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Abstract. The reaction e+e - ~ # + # -  has been stud- 
ied at centre of mass energies between 35.0 and 
46.8 GeV using the TASSO detector at PETRA. We 
presen t measurements of the forward-backward 
charge asymmetry (Auu) and cross section (o -us) for 
this reaction at three energies. At 35.0 GeV we obtain 
a cross section relative to the QED prediction of 
Rsu = (ass/a ~ = 0.932 + 0.018 _+ 0.044 and Ass = 

( - -10.6+2"2+0.5)%. At 38.3GeV we find Ruu 
--2.3 - 

: 0.951 _+0072. --0.057+0"063 and Ass= ( + 1.7+88"56 _+0.5)%. 

At 43.6 GeV we measure Ru,=0.921_+0.037_+0.055 

and A u u = ( -  17.6+4 4 o _4"3_+0.5)Vo.. Our results are in 

good agreement with the predictions of the standard 
model. Including previous TASSO data we present 
improved determinations of muonic electroweak pa- 
rameters. We also report on lower limits of possible 
contributions from contact interactions. 

1 Introduction 

The standard model [-1], based on the gauge group 
SU(3) x SU(2)L X U(1), accounts for many phenom- 
ena in high energy physics. There remain, however, 
many features of the model which have yet to be ex- 
amined and it is important to use as diverse a range 
of experiments as possible to test the standard model. 

The reaction e + e - - - * # + # -  probes the electro- 
weak sector of the standard model without the com- 
plication, at lowest order, of the presence of strong 
interactions. The electroweak interference between 
vector and axial-vector currents leads to a forward- 
backward asymmetry in the angular distribution of 
the muons. This asymmetry is sensitive to the effects 
of the Z ~ pole in the range of energies which have 
been explored at PETRA, its magnitude significantly 
increasing with energy. 

In this paper we report on the results of an analy- 

sis of the reaction e + e - ~ # + #  - at ] ~ = 3 5 . 0 G e V ,  
38.3 GeV and up to 46.8 GeV, the highest energies 
reached at PETRA. The data were accumulated with 
the TASSO detector during three years of high energy 
operation of the PETRA storage ring between 1983 
and 1985 followed by a year of high luminosity run- 
ning at 35.0 GeV. A total integrated luminosity of 
44.0 p b - '  was collected at centre of mass energies 
in excess of 38 GeV (mostly at 38.3 GeV and 
43.6 GeV) and 108.5 pb-1  at 35.0 GeV. 

2 Event selection 

The experimental apparatus and the trigger have been 
described previously [2]. In this paper we use similar 
analysis methods and more details can be found in 

the above references, the appendix and [3, 4]. The 
selection criteria are described in detail in the appen- 
dix and were chosen a) to reject cosmic ray events 
using the inner time of flight (ITOF) counters and 
the proximity of the event vertex to the intersection 
region and b) to reject two-photon scattering (77) 
events and tau pair events by requiring that both 
charged tracks had more than half of the beam mo- 
mentum and that the acollinearity angle between the 
muon tracks was less than 10 ~ Finally, after applica- 
tion of a solid angle cut, the events were required 
to have at least one muon identified with the muon 
chambers or the liquid argon barrel calorimeter 
(LABC). It should be noted that the only changes 
to the selection cuts described in [-2] were: a) low 
momentum tracks not originating near the intersec- 
tion region, or which were badly reconstructed, were 
ignored before requiring exactly two tracks in the 
event (this avoids the loss of good muon pair events 
which would otherwise be rejected due to the presence 
of extra tracks from converting bremsstrahlung pho- 
tons, stray off-momentum beam particles and spuri- 
ous tracks) and b) the criteria for identifying a track 
as a muon in the LABC were changed for the 
35.0 GeV data, due to different operating conditions 
during the 1986 running period. 

The selected events were scanned to remove the 
few remaining Bhabha scattering events which had 
survived the previous cuts as a result of false identifi- 
cation of one track in the LABC. This occurred when 
the electron shower cluster had been split and the 
track had been associated with a low energy fragment 
which was consistent with the deposit from a mini- 
mum ionizing particle. Only unambiguous Bhabha 
events were rejected, and tau pair events containing 
one good muon track were kept since these are ac- 
counted for in the background subtraction. 

The final data sets contain 612 events at (]/(s) 

=43.6 GeV, 173 events at ] ~ = 3 8 . 3  GeV and 

2563 events at 1/s = 35.O GeV. I '  

3 Measurement of efficiencies 

The efficiencies for triggering, muon identification and 
selection of muon pair candidates were calculated us- 
ing the muon pair data, the hadronic data and a sam- 
ple of Bhabha scattering events. 

3.1 Trigger efficiency 

Muon pair events were required to set the coplanar 
trigger [2] which underwent several changes during 
the data taking period. The essential requirement 
throughout  was that there be at least two back-to- 
back charged tracks. The degree to which the two 
tracks had to be collinear was changed depending 
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on the conditions of data taking. For  most  of the 
35.0 GeV data and some of the high energy data the 
requirement was that the tracks be collinear to within 
27 ~ in the plane perpendicular to the beam axis, 
whereas for the rest of the data the cut was at 13 ~ , 
to reduce the number  of triggers due to noise. A 
charged track candidate was identified at the trigger 
level by requiring connected information in the inner 
tracking chambers, associated with a hit in one of 
the 48 inner time of flight scintillator counters. 

In our previous analysis [2] the efficiency was 
measured using Bhabha scattering events which had 
set independent calorimeter triggers (based on the 
LABC or hadron arm shower counters) since there 
was no independent trigger selecting muon  pair 
events. Assuming that the coplanar trigger efficiency 

f o r  muon pairs was the same as for Bhabhas these 
events were then used to measure the probabil i ty that 
the coplanar trigger was set. 

In this analysis we have measured the efficiency 
for producing connected tracks in the tracking 
chamber system using a sample of Bhabha scatfering 
events selected with calorimeter triggers. The differ- 
ence in this efficiency for muon  pairs and Bhabhas 
was estimated to be less than 2%. The efficiency for 
setting the I T O F  counters was measured using iso- 
lated tracks in hadronic events. Small corrections 
were made for photons converting and setting the 
I T O F  counters, pions undergoing nuclear interac- 
tions and also for noise in the counters. 

The efficiencies varied throughout  the course of 
the data taking, but the overall trigger efficiency was 
typically between 77% and 88% [3, 4]. 

3.2 Selection efficiency 

The efficiency with which muon  pair events were se- 
lected from the raw data tapes using the cuts de- 
scribed in the appendix was also determined using 
the sample of Bhabhas obtained with independent 
calorimeter triggers. The fraction of these events 
which passed all the muon pair selection cuts apart  
from the muon identification criteria gave the event 
selection efficiency. This varied slightly between 95% 
and 96% in different run periods. 

3.3 Identification efficiency 

The efficiency of the muon  identification criteria was 
calculated in a variety of different ways, which gave 
consistent results. Since only one track was required 
to be identified as a muon in each event, the opposite 
tracks (if they also entered the acceptance of the detec- 
tor) could be used as an independent unbiassed sam- 
ple of muon tracks from which to calculate the muon 
identification efficiency of the detector. Allowance 
must be made for the small background of tau pair 

events in the final sample in which only one of the 
two tracks was a genuine muon. For  tracks which 
entered the common acceptance of the muon 
chambers and the LABC, those tracks identified as 
muons  by one detector system were used as an un- 
biassed sample of muon tracks to calculate the muon  
identification efficiency of the other system. Again al- 
lowance must be made for the small background of 
tau pair events in the final sample in which minimum 
ionizing hadronic tracks may be wrongly identified 
as muons in the LABC, but will not be identified 
as muons  in the muon  chambers. The efficiency has 
also been calculated using cosmic ray events in which 
we can look separately at each track without requir- 
ing identification of either track and hence can look 
for correlated inefficiencies between the different 
chambers. Inside the region of acceptance of the muon 
chambers and LABC the overall efficiency for identi- 
fying one track or more in a muon  pair event as 
a muon was in excess of 99% for the muon chambers 
and in the range 89% to 95% for the LABC. 

The probabili ty of misidentifying the charge of 
tracks in Bhabha events has been shown to be very 
low in the TASSO detector [-5], 0 .3+0 .1% 

(0.5_+0.1)% at [ /~=35  GeV (44 GeV) and a correlat- 
ed probabil i ty that both tracks have their charges 

of less than 10 5 (2 x 10- 5) at [ / s  wrongly assigned 
=35  GeV (44 GeV). This is consistent with the as- 
sumption that both curvature measurements are inde- 
pendent of each other. Muon pairs identified with 
the same charge were used for the total cross-section 
measurement  but not in the asymmetry  measurement.  
The possibility of a forward-backward bias in the data 
has also been ruled out [2]. 

3.4 Geometrical acceptance calculation 

The geometrical acceptance of the TASSO detector 
for muon  pairs was calculated using Monte  Carlo 
techniques [6]. Events were generated with the cor- 
rect beam energies from each run period and weighted 
by the appropriate  integrated luminosities. The accep- 
tance is defined as the number  of events generated 
and passing all muon  pair selection criteria to the 
number  of events generated and satisfying the mo-  
mentum and acollinearity cuts. The total combined 
acceptance, found by integrating over the solid angle 
( -0 .8<cos~7<0 .8 ) ,  varied between 64% and 71%. 
(cos O=e  + . ( /~+- / l  )/le + I1(/~ + - P - ) I ,  where e + is the 
momen tum vector of the positron etc.) 

4 Backgrounds 

The cuts described above were designed to remove 
background due to tau pairs, cosmic rays, Bhabha 
scattering events and e + e -  ~ e + e-/~+ # -  events. The 
remaining background from these sources was calcu- 
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lated using either Monte  Carlo techniques or the data 
directly. The background from the last three processes 
was found to be negligible. 

The main background was from tau pair events 
in which each tau decays to one charged track, at 
least one of which was identified as a muon. This 
background was estimated by generating Monte  Car- 
lo z + z -  events to which were applied the muon pair 
selection cuts and was found to be 3 5% in each 
of our muon  data sets, but with a large uncertainty 
( ~  + 2 % )  due to uncertainties in the simulation of 
hadrons in the LABC. The z + z -  background was 
statistically subtracted from the final data sets before 
calculating the e § e -  --* # § # -  cross-section. 

5 Systematic errors 

The combined systematic error on the total cross sec- 
tion varied between 4.7 and 6.6%. The major  contri- 
butions to this were from the uncertainty in the lumin- 
osity (3.0-3.6%), the uncertainty in the trigger effi- 
ciency (3.2-4.4%) and the uncertainty in the back- 
ground subtraction (1.5-2.3%). Other sources of sys- 
tematic error such as uncertainty in the muon identifi- 
cation efficiencies, the Monte  Carlo simulation, and 
the selection efficiency all gave much smaller contri- 
butions. 

The systematic error on the asymmetry  is of 
course much smaller than the systematic error on the 
total cross section, as most  of the uncertainties cancel 
out. A detailed check of the symmetry of the appara-  
tus and analysis procedure has been carried out pre- 
viously [10]. No evidence for any artificially intro- 
duced asymmetry  could be detected and the resulting 
absolute systematic uncertainty on the asymmetry  
was estimated to be + 0.5%. 

6 Radiative corrections 

The measured total cross section depends on the ex- 
perimental cuts since they control the contributions 
of bremsstrahlung diagrams producing #+ # - y  final 
states with non-zero acollinearity angle. The radiative 
correction function is calculated to correct the mea- 
sured differential cross-section to correspond to the 
lowest order cross section and is a function of cos 0- 
as well as the mo m en t um  and acollinearity angle cuts. 
A more complete discussion of the problems involved 
in calculating and implementing the radiative correc- 
tions may be found in [3, 6-9]. One problem with 
publishing asymmetries after radiative corrections 
have been applied, is that if new calculations are per- 
formed, then it becomes necessary to undo the origi- 
nal radiative corrections in order to use the new calcu- 
lations. It  has therefore been suggested [3, 7] that 
results should also be published before any radiative 

corrections have been performed. We present our dif- 
ferential cross section and asymmetry  results with 're- 
duced Q E D '  radiative corrections and also quote, for 
convenience, numbers for the asymmetry  measure- 
ments without any radiative corrections. 

The radiative correction function was calculated 
using Monte Carlo techniques [6] using all purely 
electromagnetic contributions at order c~ 3 (known as 
' reduced Q E D '  corrections in the literature). Order 
~3 weak corrections to both  photon-  and Z~ 
diagrams were not included, as the small contribu- 
tions from these diagrams almost cancel out the small 
contributions from the order e3 electromagnetic cor- 
rections to Z~ diagrams, which were also 
omitted [8]. For  example for the TASSO acceptance 

] /~--44 GeV the lowest order electroweak at interfer- 
ence contribution to the forward-backward muon 
pair asymmetry is calculated to be - 13.6% compared 
with contributions of + 1.8% from purely electromag- 
netic diagrams, + 1.0% from the electromagnetic cor- 
rections to Z~ diagrams and - 1 . 1 %  from 
weak corrections to the photon- and Z~ 
diagrams [8]. However  given the statistical precision 
of the data the size of these higher order terms cannot 
be tested quantitatively. 

7 Results 

The total cross section results for the three data sets 
described in this paper  are given in Table 1 together 
with those from our earlier publication [23. We define 
Ruu as cruu/a ~ where ~r uu is the measured muon pair 
cross section after ' reduced Q E D '  radiative correc- 
tions have been applied and o ~ is the lowest order 
Q E D  prediction. At P E T R A  energies the effect of 
Z ~ exchange on the total cross section is very small, 
and Ruu is predicted to be very close to 1. Even at 

1 /s=43.6 GeV the expected deviation from Q E D  is 
only about  1%. The results for ~r uu are shown in Fig. 1 

I I I I 

500 e+e - ~ 12~ TASSO 

~-~.o_" -- D 

s lO0 

50-  
o 

I I I I 

0 500 1000 1500 2000 2500 

s(6eV z) 
Fig. I. The total cross section for the reaction e+e---*#+# - as 
a function of s. The curve shows the QED prediction. Statistical 
errors only are shown 
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Fig. 2a-c. The differential cross section s .~  for the reaction 

+ e-  ~ # + # - at energies of a l / s  = 35.0 GeV, b 1/s = 38.3 GeV and d 

( 1 / ~  = 43.6 GeV. 'Reduced QED'  corrections have been applied. r 

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 

together with previous TASSO data at lower energies. 
The new cross section measurements fall slightly be- 
low the QED predictions (solid curve), however, this 
difference is not inconsistent with the systematic un- 
certainties. 

In the standard model [1] the lowest order differ- 
ential cross section for e + e -  ~ #+ # -  is given by 

d rr ot 2 
dO - 4s ( C 1  ( 1  "~- C O S  2 0 )  "3 I- C 2 c o s  0 )  

where 

C, = 1 +2g~ gf, Re(z) + (g~ 2 +g]2) (g~2 + g~Z)lgl2 

and 

C2 = 4 g.~ g,~ Re (g) + 8 g[- g~ g~ g~ I zI 2. 
e /t e gv,  gv, ga, g~4 are the vector and axial vector cou- 

plings of the electron and muon. In the standard mod- 
el 

g ~ = g ~ = - - l / 2  and g ~ = g U = - - l / 2 + 2 s i n  20w. 

The function Z is given by the neutral current cou- 
pling, i.e. the weak mixing angle, sin / Ow, and the Z ~ 
propagator  and has been parametrised as follows 
[11]: 

1 s 

g - 4 sin / 0w cos z Ow s -  M 2 + i M z  l'z" 

The advantage of this scheme is that electroweak one- 
loop corrections are small [-8] and hence it is valid 
to compare the predicted asymmetry using this para- 
metrisation with the measured asymmetry to which 
only 'reduced Q E D '  corrections have been applied. 

The forward-backward asymmetry in the differen- 
tial cross-section extrapolated over the full angular 
range is given by 

3 C2 3 
auu = 8  ~-,  -~ 2 g] g~ Re(z). 

For  all numerical calculations within the standard 
model we use sin/0w=0.226+0.007,  Mz=(91.9  
+ 1.8) GeV [12] and Fz= 3 GeV. 

The differential cross sections at ] / s=35 .0  GeV, 

~ s=3 8 .3  GeV and ~V(s)=43.6 GeV are shown in 
Figs. 2a-c  ( 'reduced Q E D '  radiative corrections were 
applied and only statistical errors are shown) and 
listed in Table 2. A maximum likelihood fit gives the 
asymmetries extrapolated to the full polar range given 
in Table 1. 

The data at 35.0 GeV and 43.6 GeV show a clear 

Table 1. Data samples and results of total cross section and asymmetry measurements of the reaction e+e ~ # + # %  When two errors 
are given, the first is statistical and the second systematic, when only one is given this is the sum of the two in quadrature 

/S Luminosity Number cr"u Ruu Au~ AGws 
(GeV) (pb 1) of events (pb) 

13.9 1.7 341 472.7-t-36.0 1.05 +0.08 (-- 1 +6)% -- 1.2% 
22.3 3.2 268 184.7+15.7 1.06 _+0.09 (--13 +7)% -- 3.3% 
34.5 74.7 2673 73.2+ 1.5+2.6 1.002_+0.020+0.035 (-- 9.1+2.3+0.5)% -- 8.6% 
35.0 108.5 2563 66.1 + 1.3 + 3.1 0.932_+0.018 +0.044 (-- 10.6+2z:3 z_+0.5)% -- 8.9% 
38.3 8.8 173 56.4+ +3 7 _ 4.4-314 0.951 +_0.072-Co5v+~ 0 6 3  (+  1.7+88~ +__0.5% -- 1 1.0% 
43.6 35.2 612 42.0_____ 1.7__+2.5 0.921 +0.037-t-0.055 (-- 17.6~24__+0.5)% -- 15.2% 
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dr7 
Table 2. The differential cross sections, s dO '  for the reaction e+e ~ # +  # -  at energies of 34.5, 35.0, 38.3 and 43.6 GeV. The data are 

corrected for 'reduced QED'  radiative corrections. Statistical errors only are given. For  the overall normal•177 uncertainty see the 
text 

cos 0- Differential Cross Section Results s d o / d t 2 ( G e V  2 nb ster-  1) 

( l / ~ =  34.5 GeV l / s =  35.0 GeV ]//s= 38.3 GeV ( ~ = 4 3 . 6  GeV 

--0.8---0 .6  7.12___+0.43 7.59+0.46 8.23+ 1.85 8.45+0.96 
--0 .6---0 .4  5.84+0.36 6.68+0.39 6.37+ 1.42 8.32--+0.84 
- 0 .4- - -  0.2 5.46 + 0.30 5.73 i 0.30 4.94 • 1.08 6.28 • 0.64 
- 0 . 2 -  0.0 5.04+0.29 5.60__+0.30 3.54_+0.88 3.71--+0.49 

0.0- 0.2 5.45-+0.31 5.19-t-0.29 5.04-+ 1.05 4.16-+0.51 
0.2- 0.4 6.04-+0.32 5.18+0.28 6.25_+1.20 4.91 _+0.55 
0.4 0.6 7.38_+0.40 4.91_+0.33 6.86_+1.43 4.83_+0.61 
0.6 0.8 8.85__+0.50 6.06__+0.39 6.65__+1.62 5.66-+0.76 

i.ll 
0.0 % 

E E -0.1 
-02 

-0.2 

I I --GW  TA;SO 

I i I ,  I 

500 1000 1500 2000 
s (GeV z) 

2500 

Fig. 3. The forward-backward muon pair asymmetry as a function 
of s. The solid line is the prediction of the standard model assuming 
sin 2 0w=0.226 and Mz=91.9 GeV 
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Fig.& The differential cross section S. d o  for the reaction e+e - 

~ # * # -  at ( ~ = 3 4 . 8  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 

asymmetry, supporting the predictions of the stan- 
dard model. The data at 38.3 GeV are statistically 
less significant. All TASSO results on muon pair 
asymmetries including previous measurements [2] 

covering the energy range 1 2 < ~ < 4 7  GeV ~are dis- 
played in Fig. 3 and compiled in Table 1 together 
with the standard model predictions. 

Following the recommendation of [-3, 7] we have 
also calculated the asymmetries before applying ra- 
diative corrections, and have the following results 

A . . . .  a = ( - 7 . 6 + 2 . 3 + 0 . 5 ) % ,  ' + 4  ~+8"5 0.5)% and 
u .  - - t . ~ _ 8 . 6  + 

( - 1 5 . 2 + 4 . 3 + 0 . 5 ) %  at ] ~ = 3 5 . 0  GeV, 38.3 GeV and 
43.6 GeV respectively. 

For  the remaining analysis we include our pre- 

high statistics data at ]/s = 34.5 GeV, the differ- v i o u s  

ential cross section is listed in Table 2 for conve- 
nience. They are in very good agreement with the 
new measurements at 35.0 GeV. The differential cross 
section of the combined data at an average energy 

of ( 1 ~ = 3 4 . 8  GeV is shown in Fig. 4. From a fit 
to the differential cross sections of all TASSO data 
the product of the axial vector couplings was found 
to be 

g~- g~ = 0.264 + 0.037. 

Using g] = - 0.498 _+ 0.027 from neutrino electron 
scattering experiments [13] the axial vector coupling 
of the muon was determined to be g ~ = - 0 . 5 3 0  
+0.080. Alternatively, if the standard model weak 
isospin assignment of the leptons is assumed, the 
muon data can be used to check the consistency be- 
tween otherwise determined values of sin 2 0w and M z 
[-12]. Using the measured Z ~ mass we find 

sin 2 0 w  = 0.191 + 0.049 + 0.015 
--0.029--0.012' 

where the second error is due to the uncertainty in 
the Z ~ mass. This value is consistent with the average 
value obtained from purely leptonic neutrino electron 



scattering [13]. Conversely, using sin 2 0 w and its error 
[13] as input the Z ~ mass is constrained by our muon 
data to be Mz=93.1  +2.5 GeV. 

8 Contact terms 

It  is conceivable that new physics beyond the stan- 
dard model may occur at a scale A much beyond 
the present energy region. Such new phenomena 
could for example be substructures of the leptons or 
new currents, which may manifest themselves through 
their interference with the photon and Z ~ fields as 
residual contact interactions. The authors of [14] 
have proposed a general helicity conserving effective 
Lagrangian to be added to the standard model La- 
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Fig. 5a--c. The differential cross section normalised to the prediction 

standard model for the reaction e+e ~ # + # -  at o f  the 
=34.8 GeV. The curves show possible contributions of contact 
terms for a left-handed or right-handed coupling, b vector coupling, 
and c axial vector coupling. Statistical errors only are shown 
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Table 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 -  
~ # + # -  

Coupling A. (TeV)  A_(TeV) 

LL 2.3 1.3 
R R  2.3 1.3 
VV 3.5 1.8 
AA 3.2 2.9 

grangian 
g2  

LeS s = -F ~+_ (tl LLJLJ L 4- tlRRjgj1~ 4- 2 rlRLjgjL). 

The coupling constant is arbitrarily fixed to g2/4rc = 1, 
leaving the scale A as free parameter.  JL and JR denote 
left-handed and right-handed currents. The coeffi- 
cients q are restricted to the values 0 and + 1, allowing 
four different helicity structures LL, RR, VV and AA 
to be constructed. The overall sign defines positive 
or negative interference. 

All our high energy data above 30 GeV have been 
used to search for possible contributions of contact 
terms. Lower limits on the scale parameter  A are sum- 
marised in Table 3. They range between 1.3 TeV and 
3.5 TeV depending on the assumed chiral structure. 
LL and R R  couplings are indistinguishable at present 
energies. The sensitivity of our highest statistics data  
at 34.8 GeV is illustrated in Fig. 5 for various values 
of A. Note  that the traditional Q E D  form factor is 
a special case of the vector type contact interaction. 
The respective cut-off parameters  are related through 
AQED~--]/~.A vv. We find lower limits (95% confi- 
dence level) of AQED> 325 GeV and AQED> 150 GeV. 

9 Summary 

We have presented new measurements  of the cross 
section and charge,,  asymmetry  for the reaction 
e + e -  ~ #+ # -  at centre of mass energies between 35.0 
and 46.8 GeV. Our results support  the standard mod-  
el predictions and are in good agreement with other 
experiments performed at these energies [15]. By in- 
cluding previous TASSO data we were able to im- 
prove the determination of leptonic electroweak cou- 
pling constants. We have reported on new lower limits 
on mass scale parameters  of possible contributions 
of contact interactions. 

Appendix 

Selection criteria 

In this section we give a summary  of our selection 
criteria for the reaction e+e - ~ p + # - .  In order to 
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simplify the description of these cuts we define the 
r-~b plane to be the plane perpendicular to the beams, 
which themselves define the z axis. 

1. There must be exactly 2 tracks satisfying the fol- 
lowing conditions: 

a) Momentum in r -q5  plane > 3 GeV/c. 
b) Vertex restriction 

(i) In the r -~b  plane Idol< 15 mm. (do is the 
distance of the track from the origin in the 
r -~b  projection at its point of closest ap- 
proach.) 

(ii)In the z direction Iz01<75mm. (z o is the 
value of z at the point on the track from 
which do is measured.) 

c) Reconstruction by our fitting program 
(i) x2/dof for fitting in r -  4) < 15. 
(ii) xZ/dof for fitting in z < 15. 

The remaining cuts were then applied considering 
only these 2 tracks. 
2. Momentum of each track P > Pbe,m/2. 
3. Acollinearity ff < 10 ~ and acoplanarity 4/< 10~ (~k 
is the r -4~  projection of ~). 
4. Timing cut - 3.0 ns < t . . . .  - tp,ed < 2.0 ns for each 
track. 
5. Tighter vertex restriction 

a) I do beam] < 4 m m .  (d beam is the distance in r -  ~b of 
the track from our best estimate of the beam 
position.) 

b) I ( z o > [ < 4 0 m m .  ((z0) is the mean z0 for the 
2 tracks.) 
6. Polar angle cuts 

a) Each of the tracks satisfied Icos 0[ <0.82 
b) and [cos0-[<0.8, where Icos0l is defined in 

Sect. 3.4. 
7. The coplanar trigger was set. 
8. At least one of the tracks was identified as a muon 
in the muon chambers or LABC. In the muon 
chambers a particle was identified as a muon if the 
track penetrated the iron absorber and had associated 
hits in > 3 out of the 4 muon chambers. In the L A B C  
the criteria for identifying a particle as a muon were 
different for the 1986 35.0 GeV data and our other 
data sets due to deterioration in the performance of 
the calorimeter. For  the 38.3 and 43.6 GeV data we 
required that the track deposit less than 1.5 GeV in 

a single cluster in the LABC, and also made cuts 
on the extent of the shower. For  the 35.0 GeV data 
we tightened the cuts o n t h e  size of the shower and 
also required that less than 0.75 GeV was deposited. 
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