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35 Dipartimento di Fisica, Università di Padova and INFN, Via Marzolo 8, 35131 Padua, Italy
36 Rutherford Appleton Laboratory, Chilton, Didcot OX11 OQX, UK



The DELPHI Collaboration: Measurement and interpretation of fermion-pair production 385
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Abstract. The data collected with the DELPHI detector at centre-of-mass energies between 130 and
172 GeV, during LEP operation in 1995 and 1996, have been used to determine the hadronic and lep-
tonic cross-sections and leptonic forward–backward asymmetries. In addition, the cross-section ratios and
forward–backward asymmetries for flavour-tagged samples of light (uds), c and b quarks have been mea-
sured. No significant deviations from the Standard Model expectations are found.
The results are interpreted by performing S-matrix fits to these data and to the data collected previously
at the energies near the Z0 resonance peak (88-93 GeV). The results are also interpreted in terms of
physics beyond the Standard Model: contact interactions, R-parity violating SUSY particle exchange and
of possible Z

′
bosons.
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1 Introduction

At the end of 1995 and in 1996 LEP was run for the first
time at energies well above the Z0 resonance, the LEP-
2 regime. A total luminosity of about 26 pb−1 was col-
lected at centre-of-mass energies ranging from 130 to 172
GeV, allowing the determination of the cross-sections for
the inclusive production of quark-antiquark pairs and for
lepton pairs of each flavour 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 flavour-tagging tech-
niques.

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 effective
centre-of-mass energy,

√
s′; in particular down to Z0 ener-

gies.
The determination of the luminosity and the selection

of the different final 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 in-
creasing collision energy and to the emergence of new
backgrounds due to four-fermion production. For each col-
lision energy, the hadronic and leptonic cross-sections and

the leptonic forward-backward asymmetries were
computed for the full range of

√
s′, as well as for the

subsample of events where
√
s′ was close to the collision

energy (
√
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 specific event generators used for the
analyses are described in the relevant sections of this pa-
per. The details of the LEP energy measurement, luminos-
ity determination, the computation of s′ and the analyses
of each final state, i.e. inclusive e+e−, µ+µ−, τ+τ− and
qq̄ pairs, are given in Sect. 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 flavour-tagged samples are also described in Sect. 2.

The results on the lepton data and inclusive qq̄ are
given in Sect. 3, together with results on the cross-sections
and asymmetries of flavour-tagged hadronic final states.
The cross-sections and asymmetries measured at high en-
ergies were combined with the published Z0 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
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the precision of the hadronic γZ0 interference compared
to the accuracy obtained from the Z0 data alone, this is
discussed in Sect. 4.

The data are also interpreted in terms of several mod-
els which include physics beyond the SM, the theoretical
descriptions of these models are given in Sect. 5 and the
results of the interpretations are given in Sect. 6. Many
of these models predict sizeable effects 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 first set of
models considered here parameterise new physics, with a
characteristic high energy scale, in terms of effective con-
tact interactions between fermions. Non-conservation of
R-parity in Supersymmetric extensions of the Standard
Model could lead to effects 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 ad-
ditional Z

′
bosons. Such bosons would give rise to devia-

tions from the SM predictions, both for the cross-sections
and forward-backward asymmetries, largely through in-
terference effects with the SM amplitudes. The theoretical
framework of these models is discussed in Sect. 5.

The results of the interpretation of the data presented
in this paper in terms of contact interactions and R-parity
violating SUSY effects are described in Sect. 6. This in-
terpretation is performed separately for the lepton cross-
section and forward-backward asymmetries and for the
flavour-tagged qq̄ 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

′
bosons.

A summary and conclusions are given in Sect. 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 Z0 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]. Information on the mag-
netic fields of the dipole magnets, the temperature of the
LEP dipole magnets, the RF cavities and other quantities
which influence the LEP energy are used in this model.
The model is normalised to the resonant depolarisation
data. For higher energies, an extrapolation must be per-
formed and the uncertainty on the normalisation used in
the extrapolation is the largest source of uncertainty. The
estimated uncertainties on the LEP beam energies are 27

and 30 MeV at beam energies of 80.5 and 86 GeV respec-
tively [11]. For the data taken in 1995, at beam energies
between 65 and 70 GeV, the estimated uncertainty on the
beam energy is 14 MeV [11].

2.2 Luminosity measurement

The luminosity was derived from the rate of events due
to Bhabha scattering reconstructed in the high precision
Small angle TIle Calorimeter (STIC) of the experiment,
which consists of two lead scintillator sampling calorime-
ters. 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 descrip-
tion of the detector can be found in [12].

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 defined 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 calorimeters. 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 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 determination
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 [13], which has a
theoretical accuracy of ±0.25%.

Experimental and theoretical systematic uncertainties
on the luminosity are not included in the errors on the in-
dividual cross-section measurements presented hereafter.
They are treated as common to all cross-section measure-
ments in the fitting procedure.

2.3 Determination of s′

Although slightly different for each final state, the com-
putations of

√
s′ were all performed using the constraint

of the collision energy, the reconstructed directions of the
final state fermions and the information of the electro-
magnetic calorimeters on isolated (ISR) energetic photons.
The performance of all

√
s′ computation methods and the
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systematic errors associated to the separation of the non-
radiative part of measurements were estimated from sim-
ulated events.

In the e+e− → qq̄(γ) analysis, each event was first
forced into a 2-jet configuration by adjusting the value
of the parameter djoin in the LUCLUS[14] clusterisation
algorithm. The value of

√
s′ was derived from the polar

angles of the jet directions (θ1, θ2), assuming that a sin-
gle ISR photon was emitted along the beam line. In this
topology the reduced centre-of-mass energy is given by the
following expression:

s′ = s− 2Eγ

√
s, (1)

where Eγ is the ISR photon energy:

Eγ =
| sin(θ1 + θ2)|

√
s

sin θ1 + sin θ2 + | sin(θ1 + θ2)| . (2)

When an isolated energetic photon was reconstructed in
the electromagnetic calorimeters the value of

√
s′ was com-

puted 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− → µ+µ−(γ) analysis,
√
s′ was calculated

from a kinematic fit procedure, where four different
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
fit 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 χ2 of the kinematic fit. The most proba-
ble hypothesis was retained, and

√
s′ was set accordingly,

either to the fitted invariant mass of the muons (topology
ii), iii) or iv)), or to

√
s (topology i)).

In the e+e− → τ+τ−(γ) analysis,
√
s′ was calculated

from the estimated fermion directions using formulae 1
and 2. For the e+e− → e+e−(γ) channel the analysis is
performed in terms of the acollinearity of the outgoing
electron and positron, which is well determined experi-
mentally and can be treated theoretically. The acollinear-
ity is correlated to s′ in s-channel processes, so that a cut
on acollinearity can be used to select events with predom-
inantly low energy initial state radiation.

2.4 e+e− → e+e−(γ) in the central angular region

The analysis was similar to that used for Z0 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◦ < θ < 136◦ and the non-radiative
events were selected by requiring the acollinearity angle
between the final state e+ and e−, θacol, to be smaller

Table 1. Efficiencies, residual backgrounds and total system-
atic errors of the cross-section measurements for e+e− →
e+e−(γ) channel in the central angular region for different col-
lision energies

e+e− → e+e−(γ), θacol < 20◦

Energy (GeV) 130.2 136.2 161.3 172.1

Efficiency, % 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−(γ), θacol < 90◦

Energy (GeV) 130.2 136.2 161.3 172.1

Efficiency, % 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

than 20◦ 1. In this region the statistics were sufficient
to apply the method where the selection efficiency is de-
rived from the data themselves, using two independent
selections based on the information delivered by different
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 Cham-
ber and the Outer Detector).

Another analysis which estimates efficiency from sim-
ulated 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 acollinear-
ity 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 defines the
total cross-section and asymmetry measurements for the
e+e− → e+e−(γ) process in analogy with the low s′ cut
for other channels.

The main background was due to e+e− → τ+τ−(γ)
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 sam-
ple, were found to be negligible.

Systematic errors on the cross-section measurements
arise from event selection, background subtraction and ac-
ceptance definition. The efficiencies, residual backgrounds,
contamination of radiative events in the non-radiative sam-
ple and total systematic errors of the cross-section analy-
ses are given in Table 1 for each collision energy.

The forward-backward asymmetries have been deter-
mined with the same samples of events. Systematic er-
rors on the asymmetry arise from charge confusion and
forward-backward acceptance differences. They are negli-
gible compared to the statistical precision.

1 The cut at 20◦ corresponds approximately to selecting
events where the invariant mass of the ee pair is

√
s′ > 0.85

√
s
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Fig. 1. Distribution of the reconstructed reduced energy for
the e+e− → µ+µ−(γ) process. The points are the data and the
histogram shows the simulation from KORALZ normalised to
ZFITTER

2.5 Forward e+e− → e+e−(γ)

The differential e+e− cross-section was measured in the
forward region using the Forward 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◦ < θ < 35◦ and 145◦ < θ < 168◦)
and an acollinearity between the two clusters smaller than
10 degrees.

The selection efficiency was derived from the real data
by studying events where only one lepton passed the en-
ergy requirements. Simulated events were used to take into
account correlations between hemispheres.

The most relevant background was due to e+e− →
γγ(γ) events, and amounted to (1.4 ± 0.1)%. The efficien-
cies, backgrounds and total systematic errors at each en-
ergy point are summarised in Table 2.

Table 2. Efficiencies, residual backgrounds and total system-
atic errors of the cross-section measurements for e+e− →
e+e−(γ) channel in the forward region for different collision
energies

e+e− → e+e−(γ), θacol < 10◦

Energy (GeV) 130.2 136.2 161.3 172.1

Efficiency, % 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

2.6 e+e− → µ+µ−(γ)

The event selection for the process e+e− → µ+µ−(γ) was
based on criteria similar to those used at Z0 energies. An
event was required to have two identified muons in the
polar angle range 20◦ ≤ θ ≤ 160◦, originating from close
to the interaction region (to reduce the cosmic ray back-
ground), with the momentum of the most energetic muon
being at least 30 GeV/c. The contamination of the fi-
nal sample by two-photon collision events, cosmic rays,
τ+τ− and four-fermion final states was further reduced
by requiring the µ+µ− invariant mass to be greater than
75 GeV/c2. After these selections a small background con-
tamination was left, with the main source from cosmic ray
events. This was estimated by extrapolating the number
of events which were not sufficiently close to the interac-
tion region into the region from which signal events were
selected. At 161 GeV and 172 GeV there was a significant
contribution from two-photon interactions. At 172 GeV,
above the threshold for W pair production, there was also
a significant contribution from four-fermion final states.

The non-radiative events were selected by requiring√
s′/

√
s ≥ 0.85. The contamination from Z0 radiative

events was found to decrease with increasing
√
s and was

between 1.8% and 0.9%. The decrease was due to the in-
creasing separation between the high energy and radia-
tive return peaks with

√
s. The distributions of

√
s′/

√
s

obtained for the data and simulation are shown in Fig. 1.
The selection efficiency was estimated from simulation

and was found to be in agreement with the results of an-
other method based on the data themselves. The resulting
cross-sections were corrected to the full angular accep-
tance using correction factors obtained from DYMU3[16]
and ZFITTER[17]. The efficiencies, residual backgrounds,
contamination of radiative events in the non-radiative
sample and total systematic errors of the cross-section
analyses for different collision energies are given in Ta-
ble 3.

The forward-backward asymmetry was determined
with a counting method: Afb = (Nf − Nb)/(Nf + Nb),
where Nf and Nb are the number of events with the µ−
produced in the forward and the backward region, respec-
tively. The measured asymmetries were corrected for the
backgrounds and the asymmetries of the non-radiative
sample of events were corrected for the asymmetries of
mis-identified radiative events. Correction to the full an-
gular range was performed using DYMU3.



The DELPHI Collaboration: Measurement and interpretation of fermion-pair production 389

Table 3. Efficiencies, residual backgrounds, feed-through from
radiative events into the non-radiative sample and total sys-
tematic errors of the cross-section measurements for e+e− →
µ+µ−(γ) channel for different collision energies

e+e− → µ+µ−(γ),
√

s′/
√

s > 0.85

Energy (GeV) 130.2 136.2 161.3 172.1

Efficiency, % 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− → µ+µ−(γ),
√

s′ > 75 GeV

Energy (GeV) 130.2 136.2 161.3 172.1

Efficiency, % 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

2.7 e+e− → τ+τ−(γ)

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 hemi-
spheres 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 po-
lar angle range | cos θ| < 0.94, and the observed charged
particle multiplicity was required to be unity in one hemi-
sphere and no more than five in the other. The leading
charged particles in both hemispheres had to be consis-
tent with originating from the interaction region and at
least one of them was required to have momentum greater
than 0.025 × √

s/c. Non-radiative events were selected by
requiring

√
s′/

√
s > 0.85.

For the rejection of Bhabha events, µ-pairs and cos-
mic ray backgrounds, the acollinearity was required to be
greater than 0.5◦. In addition, a radial momentum was de-
fined as Prad =

√
x2

1 + x2
2, where x1(2) is the momentum

of the most energetic charged particle in hemisphere 1(2)
normalised to that expected for a dimuon event, P1(2),
which was calculated from the formula

P1(2) =
√
s sin θ2(1)/(| sin(θ1 + θ2)| + sin θ1 + sin θ2).

The value of Prad was required to be less than 1.1. Sim-
ilarly, a radial energy, Erad, was defined 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 re-
quired to satisfy Erad < 0.8. Dimuon events have a peak
at

√
2 in radial momentum while Bhabha events have a

peak at
√

2 for both radial momentum and radial energy.
To reject the remaining two-photon background, it was

required that the total visible energy of the event exceeded
0.15

√
s, and the transverse momentum of the event be

greater than 0.04
√
s/c for those events consistent with the

reactions e+e− → e+e−e+e− and e+e− → e+e−µ+µ−,
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Fig. 2. Distribution of the reconstructed reduced energy for
the e+e− → τ+τ−(γ) process. The points are the data and the
histogram shows the simulation from KORALZ normalised to
ZFITTER

where both channels were tagged using calorimetric sig-
nals. 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 electro-
magnetic energy greater than 40% of the measured parti-
cle momentum.

The background from e+e− → WW,ZZ events was
reduced by demanding that the event acoplanarity2, was
less than 0.3 radians.

The distribution of
√
s′/

√
s is presented in Fig. 2. The

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

2 The event acoplanarity is defined as |φ1 − φ2| − π, where
φ1(2) are the azimuthal angles of the leading tracks in hemi-
spheres 1 (2) in the DELPHI coordinate system, in which the
z-axis points along the direction of incoming electrons, the x-
axis points towards the centre of LEP and the y-axis points
vertically upwards
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Table 4. Efficiencies, residual backgrounds, feed-through from
radiative events into the non-radiative sample and total sys-
tematic errors of the cross-section measurements for e+e− →
τ+τ−(γ) channel for different collision energies

e+e− → τ+τ−(γ),
√

s′/
√

s > 0.85

Energy (GeV) 130.2 136.2 161.3 172.1

Efficiency, % 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− → τ+τ−(γ),
√

s′ > 75 GeV

Energy (GeV) 130.2 136.2 161.3 172.1

Efficiency, % 44.1 45.8 41.6 40.8
Background, % 17 16 17 16
Total systematic error, % ±7 ±7 ±7 ±7

Table 5. Efficiencies, residual backgrounds, feed-through from
radiative events into the non-radiative sample and total sys-
tematic errors of the cross-section measurements for e+e− →
qq̄(γ) channel for different collision energies

e+e− → qq̄(γ),
√

s′/
√

s > 0.85

Energy (GeV) 130.2 136.2 161.3 172.1

Efficiency, % 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− → qq̄(γ),
√

s′/
√

s > 0.10

Energy (GeV) 130.2 136.2 161.3 172.1

Efficiency, % 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

radiative cross-sections were determined after correcting
for the selection efficiency and background, and for feed-
through from radiative events in the case of the non-
radiative cross-sections.

The efficiencies, residual backgrounds, contamination
of radiative events in the non-radiative sample and total
systematic errors of the cross-section analyses for different
collision energies are given in Table 4.

The forward-backward charge asymmetry was deter-
mined using the counting method where the thrust axis
defined the polar angle. The asymmetry was corrected for
acceptance and background and in the case of the high-
energy sample for feed-through from radiative events.

2.8 Inclusive e+e− → qq̄(γ)

The selection of inclusive hadronic final states was based
on the charged particle tracks chosen with the criteria de-

scribed 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

√
E2

F + E2
B , where EF and EB are

the total energy seen in the Forward and Backward elec-
tromagnetic calorimeters, was required to be less than 90%
of the beam energy.

The selection efficiency was computed from simulated
events produced with the PYTHIA 5.7 [14] generator,
which was tuned on the data collected by DELPHI around
the Z0 [18].

The residual background contamination was estimated
with simulated event samples. The TWOGAM generator
[19] was used to simulate two-photon collisions, PYTHIA
and BABAMC[20] were used for lepton pair production,
and PYTHIA was used for four-fermion production. Below
161 GeV, the main background contributions to the total
cross-section measurement came from two-photon interac-
tions and from Z0e+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
√
s′ is presented in Fig. 3 for the

four collision energies. The total cross-section refers to√
s′/

√
s > 0.1, whereas the non-radiative cross-section

refers to
√
s′/

√
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 efficiency for non-radiative events, which
amounts to ±2.5%, was dominated by the accuracy of the
determination of

√
s′/

√
s which also includes the uncer-

tainty in the ISR.
The efficiencies, residual backgrounds and contamina-

tion of radiative events in the non-radiative sample en-
tering 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 final states

The hadronic data were analysed to investigate the sepa-
rate production of bottom, charm and light quarks.

The selection of hadronic events was as described for
inclusive hadronic final 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/c2. 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 - to remove semileptonic W decays.
The effective centre-of-mass energy

√
s′ was calculated as

described in Sect. 2.3. To remove events that return ra-
diatively to the Z,

√
s′/

√
s > 0.85 was required. A total
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Fig. 3. Distribution of the reconstructed reduced energy (
√
s′)

for the e+e− → qq̄(γ) process at different collision energies.
The points are the data and the histogram shows the simula-
tion

sample of 426 hadronic events at a centre-of-mass 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
inclusive hadronic event sample amounts to 0.8% at 161
GeV and 1.7% at 172 GeV. The DYMU3 and PYTHIA[16,
14] generators (with DELPHI tuning [18]) were used to
generate qq(γ) and W+W− events for the simulation.

The selected hadronic events were divided into three
main classes. The first class was enriched in bottom

Table 6. Efficiencies and purities for the different tags at en-
ergies of 161-172 GeV

tag efficiency 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

quarks, the second in charm quarks and the third in light
quarks. The flavour separation was based on the probabil-
ity that all the tracks in an event came from the primary
vertex [21]. For a large fraction of events containing a bot-
tom quark this probability is low, due to the long lifetime
of B hadrons, whereas for light quark events the mean
probability is larger. The definitions of the classes were
chosen to optimise the efficiency and purity for the differ-
ent categories. The efficiencies and purities after this clas-
sification for the energies of 161-172 GeV with

√
s′/

√
s >

0.85 obtained by simulation are shown in Table 6. Those
obtained at 130-136 GeV are similar.

The efficiency and purities given by the simulation
were checked. Lack of statistics meant that it was not pos-
sible to use double tag techniques to measure directly the
efficiency and purities from the data collected at centre-of
mass energies between 130 and 172 GeV. Instead hadronic
events collected to calibrate the detector at Z energies,
were used to check the predicted tagging rates for the 3
classes. For the 1995 data 41k events were selected, for
the 1996 data 21k. The rates 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 er-
rors 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
the ratios of tagging rates in data and simulation mea-
sured at the Z. It was assumed that the ratios of bottom,
charm and light quark events at the Z are the same as
predicted in the Standard Model. The statistical errors on
these corrections were taken as a systematic uncertainty
on the evaluation of the extracted quantities, and were
propagated to the uncertainty on the expected tagging
rates as shown in the first systematic error in Table 7.

Having corrected the overall tagging rates using the
data from the Z, the dominant source of uncertainty came
from the mistagging rates. To estimate this uncertainty,
the selected events collected at the Z were split into two
hemispheres. Each hemisphere was tagged as either a ’b’ a
’c’ or a light quark hemisphere. The tagging rate of pairs
of hemispheres in the data was compared to the rates in
the simulation. This gave a test of the mistagging rates to
compliment the check of the tagging rates. It was found
that the tagging rates in pairs of hemispheres agreed to
better than 10% between data and simulation. The sys-
tematic error on the mistag rates in the high energy data
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Table 7. The observed and expected numbers of events together with the
systematic uncertainties on the expected numbers of events for the different
tags at energies of 130-136 and 161-172 GeV with

√
s′/

√
s > 0.85

√
s = 130 − 136 GeV

observed expected systematic errors
tag events events data vs sim stat. data vs sim. syst.

b enriched 68 70.4 ±2.7 ±0.9
c enriched 73 76.1 ±2.8 ±1.3

uds enriched 251 245.5 ±3.3 ±2.0
√

s = 161 − 172 GeV

observed expected systematic errors
tag events events data vs sim stat. data vs sim. syst.

b enriched 85 95.2 ±1.3 ±2.1
c enriched 117 105.3 ±1.4 ±2.2

uds enriched 294 295.5 ±1.6 ±3.3

was therefore estimated to be 10% and contributes to the
systematic uncertainty on the extracted quantities. This
source of systematic error was also extrapolated to the ex-
pected tagging rates and is shown as the second systematic
error in Table 7.

The observed numbers of events in the flavour-tagged
samples of hadronic final states were compared to the ex-
pected number of events assuming the Standard Model
fractions for bottom, charm and light quark events, af-
ter 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 systematic uncer-
tainties on the expected numbers of events. 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 hemisphere charge Qhemi [22] was used to
determine the direction of the quark and that of the anti-
quark,

Qhemi =
∑

i

qip
κ
i///

∑
i

pκ
i// (3)

with κ = 0.6, pi// the momentum component along the
thrust axis, and i runs over the charged particles in one
hemisphere, defined by the plane perpendicular to the
thrust axis passing through the centre of the DELPHI co-
ordinate system. The forward-backward hemisphere
charge QFB is defined as the difference of the charges in
the two hemispheres. Events with a |QFB | > 0.2 were se-
lected, 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 an-
gular distribution can be described by:

dσ

d cos θt
= 1 + cos2 θt + 8/3AFB cos θt, (4)

where θt is the signed polar angle of the thrust axis and
AFB the forward-backward charge asymmetry. The an-
gular distributions were fitted in the range | cos θt| < 0.8.
The charge asymmetry is positive for charm and up quarks,
and negative for bottom, strange and down quarks. Angu-
lar dependent efficiency effects were negligible at the level
of precision of this measurement.

The observed asymmetry Aobs
FB is smaller than the real

asymmetry because the hemisphere charge sometimes
gives the wrong sign. This can be expressed by a charge
confusion factor C, according to the following equation:

Aobs
FB = CAFB . (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 relative uncertainty on the charge confusion
factors was 15%. 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
fitted curves in Fig. 4. The shaded areas give the Standard
Model predictions from the simulation.

The results for the different 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: firstly, from the uncertainty on the
charge confusion factors C and secondly from the dis-
crepancies 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 effects affecting the asymmetry mea-
surement were studied. Several distributions were checked
using the higher statistics Z data, e.g. by comparing the
hemisphere charge in the forward region and the s′ distri-
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Table 8. The observed and expected forward-backward charge asymmetries
together with the systematic uncertainties on the expected asymmetries for the
different tags at energies of 130-136 and 161-172 GeV with

√
s′/

√
s > 0.85

√
s = 130 − 136 GeV

systematic errors
tag Aobs

FB Aexp
FB data vs sim stat. data vs sim. syst.

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
√

s = 161 − 172 GeV

systematic errors
tag Aobs

FB Aexp
FB data vs sim stat. data vs sim. syst.

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

0

10

20

30

40

50

-1 -0.5 0 0.5 1

 QFB cos θt

E
ve

nt
s

All

0

2

4

6

8

10

12

14

16

18

-1 -0.5 0 0.5 1

 QFB cos θt

E
ve

nt
s

B tag

0

2

4

6

8

10

12

14

16

18

-1 -0.5 0 0.5 1

 QFB cos θt

E
ve

nt
s

C tag

0

5

10

15

20

25

30

35

-1 -0.5 0 0.5 1

 QFB cos θt

E
ve

nt
s

UDS tag

Fig. 4. The charge-signed polar angle distributions for all
events, b, c and uds enriched events at energies of 161-172
GeV. The shaded area gives the Standard Model prediction,
normalised to the data, the full curve shows the fit of equation
4 to the data

butions with the simulation. The distributions were con-
sistent with the expectations from the simulation. Further,
the observed forward-backward charge asymmetries at the
Z were compared to the Standard Model expectations for
flavour-tagged events and found to be Aobs

FB − Aexp
FB = -

0.015 ± 0.013 (all), -0.003 ± 0.036 (b enriched), -0.013

Table 9. Integrated luminosity and statistics used in the anal-
yses of the different final states and collision energies. For the
e+e− → e+e−(γ) channel, the values refer to the analysis in
the central angular region with θacol < 90◦, whereas for the
other channels, the numbers refer to the analyses with low s′

cut

Energy (GeV) 130.2 136.2 161.3 172.1

Integrated Luminosity (pb−1) 2.87 2.96 10.09 10.12

Number of events:
e+e− → qq̄(γ) 868 715 1526 1288
e+e− → e+e−(γ) 129 152 276 312
e+e− → µ+µ−(γ) 56 40 72 70
e+e− → τ+τ−(γ) 33 29 58 54

± 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− → qq̄(γ) and leptonic final states

The luminosity and statistics accumulated at each colli-
sion energy are summarised in Table 9 for the inclusive
e+e− → qq̄(γ) final state and leptonic final states. The
results of the cross-section and asymmetry measurements
for these different final 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 sec-
tion devoted to the luminosity measurement.

For the e+e− final state the photon exchange in the
t-channel dominates the measured cross-section. As a con-
sequence, the s-channel contribution cannot be extracted
reliably. These e+e− cross-sections and asymmetries were
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Table 10. Results of the cross-section and asymmetry measurements for the different
final 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 Standard Model predictions of ZFITTER and for the e+e− channel
TOPAZ0 are also indicated. The hadronic, muon and tau results are corrected for all
cuts, apart from the s′ cut. In case of the e+e− → e+e−(γ) channel the numbers are
restricted to the barrel analysis, and are corrected for all cuts except the acollinearity
and polar angle acceptance

Energy (GeV) 130.2 136.2 161.3 172.1

σhad(pb)
√
s′/

√
s > 0.85 82.1 ± 5.2 65.1 ± 4.7 40.9 ± 2.1 30.3 ± 1.9

SM 83.1 67.0 34.8 28.9√
s′/

√
s > 0.10 328.4 ± 11.4 259.6 ± 10.0 158.3 ± 4.5 125.5 ± 4.2

SM 327.2 270.5 147.0 123.0

σµµ(pb)
√
s′/

√
s > 0.85 9.7 ± 1.9 6.6 ± 1.6 3.6 ± 0.7 3.6 ± 0.7

SM 8.1 7.0 4.5 3.8√
s′ > 75 GeV 24.3 ± 3.2 17.0 ± 2.6 9.3 ± 1.1 8.9 ± 1.1

SM 19.9 17.0 10.2 8.7

σττ (pb)
√
s′/

√
s > 0.85 10.2 ± 3.1 8.8 ± 3.0 5.1 ± 1.2 4.5 ± 1.1

SM 8.3 7.2 4.6 3.9√
s′ > 75 GeV 22.2 ± 4.6 17.7 ± 3.9 11.7 ± 1.8 11.2 ± 1.8

SM 20.2 17.2 10.3 8.8

Aµ

FB

√
s′/

√
s > 0.85 0.67 ± 0.15 0.74 ± 0.16 0.43 ± 0.16 0.94 ± 0.14

SM 0.72 0.69 0.62 0.61√
s′ > 75 GeV 0.45 ± 0.12 0.56 ± 0.13 0.39 ± 0.11 0.55 ± 0.10

SM 0.34 0.34 0.33 0.33

Aτ
FB

√
s′/

√
s > 0.85 0.73 ± 0.17 0.49 ± 0.23 0.92 ± 0.08 0.13 ± 0.20

SM 0.72 0.70 0.62 0.61√
s′ > 75 GeV 0.31 ± 0.17 0.26 ± 0.19 0.39 ± 0.12 0.19 ± 0.14

SM 0.33 0.33 0.32 0.32

σee(pb) θacol < 20◦ 42.0 ± 4.0 47.1 ± 4.2 27.1 ± 1.8 30.3 ± 1.9
SM 48.7 44.6 31.9 28.0

θacol < 90◦ 48.0 ± 4.3 54.1 ± 4.5 30.7 ± 1.9 33.7 ± 2.0
SM 56.3 50.8 35.1 30.6

Ae
FB θacol < 20◦ 0.81 ± 0.06 0.89 ± 0.04 0.82 ± 0.04 0.81 ± 0.04

SM 0.81 0.81 0.82 0.82
θacol < 90◦ 0.75 ± 0.06 0.78 ± 0.05 0.77 ± 0.04 0.76 ± 0.04

SM 0.72 0.73 0.76 0.77

not included in the S-matrix fits described in Sect. 4. How-
ever, as can be seen from Table 10, they are compatible
with the Standard Model predictions calculated with the
TOPAZ0 program [23].

Figures 5 and 6 show the measured hadron, muon
and tau cross-sections and forward-backward asymmetries
from the Z0-peak energies up to 172 GeV. The muon data
below the Z0, shown in the same figures, are taken from
[24]. The electron cross-section and forward-backward
asymmetry including full (s + t) contribution are pre-
sented in Figs. 7 and 8. The curves show the ZFITTER,
or TOPAZ0 (in the case of electrons), predictions.

3.2 Forward e+e− → e+e−(γ)

The differential cross-sections for forward e+e−→e+e−(γ)
measured at collision energies of 130 to 172 GeV are shown
in Fig. 9 compared to the predictions of ALIBABA[25].
The total numbers of events selected and the cross-sections
integrated over the full angular coverage are given in Ta-
ble 11. The systematic error on these measurements 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.
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Fig. 5. Cross-sections for e+e− → qq̄(γ), µ+µ−γ and τ+τ−γ
processes measured from Z0-resonance energies up to 172 GeV.
The errors shown are the quadratic sum of the statistical and
systematic uncertainties. The data at the Z resonance are the
published results of the Z lineshape corrected to the accep-
tance

√
s′ > 0.10

√
s for hadrons and

√
s′ > 0.50

√
s for lep-

tons. The data for muons below the Z peak are from the anal-
ysis of e+e− → µ+µ−(γ) data at LEP I, also corrected to√
s′ > 0.50

√
s. The curves are the predictions of the ZFITTER

program

3.3 Flavour-tagged events

From the measured event rates and asymmetries for
flavour-tagged events it is possible to extract the ratios of
cross-sections and asymmetries for bottom, charm,
strange, up and down quarks. The cross-section ratio Rq

is defined as the ratio of the quark cross-section σq and
the total hadronic cross-section σh.
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Fig. 6. The forward-backward charge asymmetries measured
in the reactions e+e− → µ+µ−(γ) and τ+τ−γ at energies from
Z0-peak up to 172 GeV. The errors shown are the quadratic
sum of the statistical and systematic uncertainties. The data
at the Z resonance are the published results of the Z lineshape
corrected to the acceptance

√
s′ > 0.10

√
s for hadrons and√

s′ > 0.50
√
s for leptons. The data for muons below the Z

peak are from the analysis of e+e− → µ+µ−(γ) data at LEP
I, also corrected to

√
s′ > 0.50

√
s. The insert shows the data

with the cut
√
s′ > 0.85

√
s The curves are the predictions of

the ZFITTER program

Table 11. The number of events and the integrated cross-
section in the range 12◦ < θ < 35◦ for the reaction e+e− →
e+e−(γ) as a function of collision energy. The errors given are
statistical only

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 0.776 ± 0.010
172.1 5546 0.695 ± 0.009

To extract the cross-section for one quark flavour, the
cross-sections for the other flavours were taken from the
Standard Model3. The results are given in Table 12. The
central values of the derived ratios of quark production

3 According to the formula Rq = σq

σh
= RSM

q (1+
Nobs

q −Nexp

Nexp Pq
),

where q denotes b, c or uds quarks, Rq refers to the extracted
cross-section ratio, RSM

q to the Standard Model expectation,
Nobs

q (Nexp
q ) to the observed (expected) number of events for

a given q enriched tag (see Table 7) and Pq to the q purity for
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Table 12. Results for flavour tagged samples at energies of 130-136 and 161-172 GeV with√
s′/

√
s > 0.85: the derived quark cross-section ratios, Rq, and the observed forward-backward quark

asymmetry,Aq
FB , together with the Standard Model expectations RSM

q and ASM
FB from ZFITTER. The

correlations between the cross-section ratios, Rq, and the correlations between the forward-backward
asymmetries are given, normalised so that the correlation is 1 for quarks of the same flavour. Also
given are the correlations between the forward-backward asymmetries and the values of Rq. The
correlations are calculated at the working point where all values agree with the Standard Model

Rq(
√

s = 130 − 136 GeV)

quark flavour Rq RSM
q δRq/δRb δRq/δRc δRq/δRuds

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

Rq(
√

s = 161 − 172 GeV)

quark flavour Rq RSM
q δRq/δRb δRq/δRc δRq/δRuds

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

Aq
F B(

√
s = 130 − 136 GeV)

quark flavour Aq
FB ASM

FB δAq
FB/δA

b
FB δAq

FB/δA
c
FB δAq

FB/δA
s(d)
FB δAq

FB/δA
u
FB

bottom 0.67 ± 0.39 0.475 1 -0.17 0.02 (0.02) -0.03
charm 0.90 ± 1.17 0.679 -0.48 1 0.46 (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 (-0.70) 1
down 0.95 ± 0.67 0.473 0.13 -0.63 1.05 (1) -1.45

Aq
F B(

√
s = 161 − 172 GeV)

quark flavour Aq
FB ASM

FB δAq
FB/δA

b
FB δAq

FB/δA
c
FB δAq

FB/δA
s(d)
FB δAq

FB/δA
u
FB

bottom 1.05 ± 0.35 0.545 1 -0.17 0.02 (0.02) -0.03
charm 1.14 ± 0.81 0.663 -0.48 1 0.43 (0.46) -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 (-0.59) 1
down 0.48 ± 0.64 0.543 0.14 -0.69 1.06 (1) -1.78

δAq
F B/δRq(

√
s = 130 − 136 GeV)

quark flavour δAq
FB/δRb δAq

FB/δRc δAq
FB/δRs(d) δAq

FB/δRu

bottom 1.0 -0.80 0.02 (0.02) -0.12
charm -1.6 2.1 -1.5 (-1.5) 1.6
strange 0.38 -1.4 2.9 (2.9) -3.6

up -0.27 1.1 -2.1 (-2.1) 2.6
down 0.41 -1.5 3.1 (3.1) -3.8

δAq
F B/δRq(

√
s = 161 − 172 GeV)

quark flavour δAq
FB/δRb δAq

FB/δRc δAq
FB/δRs(d) δAq

FB/δRu

bottom 1.2 -0.77 0.03 (0.03) -0.12
charm -1.9 1.8 -1.6 (-1.6) 1.6
strange 0.52 -1.4 3.7 (3.7) -3.8

up -0.31 0.8 -2.2 (-2.2) 2.3
down 0.55 -1.4 3.9 (3.9) -4.1
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Fig. 7. The measured cross-sections for e+e− → e+e−(γ) from
the Z0-peak energies up to 172 GeV. The errors shown are the
quadratic sum of the statistical and systematic uncertainties.
The curves are the predictions of the TOPAZ0 program
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cross-sections compared to all hadrons do not add up ex-
actly 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 Fig. 10, the extracted val-
ues of Rq 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 flavour, the cross-sections and asymmetries for the
other flavours were taken from the Standard Model. The
observed asymmetry Aobs

FB is related to the quark asym-
metries Ai

FB in the following way:

Aobs
FB =

∑
i

qi
|qi|CiPiA

i
FB ,

where i runs over the quarks, C denotes the charge con-
fusion factor, and P the purity, and qi the charge on
the quark. This definition results in a minus sign to con-
vert 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
hemisphere-charge. The results of this procedure and the
correlations4 are given in Table 12. The forward-backward
quark asymmetries should by definition 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 are
derived from the charge asymmetry measured in the uds
enriched sample. The correlated systematic errors are neg-
ligible compared to the statistical errors. The DELPHI
data confirm 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 flavour-tagged cross-section ra-
tios and asymmetries are in agreement with the Standard
Model.

4 Interpretation of results
using S-matrix formalism

In this section the results of the inclusive qq̄ 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 the results are in rea-
sonable 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

a q enriched tag. For the 161-172 GeV data the purities can be
found in Table 6

4 The correlations δRq/δRx, δAq
FB/δA

x
FB and δAq

FB/δRx,
are given for the working point where the ratios and asymme-
tries are equal to the SM predictions and are only valid for
small deviations from these expectations

Table 13. Results of the 16- and 8-parameter fits to the com-
bined line-shape and high energy data. Also shown are the
Standard Model predictions for the fit parameters evaluated for
MZ as given in the table, MH = 300GeV/c2, mt = 175GeV/c2

and αs(MZ) = 0.118

Parameter Value SM prediction

MZ[GeV] 91.185±0.006 -
ΓZ[GeV] 2.487±0.004 2.493

rtothad 2.951±0.010 2.959

rtote 0.1411±0.0009
rtotµ 0.1426±0.0007
rtotτ 0.1418±0.0010

rtot` 0.1421±0.0006 0.1425

jtothad 0.32±0.29 0.22

jtote -0.039±0.046
jtotµ 0.050±0.030
jtotτ 0.014±0.037

jtot` 0.022±0.023 0.004

rfbe 0.0033±0.0009
rfbµ 0.0028±0.0005
rfbτ 0.0042±0.0007

rfb` 0.00324±0.00038 0.00265

jfbe 0.82±0.07
jfbµ 0.763±0.034
jfbτ 0.746±0.044

jfb` 0.763±0.025 0.799

[26,27]. 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 fits
included also hadronic, electron, muon and tau data col-
lected by DELPHI near the Z0 resonance [1,2]. The usual
definitions of the mass (MZ) and width (ΓZ) of a Breit-
Wigner resonance were used, the width being s-dependent.

The S-matrix parameters r and j scale the Z0 exchange
and the γZ0 interference contributions to the total cross-
section and forward-backward lepton asymmetries. The
contribution of the pure γ exchange was fixed to its value
predicted by QED in all fits.

The results of the fits are presented in Table 13. The χ2

amounted to 227.9 in the case of the 16-parameter fit (i.e.
without assuming lepton universality) and to 237.1 for the
8-parameter fit (where lepton universality was assumed).
The number of points fitted was 217 in both cases. The
correlation coefficients between the free parameters of the
8-parameter fit are shown in Table 14.

The data support the hypothesis of lepton universal-
ity. Overall, the measurements are well reproduced by
the Standard Model predictions. At 161 GeV, however,
the measured total hadronic cross-section is 3.1 statisti-
cal standard deviations larger than the theoretical predic-
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Fig. 11. Probability contour plot in the MZ-jtothad plane. The
dotted curve shows the region accepted at the 68% confidence
level from a fit to data taken at the energies around Z0; the
solid curve show the region accepted at the same confidence
level when the high energy data are also included in the fit

tion. The difference is not concentrated at high values of√
s′/

√
s and the cross-section measured at higher collision

energy (i.e. 172 GeV) agrees well with the theory. The dif-
ference is therefore likely to originate from a fluctuation
of the event rate.

Figures 5 and 6 show the measured hadron, muon
and tau cross-sections and forward-backward asymmetries
from the Z0-peak energies up to 172 GeV. The electron
cross-section and forward-backward asymmetry including
full (s + t) contribution are presented in Figs. 7 and 8.
The curves show the ZFITTER, or TOPAZ0 (in the case
of electrons), predictions.

The correlation between the parameters MZ and jtothad
is shown in Fig. 11. It can be seen that a significant im-
provement in the precision on the hadronic interference
parameter, jtothad, is obtained when the high energy data
are included in the fits.

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 [6,7].

Interactions not described by the Standard Model can
influence the differential cross-sections for the fermion pair
production, e+e− → ff , leading to deviations from the
Standard Model predictions. For example, the existence of

Table 14. Correlation matrix of the 8-parameter fit

ΓZ rtothad rtot` jtothad jtot` rfb` jfb`

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

ΓZ .84 .69 .21 .12 .00 .08

rtothad .73 .17 .09 .01 .08

rtot` .13 .14 .03 .12

jtothad .52 -.15 .04

jtot` -.06 .03

rfb` .15

a new particle with a mass of around 200 GeV/c2, would
produce virtual effects at lower energies, such that the
cross-sections and asymmetries for different quark flavours
and lepton species at LEP2 would be different from the SM
predictions. The values of the cross-sections and forward-
backward asymmetries for fermion pair production mea-
sured by the DELPHI collaboration at

√
s = 130−172GeV

were used to search for such effects in the models discussed
below. The results of this interpretation of the data are
given in Sect. 6.

5.1 Contact interactions

The first set of models considered here involve contact
interactions between the initial and final state fermionic
currents. Such models provide a general description of the
low energy behaviour of new physics with a characteristic
high energy scale. Following reference [28] these interac-
tions are parameterised by an effective Lagrangian, added
to the Standard Model Lagrangian Leff , of the form:

Leff =
g2

(1 + δ)Λ2

∑
i,j=L,R

ηijeiγµeif jγ
µfj , (6)

where g2/4π is taken to be 1 by convention, δ = 1(0) for
f = e(f 6= e), ηij = ±1 or 0, Λ is the scale of the con-
tact interactions5, ei and fj are are left or right-handed
spinors. By assuming different helicity coupling between
the initial state and final state currents and either con-
structive or destructive interference with the Standard
Model (according to the choice of each ηij) a basic set of
12 different models can be defined from this Lagrangian
[29]. The differential cross-section for scattering the out-
going fermion at an angle θ with respect to the incident
e− direction is given by [30,31]

dσ

d cos θ
=
πα2

2s
Nf

c




[∣∣∣Aee

LR

∣∣∣2 +
∣∣∣Aee

RL

∣∣∣2] ( s
t )

2δ +[∣∣∣Aef
LR

∣∣∣2 +
∣∣∣Aef

RL

∣∣∣2] ( t
s )2 +[∣∣∣Aef

LL

∣∣∣2 +
∣∣∣Aef

RR

∣∣∣2] (u
s )2



, (7)

5 The choice of g2 is somewhat arbitrary; if the coupling
constant was taken to be αs much lower limits on Λ would be
obtained
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where s, t and u are the Mandelstam variables and Nf
c is

the number of colours for fermion f . The Aij and Aij are
helicity amplitudes for the scattering process. When the
helicity amplitudes are squared, 3 sets of terms arise: the
first 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 pro-
portional to 1/Λ2; the final set of terms are due to contact
interactions alone and are proportional to 1/Λ4. For the
purpose of fitting contact interaction models to the data,
a new parameter ε = 1/Λ2 is defined; with ε = 0 in the
limit that there are no contact interactions. This param-
eter is allowed to take both positive and negative values
in the fits. It is worth noting that there is a symmetry
between models with ηij = +1 and those with ηij = −1.
The predicted differential cross-section in the constructive
(+) models is the same as the destructive (-) models for
ε− = −ε+.

5.2 Sneutrino exchange models

The second set of models consider possible s or t channel
sneutrino ν̃` exchange in R-parity violating supersymme-
try [32], which can affect the channel e+e− → l+l−. The
purely leptonic part of the R-parity violating superpoten-
tial has the form

λijkL
i
LL

j
LE

k

R

where ijk are generation indices, LL represents a left-
handed leptonic superfield doublet and ER corresponds
to the right-handed singlet superfield of charged leptons.
The coupling λijk is only non-zero for combinations in-
volving at least two generations and for i<j.

For the channel e+e− → e+e− there are possible con-
tributions from the s-channel production and t-channel
exchange of either ν̃µ (λ121 6= 0) or ν̃τ (λ131 6= 0). For
the channels e+e− → µ+µ− and e+e− → τ+τ− there is
no s-channel contribution if only one of the λijk is non-
zero. For e+e− → µ+µ− there are t-channel contributions
from either ν̃e (λ121 6= 0), ν̃µ (λ122 6= 0) or from ν̃τ (λ132
or λ231 6= 0). If both λ131 6= 0 and λ232 6= 0 then the
s-channel production of ν̃τ is possible. For e+e− → τ+τ−
there are t-channel contributions from either ν̃e (λ131 6= 0),
ν̃µ (λ123 or λ231 6= 0) or from ν̃τ ( λ133 6= 0). If both
λ121 6= 0 and λ233 6= 0 then there the s-channel produc-
tion of ν̃µ 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 ex-
change for a specific channel then the prediction for that
channel is just the SM value.

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

ν
, 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∼

ν
<

√
s due to the process of radiative return. There

is some sensitivity to m∼
ν

just above
√
s due to the finite

Table 15. Existing upper limits on λijk for assumed sneutrino
masses of 200 GeV/c2

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 νe limit < 5 eV/c2

231 0.16 95 Tau Decay
232 0.16 95 Tau Decay
233 0.16 95 Tau Decay

Table 16. Existing upper limit on λ′
ijk for assumed squark

masses of 200 GeV/c2

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 νe limit < 5 eV/c2

133 0.002 - Mass of νe limit < 5 eV/c2

123 0.30 95 D0 −D0 mixing
132 0.48 95 Γ (Hadron)/Γ (Lepton) of Z

width of the particle. It is assumed here that the sneutrino
width is 1 GeV.

Existing upper limits on λijk are summarised in Ta-
ble 15; for further details see [33] and references therein.

5.3 Squark exchange

In supersymmetric extensions to the Standard Model
which include R-parity violation, as well as a purely lep-
tonic term in the superpotential there is a further term
which links the lepton and quark sectors:

λ′
ijkL

i
LQ

j
LD

k

R,

where LL and QL represent left-handed superfield dou-
blets of leptons and quarks and DR corresponds to the
right-handed singlet superfield 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 final state. If only one of the λ′

ijk is
non zero, and only one squark is light, then the production
of only one quark species will be affected, for example if



The DELPHI Collaboration: Measurement and interpretation of fermion-pair production 401

λ′
121 6= 0 and the d̃ is light then charm production will

be affected. The same term, with suitable λ′
ijk 6= 0, could

give rise to the following interactions: (i) e+d → ũL, (ii)
e+s → ũL (iii) e+ū → d̃R, which have been suggested as
possible explanations for the anomaly presented in [5].

In the analysis presented here, each qq̄ final state was
considered separately assuming that the production of all
other channels was fixed 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 exchange6.
The coupling constant is denoted by λ′

susy for each chan-
nel, this can be explicitly converted to the appropriate
λ′

ijk as desired. For final states with down type quarks, the
cross-section increases as a function of λ′

susy; for up type
quarks, the cross-section first decreases and then increases
due to the interference, this is shown later in Fig. 14, where
a squark mass of 200 GeV/c2 is assumed for

√
s = 166

GeV. Existing upper limits on λ′
ijk are given in Table 16,

for further details see [33] and references therein.

5.4 Fermion production in presence of a Z′-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 fit to
the leptonic data.

5.4.1 Specific Z′ Models

The existence of an additional heavy gauge boson Z
′

can
be parameterised by the mass of the boson MZ′ and by
its couplings to fermions. In addition, a possible mixing
between the Z

′
and the standard Z, represented by a mix-

ing angle θZZ′ , has to be taken into account [34,35]. In
order to deal with a restricted number of free parameters,
it is useful to consider specific Z

′
-models with well defined

couplings. Popular models are:

– The E6 model [36]. It is based on a symmetry breaking
of the E6 GUT. The free parameter of this model is
the mixing of the Z

′
to fermions, Θ6. Usual choices of

Θ6 are Θ6 = 0 (χ-model), π/2 (ψ-model) and Θ6 =
−arctan√

5/3 (η-model).
– The L-R model [37]. It includes a right-handed SU(2)R

extension to the Standard Model gauge group SU(2)L⊗
U(1). The free parameter αLR describes the coupling
of the heavy bosons to fermions. αLR varies between√

2/3 ≤ αLR ≤
√

cot2 θW − 1.

6 The limits presented here can therefore be treated as limits
on leptoquark exchange for models of the form S̃1/2 or S0 with
coupling constant g = λ′

susy see equation 5 and Table 2 of [6].
Note also that in the large mass limit the effective Lagrangian
corresponds to a contact interaction of the form LR with η =
−1/2 for up type quarks or LL with η = +1/2 for down type
quarks

5.4.2 Model independent approach

In a more general approach, the Z
′
-boson is directly de-

scribed in terms of its couplings a′
f and v′

f . The amplitude
for fermion pair production in e+e− annihilations via a Z

′

exchange has the following expression at the Born level
[38]:

M(Z
′
)

=
g2
2

s−m2
Z′
ūeγβ(γ5a

′
e + v′

e)ue ūfγ
β(γ5a

′
f + v′

f )uf

= −4π
s
ūeγβ(γ5a

N
e + vN

e )ue ūfγ
β(γ5a

N
f + vN

f )uf (8)

with

aN
f = a′

f

√
g2
2

4π
s

m2
Z′ − s

, vN
f = v′

f

√
g2
2

4π
s

m2
Z′ − s

,

m2
Z′ = M2

Z′ − iΓZ′MZ′ (9)

Off the Z
′
resonance, pair production is only sensitive

to the normalised couplings aN
f and vN

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

′
boson cannot be mea-

sured independently. Furthermore, the coupling constant
g2 is unknown outside of any specific model. In the follow-
ing the convention is taken that g2

2
4π = 1. The normalised

couplings then become

aN
f = a′

f

√
s

m2
Z′ − s

, vN
f = v′

f

√
s

m2
Z′ − s

. (10)

6 Fits to physics beyond the Standard Model

6.1 Leptonic channels

The input to the fits consisted of the cross-sections for
scattering of the negatively charged lepton into the for-
ward and backward hemispheres, defined with respect to
the incident electron direction (as seen in the laboratory
frame) for the non-radiative class of e+e−, µ+µ− and
τ+τ− final states, at

√
s = 130 − 172 GeV.

Theoretical predictions were based on the appropriate
Born level expressions convoluted with QED corrections,
the Standard Model contributions being treated within
the Improved Born approximation [39], with the following
parameters:

mt = 175 ± 6 GeV/c2 , MH = 300+700
−240 GeV/c2,

αs = 0.118 ± 0.005 , MZ = 91.187 ± 0.007 GeV/c2, (11)

Which were evaluated from data at the Z resonance, us-
ing hadronic final states only. 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 fits, presented below, were found to
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be negligible. The systematic errors from knowledge of
the Standard Model parameters were therefore neglected.
For the µ+µ− and τ+τ− final states the Standard Model
contributions were computed using ZFITTER, with full
QED radiative corrections, including the effects of box di-
agrams and initial-final state interference. The treatment
of interference between initial state and final state radia-
tion was a potential source of uncertainty in the radiative
corrections to the Standard Model and the new physics as
this correction was calculated at lower order than other
QED corrections [40]. Including or excluding the interfer-
ence led to changes in the corrected forward and backward
cross-sections of approximately 2.5%. The resulting uncer-
tainties in the fitted values were negligible when added in
quadrature with the statistical errors. For the e+e− final
state the SM computations were made using TOPAZ0.

QED radiative corrections for the new physics con-
tributions to the cross-sections, were calculated using the
MIBA package [41]. These corrections were checked
against ZFITTER, DYMU3 and TOPAZ0. The radiative
corrections for new physics differ from the corrections for
the Standard Model. This difference 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 different s dependence
to the Standard Model. For the range of new physics pa-
rameters extracted in this paper the difference in radia-
tive corrections are rather negligible (less than 1%) com-
pared to the sizeable statistical errors, but were neverthe-
less taken into account in the fit.

6.1.1 Contact interaction models

The data were compared to each of the 12 Contact In-
teraction models mentioned above7 considering separately
the e+e−, µ+µ− and τ+τ− final states, and all three fi-
nal states combined, assuming lepton universality in the
contact interactions.

The values of ε extracted for each model were all com-
patible with the Standard Model expectation ε = 0, at the
two standard deviation level. The fitted values of ε were
converted into 95% confidence level lower limits on Λ, and
are shown in Table 17. In the cases where ε was unphysical,
ε < 0, the following definition was used, Λ = 1/

√
1.64σ,

where σ was the 1 standard deviation parabolic statis-
tical error on ε. Otherwise the value was taken to be,

Λ(±) = 1/
√

±ε(+) + 1.64σ(+)
+ where σ+ is the upper 1

standard deviation statistical error on ε, and the ± refer
to models with η = ±18. Figure 12 shows the expected
variation with

√
s of the total cross-section in the LL±

models for an energy scale Λ = 3 TeV compared to the
data for e+e−→µ+µ− and e+e−→τ+τ− as an indication

7 For leptonic final states, models with only ηLR = ±1 are
equivalent to models with only ηRL = ±1

8 The fitted values of ε for models with η = −1 are the
negative of those with η = +1

Table 17. Fitted values of ε and 95% confidence limits on
the scale, Λ, of contact interactions in the models discussed in
the text, for e+e− → e+e−, e+e−→µ+µ−, e+e−→τ+τ− and
e+e− → l+l−, a combination of the above assuming lepton
universality in the contact interactions. The errors on ε are
statistical only

e+e− → e+e−

Model ε
+σ+
−σ−(TeV−2) Λ+(TeV) Λ−(TeV)

LL 0.076+0.084
−0.067 2.2 2.8

RR 0.080+0.083
−0.070 2.2 2.8

VV 0.020+0.014
−0.014 4.8 6.6

AA -0.042+0.040
−0.062 3.5 2.6

RL 0.078+0.065
−0.054 2.3 3.2

LR 0.078+0.065
−0.054 2.3 3.2

e+e− → µ+µ−

Model ε
+σ+
−σ−(TeV−2) Λ+(TeV) Λ−(TeV)

LL -0.050+0.051
−0.055 3.4 2.7

RR -0.056+0.056
−0.064 3.2 2.5

VV -0.029+0.022
−0.019 5.5 4.1

AA -0.001+0.021
−0.025 5.1 4.9

RL -0.132+0.109
−0.116 2.3 1.8

LR -0.132+0.109
−0.116 2.3 1.8

e+e− → τ+τ−

Model ε
+σ+
−σ−(TeV−2) Λ+(TeV) Λ−(TeV)

LL -0.016+0.069
−0.082 2.8 2.6

RR -0.018+0.076
−0.094 2.7 2.4

VV -0.023+0.029
−0.029 4.6 3.8

AA 0.019+0.035
−0.034 3.6 4.2

RL -0.157+0.141
−0.151 2.0 1.6

LR -0.157+0.141
−0.151 2.0 1.6

e+e− → l+l−

Model ε
+σ+
−σ−(TeV−2) Λ+(TeV) Λ−(TeV)

LL -0.007+0.032
−0.031 4.4 4.2

RR -0.004+0.034
−0.034 4.2 4.1

VV 0.000+0.010
−0.009 7.7 7.9

AA -0.006+0.017
−0.016 6.1 5.5

RL 0.007+0.030
−0.032 4.2 4.4

LR 0.007+0.030
−0.032 4.2 4.4

of the constraints the data put on contact interaction mod-
els.

6.1.2 Sneutrino exchange

The total cross-section and forward-backward asymmetry
values for the channels e+e− → e+e−, e+e−→µ+µ− and
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Fig. 12. The expected deviations from the Standard Model
for the LL± models compared to the weighted average of the
deviations found in the combined data for e+e−→µ+µ− and
e+e−→τ+τ−

e+e−→τ+τ−, at each centre-of-mass energy, were again
used in the fits. The theoretical prediction consisted of Im-
proved Born Approximation Standard Model terms, plus
sneutrino exchange, plus interference terms.

All the fits considered result in values of λ which are
compatible with zero; so results are expressed as 95% con-
fidence limits. The first fits considered are to those terms
which modify the e+e− → e+e− channel. These involve
the s and t-channel exchange of a ν̃µ ( λ121 6= 0) or ν̃τ (
λ131 6= 0). The resulting 95% limits on λ, as a function
of m∼

ν
, are given in Fig. 13a. It can be seen that the best

limits on λ are obtained for the case where m∼
ν

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 λ greater than
approximately 0.08 can be excluded for m∼

ν
in the present

LEP 2 range of energies at the 95% confidence level.
For the case that only one λ value is non-zero there

are only t-channel sneutrino effects for e+e−→µ+µ− and
e+e−→τ+τ−. The values of λ obtained for the e+e− →
µ+µ− channel and for the e+e−→τ+τ− channel are all
consistent with zero, so results are expressed as 95% con-
fidence exclusion limits in Table 18.

For the fits assuming that λ131 = λ232 = λ, the re-
sulting 95% limits on λ, as a function of m∼

ν
, are given

in Fig. 13b. A similar exclusion pattern to that obtained
from the e+e− → e+e− channel is obtained, λ greater than
approximately 0.1 can be excluded for m∼

ν
in the present

LEP 2 range of energies at the 95% confidence level. The

DELPHI
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Fig. 13a–c. The 95% exclusion limits for a λ121 (or λ131), as
a function of m∼

ν
obtained from the e+e− → e+e− channel;

b λ131 = λ232 = λ, as a function of m∼
ν

obtained from the
e+e− → µ+µ− channel; c λ121 = λ233 = λ, as a function of
m∼

ν
obtained from the e+e− → τ+τ− channel. The sneutrino

width is taken to be 1 GeV. It can be seen that the limits are
better where the sneutrino mass is equal to the centre of mass
energy of the data

exclusion contour for λ121 = λ233 = λ is shown in Fig. 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.

6.2 Flavour-tagged events

Radiative corrections for hadronic final states were consid-
ered in a manner similar to the leptonic final 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 λ′
susy were obtained from

the data by comparing the measured cross-section ratios
with the expected cross-section ratios as a function of
λ′

susy. For this purpose the measured quark cross-section
ratios (σq − σSM )/σSM are extracted, where σq denotes
the measured quark cross-section and σSM the expected
cross-section in the Standard Model. The measured quark
cross-section is defined as σq = Rqσh, where Rq are the
measured cross-section ratios given in Table 12, and σh,
given in Table 10, is the average of the measured hadronic
cross-sections for

√
s′/

√
s > 0.85 at centre-of-mass ener-

gies of 130-136 GeV and 161-172 GeV.
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Table 18. Upper limits on the couplings λ in t channel sneutrino exchange
in e+e− → µ+µ− and e+e− → τ+τ−. The couplings involved are given in
the text

Coupling m∼
ν

= 100 GeV/c2 m∼
ν

= 200 GeV/c2

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

λ (t-chann. ν̃` in e+e− → µ+µ−) 0.52 0.76
λ (t-chann. ν̃` in e+e− → τ+τ−) 0.55 0.79

Table 19. Lower limits at 95% CL on the coupling con-
stant λ′

susy, in a supersymmetric scenario (see text) with a
squark mass of 200 GeV/c2 for down or strange quarks, bot-
tom quarks, and up and charm quarks

Flavour d s b u c

λ′
susy 0.81 0.82 0.61 0.42 0.43

Table 20. Lower limits at 95% CL on the energy scale Λ for
different forms of the interaction for down or strange quarks,
bottom, up and charm quarks

Model d or s b u c d or s b u c
Λ+ (TeV) Λ+ Λ+ Λ+ Λ− (TeV) Λ− Λ− Λ−

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

The results were compared with the model predictions
for the cross-section ratio and asymmetry difference, for
different values of the coupling constant, λ′

susy. Upper and
lower limits were evaluated from the values of λ′

susy con-
sistent with the values of the measured quantities being
within ±1.64 times the 1 standard deviation uncertainty
from the measurements and from the Standard Model ex-
pectation, taking which ever gave the most conservative
limit. Figure 14 shows the predictions and limits for down
(up) type quarks in the final state taking a squark mass
of 200 GeV/c2, at a centre-of-mass energy of 166 GeV.
The upper limits on λ′

susy, derived from all the data anal-
ysed in this paper are given in Table 19 for each quark
flavour at 95% confidence, assuming a squark mass of 200
GeV/c2.

6.2.2 Contact Interactions

The cross-sections and asymmetries were predicted for fi-
nal states with up and down type quarks, assuming con-
tact interactions only couple one flavour of quark to elec-
trons at a time.

The parameter Λ of equation 6 was varied for the LL,
LR, RR and RL models taking both η = −1/2 and η =
+1/2 values, giving eight sets of predictions for the cross-
sections. From these predictions the cross-section ratios
(σ−σSM )/σSM were evaluated and compared to the upper

DELPHI limits on new Interactions

0

1

2

3

0 0.5 1 1.5

λ'susy

(σ
-σ

sm
)/

σsm

↑
b

↑
s

↑
d

d type quarks

-1.5

-1

-0.5

0

0 0.5 1 1.5

coupling constant λ'susy

A
fb

-A
fb

sm

↑

b

mass=200 GeV/c2

-1

0

1

2

3

0 0.5 1 1.5

λ'susy

(σ
-σ

sm
)/

σsm

↑↑ u
c

↑

c

↑

u

u type quarks

-0.4

-0.2

0

0.2

0 0.5 1 1.5

coupling constant λ'susy

A
fb

-A
fb

sm
mass=200 GeV/c2

Fig. 14. The curves show the expected cross-section ratio and
asymmetry difference as a function of the coupling constant
λ′

susy for down (upper plot) and up (lower plot) type quarks,
assuming a squark with a mass of 200 GeV/c2 for processes (i)
to (iii) as defined in Sect. 5.3. The intercepts of the horizontal
lines with the prediction curves give the 95% C.L. exclusion
limits on λ′

susy for either d, s and b quarks or u and c quarks.
Upward (downward) pointing arrows indicate the limit is de-
rived from the upper (lower) bound on the measurements. The
hatched areas correspond to the bounds which give the least
constraining limits. The precision on AFB for up type quarks
does not allow a 95% C.L. limit to be placed on λ′

susy

limits on the measured cross-section ratios, as shown in
Fig. 15. The corresponding limits at 95% CL are also given
in Table 20. The limits on Λ are in the range from 1 to
4.4 TeV; the limits for bottom quarks are better than the
limits for the down or strange quarks since the efficiency
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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Fig. 15. The curves show the expected cross-section ratio as
a function of ε (= 1/Λ2) for down (upper plot) and up (lower
plot) type quarks, assuming a new interaction of the form (6).
The solid curve 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 ε correspond to
negative η values. The intercepts of the horizontal lines with
the prediction curves give the 95% C.L. exclusion limits on
1/Λ2 for either d, s and b quarks or u and c quarks. Upward
(downward) pointing arrows indicate the limit comes from the
upper (lower) bound on the measurements. The hatched areas
correspond to the bounds which give the least constraining
limits

6.3 Z′-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 fits were the hadronic and leptonic cross-sections
and the leptonic forward-backward asymmetries. Predic-
tions for these observables within the Z

′
models E6 and

L-R and within a model independent approach were ob-
tained using the program ZEFIT (5.0) [42] together with
ZFITTER (5.0). Correlations between the data and er-
rors of the LEP beam energy were taken into account as
described in [1,2].

6.3.1 Model dependent fits

The program ZEFIT provides predictions for the cross-
sections and forward-backward asymmetries for each
model as a function of the masses MZ , MH and Mt, of the
strong coupling constant (αs), the mass of the Z

′
-boson

Table 21. 95% confidence level lower limits on the Z
′

mass
and upper limits on the ZZ

′
mixing angle within the χ, ψ, η

and L-R models

Model χ ψ η L-R

M limit

Z′ (GeV/c2) 250 280 200 230
| θlimit

ZZ′ | 0.0033 0.0021 0.0046 0.0031

(MZ′ ), its mixing with the Z-boson (θZZ′ ), and of the Z
′
-

model parameters Θ6 (in case of E6-models) or αLR (in
case of the L-R-model). In order to reduce the number
of free parameters, the top mass was fixed to Mt = 175
GeV/c2 and the coupling αs to the value 0.123. The mass
of the Higgs was set to MH = 300 GeV/c2. Varying the
values of these parameters has a negligible influence on the
fit results. As the standard Z-boson mass would change in
the presence of a non-zero mixing between Z and Z

′
, MZ

was left free to vary together with MZ′ and θZZ′ . The E6
inspired models χ, ψ and η were considered. In case of the
L-R model, αLR was set to 1.1.

A χ2 was formed by comparing the measured observ-
ables to their predicted values. The fitted Z-mass was
found to be compatible with its standard value. No ev-
idence was found for the existence of a Z

′
-boson in any of

the models. The 95% confidence level limits on MZ′ and
θZZ′ were computed for each model by determining the
contours of the domain in the MZ′ − θZZ′ plane where
χ2 < χ2

min + 5.99. The allowed regions for MZ′ and θZZ′

are shown in Fig. 16. The lower limit of the Z
′
mass varies

between 200 GeV/c2 and 280 GeV/c2, depending on the
model considered. The limits obtained are given in Ta-
ble 21.

These results improve substantially the limits from a
previous publication of the DELPHI collaboration, based
on measurements performed on and below the Z peak [43].
The limits on the Z

′
mass are weaker than those from

direct searches at the TEVATRON [44], where values of
the order of 600 GeV/c2 were obtained. A substantial im-
provement of the limits provided by LEP is expected from
data taking at energies exceeding 180 GeV.

6.3.2 Model independent fits

The program ZEFIT was used to predict cross-sections
and forward-backward asymmetries as a function of the
Z

′
-mass and of the couplings a′

f and v′
f . In the most gen-

eral case, all couplings a′
f and v′

f should be treated as free
parameters. The number of parameters can be reduced if
lepton universality is assumed. Bounds on the couplings
a′

l and v′
l can then be obtained from fits to observables de-

scribing leptonic final states. Measurements from an e+e−
collider are the most direct input for such an analysis, as
no assumptions about the couplings of the Z

′
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

′
were considered (i.e. 300, 500 and 1000 GeV/c2),
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Fig. 16. The allowed domain in the MZ′ − θZZ′ plane for the
χ, ψ, η and L-R models. The contours show the 95% confidence
level limits
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Fig. 17a–c. 95% confidence level limits on the couplings a′
l and

v′
l of the Z

′
to leptons. The values of the Z

′
mass considered

are a 300, b 500 and c 1000 GeV/c2

and the ZZ
′
-mixing was neglected. Figure 17 shows the

values of the couplings a′
f and v′

f which are compatible
with the DELPHI data with a confidence level of 95%.
The limits on the normalised couplings are |aN

l′ | < 0.19
and |vN

l′ | < 0.44.

7 Summary and conclusions

The data collected with the DELPHI detector at high en-
ergies (130-172 GeV) during LEP operation in 1995 and
1996, have been used to determine the hadronic and lep-
tonic cross-sections and leptonic forward-backward asym-
metries. In addition, measurements of the cross-section ra-
tios and forward-backward asymmetries for flavour-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
Z0 resonance peak (88-93 GeV), have been interpreted by
performing fits using the S-matrix formalism. The preci-
sion 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 first set included possible con-
tact interactions between leptons. No evidence was found
for such interactions and 95% confidence lower limits were
placed on the energy scale, Λ 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 effects was found
and limits were placed on the coupling constants between
the sneutrino and charged leptons, the values being sensi-
tive to the model assumed.

The results of the cross-section ratios and forward-
backward asymmetries for tagged samples of different
quark flavours are in agreement with the expectations of
the Standard Model. The data were interpreted in terms
of possible new interactions. First, interactions with R-
Parity violating supersymmetry were considered and ex-
clusion limits were derived. Secondly, more general con-
tact interactions were considered and limits on the mass
scales in the range from 1.7 to 7.9 TeV were obtained for
different quark flavours.

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

′
was investigated. No evidence for a Z

′

was found within the framework of E6 and L-R models.
Limits on the Z

′
-mass and on its mixing angle with the

Z were derived, which improve substantially former limits
obtained by the DELPHI collaboration. Overall, MZ′ was
found to be greater than 200 GeV for all the models con-
sidered. A model independent fit was also performed in
order to derive limits on the couplings of a possible Z

′
to

leptons. The 95% confidence level upper bounds obtained
for the normalised couplings of a Z

′
are | aN

l′ | < 0.19 and
| vN

l′ | < 0.44.
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