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Abstract. Combined measurements of the 4 LEP collaborations for the fermion pair processes e+e−→ff are
presented. The results show no significant deviations when compared with the Standard Model predictions
and are used to set limits on contact interactions, Z′ gauge bosons and low scale gravity models with large
extra dimensions.

1 Introduction

Fermion pair cross-sections, forward-backward asymme-
tries and Rq’s have been measured by the LEP collabora-
tions up to collision energies

√
s ∼ 209 GeV. Initial state

photon radiation (ISR) is important at LEP2 energies: the
decreased center of mass collision energy enhances signifi-
cantly the inclusive cross-section of the process due to the
high interaction rate around the Z peak. Photon radiation
also complicates the definition of the effective collision en-
ergy

√
s′ as final state radiation (FSR) cannot be cleanly

separated from ISR and unlike LEP1 the ISR-FSR inter-
ference term is important. The

√
s′ can be defined as the

invariant mass of the s-channel propagator with interfer-
ence term subtracted or the bare invariant mass of the
outgoing ff pair [1]. For the LEP combinations the first
definition is adopted to classify the events into the non-
radiative sample with

√
s′/s ≥ 0.85 and inclusive sample

with
√
s′/s ≥ 0.1. Only the higher energy non-radiative

sample is used for new physics searches whereas the ra-
diative events are used for an independent beam energy
measurement [2].

2 Measurements

As individual experiments have adopted different signal
definitions for the difermion signal, corrections are applied
to derive the results using a common signal definition for
all measurements used in the averaging procedure [3]. Sys-
tematic errors are broken down in parts so as to take
into account correlations between channels and experi-
ments. Preliminary combinations for the cross-sections of
the channels e+e−→µ+µ−, e+e−→τ+τ−, e+e−→qq and
forward-backward asymmetries for the muon and tau pairs
have been performed. The averaging method used was the
best linear unbiased estimator technique (BLUE) [4] us-
ing all data in the range 130-209 GeV at the same time.
The agreement between the Standard Model predictions
and the averaged measurements is good as can be seen

in Fig. 1 with the hadronic cross-section slightly above
expectations (∼ 1.7 standard deviations when averaged
over all energies). In addition the differential cross-sections
have been combined for the bhabhas using a χ2 fit to the
LEP data in the range 189-209 GeV. In a similar way the
averaged differential cross-section for the muon and tau
pairs have been calculated using the BLUE technique in
the data set from 183 GeV up to 209 GeV. Finally, the
heavy flavour measurementsRb,Rc and forward-backward
asymmetries for b and c quarks were also combined in the
range 130-209 GeV. All combined results for the differen-
tial cross-sections and heavy flavour measurements show
no significant deviation from the Standard Model predic-
tions.

3 Search for new physics

The agreement between data and Standard Model predic-
tions can be used to put constraints on the energy scale of
new physics phenomena such as contact interactions, the
exchange of a new Z′ gauge boson and models with large
extra dimensions.

3.1 Contact interactions

Contact interactions provide a very general framework to
search for new physics from e+e−→ff data. For example
we can look for another deeper level of substructure in
quarks and leptons or exchange of new heavy particles,
assuming an effective Lagrangian similar to the one used
by Fermi to describe the weak force:

Lcontact =
g2

(1 + δ)Λ2

∑

i,j=L,R

ηij [eiγµei][fjγµfj ]

where δ = 1 for bhabhas and 0 otherwise, eL(fL) and
eR(fR) are chirality projections, Λ the new physics en-
ergy scale and g the unknown coupling fixed by convention
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Fig. 1. Combined cross-sections for µ+µ−, τ+τ−, qq final states (left) and forward-backward asymmetries for µ+µ−, τ+τ−

(right) as a function of the collision energy

to g2 = 4π. The ηij are parameters with values ±1, 0 de-
pending on the vector or axial-vector character of the spe-
cific model [5]. For the leptonic final states e+e−→µ+µ−,
e+e−→τ+τ− limits on the energy scale Λ can be extracted
by fitting the combined cross-sections and asymmetries.
For bhabhas the averaged differential cross-sections are
used in the fit. The heavy flavour measurements Rb, Rc
are converted to cross-sections σbb, σcc, using the σqq re-
sults mentioned in Sect. 2. The hadronic cross-sections are
then fitted to extract the limits on contact interactions
between electrons and b and c quarks (Fig. 2) which are
accessible only to e+e− colliders. As a fitting parameter
ε ≡ 1/Λ2 is used, where ε = 0 refers to the SM prediction.
No evidence for new physics was found for all models and
thus the fitted values for ε are converted into 95% con-
fidence level lower limits on Λ, with Λ+, Λ− referring to
constructive and destructive interference with the Stan-
dard Model respectively. Depending on the specific model
the limits extracted are in the range 1.5-19.7 TeV.

3.2 New gauge bosons

Some GUT models where the Standard Model is embed-
ded into a larger gauge group predict the existence of ex-
tra, neutral heavy gauge bosons For example in the E6
model the group breaks down as:

E(6) → SO(10) × Uχ(1)
SO(10) → SU(5) × Uψ(1)
SU(5) → SUC(3) × SUL(2) × UY(1),

where two additional neutral gauge bosons Zχ, Zψ are
introduced. In general, Z0′

can be a mixture of Zχ and
Zψ. Several models exist depending on the mixing angle

Table 1. The 95% confidence level lower limits on MZ′ for
various models

Model χ ψ η L-R SSM

MZ′ ( GeV) 673 481 434 804 1787

ΘE (e.g χ, ψ, η models have ΘE=0, π/2, − arctan
√

5/3
respectively). The observed particles Z, Z′ could be a
mixture of Z0 and Z0′

with mixing angle ΘZZ′ . In the
Sequential Standard Model (SSM) the Z′ couplings to
fermions are assumed to be the same as for Z. In Left-
Right symmetric model (L-R) an additional SUR(2) is in-
troduced [5]. The mass of the Z′ and the mixing angle
ΘZZ′ are free parameters but the latter is constrained by
LEP1 data to be close to zero. By assuming ΘZZ′ equals
to zero, 95% confidence level limits can be obtained for
MZ′ for several models, by fitting the combined hadronic
and leptonic cross-sections and the leptonic asymmetries
(Table 1).

3.3 Extra dimensions

The difference of many orders of magnitude between the
electroweak (MEW ∼ 103 GeV) and Planck scale (MPl ∼
1018 GeV) where gravity becomes as strong as gauge inter-
actions, is a puzzle for physicists. While electroweak inter-
actions have been tested experimentally to very short dis-
tances (M−1

EW ), gravity has only been probed to the sub-
millimeter range [6]. Recent proposals attempt to explore
the possibility that the only fundamental short range scale
in nature is the experimentally tested M−1

EW [7]. MPl can
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Fig. 2. 95% confidence level limits on the energy scale Λ± of
e+e−→bb (left) and e+e−→cc (right) contact interactions for
various models using the heavy flavour LEP results from 133
GeV to 207 GeV

arise by assuming that there are n extra compact spatial
dimensions of radius R. According to this model, gravity
is propagating to extra ’large’ compact dimensions, while
the rest of gauge interactions are confined to the usual
space-time. The propagation of Standard Model particles
in extra dimensions is severely constrained by electroweak
measurements. By comparing the gravitational potential
dictated by Gauss’s law in (4+n) dimensions and the usual
space-time in distances r � R we can derive the follow-
ing relation between the Planck scale in (4+n) dimensions
MPl(4+n) and MPl:

MPl ∼ Mn+2
Pl(4+n)R

n

For example for n = 2 the model predicts R ∼ O(1 mm).
The exchange of spin-2 virtual gravitons via the process
e+e− → G∗ → ff would modify the differential cross-
sections of the fermion pairs. The graviton contribution
can be parametrised as a function of ε ≡ λ/M4

H , where
MH is the gravitational mass scale and λ is an unknown
parameter depending on the full knowledge of quantum
gravity theory. In this case, λ was set to ±1 in order to
study both positive and negative interference with SM.
Bhabhas are the most sensitive channel due to interference
of graviton exchange in the t-channel (Fig. 3). The fitted
value for ε using the averaged difermion differential cross-
sections is compatible with the Standard Model and is
converted into 95% confidence level lower limits on MH :

MH ≥ 1.20 TeV, for λ = +1

MH ≥ 1.09 TeV, for λ = −1

4 Conclusions

Preliminary combined LEP results for fermion pair pro-
cesses show no significant deviation the Standard Model.
The results are used to set limits on models with contact
interactions in the range 1.5-19.7 TeV, the mass of a new
Z′ boson up to ∼ 1.7 TeV and low scale gravity with large
extra dimensions (MH ∼ 1 TeV).
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Fig. 3. Ratio of the LEP averaged differential cross-section
for e+e− → e+e− at 207 GeV compared to the SM prediction.
Effects from graviton exchange are also shown for λ ± 1 and
MH = 1 TeV
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