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Abstract

We report on measurements of the four fermion final states originating from neutral
current processes, in the data sample collected by the DELPHI detector at centre-
of-mass energies ranging from 183 to 208 GeV. The measurements cover a wide
range of the possible final four-fermion configurations: purely leptonic (l+l−l+l−),
hadronic and leptonic (e+e−qq̄, µ+µ−qq̄), monojet (νν̄qq̄) and hadronic final states
(qq̄qq̄ with low mass qq̄ pair).

The preliminary measurements of the cross-sections for the production of the
various final states have been compared with the Standard Model expectations.
The Zγ∗ contribution to µ+µ−qq̄, νν̄qq̄ and qq̄qq̄ was estimated.
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1 Introduction

Four-fermion processes become increasingly important in e+e− interactions as the centre-
of-mass energy increases. LEP provided an unique opportunity to verify Standard Model
predictions for four-fermion interactions in several energy domains. Moreover, such pro-
cesses form an irreducible background to new particle searches at LEP2 and a deviation
from the Standard Model expectation would be a signal of new physics.

In this paper we report on the observation of the four-fermion final states originating
from the neutral current processes, in the data sample collected at centre-of-mass ener-
gies from 183 GeV to 208 GeV and compare our observations with the Standard Model
expectations. This paper contains an update of the results presented in [1], [2] and [3].
ZZ production cross-section measurements have been reported elsewhere [4]. The final
states considered in the paper are l+l−qq̄ (l ≡ e±, µ±), l+l−l+l−, νν̄qq̄ and qq̄qq̄; for all
these channels data are compared with the expectations of the Standard Model in the
region of 4-fermion phase space defined in table 1. 1

For the e+e−qq̄ final states the comparison has been performed in terms of number
of events, while for l+l−l+l− final states a preliminary determination of the total cross
section has been carried out. For µ+µ−qq̄, νν̄qq̄ and qq̄qq̄ final states, a preliminary
determination of the cross-section for the Zγ∗ process has been carried out; the definition
of the Zγ∗ samples is given in the relevant sections (5, 7, 8).

In all presented analyses the background from neutral current four-fermion process
outside the selections presented in table 1 was verified to be negligible.

Whenever there are no electrons in the final state the neutral-current four-fermion
processes are dominated by the NC08 set of diagrams corresponding to ZZ (NC02), Zγ∗
and γ∗γ∗ (NC06) processes. Outside the on-shell ZZ region, neutral-current four-fermion
processes can be shown to be dominated by Zγ∗ production; interference effects are small
in this case. The cross-section for Zγ∗ production depends strongly on the mass of the
γ∗, reaching close to 120 pb for the real γ (at

√
s=200 GeV, integrated over all possible

γ momenta). A measurement of this cross-section has to be performed for the specific
selection on the γ∗ mass. However, the Zγ∗ cross-section depends only weakly on the
centre-of-mass energy. For the µ+µ−qq̄ final state, for example, it varies from 0.118 pb at√

s=183 GeV to 0.091 pb at
√

s=206 GeV, for the mass selections in the table 1, with an
average value of 0.098 pb. For final states with electrons, other processes such as t-channel
γ exchange accompanied by Z∗/γ∗-strahlung contribute significantly.

So far, there is no dedicated estimation of the theoretical uncertainties of the Standard
Model cross-sections for the production of neutral-current mediated four-fermion final
states outside the on-shell ZZ region. However, for most of processes discussed in this
paper this uncertainties are expected to be much smaller than the statistical errors of the
measurements.

1The definitions in table 1 differ from those in references [1, 2, 3] in particular by the cut | cos θf±

imposed on all final states charged fermions.
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2 Detector description

A summary of the properties of the DELPHI detector relevant to this analysis is presented
below. A more detailed description can be found in [5].

Charged particle tracks were measured in a system of cylindrical tracking chambers
immersed in a 1.2 T solenoidal magnetic field. These were the Microvertex Detector (VD),
the Inner Detector (ID), the Time Projection Chamber (TPC), and the Outer Detector
(OD). In addition, two planes of drift chambers aligned perpendicular to the beam axis
(Forward Chambers A and B) tracked particles in the forward and backward directions,
covering polar angles 11◦ < θ < 33◦ and 147◦ < θ < 169◦.

The electromagnetic calorimetry consisted of the High density Projection Chamber
(HPC) covering the barrel region of 40◦ < θ < 140◦, the Forward ElectroMagnetic
Calorimeter (FEMC) covering 11◦ < θ < 36◦ and 144◦ < θ < 169◦ and the STIC, a
Scintillator TIle Calorimeter which extends the coverage down to 1.66◦ in the forward
and backward regions. The 40◦ taggers were a series of single-layer lead-scintillator coun-
ters used to veto electromagnetic particles otherwise missed in a region between HPC and
FEMC. The hadron calorimeter (HCAL) covered 98% of the solid angle. Muons with
momenta above 2 GeV pass through the HCAL and were recorded in a set of Muon Drift
Chambers.

3 Data samples

In this paper the integrated luminosity of 659 pb−1 collected by the DELPHI detector
at centre-of-mass energy from 182.7 to 208 GeV was used. The luminosities collected
at various centre-of-mass energies were : 55 pb−1 at 182.7 GeV, 158 pb−1 at 188.6 GeV,
25 pb−1 at 191.6 GeV, 77 pb−1 at 195.5 GeV, 82 pb−1 at 199.5 GeV, 41 pb−1 at 201.6 GeV
and 221 pb−1 at 204-208 GeV . The data collected at 182.7 GeV were not used in the
νν̄qq̄ analysis.

Simulated events were produced with the DELPHI simulation program DELSIM[6] and
were then passed through the same reconstruction chain as the data. Processes leading to
four-fermion final states were generated with EXCALIBUR[7], relying on JETSET 7.4 [8] for
quark hadronisation. EXCALIBUR includes all tree-level diagrams in a consistent fashion.
Initial state radiation was treated using the QEDPS program[9] for those final states
which did not include e+e− pairs; for final states including e+e− the default EXCALIBUR

collinear treatment was used.
Cuts were imposed at generator level on the polar angle of final state charged fermions

(to make them visible inside the detector), on the invariant mass of fermion-antifermion
pairs, on cos θe, the cosine of the angle of electrons relative to the electron beam and
positrons relative to the positron beam. This was necessary because EXCALIBUR treats all
fermions as having zero mass and hence the cross-sections diverge unless suitable cuts are
applied. The requirements used here are shown in table 1.

GRC4F was used to generate four-fermion final states possible in the processes of Weνe

production with cos θe > 0.9999, and Zee production with cos θe > 0.98 of one of the
electrons. The background from Zee production with cos θe > 0.98 of both electrons was
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estimated with PYTHIA [8].
The background processes e+e−→ f f̄(nγ) were generated using PYTHIA [8]. Two-

photon interactions were generated using TWOGAM [10] and BDK [11].

Quantity Requirement
cos θe < 0.98 in e+e−f+f−

cos θe < 0.9999 otherwise
| cos θf± | < 0.98

E(e) > 1.0 GeV in e+e−f+f− only
M(e+e−) > 0.05 GeV/c2

M(µ+µ−) > 0.21 GeV/c2

M(τ+τ−) > 3.6 GeV/c2

M(dd̄) > 2 GeV/c2

M(uū) > 2 GeV/c2

M(ss̄) > 2 GeV/c2

M(cc̄) > 5 GeV/c2

M(bb̄) > 15 GeV/c2

Table 1: Requirements imposed at generator level on electron/positron angles, charged
fermion angles and masses of fermion-antifermion pairs for the EXCALIBUR samples used
in the analysis at centre-of-mass energies from 182.7 to 208 GeV.

4 Jets and a pair of isolated leptons

In this section the signal is defined as all l+l−qq̄ events fulfilling the requirements described
in section 3, table 1. The two final state leptons in the process e+e− → l+l−qq̄ are typically
well isolated from all other particles. This property can be used to select such events
with high efficiency in both muon and electron channels2. Events were selected initially
without explicit cuts on the masses of the final state fermion pairs in order to select ZZ,
Zγ∗ events and other possible diagrams contributing like Ze+e− or t-channel γ∗ exchange
with Z/γ-strahlung. Mass cuts were then applied to isolate the Zγ∗ component.

The selection procedure for the µ+µ−qq̄ and e+e−qq̄ channels is almost the same and
differs mainly in the numerical values of applied cuts. The selection procedure used for the
data collected at 188.6 GeV was applied without major changes, its detailed description
can be found in [2].

4.1 Results for the l+l−qq̄ final state

The numbers of events observed before and after the mass selection are shown in table 2.
The predicted and observed distributions of the masses of the lepton and quark pairs

for the µ+µ−qq̄ and e+e−qq̄ channels are shown in figure 1. The presence of the Zγ∗

2Events with τ+τ− pairs are not considered here.
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contribution can be enhanced by requiring that one of the masses is close to MZ
3. If

the mass of the hadronic system is required to be close to MZ the mass distribution of
the µµ pair has two distinct peaks one close to zero and one close to MZ as shown in the
upper left-hand side part of the figure 1. For the e+e−qq̄ final states, there are less events
predicted with Mee close to zero, and the mass distribution is more flat (lower left-hand
side part of the figure 1) indicating the presence of non-resonant diagrams. The predicted
and observed mass distribution for the quark pair when the mass of the lepton pair is
close to MZ is shown in the right-hand side of the figure 1. As expected, there are very
few events with Mqq < 30 GeV/c2 and Mll close to MZ demonstrating the dominance of
ZZ contribution over Zγ∗ one for Z → l+l−.

The accumulation on the invariant mass distribution of the e+e− pair, Mee, concen-
trated at 50 GeV/c2< Mee < 60 GeV/c2(still visible in the plot in fig. 1), which was
observed in the statistics of 1997-1999 [1], is not confirmed by 2000 data and should be
considered as a statistical fluctuation.

Energy(GeV) µ+µ−qq̄ e+e−qq̄
Data Signal Background Data Signal Background

182.7 10 3.9 ± 0.1 0.21 ± 0.04 6 3.9 ± 0.2 0.5 ± 0.1
188.6 14 13.3 ± 0.2 0.88 ± 0.14 16 13.1 ± 0.3 1.71 ± 0.21

191.6-201.6 16 21.1 ± 0.2 1.1 ± 0.1 37 21.6 ± 0.2 2.3 ± 0.2
204-208 24 21.3 ± 0.2 1.2 ± 0.1 28 23.1 ± 0.2 3.6 ± 0.2

Table 2: The predicted numbers of signal and background events and the observed num-
bers of events in the µ+µ−qq̄ and e+e−qq̄ channel at centre-of-mass energies from 182.7-
208 GeV. The errors quoted are from simulation statistics.

5 Dedicated selection of µ+µ−qq̄ final states

As shown in the previous section, the particular case of the µ+µ−qq̄ final state with a low
mass µ+µ− pair is dominated by the Zγ∗ process. Also, the µ+µ−qq̄ final state lends itself
well to a decomposition in terms of Zγ∗ and ZZ components, because of the negligible
interference contribution and the negligible contribution from other processes.

In this section we describe an analysis dedicated to the µ+µ−qq̄ final state, performed
in view of separating the Zγ∗ and ZZ components in the case of low µ+µ− masses. The
event selection criteria described in [2] were applied. Furthermore, tighter criteria for
muon identification were required, in order to improve the purity of the selected sample.
Also, a cut on the χ2 of the kinematic 4C fit of the event (which means imposing four
momentum conservation) was applied.

3For events with muons Mqq was to be in the range MZ − 14 GeV/c2 < Mqq < MZ + 18 GeV/c2.
Mµµ was to be in the range: MZ − 16 GeV/c2 < Mµµ < MZ + 12 GeV/c2. For events with electrons
Mqq had to be in the range MZ − 12 GeV/c2 < Mqq < MZ + 20 GeV/c2 and Mee was to be in the range
MZ − 22 GeV/c2 < Mee < MZ + 10 GeV/c2.
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The efficiency for µ+µ−qq̄ final state depends on the invariant masses of the µ+µ− and
the qq̄ system. The average efficiency for the Zγ∗ component was found to be 37 %, while
it was 65 % for the ZZ one.

The numbers of observed events are shown in the table 3.

Energy(GeV) µ+µ−qq̄
Data Signal Background

182.7 7 3.0 ± 0.1 0.47 ± 0.16
189-192 9 10.8 ± 0.1 0.94 ± 0.3
196-200 13 10.4 ± 0.1 0.65 ± 0.20
202-208 16 15.5 ± 0.1 1.41 ± 0.20

Table 3: The predicted numbers of signal ( all µ+µ−qq̄) and background events and
the observed numbers of events in the µ+µ−qq̄ channel at centre-of-mass energies from
182.7 GeV to 208 GeV. The errors quoted are from simulation statistics.

5.1 Results of the dedicated analysis of µ+µ−qq̄ final state

To separate ZZ , Zγ∗ and γ∗γ∗ contributions a binned likelihood fit was performed
to the observed distribution of the events in the (Mµ+µ−, Mqq) plane. The EXCALIBUR

Monte Carlo generator was used to compute expected two dimensional distributions of
events which passed the selection procedure described in the section 5 and which orig-
inated from ZZ , Zγ∗ and γ∗γ∗ processes: ZZ(Mµ+µ− , Mqq), Zγ∗(Mµ+µ− , Mqq) and
γ∗γ∗(Mµ+µ− , Mqq). The small interference term was neglected. The expected distribution
of background events was also computed , BG(Mµ+µ− , Mqq).

These four distributions were then used as an input to the likelihood fit to the distri-
bution of the data events in the (Mµ+µ−, Mqq) plane where the free parameters were the
numbers of events arising from the ZZ , Zγ∗ , γ∗γ∗ contributions and from the background
contribution.

After correcting for the signal selection efficiency, computed as a function of (Mµ+µ−,
Mqq), the average luminosity-weighted preliminary cross-sections for µ+µ−qq̄ production
was obtained:

σZγ∗ = (0.123 ± 0.024(stat)) pb and σZZ = (0.028 ± 0.008(stat)) pb .

The systematic errors on the Zγ∗ cross-section measurement which were considered
are shortly discussed below. The limited Monte Carlo statistics of the generated signal
and background samples accounted for ±0.005 pb. The effect of varying the selection
cuts used in the analysis was evaluated by choosing an alternative set of the latter
ones corresponding to the same statistical error. The corresponding variation on the
measured cross-section was found to be ±0.0005 pb. The systematic uncertainty due to
the knowledge of the background was evaluated by comparing Monte Carlo events and
data in which selected muons were required to be not isolated. The simulated sample
thus selected, contained only 3% of signal events. The observed data - Monte Carlo
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difference induced a variation in the cross-section measurement which amounts to ±0.006
pb. The total estimated systematic error was thus ±0.008 pb. This gave

σZγ∗ = (0.123 ± 0.024(stat) ± 0.008(syst)) pb and

σZZ = (0.028 ± 0.008(stat)) pb.

These results are luminosity weighted average cross-sections and are in agreement
with the corresponding EXCALIBUR prediction (luminosity weighted average cross-sections
as well) of: σZγ∗ = 0.098 pb and σZZ = 0.035 pb.

The two projections of the fitted mass distribution along Mqq and Mµ+µ− are shown
in figure 2.

6 Four leptons

There are six possible four-lepton final states: e+e−e+e−, e+e−µ+µ−, e+e−τ+τ−,
µ+µ−µ+µ−, µ+µ−τ+τ− and τ+τ−τ+τ−. Two types of analyses are reported here. In
the first analysis no attempt has been made to identify lepton flavour in the final state
(“flavour blind analysis”). The second analysis was directed to identify specifically
e+e−µ+µ− final states. In both analyses the signal is defined as all four-fermion pro-
cesses giving corresponding final states within the selections listed in the table 1, thus
all four charged lepton final states for the flavour blind analysis and the e+e−µ+µ− final
state for the second analysis. No attempt was made to separate the Zγ∗ contribution.

The l+l−l+l− final states were reported in earlier notes ([1] and [2]) and the analyses
presented there were used without major modifications in the present paper, except that
we are now restricting the analysis to the polar region | cos(θ)| ≤ 0.98.

The event selection for both analyses has been restricted to topologies with four well
reconstructed charged particles with momenta greater than 2 GeV/c (called henceforth
lepton candidates). Only one additional well measured charged particle was allowed,
provided that the momentum was less than 2 GeV/c , and another five charged particles
if the tracks did not point to the vertex, implying that in the e+e−τ+τ− , µ+µ−τ+τ− and
τ+τ−τ+τ− cases only one-prong decays of the τ were considered. The sum of charges of
the lepton candidates had to be equal to zero and the angle between momentum directions
of any two of them had to be larger than 5 ◦. A search for two nearby tracks with opposite
charge was performed in order to eliminate γ conversions.

6.1 Flavour blind analysis

The four-lepton candidates had to fulfil the following additional selection criteria, namely
the total energy carried by them had to be greater than 50 GeV to reject background
from two-photon interactions, the track length of at least two lepton candidates had to
be greater than 50 cm to eliminate events reconstructed only with VD-ID tracks and it
was required that the four charged particles were not collinear in θ in order to minimize
the background from τ+τ−(γ) final states. To further eliminate gamma conversions, the
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invariant mass of the pair of oppositely charged lepton candidates, with the smallest
opening angle, was required to be greater than 1.2 GeV/c2.

The efficiency for this selection and the expected signal were extracted from EXCALIBUR

Monte Carlo for the six processes under study, where a cut was imposed at the generator
level to restrict the polar angle to the visible region (| cos(θ)| ≤ 0.98).

The Monte Carlo simulations used to estimate the background included two-fermion
final states, two-photon interactions and all other four-fermion processes, simulated as
described in the section 3.

The expected number of events for signal and background for the “flavour blind”
four lepton analysis, together with the number of events found in the data, are shown in
table 4. The efficiencies for the `+`−`+`− selection are 8.5±0.6 %, 9.7±0.6 %, 12.0±0.3 %
and 11.8±0.2 % for the centre-of-mass energies of 182.7 GeV, 188.6 GeV, 192-202 GeV
and 204-209 GeV, respectively.

The most important contribution to the background was found to be the one com-
ing from e+e− → e+e−qq̄, with low mass for the qq̄ pair. The second most important
contribution is due to e+e− → τ+τ−(γ) processes.

Channel 182.7 GeV 188.6 GeV 192-202 GeV 204-209 GeV
µ+µ−µ+µ− 0.23±0.04 0.87±0.13 0.99±0.05 0.92±0.04
e+e−e+e− 0.86±0.11 2.57±0.30 3.38±0.16 2.85±0.10
τ+τ−τ+τ− 0.02±0.01 0.11±0.04 0.10±0.01 0.10±0.01
e+e−µ+µ− 1.76±0.22 5.04±0.55 7.35±0.30 6.77±0.21
e+e−τ+τ− 0.47±0.04 1.35±0.13 1.58±0.07 1.58±0.06
µ+µ−τ+τ− 0.18±0.04 0.38±0.07 0.78±0.04 0.78±0.03
Signal 3.52±0.26 10.32±0.65 14.18±0.35 13.00±0.25
Backgr. 1.13±0.10 1.25±0.11 2.49±0.14 1.60±0.09

TOTAL 4.65±0.28 11.57±0.66 16.67±0.38 14.60±0.27
DATA 4 14 18 16

Table 4: Expected number of events for signal and background for the “flavour blind”
four lepton analysis

A constrained fit was performed on the data and Monte Carlo selected events, by
imposing energy and momentum conservation and taking into account particle identifica-
tion, to calculate the masses of each pair. In figure 3 the masses of the pairs with opposite
charge leptons and with biggest and smallest masses are shown, for all energies together.

6.2 Search for e+e−µ+µ− final states

In the dedicated search for e+e−µ+µ− final states, two lepton candidates of opposite
charge were required to be identified as µ+µ− and the other two as e+e−.

Muon identification was performed combining the standard DELPHI identification
package in the Muon Chambers with the shower profile in the Hadron Calorimeter and
the energy deposited in the Electromagnetic Calorimeter. For the Hadron Calorimeter, a
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variable MUHA was defined as the sum of the energy deposited in the third and fourth
layers divided by the sum of the energy deposited in the first and second layers. A charged
particle was considered a muon if it satisfied at least two of the following three conditions:

• It was identified as a muon in the Muon Chambers.

• The energy deposited in the Electromagnetic Calorimeter was less than 2 GeV.

• The variable MUHA had values between 0.5 and 2.0 or the total energy deposited
in the Hadron Calorimeter was less than 10 GeV.

Electron identification required that there should not be any signal in the Muon Cham-
bers nor any energy in the Hadron Calorimeter deposited after the first layer associated
to the electron candidates. The energy in the Electromagnetic Calorimeter deposited in
a 2 ◦ cone surrounding the particle had to be larger than 1 GeV. For electrons satisfying
these criteria, the momenta of the charged particle was replaced by the energy deposited
in the Electromagnetic Calorimeter.

The efficiency, expected number of events from the signal and expected background was
determined using the same sample of simulated Monte Carlo as in the “flavour blind” anal-
ysis, with the final states µ+µ−µ+µ−, e+e−e+e−, τ+τ−τ+τ−, e+e−τ+τ− and µ+µ−τ+τ−

now considered as background. The major contribution to the four-lepton background
was due to τ+τ−τ+τ− while for the non-four-lepton case it was originated from e+e−qq̄
and µ+µ−(γ) final states.

The results of the selection are shown in table 5.

Channel e+e−µ+µ−

Energy ε (%) Ntrue Nbckg−4l Nbckg−non−4l Ntotal DATA
182.7 GeV 8.7±1.3 1.08±0.17 0.03±0.01 0.02±0.01 1.13±0.17 2
188.6 GeV 10.3±1.3 3.39±0.44 0.08±0.01 0.06±0.03 3.53±0.44 5
192-202 GeV 11.4±0.5 4.97±0.24 0.18±0.01 0.13±0.03 5.28±0.24 7
204-208 GeV 11.6±0.4 4.64±0.17 0.17±0.01 0.07±0.01 4.88±0.17 4

Table 5: Efficiencies and identified number of events expected and found for e+e−µ+µ−

final state.

In figure 4, the fitted masses of the e+e− and µ+µ− pairs are shown, for all energies
together.

6.3 Results for the four charged lepton channel

The cross-section was calculated taking into account the background and efficiency.
The main sources of the systematic error were found to be those due to the differences

between data and Monte Carlo for the number of reconstructed charged tracks, charge
conservation and particle identification. The contribution coming from the determination
of the luminosity was also taken into account.
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The cross-sections for the “flavour blind” four lepton processes were found to be

σ182.7GeV = (0.61+0.37
−0.27 ± 0.04)pb

σ188.6GeV = (0.83+0.26
−0.22 ± 0.06)pb

σ192−202GeV = (0.57+0.15
−0.13 ± 0.04)pb

σ204−208GeV = (0.55+0.15
−0.13 ± 0.04)pb

while for the production of e+e−µ+µ− final state

σ182.7GeV = (0.41+0.40
−0.27 ± 0.03)pb

σ188.6GeV = (0.30+0.18
−0.14 ± 0.02)pb

σ192−202GeV = (0.26+0.12
−0.09 ± 0.02)pb

σ204−208GeV = (0.15+0.13
−0.11 ± 0.01)pb

were obtained, all in good agreement with the EXCALIBUR visible cross-sections predictions.
The first error quoted is the statistical one, while the second is the systematic error.

7 The qq̄νν̄ channel

In the qq̄νν̄ channel the ZZ contribution dominates over the Zγ∗ one. However, for
Mqq̄ < 60 GeV/c2, the ZZ contribution is expected to be negligible and final states have
characteristic signature of “monojets”, with the low invariant mass hadronic system aris-
ing from the γ∗ hadronization. In the low mass region the cross-section is thus dominated
by the Zγ∗ contribution. In the region 2 GeV/c2 < Mqq̄ < 60 GeV/c2

EXCALIBUR predicts
a cross-section of 0.060 pb at 189 GeV centre-of-mass energy and 0.056 pb at 200 GeV.
When the γ∗ mass is close to that of the Vector Mesons, processes like γ∗ → ρ → ππ
can occur. The total cross-section for qq̄νν̄ in the region 2Mπ < Mqq̄ < 2 GeV/c2 can be
obtained assuming hadron-parton duality and was estimated with KORALW [12]. To model
correctly final states arising in this case, non-perturbative effects have to be included (eg.
Vector Meson Dominance modelling). A simplified modelling of the γ∗ fragmentation was
used for this purpose. It was assumed that for 2Mπ < Mqq̄ < 2 GeV/c2 only γ∗ → ρ → ππ
takes place. The pion form factor measured as Rπ = σ(e+e− → π+π−)/(e+e− → µ+µ−)
was used to model invariant mass distribution of π+π− pairs. The total cross-section for
2Mπ < Mqq̄ < 2 GeV/c2 was thus estimated to be 0.032 pb at 189 GeV centre-of-mass
energy and 0.031 pb at 200 GeV centre-of-mass energy. Our preliminary estimate is that
including other resonances does not change these cross-sections by more than 20%. This
was checked by using a more sophisticated treatment [13], based on KORALW as well,
in which contributions from resonances other than ρ (ω, Φ) and from the continuum (by
compiling exclusive e+e− cross-sections to 3,4,5,6 π’s and kaons) are also taken into ac-
count. The total Zγ∗ cross-section in the region 2Mπ < Mqq̄ < 60 GeV/c2 is thus expected
to vary between 0.092 pb and 0.084 pb (EXCALIBUR+KORALW), weakly dependent on
the centre-of-mass energy. In this section we considered as a signal the Zγ∗ processes with
γ∗ → qq̄ and Z → νν̄. Other processes (ZZ in particular) were considered as background.
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The interference between Zγ∗ process with γ∗ → qq̄ and Z → νν̄ and other processes was
estimated to be negligible and neglected.

Two analyses were performed: the first one is intended to probe the low mass region
of the hadronic system, thus to be efficient for Mγ∗ below 2 GeV/c2, where most of the
cross-section is expected. The second one is intended to have a better overall efficiency
at the expense of having very small efficiency in the low Mγ∗ region. No explicit cut on
the reconstructed mass was applied in any of the two analyses. These two analyses were
applied and combined as described in [1] without changes.

7.1 Results

In total 45 events in data were found, while 38.3 events were expected from Standard
Model, of which 17.2 from qq̄νν̄ signal process and 21.1 from background processes, mainly
from WW and single Weν contributions. Table 6 shows the predicted numbers of signal
and background events and the observed numbers of events in the νν̄qq̄ channel at the
various centre-of-mass energies.

Energy(GeV) νν̄qq̄
Data Signal Background

188.6 13 4.9 ± 0.1 5.9 ± 0.70
192-202 16 6.55 ± 0.03 7.8 ± 0.5
204-208 16 5.75 ± 0.03 7.4 ± 0.5

Table 6: The predicted numbers of signal and background events and the observed num-
bers of events in the νν̄qq̄ channel at the various centre-of-mass energies. The errors
quoted are from simulation statistics.

The average efficiency, as computed in Monte Carlo for Zγ∗ → qq̄νν̄ events with
Mγ∗ < 60 GeV/c2 is (31.0 ± 0.3) %, where the error is statistical only. The efficiency as
a function of the Monte Carlo generated qq̄ mass is shown in fig. 5 (lower plot), together
with the expected qq̄ mass distribution (upper plot). The efficiency is negligible for qq̄
mass above 60 GeV/c2. The distribution of the reconstructed Mγ∗ for 45 data events is
shown in fig. 6. Also shown are the corresponding distributions of simulated signal and
background events.

The background, as shown in table 6 was subtracted, and the average efficiency cor-
rection for σ(Zγ∗ → qq̄νν̄) with Mγ∗ < 60 GeV/c2 was applied. The resulting value
was corrected to take into account the part of the Zγ∗ spectrum corresponding to
Mγ∗ > 60 GeV/c2. The correction was estimated to be 2.2%, by fitting the generated qq̄
mass distribution in the Zγ∗ sample and extrapolating it up to the kinematical limit. No
correction was applied to account for the contribution of ZZ → qq̄νν̄ events, because the
efficiency drops to zero above 60 GeV/c2.

The result was :

σZγ∗→qq̄νν̄ = 0.129 ± 0.035 (stat) pb
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A very preliminary estimate of systematic errors was performed. The limited Monte
Carlo statistics gave an uncertainty of ±0.008. Uncertainties coming from background
subtraction were estimated by using different hadronisation models (ARIADNE vs. JET-
SET), different e+e− → W+W− generators (EXCALIBUR vs. PYTHIA), different
e+e− → γγ generators (TWOGAM vs BDK). Contributions to the cross-section mea-
surement were, respectively: ±0.003 pb, ±0.002 pb, ±0.002 pb. Cuts were independently
varied within reasonable intervals and the width of the corresponding cross-section dis-
tribution was assumed to represent this source of systematic error: this gave ±0.012 pb
contribution on the cross-section measurement. Detector induced effects were exploited
by looking at data-simulation disagreement at a level of the analysis in which the signal
is negligible with respect to the background. The difference in term of absolute number
of events was assumed to represent this source of systematic uncertainty and was esti-
mated to contribute to ±0.001 pb to the cross-section measurement. The γ∗ hadronisation
model in [13] was used to estimate the systematic uncertainty in the efficiency evaluation
in the low qq̄ mass region: this gave a contribution of ±0.001 pb on the cross-section
measurement. The total estimated systematic error was ±0.015 pb.

The average luminosity weighted cross-section was thus measured to be:

σZγ∗→qq̄νν̄ = 0.129 ± 0.035 (stat) ± 0.015 (syst) pb

The Standard Model expectation of the cross-section for this process is 0.092 pb-
0.084 pb (EXCALIBUR+KORALW, see sec. 7) for the range of centre-of-mass energies
used in the analysis. This result is thus in agreement with the Standard Model prediction.

8 The qq̄qq̄ channel

The selection of the events for the qq̄qq̄ channel has to deal with background processes like
qq̄(γ) and W +W− which have cross-sections larger by orders of magnitude with respect
to the Zγ∗ one. A general analysis performed over all the possible qq̄ mass spectrum
is thus impossible. Therefore, only one region was considered, namely that with one qq̄
pair coming from the Z decay and the remaining one with qq̄ mass below 2 GeV/c2. One
expects that, in this case, Zγ∗ is the dominant process, with a low mass γ∗ giving rise to an
energetic slim-jet, which recoils against a system with an invariant mass compatible with
the Z one. The cross-section was computed and the process was simulated in a way similar
to that in sec. 7, making use of KORALW [12] with the inclusion of non-perturbative
effects and the use of a simplified modelling of the γ∗ fragmentation, assuming that only
the process γ∗ → ρ → ππ takes place. The same considerations as in sec.7 hold in this case.
The total Zγ∗ cross-section for qq̄qq̄, with one qq̄ pair with mass 2Mπ < Mqq̄ < 2 GeV/c2

was estimated to be 0.2 pb at 200 GeV centre-of-mass energy. The signal was defined
by this requirement on Mqq̄, plus an additional requirement on the polar direction of
each generated quark: |cos(θq)| < 0.98. The corresponding cross-section, at 200 GeV
centre-of-mass energy, was evaluated to be 0.082 pb.

The reaction being searched for in the present analysis is thus e+e− → Zγ∗ →
qqρ, ρ → π+π−

11



These events are characterized by:

• Two jets from Z decay;

• One high-energetic, low mass jet from ρ decay. This jet is mainly produced in the
forward direction.

Three sources of background were considered: qq̄(γ), W +W−, and qq̄µ+µ− events.
Two analyses were performed: the first one was based on a series of optimized se-

quential cuts; the second one, which implemented part of the cuts used in the first one,
contained a different estimate of the background.

8.1 The sequential cut analysis

Events were cluseterd according to the LUCLUS [14] algorithm with the parameter djoin

set to 6.5 GeV/c.
A set of cuts was then applied to the data, in order to extract the signal from the

background. Cut #1 selects hadronic events. Cuts from #2 to #10 look for pairs of
tracks with the desired characteristics in the events.

1. The total event track multiplicity was required to be larger than 20; the ratio
√

s
′
/
√

s
had to be greater than 79%, where

√
s
′
is the reconstructed effective centre-of-mass

energy; the number of muons in the event had to be less than 4; no tracks with
electromagnetic energy greater than 50 GeV were allowed; the missing energy of the
event was required be less than 82% of the total energy of the event; the number of
reconstructed jets had to be greater than 2.

2. The momentum of each track in the pair was required to be p > 0.4 GeV/c and its
impact parameter to be compatible with the primary event vertex.

3. The total energy of the pair had to be larger than 64 GeV and the jet to which the
pair belonged had to have charged multiplicity less than 3.

4. The sum of the electromagnetic energies of the two particles had be less than 64%
of the total energy of the pair.

5. The two particles had to be of opposite charge.

6. Neither muons, nor electrons were allowed in the pair (anti-lepton cut).

7. The angle between the two particles had to be less than 0.31 rad (collimation cut).

8. The angles between each track in the pair and the axis of the jets of the event
(not including the jet to which the pair belonged) had to be larger than 0.39 rad
(isolation cut).

9. The invariant mass of the two particles had be less than 2 GeV/c2.
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10. The mass of the system recoiling against the selected track pair, reconstructed with
the triangle formula, had to be between 70 GeV/c2 and 110 GeV/c2.

The pairs were built considering all the tracks in the event. The first track was required
to have an energy larger than 32 GeV (half of the minimum total energy requested in cut
#3). The second one was chosen to be the nearest track in space angle. If the pair did
not pass the cuts, the nearest track was replaced with the second nearest one. When a
pair passing all the cuts was found, the event was accepted.

The cuts were optimised scanning the full range of the relevant discriminating variables
and calculating, for each set of values, the cross-section and the quantity ε ∗ purity.

A set was chosen which gave the highest value of εp, a value of ε = 0.18, a purity of
64% and a ratio signal√

background
= 4.1.

The distribution of the cross-section obtained for different values of the cuts was ob-
served to have a gaussian behaviour and was thus fitted: the fit gave a standard deviation
of 0.02 pb. This was assumed to represent the systematical error due to the choice of a
particular set of values.

Table 7 shows the number of data events that pass the various selections, as a function
of the sequential cut, compared with the expectations of the simulation.

Table 8 shows the predicted numbers of signal and background events and the observed
numbers of events in the qq̄qq̄ channel at the various centre-of-mass energies.

cut # Data MC total signal qq̄γ WW qqµµ

0 (no cuts) 436488 63805.6 51.1 61800 1800 154.5
1 13790 14418 41.6 7763.0 6538.9 74.5
2 4048 4057.2 30.6 2097.3 1862.2 67.1
3 518 574.3 16.7 57.3 458.3 42.0
4 334 355.6 13.2 21.4 285.6 35.4
5 330 350.9 13.2 20.9 281.4 35.4
6 292 319.7 12.7 20.1 262.8 24.1
7 49 45.8 12.5 15.7 8.3 9.3
8 23 27.6 11.8 7.4 6.0 2.4
9 14 18.3 9.7 3.8 3.4 1.4
10 14 14.6 9.4 2.7 1.7 0.8

Table 7: Data - Monte Carlo comparison of number of events as a function of the sequential
cut in qq̄qq̄ analysis

The following result (luminosity weighted croos-section) was obtained:

σ
Zγ∗→qqρ

= 0.074 ± 0.040(stat) ± 0.016(syst cut) pb (1)

where the second error represents the systematics coming from the choice of the cut
values. The result is in agreement with the Standard Model expectation of 0.082 pb at a
centre-of-mass energy of 200 GeV. It was assumed (in making the comparison) that the
cross-section of this process was constant with

√
s.
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Energy(GeV) qq̄qq̄
Data Signal Background

182.7 3 0.8 ± 0.2 0.46 ± 0.02
188.6 5 2.4 ± 0.2 1.34 ± 0.02

192-202 3 3.3 ± 0.2 1.79 ± 0.01
204-208 3 2.9 ± 0.2 1.61 ± 0.02

Table 8: The predicted numbers of signal and background events and the observed num-
bers of events in the qq̄qq̄ channel at the various centre-of-mass energies. The errors
quoted are from simulation statistics.

8.2 Different background evaluation

A second analysis was done in order to check the measurement of the cross-section. The
cuts on invariant mass, recoil mass, isolation and collimation were completely released
(cuts #7,#8,#9, #10), and the invariant mass of the pairs of tracks that passed the
remaining cuts was calculated. In the data, 21 events were found with an invariant mass
of the selected track pair below 2 GeV/c2. Figure 7 shows the simulated distribution of
invariant mass for π+π− candidate pairs for the background component only. A small peak
can be seen below 2 GeV/c2 in the mass distribution of the background: this peak comes
mainly from the qq̄γ component and is probably due to the presence of real ρ and low
mass virtual gluons. The distribution was fitted in the region between 0 and 10 GeV/c2

with the simple analytical function shown in the figure. Then the corresponding data
distribution was fitted with the same function between 4 and 10 GeV/c2 (where no signal
is expected), fixing all the shape parameters but a normalization factor. The integral
content between 0 and 2 GeV/c2 (where signal is expected) of the resulting function was
Nintegral =6.17 and was assumed to represent an estimate of the number of background
events and used to compute the cross-section. With a Monte Carlo estimated efficiency
of 23.6%, the result was

σ
Zγ∗→qqρ

= 0.102 ± 0.040(stat) pb.

The ability of the simulation in estimating the background was evaluated by looking
at selected pairs with tracks of the same charge, thus working in an almost signal-free
situation. In the data, 3 events were found with mass of the candidate π+π+and π−π−

pairs below 2 GeV/c2, while the simulation predicted 3.75±0.5. As these numbers are
compatible, the statistical error of the difference was assumed as a systematic uncertainty
due to the background evaluation in the ρ region. This gave a contribution of ±0.014 pb
on the cross-section measurement. The final result was thus:

σ
Zγ∗→qqρ

= 0.102 ± 0.040(stat) ± 0.016(syst cut) ± 0.014(bckg)pb,

in agreement with the Standard Model expectation of 0.082 pb. This result is very
preliminary and has to be considered as a cross check of the analysis presented in sec. 8.1.
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9 Conclusions

In the data sample collected by the DELPHI detector at centre-of-mass energies rang-
ing from 183 GeV to 208 GeV, the cross-sections for the production of µ+µ−qq̄, e+e−qq̄,
l+l−l+l−, νν̄qq̄ and qq̄qq̄ (in the qq̄ρ case) final states have been measured and compared
with the Standard Model expectations. In e+e−qq̄ channel the deviation from Standard
Model observed in 1997-1999 statistics, was not confirmed by 2000 data. Preliminary mea-
surements of the Zγ∗ contributions to µ+µ−qq̄, νν̄qq̄ and qq̄qq̄ final states were performed
and found to be in agreement with the Standard Model.
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Figure 1: Distributions of the mass of one fermion pair when the mass of the second is
close to MZ . The two lower plots are for e+e−qq̄ channel and the two upper plots for
µ+µ−qq̄ channel. The points are the data, the empty histogram is the prediction of the
simulation for ZZ, the light (green) shaded histogram is the prediction of the simulation
for Zγ∗, and the dark (blue) filled histogram is the contribution of the background.
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Figure 2: Mqq (upper plot) and Mµ+µ− (lower plot) distributions for the µ+µ−qq̄ channel.
Circles indicate the data, the light shaded histogram indicates the ZZ + Zγ∗ + γ∗γ∗

(NC08) contribution and the dark histogram indicates the Zγ∗ contribution.
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Figure 3: Mass distributions for pairs from charged four-lepton events. The dots are the
data, the dark shaded histograms the Monte Carlo predictions for the background and
the light shaded ones correspond to the Monte Carlo expected signal. Pairs are made of
opposite charge leptons.
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Figure 4: Mass distributions for pairs from e+e−µ+µ− events. The dots are the data, the
dark shaded histograms the Monte Carlo predictions for the background and the light
shaded ones correspond to the Monte Carlo expected signal after particle identification.
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Figure 5: Expected mass distribution of Zγ∗ → qq̄νν̄ (upper plot). Selection efficiency of
the analysis (lower plot)
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Figure 6: The distribution of the invariant mass of the hadronic system in the νν̄qq̄
selection. The black circles are the data, the dark histogram shows the signal contribution,
and the light shaded histogram shows the total Monte Carlo contribution.
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Figure 7: Simulated invariant mass distribution for pair π+π− considered as backgrounds
to e+e− → Zγ∗ → qqρ, ρ → π+π−.
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