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Abstract. Cross-sections for hadronic, bb̄ and lepton pair final states in e+e− collisions at
√

s=183GeV,
measured with the OPAL detector at LEP, are presented and compared with the predictions of the Standard
Model. Forward-backward asymmetries for the leptonic final states have also been measured. Cross-sections
and asymmetries are also presented for data recorded in 1997 at

√
s=130 and 136GeV. The results are

used to measure the energy dependence of the electromagnetic coupling constant αem, and to place limits
on new physics as described by four-fermion contact interactions or by the exchange of a new heavy particle
such as a leptoquark, or of a squark or sneutrino in supersymmetric theories with R-parity violation.
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1 Introduction

The LEP accelerator has provided e+e− collisions at ever
increasing energies over the past two years. In this paper
we present measurements of cross-sections for hadronic,
bb and lepton pair final states at a centre-of-mass energy√

s of 183 GeV; forward-backward asymmetries for the lep-
tonic states are also given. The data were collected by the
OPAL detector at LEP in 1997. During 1997 LEP briefly
returned to centre-of-mass energies of 130 and 136 GeV,
providing an integrated luminosity at these energies sim-
ilar to the 1995 ‘LEP1.5’ run. We also present cross-sec-
tions and asymmetry measurements from these data, and
combine them with the results from the earlier run [1].

a and at TRIUMF, Vancouver, Canada V6T 2A3
b and Royal Society University Research Fellow
c and Institute of Nuclear Research, Debrecen, Hungary
d and Department of Experimental Physics, Lajos Kossuth
University, Debrecen, Hungary
e on leave of absence from the University of Freiburg

The analyses presented here are essentially the same as
those already presented at lower energies [1]. We use iden-
tical techniques to measure s′, the square of the centre-
of-mass energy of the e+e− system after initial-state radi-
ation, and to separate ‘non-radiative’ events, which have
little initial-state radiation, from ‘radiative return’ to the
Z peak. However, we have changed the definition of non-
radiative events compared with [1], loosening the require-
ment from s′/s > 0.8 to s′/s > 0.7225. This new defini-
tion reduces the total measurement errors at the highest
centre-of-mass energies, and is the recommended defini-
tion of the LEP Electroweak Working Group. Inclusive
measurements are corrected to s′/s > 0.01 as before. As
in our previous publication, we correct our measurements
of hadronic, µ+µ− and τ+τ− events for the effect of inter-
ference between initial- and final-state radiation. We use
the same treatment as before of the four-fermion contri-
bution to the two-fermion final states. Because of ambigu-
ities arising from the t-channel contribution, for the e+e−
final state the acceptance is defined in terms of the angle
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θ of the electron or positron with respect to the electron
beam direction and the acollinearity angle θacol between
the electron and positron. Cross-sections and asymmetries
for e+e− are not corrected for interference between initial-
and final-state radiation; they are compared to theoretical
predictions which include interference.

Measurements of fermion-pair production up to
172 GeV have shown very good agreement with Standard
Model expectations [1,2]. Here we repeat our measure-
ment of the electromagnetic coupling constant αem(

√
s)

including the higher energy data. Including data at
183 GeV also allows us to extend the searches for new
physics presented in [1]. In particular we obtain improved
limits on the energy scale of a possible four-fermion con-
tact interaction. We also present improved limits on the
coupling of a heavy particle such as a leptoquark, or a
scalar quark (squark) in supersymmetric theories with R-
parity violation, which might affect the hadronic cross-
section via a t-channel exchange diagram. These analyses
are updates of those already presented in [1]. In this pa-
per we extend our search for heavy particles to include
those coupling to leptons only. Such particles could be
scalar neutrinos (sneutrinos) in supersymmetric theories
with R-parity violation. Searches for such particles have
been presented in [3]. In this paper we introduce a new
technique in which a scan over the complete s′ distri-
bution improves our sensitivity for masses between the
centre-of-mass energy points of LEP for processes involv-
ing s-channel sneutrinos.

The paper is organized as follows. In Sect. 2 we describe
the data analysis, cross-section and asymmetry measure-
ments. As the analyses are essentially the same as in [1]
we give only a brief description of any changes. In Sect. 3
we compare our measurements to the predictions of the
Standard Model and use them to measure the energy de-
pendence of αem. The results of searches for new physics
are presented in Sect. 4.

2 Data analysis

The OPAL detector1, trigger and data acquisition sys-
tem are fully described elsewhere [4–8]. The analyses pre-
sented in this paper use 54–57 pb−1 of data collected at
centre-of-mass energies of 181–184 GeV during 1997; the
actual amount of data varies from channel to channel.
The luminosity-weighted mean centre-of-mass energy is
182.69±0.06 GeV [9]. In addition, we present results for
about 2.6 (3.3) pb−1 of data at 130.00±0.03 (135.98±0.03)
GeV collected during 1997 and combine these with earlier
results at similar centre-of-mass energies [1].

Selection efficiencies and backgrounds were calculated
using Monte Carlo simulations. The set of generators used
is identical to that in [1]. At 183 GeV a new background
arises from the production of Z-pair events; these were

1 OPAL uses a right-handed coordinate system in which the
z axis is along the electron beam direction and the x axis is
horizontal. The polar angle θ is measured with respect to the
z axis and the azimuthal angle φ with respect to the x axis

simulated with the grc4f [10] and PYTHIA [11] generators.
All events were passed through a simulation [12] of the
OPAL detector and processed as for real data.

The luminosity was measured using small-angle
Bhabha scattering events recorded in the silicon-tungsten
luminometer [6,1]. The overall error on the luminosity
measurement amounts to 0.43% at 183 GeV, arising mainly
from data statistics (0.26%) and knowledge of the theo-
retical cross-section (0.25%). At 130 (136) GeV the total
error of 1.0% (1.0%) arises mainly from data statistics. Er-
rors from the luminosity measurement are included in all
the systematic errors on cross-sections quoted in this pa-
per, and correlations between measurements arising from
the luminosity determination are included in all fits.

2.1 Measurements at
√

s = 183GeV

Hadronic, e+e−, µ+µ− and τ+τ− events were selected us-
ing the criteria described in [1] with some modifications
to improve efficiency and background at the higher centre-
of-mass energy. Here we briefly describe these changes.

• In the selection of qq events we have rejected events
identified as W-pairs according to the criteria of [13],
instead of subtracting their expected contribution, re-
sulting in a reduction of about 15% in the overall error
on the non-radiative cross-section.

• The background in the muon pair sample has been re-
duced from 11.5% to 4.7% for inclusive events, from
6.7% to 2.0% for non-radiative events, by introducing
a cut on the invariant mass of the muon pair. For in-
clusive events, if the ratio of the visible energy2 to the
centre-of-mass energy is less than 0.5(m2

Z/s) + 0.75 the
muon pair invariant mass is required to be greater than
70 GeV. For non-radiative events the mass is required
to be greater than

√
(m2

Z + 0.1s) (about 108 GeV).
• The efficiency for tau pairs, particularly radiative events,

has been increased by extending the angular acceptance
and adjusting cuts so that additional background is sup-
pressed. The result of the changes is to increase the
efficiency for inclusive events from 31% to 40%, with
a modest (2%) increase in background. In detail the
changes are:
– The acceptance has been increased by requiring that

the value of | cos θ| for both tau leptons satisfies
| cos θ| < 0.9, instead of demanding that the aver-
age value satisfy |cos θav| < 0.85.

– The cuts on the total energy of an event have been
modified: as before, the total visible energy in the
event, derived from the scalar sum of all track mo-
menta plus electromagnetic calorimeter energy, was
required to be less than 1.1

√
s, but the lower cut on

this variable was removed. Instead, the total elec-
tromagnetic calorimeter energy was required to be

2 The visible energy is defined as the scalar sum of the mo-
menta of the two muons plus the energy of the highest energy
cluster in the electromagnetic calorimeter [1]
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Fig. 1. The distributions of reconstructed
√

s′ for a hadronic
events, b electron pair events with | cos θe+ | < 0.9, | cos θe− | <
0.9 and θacol < 170◦, c muon pair, d tau pair events at
182.69GeV. In each case, the points show the data and the
histogram the Monte Carlo prediction, normalized to the in-
tegrated luminosity of the data, with the contribution from
events with true s′/s > 0.7225 shaded in a, c and d. The ar-
rows in a, c and d show the position of the cut used to select
‘non-radiative’ events

greater than 0.02
√

s and either the total electromag-
netic calorimeter energy or the scalar sum of track
momenta was required to be greater than 0.2

√
s.

– The cuts on the missing momentum and its direc-
tion, calculated using electromagnetic calorimeter
clusters, have been modified: the missing momen-
tum in the plane transverse to the beam axis was
required to exceed 0.015

√
s, and the polar angle

of the missing momentum was required to satisfy
| cos θ| < 0.99. The cut on the polar angle of the
missing momentum calculated using central detec-
tor tracks was removed.

– The above modifications increase the efficiency sub-
stantially, but also increase the background, partic-
ularly from Bhabha events. To reduce this back-
ground two new cuts have been introduced. Using
the values of θ measured for the two tau leptons (as
defined in [1]), the expected energy of each lepton
is calculated assuming that the final state consists
only of two leptons plus a single unobserved photon
along the beam direction. We then require that

0.02 <
√

(X2
E1 + X2

E2) < 0.8,

and √
(X2

P1 + X2
P2) < 0.8,
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Fig. 2. Measured total cross-sections (s′/s > 0.01) for differ-
ent final states at lower energies [18,16,17,1], and this anal-
ysis. Cross-section measurements for hadrons, bb, µ+µ− and
τ+τ− for s′/s > 0.7225 from this analysis and from [1] are
also shown; the latter have been corrected from s′/s > 0.8
to s′/s > 0.7225 by adding the prediction of ZFITTER for
this difference before plotting. The cross-sections for µ+µ− and
τ+τ− production have been reduced by a factor of ten for clar-
ity. The curves show the predictions of ZFITTER for hadronic
(solid), bb (dot-dashed), µ+µ− and τ+τ− (dashed) final states
and that of ALIBABA for the e+e− final state (dotted)

where XE1,E2 are the total electromagnetic calorime-
ter energies in each tau cone normalized to the ex-
pected value calculated above, and XP1,P2 are the
scalar sums of track momenta in the two tau cones,
also normalized to the expected values. These cuts
are designed to remove both electron and muon pairs.

In [1] non-radiative events were selected by demand-
ing s′/s > 0.8; here we select non-radiative samples by
demanding s′/s > 0.7225. Distributions of

√
s′ for each

channel, determined using kinematic fits for hadrons and
track angles for the lepton pairs as in [1], are shown in
Fig. 1. Efficiencies, backgrounds and feedthrough of events
from lower s′ into the non-radiative samples were cal-
culated from Monte Carlo simulation, and are given in
Table 1. Efficiencies determined from two-fermion Monte
Carlo events have been corrected for the effect of the
four-fermion contribution as described in [1]. The num-
bers of selected events and the measured cross-sections
are presented in Table 2, and the cross-sections shown in
Fig. 2. As well as cross-sections for qq events, we also
present a fully inclusive hadronic cross-section σ(qqX).
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Table 1. Efficiency of selection cuts, background and feedthrough of events with lower s′ into
the non-radiative samples for each channel at 183GeV. The errors include Monte Carlo statistics
and systematic effects. In the case of electron pairs, the efficiencies are effective values including
the efficiency of selection cuts for events within the acceptance region and the effect of acceptance
corrections. An acceptance of | cos θ| < 0.9 (or 0.96) means that both electron and positron must
satisfy this cut, whereas | cos θe− | < 0.7 means that only the electron need do so. Values for bb
production are given in the text

Efficiencies and backgrounds at
√

s = 183GeV
Channel Efficiency (%) Background (pb) Feedthrough (pb)

qqX 91.0±1.2 4.5±1.0 –

qq s′/s > 0.01 88.6±1.3 6.4±1.0 –
s′/s > 0.7225 89.9±0.9 2.09±0.09 1.2±0.2

e+e− | cos θ| < 0.9, θacol < 170◦ 98.1±1.1 1.6±0.1 –
| cos θe− | < 0.7, θacol < 10◦ 99.1±0.6 0.26±0.05 –
| cos θ| < 0.96, θacol < 10◦ 98.9±1.0 10.9±1.1 –

µ+µ− s′/s > 0.01 74.2±0.8 0.31±0.08 –
s′/s > 0.7225 88.3±0.9 0.06±0.02 0.065±0.002

τ+τ− s′/s > 0.01 40.4±0.9 0.61±0.11 –
s′/s > 0.7225 58.9±1.3 0.22±0.04 0.085±0.003

Table 2. Integrated luminosity used in the analysis, numbers of selected events and measured cross-
sections at

√
s=182.69GeV. In the bb case the numbers of forward and backward tags are given. For

the cross-sections, the first error shown is statistical, the second systematic. As in [1], the cross-sec-
tions for hadrons, bb, µ+µ− and τ+τ− are defined to cover phase-space up to the limit imposed by the
s′/s cut, with

√
s′ defined as the invariant mass of the outgoing two-fermion system before final-state

photon radiation. The contribution of interference between initial- and final-state radiation has been
removed. The last column shows the Standard Model cross-section predictions from ZFITTER [14]
(hadrons, bb, µ+µ−, τ+τ−) and ALIBABA [15] (e+e−)

Cross-sections at
√

s = 183GeV
Channel

∫ Ldt (pb−1) Events σ (pb) σSM (pb)

qqX 56.9 6373 118.3±1.5±1.6 121.3

qq s′/s > 0.01 56.9 5598 103.8±1.5±1.7 106.7
s′/s > 0.7225 57.8 1408 23.7±0.7±0.4 24.3

bb s′/s > 0.7225 55.5 348 – 102 4.6 ±0.6±0.3 3.96

e+e− | cos θ| < 0.9, θacol < 170◦ 57.8 6980 121.4±1.5±1.5 120.0
| cos θe− | < 0.7, θacol < 10◦ 1260 21.7±0.6±0.2 21.8
| cos θ| < 0.96, θacol < 10◦ 19641 333±3±4 333

µ+µ− s′/s > 0.01 53.9 366 8.70±0.46±0.19 8.31
s′/s > 0.7225 174 3.46±0.26±0.12 3.45

τ+τ− s′/s > 0.01 53.9 216 8.38±0.57±0.34 8.30
s′/s > 0.7225 123 3.31±0.30±0.11 3.45

This uses the same event selection as is used for qq events
but W-pairs are not rejected. The cross-section therefore
includes W-pair production with at least one W decay-
ing hadronically. All cross-sections except those for e+e−
have been corrected for the contribution of interference
between initial- and final-state radiation as described in
[1]. The corrections are shown in Table 3.

Systematic errors on these measurements are gener-
ally similar to those at 172 GeV. In the case of inclusive
hadrons they are dominated by uncertainties in the selec-
tion efficiency (1.2%) and background from two-photon
events (1.0%), whereas the main uncertainties for non-
radiative hadronic events arise from their separation from
radiative events (1.1%) and knowledge of the efficiency
(1.1%). As a cross-check, we have calculated the hadron
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Fig. 3. a Measured forward-backward asymmetry for electron
pairs with | cos θe− | < 0.7 and θacol < 10◦, as a function of√

s. The curve shows the prediction of ALIBABA, b Mea-
sured asymmetries for all (s′/s > 0.01) and non-radiative
(s′/s > 0.7225) samples as functions of

√
s for µ+µ− and τ+τ−

events. The curves show ZFITTER predictions for s′/s > 0.01
(solid) and s′/s > 0.7225 (dotted), as well as the Born-level
expectation without QED radiative effects (dashed). The ex-
pectation for s′/s > 0.7225 lies very close to the Born curve,
such that it appears indistinguishable on this plot

cross-sections without rejecting W-pair events, by sub-
tracting their expected contribution instead. The mea-
sured values of 103.9±1.6±1.6 pb (s′/s > 0.01) and 23.7±
0.8±0.5 pb (s′/s > 0.7225), after correction for interfer-
ence between initial- and final-state radiation, are in good
agreement with the values in Table 2. The main system-
atic errors on the electron pair cross-sections arise from
uncertainties in the matching of central detector tracks to
electromagnetic calorimeter clusters, and knowledge of the
acceptance correction and modelling of the edge of the ac-
ceptance. Those on the muon and tau pair cross-sections
arise mainly from uncertainties in background and effi-
ciency, and are substantially smaller than the statistical
errors.

Measurements of the forward-backward asymmetry for
lepton pairs are given in Table 4 and compared with lower
energy measurements in Fig. 3. As before [1], only events
where the charge can be reliably determined are used for
the asymmetry measurements. The final values for muon
and tau pairs are obtained by averaging the results mea-
sured using the negative particle with those obtained using
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Fig. 4. Angular distributions for a hadronic events with
s′/s > 0.7225, b e+e− events with θacol < 10◦, c µ+µ− events
with s′/s > 0.7225, d τ+τ− events with s′/s > 0.7225. The
points show the 183GeV data, corrected to no interference be-
tween initial- and final-state radiation in a, c and d. The curve
in b shows the prediction of ALIBABA, while the curves in a,
c and d show the predictions of ZFITTER with no interfer-
ence between initial- and final-state radiation (solid) and with
interference (dashed)

the positive particle to reduce systematic effects. Muon
and tau asymmetries are corrected to the full angular
range by applying a multiplicative correction obtained
from ZFITTER to the asymmetry measured within the
acceptance of the selection cuts. As at lower energies, the
dominant errors on the asymmetry measurements are sta-
tistical, with systematic effects from the correction for in-
terference between initial- and final-state radiation, charge
misassignment and θ measurement amounting to 0.01 or
less in all cases. The corrected angular distributions for the
lepton pairs are given in Table 5. The angular distribution
of the primary quark in non-radiative hadronic events is
given in Table 6. The angular distributions are plotted in
Fig. 4.

We have measured Rb, the ratio of the cross-section
for bb production to the hadronic cross-section, for s′/s >
0.7225. As in [1], bb events were tagged by reconstruct-
ing secondary vertices in the plane transverse to the beam
direction, and a ‘folded tag’ technique was used. In this
method Rb is determined from the difference between the
number of events with L/σL > 3 (forward tags) and the
number with L/σL < −3 (backward tags), where L is
the signed decay length measured from the primary ver-
tex to the secondary vertex and σL is the error on this
length. The net efficiencies, i.e. differences between for-
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Table 3. Corrections ∆σ and ∆AFB which have been applied to the measured cross-
sections and asymmetries in order to remove the contribution from interference between
initial- and final-state radiation. Cross-section corrections are expressed as a fraction of the
expected Standard Model cross-section, while asymmetry corrections are given as absolute
numbers, and depend on the observed asymmetry. The first error reflects the uncertainty
from modelling the selection efficiency for the interference cross-section, and is very small
for hadrons because the efficiency is large and depends only weakly on cos θ. The second
error is our estimate of possible additional QCD corrections for the hadrons [1]

Interference Corrections
s′/s > 0.01 130.12GeV 136.08GeV 182.69GeV

∆σ/σSM(had) (%) +0.10 ± 0.00 ± 0.10 +0.10 ± 0.00 ± 0.10 +0.14 ± 0.00 ± 0.14
∆σ/σSM(µµ) (%) −0.35 ± 0.05 −0.33 ± 0.03 −0.43 ± 0.04
∆σ/σSM(ττ) (%) −0.44 ± 0.09 −0.40 ± 0.07 −0.46 ± 0.06
∆AFB(µµ) −0.0040 ± 0.0006 −0.0029 ± 0.0003 −0.0052 ± 0.0007
∆AFB(ττ) −0.0055 ± 0.0014 −0.0056 ± 0.0013 −0.0055 ± 0.0009
∆AFB(combined) −0.0046 ± 0.0008 −0.0036 ± 0.0006 −0.0055 ± 0.0008

s′/s > 0.7225 130.12GeV 136.08GeV 182.69GeV

∆σ/σSM(had) (%) +0.8 ± 0.2 ± 0.4 +0.9 ± 0.3 ± 0.4 +1.2 ± 0.3 ± 0.6
∆σ/σSM(µµ) (%) −1.4 ± 0.4 −1.4 ± 0.4 −1.4 ± 0.4
∆σ/σSM(ττ) (%) −1.2 ± 0.4 −1.1 ± 0.3 −1.2 ± 0.3
∆AFB(µµ) −0.015 ± 0.004 −0.007 ± 0.002 −0.015 ± 0.004
∆AFB(ττ) −0.011 ± 0.004 −0.008 ± 0.002 −0.012 ± 0.004
∆AFB(combined) −0.014 ± 0.004 −0.007 ± 0.002 −0.014 ± 0.004

s′/s > 0.7225 133.29GeV 182.69GeV

∆σ/σSM(bb) (%) −1.0 ± 0.3 ± 0.4 −1.4 ± 0.4 ± 0.6
∆Rb/Rb,SM (%) −1.7 ± 0.5 ± 0.6 −2.3 ± 0.6 ± 1.1

Table 4. The numbers of forward (NF) and backward (NB) events and mea-
sured asymmetry values at 182.69GeV. The measured asymmetry values in-
clude corrections for background and efficiency, and in the case of muons and
taus are corrected to the full solid angle. The errors shown are the combined
statistical and systematic errors. The asymmetries for µ+µ−, τ+τ− and for
the combined µ+µ− and τ+τ− are shown after the correction for interference
between initial- and final-state radiation. The final column shows the Stan-
dard Model predictions of ALIBABA for e+e− and ZFITTER for the other
final states

Asymmetries at
√

s = 183GeV
NF NB AFB ASM

FB

e+e− | cos θe− | < 0.7 1088 140 0.776±0.019 0.813
and θacol < 10◦

µ+µ− s′/s > 0.01 229 122 0.26±0.05 0.28
s′/s > 0.7225 127.5 38.5 0.54±0.07 0.57

τ+τ− s′/s > 0.01 149 58 0.39±0.08 0.28
s′/s > 0.7225 97 23 0.68±0.09 0.57

Combined s′/s > 0.01 0.31±0.04 0.28
µ+µ− and τ+τ− s′/s > 0.7225 0.60±0.05 0.57
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Table 5. Differential cross-sections for lepton pair production.
The values for e+e− are for θacol < 10◦; those for µ+µ− and
τ+τ− are for s′/s > 0.7225 and are corrected to no interfer-
ence between initial- and final-state radiation. The values for
130 and 136GeV are from the combined 1995 and 1997 data.
Negative values arise when fewer events are observed than ex-
pected from background. Errors include statistical and system-
atic effects combined, with the former dominant

e+e−

[cos θmin, cos θmax] dσ/dcos θ (pb)

130.12GeV 136.08GeV 182.69GeV

[−0.9, −0.7] 4±3
2 5±3

2 1.2±0.4
0.3

[−0.7, −0.5] 4±3
2 4±3

2 2.1±0.4
[−0.5, −0.3] 6±3

2 8±4
3 2.3±0.5

[−0.3, −0.1] 6±4
2 9±4

3 4.8±0.7
[−0.1, 0.1] 13±5

4 8±4
3 6.1±0.7

[ 0.1, 0.3] 23±5 18±4 9.5±0.9
[ 0.3, 0.5] 45±7 35±6 21.1±1.4
[ 0.5, 0.7] 113±11 122±10 62±2
[ 0.7, 0.9] 839±30 725±27 458±8

µ+µ−

[cos θmin, cos θmax] dσ/dcos θ (pb)

130.12GeV 136.08GeV 182.69GeV

[−1.0, −0.8] 0±3
1 −1±1

0 0.4±0.4
0.2

[−0.8, −0.6] 3±3
2 2±3

1 0.7±0.4
0.3

[−0.6, −0.4] 0±2
1 0±2

1 0.5±0.4
0.2

[−0.4, −0.2] 6±4
3 5±3

2 0.9±0.4
0.3

[−0.2, 0.0] 3±3
2 1±2

1 1.2±0.5
0.3

[ 0.0, 0.2] 2±3
2 3±3

2 1.8±0.4
[ 0.2, 0.4] 6±4

3 6±3
2 2.4±0.5

[ 0.4, 0.6] 5±4
2 10±4

3 1.9±0.5
[ 0.6, 0.8] 5±4

3 9±4
3 2.5±0.5

[ 0.8, 1.0] 9±5
4 18±7

5 4.7±0.9

τ+τ−

[cos θmin, cos θmax] dσ/dcos θ (pb)

130.12GeV 136.08GeV 182.69GeV

[−1.0, −0.8] −1±10
0 −1±9

0 0.7±0.9
0.5

[−0.8, −0.6] 0±1
0 0±1

0 0.0±0.3
0.1

[−0.6, −0.4] −1±2
0 2±3

2 0.0±0.3
0.1

[−0.4, −0.2] 2±4
2 0±1

0 0.7±0.5
0.3

[−0.2, 0.0] 3±4
2 1±3

1 1.5±0.6
0.5

[ 0.0, 0.2] 2±4
2 4±3

2 1.6±0.6
0.5

[ 0.2, 0.4] 1±4
2 4±4

2 1.5±0.6
0.5

[ 0.4, 0.6] 7±5
3 7±4

3 2.5±0.6
[ 0.6, 0.8] 7±5

3 8±5
3 4.3±0.8

[ 0.8, 1.0] 14±19
11 7±15

7 3.9±1.6
1.3

Table 6. Differential cross-sections for qq production, for
s′/s > 0.7225. The values are corrected to no interference be-
tween initial- and final-state radiation as in [1]. Errors include
statistical and systematic effects combined, with the former
dominant

Hadrons

| cos θ| dσ/d| cos θ| (pb)

130.12GeV 136.08GeV 182.69GeV

[0.0, 0.1] 70±12 48±9 17.0±1.8
[0.1, 0.2] 52±9 64±10 17.6±1.8
[0.2, 0.3] 70±11 56±10 17.7±1.9
[0.3, 0.4] 70±11 63±10 19.9±2.0
[0.4, 0.5] 64±10 44±9 23.1±2.1
[0.5, 0.6] 79±12 39±8 24.6±2.2
[0.6, 0.7] 81±12 78±11 27.2±2.3
[0.7, 0.8] 94±13 81±11 26.1±2.2
[0.8, 0.9] 85±12 82±11 31.2±2.4
[0.9, 1.0] 160±23 123±19 32.0±3.2

ward and backward tagging efficiencies, determined from
Monte Carlo, were 0.398±0.021, 0.095±0.004 and 0.0105±
0.0024 for b, c and light quarks respectively, similar to the
values at 172 GeV. The systematic errors on Rb are again
dominated by modelling of b and c fragmentation and de-
cay, estimated using the prescription in [19], and track
parameter resolution.

This measurement used hadronic events with s′/s >
0.7225, selected as for the cross-section measurement. W-
pair events were rejected as described above. A new back-
ground arises at 183 GeV from Z-pair production; the prob-
ability of a Z-pair event being tagged was estimated to be
(33.5±1.0)%, and the expected contribution from these
was subtracted; this contribution is small, amounting to
only 1.6% of the tagged sample. After background subtrac-
tion the b purity of the tagged qq sample was estimated
to be 68%.

We obtain a value of Rb, after correcting for interfer-
ence between initial- and final-state radiation, of

Rb(
√

s = 182.69 GeV) = 0.195 ± 0.023 ± 0.013,

where the first error is statistical and the second system-
atic; the value of the bb cross-section derived from the
measurement of the hadronic cross-section and Rb is given
in Table 2.

2.2 Measurements at
√

s = 130–136GeV

The analyses of the 130 and 136 GeV data were unchanged
from those described in [1], with the exception of the mod-
ification of the s′ cut used to define non-radiative events.
The numbers of selected events and measured cross-sec-
tions are given in Table 7, and the forward-backward asym-
metry values for the leptonic channels in Table 8. The val-
ues are generally in good agreement with those obtained
from the data collected in 1995 at similar centre-of-mass
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Table 7. Numbers of selected events and measured cross-sections for the 130 and 136GeV data
taken in 1997. In the bb case the 130 and 136GeV data are combined, and numbers of forward and
backward tags are given. The cross-sections obtained by combining these results with the results
from data taken at these energies in 1995 [1] are also given, and compared with the Standard Model
predictions from ALIBABA for electron pairs and ZFITTER for all other final states. Cross-sections
are given after the correction for interference between initial- and final-state radiation; values of these
corrections are given in Table 3. The first error is statistical, the second systematic

Cross-sections at
√

s = 130GeV

1997 1995+1997
130.00GeV 130.12GeV 130.12GeV

Channel Events σ (pb) σ (pb) σSM (pb)

qq s′/s > 0.01 807 350±13±5 332±8±5 331
s′/s > 0.7225 241 88.5±5.8±1.8 79.7±3.8±1.6 83.1

e+e− | cos θ| < 0.9, θacol < 170◦ 609 235±10±4 227±7±3 238
| cos θe− | < 0.7, θacol < 10◦ 113 43.2±4.1±0.6 42.3±2.9±0.5 43.2
| cos θ| < 0.96, θacol < 10◦ 1718 647±16±10 631±11±8 647

µ+µ− s′/s > 0.01 40 18.1±2.9±0.7 21.2±2.2±0.5 22.1
s′/s > 0.7225 17 5.5 ±1.4±0.5 7.6 ±1.1±0.3 8.5

τ+τ− s′/s > 0.01 24 22.5±4.6±0.7 25.1±3.4±0.8 22.1
s′/s > 0.7225 11 6.4 ±1.9±0.3 6.8 ±1.4±0.3 8.5

Cross-sections at
√

s = 136GeV

1997 1995+1997
135.98GeV 136.08GeV 136.08GeV

Channel Events σ (pb) σ (pb) σSM

qq s′/s > 0.01 907 277±9±4 271±7±4 275
s′/s > 0.7225 228 65.5±4.4±1.5 66.7±3.3±1.3 66.9

e+e− | cos θ| < 0.9, θacol < 170◦ 704 209±8 ±3 204±6±3 217
e+e− | cos θe− | < 0.7, θacol < 10◦ 144 42.4±3.6±0.6 40.2±2.6±0.4 39.6
e+e− | cos θ| < 0.96, θacol < 10◦ 2034 588±13±9 585±10±7 593

µ+µ− s′/s > 0.01 72 25.0±3.0 ±0.6 25.2±2.2±0.5 18.9
s′/s > 0.7225 33 9.5 ±1.7 ±0.4 10.4±1.3±0.3 7.3

τ+τ− s′/s > 0.01 23 16.3±3.4 ±0.6 19.5±2.8±0.6 18.9
s′/s > 0.7225 15 6.9 ±1.8 ±0.2 7.3±1.4±0.3 7.3

Cross-sections at
√

s = 133GeV

1997 1995+1997
133.38GeV 133.29GeV 133.29GeV

Channel Events σ (pb) σ (pb) σSM

bb s′/s > 0.7225 126 – 35 15.2±2.8±1.0 14.4±2.0±1.0 13.5

energies [1], after correcting the latter to s′/s > 0.7225 in
the non-radiative cases. We have combined the measure-
ments from the two sets of data; when measurements of
non-radiative hadrons, muons and taus were combined the
new s′ cut was applied to the 1995 data. The combined
results are also shown in Tables 7 and 8. Corrected angular
distributions for the lepton pairs are given in Table 5 and
for the hadronic events in Table 6.

The measurement of Rb for the 1997 data benefited, in
comparison with the 1995 measurement, from the longer
silicon microvertex detector installed in 1996, which en-

abled the cut on the polar angle of the thrust axis to be
increased from | cos θ| < 0.8 to | cos θ| < 0.9, as for the
measurements at 161–183 GeV. For the 1997 combined 130
and 136 GeV data we obtain a value of Rb, after correction
for initial-final state interference, of

Rb(
√

s = 133.38 GeV) = 0.201 ± 0.036 ± 0.013,

where the first error is statistical and the second system-
atic. Combining with the 1995 measurement [1] and taking
account of correlated systematic errors, gives

Rb(
√

s = 133.29 GeV) = 0.198 ± 0.026 ± 0.013.



10 The OPAL Collaboration: Tests of the Standard Model

Table 8. The numbers of forward (NF) and backward (NB) events and measured asymmetry
values for the 130 and 136GeV data taken in 1997. The values obtained by combining these
results with the results from data taken at these energies in 1995 [1] are also given. Measured
asymmetry values include corrections for background and efficiency. In the case of muons and
taus they are corrected to the full solid angle, and are shown after the correction for interference
between initial- and final-state radiation. The errors shown are the combined statistical and
systematic errors; in each case the systematic error is 0.01 or less. The final column shows the
Standard Model predictions of ALIBABA for e+e− and ZFITTER for the other final states

Asymmetries at
√

s = 130GeV

1997 1995+1997
130.00GeV 130.12GeV 130.12GeV

NF NB AFB AFB ASM
FB

e+e− | cos θe− | < 0.7 99 9 0.84 ±0.05 0.81±0.04 0.80
and θacol < 10◦

µ+µ− s′/s > 0.01 24.5 15 0.24±0.16 0.24±0.11 0.29
s′/s > 0.7225 11.5 5.5 0.40+0.30

−0.41 0.40+0.18
−0.22 0.70

τ+τ− s′/s > 0.01 14 8 0.25±0.23 0.32±0.15 0.29
s′/s > 0.7225 7 3 0.53+0.35

−0.57 0.80+0.20
−0.31 0.70

Combined s′/s > 0.01 0.24±0.14 0.26±0.09 0.29
µ+µ− and τ+τ− s′/s > 0.7225 0.46±0.23 0.55±0.13 0.70

Asymmetries at
√

s = 136GeV

1997 1995+1997
135.98GeV 136.08GeV 136.08GeV

NF NB AFB AFB ASM
FB

e+e− | cos θe− | < 0.7 129 15 0.79 ±0.05 0.77±0.04 0.80
and θacol < 10◦

µ+µ− s′/s > 0.01 40.5 29 0.14±0.12 0.23±0.09 0.29
s′/s > 0.7225 25.5 7 0.64+0.16

−0.23 0.71+0.11
−0.14 0.68

τ+τ− s′/s > 0.01 15 7 0.23±0.25 0.33±0.17 0.29
s′/s > 0.7225 11.5 3.5 0.62+0.26

−0.41 0.86+0.16
−0.26 0.68

Combined s′/s > 0.01 0.15±0.11 0.25±0.08 0.29
µ+µ− and τ+τ− s′/s > 0.7225 0.65±0.13 0.76±0.09 0.68

The corresponding bb cross-sections, calculated from the
hadronic cross-sections and the Rb measurements, are
given in Table 7.

3 Comparison
with Standard Model predictions

The cross-section and asymmetry measurements at
183 GeV are compared with the Standard Model predic-
tions in Tables 2 and 4 respectively. The Standard Model
Predictions are calculated using ALIBABA [15] for the
e+e− final state and ZFITTER [14] for all other final
states; input parameters and flags used in ZFITTER are
as in [1]. The agreement is generally good, as is also seen
in the case of the 130 and 136 GeV data in Tables 7 and 8.
Figure 2 shows cross-sections, for both inclusive and non-
radiative events, as a function of

√
s, while Fig. 3 shows

the measured asymmetry values. The angular distribu-
tions for all channels at 183 GeV are compared with Stan-
dard Model predictions in Fig. 4.

In Fig. 5 we show the ratio of measured hadronic cross-
sections to theoretical muon pair cross-sections as a func-
tion of centre-of-mass energy for two cases. In the first case
the numerator of this ratio is the inclusive qqX cross-sec-
tion, in the second case it is the non-radiative qq cross-sec-
tion corrected to the Born level. In each case the denomi-
nator is the corresponding muon pair cross-section calcu-
lated using ZFITTER. The inclusive ratio clearly shows
the effect of W+W− production.

3.1 Energy dependence of αem

In [1] we used non-radiative cross-section and asymmetry
measurements to measure the electromagnetic coupling
constant αem at LEP2 energies. We have repeated this fit
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Fig. 5. Ratio of measured hadronic cross-sections to theoreti-
cal muon pair cross-sections as a function of centre-of-mass en-
ergy. Values are shown for the inclusive cross-section, σ(qqX)
and for the Born level cross-section. The dotted and dashed
curves show the predictions of ZFITTER for these cross-sec-
tions, while the solid curve also includes the contributions from
W-pairs calculated using GENTLE [20] and from Z-pairs cal-
culated using FERMISV [21]. The dot-dashed curve is the total
excluding the Z-pair contribution. Measurements at lower en-
ergies are from [1,18,16,17,22]

including the new measurements of hadronic, µ+µ− and
τ+τ− cross-sections, Rb, and the combined muon and tau
asymmetry values, for s′/s > 0.7225, presented here. As
before, we form the χ2 between the measured values and
the Standard Model predictions calculated as a function of
αem(

√
s) using ZFITTER, with all other ZFITTER input

parameters fixed. Correlations between measurements are
fully taken into account.

We have performed separate fits to the 183 GeV mea-
surements and the updated 130–136 GeV measurements;
the 130 and 136 GeV measurements are combined for this
analysis. The results of these fits are given in Table 9. The
inclusion of the new data at 130–136 GeV has not reduced
the relative error on the measurement at 133 GeV because
the measured cross-sections and asymmetries, particularly
the hadronic cross-section, now lie closer to the Standard
Model expectation. The sensitivity of the measurements to
αem is nonlinear, resulting in smaller errors as the value
moves away from the Standard Model expectation. We
have also performed a fit to data at all centre-of-mass
energies, in which αem runs with energy with a slope cor-
responding to the fitted value. As input to the combined
fit we use the measurements at 183 GeV and the combined
data at 130–136 GeV presented here, together with mea-
surements at 161 and 172 GeV from [1]. The result of the
combined fit is

1/αem(169.34 GeV) = 127.8+4.1
−3.6,

where the value of αem is quoted at the centre-of-mass
energy corresponding to the luminosity-weighted average
of 1/s. The errors on the fitted value of αem arise from the
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Fig. 6. Fitted values of 1/αem as a function of Q, which is√
s for the OPAL fits. The open circles show the results of fits

to OPAL data at each centre-of-mass energy, the closed circle
the result of the combined fit in which αem runs with a slope
corresponding to its fitted value. The OPAL results at 161 and
172GeV are from [1]. Values obtained by the TOPAZ exper-
iment [23] and from fits to measurements of leptonic cross-
sections and asymmetries at the DORIS, PEP, PETRA and
TRISTAN e+e− storage rings [24] are also shown. All mea-
surements rely on assuming the Standard Model running of
αem for Qlumi below 5GeV. The solid line shows the Standard
Model expectation, with the thickness representing the uncer-
tainty, while the value of 1/αem(0) is shown by the dashed line

errors on the measurements; errors due to uncertainties in
the ZFITTER input parameters are negligible.

The measured values of αem are shown in Fig. 6. They
are consistent with the Standard Model expectation. The
value of 1/αem obtained from the combined measurements
is 2.3 standard deviations below the low energy limit of
137.0359979±0.0000032 [25].

The fit described above uses measurements of cross-
sections which depend on the measurement of luminos-
ity, which itself assumes the Standard Model running of
αem from (Q2 = 0) to typically Q2 = (3.5 GeV)2, where
1/αem ' 134. Therefore it measures the running of αem
only from Qlumi ' 3.5 GeV onwards. To become inde-
pendent of this assumption, as in [1] we have repeated
the combined fit replacing the cross-sections for hadrons,
muon and tau pairs with the ratios σ(µµ)/σ(qq) and σ(ττ)
/σ(qq). The result of this fit is 1/αem(169.34 GeV) =
126.8+5.0

−4.4, with a χ2 of 8.7 for 15 degrees of freedom.
The value is close to that obtained from the cross-sec-
tion fit but with somewhat larger errors. The difference
in χ2 between the best fit and the assumption that αem
does not run with energy but is fixed at the low energy
limit is (1.91)2. If αem did not run with energy, the proba-
bility of measuring 1/αem lower than 137.0359979 by this
amount would be 2.8%, thus demonstrating the running
of αem from (Q2 = 0) to LEP2 energies. This measure-
ment of αem is independent of low-mass hadronic loops
and nearly independent of the mass of the Higgs boson
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Table 9. Results of fits for αem. The first two rows show the
fits to data at each centre-of-mass energy, the last row the
combined fit to these energies and measurements at 161 and
172GeV [1]. The Standard Model values of 1/αem, and the χ2

between the measurements and the Standard Model predic-
tions are also given for comparison

Fit Standard Model√
s (GeV) 1/αem χ2/d.o.f. 1/αem χ2/d.o.f.

133.29 125.1+8.1
−6.4 2.2/4 128.3 2.4/5

182.69 131.2+6.5
−5.3 2.2/4 127.9 2.6/5

169.34 127.8+4.1
−3.6 11.7/19 128.0 11.7/20

and αs; it can be scaled to the mass of the Z, giving
1/αem(91.19 GeV) = 127.8+4.5

−3.9.

4 Constraints on new physics

New physics would be revealed by deviations of the mea-
sured data from Standard Model predictions. The good
agreement between data and the Standard Model places
severe constraints on the energy scale of new phenomena,
which are investigated in this section.

For effects arising from the exchange of a new particle
with mass mX the contact interaction offers an appropri-
ate framework for mX � √

s. Limits on the energy scale Λ
are presented for various models. For lower mass ranges,√

s <∼mX < Λ, propagator and width effects must be taken
into account. The results of a search for heavy particles
which couple to leptons, or to both quarks and leptons, are
reported. A new technique has been developed in which
a scan over the complete s′ distribution significantly im-
proves our sensitivity to the s-channel process mediated
by particles such as R-parity violating sneutrinos.

4.1 Limits on four-fermion contact interactions

A very general framework in which to search for the effect
of new physics is the four-fermion contact interaction. In
this framework [26] the Standard Model Lagrangian for
e+e− → ff is extended by a term describing a new effective
interaction with an unknown coupling constant g and an
energy scale Λ:

Lcontact =
g2

(1 + δ)Λ2

∑
i,j=L,R

ηij [ēiγ
µei]

[
f̄jγµfj

]
, (1)

where δ = 1 for e+e− → e+e− and δ = 0 otherwise. Here
eL(fL) and eR(fR) are chirality projections of electron
(fermion) spinors, and ηij describes the chiral structure of
the interaction. The parameters ηij are free in these mod-
els, but typical values are between −1 and +1, depending
on the type of theory assumed [27]. Here we consider the
same set of models as in [1].
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ee
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ττ
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qq
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uu
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ud
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Fig. 7. 95% confidence level limits on the energy scale Λ re-
sulting from the contact interaction fits. For each channel, the
bars from top to bottom indicate the results for models LL to
ODB in the order given in the key

We have repeated the analysis described in [1], in-
cluding the measurements of the angular distributions for
the non-radiative e+e− → e+e−, e+e− → µ+µ−, e+e− →
τ+τ− processes, the non-radiative cross-section for e+e− →
qq, and the measurement of Rb at 183 GeV presented here.
We have also replaced the measurements at 130–136 GeV
used in [1] with the values from the combined 1995+1997
data presented here. As before, we use a maximum like-
lihood fit in the case of the lepton angular distributions,
and a χ2 fit for the hadronic and bb cross-sections. Ra-
diative corrections to the lowest order cross-section are
taken into account as described in [1]. Theoretical uncer-
tainties in the Standard Model predictions were taken into
account as discussed in [28]. Limits on the energy scale Λ
are extracted assuming g2/4π = 1.

The results are shown in Table 10 and illustrated graph-
ically in Fig. 7; the notation for the different models is
identical to [28,1]. The values for bb are obtained by fit-
ting the cross-sections for bb production, and there is no
requirement on whether or not the new interaction couples
to other flavours. By contrast, those for up-type quarks
and down-type quarks are obtained by fitting the hadronic
cross-sections assuming the new interaction couples only
to one flavour. The two sets of values Λ+ and Λ− shown
in Table 10 correspond to positive and negative values of
ε = 1/Λ2 respectively, reflecting the two possible signs of
ηij in (1). As before, the data are particularly sensitive
to the VV and AA models; the combined data give lim-
its on Λ in the range 8–10 TeV for these models, roughly
2 TeV higher than those for 130–172 GeV data alone. For
the other models the limits generally lie in the range 5–



The OPAL Collaboration: Tests of the Standard Model 13

8 TeV, approximately 1.5 TeV above those from previous
data. Those for the ODB model [29] are larger (14–15 TeV)
because the values of the η parameters are larger for this
model.

4.2 Limits on heavy particles

In this section we present the results of a search under the
explicit assumption that the new phenomena are due to a
heavy particle which couples to leptons, or to quarks and
leptons. The sensitivity of the OPAL data to these phe-
nomena is tested separately for the hadronic and leptonic
events. Although we use specific particles in the analyses
presented below, the results are generally applicable for
any heavy particle with similar properties.

4.2.1 Particles coupling to quarks and leptons

Examples of new heavy particles which could contribute to
the hadronic cross-section are leptoquarks [30] or squarks
in supersymmetric theories with R-parity violation [31].
Beyond the kinematic limit for direct production, such a
new particle might be seen through a change of the total
cross-section in the process e+e− → qq via a t-channel ex-
change diagram. The classification of the various allowed
leptoquark states is given in [32].

To search for new heavy particles coupling to quarks
and leptons we perform a χ2 fit between measured non-
radiative hadronic cross-sections and model predictions, as
described in detail in [1]. The hadronic cross-sections used
are the values at 183 GeV and 130–136 GeV presented
here, together with those at 161 and 172 GeV presented in
[1]. Correlations between these measurements caused by
common systematic errors are taken into account. We also
perform fits to the bb cross-sections, considering all pos-
sible leptoquark couplings to the b quark. The predicted
cross-section for e+e− → qq including t-channel exchange
of a leptoquark is calculated in [32]. Electroweak correc-
tions are included as for the contact interaction fits, and
Standard Model cross-sections are calculated using ZFIT-
TER.

Figure 8 shows the 95% confidence limits obtained as
a function of the mass mX and the coupling constant
gL or gR of the new particle, for scalar states. Results
for the vector leptoquark states are shown in Fig. 9. We
do not show limits on the S0 (V0) leptoquark with cou-
pling gR (gL) because the effect of these particles on the
hadronic cross-section at these energies is too small. For
the states shown, the limits on the coupling, derived from
hadronic cross-section measurements, typically lie in the
range 0.15–0.6 for a mass of 200 GeV. Inclusion of data
at 183 GeV has lowered these limits by about 20% com-
pared with those obtained from lower energy data [1,33].
The limits derived from bb cross-sections are generally
somewhat more stringent than those obtained from the
hadronic cross-sections.

As can be seen in the figures our analysis is sensitive
to leptoquark masses much higher than the beam energy.

Limits on the coupling for Scalar Leptoquarks
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Fig. 8a–c. 95% confidence exclusion limits on gL or gR as a
function of mX, for various possible scalar leptoquarks. a and
b show limits on leptoquarks coupling to a single quark fam-
ily, derived from the hadronic cross-sections. c shows limits
on leptoquarks coupling to b quarks only, derived from the bb
cross-sections. The excluded regions are above the curves in all
cases. The letter in parentheses after the different leptoquark
types indicates the chirality of the lepton involved in the in-
teraction. The limits on the S0 and S̃1/2 leptoquarks can be
interpreted as limits on R-parity violating d̃R and ũL squarks
respectively

Direct searches at the Tevatron can exclude scalar and vec-
tor leptoquarks with Yukawa couplings down to O(10−7)
up to masses of ≈ 225 GeV [34]. Our limits extend this
excluded region for large couplings.

4.2.2 Particles coupling to leptons

The cross-section for the production of two leptons can
also be affected by the presence of new heavy particles
which couple to leptons. Three cases can be distiguished:
the new particles might contribute to the measured cross-
section via the s-channel, via a t-channel exchange, or
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Table 10. Results of the contact interaction fits to the angular distributions for non-radiative e+e− → e+e−, e+e− → µ+µ−,
e+e− → τ+τ−, the cross-sections for e+e− → qq and the measurements of Rb. Results at centre-of-mass energies of 161–
172GeV [1] are also included. The combined results include all leptonic angular distributions and the hadronic cross-sections.
The numbers in square brackets are the values of [ηLL,ηRR,ηLR,ηRL] which define the models. ε0 is the fitted value of ε = 1/Λ2,
Λ± are the 95% confidence level limits. The units of Λ are TeV, those of ε0 are TeV−2

Channel LL RR LR RL VV AA LL+RR LR+RL ODB

[±1, 0, 0, 0] [0, ±1, 0, 0] [0, 0, ±1, 0] [0, 0, 0, ±1] [±1, ±1, ±1, ±1] [±1, ±1, ∓1, ∓1] [±1, ±1, 0, 0] [0, 0, ±1, ±1] [±1, ±4, ±2, ±2]

e+e− ε0 0.009+0.044
−0.042 0.009+0.045

−0.043 0.006+0.024
−0.021 0.006+0.024

−0.021 0.003+0.008
−0.008 −0.003+0.013

−0.015 0.004+0.021
−0.022 0.003+0.011

−0.011 0.001+0.004
−0.004

Λ+ 3.1 3.1 4.3 4.3 7.4 6.7 4.6 6.2 10.8
Λ− 3.8 3.8 5.3 5.3 8.5 5.5 5.2 7.3 12.4

µ+µ− ε0 −0.001+0.026
−0.027 −0.003+0.029

−0.030 0.013+0.034
−0.037 0.013+0.034

−0.037 0.002+0.010
−0.010 −0.004+0.013

−0.012 −0.001+0.014
−0.014 0.007+0.018

−0.019 0.001+0.005
−0.005

Λ+ 4.5 4.3 3.6 3.6 6.8 6.9 6.1 4.9 10.3
Λ− 4.3 4.0 1.7 1.7 7.4 5.9 6.0 5.7 11.0

τ+τ− ε0 0.005+0.032
−0.035 0.006+0.036

−0.038 −0.111+0.078
−0.103 −0.111+0.078

−0.103 −0.009+0.013
−0.013 0.018+0.017

−0.016 0.002+0.018
−0.017 −0.048+0.030

−0.036 −0.004+0.006
−0.006

Λ+ 3.8 3.7 4.7 4.7 7.4 4.4 5.2 6.3 10.8
Λ− 4.0 3.8 1.9 1.9 5.3 7.3 5.6 2.0 8.1

`+`− ε0 0.001+0.018
−0.019 0.001+0.020

−0.020 −0.003+0.018
−0.017 −0.003+0.018

−0.017 0.000+0.006
−0.006 0.001+0.008

−0.008 0.000+0.010
−0.010 −0.002+0.009

−0.009 0.000+0.003
−0.003

Λ+ 5.2 5.0 5.6 5.6 9.6 7.7 7.2 7.8 14.3
Λ− 5.3 5.1 5.2 5.2 9.3 8.3 7.4 7.3 13.8

qq ε0 −0.037+0.057
−0.063 0.023+0.057

−0.056 0.007+0.055
−0.054 0.024+0.105

−0.039 0.013+0.030
−0.028 −0.019+0.028

−0.035 −0.011+0.040
−0.037 0.023+0.060

−0.036 0.007+0.017
−0.010

Λ+ 4.4 3.0 3.3 2.5 4.1 6.3 4.4 3.1 5.8
Λ− 2.8 3.9 3.6 4.9 5.7 3.8 3.8 5.5 10.3

combined ε0 −0.003+0.017
−0.017 −0.004+0.018

−0.018 −0.002+0.017
−0.016 0.002+0.016

−0.015 0.000+0.006
−0.006 0.000+0.007

−0.008 0.000+0.009
−0.010 0.000+0.009

−0.008 0.000+0.003
−0.002

Λ+ 5.8 5.7 5.7 5.5 9.5 8.4 7.4 7.7 14.0
Λ− 5.2 5.0 5.4 6.1 9.7 8.1 7.4 7.9 15.0

bb ε0 0.015+0.025
−0.027 0.035+0.049

−0.068 −0.154+0.277
−0.059 −0.039+0.077

−0.048 0.014+0.017
−0.024 0.010+0.014

−0.018 0.011+0.018
−0.019 −0.046+0.187

−0.042 −0.046+0.018
−0.010

Λ+ 4.0 2.9 2.4 1.8 4.6 5.2 4.7 2.4 6.1
Λ− 4.8 1.7 2.0 2.8 2.1 6.0 5.7 2.9 4.0

uu ε0 0.021+0.039
−0.037 0.033+0.069

−0.056 0.069+0.152
−0.126 0.001+0.126

−0.112 0.010+0.020
−0.018 0.015+0.034

−0.026 0.012+0.023
−0.021 0.033+0.105

−0.081 0.005+0.011
−0.009

Λ+ 3.1 1.5 1.9 2.2 4.4 3.1 4.1 2.3 3.1
Λ− 4.5 3.8 2.8 2.4 6.3 5.5 5.8 3.2 9.0

dd ε0 −0.023+0.041
−0.047 −0.077+0.118

−0.184 −0.040+0.124
−0.126 0.077+0.149

−0.120 −0.020+0.034
−0.155 −0.015+0.026

−0.034 −0.016+0.029
−0.035 0.035+0.081

−0.089 −0.015+0.026
−0.031

Λ+ 4.3 3.1 2.6 1.8 4.9 5.5 5.0 2.5 6.4
Λ− 2.8 1.8 2.1 3.0 2.2 3.1 3.3 3.1 4.1

uu+ dd ε0 0.020+0.087
−0.087 0.054+0.098

−0.093 0.020+0.087
−0.087 0.054+0.098

−0.093 0.029+0.064
−0.044 0.001+0.042

−0.043 0.037+0.069
−0.066 0.037+0.069

−0.066 0.009+0.030
−0.015

Λ+ 2.5 2.2 2.5 2.2 3.0 3.9 2.7 2.7 4.5
Λ− 2.9 3.4 2.9 3.4 5.1 3.9 4.0 4.0 8.3

both channels may be present. In order to test the sen-
sitivity of the OPAL data to such interactions, we have
chosen to use sneutrinos with R-parity violating couplings
as an example. Their coupling to leptons is given by the
term λijkLi

LLj
LE

k

R of the superpotential [35], where the
indices i, j, k denote the family of the particles involved,
Li

L and Lj
L are the SU(2) doublet lepton superfields and

E
k

R denotes an antilepton singlet superfield. The couplings
λijk are non-vanishing only for i < j, so at least two differ-
ent generations of leptons are coupled in purely leptonic
vertices. We consider three typical cases in our analysis in
order to illustrate the sensitivity of each of the leptonic
channels:

– the presence of a ν̃e with coupling λ131, giving rise to
a change in the τ+τ− cross-section due to t-channel
exchange;

– the presence of a ν̃τ which interacts via the coupling
λ131 giving rise to a change in the e+e− cross-section
via an s-channel and a t-channel process; the limits
obtained for this case could equally apply to a ν̃µ in-
teracting via the coupling λ121;

– a ν̃τ with the couplings λ131 and λ232 both different
from zero. In the analysis both couplings are assumed
to be of equal size3. Such a scenario gives rise to a mod-
ified µ+µ− cross-section due to an s-channel exchange
of the sneutrino.

To calculate the differential cross-sections for these pro-
cesses we use the formulae in [36], taking radiative correc-
tions into account as in the contact interaction analysis.

In the case of the τ+τ− cross-section only the t-channel
exchange of a ν̃e is involved. We perform a maximum like-
lihood fit which compares the model prediction with the
observed number of events having s′/s > 0.7225. System-
atic errors are taken into account by multiplying the likeli-
hood by a factor (1+r) where r is distributed according to
a Gaussian with a width given by the systematic error on
the data sample. This is the method used to extract limits
on four-fermion contact interactions in this paper and in
[28,1]. For each mass, the 95% confidence level limit on
the coupling is obtained as the value of λ corresponding

3 Both couplings violate the same lepton flavours so that
this scenario is compatible with the experimental observation
of lepton number conservation
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Limits on the coupling for Vector Leptoquarks
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Fig. 9a–c. 95% confidence exclusion limits on gL or gR as a
function of mX, for various possible vector leptoquarks. a and
b show limits on leptoquarks coupling to a single quark fam-
ily, derived from the hadronic cross-sections. c shows limits on
leptoquarks coupling to b quarks only, derived from the bb
cross-sections. The excluded regions are above the curves in
all cases. The letter in parentheses after the different lepto-
quark types indicates the chirality of the lepton involved in
the interaction

to a change in negative log likelihood of 1.92 with respect
to the minimum.

The cases where an s-channel diagram is involved are
especially interesting. A narrow peak in the cross-section
when the centre-of-mass energy equals the mass of the
sneutrino is then predicted, since the sneutrinos are ex-
pected to have a small width ( <∼ 1 GeV [36]). In our
analysis we assume a width of 1 GeV. In order to im-
prove the sensitivity for sneutrino masses which lie be-
tween the centre-of-mass energies of LEP, a fit method has
been developed which scans the complete s′-distribution
of the recorded data. The

√
s′ distributions at 183 GeV are

shown in Fig. 1; a sneutrino of mass m would be expected
to produce a peak in the

√
s′ distribution at

√
s′ ' m for a

process receiving a contribution from s-channel sneutrino

production. We calculate limits on the coupling as a func-
tion of sneutrino mass as follows. For each mass m, we
consider a window of width ±2.5 GeV around

√
s′ = m,

and calculate the number of signal and Standard Model
background events expected in this interval. We assume
the efficiency for detecting signal events (within the | cos θ|
acceptance of each channel) is the same as that for Stan-
dard Model events at the same s′. The size of the window
is chosen to be such that at least 60% of events of mass
m are reconstructed within the window. In this interval a
maximum likelihood fit is performed which compares the
model prediction with the measured data. Systematic er-
rors are considered in the same way as for the t-channel
case.

In the case of the e+e− cross-section the presence of
both an s-channel and a t-channel diagram is assumed,
and we consider two contributions to the likelihood func-
tion: one arising from the

√
s′ interval around m and one

from the s′/s > 0.7225 region. In cases where these inter-
vals overlap only the contribution from the interval around
m was considered, as the s-channel diagram is expected
to dominate. For this analysis, we use electron pairs with
| cos θe− | < 0.7, with no cut on acollinearity. The Stan-
dard Model prediction in each s′ window is calculated
using Monte Carlo events generated with BHWIDE [37].
Systematic errors on the Standard Model prediction are
assessed by reweighting the Monte Carlo events to the
acollinearity distribution predicted by ALIBABA.

At large values of λ the limits can be improved by
including measurements of forward-backward asymmetry
in the fit. This is achieved by adding a term to the negative
log likelihood of the form

− lnP =
∑

i

ln∆Ai +
(Ath

i − Ameas
i )2

2(∆Ai)2

where the sum runs over the measurements at different en-
ergies. Ath

i is the theoretical prediction of the asymmetry,
including the effects of new physics, Ameas

i is the mea-
sured value and ∆Ai the error on the measurement. We
have calculated limits both including and excluding mea-
surements of asymmetry for non-radiative events. While
the former are valid for the exchange of a scalar particle
with a width less than or equal to 1 GeV, the latter are less
model dependent and could be reinterpreted in terms of
the exchange of a vector particle with appropriate modifi-
cations to the coupling constant. For the e+e− and µ+µ−
channels, the inclusion of asymmetry values has a very
small effect on the limits, therefore we present only limits
excluding asymmetry measurements in order not to lose
generality. In the case of the τ+τ− channel the limits on
λ are larger and we present results both including and
excluding the asymmetry measurements.

In all cases, we include in the fits the data at 183
and 130–136 GeV presented here and the data at 161 and
172 GeV presented in [1]. In the analysis of the τ+τ− chan-
nel we use the measured non-radiative cross-sections and
asymmetries, whereas for the µ+µ− and e+e− channels
we use the full

√
s′ distributions as described above. We
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Fig. 10. 95% confidence exclusion limit on λ131 as a function
of sneutrino mass mν̃ , derived from τ+τ− cross-section and
asymmetry data. The region above the solid line is excluded.
The dashed line shows the limit determined from cross-section
data alone
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Fig. 11. 95% confidence exclusion limits on λ131 (or λ121) as
a function of sneutrino mass mν̃ , derived from e+e− s′ distri-
butions. The region above the solid line is excluded

present limits on the coupling as a function of sneutrino
mass for each of the three cases.

The limits on λ131 derived from the τ+τ− data are
shown in Fig. 10. As only a t-channel contribution is in-
volved, the limit on λ varies smoothly with the ν̃ mass,
from about 0.5 at 100 GeV to 1.2 at 400 GeV. The in-
clusion of asymmetry data improves the limit by about
0.1. The limits on λ131 derived from the e+e− data are
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Fig. 12. 95% confidence exclusion limit on λ131 = λ232 as a
function of sneutrino mass mν̃ , derived from µ+µ− s′ distribu-
tions. The region above the solid line is excluded

shown in Fig. 11. They are in the range 0.02 – 0.1 for
100 < m < 200 GeV, rising to 0.27 at 300 GeV. Figure 12
shows limits on λ131 = λ232 derived from the µ+µ− data.
These are in the range 0.02 – 0.1 for 100 < m < 200 GeV,
rising to 0.3 at 300 GeV. By introducing the s′ distribu-
tions in our fits we find the sensitivity in the e+e− and
µ+µ− channels has been improved for masses between the
LEP centre-of-mass energy points. The fine structure in
the region m < 200 GeV results from fluctuations in the
s′ distributions. The limits are valid for sneutrino widths
of 1 GeV or less.

Direct searches [38] for sneutrinos with R-parity vio-
lating couplings can conservatively exclude a ν̃τ with mass
less than 49 GeV and a ν̃e with mass less than 72 GeV. Our
results place limits on the couplings for higher masses.

5 Conclusions

We have presented new measurements of cross-sections
and asymmetries for hadron and lepton pair production in
e+e− collisions at centre-of-mass energies of 183 and 130–
136 GeV, and combined the 130–136 GeV results with our
measurements from earlier data [1]. The results, for both
inclusive fermion-pair production and for non-radiative
events, are in good agreement with Standard Model expec-
tations. From these and earlier measurements we derive
a value for the electromagnetic coupling constant 1/αem

(169.34 GeV) = 127.8+4.1
−3.6.

The measurements have been used to improve exist-
ing limits on new physics. In the context of a four-fermion
contact interaction we have improved the limits on the en-
ergy scale Λ from typically 2–7 TeV to 2–10 TeV, assum-
ing g2/4π = 1. In explicit searches for new particles cou-
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pling to quarks and leptons we obtain limits on the cou-
pling in the range 0.15–0.6 for a mass of about 200 GeV,
some 20% lower than those obtained from data at centre-
of-mass energies up to 172 GeV. We have also presented
limits on new particles such as sneutrinos in supersym-
metric theories with R-parity violation which couple to
leptons only. Sensitivity to sneutrino masses between the
centre-of-mass energy points of LEP has been improved
by using a complete scan of the s′ distribution for pro-
cesses involving an s-channel diagram. In these cases, lim-
its on the couplings in the range 0.02 – 0.1 are obtained
for 100 < m < 200 GeV.
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