I , , , 
-1 -0.5 O0 0.5 

cos e 

Fig. 2. Angular  distribution of e + e - ~ # + #  - at the highest PE- 
T R A  energies. The dashed lines are the symmetric QED pre- 
dictions. The full lines are fits to the data allowing for an asym- 
metry 

The angular distributions for e+e---*e+e - are 
shown in Fig. l a for the two highest PETRA en- 
ergies relative to the expectation from QED; their 
shape agrees well with QED over the entire angular 
range. The total cross-section for Icos01<0.76 is 
shown as a function of s in Fig. 1 b together with the 
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Fig. 4. The total cross-section ratio R = ~Tu as a function of s for 
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muon  and taupairs. The error bars correspond to the statistical 
error; the typical normalisation error is indicated. Compared to 
[4] the data points for muon  pairs, which are close in s have been 
averaged for clarity 



374 W. Barrel et al.: Standard Model in Leptonic Reactions 

A 0'] ] 

0.0 o e'e- Q~+'c- 1 

-0.1 

-O.2 

-02 
0.0 500 1000 1500 2000 

s { GeV 2) 
Fig. 5. The angular asymmetry for muons  and taus as a function 
of s. The line labelled "s tandard model" was Obtained using Z. 
with sin20w=0.217 and M z = 9 3  GeV 

QED expectation. Agreement within the errors is 
observed at all energies. 

The shape of the angular distributions of muon 
(Fig. 2) and tau-pairs (Fig. 3) show a characteristic 
deviation from the prediction of pure QED (dashed 
lines) which is somewhat more pronounced for 
muons. Motivated by the electroweak cross-section 
which is given in the next section, the angular distri- 
butions are fit to a function l + c o s 2 0 + - } A c o s O .  

These fits are also shown in Figs. 2 and 3 (full lines). 
The asymmetry A is plotted in Fig. 5 as a function 
of s for muons and taus; it grows in absolute magni- 
tude with increasing s. 

Finally the ratio of the measured total cross- 
section for e+e ~ # + # -  and z+r  - to the QED 
expectation is shown in Fig. 4 at several values of s; 
the agreement with QED is good for the entire s- 
range 144 GeV 2 to 2,000 GeV 2. 

Electroweak Cross-Sect ions  

Taking into account photon and Z ~ exchange and 
including their interference, the differential cross-sec- 
tion for e + e - ~ l  + l -  (l can be ~ or z) is, in lowest 
order, given by [6]: 

d a  ~2 
d O - 4 s (C t (1 + cos 2 0) + C z cos 0) (1) 

where 0 is the polar angle of the fermion and 

C l = l + 2 v ~ v l T .  + 2 2 2 (re +ae)(v, +a2)z  z 

C 2 = - 4 a ~ a L z + 8 v ~ a ~ a t z  2 
(2) 

v e, v~, a~ and a z denote the vector and axial-vector 
weak couplings of electron and lepton I and X is a 
ratio of weak and electromagnetic constants, which 
will be discussed later. In the standard model the 
weak couplings, which are related to the weak iso- 
spin structure, are predicted to be a t = - i  and vz= 
- 1  + 4sin 20w, where 0 w is the weak mixing angle. 

The integrated forward-backward or charge 
asymmetry introduced above is given by 

3 
C 2 ~  l.5"aeal Z. (3) A =  

8 C 1 

The approximation is valid at energies where the 
weak amplitude is small compared to the electro- 
magnetic one; it is still good to a one percent ac- 
curacy even at the highest PETRA energy. The 
asymmetry is thus sensitive to the axial-vector weak 
coupling. 

The total cross-section ratio 

4rc~ 2 
R = a n = C ~  with % -  (4) 

~r 0 3s 

will be used to deduce values for the vector coupling 
constants. 

For  X two parameterizations were used, namely: 

p G r M~ s 

and 

1 s 

Zn = 16 sin 20 w cos 20 w s - M 2" 

In parameterisation I of X, e + e -  annihilation is re- 
lated to charged current processes, the free parame- 
ters are c~, GF, M z and p in addition to the axial- 
vector and vector weak couplings a t and v z. The 
Fermi constant G F and ~ have been determined ac- 
curately [7] and their errors will be neglected (G v 
=1.166.10 -5 GeV-2).  The mass M z of the Z ~ was 
determined by the experiments at the p p  collider to 
be M z = 9 3  _+2 GeV [8]. p is defined as 

p - Maz cos 20 w " 

In the standard model at the Born level it is identi- 
cal to 1, and we shall use this value when calculating 
coupling constants. 

In parameterisation II, parameters from the neu- 
tral current sector are used, the free parameters be- 
sides a z and v I are ~, M z and sinZ0w . sin20w has 
been measured in many experiments in different re- 
actions. We shall use the 1983 world average which 
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is dominated by data from deep inelastic neutrino 
scattering; including radiative corrections it is 
sin20w=0.217_+0.014 [9]. In lowest order the two 
parameterisations of Z are the same and are related 

by M 2 = ~ e/(l/2 G F sin 2 0 w cos 20w). 
Complete one-loop corrections have been calcu- 

lated in both schemes [10, l l ] .  It turns out that a 
small correction has to be applied to the asymmetry 
when using Zl [10], while for parametrization II the 
one-loop corrections fortuitously cancel [11]. These 
additional corrections are therefore included in the 
theoretical prediction, which is then unique and is 
shown in Fig. 5 as a function of s and listed in 
Table 7 under Ast.M .. The asymmetry data for muons 
and taus follow closely the prediction of the stand- 
ard model as can be seen in Fig. 5. 

The cross-section for Bhabha scattering is slight- 
ly more complicated than (1) due to the contribution 
of the t-channel [6]: 

do- 0( 2 
dr2 -- 8 s [4Bx + (B3 + Bz)(1 + c~ 0) + 2(B 3 - B z )  cos 0] 

(5) 
where 

2 

B 1 = (1 2 2 

B 2 = ( l + ( v ~  2 2 --ae)Z) 
s S 2 

q-(lq-Stq-(Ve--ae)2 (~Z'q-Z)) z 

and t = - 0 . 5 s ( 1 - c o s 0 )  in the high energy limit. Z 
was defined above and in order to obtain X', the s in 
Z has to be replaced by t. For  Bhabha scattering the 
difference between using Zl and Z. is small compared 
to the experimental errors. The complete one-loop 
corrections have not yet been calculated but they 
have been estimated to be small and will therefore 
be neglected [13]. 

Calculation of Coupling Constants 

The simplest and most direct way to determine the 
axial-vector coupling constants for muons and taus 
is to calculate them by comparing (3) with the mea- 
sured asymmetries. Averaging over all values of s 
and using M z = 9 3  GeV yields: 

a e a , =  1.30_+0.17 

a e a~ = 0.74 + 0.22. 

The errors include statistical and experimental sys- 
tematic errors. The error due to the uncertainty of 
the Z-mass is negligible in comparison to the experi- 
mental errors. 

The value for aea" is nearly two standard de- 
viations above and that for aea ~ more than one 
standard deviation below the expectation. The X 2 
probabili ty that the two values are equal is ~ 4  %. 

The errors of the axial-vector coupling constants 
are dominated by the statistical uncertainties. The 
systematic errors, which have been discussed pre- 
viously [4] are small for both, muons and taus, they 
are of the order A A <  1%. The systematic error of 
the muon pair asymmetry is dominated by the 
charge misidentification probability and apart  from 
that it is difficult to imagine a background or detector 
effect that enlarges the asymmetry of the muons. The 
systematic error of the tau pair asymmetry, on the 
other hand, is dominated by the uncertainty of the 
background from Bhabha scattering, which has a 
large positive asymmetry. Careful analysis has how- 
ever convinced us that the background has been 
properly taken into account. Radiative corrections 
come out to be essentially the same for both re- 
actions, because they are calculated in the context of 
the standard model where universality is assumed. A 
deviation from the standard model might lead to a 
small difference. 

At the present level of accuracy we consider the 
difference between the two axial-vector coupling 
constants to be due to a statistical fluctuation but 
hope to clarify this point with more data in the near 
future. 

The axial-vector coupling constants have been 
determined in a similar way by CELLO, M A R K  J, 
P L U T O  and TASSO at P E T R A  and by HRS, 
MAC and M A R K  II at PEP [12, 18, 24]. The aver- 
age values of the PEP results and the averages of 
the PETRA results at medium and high energy are 
shown in Table 1 and compared to the JADE 
data*. 

Table 1. Axial-vector coupling constants from JADE and other 
e + e- experiments. For details see text 

s (GeV 2) aea ~ aea~ 

JADE 1,185 1.27 _+ 0.24 0.68 • 0.30 
JADE 1,883 1.32 + 0.24 0.78 + 0.31 

PEP 841 0.99 --0.12 0.88 _+0.16 
PETRA 1,190 1.26 +- 0.15 0.87 +_ 0.31 
PETRA 1,880 1.09 +_0.16 0.87 +_0.25 

* We have reevaluated the axial coupiings from the asymmetry 
values given by the authors in order to avoid differences due to 
different values of M z or sin 2 0 w 
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Most measurements at PEP and P E T R A  have 
the same tendency as our result: a~ is smaller than 
au, but the difference is not statistically significant. 

The weak vector coupling constant can be calcu- 
lated from (4). Assuming again M z = 9 3  GeV and 
setting aeaz=l  one obtains, averaging over all en- 
ergies: 

vev~=0.04_+0.31 

VeV~=0.31 _+0.27. 

The quoted errors are statistical, a normalisation 
error of typically 4 % leads to an error approximate-  
ly three times the size of the statistical one. The 
results depend only weakly on the exact value of 
aea z. The prediction of the standard model with 
sinZ0w=0.217 is %%=0.017,  and both values agree 
well with it. v, and v~ agree with each other within 
errors. The large errors of the vector coupling con- 
stants are characteristic for leptonic e+e - reactions 
as the predicted deviation of the total cross-section 
from QED due to electroweak effects is only approx- 
imately 0.8% at s=2,000 GeV 2, well below the 
measurement errors. 

For Bhabha scattering the prediction of the 
standard model with a ~ = - i  and % = - 0 . 1 3  is 
shown in Fig. la. The electroweak contributions only 
lead to a small deviation in the angular distribution 
with respect to QED. The expected difference is 
approximately 2% at c o s 0 ~ - 0 . 2  for s=1,195.0 
GeV 2 and 4.4% for s=1,910.4 GeV 2. The experi- 
mental errors are of the same order of magnitude at 
the lower s value and twice as large for the higher 
value of s. Under the assumption that the weak neu- 
tral current is described by the standard model the 
weak coupling constants for electrons were deduced 
in a combined fit of a e and %. They are shown in 
line 1 of Table 2 and come out close to the expec- 
tation. 

The experimental results for the axial-vector and 
vector coupling constants of electrons, muons and 
taus are consistent with universality. So one can 
assume universality to obtain more accuracy. The 
separate results of two dimensional fits of a~ and v~ 
for the muon and tau data, where e - p -  and e - r -  

Table 2. Coupling constants from 2-parameter fits and results for 
sin 2 0 w 

Input karl Iv, I sin20w 

+ 0 . 2 8  e+e - 0.96_o.s3 0.30+_0.33 0.26+_0.10 
# + # -  1.16+_0.12 0.33+_0.33 0.15+_0.02 

+ 0 . 1 8  + 0 . 1 8  ~+~- 0.88 o . 2 1  0.53_0.28 - 
+ 0 . 0 3  e+e - ,  #+#  , z + z -  1.04--+0.10 0.36-+0.28 0.18_o.o2 

universality were assumed respectively, are shown in 
lines 2 and 3 of Table 2. Finally a common fit was 
made to all data; the results are shown in the last 
line of Table 2. The prediction of the standard mod- 
el for the axial-vector coupling constant is confirmed 
with a reduced error of 10 %. 

The weak coupling constants have been deter- 
mined also in neutrino scattering off electrons, which 
is also a purely leptonic process. There, two sets of 
solutions exist, one of which is excluded by the 
e § e -  measurements. The remaining solution is [14]: 

a~ = 2 g  A = -0 .990  +_0.052 

v e = 2 g  v = -0 .076 _+0.094 

in good agreement with the e § e -  values. 

Determinat ion of  p, sin 2 0 w and M z 

A different aspect of the standard model is tested by 
determining the parameter  p in )~i- It  appears in Zl 
because the charged current coupling constant Ge is 
used for a neutral current process. Its size is de- 
termined by the Higgs structure of the model and it 
is 1 in models with Higgs doublets, as e.g. the stand- 
ard model, p and the axial-vector coupling constants 
are strongly correlated. When determining p the pre- 
dictions of the standard model for a and v were 
assumed. Then one obtains: 

p =  1.32+_0.16 for ##  

0=1.09_+0.12 for e e , # # , z z .  

The dependence on the mass of the Z is weak, 
typically Ap=0.01 for A M z = 2  GeV. The numerical 
result is very similar to that of the axial-vector cou- 
plings. It agrees with the expectation of 1 and with 
measurements at the pp-collider [8] and in neutrino 
scattering [14, 15]. 

The data can be interpreted in yet another way: 
Using parameterization II  of Z, constraints can be 
obtained on sin 20 w and M z. Here again we use the 
predictions of the standard model for a and v. The 
contours at 95 % confidence level in the sin 2 0 w, M z 
plane are shown in Fig. 6 for /~-pairs alone and for 
the combined data of # + # -  and z + z - .  The contour 
follows the prediction of the standard model, its 
width is related to the errors of the angular asym- 
metry and the "length" depends strongly on the 
normalisation factor [16]. Due to the shape of this 
contour a simultaneous precise determination of 
sin20w and M z are not possible. Fixing one of the 
two parameters leads to the following results for a 
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combined analysis of muons and taus: 

�9 2 + 0  03 sm 0w=0.17_olo2+0.01 with 
M z =(93 ___2) GeV fixed. 

The second error is due to the uncertainty in M z. 
The result changes only slightly when also the Bha- 
bha data are included (Table 2). It agrees with the 
radiatively corrected world average of 0.217_+0.014 
[9] and with values obtained by other PETRA ex- 
periments [17, 18]. 

Using sin 2 0 w =0.217 as input one determines the 
mass of the Z to be: 

Mz=(91 +5) GeV for /~ #, we. 

Muon data alone gives 84 4- 5 GeV. 

Limits on Deviations from the Standard Model 

As has been demonstrated in the previous sections, 
the measured cross-sections are consistent with the 
standard model within the experimental accuracy. In 
the following we investigate the deviations from the 
standard model allowed by the data. We put limits 
on a possible deviation from the point-like nature of 
leptons, on the mass-scale of possible sub-con- 
stituents and investigate the consequences of the 
existence of another gauge group in addition to the 
standard SU(2)x U(1). The theoretical background 
for these limits has been discussed extensively in the 
literature [19-23] and we shall therefore be brief. 

Deviations from the point-like nature of leptons 
are usually parameterised by introducing in the 
QED cross-sections form-factors of the form: 

377 

T a b l e  3. Cut-off parameters: Lower limits at 95 % confidence level 

QED COMP. MODELS 

LL, RR AA VV 

AQED A Q E D  c o m p  A e o m p  c o m p  _ e o m p  A c o m p  + _ A+ _ A+ At~ A + - 

(GeV) (TeV) (TeV) (TeV) 

e+e - 267 200 1.1 1.4 2.4 2.3 2.5 3.1 
#+ #-  230 245 4.4 2.1 7.5 2.8 5.8 4.8 
z+z 285 210 2.2 3.2 2.7 5.7 4.i 5.7 

q2 
F(q 2) = 1 T q2 _(A ED)2 

A ~176 is the QED cut-off parameter. In Bhabha scat- 
tering form-factors are added in the s- and the t- 
channel, but it is assumed that they have the same 
cut-off parameter; the form-factors lead to a modifi- 
cation of the angular distribution. The lower limits 
obtained from the data at 95 % confidence are given 
in Table 3. 

For  e + e - ~ # + / z  - and z+z - only the total rate is 
modified by the introduction of a form-factor. The 
95 % confidence lower limits obtained by comparing 
to the measured total cross-sections are also listed in 
Table 3. 

All cut-off parameters are larger than 200 GeV 
up to the highest values of s around 2,000 GeV z. 

A more detailed test of a substructure of quarks 
and leptons has been proposed by Eichten et al. [20, 
21]. They assume that the standard model is correct 
at low energies but add to the photon and Z ~ ex- 
change contact interactions, which lead to the fol- 
lowing effective Lagrangian which has to be added 
to the standard one: 

g2 
Left - 9 A c~ [rlLLJLJL + tlRRJRJR + 2 tlRLJRJL]. 

The parameter A c~ gives the compositeness mass 
scale. It is defined such that the coupling constant 
g2 
- - =  1. The sign in the subscript of A c~ indicates 
47r 
the overall sign of the addition to the standard 
cross-section. The additional interaction does not 
necessarily conserve parity, therefore the left- and 
right-handed currents JL and JR appear separately. 
Depending on the type of modification expected the 
q's assume values of 0 or 4-1. Pure left-handed (ULL 
= l, the others 0) and pure right-handed interactions 
(t/RR= 1, the others 0) lead to the same modification 
and are thus indistinguishable. For axial-vector in- 
teractions (AA) r]LL=rIRR=+I and qRL=--I and 
for vector (VV) rlCL = rlaR = flaL = 1. 
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Table 4. Measured differential cross-sections for e + e- - - ,e  + e-  

s = 1,195.0 GeV 2 s = 1,910.4 GeV z 

cos0 ~ ( p b )  ~ OED ~ ( p b )  d ~  ~ QED 

-0.73 17.38+_2.03 0.961 -+0.112 10.34_+3.95 0.914_+0.349 
-0.65 16.77 _+ 1.15 0.898 _+0.062 11.61 -+2.34 0.995 _+0.201 
-0.55 19.91 _+0.97 1.011 _+0.049 13.28 _+ 1.89 1.078 -+0.153 
-0.45 21.59 _+0.94 1.020 +_0.044 16.29 _+ 1.75 1.230 -+0.t32 
-0.35 21.66 _+0.84 0.932 _+0.036 13.37 _+ 1.46 0.920 _+0.100 
- 0.25 25.36 -+ 0.86 0.973 _+ 0.033 14.25 _+ 1.40 0.874 _+ 0.086 
- 0.15 28.92 _+ 0.87 0.964 _+ 0.029 17.97 _+ 1.28 0.957 _+ 0.068 
-0.05 36.42 _+ 1.04 1.025 +0.029 20.88 -+ 1.55 0.939 _+0.070 

0.05 41.32_+ 1.10 0.951 _+0.025 26.92_+ 1.69 0.990_+0.062 
0.15 51.92 _+ 1.14 0.944 _+0.021 33.09 -+ 1.60 0.961 _+0.047 
0.25 72.16 -+ 1.35 0.992 _+0.019 46.07 _+2.06 1.012 -+0.045 
0.35 98.40 _+ 1.58 0.975 ___ 0.016 61.69 -+ 2.31 0.977 -+ 0.037 
0.45 143.91 -+ 1.97 0.967 +_0.013 93.17 -+ 2.92 1.000 -+0.031 
0.55 232.35 -+2.43 0.976 -+0.010 152.27 -+ 3.59 1.023 _+0.024 
0.65 420.38 +3.30 0.982 +0.008 276.95 -+4.89 1.034-+0.018 
0.73 756.72 _+ 6.16 1.000 _+ 0.008 483.86 _+ 8.77 1.022 _+ 0.019 

Table 5. Measured differential cross-sections for e + e - ~ # +  # -  and z+ z -  

e+ e - ~ # +  # e+ e-~, .c+ z 

S = 1,181.7 GeV 2 s = 1,721.7 GeV 2 s =2,004.1 GeV 2 s = 1,195.0 GeV 2 s = 1,853.3 GeV 2 

dcr da  dcr 2 s ~ ( n b  GeV 2 ) sdd~ (nbGeV2) cos0 s ~ ( n b  GeV 2) cos0 s ~ ( n b  GeV 2) s ~ ( n b  GeV ) 

-0 .89 9.17 -+ 1.05 
-0 .72 8.58 _+0.44 
-0 .56 7.56_+0.38 
-0 .40 6.56_+0.35 
-0 .24 5.60__+0.32 
-0.08 5.94-+0.34 

0.08 4.86 -+ 0.30 
0.24 5.21 _+0.31 
0.40 5.39 _+0.31 
0.56 5.80_+0.32 
0.72 6.24_+0.35 
0.89 8.19 _+ 1.00 

- 0.7 8.76 -+ 1.03 9.90 -+ 1.18 8.28 -+ 0.54 9.87 _+ 1.11 
-0 .5  7.58 _+0.93 8.50 _+ 1.06 6.77 _+0.39 7.61 _+0.77 
-0 .3  7.02_+0.89 6.70_+0.94 5.31 _+0.34 5.12_+0.62 
-0 .1  5.05 _+0.75 5.17 +0.83 5.06 _+0.33 5.20 _+0.63 

0.1 5.27 __+0.76 4.23 _+0.75 5.01 _____0.33 4.43 _+0.58 
0.3 4.38 _+ 0.68 5.73 _+ 0.86 5.06 _+ 0.33 4.76 _+ 0.56 
0.5 7.51 _+0.90 5.37 _+0.83 6,14 __+0.36 5.88 _+0.66 
0.7 4.98 _+ 0.74 5.06 _+ 0.81 6,66 _+ 0.46 6.89 +__ 0.88 

Table 6. Total cross-sections for e + e -  --,#+ # -  and ~+ z-  

e+ e - ~ p +  # - e+ e - + z + , c  - 

s (GeV 2) R = G/g o s (GeV 2) R = a /% 

192.4 1.00 + 0.05 144.0 1.29 -+ 0.24 
484.0 1.02___0.06 655.4 1.16_+0.16 
628.0 1.15_+0.17 936.4 1.06_+0.10 
995.3 1.01 _+0.08 1,087.7 0.83 _+0.13 

1,145.1 0.97 _+0.05 1,154.6 0.90_+0.05 
1,197.9 0.97 _+ 0.02 1,197.2 0.94 _+0.03 
1,217.3 1.03 -+ 0.03 1,225.0 1.04 _+ 0.04 
1,413.8 1.12_+0.12 1,427.3 0.91 _+0.11 
1,704.4 0.97 + 0.06 1,669.5 1.05 _+ 0.09 
1,950.6 0.98 _+ 0.05 1,855,9 0.96 _+ 0.09 
2,115.8 1.03 _+ 0.09 1,951.9 0.95 _+ 0.07 

2,014,2 0.98 _+0.11 
2,140.0 1.11 +0.12 

The 95~o confidence lower limits on A c~ are 
listed in Table 3. They are of the order of several 
TeV. For e + e - ~ # + #  - and z + ~ -  the limits are only 
valid for the case that there are c o m m o n  sub-con- 
stituents in the initial and final state. 

A further modifications of the standard model 
proposed some time ago is the addition of another 
group G to the standard S U ( 2 ) x  U(1) [-22, 23]. G 
can be another U(1) or SU(2) and implies the exis- 
tence of a second neutral gauge boson in addition to 
the Z ~ The addition of G leads to a modification of 
the vector coupling constant 

v 2 = ( - 1  + 4sin2 0w)g~v2 = ( -  1 + 4sin2 0w)a + 16 C. 

Therefore no modification of the angular asymmetry 
for muon and tan pairs is expected. The 95 ~o con- 
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Table7. Asymmetries for e+e ~ # + # -  and z+z  - 

s(GeV 2) ~Ldt(pb  -1) Events A(%) AS~.M.(%) 

e + e -  ~/1 + # -  

192.0 1.6 458 + 2.7_+4.9 - 1.2 
484.0 2.4 264 -10.6+_6.4 - 3.2 

1,181.7 71.2 3,400 -11 .1+1 .8+1 .0  - 8.6 
1,721.7 13.2 461 -17 .3+4 .8+1 .0  -13.7 
2,004.1 13.4 372 -22 .8+5 .1+1 .0  -16.6 

e+ e-__>z+,c - 

1,195.0 62.4 1,998 -- 6.0+2.5+1.0 -- 8.8 
1,853.3 26.6 575 --11.8+4.6+1.0 --14.9 

fidence upper limit on C from muon and tau pairs is 
C < 0.04 and from Bhabha scattering C < 0.030. 

Similar limits have been obtained by the other 
experiments at P E T R A  and PEP [18, 24]. 

Summary 

The cross-sections for e + e - - , e +  e - ,  # + # -  and z + z  - 

were measured with the JADE detector at center-of- 

mass energies of 12<] / ) -<46.78 GeV. The data 
which were obtained between 1980 and 1984 and 
have partially been published before, are compared 
to predictions of the standard model. 

The differential and total cross-sections for Bha- 
bha scattering and the total cross-sections for muon- 
and tau-pair production were found to agree with 
QED, the lower limits on the QED cut-off parame- 
ters were determined to be larger than 200 GeV. 

The differential cross-sections for muon- and tau- 
pairs show a forward-backward asymmetry which 
excludes the validity of pure QED. The values of the 
asymmetry and their s-dependance is compatible 
with the prediction of the standard model using M z 
=93 GeV. The axial-vector and vector coupling 
constants were determined, they are compatible with 
universality although a small difference between au 
and a~ is not excluded. From a global fit assuming 
universality we get ]azl=l .04+0.10 and ]vi i-0.36 
_+0.28. 

Assuming the standard values of a t and vt, con- 
staints on sin20w and M z were obtained; fixing 
sina0w=0.217 yields Mz=(91_+5) GeV for the com- 
bined set of muons and tau data; a result well com- 
patible with the UA1 and U A 2  measurements. 

s in  0 w = 0 . 1 8 _ o l o 2  Using M z = 9 3  GeV one obtains �9 2 +0 03 
_+0.01, a value which is within one standard de- 
viation of recent measurements in other reactions. 
The p-parameter  was determined to be 1.09_+0.12 
using the data from all three reactions and assuming 
M z = 9 3  GeV. 
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The data have also been used to obtain limits on 
deviations from the standard model. For  the com- 
posite scale parameters a la Eichten et al. values of 
1-6 TeV are obtained depending on the chirality of 
the new interaction. If an additional gauge group 
were present which leads to an additional term of 
16 C in the square of the vector coupling constant, 
the 95 % confidence lower limit on C is found to be 
C < 0.030. 
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