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Abstract. We report on total cross section and for- 
ward backward charge asymmetry measurements of 
the reaction e + e - ~  r+z - at centre of mass energies 
of 35.0 GeV and 42.4 GeV using the TASSO detector. 
Including previous data an analysis in terms of elec- 
troweak parameters of the standard model is pre- 
sented, and lower limits on mass scale parameters 
of residual contact interactions are given. A combined 
analysis of electroweak couplings using all our results 
on leptonic reactions e + e - ~ l + l  - has been per- 
formed. 
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1 Introduction 

In this paper  we present a study of the product ion 
characteristics of the reaction e + e - --+ z § z - using the 
TASSO detector at the P E T R A  storage ring. The data 
were collected during an energy scan between 38.3 
and 46.8 GeV centre of mass energy at an average 

energy of ~ = 42.4 GeV with a total integrated lu- 
minosity of ~ Y d t = 4 4 . 0  pb -1 and at a fixed energy 

of 1 /s=35.0  GeV with an integrated luminosity of 
5 ~ d t = 108.6 pb-1 .  This is a continuation of our pre- 

vious analysis of z pair product ion [-1] at similar and 
lower energies. 

The reaction e + e  - - - , z + z  - provides a clean test 
of the electroweak sector of the standard model [2]. 
The interference of the photon and the Z ~ pole leads 
at P E T R A  energies to a substantial forward back- 
ward asymmetry  in the differential cross section of 
the z pairs. The effect of Z ~ exchange on the total 
cross section is, however, still small (less than ~ 1%) 
and the total cross section measurement  therefore 
provides a test of QED.The electroweak parameters  
determined in tau pair production are compared  to 
those derived from the light leptons, muons  and elec- 
trons, and used to perform a combined analysis. 

2 Event selection 

The TASSO detector has been described in detail else- 
where [-3, 4] and here we simply note that  the infor- 
mation used in the trigger and event selection was 
taken from the inner tracking chambers (a vertex de- 
tector, a proport ional  chamber  and a drift chamber) 
and the surrounding time of flight scintillator 
counters. The analysis methods closely follow our pre- 
vious publication [1]; more details can be found in 
[5, 6~. 

Events were selected in which one r decayed into 
one charged track (+unobse rved  neutrals) and the 
other z into three charged tracks ( +  unobserved neu- 
trals), the 1-3 z pair topology;  no particle identifica- 
tion was attempted. This distinctive topology is char- 
acteristic for about  a quarter  of all z pair decays, 
but allows one to prepare a very clean event sample. 

Candidate events were required to have four well 
reconstructed tracks originating from a common 
event vertex (a cylinder of 2 cm radius and 20 cm 
length around the nominal  interaction point), con- 
tained within the detector (polar angle I cos 01 <0.82) 
and having a total charge of zero. The angle between 
any two tracks of the three particles forming a jet 
of one z decay was required to be less than 30 ~ (25 ~ 

for ~//~> 38 GeV) and the angle between the lone track 

and any other track to be greater than 100 ~ . These 
cuts effectively removed hadronic events. Two photon 
events e + e  - ~ e + e - z + z  - were reomved by a cut on 
the scalar momen tum sum in the event (~]Pi] 
> 0.4 Pbeam, where Pbe,m is the beam momentum).  

A serious background comes from Bhabha scat- 
tering events with a radiated photon  converted into 
an e+e - pair in the beam pipe or tracking chambers 
material, thus faking a 3-prong z decay. The produc- 
tion cross section is very large and strongly peaked 
in the forward direction. To reduce this background 
acollinearity cuts (the angle between the momen tum 
of the lone track and the momen tum vector of the 
3 tracks had to be less than 179 ~ and momen tum 
cuts (the momen tum of the lone track had to be 
p~one<0.97 Pb . . . .  and the momen tum of each track 
of the 3 particle system Pi,j~t < 0.90 Pbeam) were applied. 
Fur thermore  photon  conversions were searched for. 
If two oppositely charged tracks in a jet had a com- 
mon  intersection point close to the beam pipe or in- 
side the tracking chambers and their invariant mass, 
assuming electron masses for both  tracks, was less 
than 150 MeV the event was rejected. 

The polar  angle of a z pair event was defined as 
c o s G = e + . ( ~ + - z - ) / [ e + [ [ ~ + - ~ - [ ,  where e + is the 
positron momen tum and x+ and v -  are the momenta  
of the lone track or the 3 particle jet. Only events 
with [cos OI <0.80 were retained. 

The final data samples contain 476 events at ]fs  

=35.0 GeV and 117 events at ( ~ = 4 2 . 4  GeV. 

3 Measurement of efficiencies 

The events were required to set the coplanar trigger 
[3, 4], which was formed by at least two charged 
track candidates having an acoplanari ty angle mea- 
sured in the plane perpendicular to the beam direction 
of less than 27 ~ for most  of the 35 GeV data and 
some of the high energy data and less than 13 ~ for 
the rest of the data (the cut was varied in order to 
reduce the number  of triggers due to noise). A track 
candidate at the trigger level was formed by requiring 
connected information from the hits in the inner 
tracking chambers associated with a corresponding 
hit in one of the 48 time of flight counters. 

The probabili ty that a particle forms a track can- 
didate in the tracking chambers was measured using 
Bhabha scattering events which were triggered and 
selected using shower counter information only. The 
time of flight counter effciency was measured using 
hadronic data [6, 7]. To allow for the acollinearity 
between tracks from different z decays, Monte  Carlo 
e+e ~ z + ~  - events were generated and the trigger 
logic was simulated. 



The efficiencies varied throughout  the data taking 
period, but the overall trigger efficiency for 1 3 ~ pair 
events satisfying the selection criteria was typically 

90%, and, most important,  did not show any signifi- 
Cant polar angle dependence. 

The selection efficiency for e+e ~ + ' c -  events 
was determined using Monto  Carlo techniques. Tau 
pair events were generated and passed through a de- 
tector simulation, and the same reconstruction pro- 
grams and cuts were applied as to the data. The over- 
all selection efficiency was found to be typically ~ 8%, 
including branching fractions, geometrical acceptance 
and efficiencies. The polar angle dependence of the 
selection efficiency was found to be constant except 
for small geometrical acceptance corrections beyond 
I c o s  61 > 0.70. 

4 Backgrounds 

The background in the v pair data from hadronic 
and two photon events was estimated using Monte 
Carlo techniques. The contamination from hadronic 
events is calculated to be (3.0_+1.1)% at 35.0 GeV 
and (1.5 + 1.1)% at 42.4 GeV. The two photon back- 
ground from e + e - ~ e + e - + hadrons was found to 
be negligible at both energies, and from e+e - 
~ e + e - r + z  was found to be (1.7-t-0.2)% at 
35.0 GeV and (2.0+0.3)% at 42.4 GeV. 

The background from Bhabha scattering events 
was estimated by several methods. First, Monte Carlo 
Bhabha event simulation suggested that the back- 
ground was low, (0.4_+0.3)%. Secondly, events were 
searched for in the ~ pair data sets in which the lone 
track as well as one of the jet tracks were identified 
as electrons in the calorimeters. One event was found 
which was also consistent with a genuine ~ pair decay, 
where a photon overlaps with a charged track in the 
jet. Taking the limited acceptance and particle identi- 
fication into account we expect a Bhabha background 
of (0.4_+0.4)%, consistent with the above Monte Car- 
lo method. 

The estimated background has been subtracted 
from the data for the total cross section determination 
and taken into account with its proper angular distri- 
bution in the asymmetry measurements. 

5 Radiative corrections 

The selection criteria described in Sect. 2 include ra- 
diative events of the type e+e - --*z+z-y. In order to 
compare the measured cross sections and asymme- 
tries with lowest order predictions and results from 
other experiments, radiative corrections have to be 
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applied to the data. The radiative correction function 
depends on the experimental cuts and has been deter- 
mined by Monte Carlo simulation using a # pair 
event generator [-8] modified to produce ~ pairs. All 
purely electromagnetic contributions up to order c~ 3 
were included, known as 'reduced Q E D '  radiative 
corrections [9]. Order ea weak corrections to both 
photon and Z ~ exchange diagrams were not included, 
as at the energies investigated their small contribu- 
tions almost exactly cancel out order ~3 electromag- 
netic corrections to Z ~ exchange diagrams, which 
were also omitted [9]. Radiative processes modify the 
observed asymmetry by about  + 1%. Due to the 
many unobserved particles (neutrinos and photons) 
the exact phase space of the accepted ~ pairs is not 
well defined. This leads to a systematic uncertainty 
in the asymmetry measurement of +0.5%. All data 
presented include 'reduced Q E D '  radiative correc- 
tions. 

6 Systematic errors 

The combined systematic error on the total cross sec- 
tion was +6.6% at 35.0GeV and +7 .8% at 
42.4 GeV. The major contributions were from the un- 
certainties on the luminosity ( ~  3-4%), the efficiencies 
(~4 -5 %) ,  the background subtraction (~1%) ,  and 
the branching ratios (~  5%). The -c branching ratios 
were taken from [-10] with all hadronic one prong 
decays scaled up, so that the sum of exclusive one 
prong branching fractions was equal to the measured 
inclusive one prong branching fraction. Other sources 
of systematic error, such as the uncertainty in the 
detector simulation, and the effect of varying the cuts 
within reasonable ranges were found to give much 
smaller contributions. 

The systematic error from most of these sources 
does not affect the asymmetry. However there is a 
larger contribution from the uncertainty in the Bha- 
bha background (AA = + 0.8%), and a smaller contri- 
bution from the uncertainty in the radiative correc- 
tions (AA= _+0.5%). The absolute systematic error 
on the forward backward asymmetry has been esti- 
mated to be (AA = _+ 1.0%). This estimate is consistent 
with a fit to the differential cross section without the 
highest cos 0>0.6  bin, where most of the Bhabha 
background is expected. 

7 Results 

The data were analysed in terms of electroweak pa- 
rameters of the standard model I-2]. In the standard 
model the lowest order differential cross section for 
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Fig. 2a, b. The differential cross section s - ~  for the reaction 

e + e - ~ z + z - at energies of a ~/s = 35.0 GeV and b ( ~  = 42.4 GeV. 
'Reduced QED' corrections have been applied. The solid line shows 
the result of a fit to the standard model, the dashed line is the 
prediction of QED normalised to the observed total cross section. 
Statistical errors only are shown 

e + e -  ~ z + z -  is given by 

do" 0{2 
dO - 4ss (C1(1 + cos /0)  + C2 cos 0), (1) 

where 

C~ = 1 + 2g~ g~ Re(z) + (g~2 + gS2)(g~2 + g~42)1ZI 2 (2) 

and 

C2 = 4 g ]  g~ Re (Z) + 8 g} g} g ]  g~ I Z I 2. (3) 

g},  g}, g~, g~ are the vector  and axial vector  cou- 
plings of  the electron and tau. In  the s tandard  model  

g~ = g~ = - 1/2 and g} = g} = - 1/2 + 2 sin 20w. 

The function Z is given by the neutral  current  cou- 
pling, i.e. the weak mixing angle sin 20w, and the Z ~ 
p ropaga to r  and has been parametr ised as follows 
[11]:  

1 s (4) 
Z = 4  sin 2 0 w cos 2 0 W s--  MZ2 + i M z F z" 

In  this scheme the ' r educed  Q E D '  corrected da ta  can 
be directly compared  to the lowest order  Born  term 
calculations. 

The vector  couplings are essentially determined 
by the total  cross section, whereas the axial vector  
couplings are related to the forward  backward  charge 
asymmet ry  

3 C  2 3 
~ - - g S  g~ Re(z). (5) 

A ~ =  8 C1 2 

For  numerical  calculations we use M z = ( 9 1 . 9  
_+I.8) GeV [12], F z = 2 . 8 G e V  and sinZOw=0.226 
_+0.007 [13]. This value of  sin 20w is in agreement  
with a more  recent analysis of  [14] using all neutr ino 
nucleon deep inelasic scattering data.  

The results on  the total cross section at ~/~ 

=35 .0  GeV and ] / / ~ = 4 2 . 4  GeV are shown in Fig. 1 
and listed in Table 1 together  with earlier T A S S O  
data  [1] (not included in the present da ta  samples). 
We define Re ,=  o-~Jo. ~ where o.~ is the measured  
pair  cross section with ' r educed  Q E D '  radiative cor- 
rections applied and o.o is the lowest order  Q E D  pre- 
diction. Our  measurements  are well described by 
Q E D .  Even at the highest P E T R A  energy the pre- 
dicted deviat ion of  R~, f rom uni ty  due to Z ~ exchange 



553 

Table 1. Data samples and results of total cross section and asymmetry measurements of the reaction e+e ---,z+z -. When two errors 
are given, the first is statistical and the second systematic, when only one error is given it is the sum of both added in quadrature. 
Acsw is the standard model lowest order prediction with typical errors of -+0.45% at 35 GeV and _+0.75% at 42.4 GeV mostly due 
to the Z mass uncertainty 

(1/@ ~ ~ d t N~, a~, R~ A,~ Aos w 
[GeV] [pb -  a] [pb] [%] [%]  

13.9 1.8 63 470+ 60 +27 1.05 +0.14 +0.06 _ 
--49 --0.11 

+11 +0.06 
22.3 3.2 46 176 4- 26 1.01 -+ 0.15 -- -- 

--20 --0.11 

34.5 69.4 608 75 4- 4 + 5 1.03 • 0.05 + 0.06 -- 4.9 -+ 5.3 + 1.3 -- 8.7 
--8 --0.11 --1.2 

35.0 108.6 476 73.4 + 3.5 + 4.8 1.036 4- 0.050 -+ 0.068 -- 9.2 + 5.2 + 1.0 8.9 
42.4 44.0 117 48.8 + 4.7 + 3.8 1.011 4- 0.097 4- 0.079 -- 6.6 + 9.5 + 1.0 -- 14.2 

is only about 1%, well below the accuracy of the 
data. 

The differential cross sections at 1 / s=35 .0  GeV 
and ( ~ = 4 2 . 4  GeV are shown in Fig. 2 and listed 

in Table 2 (for convenience the old data at ( 1 ~  
= 34.5 GeV are given as well). From a maximum like- 
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Fig. 3a, b. Results of fits to g~ and g~. a All leptonic reactions 
separately with 68% confidence level contours, b combined analysis 
for all leptonic reactions with 68% and 90% confidence level con- 
tours 

do- 
Table 2. The differential cross sections, s ~ ,  for the reaction 

e+e ~ T+v - at centre of mass energies of 34.5, 35.0 and 42.4 GeV. 
'Reduced QED'  radiative corrections have been applied to the data. 
Statistical errors only are given; for systematic errors see text 

cos O- 

( ~ =  34.5 GeV l / s =  35.0 GeV 
= 42.4 GeV 

da da da 
S ~  S - -  s - -  

dO dO 
[-GeV2nb] [GeVZnb] [GeV2nb] 

-0 .8  -0 .6  7.35_+1.13 9.90+1.30 11.4+2.7 
- 0 . 6 - - 0 . 4  5.36___0.79 8.46_+0.97 8.8_+2.0 
- 0.4- - 0.2 7.24 _+ 0.79 4.53 4- 0.70 5.0 _+ 1.4 
--0.2~0.0 5.17+0.64 6.04-t-0.79 3.3-t-1.2 

0.0~.2 5.85+0.68 4.33+0.67 2.9+1.1 
0.2~3.4 4.91+0.64 5.69_+0.78 4.2_+1.3 
0.4-0.6 5.48_+0.83 5.40+0.78 8.7+1.9 
0.6-0.8 8.59__+1.28 8.76_+1.22 8.6_+2.3 

l ihood fit to equation 1 the asymmetries extrapolated 
over the full angular range - 1  < cos O< 1.0 were de- 
rived as given in Table 1. They support the standard 
model (values denoted by Aosw). 

For further analysis we included our previous high 
energy data at ~ s )  = 34.5 GeV (note that this analy- 
sis contains also 1 -  1 and 3 - 3  ~ pair topologies). 
From the asymmetry and total cross section measure- 
ments we found for the product of the vector and 
axial vector couplings 

gf .  g~ = -- 0.049 4- 0.098, 

g~.g]  =0.175_+0.088. 

The results are displayed in the gZ_g~ plane of 
Fig. 3 a. Taking g]  = - 0.498 + 0.027 from v -  e scat- 
tering experiments [13] the z axial vector coupling 
was determined as g~ = 0.3514- 0.179. 
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T a b l e  3. Lower limits (95% confidence level) on mass  scale parame- 
ters A in contact interactions for left-handed (L), r ight-handed (R), 
vector (V), and axial vector (A) couplings from the reaction e+e - 
- - - ~  ~ (  + " C -  

Coupling A+[TeV]  A_[T eV]  

LL 1.1 1.3 
RR 1.1 1.3 
W 2.3 1.8 
AA 1.5 2.6 

The data have also been used to search for phe- 
nomena beyond the standard model, e.g. composite- 
ness, substructure or new currents, which manifest 
themselves as residual contact interactions. A general 
scheme with helicity conserving currents interfering 
with the photon  and Z ~ fields has been given by [15]. 
Assuming a coupling strength of g2/4rc = 1 the mass 
scale A is the only free parameter.  Restricting to pure 
left-handed, right-handed, vector and axial vector cur- 
rents lower limits on A +_ were derived for two different 
metrics as summarized in Table 3. They are typically 
between 1.1 and 2.6 TeV depending on the assumed 
chiral structure. The traditional Q E D  form factor is 
a special case of a vector current with electromagnetic 

coupling, AQED~I/~.A vv. We found lower limits 
(95% confidence level) of AQ+ED>184GeV and 
AQ_ ED > 221 GeV. 

8 Combined analysis of eleetroweak parameters 

We now compare the TASSO results from all leptonic 
reactions e+e - ~ + z - ,  e+e - ~ # + / ~ -  [7], and 
e+e - ~ e + e  - [16] and perform a combined analysis 
of electroweak parameters.  

In the context of a general SU(2)L x U(1) electro- 
weak theory the vector and axial vector couplings 
can be treated as free parameters.  A Z 2 f i t  to the differ- 
ential cross sections was performed taking the overall 
normalisation of each kind of lepton and each energy 
set as free parameters  and let them vary within their 
systematic uncertainties. The results are shown in the 
g ~ - g  2 plane of Fig. 3a. Both couplings are almost 
independent from each other in ~ pair and /~ pair 
production, whereas they show a strong correlation 
(coefficient ~ 0.5) in Bhabha scattering due to the large 
t channel contribution. The results from the three re- 
actions are compatible with each other supporting 
the concept of lepton universality. 

For  the following analysis we will assume lepton 
universality, i.e. gv = g~ = g~ = g~ and 8A = g~l = g ~  

0 . 5  , , t ,  i , , r , i , , b , p , , , , i , , q 

t TASSO \ 

0.4 \ 
\ 

.~_ 
02 

0.1 stondor-/d mode[ 

I ~ I I I I I ~ I I t r I t ~ I r ~ l i O r  a ~ r 

0 70 80 90 100 120 
Mz[GeV] 

Fig. 4. Regions at 68% and 95% confidence level for sin 20w and 
Mz allowed by the combined leptonic data. The dashed line shows 
the prediction of the standard model 

= g~. A combined fit, shown in Fig. 3 b, gave the re- 
sults 

+ 0.041 
g 2--  0.044 _ 0.037' 

+ 0.033 
8 ]=0 .257  

--0.031'  

in good agreement with the standard model. 
Alternatively, one may  keep the standard model 

weak isospin assignments and treat the coupling 
strength, sin 20w, and the Z ~ mass as free parameters.  
However, there is a strong correlation of both  values, 
as shown in Fig. 4. Thus e + e -  data can only be used 
to check the consistency between sin 20w and Mz 
measurements in different experiments. Taking Mz 
=91.9_+1.8 GeV from collider experiments [12] we 
obtain 

+ 0.039 + 0.021 
sin2 0w=0"211 - 0 . 0 2 1 - 0 . 0 1 5  ' 

where the second error comes from the Z ~ mass un- 
certainty. This value is consistent and comparable  in 
precision with those obtained from purely leptonic 
neutrino electron scattering experiments. Conversely, 
fixing sin 20w=0.226__0.007 [13] we get M z 
=90.9 +4.6 GeV, to be compared  with the standard - 3 . 9  
model expectation of Mz = 38.69/sin Ow" cos Ow 
=92.5_+1.0 GeV, assuming a top quark mass of 
45 GeV [13]. 

9 Summary 

We have measured the cross section and forward 
backward charge asymmetry  for the reaction e+e - 
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~ + ~  at ] /s=35.0 GeV and ~ = 4 2 . 4  GeV. Our 
results support the predictions of the standard model 
and are in good agreement with our previous mea- 
surements as well as with other experiments working 
at these energies [-17]. Including our data from # pair 
production and Bhabha scattering we derived im- 
proved values for leptonic electroweak parameters. 
New lower limits on mass scale parameters of hypo- 
thetical contact interactions have been reported. 
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