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Abstract 

A search for e+e-qq (e = e, p) four-fermion final states in high multiplicity events has been performed at 6 z mz and 
above the Z peak at fi = 130 GeV and 6 = 136 GeV. The data taken with OPAL correspond to an integrated luminosity 
of 132.4 pb-’ and 5.3 pb-’ at fi = mz and fi = 130-136 GeV, respectively. While at the Z resonance the data are in 
good agreement with the Standard Model predictions, we find more events than expected at fi = 130-l 36 GeV, especially 
in the ,u”+pu-qij channel, where 5 events remain after all cuts, with only 0.6 predicted by the Monte Carlo simulation. For 

all center-of-mass energies the observed shapes of the differential distributions are consistent with the predictions. 

1. Introduction 

The electroweak Standard Model describes the pro- 
duction of two fermion-antifermion pairs in efe- col- 

lisions with small theoretical uncertainties. Below the 
W+W- threshold the only diagrams which contribute 
are those in which the fermion pairs emerge from neu- 
tral bosons, i.e. virtual photons and real or virtual Z 

bosons; in the case of electrons in the final state there 
are also contributions from t-channel boson exchange. 

Four-fermion events have been studied in the past at 
various center-of-mass energies below [ I] and on [ 21 
the Z peak, with corresponding large variations in the 

relative contributions of the different diagrams. So far, 

’ and at TRIUMF, Vancouver, Canada V6T 2A3. 
* and Royal Society University Research Fellow. 
’ and Institute of Nuclear Research, Debrecen, Hungary. 
4 and Depart of Experimental Physics, Lajos Kossuth University, 

Debrecen, Hungary. 
‘and Ludwig-Maximilians-Universittit, Miinchen, Germany. 

no disagreement with the Standard Model predictions 

has been found within the experimental uncertainty 
for this rare process. The large number of events ob- 

served with the OPAL detector from 1990 to 1994 

allows a test of the Standard Model predictions for 

four-fermion final states at the Z peak with high statis- 
tics. In addition, the recent energy upgrade of the LEP 

collider offers the first opportunity to study these pro- 
cesses at energies of fi = 130-136 GeV, well above 

the Z peak, where the relative contributions of the var- 
ious Standard Model diagrams are again significantly 
changed. 

A study of the four-fermion processes, particularly 
those containing a quark pair in the final state, is im- 
portant because these channels form a sizeable back- 

ground for Higgs searches. In addition, the good mo- 
mentum resolution for lepton pairs in OPAL can be 
used to search for new particles X in the process 
e+e---t ylZ(*)X + ef!-q4 (e = e, p) , where X or 
y/Z(*) decay to e+e- and qq , respectively. We have 
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analysed the OPAL data taken at fi % mz6 from 
1990 to 1994 with a total integrated luminosity of 

132.4 pb-’ , searching for four-fermion events of the 

!+e--jet-(jet) type, where the quark pair is detected 
as one or more jets of high multiplicity. A similar anal- 

ysis was performed using all data with center-of-mass 
energies of fi = 130 and 136 GeV collected at the 

end of 1995. The high energy data samples correspond 
to integrated luminosities of 2.7 pb-’ and 2.6 pb-‘, 

respectively. 

2. The OPAL detector 

The OPAL detector is described in detail elsewhere 

[ 3-61. It has a geometrical tracking acceptance of 
98% of 45- steradians. The central part consists of a 
set of tracking detectors in a 0.435 T solenoidal mag- 

netic field. It is surrounded successively by a time- 
of-flight scintillation counter array, a lead-glass elec- 

tromagnetic calorimeter with a presampler, an instru- 
mented iron magnet yoke which serves as a hadron 

calorimeter, and finally by a set of muon chambers. 

The luminosity of the colliding beams is obtained from 
detecting small angle Bhabha scattering events in the 

two forward detectors. 

3. Monte Carlo sample 

To model the four-fermion signal events we use the 

FERMISV [7] program. The possible diagrams in- 

volving neutral boson exchange can be categorized 

into four different gauge-invariant groups (Fig. 1). 
The contribution of certain diagrams is especially high 
if the Z boson is on mass shell. Therefore, depend- 
ing on the center-of-mass energy, different diagrams 

dominate the four-fermion cross section. 
The FERMISV generator includes all the lowest or- 

der diagrams (A)-(G) , and their interferences. Ini- 
tial and final state photon radiation from each fermion 
leg are modeled by convolving with an exponentiated 
radiation spectrum. The influence of initial state ra- 

diation on the cross sections is thereby reproduced at 

h Most of the data were taken close to the peak of the Z resonance, 

with fi = 9 I .2 GeV. The off-peak samples, which correspond to 
about 20% of the total luminosity, arc predominantly at fi = 89.4 

and 93.0 GeV. 

e+ e+ 

e- e- 

e+ b e+ 

e- -.L e- 

e+ d e+ 

e- Lee 

e+ _ e+ 

((2 

e- -C, e- 

Fig. I. Schematic Feynman diagrams for the four-fermion 

production process e+e- + @P-q@ divided into the four 

gauge-invariant groups: annihilation (A), (B), conversion (C), 

(D), bremsstrahhmg (E), (F) and multiperipheral (G) diagrams. 

The dashed line symbolizes an intermediate y or Z boson. The 

contribution of the respective diagrams is especially high if the Z 

boson is on its mass shell. In addition all photon lines can also 

be replaced by a Z. 

the percent level, whereas final state radiation, which 
barely influences the cross sections, is modeled to re- 
produce acceptance systematics with sufficient accu- 
racy. The only electroweak corrections included are 
corrections to the Z boson vertices in the improved 

Born approximation. No higher order corrections are 

included in the photon propagator, nor for the y-qq 
or q-qy vertices. We have estimated these corrections 

from basic principles and applied them as weights 
to the FERMISV prediction after the selection cuts. 
These weights are computed as a function of mmin = 
min(mpF,mqq), where mpp and mqq are the invariant 
masses of the lepton and quark pair, respectively. We 
thereby assume that the system with the lower invari- 
ant mass has emerged from the virtual photon and the 
one with the larger mass from a Z(*). Misassignments 
due to intermediate yy and ZZ are very rare and are 
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neglected. In detail the corrections are as follows: 

- Photon propagator: The running of c+,( mtin) 
was accounted for by explicitly summing the ef- 

fect of leptonic loops, and taking the contribution 

due to hadronic loops from the parametrization of 
Ref. [ 81. In addition, the effect from all J/+ and Y 
resonances in the propagator were summed, and ap- 

propriately taken into account. This correction ap- 

plies to the six diagrams (A)-(F). Depending on 
lnrnin the loop effects correct the cross section by up 

to 10%. The resonant corrections to the total cross 
section are between 2% and 10% for low leptonic 
and hadronic masses, respectively. 

- r_qfj vertex: The QCD correction due to final 

state gluon radiation for this vertex is the same 
as that for the ratio R, = a(e+e--+ y* -+ 

hadrons)/g(e+e--+ y* ---f ,u+,u-). Down to in- 
variant qq masses of 1 GeV we include the first 

order correction n, (mmin) /n-, modified by a thresh- 
old term above the cS. and b6 threshold according to 

Ref. [ 91. This correction applies to diagrams (B) , 
(D), (E), and (F). The same correction was ap- 
plied to the Z-qq vertex in diagrams (A) and (C) . 

- q-qy vertex: This vertex requires a large negative 

QCD correction for low photon energies as shown in 

Ref. [ IO] for on-shell photons, and should give sim- 

ilar effects for virtual photons. However, it applies 

only to diagram (A), and therefore should have 
sizeable effects only at fi M mz. Here we reweight 

the FERMISV predictions by a correction factor 
C( Etl> depending on the lepton energy sum of each 

event. The function C( Et!) was parametrized to re- 

produce approximately the suppression of real pho- 
ton emission given in Ref. [ lo], varying from 1 for 

El;fi > 30 GeV to 0.7 at Eee = 10 GeV and to 0.4 

at EII = 3 GeV. For center-of-mass energies of 130 
and 136 GeV the contribution of diagram (A) to 
the total “visible” cross section is small. In addition, 
our selection rejects events with low-energy virtual 

photons. We thus do not apply this correction and 
estimate the systematic error due to its omission to 
be less than 0.5%. 

With FERMISV we generated for each of the 10 
possible e+e-qq final states Monte Carlo samples con- 
sisting of 2000, 200 and 200 events at fi = 91.2, 

89.4 and 93.0 GeV, respectively, which corresponds 
to about 10 times the integrated luminosity recorded 
with OPAL from 1990 to 1994. Furthermore, we gen- 

erated one sample for each channel at a center-of-mass 
energy of 130 GeV corresponding to an integrated lu- 
minosity of about 1000 pb-‘. Initial state radiation 

was enabled, and up to four final state photons were 

allowed to be radiated. The fragmentation of the two 
final state quarks was handled by JETSET 7.4 [ 1 l] 
with parameters tuned for multihadronic decays of the 

Z” as observed with the OPAL detector [ 121. Possible 

variations of these parameters with the center-of-mass 

energy can be safely neglected, since the analysis does 

not impose stringent cuts on the hadronic system. In 
order to avoid generating events compatible with con- 
verted photons, which would then be rejected in the 
selection 9 the e+e- invariant mass in the final state 

was required to exceed 50 MeV. The momentum direc- 

tion of each fermion was required to be more than 5” 

away from the beam axis. The resulting (uncorrected) 
cross-sections for the various center-of-mass energies 
are listed in Table 1. The variation in the contribution 

of the various subprocesses with fi is obvious. Note 

that the electrons in the bremsstrahlung and multipe- 
ripheral classes are strongly forward peaked. Requir- 
ing all fermions to be generated at more than 15”, typ- 

ically necessary for passing good charged track cri- 

teria, would reduce the generated bremsstrahlung and 
multiperipheral cross section by factors of 5 and 30, 

respectively. All events generated were processed by 

the OPAL detector simulation program [ 131. For & = 
136 GeV we scale the predictions from the 130 GeV 

FERMISV Monte Carlo with the ratio of the cross 
sections at fi = 136 and 130 GeV, assuming equal 

efficiencies. 

The main physics background to the e+C-qq final 
state comes from multihadronic events with two rel- 

atively isolated leptons. These can arise either from 

semileptonic decays of heavy quarks, or in the case 
of electron pairs from a converted initial state pho- 

ton. The latter mainly arises at center-of-mass energies 
above fi = mz and plays only a minor role at the Z 
resonance. To estimate this background we have anal- 
ysed Monte Carlo events, simulated with JETSET 7.4. 

For fi = 130 GeV and 136 GeV we additionally used 
Monte Carlo samples generated with the PYTHIA 5.7 

package [ 111, which also contain events of the type 
e+e-+ (y)C+C- with e = e, p or 7. 

Background from other sources has been deter- 
mined using KORALZ [ 141, BABAMC [ 151, FER- 
MISV and EXCALIBUR [ 161. The latter two were 
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Table I 
FERMISV cross sections in pb for 4 = 89.4, 91.2, 93.0 and 130 GeV requiring all final state fermions to be mom than So away from 
the beam axis, and an invariant mass for the e+e- pairs of more than 50 MeV. The total cross section includes interference effects and 
is therefore not the sum of the separate contributions. The statistical accuracy is about l-3%. 

Channel 

e+e-qq 

w+ll-94 

Diagram 

Annihilation 
Conversion 
Bremsstrahlung 
Multiperipheral 

Total 

Annihilation 
Conversion 

Total 

Generated cross sections in pb at different values of ,,& 

89.4 GeV 91.2 GeV 93.0 GeV 130.0 GeV 

I .52 4.95 2.31 0.06 
I.19 3.66 5.34 0.70 
2.34 2.34 2.2 1 1.56 
0.78 0.78 0.75 0.4 I 

5.91 I I .69 IO.43 2.58 

0.85 2.77 I .34 0.04 
0.38 0.96 I .95 0.49 

I .22 3.73 3.29 0.53 

used to estimate possible background from all other 

four-fermion final states at fi M mz and 6 = 130- 

136 GeV, respectively. The KORALZ and BABAMC 

Monte Carlo samples were analyzed to check the 
dilepton background at the Z peak. For fi = 130- 

136 GeV these processes are included in the PYTHIA 

samples, with the exception of f-channel Bhabha 
events. Background from this channel again was es- 

timated using an appropriate BABAMC Monte Carlo 
sample. 

4. Selection criteria - At fi = mz we require the number of charged 

In order to reduce the background from e+e--+ 

y/Z”’ 4 hadrons one has to investigate a phase space 
region where four-fermion events have a clearly dis- 
tinguishable signature compared to qq-events. This is 

done by searching for isolated leptons with a certain 
minimum momentum. At fi M mz this leads to a 

rather low selection efficiency, since the cross section 
of the dominant diagram A peaks for low energy lep- 
ton pairs, which are emitted close to the jets. At fi = 
130- 136 GeV the intermediate Z-pole is reached in 
the conversion diagrams, where fermion pairs origi- 
nating from the initial state have energies ranging typ- 
ically from 32-35 GeV for fi = 130 GeV and from 
36-39 GeV for fi = 136 GeV. Due to this large en- 
ergy of the radiated pair the leptonic and the hadronic 
system are in most cases clearly separated. Therefore, 
in this case searching for isolated leptons with rather 

high momenta selects e+e-qq events with much higher 
efficiencies and at the same time suppresses multi- 

hadronic background. 
After removing cosmic ray events using time-of- 

flight and central tracking chamber information, a pre- 

selection of lepton pairs was performed, intended to 
yield a high statistics data sample for comparison with 

the Monte Carlo predictions. Since the preselected 

sample will later be used to determine the systematic 
error on our predicted background from e+e- + ( y) ff 

events, we list in the following the detailed preselec- 

tion criteria. 

tracks per event Ntrk 2 8, where only tracks satis- 
fying minimum quality criteria are considered. For 
the analysis at fi = 130-l 36 GeV this requirement 

was loosened to Ntrk > 6, since the background 
fraction coming from dilepton events with multiple 

photon conversions is strongly reduced off the Z 

resonance. 
The number of jets per event has to be greater than 
or equal to two. Charged tracks and electromagnetic 
clusters not associated to any track are formed into 
jets using the Durham algorithm [ 171. Typically 
one or two “jets” originating from the leptons and in 
addition one or two jets originating from the quarks 
are expected for signal events. 

- Leptons are identified differently for the analyses at 
,/? x mz and at 4 = 130-l 36 GeV. In both cases 
lepton candidates are required to have a momentum 
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p 2 5 GeV/c. Since at the Z resonance the leptons 

are preferentially emitted close to the jets we em- 
ploy a lepton identification optimized for b-tagging 
in a high-multiplicity environment. To select elec- 

trons we use an artificial neural network [ 181. Elec- 
trons identified as originating from photon conver- 
sions are rejected [ 191. Muons are identified as de- 

scribed in Ref. [ 191, mainly using the positional 
matching between the charged track extrapolation 

and the associated segment in the muon chambers. 

At fi = 130-136 GeV the leptons are expected to 

be isolated from the hadronic jets and we can there- 
fore afford to apply much looser identification cri- 

teria. A track is classified as an electron if the ratio 

E/p is greater than 0.8, where p is the track momen- 
tum and E the associated electromagnetic energy. 

Furthermore the energy loss dE/dx in the central 
tracking chamber has to be within a range of values 
where 99% of the electrons with this momentum are 

expected. Muons are required to have E/p < 0.2 
and at least three hits in the muon chambers or the 

last three layers of the hadronic calorimeter. 
- For each lepton candidate an isolation angle &” 

is defined as the maximum angle at which the en- 
ergy Econe contained within a cone of half-angle c@ 

around the lepton is less than 1 GeV. In order to 
keep events with low-mass lepton pairs, Econe is de- 
fined to be the energy of all tracks and unassociated 
electromagnetic clusters within the cone, excluding 

both the lepton candidate itself, and also the nearest 
other lepton candidate if it lies within the cone. 
The two most isolated leptons of each flavor are re- 

garded as a candidate lepton pair. An event passes 
the preselection for efe-qij or p+p-qq, if a can- 
didate lepton pair of the respective flavor is found. 

If the charges of the leptons are of the same sign, 
the event is rejected. Their momenta and isolation 

angles are called pi, i = 1,2, and @‘, respectively, 
where i = 1 designates the lepton having the larger 
isolation angle. In the analysis at ,/X = mz we fur- 

thermore require at least one lepton with an isola- 
tion angle &’ greater than 20’ to reduce the huge 
number of multihadronic events passing the criteria 
described above. 

- In order to reject the few remaining dilepton events 
with multiple photon conversions we furthermore 

require that at least two charged tracks in the re- 
maining hadronic system of an event have an energy 

loss inconsistent with an electron; here, the proba- 

bility of the measured dE/dx value being consis- 
tent with the energy loss of an electron inside the 
tracking chamber has to be less than 1%. 

After the preselection I7 1 and 136 events are found 
in the data at fi x mz and fi = 130-l 36 GeV, re- 

spectively. Fig. 2 shows the isolation angle a? and 

the recoil mass distribution of the preselected events 
to be in good agreement with the expectation. The re- 

coil mass mrecoit is calculated using the momenta and 

energies of the two lepton tracks via mfecoi, = (1 - 

2Eeelfi) s+mie, where Ekp is the leptonic energy and 
met is the invariant mass of the lepton pair candidate. 

The data are overlaid on the sum of the FERMISV 

prediction and the JETSET/PYTHIA background. Ta- 
ble 2 lists the number of expected and observed events 
separately for each channel and center-of-mass energy. 

For the final selection we exploit the isolation of 

the signal leptons mentioned above, and further reject 
non-leptonic low momentum background by requiring 

a? 2 30”, ap > 10” and 1~11 + 1~21 2 15 GeV/c. 

In order to reject photon conversions for e+e-qq 

events we furthermore demand a transverse mass of 

the electron pair of more than 1 GeV. The transverse 
mass is calculated from the e4 and e- momenta pro- 

jected onto a plane perpendicular to the beam axis. 
With these cuts we obtain from our Monte Carlo 

simulation total efficiencies for e+e-qq and p+p-qq 

events, respectively, (l.OfO.l)%and (4.1&0.2%) at 
the Z resonance and (4.0 * 0.4%) and ( 18.5 & 1.2)% 

at 4 = 130-I 36 GeV. 

5. Results 

5.1. Results at ,,h z mz 

With the selection criteria described above a total 

of 53 events are observed at fi x mz, of which 
we find 28 in the p+,u-qq final state and 25 in the 
efe-qq channel. The predicted number of p+,u-qq 

events from our corrected FERMISV Monte Carlo 
sample is 20.0 f 1.1, while in the e+e-qq channel 
we expect 19.1 f 2.2. After subtracting the expected 
multihadronic background in the p+p”-qq (e+e-qq ) 
channel of 8.2 f 2.1 ( 1 .Oz$;.‘,, estimated from a JET- 
SET Monte Carlo sample equivalent to about twice 
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Fig. 2. Recoil mass distribution (a). (c) and distribution of c$ (b), (d) for Y’Y-qq events at fi x WQ (a). (b) and 

4 = 130- I36 GeV (c), (d) after preselection. Points are the data, the open histogram is the FERMISV prediction and the hatched region 
is JETSET (PYTHIA) background. 

the integrated luminosity taken with OPAL from 1990 

to 1994, the final number of four-fermion W-q4 fi- 
nal states found in the data is 19.8 5 5.7 and 24.0::$ 

for the p+p-qq and e+e-qq channel, respectively. 

No background from lepton pairs is expected, due 
to the tight lepton identification criteria and the hard 
multiplicity cut. The total C+e-qq background from 
other four-fermion channels, such as e+e-r+r-, 

~u+/_-r+r- and r+r-r+r-, was estimated using 

FERMISV to be less than 0.5 events in total and is 
therefore negligible. 

A possible background arises from color octet iso- 

lated quarkonium production from single hard gluon 

emission from quarks in multihadronic events, domi- 
nated by productionof the Jl$ family, with a predicted 
branching ratio of (3-4) x lop4 [ 201. This process 
was introduced recently to explain the excess of char- 
monium and bottomonium production at CDF [ 2 11. 
It is also consistent with the recent OPAL observation 
of Y production in Z” decays [22]. An exact effi- 
ciency determination for selecting this process is dif- 
ficult, since there exists no firm model for the amount 
and energy distribution of hadrons radiated from the 
color octet states when they turn into color singlet ob- 
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Number of expected and observed events after the preselection and the final selection at 4 z mz and fi = 130-136 GeV. For the final 

results both the statistical and the systematic errors are given; the statistical uncertainties on the signal and background prediction after 

the preselection are much smaller than the statistical error on the number of observed events. 

e+e-qq Channel p’~-qLj Channel Total 

Preselection Signal 32.6 26.5 

e+e-- ( y) ff 50.4 57.6 

Total expected 

Total observed 

83.0 

88 

19.15; zh3.3 

1.o+‘.’ fO.l --0.7 

20. I “-‘;.;f; * 3.3 

2s 

84.1 167.1 

83 I71 

Final selection Signal 

e+e-+ (y) ff 

Total expected 

Total observed 

fi= 130-136 GeV Preselection Signal I.7 0.8 2.5 
e+e-+ ( y) ff 131.8 17.9 149.7 

Total expected 133.5 18.7 I s2.2 

Total observed I13 23 136 

Final selection Signal 

e+e---+ (y) d 

4-fermion background 

Total expected 

Total observed 

0.63+“.” f 0. IO -mm o.5s+“.“M f 0.07 -0.M 
o.o3+O.o7 f 0.01 Al.03 0.06+“.M 5~ 0.01 

0.06+‘.“* +I 0.03 
-0SIZ 

-0.02 o.o1:y;‘;I;, * 0.01 

0.72+“m rt 0.10 -o.m 0.62+nm f 0.07 -_(I.05 
I 5 

59. I 

108.0 

2o.o+‘.’ * I.7 -II 
8.2+*.’ i I.1 

39. I :;; + 5.0 

-2.1 9.2+*.” i I.’ 
-2.2 - 

28.2+*.” l 2 0 -2.4 ’ 48.3+‘.” & 9 3 -3.3 . 
28 53 

r.ls:;~;; It 0.17 

o.o9+“-“7 f 0.02 -_(I.wt 
o.o7+c”~‘” f 0.04 --o.(lZ 

I .34:;‘:i;;:, f 0. I7 

6 

jects. Since the hard energy cut in the definition of the 
isolation angle is extremely sensitive to such hadrons, 
the efficiencies we derive from Monte Carlo simula- 

tions [22] have a large uncertainty for this process. 

In the mass regions of the II+ and Y we find in total 
6 P!-qq data events, while 4 events are predicted by 

the FERMISV and e+e- --+ (r) fi Monte Carlo. Since 

this suggests that our sensitivity to direct quarkonium 
production via color octet states is rather small, we 

neglect them in our final results. 

5.2. Results at fi = 130-136 GeV 

After applying all cuts 6 C+e-qq events remain in 
the data sample taken at ,,& = 130-136 GeV, 5 in the 

pip-qq channel and 1 in the e+e-qq channel. For 
these events we have listed in Table 3 the leptonic 

and recoil masses met and mrecOit, the corresponding 
hadronic mass mhad, the isolation angle cvto of the 
most isolated lepton candidate, 1 cos f?tel, where 0pp is 
the angle between the lepton momentum sum and the 
beam axis, and the number of tracks per event h&_ 

The hadronic mass mhad is determined from all tracks 
and clusters of the recoiling hadronic system using 

the method of Ref. [23]. In the last column of the 

table, we have tentatively assigned each event to one 

of the diagrams in Fig. 1. Most of the events can eas- 
ily be classified as examples of diagrams (C) or (D) 

according to whether the recoil or the leptonic mass 
is close to the 2 mass. The event marked (C) (A) 

contains an isolated photon with E7 = 30.8 GeV and 

is therefore a candidate for a “radiative return” anni- 
hilation process (A) with final state lepton pair pro- 
duction. However, since the lepton pair has a rather 

small Bee, the photon is more likely to be from final 
state radiation. Therefore, the event is more typical of 

diagram (C) , In the e+e-qq event neither the lep- 
tonic nor the recoil mass is consistent with the Z mass. 

This leads to the bremsstrahlung assignment, with di- 
agram (F) preferred since the hadronic system in di- 
agram (E) is more likely to be emitted in the forward 
direction. The various Monte Carlo predictions for the 
signal and background processes corresponding to an 
integrated luminosity of 5.3 pb-’ are as follows. 
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Table 3 

Properties of remaining events at fi = 130-136 GeV after all cuts. Given arc the Ieptonic and the recoil mass rnPt and ~~~~~~~~~ the 

corresponding hadronic mass rnhadd. calculated using tracks and clusters of the recoiling hadronic system, the isolation angle ,v of the 

most isolated lepton candidate, 1 cos BP?/, where 8~1 is the angle between the lepton momentum sum and the beam axis, and the number 

of tracks per event N,,t. The units for 4, rn~~, PI recoil and ?nhad are GeV, UP is giVen in degrees. 

Channel fi w '%xoil ‘nhad 
&o 

I ) cos l9,J,, 1 Nwk Class 

CL+p-qSI 130 86.6 f 4.2 18.3 Z!L 26.0 1.6% 1.0 113 0.157 6 (DJ 
130 4.1 f0.l 9.5.0f 0.8 91.6f9.6 66 0.810 I6 CC) 

130 2.3 zt 0.1 94.7 zt 0.8 90.9 zt 9.6 34 0.827 I5 (C) (A) 
136 0.4 f 0.1 98.4 L!? 0.7 94.9 f 9.6 54 0.213 23 (Cl 

136 3.5 f 0.1 88.2f 1.0 97.8 * 9.6 65 0.301 20 (C) 

e+e-q4 130 47.9 f 4.0 10.5 f 10.6 7.6 + 2.0 122 0.248 10 (F) (E) 

Signal e+e- + e+e-qij, $p-q?j. The FERMISV 

prediction is 0.55 60.04 for p+,u-qq and 0.63 ho.06 
for e+e-qq events, giving a total of 1.18 f0.07 events. 
We have cross-checked this prediction against that of 

the EXCALIBUR program, where we find within the 

statistical uncertainty the same number of events pre- 

dicted. 
e+e- + (y)ff. For the muon channel the back- 

ground from multihadronic events or lepton pairs esti- 
mated with JETSET and PYTHIA is 0.06~~,~~ events. 

The corresponding estimated background for e+e-qq 

is 0.03+_0,:: events in our data sample. 
Other four-fermion background. The misiden- 

tification of other 4-fermion events as e+e-qq and 

pfpL-qq events has been estimated from non-signal 
events in the EXCALIBUR data sample. The pre- 

dicted background from all other four-fermion chan- 

nels was 0.06f0.02 and O.Olf0.01 events in our final 
data sample for e+e-q4 and p+p-qq, respectively. 

Color octet quarkonium production. For the com- 
bined ,u+,u-qq and e+e-qq channels less than 0.005 
events are expected and therefore this process is ne- 

glected. 

6. Systematic errors 

Three main sources of systematic uncertainties have 

to be considered: 
1. Signal prediction. We assign the full higher order 

correction applied to the FERMISV Monte Carlo sam- 
ple (Section 3) as a systematic error. In certain phase 
space regions the corrections can reach values of up to 
30%, depending on the leptonic and hadronic masses. 

Integrated over the whole spectra this increases the 
FERMISV predictions for the e+e-qq and ,u+p-qq 

channel by 20.7% and 9.3% at the Z peak and 18.9% 
and 14.6% for fi = 130-136 GeV. 

It is not necessary in this analysis to model the de- 

tails of hadronic resonance production in the region 

below mrecoil = 3 GeV for two reasons. Firstly, the mul- 
tiplicity cut eliminates all resonances that decay into 

fewer than four charged particles (p, w, 4). Secondly, 
the Quark-Parton Model (QPM) prediction, used in 

FERMISV, produces a cross section that includes a 

rough average over all other resonances in this mass 

region. Since no mass cuts are applied to the hadronic 
system the systematic error from the omission of low- 

mass resonances is considered to be negligible. 
2. e+e- ----* (y)d background. Very few multi- 

hadronic background events pass the final selection 
cuts, according to the Monte Carlo prediction. It 
would thus be difficult to assess systematically the 
uncertainty on this background based on the final 
selection. We therefore use the higher statistics pro- 
vided by the preselected event sample to estimate the 

systematic uncertainty on our 2-fermion background. 
We compare data and Monte Carlo predictions for 

the size of the event increment, which we define as the 
number of events that pass the preselection cuts, but 
fail the final cuts. We take the statistical error on the 
increment added in quadrature with the difference of 

the increment between data and the JETSET/PYTHIA 
prediction as a conservative estimate of the systematic 
uncertainty. The resulting systematic errors are about 
13% at fi = mz and 22% at fi = 130- 136 GeV. 

As an additional background cross-check we looked 
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Fig. 3. Leptonic invariant masses (a), (b) and recoil masses (c), (d) of the e+e- -+ e+e-qq (a), (c) and p+p-qij (b), (d) channel 
for the final event selection at ,.& x mz. Crosses are the data, the open histogram is the FERMISV prediction, and the hatched region is 
JETSET background. The dashed histogram shows the FERMISV prediction without the higher order corrections. 

for e,u pairs, like-sign ee pairs, and like-sign p,u, pairs 
after our preselection. Within our statistics we find 

in all cases reasonable agreement between data and 

Monte Carlo. 
3. Four-fermion background. For the background 

estimation from other four-fermion events at ,,& = 
I 30- 136 GeV using EXCALIBUR we conservatively 
assign a 50% systematic error. This should include all 
errors due to the neglect of the fermion masses and 
missing higher order corrections. 

7. Discussion 

7.1. &Mrnz 

Good agreement between the data and the Monte 
Carlo prediction is found in the shape and normalisa- 

tion of the mass spectra of Fig. 3. The final numeri- 
cal results including all statistical and systematic er- 

rors are summarized in Table 2. For the e+e-qq and 
,xfp-qij channel combined we find that after back- 
ground subtraction there are 43.8~~~,~ four-fermion sig- 
nal events. This should be compared with the FER- 
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MISV prediction of 39.1 & 5.6 events. The number 
of events found at each center-of-mass energy around 
rnz is consistent with expectations. 

From the leptonic and hadronic mass distributions 
of the Monte Carlo prediction one finds that the ex- 

pected contribution from the conversion diagrams (C) 
and (D) is negligible after all cuts. The lepton mo- 

menta cut Iptl + 1~21 > 15 GeV/c equivalent to 

I~z,~~~I < fi - 15 GeV completely removes contribu- 
tions from diagram (C) . Diagram (D) is suppressed 
by the track multiplicity requirement, which tends to 

select high mass qq systems that rarely leave enough 
mass for the dilepton system to reach the Z peak. Thus 

the C+e-qq analysis at fi M mz shows agreement 

between measurement and prediction for the annihi- 

lation and bremsstrahlung processes, with an overall 

accuracy of 24%. This accuracy is of about the same 
magnitude as the estimated higher order corrections 

that have been included in the prediction. 

7.2. fi = 130-136 GeV 

In the data at fi = 130-136 GeV we find af- 

ter background subtraction 5.8:;:: four-fermion signal 

events, for the efe-qq and p+pL-qq final state com- 
bined. This should be compared with the FERMISV 

prediction of 1.18 f 0.17 events, as summarized in 

Table 2. The observed rate is thus a factor of 4.913,;; 
larger than the prediction. 

After the final selection the contribution of the con- 

version diagrams (C) and (D) is a factor of 20-30 
higher than the contribution from annihilation pro- 
cesses. For the efe-qq channel we in addition have 

contributions from bremsstrahlung diagrams (E) 
and (F) of about the same magnitude as the conver- 

sion diagrams. In contrast to the situation at fi M mz, 

at higher energies we therefore are sensitive only to 

the conversion diagrams and in the case of e+e-qq to 
the bremsstrahlung process. 

If the observed excess of events were due to a lep- 
tonic or hadronic resonance, not present in the Monte 
Carlo simulations, one would expect peaks in either 
the leptonic invariant mass or the hadronic mass. The 
signal events of type (C) are expected to peak at the 
Z mass in the hadronic spectrum and at correspond- 
ing low leptonic masses due to the virtual intermedi- 

ate photon, and vice versa for type (D) . In Figs. 4a 
and b we have plotted the recoil mass versus the lep- 

Table 4 

Number of expected and observed events at fi = I 30-l 36 GeV 

and the corresponding probabilities. 

observed expected probability 

e+e-qq I o.72+“.W f 0.10 -0.07 51.2% 

P+P-qq 5 0.62+“.“7 z’c 0.07 -0.05 0.06% 

low recoil mass 2 0.53yiIpK zt 0.10 10.4% 

high recoil mass 4 0.8 I:‘;;;I$ + 0.07 I .O% 

total 6 I ,34+“.“’ * 0. I7 -0.0x 0.3% 

tonic mass for data and the simulated signal events. 
No additional peak is seen in the data, but the events 

with large recoil masses cluster around the Z mass. 

From the kinematics of the events resonant states de- 
caying into three fermions are highly disfavored, since 
these would not lead to final states where one of the 

leptonic or hadronic masses is compatible with the Z 

mass, while the other one is very small. We have fur- 

thermore searched for secondary vertices in the jets 

of the 6 remaining events, to examine the possibility 
of an enhancement of b-quarks [ 241. No obvious b 
signature is observed in any of the jets, 

A convenient classification is achieved by grouping 
together the observed and predicted events with high 

recoil mass mrecoii > rnpf (mainly diagrams (A) and 

(C)) and with low recoil mass mrecoit < ml/, (mainly 
diagrams (B), (D), (E), and (F)). Following the 
same procedure to estimate backgrounds as above, 
we observe for high recoil masses no events in the 
eie-qq channel, and 4 events in the ptp-qq channel, 

compared to (0.30 rf: 0.04 f 0.03) and (0.5 I ?t.Fd f 
0.04) events, respectively, expected from the signal 

and background sources. 
Table 4 summarizes the number of observed and 

expected events for the various sub-classes. For each 

sub-class the Poisson probability for observing at least 
the number of events in the data is given. The errors on 
the expected number of events are taken into account. 
The systematic errors have been taken to be 100% 
correlated between the sub-classes. The excess of data 
over the Monte Carlo prediction is more significant 
for the ,u+p-qq final state, and for events with high 

hadronic recoil mass. 
In Figs. 4c-f we compare various features of the 

events with the predicted distributions from FER- 
MISV and background for e+e-qq and ,u”‘pu-qq. 
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Fig. 4. Recoil mass versus leptonic mass for the final event selection at fi = 130-136 GeV for (a) e+e-qq, and (b) p+p-qq events; 

the small dots are the FERMISV Monte Carlo prediction and the stars represent the 6 data events. (c)-(e) Various distributions for events 

with large recoil mass for e+e-qq (open histogram) and pL+p-qq (shaded histogram); (c) leptonic mass, (d) recoil mass, (e) cosine 

of the angle of lepton momentum sum with respect to the beam axis. (f) Et,,/&: the scaled total visible energy for all events. In all 

histograms the values of the remaining high recoil mass (p+p-qq ) events ate indicated by filled stars, while the open stars represent 

the events with low recoil mass. 

Even though the leptonic mass rntt in the data seems 
less sharply peaked towards zero mass than expected, 
no significant deviation from the expectation is ob- 

served in any of the distributions. 
Since the kinematic properties seem very similar to 

number of signal events in the p+p-qCj final state cor- 

responds to about twice the ,u+p-qq total cross sec- 
tion even before selection cuts as predicted by FER- 
MISV, given in Table 1. 

the expectations a reasonable explanation for the ob- 
served excess of events is a statistical fluctuation. A 
bias of the selection towards the signal seems improb- 
able, since the signal events lie generally far from all 
the cut values. Note that after all cuts the observed 

8. Conclusion 

We have performed a search for four-fermion final 
states of the topology Fe--jet-(jet) at fi zz mz and 
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fi = I 30-l 36 GeV. Different sub-processes dominate 
at the different center-of-mass energies. At the higher 

energies the contribution of the conversion diagrams 
becomes significant for the first time. At the Z reso- 

nance we observe 43.8?;:: events in good agreement 
with the Monte Carlo expectation of 39.1 & 5.6. At 
J;; = 130-136 GeV we expect 1.18 signal and 0.16 
background events for the e+e-qq and pufpu-qq final 

states combined. We observe 6 events, 5 of them in the 

,u+p-qq channel, and 1 in the e+e-qq channel. No 

significant deviations in the shapes of the differential 
distributions from those predicted are observed. The 
Poisson probability for the observation of 6 events, 

where 1.3 f 0.2 events are expected, is 0.3%. 
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