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Abstract

Cross-sections for hadronic, bb and lepton pair final states in ete™ collisions at
V/s=183 GeV, 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 136 GeV. The results are used to
measure the energy dependence of the electromagnetic coupling constant e, 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 eTe™ 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 leptonic 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 similar to the 1995 ‘LEP1.5’ run. We also
present cross-sections and asymmetry measurements from these data, and combine them with
the results from the earlier run [1].

The analyses presented here are essentially the same as those already presented at lower
energies [1]. We use identical techniques to measure s, the square of the centre-of-mass energy
of the ete™ system after initial-state radiation, 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 requirement
from s'/s > 0.8 to s'/s > 0.7225. This new definition reduces the total measurement errors at
the highest centre-of-mass energies, and is the recommended definition 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, u*p~ and 717~ events for the
effect of interference between initial- and final-state radiation. We use the same treatment as
before of the four-fermion contribution to the two-fermion final states. Because of ambiguities
arising from the t-channel contribution, for the e*e™ final state the acceptance is defined in
terms of the angle 6 of the electron or positron with respect to the electron beam direction and
the acollinearity angle 6,.,; between the electron and positron. Cross-sections and asymmetries
for ee™ 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 measurement of the electromag-
netic coupling constant ceny(+/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 ob-
tain improved limits on the energy scale of a possible four-fermion contact 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 paper we extend our search for heavy particles to include
those coupling to leptons only. Such particles could be scalar neutrinos (sneutrinos) in super-
symmetric 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' dis-
tribution improves our sensitivity for masses between the centre-of-mass energy points of LEP
for processes involving s-channel sneutrinos.

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



2 Data Analysis

The OPAL detector!, trigger and data acquisition system are fully described elsewhere [4—
8]. The analyses presented in this paper use 54-57 pb™! 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~! 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 simulated with the gre4f [10] and PYTHIA [11] gener-
ators. 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 theoretical
cross-section (0.25%). At 130 (136) GeV the total error of 1.0% (1.0%) arises mainly from data
statistics. Errors from the luminosity measurement are included in all the systematic errors on
cross-sections quoted in this paper, and correlations between measurements arising from the
luminosity determination are included in all fits.

2.1 Measurements at /s = 183 GeV

Hadronic, e*e™, u*u~ and 777~ events were selected using 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.

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

e The background in the muon pair sample has been reduced 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 inclusive events, if the ratio of the visible energy?
to the centre-of-mass energy is less than 0.5(m2/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 + 0.1s) (about 108 GeV).

e The efficiency for tau pairs, particularly radiative events, has been increased by extending
the angular acceptance and adjusting cuts so that additional background is suppressed.
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:

LOPAL 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 8 is measured with respect to the z axis and the azimuthal angle ¢
with respect to the x axis.

2The visible energy is defined as the scalar sum of the momenta of the two muons plus the energy of the
highest energy cluster in the electromagnetic calorimeter [1].
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— The acceptance has been increased by requiring that the value of | cos 6| for both tau
leptons satisfies |cosf| < 0.9, instead of demanding that the average value satisfy
|cos B,y | < 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 momenta 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 electromagnetic calorimeter
energy was required to be greater than 0.02,/s and either the total electromagnetic
calorimeter energy or the scalar sum of track momenta was required to be greater
than 0.24/s.

— The cuts on the missing momentum and its direction, calculated using electromag-
netic calorimeter clusters, have been modified: the missing momentum 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 |cosf| < 0.99. The cut on the
polar angle of the missing momentum calculated using central detector tracks was
removed.

— The above modifications increase the efficiency substantially, but also increase the
background, particularly from Bhabha events. To reduce this background two new
cuts have been introduced. Using the values of 6§ 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, + X2,) < 0.8,

(X%, + X32,) < 0.8,

and

where Xpg go are the total electromagnetic calorimeter energies in each tau cone
normalized to the expected value calculated above, and Xp; pp 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 demanding s'/s > 0.8; here we select non-
radiative samples by demanding s'/s > 0.7225. Distributions of /s’ for each channel, de-
termined 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 calculated 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 numbers 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 o(qgX).
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 decaying hadronically.
All cross-sections except those for ete™ have been corrected for the contribution of interfer-
ence between initial- and final-state radiation as described in [1]. The corrections are shown in
Table 3.



Efficiencies and backgrounds at /s = 183 GeV

Channel Efficiency (%) | Background (pb) | Feedthrough (pb)
X 91.0+1.2 45+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
ete” |cosf] < 0.9, Oaeor < 170° 98.1+1.1 1.6+0.1 -

| coSOe-| < 0.7, Oaeo < 10° 99.1£0.6 0.26£0.05 -

| cosf] < 0.96, Oaeor < 10° 98.9+1.0 10.9£1.1 -
whp s'/s > 0.01 74.240.8 0.3140.08 -

s'/s > 0.7225 88.3+0.9 0.06£0.02 0.065£0.002
T 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 1: Efficiency of selection cuts, background and feedthrough of events with lower s’ into
the non-radiative samples for each channel at 183 GeV. The errors include Monte Carlo statis-
tics 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. Values for bb production are given in the text.

Cross-sections at /s = 183 GeV

Channel [ L£dt (pb™1) Events o (pb) oM (pb)
qgqX 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 07.8 1408 | 23.74+0.7£0.4 24.3
bb s'/s > 0.7225 55.5 348 — 102 | 4.6 £0.6+0.3 3.96
ete |cosf] < 0.9, Oaeor < 170° 07.8 6980 | 121.44+1.5+1.5 120.0
| oS Oe-| < 0.7, Oacor < 10° 1260 | 21.740.6+0.2 21.8
| cosf] < 0.96, Oaeor < 10° 19641 | 333+£3+4 333
whpo 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
Tt 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

Table 2: Integrated luminosity used in the analysis, numbers of selected events and measured
cross-sections at 1/s=182.69 GeV. 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-sections for hadrons, bb, u* = and 77~ are defined to cover phase-space up to
the limit imposed by the s'/s cut, with v/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, u"pu~, 7777) and ALIBABA [15]
(eter).



Interference Corrections
s’/s > 0.01 130.12 GeV 136.08 GeV 182.69 GeV
Ao /osm(had) (%) | +0.10 £0.00 +0.10 | +0.10 4+ 0.00 £ 0.10 | +0.14 £+ 0.00 4+ 0.14
Ao fosm(pp) (%) | —0.35 £ 0.05 —0.33 £0.03 —0.43+£0.04
Ao /osm(T7) (%) | —0.44 £ 0.09 —0.40 +£0.07 —0.46 £ 0.06
AApg(pp) —0.0040 =£ 0.0006 —0.0029 £ 0.0003 —0.0052 £ 0.0007
AApg(77) —0.0055 £+ 0.0014 —0.0056 £+ 0.0013 —0.0055 £ 0.0009
AApg(combined) | —0.0046 + 0.0008 —0.0036 £ 0.0006 —0.0055 £+ 0.0008
s’'/s > 0.7225 130.12 GeV 136.08 GeV 182.69 GeV
Ao /ogm(had) (%) | +0.8+0.2+04 +0.9+03+04 +1.2+03+0.6
Ac/osu(pp) (%) | —1.440.4 —1.4+04 —1.4+04
Ac/osm(TT) (%) | —1.2+£04 —1.1+0.3 —-1.2+0.3
AApp(pp) —0.015 + 0.004 —0.007 + 0.002 —0.015 + 0.004
AApp(TT) —0.011 4+ 0.004 —0.008 + 0.002 —0.012 £ 0.004
AApg(combined) | —0.014 £+ 0.004 —0.007 + 0.002 —0.014 + 0.004
s’'/s > 0.7225 133.29 GeV 182.69 GeV
Ac/osm(bb) (%) ~1.04+0.3+£0.4 —1.44+04+0.6
ARy /Ry sm (%) —1.7+05+0.6 —-23+06+1.1

Table 3: Corrections Ao and A Apg 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 cosf. The second error is our estimate of possible additional
QCD corrections for the hadrons [1].

Systematic errors on these measurements are generally similar to those at 172 GeV. In
the case of inclusive hadrons they are dominated by uncertainties in the selection 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 cross-
sections without rejecting W-pair events, by subtracting their expected contribution instead.
The measured values of 103.9+1.64+1.6 pb (s'/s > 0.01) and 23.7+0.84+0.5 pb (s'/s > 0.7225),
after correction for interference between initial- and final-state radiation, are in good agreement
with the values in Table 2. The main systematic 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 efficiency, 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 measured using the negative par-



ticle with those obtained using the positive particle to reduce systematic effects. Muon and tau
asymmetries are corrected to the full angular range by applying a multiplicative correction ob-
tained 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 statistical, with
systematic effects from the correction for interference between initial- and final-state radiation,
charge misassignment and  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.

Asymmetries at /s = 183 GeV

Np | N Arp Ay

ete” |cosf.-| < 0.7 | 1088 | 140 | 0.7764+0.019 | 0.813
and @,., < 10°

whp 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

Tt~ s'/s >0.01 149 58 | 0.39£0.08 0.28

s'/s > 0.7225 97 23 | 0.6840.09 0.57

Combined s'/s >0.01 0.31£0.04 | 0.28

ptp~ and 7t §'/s > 0.7225 0.60+0.05 | 0.57

Table 4: The numbers of forward (Ng) and backward (Ng) events and measured asymmetry
values at 182.69 GeV. The measured asymmetry values include 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 p™p=, 777
and for the combined p*p~ and 7777 are shown after the correction for interference between
initial- and final-state radiation. The final column shows the Standard Model predictions of
ALIBABA for ee™ and ZFITTER for the other final states.

We have measured Ry, 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 reconstructing secondary
vertices in the plane transverse to the beam direction, and a ‘folded tag’ technique was used. In
this method R}, is determined from the difference between the number of events with L/og, > 3
(forward tags) and the number with L/o, < —3 (backward tags), where L is the signed decay
length measured from the primary vertex to the secondary vertex and oy, is the error on this
length. The net efficiencies, i.e. differences between forward 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 R},
are again dominated by modelling of b and ¢ fragmentation and decay, 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 background arises at
183 GeV from Z-pair production; the probability 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 subtraction the b
purity of the tagged qq sample was estimated to be 68%.



ete

[COS O min, COS HmaX]

do/dcos @ (pb)

130.12 GeV | 136.08 GeV | 182.69 GeV
443 543 1.2494
443 443 2.140.4
63 8+4 2.340.5
65 9+4 4.840.7

1343 8+4 6.140.7
2345 18+4 9.5+0.9
4547 3516 21.14+1.4
113+11 122410 6242
839+30 725427 45848
ptu~
[cOS Omin, COS Omax] do/dcos @ (pb)

130.12 GeV | 136.08 GeV | 182.69 GeV
0+3 —144 0.4434
343 243 0.7+£34
0+2 0+32 0.5+94
64 543 0.9+£94
343 142 1.2493
243 343 1.84+0.4
65 643 2.440.5
5+5 1045 1.940.5
5+4 9+4 2.540.5
945 18+7 4.740.9

Ttr—
[cOS Omin, €COS Omax] do/dcos 6 (pb)

130.12 GeV | 136.08 GeV | 182.69 GeV

—145° —143 0.749-2
0+4 0+4 0.0+£93

—142 243 0.0+£93
2435 0+4 0.7+0:3
345 143 1.5498
245 443 1.6+£09
1+3 443 1.5498
(= 7+3 2.5+0.6
73 8+3 4.3+0.8

1441 (E=2 3.9418

1995 and 1997 data.
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Table 5: Differential cross-sections for lepton pair production.
Oacol < 10°%; those for pTp~ and 777~ are for s'/s > 0.7225 and are corrected to no interference
between initial- and final-state radiation. The values for 130 and 136 GeV are from the combined
Negative values arise when fewer events are observed than expected
from background. Errors include statistical and systematic effects combined, with the former
dominant.

The values for ete™ are for




Hadrons
| cos 6] do/d|cosf| (pb)
130.12 GeV | 136.08 GeV | 182.69 GeV

[0.0,0.1] 70+12 48+9 17.0+1.8
[0.1,0.2] 92£9 64£10 17.6£1.8
0.2,0.3] | 70411 5610 17.7+1.9
[0.3,0.4] 70411 63+10 19.9£2.0
[0.4,0.5] 64+10 4449 23.1£2.1
0.5,0.6] | 79412 30+8 24.6£2.2
[0.6,0.7] 81+12 78+11 27.2+2.3
0.7,0.8] | 94413 81+11 26.1£2.2
0.8,0.9] | 85412 82411 31.242.4
[0.9,1.0] 160+£23 123+£19 32.0+3.2

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

We obtain a value of Ry, after correcting for interference between initial- and final-state

radiation, of
Ry (v/s = 182.69 GeV) = 0.195 4+ 0.023 £ 0.013,

where the first error is statistical and the second systematic; the value of the bb cross-section
derived from the measurement of the hadronic cross-section and R}, is given in Table 2.

2.2 Measurements at /s = 130-136 GeV

The analyses of the 130 and 136 GeV data were unchanged from those described in [1], with the
exception of the modification of the s’ cut used to define non-radiative events. The numbers
of selected events and measured cross-sections are given in Table 7, and the forward-backward
asymmetry values for the leptonic channels in Table 8. The values are generally in good agree-
ment with those obtained from the data collected in 1995 at similar centre-of-mass energies [1],
after correcting the latter to s’/s > 0.7225 in the non-radiative cases. We have combined the
measurements 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 Ry, for the 1997 data benefited, in comparison with the 1995 measure-
ment, from the longer silicon microvertex detector installed in 1996, which enabled the cut on
the polar angle of the thrust axis to be increased from |cosf| < 0.8 to |cosf| < 0.9, as for
the measurements at 161-183 GeV. For the 1997 combined 130 and 136 GeV data we obtain a
value of Ry, after correction for initial-final state interference, of

Ry (v/s =133.38 GeV) = 0.201 4 0.036 £ 0.013,
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where the first error is statistical and the second systematic. Combining with the 1995 mea-
surement [1] and taking account of correlated systematic errors, gives

Ry(v/s = 133.29 GeV) = 0.198 4 0.026 + 0.013.

The corresponding bb cross-sections, calculated from the hadronic cross-sections and the R},
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 predictions in Tables 2 and 4 respectively. The Standard Model Predictions are calcu-
lated using ALIBABA [15] for the eTe™ 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 distributions for all channels at 183 GeV
are compared with Standard 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 function of centre-of-mass energy for two cases. In the first case the numer-
ator of this ratio is the inclusive qgX cross-section, in the second case it is the non-radiative
qq cross-section corrected to the Born level. In each case the denominator is the corresponding
muon pair cross-section calculated using ZFITTER. The inclusive ratio clearly shows the effect
of WTW~ production.

3.1 Energy Dependence of aem

In [1] we used non-radiative cross-section and asymmetry measurements to measure the electro-
magnetic coupling constant ae,, at LEP2 energies. We have repeated this fit including the new
measurements of hadronic, u*u~ and 777~ cross-sections, R}, and the combined muon and
tau asymmetry values, for s'/s > 0.7225, presented here. As before, we form the y? between
the measured values and the Standard Model predictions calculated as a function of aem(1/s)
using ZFITTER, with all other ZFITTER input parameters fixed. Correlations between mea-
surements are fully taken into account.

We have performed separate fits to the 183 GeV measurements 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 ey, 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 a,y, runs with energy with a slope
corresponding 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 measurements
at 161 and 172 GeV from [1]. The result of the combined fit is

1/t (169.34 GeV) = 127.8757,
12



Cross-sections at /s = 130 GeV
1997 199541997
130.00 GeV 130.12 GeV | 130.12 GeV
Channel Events o (pb) o (pb) oM (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
ete” |cosf| < 0.9, Opeor < 170° 609 235£10+4 227+7+3 238
| cosOe-| < 0.7, Oaeo < 10° 113 43.2+£4.1£0.6 | 42.3£2.94£0.5 43.2
| cosf] < 0.96, Oaeor < 10° 1718 64711610 631+11£8 647
wp s'/s > 0.01 40 18.1+£2.94+0.7 | 21.242.240.5 22.1
s'/s > 0.7225 17 5.5 £1.4+0.5 | 7.6 £1.1£0.3 8.5
T 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 = 136 GeV
1997 1995+1997
135.98 GeV 136.08 GeV | 136.08 GeV
Channel Events o (pb) o (pb) oM
q s'/s > 0.01 907 277+9+4 971+7+4 275
s'/s > 0.7225 228 65.0+4.4£1.5 | 66.7£3.3+1.3 66.9
ete” |cosf] < 0.9, Oaeor < 170° 704 20948 £3 204+6+3 217
ete | cos -] < 0.7, Oaeo < 10° 144 42.4+3.6£0.6 | 40.2+2.6+£0.4 39.6
ete” | cosf] < 0.96, Opeor < 10° 2034 o88+£13+9 585+10£7 093
whp 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
T s'/s > 0.01 23 16.3£3.4 £0.6 | 19.54+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 = 133 GeV
1997 1995+1997
133.38 GeV 133.29 GeV | 133.29 GeV
Channel Events o (pb) o (pb) oM
bb s'/s > 0.7225 126 — 35 | 15.2£2.841.0 | 14.4+2.0£1.0 13.5

Table 7: Numbers of selected events and measured cross-sections for the 130 and 136 GeV
data taken in 1997. In the bb case the 130 and 136 GeV 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.
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Asymmetries at /s = 130 GeV
1997 1995-+1997
130.00 GeV 130.12 GeV | 130.12 GeV

Nr | N App App Agl\él

ete” |cosf.-| <0.7 | 99| 9|0.84£0.05| 0.81+0.04 0.80
and O, < 10°

i s'/s > 0.01 245 | 15| 0.2440.16 | 0.24+0.11 0.29

s'/s>0.7225 | 11.5| 5.5 | 0.40753 0.4070:33 0.70

T s'/s > 0.01 14| 81 0.25+0.23 | 0.3240.15 0.29

s'/s > 0.7225 71 3| 05319 0.8019-2 0.70

Combined s'/s > 0.01 0.2440.14 | 0.26%0.09 0.29

ptp~ and 7Hr s'/s > 0.7225 0.46+0.23 | 0.55+0.13 0.70

Asymmetries at /s = 136 GeV
1997 1995-+1997
135.98 GeV 136.08 GeV | 136.08 GeV

Nr | N App App Agl\él

ete” |cosf.-| < 0.7 | 129 | 15| 0.79 £0.05 | 0.77+0.04 0.80
and O, < 10°

i s'/s > 0.01 40.5 | 29| 0.1440.12 | 0.23+0.09 0.29

s'/s>0.7225 | 255 | 7| 0.64751S 0.717011 0.68

T s'/s > 0.01 15| 71 0.23£0.25 | 0.3340.17 0.29

s'/s>0.7225 |11.5| 3.5 | 0.6273% 0.8670:35 0.68

Combined s'/s > 0.01 0.15+0.11 | 0.25%0.08 0.29

pwrp~ and 7H77  §'/s > 0.7225 0.654+0.13 | 0.7640.09 0.68

Table 8: The numbers of forward (Ng) and backward (Ng) events and measured asymmetry
values for the 130 and 136 GeV 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.
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where the value of .y, is quoted at the centre-of-mass energy corresponding to the luminosity-
weighted average of 1/s. The errors on the fitted value of aep, arise from the errors on the
measurements; errors due to uncertainties in the ZFITTER input parameters are negligible.

The measured values of ae, are shown in Fig. 6. They are consistent with the Standard
Model expectation. The value of 1/, 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 measure-
ment of luminosity, which itself assumes the Standard Model running of @, from (Q* = 0) to
typically Q% = (3.5 GeV)?, where 1/aey, ~ 134. Therefore it measures the running of a., only
from Qumi ~ 3.5 GeV onwards. To become independent 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 o(up)/o(qq) and o(77)/o(qq). The result of this fit is 1/, (169.34 GeV) = 126.8759,
with a x? of 8.7 for 15 degrees of freedom. The value is close to that obtained from the cross-
section fit but with somewhat larger errors. The difference in x? between the best fit and the
assumption that ae, does not run with energy but is fixed at the low energy limit is (1.91)2.
If ey did not run with energy, the probability of measuring 1/, lower than 137.0359979 by
this amount would be 2.8%, thus demonstrating the running of ae, from (Q* = 0) to LEP2
energies. This measurement of a.p, is independent of low-mass hadronic loops and nearly in-
dependent of the mass of the Higgs boson and ayg; it can be scaled to the mass of the Z, giving
1/0em(91.19 GeV) = 127.8133.

Fit Standard Model
Vs (GeV) || 1/aem | x?/d.of. || 1/aem | X*/d.of.
13329 | 1251755 | 2.2/4 1283 | 2.4/5
182.69 || 131.278% | 2.2/4 | 1279 | 26/5

169.34 || 127.8734 | 11.7/19 || 128.0 | 11.7/20

Table 9: Results of fits for a.y,. 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
172 GeV [1]. The Standard Model values of 1/, and the x? between the measurements and
the Standard Model predictions are also given for comparison.

4 Constraints on New Physics

New physics would be revealed by deviations of the measured data from Standard Model pre-
dictions. 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 myx the contact interaction
offers an appropriate framework for myx > /s. Limits on the energy scale A are presented for
various models. For lower mass ranges, /s <mx < A, 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 improves our sensitivity to the s-channel process
mediated by particles such as R-parity violating sneutrinos.
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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 ete™ — ff is
extended by a term describing a new effective interaction with an unknown coupling constant
g and an energy scale A:

2

g _ —
[eontact leivte; f.~ f: , 1
(1+5)A2ij§£R%[ﬂ 1[£57,.85] (1)
where 0 = 1 for efe”™ — ete™ and § = 0 otherwise. Here e,(f) and er(fr) are chirality projec-
tions of electron (fermion) spinors, and 7;; describes the chiral structure of the interaction. The
parameters 7;; are free in these models, 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].

We have repeated the analysis described in [1], including the measurements of the angular
distributions for the non-radiative ete™ — ete™, efe™ — putu~, efe™ — 777~ processes, the
non-radiative cross-section for eTe~ — qq, and the measurement of Ry, 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 likelihood fit in
the case of the lepton angular distributions, and a y? fit for the hadronic and bb cross-sections.
Radiative corrections to the lowest order cross-section are taken into account as described in [1].
Limits on the energy scale A are extracted assuming g*/4m = 1.

The results are shown in Table 10 and illustrated graphically in Fig. 7; the notation for the
different models is identical to [28,1]. The values for bb are obtained by fitting 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 A, and A_ shown in Table 10 correspond to positive and negative values
of € = 1/A? respectively, reflecting the two possible signs of 7;; in equation (1). As before, the
data are particularly sensitive to the VV and AA models; the combined data give limits on
A 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 5-8 TeV, approximately
1.5 TeV above those from previous data. Those for the Opg model [29] are larger (14-15 TeV)
because the values of the 1 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 phenomena 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 lep-
toquarks [30] or squarks in supersymmetric theories with R-parity violation [31]. Beyond the
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kinematic limit for direct production, such a new particle might be seen through a change
of the total cross-section in the process ete”™ — qq via a t-channel exchange 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 x? 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 possible leptoquark couplings to the b quark. The
predicted cross-section for ete™ — qq including ¢-channel exchange of a leptoquark is calculated
in [32]. Electroweak corrections are included as for the contact interaction fits, and Standard
Model cross-sections are calculated using ZFITTER.

Figure 8 shows the 95% confidence limits obtained as a function of the mass myx and
the coupling constant gr, or ggr 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 Sq (Vy) leptoquark with
coupling gr (gr) 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% compared 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. Direct searches at the Tevatron can exclude scalar and vector leptoquarks
with Yukawa couplings down to O(1077) 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 both channels may be present. In order to test the sensitivity 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 AijkLiLiE];{ of the superpotential [35], where
the indices i, j, k denote the family of the particles involved, L} and L7 are the SU(2) doublet
lepton superfields and Eﬁ denotes an antilepton singlet superfield. The couplings A;;, are
non-vanishing only for ¢ < j, so at least two different 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:

e the presence of a 7, with coupling 31, giving rise to a change in the 777~ cross-section
due to t-channel exchange;

e the presence of a 7, which interacts via the coupling A\;3; giving rise to a change in the
ete” cross-section via an s-channel and a ¢-channel process; the limits obtained for this
case could equally apply to a 7, interacting via the coupling Aj91;
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e a 1, with the couplings Ai;3; and Ag3s both different from zero. In the analysis both
couplings are assumed to be of equal size®. Such a scenario gives rise to a modified p*p~
cross-section due to an s-channel exchange of the sneutrino.

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

In the case of the 777~ cross-section only the ¢-channel exchange of a 7, is involved. We
perform a maximum likelihood fit which compares the model prediction with the observed
number of events having s’/s > 0.7225. Systematic errors are taken into account by multiplying
the likelihood 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 A corresponding 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 expected to have a small width ( S 1 GeV [36]). In order
to improve the sensitivity for sneutrino masses which lie between 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 v/s' ~ m for a process receiving
a contribution from s-channel sneutrino production. We calculate limits on the coupling as
a function 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 | cosf| acceptance of each channel) is the same as that for Standard 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 errors are considered in
the same way as for the t-channel case.

In the case of the ete™ cross-section the presence of both an s-channel and a t¢-channel
diagram is assumed, and we consider two contributions to the likelihood function: one arising
from the v/s' interval around m and one from the s’ /s > 0.7225 region. In cases where these
intervals 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 0| < 0.7, with no cut on acollinearity. The Standard 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 A 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
(A‘;h _ A;neas)2

2(AA;)?

—InP = ZlnAAi—l—

3Both couplings violate the same lepton flavours so that this scenario is compatible with the experimental
observation of lepton number conservation.
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where the sum runs over the measurements at different energies. A is the theoretical pre-
diction of the asymmetry, including the effects of new physics, A** is the measured value
and AA; the error on the measurement. We have calculated limits both including and ex-
cluding measurements 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 modifications to the coupling constant. For the ete™ and putpu~ channels, the in-
clusion 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
7t7~ channel the limits on A 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 777~ channel we use
the measured non-radiative cross-sections and asymmetries, whereas for the pu™p~ and etTe”
channels we use the full /s’ distributions as described above. We present limits on the coupling
as a function of sneutrino mass for each of the three cases.

The limits on A3, derived from the 777~ data are shown in Fig. 10. As only a t-channel
contribution is involved, the limit on A\ varies smoothly with the 7 mass, from about 0.5 at
100 GeV to 1.2 at 400 GeV. The inclusion of asymmetry data improves the limit by about 0.1.
The limits on \3; derived from the e*e~ data are 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 \i3; =
Aa3o derived from the p*p~ 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’ distributions in our fits we find the sensitivity
in the ete™ and p*p~ 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.

Direct searches [38] for sneutrinos with R-parity violating couplings can conservatively ex-
clude a 7, with mass less than 49 GeV and a 7, 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 ete™ 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 expectations. From these and earlier measurements we derive a value for
the electromagnetic coupling constant 1/, (169.34 GeV) = 127.83 4.

The measurements have been used to improve existing limits on new physics. In the context
of a four-fermion contact interaction we have improved the limits on the energy scale A from
typically 2-7 TeV to 2-10 TeV, assuming g?/4m = 1. In explicit searches for new particles
coupling to quarks and leptons we obtain limits on the coupling 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
supersymmetric theories with R-parity violation which couple to leptons only. Sensitivity to
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sneutrino masses between the centre-of-mass energy points of LEP has been improved by using
a complete scan of the s’ distribution for processes involving an s-channel diagram. In these
cases, limits on the couplings in the range 0.02 — 0.1 are obtained for 100 < m < 200 GeV.
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Figure 1: The distributions of reconstructed /s’ for (a) hadronic events, (b) electron pair
events with |cosf.+| < 0.9, | cosf.-| < 0.9 and 0, < 170°, (¢c) muon pair and (d) tau pair
events at 182.69 GeV. In each case, the points show the data and the histogram the Monte
Carlo prediction, normalized to the integrated luminosity of the data, with the contribution
from events with true s'/s > 0.7225 shaded in (a), (c) and (d). The arrows in (a), (c) and (d)
show the position of the cut used to select ‘non-radiative’ events.
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Figure 2: Measured total cross-sections (s'/s > 0.01) for different final states at lower ener-
gies [18,16,17,1], and this analysis. Cross-section measurements for hadrons, bb, u*u~ and
7T7~ for §'/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 differ-
ence before plotting. The cross-sections for pu*u~ and 777~ production have been reduced by
a factor of ten for clarity. The curves show the predictions of ZFITTER for hadronic (solid),
bb (dot-dashed), u*pu~ and 777~ (dashed) final states and that of ALIBABA for the eTe~ final
state (dotted). 95
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Figure 3: (a) Measured forward-backward asymmetry for electron pairs with | cosf.-| < 0.7 and
Oacol < 10°, as a function of v/s. The curve shows the prediction of ALIBABA. (b) Measured
asymmetries for all (s'/s > 0.01) and non-radiative (s'/s > 0.7225) samples as functions of /s
for p*p~ and 777~ 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 expectation for s'/s > 0.7225 lies very close to the Born curve, such that it
appears indistinguishable on this plot.
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Figure 4: Angular distributions for (a) hadronic events with s'/s > 0.7225, (b) eTe™ events
with .o < 10°, (¢) ptp~ events with s'/s > 0.7225 and (d) 777~ events with s'/s > 0.7225.
The points show the 183 GeV data, corrected to no interference between 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 interference between initial-
and final-state radiation (solid) and with interference (dashed).
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Figure 8: 95% confidence exclusion limits on gy, or gr as a function of my, for various possible
scalar leptoquarks. (a) and (b) show limits on leptoquarks coupling to a single quark family,
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 interaction. The limits on the Sq and S; /2 leptoquarks can be interpreted as

limits on R-parity violating dg and i, squarks respectively.
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Limits on the coupling for Vector Leptoquarks
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Figure 9: 95% confidence exclusion limits on g;, or gr as a function of mx, for various possible
vector leptoquarks. (a) and (b) show limits on leptoquarks coupling to a single quark family,
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 interaction.
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Limits on coupling A
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Figure 10: 95% confidence exclusion limit on A;3; as a function of sneutrino mass m;, derived
from 777~ 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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Limits on coupling A, ., and A
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Figure 11: 95% confidence exclusion limits on Aj3; (or Aj91) as a function of sneutrino mass
mg, derived from ete™ s’ distributions. The region above the solid line is excluded.
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Limits on coupling A A
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Figure 12: 95% confidence exclusion limit on Aj3; = X932 as a function of sneutrino mass mg,
derived from p*pu~ s distributions. The region above the solid line is excluded.
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