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Abstract: The ZZ production cross section is measured from a data sample corresponding

to a total integrated luminosity of 452 pb−1, collected by the ALEPH experiment at LEP

at centre-of-mass energies from 192 to 209 GeV. Individual cross sections, extracted at six

centre-of-mass energies, are found to be in agreement with Standard Model calculations.

The results are used to set limits on anomalous neutral gauge couplings.
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1 Introduction

In the last phase of LEP, the accelerator reached centre-of-mass energies well above the

Z-pair production threshold. Within the Standard Model the e+e− → ZZ → f1f̄1f2 f̄2 four-

fermion process is described by crab Feynman diagrams (figure 1). In this framework,

the e+e− → ZZ resonant cross section can be expressed in terms of two diagrams, called

NC2 diagrams [1], corresponding to the example shown in figure 1 and to the same graph

with the final-state indices inverted (1 ↔ 2). Anomalous neutral ZZZ or ZZγ∗ couplings

introduce additional diagrams, modifying the Standard Model differential cross section.

This paper describes the measurement of the Z-pair production cross section in e+e−

collisions with the ALEPH detector at LEP, for centre-of-mass (CM) energies from 192 to

209 GeV. Previously published results [2] were based on the data collected at CM energies

of 183 and 189 GeV. The ZZ events are identified in various final states arising from

Z decays into leptons, neutrinos and hadrons. The analysis closely follows the methods

presented in the previous publication. The data from 183 to 209 GeV are combined to set

limits on anomalous neutral gauge couplings.
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Figure 1. Example of crab Feynman diagram for the e+e− → ZZ four-fermion process.

Year Energy (GeV) Luminosity and its

total error (pb−1)

1999 191.58 28.9 ± 0.1

195.52 79.9 ± 0.4

199.52 86.3 ± 0.4

201.62 41.9 ± 0.2

2000 204.86 81.4 ± 0.4

206.53 133.2 ± 0.6

Table 1. Overview of the CM energies and corresponding integrated luminosity.

The new data sample corresponds to a total integrated luminosity of 452 pb−1. The

results presented here are given for six different CM energies. For the last year of data

taking, as the CM energy was increased in small steps, the dataset was split into two

subsamples, the first integrating data at energies from 202.5 GeV to 205.5 GeV, and the

second including all data taken at energies above 205.5 GeV. The luminosity breakdown

is given in table 1.

2 The ALEPH detector

A detailed description of the ALEPH detector can be found in ref. [3] and of its performance

in ref. [4]. Charged particles are detected in the central part, consisting of a precision silicon

vertex detector, a cylindrical drift chamber and a large time projection chamber, measuring

altogether up to 31 space points along the charged particle trajectories. A 1.5 T axial mag-

netic field is provided by a superconducting solenoidal coil. Charged particle transverse mo-

menta are reconstructed with a 1/pT resolution of
(

6 × 10−4
⊕

5 × 10−3/pT

)

(GeV/c)−1.

In the following, tracks are defined as charged particle trajectories reconstructed with at

least four hits in the time projection chamber, originating from within a cylinder of length

20 cm and radius 2 cm coaxial with the beam and centred at the nominal collision point,

and having a polar angle with respect to the beam such that | cos θ| < 0.95.

In addition to its rôle as a tracking device, the TPC also measures the specific energy

loss dE/dx by ionization. It allows electrons of momentum lower than 8 GeV/c to be

separated from pions by more than three standard deviations.
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Electrons (and photons) are also identified by the characteristic longitudinal and trans-

verse developments of the associated showers in the electromagnetic calorimeter, a 22

radiation-length thick sandwich of lead planes and proportional wire chambers with fine

read-out segmentation. A relative energy resolution of 0.18/
√

E (E in GeV) is achieved

for isolated electrons and photons.

Muons are identified by their characteristic penetration pattern in the hadron calorime-

ter, a 1.2 m thick iron yoke interleaved with 23 layers of streamer tubes, together with two

surrounding double-layers of muon chambers. In association with the electromagnetic

calorimeter, the hadron calorimeter also provides a measurement of the hadronic energy

with a relative resolution of 0.85/
√

E (E in GeV).

Jets originating from b quarks are identified with a b-tagging algorithm. A neu-

ral network combines impact parameter and secondary vertex information with other jet

properties such as track multiplicity, track rapidity, and presence of leptons, to provide an

estimate of the b content of a jet. The neural network provides a value for each jet (called

η in this paper) which is close to one for a b jet and close to zero for other flavours.

The total visible energy is measured with an energy-flow reconstruction algorithm

which combines the information from tracking detectors and calorimeters [4]. The relative

resolution on the total visible energy is 0.60/
√

E (E in GeV) for high multiplicity final

states. In addition to the total visible-energy measurement, the energy-flow reconstruction

algorithm also provides a list of reconstructed objects, classified as charged particles, pho-

tons and neutral hadrons, and called energy-flow objects in the following. Unless otherwise

specified, these energy-flow objects are the basic entities used in the present analysis.

Below polar angles of 12◦ and down to 34 mrad from the beam axis, the acceptance

is closed at both ends of the experiment by the luminosity calorimeter (LCAL) [5] and

a tungsten-silicon calorimeter (SICAL) [6]. The dead regions between the two LCAL

modules at each end are covered by pairs of scintillators. The luminosity is measured with

small-angle Bhabha events with the LCAL with an uncertainty less than 0.5%.

3 Cross section definition and Monte Carlo generators

In this paper, the ZZ production cross section is defined as the NC2 contribution to the

e+e− four-fermion cross section. The candidate events selected in the data arise from:

(i) the gauge-invariant set of all four-fermion production graphs yielding ZZ-like final

states and their interference (the corresponding events are called 4f events in the

following);

(ii) some background from four-fermion production graphs yielding final states not theo-

retically compatible with e+e− → ZZ production and non-four-fermion background.

As a consequence, the measured cross section has to be corrected for the expected

background, for the difference between the predicted 4f and NC2 cross sections in the se-

lection acceptance (labeled 4f − NC2 in the following) and for the NC2 selection efficiency.

The result is the measured ZZ (or NC2 ) cross section.
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The NC2 signal, and four-fermion events compatible with ZZ final states, were gen-

erated using KoralW 1.51 [7]. Four-fermion events provided by KoralW were reweighted

according to NC2 matrix elements to give NC2 -signal events. The efficiencies used to

measure the ZZ cross sections were determined from this NC2 sample.

The KoralW generator was also used for WW-like four-fermion events, produced as a

separate sample. These events include all single W (Weν) final states and some ZZ and Zee

final states. To avoid double counting, events in the ZZ sample compatible with WW-like

final states were removed.

In four-fermion events, the qq̄ final states were simulated using parton showers and

hadronization as implemented in JETSET 7.4 [8].

Other backgrounds were simulated as follows.

• Large angle Bhabha events were produced using the program BHWIDE 1.01 [9].

• Dimuon, µ+µ−, and ditau, τ+τ−, events were generated using KK 4.14 [10]. Initial and

final state radiative corrections and their interference are included. This generator

was also used for qq̄ pairs with initial state radiation. The final state radiation was

however handled by PYTHIA 6.1 [11] in the parton shower step and interference was

therefore not included.

• Two-photon interaction processes (e+e− → e+e− X), referred to as γγ events, were

generated with the PHOT02 generator [12]. When X is a pair of leptons, a QED

calculation was used with preselection cuts to enrich the ZZ-like selected region.

When X is a multi-hadronic state, a dedicated setup of PYTHIA 6.1 was used to

generate untagged events where the initial electrons are scattered within 12◦ of the

beam. The complementary tagged events where at least one of the scattered electrons

can be identified in the detector were generated with HERWIG 6.2 [13].

Events were generated for all mentioned processes at six CM energies and processed

through the complete chain of detector simulation and event reconstruction. The detector

simulation took into account variations in the response of the apparatus from year to year.

4 Selection of Z-pair candidates

The visible ZZ final states can be classified into four channels: ℓ+ℓ−XX̄, ℓ+ℓ−νν̄, qq̄νν̄,

qq̄qq̄. Throughout this paper, the symbol ℓ denotes an electron or muon and X denotes a

quark or charged lepton. Given the important background in the four quark channel, due

to WW events, it is useful to have a dedicated b-tagging analysis and further categorize

the qq̄qq̄ channel following its b-jet content.

The event selection in each topology follows closely the analysis described in [2] and

only a short description is given here. In particular, the ℓ+ℓ−XX̄ and ℓ+ℓ−νν̄ selections are

unchanged with respect to the previous publication. For the qq̄νν̄ and qq̄qq̄ channels the

cut analysis described in [2] is applied, with the additional use of a kinematic fit, which has

been introduced to improve the separation of the ZZ signal from background. Whenever

justified, selection criteria were reoptimized at each energy.

The selections are run sequentially, in order of description, and events already selected

were removed, to avoid overlap.
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4.1 Selection of ℓ+ℓ−XX̄ final states

The ℓ+ℓ−XX̄ final state is characterized by a pair of electrons or muons consistent with a Z

decay. After a preselection where at least four tracks are required, together with kinematic

cuts to suppress Z radiative returns, electrons and muons are identified using standard

ALEPH algorithms [4]. For electrons a bremsstrahlung recovery procedure is applied to

correct for energy losses. Electrons consistent with photon conversions are rejected. Pairs

of opposite-sign muons or electrons are searched for. To increase efficiency, isolated tracks

are also considered as lepton candidates. (A track is considered isolated if less than 5%

of the total event energy is present within an angle of 10◦.) Only pairs with at least

one identified lepton are considered. When both are identified they should have the same

flavour. The pair with the invariant mass closest to the one of the Z boson is chosen as

the Z → ℓ+ℓ− candidate. Photons consistent with final-state radiation are included in the

calculation of the invariant mass of the pair.

The DURHAM [14] jet-clustering algorithm is applied to the event, after excluding

the two lepton candidates, to cluster the remaining energy-flow objects into two jets. A

jet must include at least one charged particle. To further suppress Z radiative returns, the

two-jet invariant mass must exceed 15 GeV/c2; qq̄ events are removed by requiring that

the sum of the transverse momenta of the leptons with respect to the nearest jet is greater

than 20 GeV/c.

For events where the Z → ℓ+ℓ− pair contains one non-identified lepton (isolated track),

the WW → qq̄ℓν process constitutes an important background. To reduce this back-

ground, the event is assumed to represent a WW semileptonic event, and the recon-

structed masses of the two W candidates, mlept and mhad, are computed. The conditions

mlept + mhad < 150GeV/c2 and |mlept − mhad| > 20GeV/c2 need to be fulfilled to keep

the event.

In this and in the following selections, consistency with the ZZ hypothesis is enforced

by means of elliptical cuts. For the ℓ+ℓ−XX̄ final state the elliptical variable r is defined as

r2 =

(

mℓℓ − mZ

σmℓℓ

)2

+

(

mrecoil − mZ

σmrecoil

)2

(4.1)

where mℓℓ indicates the ℓ+ℓ− invariant mass, mrecoil represents the mass of the sys-

tem recoiling against the two leptons, and σ’s the expected mass resolutions, as com-

puted from the simulation. Typical values for the resolutions are σmℓℓ
= 2.5GeV/c2 and

σmrecoil
= 3.3GeV/c2. Selected events must have r < 3.

Summing over the six centre-of-mass energies, 34 events are selected in this channel,

with 37.3 events expected from the Standard Model simulation. The expected NC2 purity,

defined as the ratio of the NC2 yield to all processes contributing to the selected events, is

(87 ± 10)% for the ℓ+ℓ−XX̄ selection. (The uncertainties on NC2 purities quoted in this

section are statistical only.) The dependence on the CM energy of the selection efficiency

is mild; this holds also for the other selections described in the following. The ℓ+ℓ−XX̄

selection efficiency at a CM energy of 200 GeV is 49.3%.
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4.2 Selection of ℓ+ℓ−νν̄ final states

In the ℓ+ℓ−νν̄ channel two acollinear, opposite-sign, same-flavour leptons (electrons or

muons) are required. The acollinearity is required to be larger than 2◦. No other track

should be present in the event. The fraction of CM energy visible in the detector at an

angle larger than 30◦ from the beam axis is required to be between 40% and 60%. The

angle between the missing momentum and the beam axis must be larger than 6.7◦ and the

total energy not associated with leptons is required to be less than 5.6 GeV. An elliptical

variable, similar to the one defined in eq. 4.1, is built using the ℓ+ℓ− invariant mass and

the missing mass. Selected events must have r < 1.7. Summing over the six centre-of-mass

energies, 5 events are selected in this channel, with 6.8 events expected from the Standard

Model simulation. The expected NC2 purity of the ℓ+ℓ−νν̄ selection is (67 ± 15)%. The

selection efficiency at a CM energy of 200 GeV is 24.8%.

4.3 Selection of qq̄νν̄ final states

The qq̄νν̄ channel is characterized by the missing and the visible mass consistent with the

Z mass. The analysis starts with a selection that is the same as those used for earlier

studies [2] and that is briefly recalled here.

More than four tracks and a total track energy exceeding 10% of the CM energy is

required. To reject γγ → hadrons events, the total energy flow at an angle larger than

30◦ from the beam axis is required to be larger than 25% of the CM energy. The missing

transverse energy must be larger than 5% of the CM energy. To reject Z radiative return,

the total longitudinal momentum must be less than 50 GeV/c and the missing mass larger

than 50 GeV/c2. The thrust axis is used to divide the event into two hemispheres, which

are required to both have nonzero energy. The acoplanarity between the two hemispheres

is required to be larger than 4.5◦ to reject qq̄ events accompanied by two or more photons

from initial state radiation.

Semileptonic WW → qq̄τν events, where the tau decays leptonically, are rejected by

requiring that electrons and muons be not isolated. The case of a hadronically decaying

tau is treated by clustering events into minijets (JADE algorithm [15], ycut = 10−4) and

requiring that the energy of the most isolated minijet be smaller than 8 GeV. Additionally,

the angle between the highest momentum track and the nearest other track must be less

than 20◦. To suppress events from single W and single Z production, which are typically

accompanied by an electron close to the beam axis, it is required that the energy in a 12◦

cone around the beam line be less than 2% of the CM energy.

With respect to ref. [2] a kinematic fit has been introduced to improve the separation

of the ZZ signal from background. First, an elliptical variable similar to the one described

by eq. 4.1, using the di-jet mass and the missing mass, is defined. Events are selected if

r < 2.4. These events are then subjected to a two-constraint (2C) kinematic fit, where the

di-jet invariant mass is set to be equal to the Z mass (each hemisphere, as defined above

from the thrust axis, is considered as a jet) and energy conservation is imposed. Events

are finally selected if the probability of the kinematic fit is larger than 1%. Figure 2 shows

the di-jet mass for events passing the selection.
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Figure 2. The di-jet invariant mass for events passing the qq̄νν̄ selection, at CM energies above

205.5 GeV. The dots correspond to the data and the histograms to the predictions. The shaded

histogram shows the non-NC2 expected events.

Summing over the six centre-of-mass energies, 100 events are selected in this chan-

nel, with 95.2 events expected from the Standard Model simulation. The expected NC2

purity of the qq̄νν̄ selection is (56 ± 5)%. The selection efficiency at a CM energy of

200 GeV is 44.5%.

4.4 Selection of qq̄qq̄ final states

The fully hadronic channel has the largest branching fraction, but suffers from large back-

ground from WW events. Two sub-analyses are applied: a bb̄qq̄ and a qq̄qq̄ selection.

The bb̄qq̄ selection is exactly the same as the cut-based fully-hadronic b-tagging selection

of ref. [2]. The qq̄qq̄ selection has been improved with a six-constraint (6C) kinematic

fit where, in addition to four-momentum conservation, two reconstructed invariant masses

from the four jets are required to be equal to the Z mass.

Both analyses start with a preselection, where at least eight tracks are required and

the total energy should be larger than 10% of the centre-of-mass energy. The DURHAM

algorithm is used to cluster the event into four jets. Events inconsistent with a four-jet

topology are suppressed by requiring a value of the three-jet/four-jet transition parameter

y34 to be larger than 0.004. Each jet must contain at least one track. Dedicated kinematic

cuts are used to suppress Z radiative returns. Two-fermion qq̄ events are suppressed by

requiring a value of the thrust less than 0.9; the sum of the four smallest angles between

jets is also required to be greater than 350◦.
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4.4.1 b-tagged events

Events with high b content, typically due to the bb̄bb̄ topology, are selected by requiring

y34 > 0.02, the sum of di-jet masses for at least one di-jet combination larger that 170

GeV/c2, and 9.5 y34 +
∑

ηi > 3.1. The quantity ηi is the b-tagging variable defined in

section 2 and i is the jet index. The sum is extended to the four jets.

For other events, not passing this tight b selection, the b tagging is used to set tighter

di-jet mass requirements based on elliptical cuts. Defining ρ as

ρ2 =

(

m12 + m34 − 2mZ

σS

)2

+

(

m12 − m34

σD

)2

, (4.2)

the selection requires that at least one di-jet combination falls inside the ellipse with ρ <

2.4. The σ’s represent the expected resolutions for the sum and the difference of di-jet

masses for the correct combination, respectively. Typical values for the resolutions are

σS = 3GeV/c2 and σD = 16GeV/c2. For that combination, the di-jet not containing the

most poorly b-tagged jet must be compatible with a Z → bb̄ decay: min(η1, η2) > 0.2 and

− log10(1 − η1)(1 − η2) > 1.5.

Summing over the six centre-of-mass energies, 42 events are selected in this sub-

channel, with 46.5 events expected from the Standard Model simulation. The expected

NC2 purity of the b-tagged selection is (69± 6)%. The efficiency of this selection for qq̄qq̄

events with b-pairs at a CM energy of 200 GeV is 36%.

4.4.2 Non b-tagged events

Events not passing the b-tagged selection are required to satisfy y34 > 0.006. To reduce the

background level, especially from hadronic W-pair decays, the 6C kinematic fit mentioned

above is performed instead of applying an elliptical mass cut. For a four-jet event in the

signal hypothesis, there are in principle six possible jet combinations to form the two Z

candidates. The combination with the smallest χ2 for the kinematic fit is chosen. Events

are finally selected if the χ2 probability is greater than 0.5%. The χ2 probability for events

surviving the selection is shown in figure 3, for the highest CM energy point.

Summing over the six centre-of-mass energies, 137 events are selected in this sub-

channel, with 133.6 events expected from the Standard Model simulation. The expected

NC2 purity of the non-b-tagged selection is (30 ± 2)%. The efficiency of this selection for

qq̄qq̄ events without b-pairs at a CM energy of 200 GeV is 24%.

5 ZZ cross section results

The NC2 cross section is obtained from the numbers of events selected in the data, from

which the expected 4f − NC2 difference and the various backgrounds are subtracted, cor-

rected for the NC2 efficiencies. At each CM energy, the information from the selections

in the various channels presented above is combined in a maximum likelihood fit to deter-

mine the total e+e− → ZZ cross section, treating as a signal the cross-contamination from

events of a different ZZ final state. The Standard Model branching ratio for the Z decays

is assumed in the fit. As mentioned above, the selections are not overlapping since they

– 8 –



J
H
E
P
0
4
(
2
0
0
9
)
1
2
4

kinematic fit probability

E
ve

nt
s 

/ 0
.0

5

ALEPH

0

2.5

5

7.5

10

12.5

15

17.5

20

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 3. The kinematic fit χ2 probability for qq̄qq̄ non b-tagged events, at CM energies above

205.5 GeV. The dots correspond to the data and the histograms to the predictions. The shaded

histogram shows the non-NC2 expected events.

CM Energy (GeV) σZZ (pb)

191.58 0.62+0.40
−0.32 ± 0.06

195.52 0.73+0.24
−0.21 ± 0.06

199.52 0.91+0.24
−0.21 ± 0.08

201.62 0.71+0.31
−0.26 ± 0.08

204.86 1.20+0.27
−0.25 ± 0.08

206.53 1.05+0.21
−0.20 ± 0.06

Table 2. The measured e+e− → ZZ cross sections at the six CM energies, with statistical and

systematic uncertainties.

are run sequentially. The 4f − NC2 plus background corrections and the efficiencies, for

the six CM energies, can be found in ref. [16]; typical values were given in the previous

section, for each selection. The measured ZZ cross sections at the various CM energies are

shown in table 2 and compared to theoretical predictions in figure 4.

Systematic uncertainties are discussed in the next section. The ratios of the measure-

ment to the predictions of ZZTO [17] and YFSZZ [18], at each CM energy, can be averaged
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Figure 4. Measurements of the Z-pair production cross section at eight CM energies, compared

to the Standard Model predictions from YFSZZ (solid line) and ZZTO (dashed line). The first two

points are taken from ref. [2]. The band represents the theoretical uncertainty on the predictions.

to give

<
σZZ

σZZTO

>= 0.95 ± 0.09 (stat.) ± 0.04 (syst.) (5.1)

<
σZZ

σYFSZZ

>= 0.94 ± 0.09 (stat.) ± 0.04 (syst.) (5.2)

showing that the measured ZZ cross section agrees with Standard Model calculations.

6 Systematic uncertainties

Systematic uncertainties on the cross section measurement can be due to modeling of the

detector, to the description of the physical processes in the simulation, to Monte Carlo

statistics and to the limited knowledge of the integrated luminosity.

The uncertainties related to detector modeling are small and typically below 1% [19,

20]. The uncertainty on the normalization of the two-fermion qq̄ background has been

extrapolated from studies performed at the Z peak and at higher energies [19], yielding a

0.8% effect. The W+W− cross section uncertainty has been taken as 2%; in addition the

ZZ cross section has been re-evaluated by taking into account order(α) corrections to the

W+W− process: a 0.4% effect has been found. In the simulation, the hadron fragmentation

is modeled by the JETSET program; the fragmentation model has been changed to HERWIG

yielding a 0.6% systematic uncertainty.
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The main systematic uncertainty on this measurement is due to the limited statistics

of the Monte Carlo simulation for the 4f and NC2 samples. The effect of the limited

Monte Carlo statistics on the measured e+e− → ZZ NC2 cross section has been determined

with the help of a toy simulation, where the efficiencies and backgrounds in the various

channels were varied according to their uncertainties, assuming Gaussian distributions.

The uncertainty due to the simulated statistics amounts to 8%.

Finally, the statistical and systematic uncertainties on the knowledge of the integrated

luminosity at the various CM points add an additional 0.5% systematic effect.

7 Constraints on anomalous gauge boson couplings

In the Standard Model, at the lowest order in perturbation theory, couplings between

neutral gauge bosons are not expected; their presence would therefore indicate new physics.

The e+e− → ZZ process is sensitive to possible ZZZ and ZZγ∗ couplings. Following the

parametrization of ref. [21] four coupling constants (fV
i ; i = 4, 5; V = Z, γ) are associated

to the ZZ final state; the two fV
4 ’s are CP-violating while the fV

5 ’s conserve CP.

The presence of anomalous couplings induces changes in the total cross section and in

other observables, such as the Z production angle. The YFSZZ program [18] has been used

to compute the matrix elements for different fV
i values, and provide weights to be applied,

event-by-event, to the simulated ZZ signal. The maximum likelihood fit employed to mea-

sure the total ZZ cross section has been extended to include the Z production angle, θZ, and

the likelihood value has been studied as a function of the fV
i couplings. To this end, the data

collected at CM energies of 183 and 189 GeV were added to the samples collected at higher

energies. As an example, in figure 5 the measured cos θZ distribution for one channel is com-

pared to the Standard Model expectation and to one particular anomalous coupling value.

Two kinds of likelihood fits were performed: one-parameter and two-parameter fits.

In the one-parameter fits only one coupling is allowed to vary at a time, while the other

three are set to zero. In the two-parameter fits both CP-violating (or CP-conserving)

couplings are left free. Systematic uncertainties on the cross section measurement are in-

cluded to compute the confidence levels. The uncertainty on the angular distributions has

a negligible effect.

The intervals at 95% CL for the four one-parameter fits are

− 0.321 ≤ fγ
4 ≤ +0.318

−0.534 ≤ fZ
4 ≤ +0.534

−0.724 ≤ fγ
5 ≤ +0.733

−1.194 ≤ fZ
5 ≤ +1.190

The four log-likelihood curves are shown in figure 6: the separate contributions of the total

cross sections and of the angular distributions are given. The fits are dominated by the

total cross section information. The results of the two-parameter fits are given in table 3.
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Figure 5. The measured cos θZ distribution (dots) for the ℓ+ℓ−XX̄ channel. The measurement is

compared to the Standard Model expectation (solid histogram) and to one particular anomalous

coupling value (fZ
5 = +0.6, dashed histogram).

Coupling central value 95% CL correlation

fγ
4 +0.03 [−0.40, +0.36]

fZ
4 −0.29 [−0.60, +0.61] +0.44

fγ
5 +0.02 [−0.81, +0.79]

fZ
5 −0.44 [−1.22, +1.10] −0.17

Table 3. Results of the two-parameter fits to the CP-violating and CP-conserving couplings.

8 Conclusions

The Z-pair production cross section has been measured at CM energies from 192 to 209 GeV

from a data sample corresponding to an integrated luminosity of 452 pb−1. The total cross

sections are in agreement with the predictions of ZZTO and YFSZZ (figure 4). The combined

ratio of the measured total cross sections to the predictions is found to be 0.94 ± 0.10 for

ZZTO and 0.95 ± 0.10 for YFSZZ.

The cross section results, and the observed Z production angular distributions, have

been used to set limits on anomalous neutral gauge couplings. Results of one-parameter

– 12 –
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Figure 6. Log-likelihood curves for the one-parameter fits. Each figure represents the negative log-

likelihood variation with respect to the minimum for one coupling, when the other three couplings

are set to zero.

fits to the couplings yields

− 0.321 ≤ fγ
4 ≤ +0.318

−0.534 ≤ fZ
4 ≤ +0.534

−0.724 ≤ fγ
5 ≤ +0.733

−1.194 ≤ fZ
5 ≤ +1.190

at 95% CL. Similar results have been obtained by other LEP and Tevatron experiments [22].

Acknowledgments

It is a pleasure to congratulate our colleagues from the CERN accelerator divisions for the

successful operation of LEP throughout the LEP2 years. We are indebted to the engineers

– 13 –



J
H
E
P
0
4
(
2
0
0
9
)
1
2
4

and technicians in all our institutions for their contributions to the excellent performance

of ALEPH. We wish to thank Christiane Lefevre for her help with this paper. Those of us

from non-member countries thank CERN for its hospitality.

Author list

The Aleph collaboration

S. Schael

Physikalisches Institut der RWTH-Aachen, D-52056 Aachen, Germany

R. Barate, R. Brunelière, I. De Bonis, D. Decamp, C. Goy, S. Jézéquel, J.-P. Lees, F. Martin, E. Merle,
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