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Abstract

The data collected with the DELPHI detector at high energies (130-172 GeV)

during LEP operation in 1995 and 1996, have been used to determine the

hadronic and leptonic cross-sections and leptonic forward{backward asymme-

tries. In addition, the cross-section ratios and forward{backward asymmetries

for 
avour-tagged samples of light (uds), c and b quarks have been measured.

The results are interpreted by performing S-matrix �ts to these data and to

the data collected previously at the energies near the Z

0

resonance peak (88-

93 GeV). The results are also interpreted in terms of contact interactions,

which parameterise physics beyond the Standard Model. Further interpretation

of the data is made in terms of possible R-parity violating SUSY particles

and of possible Z

0

bosons. No signi�cant deviations from the Standard Model

expectations are found and limits are given for the various interpretations which

are made of physics beyond the Standard Model.
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1 Introduction

At the end of 1995 and in 1996 LEP was run for the �rst time at energies well above

the Z

0

resonance, the LEP-2 regime. A total luminosity of about 26 pb

�1

was collected at

centre-of-mass energies ranging from 130 to 172 GeV, allowing the determination of the

cross-section for the inclusive production of quark-antiquark pairs and for the production

of lepton pairs of each 
avour in a new kinematic domain. Lepton pairs were also used to

extract forward{backward charge asymmetries. In addition, the cross-section ratios and

forward{backward asymmetries for light (uds), c and b quarks have been determined,

using 
avour-tagging techniques.

A characteristic feature of fermion pair production at these energies is that a large

part of the events undergo Initial State Radiation (ISR), which reduces the e�ective

centre-of-mass energy,

p

s

0

; in particular down to Z

0

energies.

The determination of the luminosity and the selection of the di�erent �nal states were

similar to those used at LEP-1 [1,2]. However, the selection criteria were adapted to

the fast decrease of the signal cross-sections with increasing collision energy and to the

emergence of new backgrounds due to four-fermion production. For each collision energy,

the hadronic and leptonic cross-sections and the leptonic forward{backward asymmetries

were computed for the full range of

p

s

0

, as well as for the subsample of events where

p

s

0

was close to the collision energy (

p

s).

A description of the DELPHI apparatus is given in [3] and details on the performance

of the DELPHI detector and algorithms used for reconstruction and simulation can be

found in [4]. The speci�c event generators used for the analyses are described in the

relevant sections of this paper. The details of the LEP energy measurement, luminosity

determination, the computation of s

0

and the analyses of each �nal state, i.e. inclusive

e

+

e

�

, �

+

�

�

, �

+

�

�

and q�q pairs, are given in section 2. In addition to the inclusive

quark-antiquark cross-section data, measurements of the cross-sections for light (u,d,s),

charm (c) and bottom (b) quarks, and of their forward{backward asymmetries, have been

made. The analysis techniques used in extracting these 
avour{tagged samples are also

described in section 2.

The results on the lepton data and inclusive q�q are given in section 3, together with

results on the cross-sections and asymmetries of 
avour-tagged hadronic �nal states.

The cross-sections and asymmetries measured at high energies were combined with the

published Z

0

data [1,2] in order to check the predictions of the Standard Model (SM). The

data were analysed in the framework of the S-matrix approach, achieving a substantial

improvement in the precision of the hadronic 
Z

0

interference compared to the accuracy

obtained from the Z

0

data alone, this is discussed in section 4.

The data are also interpreted in terms of several models, which include physics beyond

the SM, in Sections 5 and 6. Many of these models predict sizeable e�ects in e

+

e

�

collisions at energies above the Z resonance. For example, several models proposed to

explain the anomaly reported by the HERA experiments [5] also predict deviations from

the SM for observables at LEP-2 (e.g. [6,7]). The �rst set of models considered here

parameterise new physics, with a characteristic high energy scale, in terms of e�ective

contact interactions between fermions. Non-conservation of R-parity in Supersymmetric

extensions of the Standard Model could lead to e�ects in both the cross-sections and

forward-backward asymmetries of e

+

e

�

! ff . The high-energy results presented here

are used to determine limits on many of the possible R-parity violating couplings.

Finally, in many extensions to the SM there are additional Z

0

bosons. Such bosons

would give rise to deviations from the SM predictions, both for the cross-sections and
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forward-backward asymmetries, largely through interference e�ects with the SM ampli-

tudes. The theoretical framework of these models is discussed in section 5.

The results of the interpretation of the data presented in this paper in terms of con-

tact interactions and R-parity violating SUSY e�ects is described in section 6. This

interpretation is performed separately for the lepton cross-section and forward{backward

asymmetries and for the 
avour-tagged q�q cross-section and asymmetry data. The high

energy data, together with data taken at the Z-pole, are also interpreted in terms of

possible Z

0

bosons.

A summary and conclusions are given in section 7. For comparison, the results on the

analyses of the high energy e

+

e

�

! ff data from the other LEP experiments can be

found in [8], [9] and [10].

2 Measurements of cross-sections and asymmetries

2.1 LEP energy determination

At energies well above the Z

0

resonance the LEP energy cannot be determined directly

by resonant depolarisation. In 1996, resonant depolarisation was achieved at a beam

energy of 50 GeV. The centre-of-mass energies for the data between 130 and 172 GeV

are determined by using a model of the LEP energy [11,12]. Information on the magnetic

�elds of the dipole magnets, the temperature of the LEP dipole magnets, the RF cavities

and other quantities sensitive to the LEP energy are used in this model. The model is

normalised to the resonant depolarisation data. For higher energies, an extrapolation

must be performed and the uncertainty on the normalisation used in the extrapolation is

the largest source of uncertainty. The estimated uncertainty on the LEP beam energies

are 27 and 30 MeV at beam energies of 80.5 and 86 GeV respectively [11]. For the data

taken in 1995, at beam energies between 65 and 70 GeV, the estimated uncertainty on

the beam energy is 25 MeV [12].

2.2 Luminosity measurement

The luminosity was derived from the rate of events due to Bhabha scattering recon-

structed in the high precision Small angle TIle Calorimeter (STIC) of the experiment,

which consists of two lead scintillator sampling calorimeters. Located at � 220 cm from

the interaction point, they provide full coverage of the region between 29 and 185 mrad

with respect to the beam line. A detailed description of the detector can be found in [13].

The events due to Bhabha scattering were selected by demanding a coincidence of two

showers, coplanar with the beam direction and with energies larger than 65 % of the

beam energy, and by requiring that the reconstructed radial position of the showers were

inside the geometrical acceptance.

Due to a very sharp angular dependence of the Bhabha cross-section at small angles

the uncertainty on the inner edge of the acceptance represents the major experimental

uncertainty in luminosity determination. In 1995 the inner radius of the acceptance on

one side was de�ned by a precisely machined conical tungsten mask projecting to the

interaction point, which absorbs incoming electrons. At the start of 1996, the mask was

removed to increase the acceptance for four-fermion processes. The selection of Bhabha

events was therefore based on the radius of the showers reconstructed in both calorime-

ters. In order to reduce the dependence of the visible cross-section on the longitudinal

position of the interaction point the side with tighter cuts on radial position of showers
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was alternated at each trigger. The loss in precision after the removal of the mask resulted

in an increase of the total experimental systematic uncertainty on the luminosity deter-

mination from 0.09 % in 1995 to 0.5 % in 1996. This value is still small when compared

to the statistical precision of the measured cross-sections for fermion pair production.

The calculation of the visible cross-section was based on the event generator

BHLUMI 4.03 [14], which has a theoretical accuracy of �0:25 %.

Experimental and theoretical systematic uncertainties on the luminosity are not in-

cluded in the errors on the individual cross-section measurements presented hereafter.

They are treated as common to all cross-section measurements in the �tting procedure.

2.3 Determination of s

0

Although slightly di�erent for each �nal state, the computations of

p

s

0

were all per-

formed using the constraint of the collision energy, the reconstructed directions of the

�nal state fermions and the information of the electromagnetic calorimeters on isolated

(ISR) energetic photons. The performance of all

p

s

0

computation methods and the sys-

tematic errors associated to the separation of the non-radiative part of measurements

were estimated from simulated events.

In the e

+

e

�

! q�q(
) analysis, each event was �rst forced into a 2-jet con�guration by

adjusting the value of the parameter d

join

in the LUCLUS [15] clusterisation algorithm.

The value of

p

s

0

was derived from the polar angles of the jet directions (�

1

; �

2

), assuming

that a single ISR photon was emitted along the beam line. This led to the following

expression for the reduced energy squared:

s

0

= s� 2E




p

s; (1)

where E




is the ISR photon energy:

E




=

j sin(�

1

+ �

2

)j

p

s

sin �

1

+ sin �

2

+ j sin(�

1

+ �

2

)j

: (2)

When an isolated energetic photon was reconstructed in the electromagnetic calorimeters

the value of

p

s

0

was computed from the measured photon energy. The fraction of events

where such an isolated photon was observed was close to 25%, in agreement with the

prediction of a Monte Carlo simulation.

In the e

+

e

�

! �

+

�

�

(
) analysis,

p

s

0

was calculated from a kinematic �t procedure,

where four di�erent topologies were investigated for each event: i) no photon radiated,

ii) one photon radiated along the beam line, iii) one seen and one unseen photon in any

direction, iv) a single unseen photon in any direction. The seen photon �t was performed

if a neutral energy deposit greater than 5 GeV was measured in the electromagnetic

calorimeters. A probability was assigned to each of the four hypotheses on the basis of

�

2

of the kinematic �t. The most probable hypothesis was retained, and

p

s

0

was set

accordingly, either to the �tted invariant mass of the muons (topology ii), iii) or iv)), or

to

p

s (topology i)).

In the e

+

e

�

! �

+

�

�

(
) analysis,

p

s

0

was calculated from the estimated fermion

directions using formulae 1 and 2. For the e

+

e

�

! e

+

e

�

(
) channel the analysis is

performed in terms of the acollinearity of the outgoing electron and positron, which is

well determined experimentally and can be treated theoretically. The acollinearity is

correlated to s

0

in s-channel processes, so that a cut on acollinearity can be used to select

events with predominantly low energy initial state radiation.
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e

+

e

�

! e

+

e

�

(
); �

acol

< 20

�

Energy (GeV) 130.2 136.2 161.3 172.1

E�ciency, % 97.3 98.6 97.3 97.0

Background, % 0.16 0.15 0.14 0.10

Total systematic error, % �1:9 �1:5 �1:5 �1:2

e

+

e

�

! e

+

e

�

(
); �

acol

< 90

�

Energy (GeV) 130.2 136.2 161.3 172.1

E�ciency, % 96.4 97.5 95.6 95.6

Background, % 0.5 0.4 0.2 0.3

Total systematic error, % �1:7 �1:4 �1:4 �1:1

Table 1: E�ciencies, residual backgrounds and total systematic errors of the cross-section measurements

for e

+

e

�

! e

+

e

�

(
) channel in the central angular region for di�erent collision energies.

2.4 e

+

e

�

! e

+

e

�

(
) in the central angular region

The analysis was similar to that used for Z

0

energies with the values of the cuts

imposed on energy and momenta scaled according to the centre-of-mass energy. The

details of the event selection can be found in [1,2].

The electron and positron were required to be in the polar angle range 44

�

< � < 136

�

and the non-radiative events were selected by requiring the acollinearity angle between

the �nal state e

+

and e

�

, �

acol

, to be smaller than 20

� 1

. In this region the statistics

were su�cient to apply the method where the selection e�ciency is derived from the data

themselves, using two independent selections based on the information delivered by di�er-

ent sets of subdetectors (one using the barrel electromagnetic calorimeter and the silicon

vertex detector, and the other using the main tracking detectors in the barrel region,

namely, the Inner Detector, the Time Projection Chamber and the Outer Detector).

Another analysis which estimates e�ciency from simulated events was performed for

the acollinearity region between 20

�

and 90

�

. It was checked that this method also gives

consistent results for the region of acollinearity below 20

�

. The sum of the results of

both methods was used to produce the cross-section and asymmetry for an acollinearity

smaller than 90

�

. This cut de�nes the total cross-section and asymmetry measurements

for the e

+

e

�

! e

+

e

�

(
) process in analogy with the low s

0

cut for other channels.

The main background was due to e

+

e

�

! �

+

�

�

(
) events. Its contribution was

estimated from simulation. The other sources of background, as well as the feed-through

from radiative events into the non-radiative sample, were found to be negligible.

Systematic errors on the cross-section measurements arise from event selection, back-

ground subtraction and acceptance de�nition. The e�ciencies, residual backgrounds,

contamination of radiative events in the non-radiative sample and total systematic errors

of the cross-section analyses are given in Table 1 for each collision energy.

The forward{backward asymmetries have been determined with the same samples of

events. Systematic errors on the asymmetry arise from charge confusion and forward{

1

The cut at 20

�

corresponds approximately to selecting event where the invariant mass of the ee pair is

p

s

0

> 0:85

p

s.
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e

+

e

�

! e

+

e

�

(
); �

acol

< 10

�

Energy (GeV) 130.2 136.2 161.3 172.1

E�ciency, % 83.0 82.9 82.8 82.8

Background, % 1.4 1.4 1.4 1.4

Total systematic error, % �2:6 �2:6 �2:8 �2:8

Table 2: E�ciencies, residual backgrounds and total systematic errors of the cross-section measurements

for e

+

e

�

! e

+

e

�

(
) channel in the forward region for di�erent collision energies.

backward acceptance di�erences. They are negligible compared to the statistical preci-

sion.

The t-channel photon exchange dominates the measured cross-section, therefore, the

s-channel contribution cannot be reliably extracted.

2.5 Forward e

+

e

�

! e

+

e

�

(
)

The di�erential e

+

e

�

cross-section was measured in the forward region using the For-

ward Electromagnetic Calorimeter (FEMC). Events were selected by requiring at least

one electromagnetic cluster with an energy greater than 2/3 of the beam energy in each

of the calorimeters (polar angle range 12

�

< � < 35

�

and 145

�

< � < 168

�

) and an

acollinearity between the two clusters smaller than 10 degrees.

The selection e�ciency was derived from the real data by studying events where only

one lepton passed the energy requirements. Simulated events were used to take into

account correlations between hemispheres.

The most relevant background was due to e

+

e

�

! 

(
) events, and amounted to

(1:4 � 0:1)%. The e�ciencies, backgrounds and total systematic errors at each energy

point are summarised in table 2.

2.6 e

+

e

�

! �

+

�

�

(
)

The event selection for the process e

+

e

�

! �

+

�

�

(
) was based on criteria similar

to those used at Z

0

energies. An event was required to have two identi�ed muons in

the polar angle range 20

�

� � � 160

�

, originating from close to the interaction region

(to reduce the cosmic ray background), with the momentum of the most energetic muon

of at least 30 GeV=c. The contamination of the �nal sample by two{photon collision

events, cosmic rays, �

+

�

�

and four{fermion �nal states was further reduced by requiring

the �

+

�

�

invariant mass to be greater than 75 GeV=c

2

. After these selections a small

background contamination was left, with the main source from cosmic ray events. This

was estimated by extrapolating the number of events which were not su�ciently close

to the interaction region into the region from which signal events were selected. At

161 GeV and 172 GeV there was a signi�cant contribution from two{photon interactions.

At 172 GeV, above the threshold for W pair production, there was also a signi�cant

contribution from four{fermion �nal states.

The non{radiative events were selected by requiring

p

s

0

=

p

s � 0:85. The contamina-

tion from Z

0

radiative events was found to decrease with increasing

p

s and was between

1:8% and 0:9%. The decrease was due to the increasing separation between the high
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e

+

e

�

! �

+

�

�

(
);

p

s

0

=

p

s > 0:85

Energy (GeV) 130.2 136.2 161.3 172.1

E�ciency, % 93.0 93.0 91.5 92.5

Background, % 3.2 3.2 3.4 2.2

Feed-through from rad.events, % 1.8 1.8 1.5 0.9

Total systematic error, % �3:7 �3:7 �3:5 �3:4

e

+

e

�

! �

+

�

�

(
);

p

s

0

> 75 GeV

Energy (GeV) 130.2 136.2 161.3 172.1

E�ciency, % 91.0 91.0 91.0 91.0

Background, % 2.5 2.4 3.9 4.5

Total systematic error, % �3:4 �3:4 �3:4 �3:4

Table 3: E�ciencies, residual backgrounds, feed-through from radiative events into the non-radiative

sample and total systematic errors of the cross-section measurements for e

+

e

�

! �

+

�

�

(
) channel for

di�erent collision energies.

energy and radiative return peaks with

p

s. The distributions of

p

s

0

=

p

s obtained for the

data and simulation are shown in Figure 1.

The selection e�ciency was estimated from simulation and was found to be in agree-

ment with the results of another method based on the data themselves. The resulting

cross-sections were corrected to the full angular acceptance using correction factors ob-

tained from DYMU3 [17] and ZFITTER [18]. The e�ciencies, residual backgrounds,

contamination of radiative events in the non-radiative sample and total systematic errors

of the cross-section analyses for di�erent collision energies are given in Table 3.

The forward{backward asymmetry was determined with a counting method: A

fb

=

(N

f

�N

b

)=(N

f

+N

b

), where N

f

and N

b

are the number of events with the �

�

produced in

the forward and the backward region, respectively. Measured asymmetries were corrected

for the background and for the contamination of non-radiative events by events with hard

ISR photons. The correction to the full angular range was performed using DYMU3.

2.7 e

+

e

�

! �

+

�

�

(
)

For the selection of tau pair events, the thrust axis was calculated using the charged

particle momenta, and the particles in each event were then assigned to the hemispheres

formed by the plane perpendicular to the thrust axis and passing through the origin. The

leading charged particle in each hemisphere was required to lie in the polar angle range

j cos �j < 0:94, and the observed charged particle multiplicity was required to be unity in

one hemisphere and no more than �ve in the other. The leading charged particles in both

hemispheres had to be consistent with originating from the interaction region and at least

one of them was required to have momentum greater than 0:025 �

p

s=c. Non-radiative

events were selected by requiring

p

s

0

=

p

s > 0:85.
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Figure 1: Distribution of the reconstructed reduced energy for the e

+

e

�

! �

+

�

�

(
) process. The

points are the data and the histogram shows the simulation from KORALZ normalized to ZFITTER.
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e

+

e

�

! �

+

�

�

(
);

p

s

0

=

p

s > 0:85

Energy (GeV) 130.2 136.2 161.3 172.1

E�ciency, % 45.8 48.7 44.2 46.0

Background, % 15 15 16 12

Feed-through from rad.events, % 7 6 4 8

Total systematic error, % �7 �7 �7 �7

e

+

e

�

! �

+

�

�

(
);

p

s

0

> 75 GeV

Energy (GeV) 130.2 136.2 161.3 172.1

E�ciency, % 44.1 45.8 41.6 40.8

Background, % 17 16 17 16

Total systematic error, % �7 �7 �7 �7

Table 4: E�ciencies, residual backgrounds, feed-through from radiative events into the non-radiative

sample and total systematic errors of the cross-section measurements for e

+

e

�

! �

+

�

�

(
) channel for

di�erent collision energies.

For the rejection of Bhabha events, �-pairs and cosmic ray backgrounds, the acollinear-

ity was required to be greater than 0.5

�

. In addition, a radial momentum was de�ned

as P

rad

=

q

x

2

1

+ x

2

2

, where x

1(2)

is the momentum of the most energetic charged particle

in hemisphere 1(2) normalised to that expected for a dimuon event, P

1(2)

, which was

calculated from the formula

P

1(2)

=

p

s sin �

2(1)

=(j sin(�

1

+ �

2

)j+ sin �

1

+ sin �

2

);

The value of P

rad

was required to be less than 1.1. Similarly, a radial energy, E

rad

, was

de�ned using the total electromagnetic calorimetric energy deposited in a cone of half-

angle 30

�

around the highest momentum charged particle track in each hemisphere, and

its value was required to satisfy E

rad

< 0:8. Dimuon events have a peak at

p

2 in radial

momentumwhile Bhabha events have a peak at

p

2 for both radial momentum and radial

energy.

To reject the remaining two-photon background, the total visible energy of the event

was required to exceed 0:15

p

s, and the transverse momentum of the event to be greater

than 0:04

p

s=c for those events consistent with the reactions e

+

e

�

! e

+

e

�

e

+

e

�

and

e

+

e

�

! e

+

e

�

�

+

�

�

, where both channels were tagged using calorimetric signals. Further

rejection of both Bhabha and e

+

e

�

! e

+

e

�

e

+

e

�

events was obtained by rejecting events

where both leading charged particles had an associated electromagnetic energy greater

than 40% of the measured particle momentum.

The background from e

+

e

�

! WW;ZZ events was reduced by demanding that the

event acoplanarity

1

, was less than 0.3 radians.

The distribution of

p

s

0

=

p

s is presented in Figure 2. The selection e�ciency and

the background estimation were performed using simulated events. The total and non-

1

The event acoplanarity is de�ned as j�

1

� �

2

j � �, where �

1(2)

are the azimuthal angles in the DELPHI coordinate

system [1] of the leading tracks in hemispheres 1 (2),
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e

+

e

�

! q�q(
);

p

s

0

=

p

s > 0:85

Energy (GeV) 130.2 136.2 161.3 172.1

E�ciency, % 85.7 84.6 87.1 86.9

Background, % 1.4 1.5 5.7 19.7

Feed-through from rad.events, % 18.5 17.4 11.4 10.2

Total systematic error, % �3:0 �3:0 �3:0 �3:0

e

+

e

�

! q�q(
);

p

s

0

=

p

s > 0:10

Energy (GeV) 130.2 136.2 161.3 172.1

E�ciency, % 91.4 90.3 88.7 85.9

Background, % 2.9 3.6 7.8 18.0

Total systematic error, % �0:9 �1:0 �1:1 �1:3

Table 5: E�ciencies, residual backgrounds, feed-through from radiative events into the non-radiative

sample and total systematic errors of the cross-section measurements for e

+

e

�

! q�q(
) channel for

di�erent collision energies.

radiative cross-sections were determined after correcting for selection e�ciency and back-

ground, and for feed-through from radiative events in the case of the non-radiative cross-

sections.

The e�ciencies, residual backgrounds, contamination of radiative events in the non-

radiative sample and total systematic errors of the cross-section analyses for di�erent

collision energies are given in Table 4.

The forward{backward charge asymmetry was determined using the counting method

where the thrust axis de�ned the polar angle. The asymmetry was corrected for accep-

tance and background and in the case of the high-energy sample for feed-through from

radiative events.

2.8 Inclusive e

+

e

�

! q�q(
)

The selection of inclusive hadronic �nal states was based on the charged particle tracks

chosen with the criteria described in [1,2]. Events were retained if they contained at least

7 charged particles and if the energy of charged particles was greater than 15 % of the

collision energy. In addition, the quantity

q

E

2

F

+ E

2

B

, where E

F

and E

B

are the total

energy seen in the Forward and Backward electromagnetic calorimeters, was required to

be less than 90 % of the beam energy.

The selection e�ciency was computed from simulated events produced with the

PYTHIA 5.7 [15] generator, which was tuned on the data collected by DELPHI around

the Z

0

[19].

The residual background contamination was estimated with simulated event samples.

The TWOGAM generator [20] was used to simulate two-photon collisions, PYTHIA and

BABAMC [21] were used for lepton pair production, and PYTHIA was used for four-

fermion production. Below 161 GeV, the main background contributions to the total
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cross-section measurement came from two-photon interactions and from Z

0

e

+

e

�

events

(amounting typically to 5.5 � 1 pb and 1.8 � 0.5 pb, respectively). Above 161 GeV,

W-pair production became a substantial background. It dominates at 172 GeV, with

a contribution of 10.9 � 0.3 pb to the total cross-section and of 4.9 � 0.2 pb to the

non-radiative cross-section.

The distribution of the reconstructed reduced energy is presented in Figure 3 for the

four collision energies. The total cross-section refers to

p

s

0

=

p

s > 0:1, whereas the non-

radiative cross-section refers to

p

s

0

=

p

s > 0:85. The resolution on the latter cut value

translates into a purity of the non-radiative event sample which increases from about

82% at 130 GeV to about 90 % at 172 GeV. The systematic uncertainty on the selection

e�ciency for non-radiative events, which amounts to � 2.5 %, was dominated by the

accuracy of the determination of

p

s

0

=

p

s which also includes the uncertainty in the ISR.

The e�ciencies, residual backgrounds and contamination of radiative events in the

non-radiative sample entering the computation of the cross-sections are given in Table 5

for each collision energy, together with the total systematic uncertainties associated to

each measurement.

2.9 Flavour-tagged hadronic �nal states

The hadronic data were analysed to investigate the separate production of bottom,

charm and light quarks.

The selection of hadronic events was as described for inclusive hadronic �nal states.

In addition, the thrust axis of the event was calculated including neutral particles and its

polar angle was required to be between 25

�

and 155

�

. The charged and neutral particles

were clustered into jets using the LUCLUS algorithm with an invariant mass cut of 5

GeV/c

2

. To remove W

+

W

�

events in the 161 and 172 GeV data, only events with 3

jets or less were kept. In addition, events with three jets were rejected if one of the

jets contained only one charged particle and at most two neutral particles. The e�ective

c.m.s. energy

p

s

0

was calculated as described in section 2.3. To remove events that

return radiatively to the Z,

p

s

0

=

p

s > 0:85 was required. A total sample of 426 hadronic

events at a c.m.s. energy of 130 and 136 GeV, 288 events at 161 GeV and 232 events at

172 GeV were selected. The W

+

W

�

background in the total sample amounts to 0.8%

at 161 GeV and 1.7% at 172 GeV. For the simulation, the DYMU3 and PYTHIA [17,15]

generator (with DELPHI tuning [19]) were used to generate qq(
) and W

+

W

�

events.

The selected hadronic events were divided into three main classes The �rst class was

enriched in bottom quarks, the second in charm quarks and the third in light quarks.

The 
avour separation was based on the probability that all the tracks in an event came

from the primary vertex [22]. For light quark events this is typically large, whereas for

a large fraction of events containing a bottom quark this probability is low, due to the

long lifetime of B hadrons. The de�nitions of the classes were chosen to optimise the

e�ciency and purity for the di�erent categories. The e�ciencies and purities after this

classi�cation for the energies of 161-172 GeV with

p

s

0

=

p

s > 0:85 obtained by simulation

are shown in Table 6.

Hadronic events collected to calibrate the detector at Z energies, were used to check the

predicted rates observed for the 3 classes. For the 1995 data 41k events were selected, for

the 1996 data 21k. The fractions of tagged events in data and simulation were compared

and their ratios were found to be 0.942 � 0.010 (1.011 � 0.017) for the b tag, 1.046

� 0.010 (1.052 � 0.017) for the c tag, and 1.006 � 0.005 (0.983 � 0.010) for the light

quark tag. The numbers in brackets correspond to the Z data taken in 1996, the errors
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tag e�ciency b content c content uds content

b enriched 0.78 (b) 0.76 0.19 0.05

c enriched 0.35 (c) 0.14 0.43 0.43

uds enriched 0.79 (uds) 0.03 0.21 0.76

Table 6: E�ciencies and purities for the di�erent tags at energies of 161-172 GeV.

are statistical only. The tagging rates agree to better than �10% with the values from

the simulation. To obtain predictions for the tagging rates at 130 GeV and above, the

rates predicted by the simulation were corrected using these fractions. It was assumed

that the fractions of bottom, charm and light quark events at the Z are the same as

predicted in the Standard Model. This procedure reduced substantially the systematic

errors a�ecting the quark cross-section ratios at energies above 130 GeV. It is believed

that any bias coming from the di�erence in the 
avour composition at the Z and at high

energy can be neglected given the accuracy of the measurement.

The observed numbers of events in the 
avour-tagged samples of hadronic �nal states

were compared to the expected number of events assuming the Standard Model fractions

for bottom, charm and light quark events, after applying the correction factors obtained

from the Z data. The results for the b, c and uds enriched classes are shown in Table

7, together with the statistical and systematic errors coming from the simulation. The

statistical error came from the limited statistics in the simulation. The systematic error

had two components. The �rst was due to the statistical uncertainty on the correction

derived from the normalisation of the quark production rates to the hadronic Z data.

The second uncertainty came from applying the discrepancy between the data and the

simulation at the Z to the high energy data. It was assumed that the bottom, charm

and light quark e�ciencies in the simulation had an uncertainty of at most 10%. The

error on the expected tagging rate was then evaluated by taking the worst case scenarios,

e.g. where discrepancies for the light quark tag were fully attributed to presence of

charm background. The quadratic sum of these two components is quoted as the total

systematic error. The results for the observed number of events were compatible within

approximately one standard deviation with the number of expected events in the Standard

Model.

At the Z-pole the forward-backward asymmetries for quarks are around 10 % in

the Standard Model. At centre-of-mass energies of 161-172 GeV, much larger forward-

backward asymmetries of typically 50 % and higher are expected. The jet charge Q

jet

[23]

was used to determine the direction of the quark and that of the anti-quark,

Q

jet

=

X

i

q

i

p

�

i==

=

X

i

p

�

i==

(3)

with � = 0:6, p

i==

the momentum component along the thrust axis, and i runs over the

charged particles in one hemisphere, de�ned by the thrust axis. The forward-backward

jet charge Q

FB

is de�ned as the di�erence of the charges in the two hemispheres. Events

with a Q

FB

larger than 0.2 or less than -0.2 were selected, and the direction of the thrust

axis was signed, assuming the quark (not anti-quark) had positive charge, to give an

estimate of the initial quark direction. The angular distribution can be described by:

d�

d cos �

t

= 1 + cos

2

�

t

+ 8=3 A

FB

cos �

t

; (4)
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p

s = 130� 136 GeV

tag

observed

events

expected

events

stat:error

(sim)

syst:error

(sim)

b enriched 68 70.4 �3:0 �0:8

c enriched 73 76.1 �3:1 �1:1

uds enriched 251 245.5 �5:6 �4:9

p

s = 161� 172 GeV

tag

observed

events

expected

events

stat:error

(sim)

syst:error

(sim)

b enriched 85 95.2 �1:5 �1:7

c enriched 117 105.3 �1:6 �2:1

uds enriched 294 295.5 �2:7 �6:5

Table 7: Observed and expected number of events and errors for the di�erent tags at energies of 130-136

and 161-172 GeV with

p

s

0

=

p

s > 0:85.

p

s = 130� 136 GeV

tag A

obs

FB

A

exp

FB

stat:error

(sim)

syst:error

(sim)

all �0:039 � 0:065 0.001 0.023 0.002

b enriched �0:199 � 0:153 -0.113 0.059 0.020

c enriched 0:078 � 0:146 0.048 0.058 0.010

uds enriched �0:044 � 0:086 0.021 0.031 0.010

p

s = 161� 172 GeV

tag A

obs

FB

A

exp

FB

stat:error

(sim)

syst:error

(sim)

all 0:025 � 0:058 0.023 0.009 0.002

b enriched �0:357 � 0:139 -0.146 0.023 0.020

c enriched 0:120 � 0:127 0.044 0.023 0.010

uds enriched 0:072 � 0:076 0.064 0.013 0.010

Table 8: The observed and expected forward-backward charge asymmetry for the di�erent tags at

energies of 130-136 and 161-172 GeV with

p

s

0

=

p

s > 0:85.
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where �

t

is the signed polar angle of the thrust axis and A

FB

the forward-backward charge

asymmetry. The angular distributions were �tted in the range j cos �

t

j < 0:8. The charge

asymmetry is positive for charm and up quarks, and negative for bottom, strange and

down quarks.Angular dependent e�ciency e�ects were negligible at the level of precision

of this measurement.

The observed asymmetry A

obs

FB

is smaller than the real asymmetry because the jet

charge sometimes gives the wrong sign. This can be expressed by a charge confusion

factor C, according to the following equation:

A

obs

FB

= CA

FB

: (5)

Using the simulation, the constant C was determined to be 0.54 for bottom, 0.37 for

charm, 0.55 for strange, 0.62 for up, and 0.52 for down quarks at energies of 161-172

GeV. The angular distributions at energies of 161-172 GeV for all events and for bottom,

charm and light quark enriched samples are shown together with the �tted curves in

Figure 4. The shaded areas give the Standard Model predictions from the simulation.

The results for the di�erent samples at energies of 130-136 and 161-172 GeV for the

observed and expected charge asymmetry are shown in Table 8.

The systematic error listed in the last column comes from two sources: �rstly, from

a 15% uncertainty on the charge confusion factors C; and secondly, the discrepancies

between data and simulation observed in the tagging rates at the Z which were propagated

according to the method described above.

The results for the observed forward-backward charge asymmetries are in agreement

with the Standard Model expectation.

Possible detector e�ects a�ecting the asymmetry measurement were studied. Several

distributions were checked using the higher statistics Z data, e.g. by comparing the jet

charge in the forward region and the s

0

distributions with the simulation. The distribu-

tions were consistent with the expectations from the simulation. Further, the observed

forward-backward charge asymmetries at the Z were compared to the Standard Model

expectations for 
avour-tagged events and found to be A

obs

FB

� A

exp

FB

= -0.015 � 0.013

(all), -0.003 � 0.036 (b enriched), -0.013 � 0.034 (c enriched) and -0.023 � 0.019 (uds

enriched); consistent with expectations.

3 Results for cross-sections and asymmetries

3.1 Inclusive e

+

e

�

! q�q(
) and leptonic �nal states

The luminosity and statistics accumulated at each collision energy are summarised

in Table 9 for the inclusive e

+

e

�

! q�q(
) �nal state and leptonic �nal states. The

results of the cross-section and asymmetry measurements for these di�erent �nal states

are summarised in Table 10. The errors indicated are statistical only. The systematic

errors are those presented in Table 1,3,4,5 and in the section devoted to the luminosity

measurement.

For the e

+

e

�

�nal state the photon exchange in the t-channel dominates the measured

cross-section. As a consequence, the s-channel contribution cannot be extracted reliably.

These e

+

e

�

cross-sections and asymmetries were not included in the S-matrix �ts de-

scribed in Section 4. However, as can be seen from Table 10, they are compatible with

the Standard Model predictions calculated with the TOPAZ0 program [24].

Figures 5 and 6 show the measured hadron, muon and tau cross-sections and forward{

backward asymmetries from the Z

0

-peak energies up to 172 GeV. The muon data below
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Figure 4: The charge-signed polar angle distributions for all events, b, c and uds enriched events at

energies of 161-172 GeV. The grey area gives the Standard Model prediction, the dots with error bars

represent the data, the solid line shows the �t of equation 4 to the data.
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Energy (GeV) 130.2 136.2 161.3 172.1

Integrated Luminosity (pb

�1

) 2.87 2.96 9.95 9.98

Number of events: e

+

e

�

! q�q(
) 868 715 1526 1288

e

+

e

�

! e

+

e

�

(
) 129 152 276 312

e

+

e

�

! �

+

�

�

(
) 56 40 72 70

e

+

e

�

! �

+

�

�

(
) 33 29 58 54

Table 9: Integrated luminosity and statistics used in the analyses of the di�erent �nal states and

collision energies. For the e

+

e

�

! e

+

e

�

(
) channel, the values refer to the analysis in the central

angular region with �

acol

< 90

�

, whereas for the other channels, the numbers refer to the analyses with

low s

0

cut.

the Z

0

, shown in the same �gures, are taken from [25]. Electron cross-section and forward{

backward asymmetry including full (s+t) contribution are presented in Figures 7 and 8.

The curves show the ZFITTER, or TOPAZ0 (in the case of electrons), predictions.

3.2 Forward e

+

e

�

! e

+

e

�

(
)

The di�erential cross-sections for forward e

+

e

�

! e

+

e

�

(
) measured at collision

energies of 161 and 172 GeV are shown in Figure 9 compared to the predictions of

ALIBABA [26]. The total numbers of events selected and the cross-sections integrated

over the full angular coverage are given in Table 11. The systematic error on these mea-

surements was estimated to be 2.6%, with a dominant contribution from the knowledge

of the acceptance, the precision of the absolute polar angle calibration being 0:13

�

. The

data are in agreement with the theoretical predictions.

3.3 Flavour-tagged events

From the measured event rates and asymmetries for 
avour-tagged events it is possible

to extract cross-section ratios and asymmetries for bottom, charm, strange, up and down

quarks. The cross-section ratio R

q

is de�ned as the ratio of the quark cross-section �

q

and the total hadronic cross-section �

h

.

To extract the cross-section for one quark 
avour, the cross-sections for the other


avours were taken from the Standard Model

2

The results are given in Table 12. The

central values of the derived quark cross-section ratios do not add up exactly to unity.

This is because of the various correction factors, taken from data and simulation, applied

to the observed numbers in the three tagged samples to obtain the quark production rates.

In Figure 10, the cross-section ratios for bottom, charm and light uds quarks are shown

as a function of the centre-of-mass energy, together with the predictions from ZFITTER.

To extract the forward-backward asymmetry for one quark 
avour, the cross-sections

and asymmetries for the other 
avours were taken from the Standard Model. The ob-

2

According to the formula R

q

=

�

q

�

h

= R

SM

q

(1 +

N

obs

q

�N

exp

N

exp

P

q

), where q denotes b, c or uds quarks, R

q

refers to the

extracted cross-section ratio, R

SM

q

to the Standard Model expectation, N

obs

q

(N

exp

q

) to the observed (expected) number

of events for a given q enriched tag (see Table 7) and P

q

to the q purity for a q enriched tag. For the 161-172 GeV data

the purities can be found in Table 6.
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Energy (GeV) 130.2 136.2 161.3 172.1

�

had

(pb)

p

s

0

=

p

s > 0:85 82:1 � 5:2 65:1� 4:7 41:5 � 2:1 30:8 � 1:9

Theory 83.1 67.0 34.8 28.9

p

s

0

=

p

s > 0:10 328:4 � 11:4 259:6 � 10:0 160:7 � 4:5 127:7 � 4:2

Theory 327.2 270.5 147.0 123.0

�

��

(pb)

p

s

0

=

p

s > 0:85 9:7 � 1:9 6:6� 1:6 3:7 � 0:7 3:7� 0:7

Theory 8.1 7.0 4.5 3.8

p

s

0

> 75 GeV 24:3 � 3:2 17:0� 2:6 9:4 � 1:1 9:0� 1:1

Theory 19.9 17.0 10.2 8.7

�

��

(pb)

p

s

0

=

p

s > 0:85 10:2 � 3:1 8:8� 3:0 5:2 � 1:2 4:6� 1:1

Theory 8.3 7.2 4.6 3.9

p

s

0

> 75 GeV 22:2 � 4:6 17:7� 3:9 11:9 � 1:8 11:4 � 1:8

Theory 20.2 17.2 10.3 8.8

A

�

FB

p

s

0

=

p

s > 0:85 0:67 � 0:15 0:74� 0:16 0:43 � 0:16 0:94 � 0:14

Theory 0.72 0.69 0.62 0.61

p

s

0

> 75 GeV 0:45 � 0:12 0:56� 0:13 0:39 � 0:11 0:55 � 0:10

Theory 0.34 0.34 0.33 0.33

A

�

FB

p

s

0

=

p

s > 0:85 0:73 � 0:17 0:49� 0:23 0:92 � 0:08 0:13 � 0:20

Theory 0.72 0.70 0.62 0.61

p

s

0

> 75 GeV 0:31 � 0:17 0:26� 0:19 0:39 � 0:12 0:19 � 0:14

Theory 0.33 0.33 0.32 0.32

�

ee

(pb) �

acol

< 20

�

42:0 � 4:0 47:1� 4:2 27:5 � 1:8 30:7 � 1:9

Theory 48:7 44:6 31:9 28:0

�

acol

< 90

�

48:0 � 4:3 54:1� 4:5 31:1 � 1:9 34:2 � 2:0

Theory 56:3 50:8 35:1 30:6

A

e

FB

�

acol

< 20

�

0:81 � 0:06 0:89� 0:04 0:82 � 0:04 0:81 � 0:04

Theory 0:81 0:81 0:82 0:82

�

acol

< 90

�

0:75 � 0:06 0:78� 0:05 0:77 � 0:04 0:76 � 0:04

Theory 0:72 0:73 0:76 0:77

Table 10: Results of the cross-section and asymmetry measurements for the di�erent �nal states and

collision energies. The errors indicated are statistical only. Systematic errors are given in Tables 1,3,4

and 5 and in the section devoted to the luminosity measurement. The theoretical prediction is also

indicated. The hadronic, muon and tau results are corrected for all cuts, apart from the s

0

cut. In case

of the e

+

e

�

! e

+

e

�

(
) channel the numbers are restricted to the Barrel analysis, which are corrected

for all cuts except the acollinearity and polar angle acceptance.
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Figure 5: Cross-sections for e

+

e

�

! q�q(
), �

+

�

�


 and �

+

�

�


 processes measured from Z

0

-resonance

energies up to 172 GeV. The data at the Z resonance are the published results of the Z lineshape

corrected to the acceptance

p

s

0

> 0:10

p

s for hadrons and

p

s

0

> 0:50

p

s for leptons. The data for

muons below the Z peak are from the analysis of e

+

e

�

! �

+

�

�

(
) data at LEP I, also corrected to

p

s

0

> 0:50

p

s. The curves are the predictions of the ZFITTER program.
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Figure 6: The forward{backward charge asymmetries measured in the reactions e

+

e

�

! �

+

�

�

(
) and

�

+

�

�


 at energies from Z

0

-peak up to 172 GeV. The data at the Z resonance are the published results

of the Z lineshape corrected to the acceptance

p

s

0

> 0:10

p

s for hadrons and

p

s

0

> 0:50

p

s for leptons.

The data for muons below the Z peak are from the analysis of e

+

e

�

! �

+

�

�

(
) data at LEP I, also

corrected to

p

s

0

> 0:50

p

s. The curves are the predictions of the ZFITTER program.
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Figure 7: The measured electron cross-sections from the Z

0

-peak energies up to 172 GeV. The curves

are the predictions of the TOPAZ0 program.

Collision energy Total number Cross-section

(GeV) of events (nb)

130.2 2697 1.125 � 0.022

136.2 2585 1.032 � 0.020

161.3 6055 0.787 � 0.010

172.1 5546 0.705 � 0.009

Table 11: The number of events and the integrated cross-section in the range 12

�

< � < 35

�

for the

reaction e

+

e

�

! e

+

e

�

(
) as a function of collision energy. The errors given are statistical only.
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-peak energies up

to 172 GeV. The curves are the predictions of the TOPAZ0 program.
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served asymmetry A

obs

FB

is related to the quark asymmetries A

i

FB

in the following way:

A

obs

FB

=

X

i

q

i

jq

i

j

C

i

P

i

A

i

FB

;

where i runs over the quarks, C denotes the charge confusion factor, and P the purity,

and q

i

the charge on the quark. This de�nition results in a minus sign to convert the

observed charge asymmetry into the forward-backward quark asymmetry for bottom,

strange and down quarks, which corrects the implicit assumption that the charge of the

quark was positive, which was introduced when signing the thrust axis by the forward-

backward jet-charge. The results of this procedure with the correlation matrices

3

are

given in Table 12. The forward-backward quark asymmetries should by de�nition lie

between -1 and 1, the measured quark asymmetry can go outside this range because

the charge confusion factor and the purity are both smaller than 1. The derived up,

down and strange quark asymmetries are fully correlated because they derived from the

charge asymmetry measured in the uds enriched sample. The DELPHI data con�rm

the expected rise of the forward-backward asymmetry for quarks as a function of the

centre-of-mass energy above the Z-pole.

The measurements for 
avour-tagged cross-section ratios and asymmetries are in agree-

ment with the Standard Model.

4 Interpretation of results using S-matrix formalism

In this section the results of the inclusive q�q cross-sections and the leptonic cross-

sections and forward{backward asymmetries are discussed in the context of the Standard

Model. As can be seen from Table 10 all the results are in reasonable agreement with

the expectations of the Standard Model.

The underlying physics can be parameterised in a quasi-model independent way using

the S-matrix approach [27,28]. Fits to the measured inclusive hadronic, muon and tau

cross-sections and muon and tau forward{backward asymmetries were carried out in this

framework using the corresponding branch of the ZFITTER program. The �ts included

also hadronic, electron, muon and tau DELPHI data collected near the Z

0

resonance [1,2].

The usual de�nitions of the mass (M

Z

) and width (�

Z

) of a Breit-Wigner resonance were

used, the width being s-dependent.

The S-matrix parameters r and j scale the Z

0

exchange and the 
Z

0

interference

contributions to the total cross-section and forward-backward lepton asymmetries. The

contribution of the pure 
 exchange was �xed to its value predicted by QED in all �ts.

The results of the �ts are presented in Table 13. The �

2

amounted to 231.1 in the case

of the 16-parameter �t (i.e. without assuming lepton universality) and to 240.4 for the

8-parameter �t (where lepton universality was assumed). The number of points �tted

was 217 in both cases. The correlation coe�cients between the free parameters of the

8-parameter �t are shown in Table 14.

The data support the hypothesis of lepton universality. Overall, the measurements

are well reproduced by the Standard Model predictions. At 161 GeV, however, the

measured total hadronic cross-section is 3.1 statistical standard deviations larger than

the theoretical prediction. The di�erence is not concentrated at high values of

p

s

0

=

p

s

and the cross-section measured at higher collision energy (i.e. 172 GeV) agrees well with

3

The elements of the correlation matrices �R

q

=�R

x

, �A

q

FB

=�A

x

FB

and �A

q

FB

=�R

x

are given for the working point

R

b

= R

SM

b

, R

c

= R

SM

c

and R

uds

= R

SM

uds

and are only valid for small deviations from these expectations.
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R

q

(

p

s = 130� 136 GeV)

quark 
avour R

q

R

SM

q

�R

q

=�R

b

�R

q

=�R

c

�R

q

=�R

uds

bottom 0:174 � 0:028 0.182 1 0.20 0.02

charm 0:199 � 0:073 0.225 0.40 1 0.38

light uds 0:610 � 0:050 0.593 0.13 0.73 1

R

q

(

p

s = 161� 172 GeV)

quark 
avour R

q

R

SM

q

�R

q

=�R

b

�R

q

=�R

c

�R

q

=�R

uds

bottom 0:142 � 0:024 0.165 1 0.17 0.02

charm 0:314 � 0:055 0.250 0.49 1 0.43

light uds 0:581 � 0:047 0.585 0.14 0.64 1

A

q

FB

(

p

s = 130� 136 GeV)

quark 
avour A

q

FB

A

SM

FB

�A

q

FB

=�A

b

FB

�A

q

FB

=�A

c

FB

�A

q

FB

=�A

s(d)

FB

�A

q

FB

=�A

u

FB

bottom 0:67 � 0:39 0.475 1 -0.17 0.02 -0.03

charm 0:90 � 1:17 0.679 -0.48 1 0.46 -0.63

strange 0:95 � 0:68 0.473 0.12 -0.60 1 (0.95) -1.37

up 0:30 � 0:54 0.679 -0.09 0.44 -0.70 1

down 0:95 � 0:67 0.473 0.13 -0.63 1.05 (1) -1.45

A

q

FB

(

p

s = 161� 172 GeV)

quark 
avour A

q

FB

A

SM

FB

�A

q

FB

=�A

b

FB

�A

q

FB

=�A

c

FB

�A

q

FB

=�A

s(d)

FB

�A

q

FB

=�A

u

FB

bottom 1:05 � 0:35 0.545 1 -0.17 0.02 -0.03

charm 1:14 � 0:81 0.663 -0.48 1 0.43 -0.71

strange 0:48 � 0:65 0.543 0.13 -0.65 1 (0.95) -1.67

up 0:70 � 0:39 0.663 -0.08 0.39 -0.59 1

down 0:48 � 0:64 0.543 0.14 -0.69 1.06 (1) -1.78

�A

q

FB

=�R

q

(

p

s = 130� 136 GeV)

quark 
avour �A

q

FB

=�R

b

�A

q

FB

=�R

c

�A

q

FB

=�R

s(d)

�A

q

FB

=�R

u

bottom 1.0 -0.80 0.02 -0.12

charm -1.6 2.1 -1.5 1.6

strange 0.38 -1.4 2.9 -3.6

up -0.27 1.1 -2.1 2.6

down 0.41 -1.5 3.1 -3.8

�A

q

FB

=�R

q

(

p

s = 161� 172 GeV)

quark 
avour �A

q

FB

=�R

b

�A

q

FB

=�R

c

�A

q

FB

=�R

s(d)

�A

q

FB

=�R

u

bottom 1.2 -0.77 0.03 -0.12

charm -1.9 1.8 -1.6 1.6

strange 0.52 -1.4 3.7 -3.8

up -0.31 0.8 -2.2 2.3

down 0.55 -1.4 3.9 -4.1

Table 12: Results for 
avour tagged samples at energies of 130-136 and 161-172 GeV with

p

s

0

=

p

s > 0:85: the derived quark cross-section ratios R

q

, the Standard Model expectations R

SM

q

from

ZFITTER and the correlation matrix for di�erent 
avours; the observed and expected forward-backward

quark asymmetryA

q

FB

from ZFITTER and the correlation matrix for di�erent 
avours; and the elements

of the correlation matrix �A

q

FB

=�R

x

for the results presented above.
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Figure 10: The measured cross-section ratios R

q

for bottom, charm and light uds quarks as a function

of the centre-of-mass energy, together with the predictions from ZFITTER. Note that in the extraction of

the individual cross-section ratios R

q

, the other cross-section ratios are taken from the Standard Model.
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Parameter Value SM prediction

M

Z

[GeV] 91.183�0.006 -

�

Z

[GeV] 2.488�0.004 2.498

r

tot

had

2.952�0.010 2.969

r

tot

e

0.1411�0.0009

r

tot

�

0.1427�0.0007

r

tot

�

0.1418�0.0010

r

tot

`

0.1421�0.0006 0.1427

j

tot

had

0.41�0.29 0.22

j

tot

e

-0.034�0.046

j

tot

�

0.056�0.030

j

tot

�

0.019�0.037

j

tot

`

0.027�0.023 0.004

r

fb

e

0.0033�0.0009

r

fb

�

0.0028�0.0005

r

fb

�

0.0042�0.0007

r

fb

`

0.00323�0.00038 0.00272

j

fb

e

0.82�0.07

j

fb

�

0.763�0.034

j

fb

�

0.746�0.040

j

fb

`

0.763�0.025 0.799

Table 13: Results of the 16- and 8-parameter �ts to the combined line-shape and high energy data.

Also shown are the Standard Model predictions for the �t parameters.
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the theory. The di�erence is therefore likely to originate from a statistical 
uctuation of

the overall normalisation.

Figures 5 and 6 show the measured hadron, muon and tau cross-sections and forward{

backward asymmetries from the Z

0

-peak energies up to 172 GeV. Electron cross-section

and forward{backward asymmetry including full (s+t) contribution are presented in Fig-

ures 7 and 8. The curves show the ZFITTER, or TOPAZ0 (in the case of electrons),

predictions.

The correlation between the parameters M

Z

and j

tot

had

is shown in Figure 11. It can

be seen that a signi�cant improvement on the precision on the hadronic interference

parameter, j

tot

had

, is obtained when the high energy data are included in the �ts.

5 Physics Beyond the Standard Model

Data from e

+

e

�

collisions at LEP-2 energies can be used to put severe constraints on

physics beyond the Standard Model. Such measurements could have an impact on the

interpretation of measurements from other experiments, for example [5{7].

Interactions not described by the Standard Model can in
uence the di�erential cross-

sections for the fermion pair production, e

+

e

�

! ff , leading to deviations from the

Standard Model predictions. For example, the existence of a new particle with a mass of

around 200 GeV/c

2

, will produce virtual e�ects at lower energies, and the cross-sections

or forward-backward asymmetries might deviate from the Standard Model expectations.

The measured cross-sections and asymmetries for di�erent quark 
avours and lepton

species at LEP2 might therefore be di�erent from the SM predictions. The values of the

cross-sections and forward-backward asymmetries for fermion pair production measured

by the DELPHI collaboration at

p

s = 130�172GeV were used to search for such e�ects

in a variety of models.

5.1 Contact interactions

The �rst set of models considered here involve contact interactions between the initial

and �nal state fermionic currents. Such models provide a general description of the

low energy behaviour of new physics with a high characteristic energy scale. Following

reference [29] these interactions are parameterised by an e�ective Lagrangian, added to

the Standard Model Lagrangian L

eff

, of the form:

L

eff

=

g

2

2(1 + �)�

2

X

i;j=L;R

�

ij

e

i




�

e

i

f

j




�

f

j

; (6)

where g

2

=4� is taken to be 1 by convention, � = 1(0) for f = e(f 6= e), �

ij

= �1 or 0,

� is the scale of the contact interactions

4

, e

i

and f

j

are are left or right-handed spinors.

By assuming di�erent helicity coupling between the initial state and �nal state currents

and either constructive or destructive interference with the Standard Model (according

to the choice of each �

ij

) a basic set of 12 di�erent models can be de�ned from this

Lagrangian [30]. The di�erential cross-section for scattering the outgoing fermion at an

4

This choice of g

2

is somewhat arbitrary; if the coupling constant was taken to be �

s

much lower limits on � would be

obtained.
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Figure 11: Probability contour plot in the M

Z

-j

tot

had

plane. The dotted curve shows the region accepted

at the 68% con�dence level from a �t to data taken at the energies around Z

0

; the solid curve shows the

region accepted at the same con�dence level when the high energy data is also included in the �t.

�

Z

r

tot

had

r

tot

`

j

tot

had

j

tot

`

r

fb

`

j

fb

`

M

Z

-.15 -.11 -.09 -.85 -.54 .17 -.04

�

Z

.84 .69 .21 .12 .00 .08

r

tot

had

.73 .17 .09 .01 .08

r

tot

`

.13 .14 .03 .12

j

tot

had

.52 -.15 .04

j

tot

`

-.06 .03

r

fb

`

.14

Table 14: Correlation matrix of the 8-parameter �t.
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ijk limit C.L. (%) Derived from

121 0.10 95 Charged Current Universality

122 0.10 95 Charged Current Universality

123 0.10 95 Charged Current Universality

131 0.16 95 Tau Decay

132 0.16 95 Tau Decay

133 0.006 - Mass of �

e

limit < 5 eV

231 0.16 95 Tau Decay

232 0.16 95 Tau Decay

233 0.16 95 Tau Decay

Table 15: Existing limit on �

ijk

for assumed sneutrino masses of 200 GeV.

angle � with respect to the incident e

�

direction is given by [31,32]

d�

d cos �

=

��

2

2s

N

f

c

8

>

>

>

>

>

>

<

>

>

>

>

>

>

:

�

�

�

�A

ee

LR

�

�

�

2

+

�

�

�A

ee

RL

�

�

�

2

�

(

s

t

)

2

� +

�

�

�

�A

ef

LR

�

�

�

2

+

�

�

�A

ef

RL

�

�

�

2

�

(

t

s

)

2

+

�

�

�

�A

ef

LL

�

�

�

2

+

�

�

�A

ef

RR

�

�

�

2

�

(

u

s

)

2

9

>

>

>

>

>

>

=

>

>

>

>

>

>

;

; (7)

where s, t and u are the Mandelstam variables and N

f

c

is the number of colours for

fermion f . The A

ij

and A

ij

are helicity amplitudes for the scattering process. When

the helicity amplitudes are squared, 3 sets of terms arise: the �rst set contains purely

Standard Model terms; the second set of terms derive from the interference between

contact interactions and the Standard Model, these terms are proportional to 1=�

2

; the

�nal set of terms are due to contact interactions alone and are proportional to 1=�

4

. For

the purpose of �tting contact interaction models to the data, a new parameter � = 1=�

2

is de�ned; with � = 0 in the limit that there are no contact interactions. This parameter

is allowed to take both positive and negative values. It is worth noting that there is

a symmetry between models with �

ij

= +1 and those with �

ij

= �1. The predicted

di�erential cross-section in the constructive (+) models is the same as the destructive (-)

models for �

�

= ��

+

.

5.2 Sneutrino exchange models

The second set of models consider possible s or t channel sneutrino ~�

`

exchange in

R-parity violating supersymmetry [33], which can a�ect the channel e

+

e

�

! l

+

l

�

. The

purely leptonic part of the R-parity violating superpotential has the form

�

ijk

L

i

L

L

j

L

E

k

R

where ijk are generation indices, L

L

represents a left-handed leptonic super�eld doublet

and E

R

corresponds to the right-handed singlet super�eld of charged leptons. The cou-

pling �

ijk

is only non-zero for combinations involving at least two generations and for

i

<

j.

For the channel e

+

e

�

! e

+

e

�

there are possible contributions from the s-channel

production and t-channel exchange of either ~�

�

(�

121

6= 0) or ~�

�

(�

131

6= 0). For the

channels e

+

e

�

! �

+

�

�

and e

+

e

�

! �

+

�

�

there is no s-channel contribution if only one
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ijk limit C.L. (%) Derived from

111 0.001 68 Neutrinoless double beta decay

112 0.028 95 Charged current universality

113 0.028 95 Charged current universality

121 0.034 95 Atomic parity violation

131 0.034 95 Atomic parity violation

122 0.06 - Mass of �

e

limit < 5 eV

133 0.002 - Mass of �

e

limit < 5 eV

123 0.30 95 D

0

�D

0

mixing

132 0.48 95 �(Hadron)=�(Lepton) of Z

Table 16: Existing limit on �

0

ijk

for assumed squark masses of 200 GeV.

of the �

ijk

's is non-zero. For e

+

e

�

! �

+

�

�

there are t-channel contributions from either

~�

e

(�

121

6= 0), ~�

�

(�

122

6= 0) or from ~�

�

(�

132

or �

231

6= 0). If both �

131

6= 0 and �

232

6= 0

then the s-channel production of ~�

�

is possible. For e

+

e

�

! �

+

�

�

there are t-channel

contributions from either ~�

e

(�

131

6= 0), ~�

�

(�

123

or �

232

6= 0) or from ~�

�

( �

133

6= 0). If

both �

121

6= 0 and �

233

6= 0 then there the s-channel production of ~�

�

is possible.

In this paper all these possibilities are considered. For a given scenario the s or

t-channel sneutrino exchange amplitude contribution is added to the Standard Model

contribution as appropriate. If there is no sneutrino exchange for a speci�c channel then

the prediction for that channel is just the SM value.

In the case of s-channel sneutrino graphs, if the sneutrino mass, m

�

�

, is equal, or close,

to the centre-of-mass energy of the e

+

e

�

beams, resonant sneutrino production occurs,

which can lead to a large change in the cross-section. A lesser change in the cross-section

will occur for m

�

�

<

p

s due to the process of radiative return. There is a some sensitivity

to m

�

�

just above

p

s due to the �nite width of the particle. It is assumed here that the

sneutrino width is 1 GeV.

Existing limits on �

ijk

are summarised in table 15; for further details see [34] and

references therein.

5.3 Squark exchange

In supersymmetric extensions to the Standard Model which include R-parity violation,

as well as a purely leptonic term in the superpotential there is a further term which links

the lepton and quark sectors:

�

0

ijk

L

i

L

Q

j

L

D

k

R

;

where L

L

and Q

L

represent left-handed super�eld doublets of leptons and quarks and D

R

corresponds to the right-handed singlet super�eld of down type quarks, as above ijk are

generation indices.

This term in the superpotential could also generate R-parity violating SUSY terms

in the channel e

+

e

�

! qq. At LEP e

+

e

�

pairs might annihilate through the t-channel

exchange of a squark of mass m and produce a quark-antiquark pair in the �nal state. If

only one of the �

0

ijk

is non zero, and only one squark is light, then the production of only

one quark species will be a�ected, for example if �

0

121

6= 0 and the

~

d is light then charm

production will be a�ected. The same term, with suitable �

0

ijk

6= 0, could give rise to
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the following interactions: (i) e

+

d ! ~u

L

, (ii) e

+

s! ~u

L

(iii) e

+

�u!

~

d

R

, which have been

suggested as possible explanations for the anomaly presented in [5].

In the analysis presented here, each q�q �nal state was considered separately assuming

that the production of all other channels was �xed by the Standard Model. The pre-

dictions used in this paper were based on the formalism of [6], which makes use of the

property that squark exchange is equivalent to certain models of leptoquark exchange

5

.

The coupling constant is denoted by �

0

susy

for each channel, this can be explicitly con-

verted to the appropriate �

0

ijk

as desired. For �nal states with down type quarks, the

cross-section increases as a function of �

0

susy

; for up type quarks, the cross-section �rst

decreases and then increases due to the interference, this is shown later in Figure 14,

where a squark mass of 200 GeV/c

2

is assumed for

p

s = 166 GeV. Existing limits on

�

0

ijk

are given in table 16, for further details see [34] and references therein.

5.4 Fermion production in presence of a Z

0

-boson

Many theories which are more general than the Standard Model predict the existence

of additional heavy gauge bosons. The consequences of several of these models were

investigated, complemented by a model independent �t to the leptonic data.

5.4.1 Speci�c Z

0

Models

The existence of an additional heavy gauge boson Z

0

can be parametrised by the

mass of the boson M

Z

0

and by its couplings to fermions. In addition, a possible mixing

between the Z

0

and the standard Z, represented by a mixing angle �

ZZ

0

, has to be taken

into account [35,36]. In order to deal with a restricted number of free parameters, it is

useful to consider speci�c Z

0

-models with well de�ned couplings. Popular models are:

� The E

6

model [37]. It is based on a symmetry breaking of the E

6

GUT. The free

parameter of this model is the mixing of the Z

0

to fermions, �

6

. Usual choices of

�

6

are �

6

= 0 (�-model), �=2 ( -model) and �

6

= �arctan

q

5=3 (�-model).

� The L-R model [38]. It includes a right-handed SU(2)

R

extension to the Standard

Model gauge group SU(2)

L


 U(1). The free parameter �

LR

describes the coupling

of the heavy bosons to fermions. �

LR

varies between

q

2=3 � �

LR

�

q

cot

2

�

W

� 1.

5.4.2 Model independent approach

In a more general approach the Z

0

-boson is directly described in terms of its couplings

a

0

f

and v

0

f

. The amplitude for fermion pair production in e

+

e

�

annihilations via a Z

0

exchange has the following expression at the Born level [39]:

M(Z

0

) =

g

2

2

s�m

2

Z

0

�u

e




�

(


5

a

0

e

+ v

0

e

)u

e

�u

f




�

(


5

a

0

f

+ v

0

f

)u

f

= �

4�

s

�u

e




�

(


5

a

N

e

+ v

N

e

)u

e

�u

f




�

(


5

a

N

f

+ v

N

f

)u

f

(8)

with

5

The limits presented here can therefore be treated as limits on leptoquark exchange for models of the form

~

S

1=2

or

S

0

with coupling constant g = �

0

susy

see Eq.5 and table 2 of [6] . Note also that in the large mass limit the e�ective

Lagrangian corresponds to a contact interaction of the form LR with � = �1=2 for up type quarks or LL with � = +1=2

for down type quarks.
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a

N

f

= a

0

f

v

u

u

t

g

2

2

4�

s

m

2

Z

0

� s

; v

N

f

= v

0

f

v

u

u

t

g

2

2

4�

s

m

2

Z

0

� s

; m

2

Z

0
=M

2

Z

0
� i�

Z

0

M

Z

0

(9)

O� the Z

0

resonance, pair production is only sensitive to the normalised couplings

a

N

f

and v

N

f

. As a consequence, the couplings and the mass of the Z

0

boson cannot be

measured independently. Furthermore, the coupling constant g

2

is unknown outside of

any speci�c model. In the following the convention is taken that

g

2

2

4�

= 1. The normalised

couplings then become

a

N

f

= a

0

f

s

s

m

2

Z

0

� s

; v

N

f

= v

0

f

s

s

m

2

Z

0

� s

: (10)

6 Fits to physics beyond the Standard Model

6.1 Leptonic channels

The input to the �ts consisted of the cross-sections for scattering of the negatively

charged lepton into the forward and backward hemispheres, de�ned with respect to the

incident electron direction (as seen in the laboratory frame) for the non radiative class of

e

+

e

�

, �

+

�

�

and �

+

�

�

�nal states, at

p

s = 130 � 172 GeV.

Theoretical predictions were made based on the appropriate Born level expressions

convoluted with QED corrections, the Standard Model contributions being treated within

the Improved Born approximation [40], with the following parameters:

m

t

= 175 � 6 GeV=c

2

; M

H

= 300

+700

�240

GeV=c

2

;

�

s

= 0:123 � 0:005 ; �

em

(M

Z

) = 1=(128:87 � 0:09);

M

Z

= 91:187 � 0:007 GeV=c

2

:

The ranges given are the values over which the parameters were varied to estimate the

bias from uncertainties in the Standard Model inputs. The changes in the �ts, presented

below, were found to be negligible. The systematic errors from knowledge of the Stan-

dard Model parameters were therefore neglected. For the �

+

�

�

and �

+

�

�

�nal states

the Standard Model contributions were computed using ZFITTER, including full QED

radiative corrections, including the e�ects of box diagrams and initial-�nal state interfer-

ence. The treatment of interference between initial state and �nal state radiation was a

potential source of uncertainty in the radiative corrections to the Standard Model and the

new physics [41]. Including or excluding the interference led to changes in the corrected

forward and backward cross-sections of approximately 2:5%. The resulting uncertainties

in the �tted values were negligible when added in quadrature with the statistical errors.

For the e

+

e

�

�nal state the SM computations were made using TOPAZ0.

QED radiative corrections for the new physics contributions to the cross-sections,

were calculated using the MIBA package [42]. These corrections were checked against

ZFITTER, DYMU3 and TOPAZ0. The radiative corrections for new physics di�er from

the corrections for the Standard Model. This di�erence arises from initial state radiation.

The probability of radiating photons to arrive at a given centre-of-mass energy depends

on the energy dependence of the Born level cross-section. Models which contain new

physics have a di�erent s dependence to the Standard Model. For the range of new

physics parameters extracted in this paper the di�erence in radiative corrections are
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rather negligible (less than 1%) compared to the sizeable statistical errors, but were

nevertheless taken into account in the �t.

6.1.1 Contact interaction models

The data were compared to each of the 12 Contact Interaction models mentioned

above

6

considering separately the e

+

e

�

, �

+

�

�

and �

+

�

�

�nal states, and all three �nal

states combined, assuming lepton universality in the contact interactions.

The values of � extracted for each model were all compatible with the Standard Model

expectation � = 0, at the two standard deviation level. The �tted values of � were

converted into 95% con�dence level lower limits on �, and are shown in Table 17. In the

cases where � was unphysical, � < 0, the following de�nition was used, � = 1=

p

1:64�,

where � was the 1 standard deviation parabolic statistical error on �. Otherwise the value

was taken to be, �

(�)

= 1=

q

��

(+)

+ 1:64�

(+)

+

where �

+

is the upper 1 standard deviation

statistical error on �, and the � refer to models with � = �1

7

. Figure 12 shows the

expected variation with

p

s of the total cross-section in the LL

�

models for an energy

scale � = 3 TeV compared to the data for e

+

e

�

!�

+

�

�

and e

+

e

�

!�

+

�

�

as an indication

of the constraints the data put on contact interaction models.

6.1.2 Sneutrino exchange

The total cross-section and forward-backward asymmetry values for the channels

e

+

e

�

! e

+

e

�

, e

+

e

�

!�

+

�

�

and e

+

e

�

!�

+

�

�

, at each centre-of-mass energy, were again

used in the �ts. The theoretical prediction consisted of Improved Born Approximation

Standard Model terms, plus sneutrino exchange, plus interference terms.

All the �ts considered result in values of � which are compatible with zero; so results

are expressed as 95% con�dence limits. The �rst �ts considered are to those terms which

modify the e

+

e

�

! e

+

e

�

channel. These involve the s and t-channel exchange of a ~�

�

( �

121

6= 0) or ~�

�

( �

131

6= 0). The resulting 95% limits on �, as a function of m

�

�

, are

given in Figure 13a. It can be seen that the best limits on � are obtained for the case

where m

�

�

is close to the actual centre-of-mass energy of the LEP collisions, but that the

radiative return process gives some sensitivity between these points. It can be seen that

� greater than approximately 0.08 can be excluded for m

�

�

in the present LEP 2 range of

energies at the 95% con�dence level.

For the case that only one � value is non-zero there are only t-channel sneutrino e�ects

for e

+

e

�

!�

+

�

�

and e

+

e

�

!�

+

�

�

. The values of � obtained for the e

+

e

�

!�

+

�

�

channel

and for the e

+

e

�

!�

+

�

�

channel are all consistent with zero, so results are expressed as

95% con�dence exclusion limits in Table 18.

For the �ts assuming that �

131

= �

232

= �, the resulting 95% limits on �, as a function

of m

�

�

, are given in Figure 13b. A similar exclusion pattern to that obtained from the

e

+

e

�

! e

+

e

�

channel is obtained, � greater than approximately 0.1 can be excluded for

m

�

�

in the present LEP 2 range of energies at the 95% con�dence level. The exclusion

contour for �

121

= �

233

= � is shown in �gure 13c, from which it can be seen that again

a similar exclusion pattern is obtained.

The sneutrino width is not constrained within R-parity violating supersymmetry. A

value of 1 GeV has been used [6]. If a value of 2 GeV were used then the sensitivity above

172 GeV would be marginally improved.

6

For leptonic �nal states, models with only �

LR

= �1 are equivalent to models with only �

RL

= �1.

7

The �tted values of � for models with � = �1 are the negative of those with � = +1
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e

+

e

�

! e

+

e

�

Model �

+�

+

��

�

(TeV

�2

) �

+

(TeV) �

�

(TeV)

LL 0.053

+0:083

�0:063

2.3 2.9

RR 0.058

+0:080

�0:067

2.3 2.9

VV 0.016

+0:014

�0:015

5.1 6.6

AA -0.039

+0:039

�0:074

3.3 2.5

RL 0.062

+0:060

�0:052

2.5 3.3

LR 0.062

+0:060

�0:052

2.5 3.3

e

+

e

�

! �

+

�

�

Model �

+�

+

��

�

(TeV

�2

) �

+

(TeV) �

�

(TeV)

LL -0.046

+0:051

�0:056

3.4 2.7

RR -0.052

+0:058

�0:064

3.2 2.5

VV -0.026

+0:020

�0:021

5.4 4.1

AA 0.001

+0:022

�0:025

5.1 4.9

RL -0.129

+0:108

�0:120

2.3 1.8

LR -0.129

+0:108

�0:120

2.3 1.8

e

+

e

�

! �

+

�

�

Model �

+�

+

��

�

(TeV

�2

) �

+

(TeV) �

�

(TeV)

LL -0.051

+0:067

�0:084

2.9 2.3

RR -0.061

+0:078

�0:095

2.7 2.2

VV -0.028

+0:019

�0:023

5.4 3.9

AA 0.033

+0:029

�0:031

3.5 4.5

RL -0.153

+0:106

�0:096

2.5 1.8

LR -0.153

+0:106

�0:096

2.5 1.8

e

+

e

�

! l

+

l

�

Model �

+�

+

��

�

(TeV

�2

) �

+

(TeV) �

�

(TeV)

LL -0.016

+0:031

�0:034

4.4 3.8

RR -0.016

+0:034

�0:034

4.2 3.7

VV -0.006

+0:010

�0:008

8.2 7.1

AA 0.002

+0:015

�0:016

6.1 6.2

RL -0.017

+0:030

�0:025

4.7 4.1

LR -0.017

+0:030

�0:025

4.7 4.1

Table 17: Fitted values of � and 95% con�dence limits on the scale, �, of contact interactions in

the models discussed in the text, for e

+

e

�

! e

+

e

�

, e

+

e

�

!�

+

�

�

, e

+

e

�

!�

+

�

�

and e

+

e

�

! l

+

l

�

, a

combination of the above assuming lepton universality in the contact interactions. The errors on � are

statistical only.

m

�

�

= 100 GeV=c

2

m

�

�

= 200 GeV=C

2

coupling (95% c.l.) (95% c.l.)

� (t-chann. ~�

`

in e

+

e

�

! �

+

�

�

) 0.52 0.74

� (t-chann. ~�

`

in e

+

e

�

! �

+

�

�

) 0.65 0.78

Table 18: Limits on the couplings � in t channel sneutrino exchange in e

+

e

�

! �

+

�

�

and

e

+

e

�

! �

+

�

�

. The couplings involved are given in the text.
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Figure 12: The expected deviations from the Standard Model for the LL� models compared to the

average deviations found in the data for e

+

e

�

!�

+

�

�

and e

+

e

�

!�

+

�

�

.
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DELPHI
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Figure 13: The 95% exclusion limits for (a) �

121

(or �

131

), as a function of m

�

�

obtained from the

e

+

e

�

! e

+

e

�

channel; (b) �

131

= �

232

= �, as a function of m

�

�

obtained from the e

+

e

�

! �

+

�

�

channel; (c) �

121

= �

233

= �, as a function of m

�

�

obtained from the e

+

e

�

! �

+

�

�

channel. The

sneutrino width is taken to be 1 GeV. The irregularities in the contours are due to the statistical

precision of the simulated samples.



38

interaction d s b u c

�

0

susy

0.81 0.82 0.61 0.42 0.43

Table 19: Upper limits at 95% CL on the coupling constant �

0

susy

, in a supersymmetric scenario (see

text) with a squark mass of 200 GeV=c

2

for down or strange quarks, bottom quarks, and up or charm

quarks.

6.2 Flavour-tagged events

Radiative corrections for hadronic �nal states were considered in a manner similar to

the leptonic �nal states and were found to be negligible to the accuracy of the analysis

presented here.

6.2.1 Squark exchange

Limits on the coupling constant �

0

susy

were obtained from the data by comparing the

measured cross-section ratios with the expected cross-section ratios as a function of �

0

susy

.

For this purpose the measured quark cross-section ratios (�

q

� �

SM

)=�

SM

are extracted,

where �

q

denotes the measured quark cross-section and �

SM

the expected cross-section in

the Standard Model. The measured quark cross-section is de�ned as �

q

= R

q

�

h

, where R

q

are the measured cross-section ratios given in Table 7, and �

h

is the measured hadronic

cross-section for

p

s

0

=

p

s > 0:85 at centre-of-mass energies of 130-136 GeV and 161-172

GeV.

A conservative upper (lower) limit was calculated if the measured cross-section hap-

pened to lie below (above) the Standard Model value by �xing the measured value to the

Standard Model value and then evaluating the upper (lower) limits from the measure-

ment errors. Thus no advantage was taken of the downward 
uctuation of the b quark

cross-section ratio (see Table 12). The results were compared with the model predictions

for the cross-section ratio and asymmetry di�erence, for di�erent values of the coupling

constant, �

0

susy

. Figure 14 shows this comparison for down (up) type quarks in the �nal

state taking a squark mass of 200 GeV/c

2

, at a centre-of-mass energy of 166 GeV. The

upper limits on �

0

susy

, derived from all the data analysed in this paper are given in table

19 for each quark 
avour at 95% con�dence, assuming a squark mass of 200 GeV=c

2

.

6.2.2 Contact Interactions

The cross-sections and asymmetries were predicted for �nal states with up and down

type quarks, assuming contact interactions only couple one 
avour of quark to electrons

at a time. The parameter � of equation 6 was varied for the LL, LR, RR and RL models

taking both � = �1=2 and � = +1=2 values, giving eight sets of predictions for the cross-

sections. From these prediction the cross-section ratios (� � �

SM

)=�

SM

were evaluated

and compared to the upper limits on the measured cross-section ratios, as shown in Figure

15. The corresponding limits at 95% CL are also given in Table 20. The limits on � are in

the range from 1 to 4.4 TeV, with the limits for bottom quarks are better than the limits

for the down or strange quarks since the e�ciency and purity of the bottom quark tag

used is highest, leading to a smaller error on the bottom quark production cross-section.
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DELPHI limits on new Interactions
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Figure 14: The expected cross-section ratio and asymmetry di�erence as a function of the coupling

constant �

0

susy

for down (upper plot) and up (lower) type quarks, assuming a squark with a mass of 200

GeV/c

2

for processes (i) to (iii). The horizontal lines and the hatched area correspond to the di�erent

exclusion limits at 95 % CL. The arrow points to the excluded zone.
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Model d or s b u c d or s b u c

�

+

(TeV) �

+

�

+

�

+

�

�

(TeV) �

�

�

�

�

�

LL 2.4 4.4 1.0 1.0 2.8 3.9 2.4 2.1

LR 1.7 2.5 1.5 1.3 1.5 2.0 1.8 1.6

RR 1.9 3.1 1.2 1.1 1.4 1.7 2.1 1.9

RL 1.4 1.7 1.6 1.5 1.9 3.0 1.6 1.5

Table 20: Upper limits at 95% CL on the energy scale � for di�erent forms of the interaction for down

or strange quarks, bottom quarks, up or charm quarks.
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DELPHI limits on contact Interactions
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Figure 15: The expected cross-section ratio as a function of � (= 1=�

2

) for down (upper plot) and

up (lower) type quarks, assuming a new interaction of the form Eq. 6. The solid line corresponds to a

LL + (�), the dotted to a LR + (�), the dashed to a RR + (�) and the dotted-dashed to a RL + (�)

interaction. Negative values for � correspond to negative � values. The horizontal lines and the hatched

area correspond to the di�erent exclusion limits at 95 % CL. The arrow points to the excluded zone.
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6.3 Z

0

-bosons

Fits were applied to data collected by DELPHI at LEP 1 [1,2] as well as at LEP 2, i.e.

at centre-of-mass energies of 88-94, 130, 136, 161 and 172 GeV. The observables used for

the �ts were the hadronic and leptonic cross-sections and the leptonic forward-backward

asymmetries. Predictions for these observables within the Z

0

models E

6

and L-R and

within a model independent approach were obtained using the program ZEFIT (5.0) [44]

together with ZFITTER (5.0). Correlations between the data and errors of the LEP

beam energy were taken into account as described in [1,2].

6.3.1 Model dependent �ts

The program ZEFIT provides predictions for the cross-sections and forward-backward

asymmetries for each model as a function of the masses M

Z

, M

H

and M

t

, of the strong

coupling constant (�

s

), the mass of the Z

0

-boson (M

Z

0

), its mixing with the Z-boson

(�

ZZ

0

), and of the Z

0

-model parameters �

6

(in case of E

6

-models) or �

LR

(in case of the

L-R-model). In order to reduce the number of free parameters, the top mass was �xed

to M

t

= 175 GeV and the coupling �

s

to the value 0.123. The mass of the Higgs was set

to M

H

= 300 GeV. Varying the values of these parameters has a negligible in
uence on

the �t results. As the standard Z-boson mass would change in the presence of a non-zero

mixing between Z and Z

0

, M

Z

was left free to vary together with M

Z

0

and �

ZZ

0

. The E

6

inspired models �,  and � were considered. In case of the L-R model, �

LR

was set to

1:1.

A �

2

was formed by comparing the measured observables to their predicted values.

The �tted Z-mass was found to be compatible with its standard value. No evidence was

found for the existence of a Z

0

-boson in any of the models. The 95 % con�dence level

limits on M

Z

0

and �

ZZ

0

were computed for each model by determining the contours of

the domain in the M

Z

0

� �

ZZ

0

plane where �

2

< �

2

min

+ 5:99. The allowed regions for

M

Z

0

and �

ZZ

0

are shown in �gure 16. The lower limit of the Z

0

mass varies between 200

GeV and 275 GeV, depending on the model considered. The limits obtained are given in

Table 21.

These results improve substantially the limits from a previous publication of the DEL-

PHI collaboration, based on measurements performed on and below the Z peak [45]. The

limits on the Z

0

mass are weaker than those from direct searches at the TEVATRON [46],

where values of the order of 600 GeV were obtained. A substantial improvement of the

limits provided by LEP is expected from data taking at energies exceeding 180 GeV.

6.3.2 Model independent �ts

The program ZEFIT was used to predict cross-sections and forward-backward asym-

metries as a function of the Z

0

-mass and of the couplings a

0

f

and v

0

f

. In the most general

case, all couplings a

0

f

and v

0

f

should be treated as free parameters. The number of pa-

rameters can be reduced if lepton universality is assumed. Bounds on the couplings a

0

l

and v

0

l

can then be obtained from �ts to observables describing leptonic �nal states. Mea-

surements from an e

+

e

�

collider are the most direct input for such an analysis, as no

assumptions about the couplings of the Z

0

to quarks have to be made.

Fits were performed to the leptonic cross-sections and forward-backward asymmetries.

Several values of the mass of the Z

0

were considered (i.e. 300, 500 and 1000 GeV), and

the ZZ

0

-mixing was neglected. Figure 17 shows the values of the couplings a

0

f

and v

0

f

which are compatible with the DELPHI data with a con�dence level of 95%. The limits
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Figure 16: The allowed domain in the M

Z

0

� �

ZZ

0

plane for the �,  , � and L-R models. The contours

show the 95% con�dence level limits.

Model �  � L-R

M

limit

Z

0

245 GeV 275 GeV 200 GeV 230 GeV

j �

limit

ZZ

0

j 0.0035 0.0023 0.0050 0.0033

Table 21: 95% con�dence level lower limits on the Z

0

mass and upper limits on the ZZ

0

mixing angle

within the �,  , � and L-R models.
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on the normalised couplings are

ja

N

l

0

j < 0:20 and jv

N

l

0

j < 0:44,

7 Summary and conclusions

The data collected with the DELPHI detector at high energies (130-172 GeV) during

LEP operation in 1995 and 1996, have been used to determine the hadronic and leptonic

cross-sections and leptonic forward{backward asymmetries. In addition, measurements

of the cross-section ratios and forward{backward asymmetries for 
avour-tagged samples

of light (uds), c and b quarks have been made.

The results of the hadronic and leptonic cross-sections and leptonic forward{backward

asymmetries, together with data collected previously at the energies near the Z

0

resonance

peak (88-93 GeV), have been interpreted by performing �ts using the S-matrix formalism.

The precision of the determination of the parameters of this ansatz has been considerably

improved.

The DELPHI data on e

+

e

�

! ff collected above the Z resonance have been analysed

in terms of models beyond the Standard Model. The �rst set included possible contact

interactions between leptons. No evidence was found for such interactions and 95%

con�dence lower limits were placed on the energy scale, � in such models, with values

of the order of a few TeV. In the second set of models, the exchange of a sneutrino in

either the s or t channel, as a manifestation of R-parity violating supersymmetry, was

considered. Again, no evidence for such e�ects was found and limits were placed on the

coupling constants between the sneutrino and charged leptons, the values being sensitive

to the model assumed.

The results of the cross-section ratios and forward{backward asymmetries for tagged

samples of di�erent quark 
avours are in agreement with the expectations of the Stan-

dard Model. The data were interpreted in terms of possible new interactions. First,

interactions with R-Parity violating supersymmetry were considered and exclusion limits

were derived. Secondly, more general contact interactions were considered and limits on

the mass scales in the range from 1 to 4.4 TeV were obtained for di�erent quark 
avours.

Finally, the existence of an additional neutral massive gauge boson, Z

0

was investi-

gated. No evidence for a Z

0

was found within the framework of E

6

and L-R models.

Limits on the Z

0

-mass and on its mixing angle with the Z were derived, which improve

substantially former limits obtained by the DELPHI collaboration. Overall, M

Z

0

was

found to be greater than 200 GeV for all the models considered. A model independent �t

was also performed in order to derive limits on the couplings of a possible Z

0

to leptons.

The 95 % con�dence level upper bounds obtained for the normalised couplings of a Z

0

are j a

N

l

0

j < 0:20 and j v

N

l

0

j < 0:44.

A substantial improvement is expected on all the limits once the data to be collected

at 183 GeV and above within the remaining years of the LEP program is used.
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