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Abstract 

The differential cross-sections for e+e- + e’e-, e+e- + ptp- and efe- --f r+r-, and the total cross-section for 
e’e- --+ q4 at centre-of-mass energies of 130-140 GeV were studied using about 5 pb-’ of data collected with the 
OPAL detector at LEP in October and November 1995. The results are in agreement with the Standard Model predictions. 
Four-fermion contact interaction models were fitted to the data and lower limits were obtained on the energy scale A at the 
95% confidence level. 

1. Introduction 

The measurements at LEP at 130-140 GeV have 

provided the first e+e- collision data at energies 

well above the Z” resonance. T’he cross-sections and 

angular distributions for e+e- -+ qCj and efe- --+ 

Fe- (e = e, p, T) have been observed by OPAL to 
be in good agreement with Standard Model expecta- 
tions [ 11. It is interesting to see what constraints are 

set by these data on possible contributions from new 

physics. 
Here we study the four-fermion contact interac- 

tion [ 21. The basic idea is that the Standard Model 
is a part of a more general theory characterised by an 

I And at TRIUMF, Vancouver, Canada V6T 2A3. 

2 And Royal Society University Research Fellow. 

3 And Institute of Nuclear Research, Jlebrecen, Hungary. 

4 And Department of Experimental Physics, Lajos Kossuth Uni- 

versity, Debrecen, Hungary. 

energy scale A and the consequences of the theory are 

observed at energies well below A as a deviation from 
the Standard Model which can be described by an ef- 

fective contact interaction. In the context of composite 
models of leptons and quarks, the contact interaction 

is regarded as a remnant of the binding force between 

the substructure of fermions. If electrons are compos- 
ite such an effect would appear in Bhabha scatter- 
ing (e+e- + e+e- ). If the other leptons and quarks 
share the same type of substructure, the contact in- 
teraction would exist also in the processes efe- + 

p+p-, r+r- and e+e- --+ q4. More generally, the 

contact interaction is considered to be a convenient 
parametrisation to describe a possible deviation from 
the Standard Model, which may be caused by some 

new physics. 
Analyses of such contact interactions have been per- 

formed at lower energy experiments for the processes 
efe- + F- [3-lo] and e+e- + qq [5,11]. It 
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is expected that the sensitivity of the measurements 
to the contact interaction will increase with centre-of- 
mass energy ( 4) due to the decrease of the Standard 
Model cross-section as 1 /s, while some contributions 
of the contact interaction stay constant or even increase 
in proportion to s [ 121. Here we present a contact 
interaction analysis of the e+e- -+ e+e-, e+e- --) 

+ - + - + r+r- and e+e- -+ qq channels us- 
h,“o<& iata at centre-of-mass energies of 130- 140 
GeV. The cross-sections are compared with expecta- 
tions of contact interaction models in order to set lower 
limits on the energy scale A. 

2. Four-femion contact interaction 

In the contact interaction approach, the Standard 
Model contribution remains unchanged, but an effec- 
tive new interaction is added to it. Following the no- 
tation in [ 131, the effective Lagrangian for the four- 
fermion contact interaction in the process e+e- + fJ1 
is defined by : 

2 

L 
contact = 

(1 +%A2 ij=LR c rlij[ziVeil [_fjTjrpfjl 
3 . 

11) 

with 

S= 
1 f=e 
Of+e* 

Here eL and eR (f~ and fR) are chirality projections 
of electron (fermion) spinors. The unknown coeffi- 
cients vii determine the type of chiral coupling of the 
four fermions, and A is the energy scale of the con- 
tact interaction. The indices L and R denote left- and 
right-handed currents, respectively. By convention, the 
unknown coupling constant g is set to g2/47r = 1 and 
]qij] 5 1. For the process eie- -+ e+e-, the size 
of the contact interaction differs from the other chan- 
nels by a statistical factor of l/2. A number of differ- 
ent models (choice of vij parameters) are customarily 
considered. They are summarised in Table 1. The W 
and AA denote the vector and axial vector couplings, 
respectively. The signs (zk) of the qij indicate posi- 
tive or negative interference with the Standard Model 
amplitude. 

Table I 
Different models of the four-fermion contact interaction. 

Model llLL ~)RR ?1LR 7)RL 

LLf il 0 0 0 
RRf 0 fl 0 0 
Wf fl fl *1 fl 
AA* fl fl FI 71 
LR* 0 0 i1 0 

RL* 0 0 0 51 

In the presence of the contact interaction the differ- 
ential cross-section for e+e- --t ff, as a function of 
the polar angle 6 of the outgoing fermion with respect 
to the e- beam direction, can be written to lowest or- 
der as 

1 4s da --- 
Fc m2 d cos 0 

= [la~(tv+ IA:L,‘,(t)12] (;)2s 

+ [/A:{(s)12+ IA;{(s)12] (i)2 

+ [iA;{Wj2 + ~A;{(s)/~] (;)2 

with t = +(l - cos0) and u = +(l +cos0). 
The overall colour factor FC is 1 for C+e- and 3 for 
qq. The helicity amplitudes are 

+(1 +S)7)iji$ (i= j). 

Here LY is the electromagnetic coupling constant. The 
left- and right-handed couplings, & and gi, of the 
fermion f to the Z? are given by 

A=. s,new:osew ( 13 - Qf sjn2hd 9 

A= sinew~osew ( -Qf sin%d 1 

where e is the electron charge, Qr is the electric charge 
in units of (e] of the fermion f, Z3 is the third component 
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of the weak isospin and 8~ is the electroweak mixing 
angle. The s- and t-channel p propagators are 

x(s) = s/(s - Mi+ isTz/Md, 

/y(t) = t/(t - M;). 

It should be noted that the LR and RL models give 
identical results for lepton pair channels while for the 
qq final state the results of the LR and RL models are 
different. 

The cross-section formula (2) can be decomposed 
into three parts 

(6) 

The first term denotes the Standard Model cross- 
section. The second and third terms come from the 
contact interaction and represent deviations from the 
Standard Model expectation. The Cg term comes 
from the interference of the contact interaction with 
the Standard Model amplitude and the Ci term from 
the square of the contact interaction amplitude. The 
coefficients C,“(s, t) and C,“(s, t) have different de- 
pendencies on s and f depending on the final state 
fermion and the choice of the contact interaction 
model. 

3. Data sample 

A feature of e+e- collision data at centre-of-mass 
energies well above the p resonance is a tendency 
for radiative return to the p by emitting initial-state 
radiation photons which reduces the effective centre- 
of-mass energy, fi, of the subsequent e+e- collision 
to the region of the Z” resonance. Here we consider 
the cross-sections for e+e- ---t e+e-, e+e- + $,z”-, 
e+e- + ran- and e+e- ---) q4 at large fl so ex- 
cluding the events from radiative return to the p. The 
selection of such an event sample and the luminosity 
measurement are described in [ 11. For the e+e- 3 
J.L+,u-, r+r- and e+e- * qq channels s//s > 0.8 
was required. An almost equivalent cut was applied 
to the e+e- * efe- sample using a cut on the max- 
imum acollinearity angle at 10”. The integrated lumi- 
nosity of the data sample is about 5.2 pb-’ divided 
among three centre-of-mass energies of 130.26 GeV 

(2.7 pb-‘), 136.23 GeV (2.5 pb-‘) and 140 GeV 
(0.05 pb-’ ). The numbers of events used in this anal- 
ysis were 967 e+e- --f e+e-, 53 e+e- -_, ,u+F-, 
19 e+e- 4 r+r- and 334 efe- --P q4 events 5 . The 
backgrounds in the P+,u-, rfr- and qq samples are 
of the order of lo%, as discussed in [ 11, and mainly 
arise from events at lower s’fs; the background in the 
e+e- sample is mainly from 7 pair and is much smaller 
(less than 1 S) . The systematic errors of the event se- 
lection are 2.4% (e+e- 4 e+e- ), 2.0% (e+e- ---) 
,u+,u-), 2.8% (e+e- --+ rfr-> and 4.0% (e+e- 3 
qq) . The luminosity error was estimated to be 1%. 

The angular distributions of the leptonic channels 
are expressed in 9 bins over -0.9 < cos 8 < 0.9 for 
e+e- --) e+e-, and 10 bins over - 1 .O < cos 0 < 1 .O 
for the e+e- --t pip- and @r- channels. The re- 
sults are summarised in Tables 2-4 together with the 
corresponding values of the differential cross-sections. 
For the eie- j qq channel only the total cross- 
sections given in [ l] were used in this analysis. 

4. Calculation of predicted cross-sections 

In order to compare the model with the data, the 
lowest order cross-section (6) must be corrected for 
electroweak and QED radiative effects and the ex- 
pected cross-section calculated taking into account the 
experimental cuts. The e+e- -+ qq channel must be 
corrected also for QCD effects. Different approaches 
were used for the Standard Model part and for the 
contact interaction terms. 

The Standard Model cross-sections were calcu- 
lated for each cos 8 bin and centre-of-mass energy 
using ALIEW3A [ 141 for ete- ---) ete-, and ZFJIT- 
TER [ 151 for e+e- --t pL+p-, r+r- and qq with the 
cut on the acollinearity angle (e+e- ) or s’ (P+,u-, 
T+T- and q4) at the same value as in the data sam- 
ple. The systematic uncertainty of these predictions 
is estimated to be 2.5%, 1.0% and 2.0% for the 
e+e- + e+e-, e+e- ---) ,u+,u-/~+T- and e+e- --) 

5The same numbers of pfpCL- and &F events were used 
in [ 1 ] for the measurement of forward-backward asymmetry; 
these are slightly different from those used for the cross-section 
measurement because of additional requirements to ensure good 
charge determination. 
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Table 2 
Numbers of selected events and differential cross-sections of e+e-. 

cos t3 

130.26 GeV (2.7 pb-‘) 

N ee du/d cos 0 (pb) 

136.23 GeV (2.5 pb-‘) 

N,, da/d cos 0 ( pb) 

-0.9 -0.7 2 4f 3 

-0.7 -0.5 3 6f 3 

-0.5 -0.3 2 4f 3 

-0.3 -0.1 3 6f 3 

-0.1 0.1 7 13f 5 

0.1 0.3 10 195 6 

0.3 0.5 27 52flO 

0.5 0.7 59 113fl5 

0.7 0.9 408 817f41 

3 6% 4 
3 6f 4 
3 6f 4 
3 6f 4 
5 10f 5 
8 16f 6 

12 24f 7 
61 123fl6 

348 735f39 

Table 3 
Numbers of selected events and differential cross-sections of /L+/A-. 

cos B 

130.26 GeV (2.7 pb-‘) 

NW du/d cos 0 ( pb) 

136.23 GeV (2.5 pb-‘) 

NW dufd cos 0 (pb) 

-1.0 -0.8 0 0 0 0 
-0.8 -0.6 2 4f3 0 0 

-0.6 -0.4 1 2f2 0 0 

-0.4 -0.2 4 7f4 3 6f4 

-0.2 0.0 0 0 1 2f2 
0.0 0.2 2 3f3 3 6f3 
0.2 0.4 5 9f4 2 4f3 
0.4 0.6 2 343 7 1456 
0.6 0.8 3 5f4 5 lOf5 
0.8 1.0 6 15f7 7 20f8 

Table 4 
Numbers of selected events and differential cross-sections of T+T-. 

cos e 

130.26 GeV (2.7 pb-‘) 

N77 duldcos8 (pb) 

136.23 GeV (2.5 pb-I) 

N77 du/d cos B (pb) 

-1.0 : -0.8 0 0 0 0 
-0.8 : -0.6 0 0 0 0 
-0.6 : -0.4 0 0 0 0 
-0.4 : -0.2 0 0 0 0 
-0.2 : 0.0 0 0 0 0 

0.0 : 0.2 1 3f3 1 3f3 
0.2 : 0.4 2 6f4 2 6f4 
0.4 : 0.6 3 9f5 5 16f7 
0.6 : 0.8 1 3f3 2 7f5 
0.8 : 1.0 2 llf8 0 0 
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qq channels, respectively. 6 The Standard Model pa- 
rameters were fixed at MZ = 91.188 GeV, Mtop = 180 
GeV and Mt-nggs = 100 GeV. The dependencies of the 
cross-section on these parameters within their uncer- 
tainties are negligible compared to the sensitivity of 
the present fit. 

The contact interaction terms Ci and Ci were eval- 
uated using the improved Born approximation. The 
value of the effective weak mixing angle sin*& was 
calculated by ZFIITER. The running QED coupling 
constant a(s) was used for the s-channel part. The 
Cg, Ci coefficients were then corrected for the effect 
of photon radiation according to [ 171. Initial-state ra- 
diation was calculated up to order my2 in the leading 
log approximation with soft photon exponentiation, 
and the order a leading log final state QED correction 
was applied. 

The cross-section for e+e- --+ e+.!- at the centre- 
of-mass energy point k and cos 8 bin i is then expressed 
as a function of E = l/A2 by 

(+j,k(&) =SMi,k + Cz(i,k) e+C~(i,k) a2 

(e+e- --+ e+l-) , (7) 

where SMi,k is the Standard Model cross-section. The 
values of the radiatively corrected contact interaction 
coefficients, C2 (i, k) and C4 (i, k), were calculated by 
integrating over each cos 0 bin i at each centre-of- 
mass energy point k for each of the contact interaction 
models and final state fermions considered. Similarly 
the total cross-section for e+e- + qq is defined by 

gk(c) = SMk + c [G(k) e+ Cd(k) c*] . &CD 

u,d,c,s,b 

(e+e- + q4) , (8) 

where the additional QCD correction factor RQCD = 

1+ as /IT + 1.409( a,/~)~ has been shown separately 
for the contact interaction terms. The contact interac- 
tion is assumed to be independent of the quark flavour. 

6~hese are estimates based on our comparisons of the results 

using different programs. Similar comparisons in [ 161 indicate 
that ZFTJTER agrees with other programs better than 1% at the 

LEP 2 energy region. 

5. Fit results 

The predictions of the contact interaction models 
were fitted to the data using a binned maximum likeli- 
hood method. The likelihood function L is defined by 

Ns Nbin 

C=g(r;Ar)II,P(,,,,N~d(~,r)), 
k=I i=l 

(9) 

where the index k runs over the Ns centre-of-mass 
energy points and i runs over the Nbin cos 0 points. 
P is the Poisson probability of finding NtiU events 

of data when N$“(c, r) events are predicted. The 
parameter r is a correction to the overall normalisation 
and 6( r; Ar) is the Gaussian probability distribution 
for r with mean 0 and standard deviation Ar. The 
number of events predicted is given by 

N$d(e, r) = (1 f r) [gi,k(&)Ei,k + Bi,k] Lk, ( 10) 

where (+i,k ( E) is the cross-section defined above (Eqs. 
(7), (8)), Ei,k is the correction factor for the ex- 
perimental efficiency, Bi,k is the expected background 
cross-section and Lk is the integrated luminosity. The 
value of Ar was set to the value of the sum in quadra- 
ture of the luminosity error, the systematic error of the 
event selection and the theoretical uncertainty on the 
cross-section calculation. 

The contact interaction models were fitted to the 
data with r and E s l/A* as fitting parameters. Note 
that both positive and negative values of c are phys- 
ically meaningful. As seen from Eqs. (2)-( 5), the 
term C2 * E is linear in vij and C4 . E* contains only 
terms proportional to r$. The results of positive and 
negative interference with the Standard Model ampli- 
tude (sign of vii parameters) are equivalent under the 
transformation E H --E. It is therefore sufficient to fit 
only for the case of positive interference, but to allow 
E to be both positive and negative. 

The results of the fits are tabulated in Table 5 for 
the four individual channels. Fits are also made for all 
the leptonic channels combined (e+e- + C+!- ) and 
the lepton and qq channels combined (all combined). 
As described before, for the lepton pair channels the 
results of the LR and RL models are identical and only 
the LR results are quoted. The fitted values and their 
one standard deviation errors on E are listed in the 
second column. Fig. 1 shows the fitted E values from 
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Table 5 
Results of the contact interaction fits. 

Model E (TeV-*) h (TeV) A- (TeV) A+ (TeV) 

e+e- + e+e- W 

AA 

LL 

RR 

LR 

e+e- -+ p+p- W 0.1 10+0.0s3 -0.053 
3.4 4.1 2.2 

AA 0.1 60+“.070 
-0.077 

2.9 3.5 1.9 

LL 0.258fo.“7 -0.119 
2.3 2.7 1.5 

RR 0 282+0.‘24 
. -0.128 

2.2 2.5 1.4 

LR o.200+o.‘56 -0.216 1.9 1.2 1.5 

e+e- -+ 7+7- W -0.084+“.m3 -0.073 2.9 2.2 3.2 

AA o.010+“m7 -0.fJ77 2.8 2.6 2.5 

LL -O.l14+O.‘74 -0.199 
1.8 1.2 2.0 

RR -0. 132+“.200 -0.264 1.7 I.0 1.9 

LR -0 147+0.184 
. -0.184 1.8 1.5 1.9 

e+e- 4 efe- W 

AA 

LL 

RR 

LR 

e+e- -+ qCj 

all combined 

W 

AA 

LL 

RR 

LR 

RL 

W 

AA 

LL 

RR 

LR 

RL 

0 0()1+0.03’ 
. -0.031 

4.4 3.6 

0.057fo.” 
-0.056 

3.4 2.6 

() .250+0.198 
. -0.175 

1.8 2.0 

0.243+“.201 
-0.173 

1.8 2.0 

-0 052+0.1m 
. -0.085 

2.6 2.2 

0.020M.m6 -0.026 4.9 

0,)69+0.037 
-0.038 4.0 

o.147+O.o84 -0.084 2.7 

0. 160+“.wo -0.090 2.6 

-o.055+“~w -0.084 2.7 

4.6 3.7 

4.6 2.8 

3.0 1.8 

2.9 1.8 

2.2 2.2 

0.025+“~m2 -0.072 
_0.~7+O.cJ79 

-0.073 
-0 134M.158 

. -0.144 

o.o50+“‘43 -0.145 
0.00yg+o.143 

-0.143 
0 178+0.‘49 

. -0.169 

0.020”.025 -0.uz4 

0.038+“.029 
-0.031 

0.066”.060 
-0.065 

0.129+O~07* -0.077 

-0.038”.081 
-0073 

o.009+“.~ 
-0.068 

2.8 3.1 2.7 

2.6 2.4 3.4 

1.9 1.7 2.4 

1.9 2.2 1.9 

2.0 2.0 2.0 

1.8 2.5 1.6 

5.0 4.9 3.8 

4.5 4.5 3.4 

3.1 2.9 2.4 

2.9 3.1 2.0 

2.8 2.4 2.5 

2.9 2.7 2.2 

3.5 

2.7 

1.3 

1.3 

1.6 
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Fig. 1. Values of E (TeV-*) shown with one standard deviation 
errors for the six contact interaction models. The results for the 
leptonic channels are identical for the LR and RL. 

the efe-, p+p-, r+r-, &’ and CI + qq channels. The 
error bars in the plots show the positive and negative 
one standard deviation errors. No significant deviation 
of the fitted E from 0 (Standard Model) was observed. 
The largest deviations are for the p+p- channel by 
about 2 standard deviations. 

Now we check the sensitivity of the present data to 
the energy scale A of the contact interaction. For this 
purpose the sensitivity estimate A is defined in terms 
of the one sided 95% confidence level upper limit on 
e: 

A= l/JixG&, 

where a, is the one standard deviation parabolic error 
on E. This corresponds to the upper limit on E allowed 
for the fluctuation of the data at the 95% confidence 
level. The values of h are listed in the third column 
of Table 5. They are in the range of 1.7 to 5.0 TeV 
depending on the model and the final state fermion. 

The 95% confidence level lower limit on the energy 
scale A is defined by 

A* = l/&Z, (11) 

where E+ and E- are the 95% confidence level limits 
on E for positive (+) and negative ( -) interference, 
respectively. The limits .c* are derived by integrating 
the probability in the range F > 0 for the ‘+’ case 

jfL&=09S?L& 

0 0 

and E < 0 for the ‘--’ case 

0 0 

! 
L d& = 0.95 

s 
Cd&. 

-co 

Here L is the likelihood function given by Hq. (9). In 
the integration the overall scale error r was adjusted at 
each value of E to maxim&e the likelihood. It shouId 
be noted that the limits on A defined in this way tend 
to be conservative if the true value of E is close to zero 
[ 181. In previous analyses [3-l 1,131 the limits were 
calculated from the positive and negative one standard 
deviation errors (~5) and the fitted value (co) of E 

by A * = l/ 1.64a* f ea. However, in that case a 
problem occurs when ~0 deviates substantially from 
0, where A cannot be defined (unphysical region) 
and the positive and negative limits tend to be quite 
asymmetric. In order to avoid this problem, A was used 
in [lo] when A > A. 

The results are summarised in the fourth and fifth 
columns of Table 5. The limits on A obtained using 
( 11) are generally quite close to the sensitivity es- 
timate A, indicating that these limits are reasonable. 
It is seen that the present data are particularly sensi- 
tive for the VV and AA models. When all channels are 
combined the limits on A are in the range of 3.4-4.9 
TeV for the W and AA models, and 2.0-3.1 TeV for 
the other models. Note that, as described in Section 
2, the coupling constant of the contact interaction is 
set by convention to g2/4n- = 1. What is actually con- 
strained by the data is A/g. In Fig. 2 the measured 
cross-sections are compared with the Standard Model 
predictions and with contact interaction models W 
and AA for A& at the corresponding 95% confidence 
level lower limits. 
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Fig. 2. Differential cross-sections normahsed to the expectations 
of the Standard Model for the e+e- (a), ,u+p- (b), T+T- 
(c) and qij (d) channels. The points with error bars are the 
pnzsent measurements and the curves indicate maximum deviations 
allowed at 95% confidence level for the W and AA models. 

The measured total cross-sections for e+e- * qq 
are lower by up to two standard deviations than the 
predictions. Note that the contact interaction cannot 
produce a large negative contribution to the total cross- 
section for e+e- 4 qq in this energy region and 
above. This is a consequence of the assumption that 
the contact interaction is universal for all five quark 
flavours. The cross-section for an individual quark 
flavour can deviate either positively or negatively due 
to interference of the contact interaction with the Stan- 
dard Model amplitude. The signs of the interferences 
are opposite for up and down type quarks, and so 
largely cancel each other. Due to the positive contribu- 
tion from the l/A4 term the net result turns out to be 
insufficient to accommodate the data. Under other as- 
sumptions, for example that contact interactions apply 
only to down (or up) type quarks, both positive and 
negative deviations may be produced for the e+e- ---f 
qij cross-section. 

6. Conclusion 

The differential cross-sections for e+e- ---) e+e-, 
e+e- ---t pip-, e+e- ---) r+r- and the total cross- 
section for e+e- --) qq at centre-of-mass energies of 
130-140 GeV are compared with predictions of the 
Standard Model and of the contact interaction models. 
The measured cross-sections are in agreement with 
the Standard Model expectations. The limits obtained 
by OPAL on the energy scale A are competitive with, 
or in some cases stronger than, those using existing 
measurements at lower energies [ 3- 11,131. 
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