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ABSTRACT

The upgraded UA2 detector has collected data corresponding to a total integrated
Juminosity of 7.5 pb™! from Pp collisions at a centre of mass energy of 630 GeV during
1988 and 1989. A search has been performed for the production and decay of the top
quark (t) or a member of a hypothetical fourth family (b"). No evidence has been found for
such processes. Using the expected rates for production and decay branching ratios from
the Standard Model, this implies that the top quark mass is greater than 69 (71) GeV/c?,
and that the b' mass is greater than 54 (57) GeV/c2, at 95 (90)% confidence.
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1. INTRODUCTION

The Standard Model of electroweak interactions requires that each quark family
consists of left-handed fields forming doublets under SU(2) and right-handed singlet fields.
The classification of quarks as left-handed weak isospin doublets prevents various
processes, notably flavour-changing neutral currents, from occuring at rates in contradiction
to experiment. Given the existence of the bottom quark (b), the Standard Model implies that
its partner, the top (t), must also exist. Calculations [1] indicate that its mass must be less
than = 200 GeV/c2, if the model is to remain consistent with the body of experimental data.

Experimental searches at e*e” machines[2] and at hadron colliders [3] have failed to find
any evidence for the top quark with a mass lower than 41 GeV/c? at the 95% confidence

level.

The upgraded UA2 detector has been used to search for the signature of top quark
production and semi-electronic decay in pp collisions at a centre of mass energy
Vs = 630 GeV. A data sample of total integrated luminosity 7.5 pb™! was collected during
the 1988 and 1989 runs of the CERN pp collider thanks to the successful construction and
operation of the new Antiproton Accumulator Complex (AAC), which enabled the collider
to run at peak luminosities of up to 3-10° cm2s71.,

In the following sections the mechanism for top production and decay at the pp collider is
discussed. The main features of the UA2 apparatus relevant to this analysis are given, and
the cuts used to select the data sample are explained. Estimates of the rates of signal and
various backgrounds are then presented, and compared with the observations in order to
extract upper limits on the cross section for top production. These are then used to infer a
lower limit on the mass of the top quark, and on the mass of a possible b' quark from an as
yet undiscovered quark family.

2. TOP PRODUCTION AND DECAY

Top quarks could be produced at the pp collider from two dominant processes, either
mediated by the weak interaction (tb) :
ppo>W+X; W-sthortb (1),
or by the strong interaction (tt) :

pp—=tt +X ).



The number of top quarks produced by reaction (1) can be computed as :
Niop =3/ Ldt 6(Fp — W — eve) PS(my) FQCD »

where the factor 3 relates the production of coloured quarks to leptons, J Ldt is the
integrated luminosity used in this analysis (7.1 £0.5 pb1), PS(my) is a phase-space factor
depending on the top quark mass, and FQCp is a correction for higher order QCD
processes, which becomes important if the top quark mass is close to that of the W boson.
For example, for a W mass of 80.2 GeV/c? and a top quark mass of 65 GeV/c?,
FQcp = 1.5 [5]. Since this correction is determined from an incomplete theoretical
calculation, it was set equal to the conservative value of 1.0 in this analysis, and only the
well understood lowest order calculation was used to estimate the rate of top production.
From the total number of reconstructed W — ev decays in UA2, Nyy, we can derive a
preliminary cross section times branching ratio [4] :
o(Pp = W — eve) = 630 £ 20(stat.) + 50(syst.) pb .

The uncertainty on the estimate of Niop Was mainly due to the statistical uncertainty on Nyy,
since the systematic error on 6(fp = W — ev,) is dominated by the uncertainty on.the
integrated luminosity, which cancels when computing Nyop. The dependence of the W
width on the top mass was taken into account. The cross section (including the phase space

factor) is shown in Fig. 1.

The cross section for reaction (2) has been evaluated [6] using the full next-to-leading
order calculation of Ref. [7]. The result is shown in Fig. 1 as a band indicating the
theoretical uncertainties. For top quark masses between 35 and 70 GeV/c?, top quark
production is dominated by the electroweak tb production process at Vs = 630 GeV.

Decays of the top quark into final states containing only hadronic jets are very difficult
todistinguish from the large background due to QCD processes. The search was therefore
performed using the decay mode :

t — beve,

which has a branching ratio of approximately 1/9 in the Standard Model. In this case, the
signature of top quark production consists of events containing an electron, one or more
hadronic jets from the associated t or b quarks, and a transverse momentum imbalance
(missing p) due to the neutrino produced in the top decay. Because of the high top quark
masses considered here, the electron and jets will be produced preferentially in the central
region, in contrast to most background processes. Accordingly, only electron candidates in
the central calorimeter were considered in this analysis.



3. THE UA2 APPARATUS

The UA2 detector was upgraded during the period 1985 to 1987. Details of the
construction and performance of the various detector elements can be found in the
references given below. Only the main features relevant to this analysis will be summarised

here.
3.1 Calorimetry

A partial longitudinal view of the UA2 calorimeters is shown in Fig. 2. The original UA2
central calorimeter [8] was retained with minor modifications. It covers the full azimuthal
range, 0° < ¢ < 360° and polar angles 40° < 8 < 140°. Each of the 240 electromagnetic and
hadronic cells subtends 10° in © and 15° in ¢. The electromagnetic part is a multi-layer
sandwich of lead and scintillator, 17 radiation lengths thick, while the hadronic part is an
iron-scintillator sandwich, giving a thickness of 4.5 absorption lengths including the
electromagnetic cells. For the upgrade all the scintillator plates of the two hadronic
compartments were replaced and, in order to increase the radial space available for the new
central detector, the thickness of the electromagnetic compartments of the edge cells was
reduced.

The end cap calorimeters (end-caps) [9] cover the pseudorapidity region 1 < Il < 3. Each
end-cap consists of 12 modules and each module is segmented into 16 cells. In a given
module the two cells closest to the beam axis (2.5 < mi < 3.0 and 2.2 < Il < 2.5) cover 30°
in azimuth. The other cells have a constant segmentation of A¢ = 15°, An = 0.2. All the cells
in the pseudorapidity interval 1.0 < ml < 2.5 have one electromagnetic and one hadronic
compartment. The electromagnetic compartment is a multi-layer sandwich of lead (3 mm
thick) and acrylic scintillator (4 mm thick), with a total thickness varying from 17.1 t0 24.4
radiation lengths depending on the polar angle. The hadronic compartment is a multi-layer
sandwich of iron (25 mm thick) and scintillator (4 mm thick) corresponding to ~ 6.5
absorption lengths, including the electromagnetic compartments. The cells nearest to the
beam have only a hadronic compartment. In addition, cells with only a hadronic
compartment cover the pseudorapidity interval 0.9 <l < 1.0 to measure particles escaping
from the interface between the end-cap and the central calorimeters (see Fig. 2). Each
compartment is read out via two wave-length shifting plates placed on the opposite
azimuthal sides of each cell, introducing a dead space between adjacent cells of 7 mum for the
electromagnetic compartments and of 13 mm for the hadronic ones. To minimise the effect
of these dead spaces each module is rotated by 50 mrad around its symmetry axis normal to
the beam.



Clusters of deposited energy were formed in the calorimeters by joining all cells with an
energy transverse to the beam direction greater than 400 MeV sharing a common edge.
Clusters with a small lateral size and a leakage into the hadronic compartments consistent
with a shower from a single electron were marked as electromagnetic.

Since the response of the calorimeter to hadronic showers depends on the fraction of the
energy carried by hadrons, a correction factor was defined for each compartment of the
calorimeter, and was applied to the observed energies in hadronic showers in order to
compensate for the difference in response. The calorimeter correction factors applied to the
electromagnetic cells were 1.18 in the central calorimeter and 1.20 in the end caps. A
correction factor of 1.06 was also applied to energies observed in the second hadronic
compartment of the central calorimeter, to account for energy leaking through the back of

the calorimeter.

The efficiency for finding an electromagnetic cluster from an electron candidate with an
energy flow transverse to the beam direction, ET > 12 GeV, was measured from test beam
data to be €. = 91.3 £ 2.0%, in the central calorimeter, averaging over all the allowed
impact directions for electrons. The main loss was of electrons which struck inter-cell
boundaries or the shortened electromagnetic cells at the edge of the calorimeter, giving a

large hadronic leakage.

3.2 The Central Detector

The layout of the central detector is shown in Fig. 2. Around the beryllium beam-pipe,
at radii of 3.0 cm and 14.5 cm, are the inner and outer silicon counter arrays (SI), used for
tracking and ionisation measurements [10]. Between the two is a cylindrical drift chamber
(the Jet Vertex Detector or JVD) [11]. Outside these is the Transition Radiation Detector
(TRD) [12], consisting of two sets of radiators and proportional chambers, able to
distinguish electron tracks from those of hadrons. The particles were tracked onto the
calorimeter surface by the Scintillating Fibre Detector (SFD) [13], which consists of fibres
arranged on cylinders into 6 stereo triplets, followed by a 1.5 radiation length thick lead
converter covering the full acceptance of the central calorimeter, and a further 2 stereo
triplets used as a preshower detector. Electromagnetic showers initiated in the lead converter
were detected using the preshower detector.

The central tracking and preshower detectors are completed in the forward regions by the
End Cap Proportional Tubes (ECPT) [14}.



The position of the event vertex and the directions of the charged tracks were
reconstructed using the SFD in conjunction with the SI and the JVD. The fraction of
vertices within 300 mm of the detector centre was measured to be €&, =98 £ 1%. The
tracking efficiency for isolated high energy tracks was measured to be £k = 90.6 £ 1.1%,
using a sample of electrons produced in the decay of W bosons ("W electrons”).

The outer silicon detector was used to reduce the background from electron pairs arising
from photon conversions in the material closer to the beam pipe, and from Dalitz decays.
The candidate electron tracks were required to match an outer silicon pad, with measured
charge between 0.6 and 1.6 times that expected from a minimum ionising particle. The
efficiency of this cut was measured to be €gj) = 73.6 £ 1.1%, using W electrons.

The tracking and preshower sections of the SFD were used to match the impact point of
candidate electron tracks with the position of electromagnetic showers, with a resolution,
measured with W electrons, of 6r¢ = 0.4 mm in the r-¢ plane (perpendicular to the beam
axis) and 6, = 1.1 mm along the beam direction. The quality of a track-preshower match
was defined by the variable dg? = (Arg/Org)? + (A2/07)* where Arg, A, are the
displacements between the track and shower positions. Accidental overlaps between photon
showers and charged tracks generally give large values of dg?, while candidate electrons
were required to have dg? < 25. Preshower clusters for electron candidates were required to
have a charge, detected in each of the stereo views of the preshower detector, of at least
twice that expected from a minimum ionising particle. The efficiency of the track-preshower
maiching with the above cuts was measured to be g5 = 89.9 £ 1.1%, using W electrons.

3.3 TheTrigger System

The trigger system consisted of 3 levels [15], based on calorimeter information and
signals from the Time of Flight counters (TOF, see Fig. 2), which were used to generate a
minimum bias trigger signal. The first level trigger used analogue sums of the signals from
the photomultipliers of the calorimeter cell compartments up to | = 2. At the second level,
electron and jet clusters were reconstructed in a fast processor using information from a fast
digitisation of the calorimeter cell signals. A full calorimeter reconstruction was performed
in the third level processors, using the full digitisation and a complete set of calibration

constants.

Two data samples were used in the analysis. The first was taken from a total of 2.7 pbl
(1.2 x 10° triggers) of data collected during the 1988 run, and consisted of all events
containing an electromagnetic cluster with a transverse energy (E1) above 12 GeV. This



gave a trigger rate of = 1 Hz at a luminosity of 2 x 103 cm™2s"1. The second sample was a
subset of 3 x 10° triggers taken from 4.4 pb™! of data collected during the 1989 run with a
trigger using the above cut, as well as requiring an additional calorimeter cluster with ET
above 6 GeV and a missing transverse momentum pli'ilw greater than 9.5 GeV/c
reconstructed online :

cell -
pr_raw =1Z BT “ucen)s

where ng:ll is the sum of the electromagnetic and hadronic transverse energies measured in
each cell, weighted with the appropriate correction factors defined in section 3.1, E)cell isa
unit vector in the transverse plane from the centre of the detector to the cell centre, and the
sum extends over all calorimeter cells. These additional cuts reduced the third level rigger
rate to = 0.1 Hz.

4. SELECTION OF THE TOP CANDIDATES
4.1  Electron Identification

Electron candidates were selected by searching for a track and preshower signal,
matching within a tolerance of dg? < 25, facing an electromagnetic cluster. The lateral and
longitudinal profiles of this cluster were required to be consistent with those expected for a
single isolated electron incident along the track direction, by constructing a quality factor
P(x%2) using extensive test beam measurements. Candidates with P(x2) < 0.01, or an energy
greater than 1 GeV in the second hadronic compartment, were rejected. The efficiency of
this cut was measured to be Ep(y2) = 88.7 + 0.6% for W electrons.

Combining all the quoted efficiencies, we obtain the overall efficiency to find a W
electron with these cuts :

€eW = Ecql €y Exrk Esil Eps EP(yz) = 47.6 £ 1.6% .

Using extensive test beam measurements, the measured electron energy was corrected for
variations in response over the calorimeter cell surfaces, and for energy lost in the
preshower lead converter or cracks between cells. Only candidates with a transverse
momentum pr% > 12 GeV/c were retained.



4.2  Efficiency of the Electron Selection Cuts in Top Events

Top events are expected to have more complex topologies and lower energy electrons
than the W events, which were used to determine the above efficiency of the electron cuts.
The relative efficiency was therefore determined for each cut :

+ The cuts used to define an electromagnetic cluster have a lower efficiency (€c,)) for top
events, depending upon the process considered and the top quark mass. For example,
Monte Carlo studies show that the relative efficiency is approximately 80% for tt.

« The relative efficiency of the cut on the shower quality factor P(x2) was studied by
Monte Carlo simulations of top events, and was found to be 94% to 99%, again
depending upon the process and the top quark mass.

» The relative efficiency of the matching between tracking and preshower detectors was
studied using W electrons with underlying events with large transverse energy or high
charged track multiplicity. It was measured to be 97 + 3%.

+ A relative efficiency of 98 + 1% was estimated from test beam data, due to a drop in the
response of the preshower detector for lower energy electrons.

Combining the above estimates with the overall efficiency to find a W electron with these
cuts gives the efficiency to find electrons, in the central calorimeter and with p% above
12 GeV/c, in semi-electronic top decays, as shown in Table 1 as a function of the top mass.
The relative error on the efficiencies quoted in this table was estimated to be £7%, taking

into account systematic uncertainties.

Table I: Estimated Electron Selection Efficiencies for Various Top Masses

Miop 30 40 50 60 63 65 67 70
GeV/c?

Efficiency
for tb 353 38.7 40.2 405 411 414 414 414
%

Efficiency
for tt 36.1 35.6 350 344 342 341 339 338
%




4.3 Neutrino Identification

After reconstructing the event vertex and identifying the electron candidate, the missing
transverse momentum was recomputed as :

—e cell -
pT =1 PT‘*'Z ET ~ucenls

—e, cell .
where p is the reconstructed electron transverse momentum vector, ET  is now the cell
transverse energy corrected for the position of the vertex, and the sum extends over all cells
not used in the electron definition.

A useful variable for discriminating between various classes of events is the transverse
mass of the electron- p system :

Mr=v2 p} B (1-cosAdey),

where Adey, is the azimuthal angle between the electron and p vectors. The distribution of
pr versus Mt is shown in Fig. 3 for the unbiased 1988 sample (no selection on missing
transverse momentum applied). The accumulation of events at low py and low M is due
to background processes in which a hadronic jet fakes the electron signature. The pr
~ distribution of these events is shown in Fig. 4. Detector resolution effects, or particles
escaping the acceptance, can give rise to a small momentum imbalance. In order to select the
events with high energy neutrino emission, only events with p >15 GeV/c were retained.
To avoid any trigger bias in comparing the two samples presented in section 3.3, a more
stringent cut than that used in the trigger in the 1989 run was made, rejecting events with
Y <11 GeVre.

4.4 JetIdentification

Any cluster failing to pass the electron cuts was considered to be a jet and its energy was
defined as the sum of the cell energies of all cells in the cluster. In this analysis only jets
with ) < 2.2 were retained, in order to reduce the background from QCD processes for
which the jet angular distribution peaks at large pseudorapidity. Events in which the highest
transverse energy jet (jetl) was below 10 GeV were rejected.



At this stage the data sample still contained 2 jet events in which a jet fakes the electron
signature. Events were removed, in which the difference in azimuth between the electron
and the highest energy jet, Ae_jet1, was such that :

Ade-jer1 > 160°.

After all the above cuts a total of 58 events were selected from the 1988 data sample, and
79 events from 1989. The M distribution for the combined sample of 137 events is shown
in Fig. 5.

5. ESTIMATION OF THE EXPECTED SIGNAL
5.1  Monte Carlo Simulation of Top events

The acceptance for top events and their expected M distribution were obtained using the
Eurojet Monte Carlo program [16], which contains the correct matrix elements for higher
order tree level processes in heavy quark production (order o for tb and order o for tt).

The presence of these higher order processes increases the acceptance for top events,
since they lead to final states with additional jets. The fact that the theoretical calculation is
not complete to all orders should result in an underestimate of the acceptance for events
containing an electron and a jet in the final state. The calculation is regularised using a cutoff
of 5 GeV on the ET of additional partons in the higher order terms. The acceptance was not
significantly changed if this cutoff was varied between 2 and 7 GeV.

The top quark decay in Eurojet was simulated after hadronisation into a top meson or
baryon. The branching fractions used were those expected in the Standard Model for a free
quark decay, 1/9 for each of the three semi-leptonic decays {b-hadron plus a lepton and its
neutrino), and 1/3 for each of the two non-leptonic decays (b-hadron plus a light quark-
antiquark pair). The fraction z of the top quark momentum carried by the top hadron was
drawn from the parameterisation of [17] :

f(z)dz =Ndz/ {z [1-1/z-€q -2} ,
where N is a normalisation factor and €4 = (mq/mtop)2, with mg the mass of the light quark

in the top hadron. Given the large values of meqap considered, the exact value of €g did not
affect the results.



The bottom and charm hadron decays were generated using extrapolations from known
exclusive branching ratios, and the simulations were insensitive to the exact values used.
After reconstruction in the UA2 calorimeter, jets from hadronic bottom decays were very
similar to those from gluons of the same initial parton energy, and only slightly broader than
those from light quarks.

Gluons were fragmented into light quark pairs, each with an average p relative to the
gluon direction, b = 0.4 GeV/c, and light quark fragmentation followed the parameterisation
of Field and Feynman [18] :

fz)=1-a+3a(l -2)?,

where, at each step of the fragmentation, z is the fractional longitudinal momentum carried
by the generated hadron, which has a pr distributed with an average value,
b = 0.4 GeV/c. The value of the parameter a = 0.89 was chosen to agree with UA1 data
on jet fragmentation [16].

Finally a full simulation was performed of the calorimeter response to all the generated
particles, using extensive test bearn measurements with hadron and electron beams, over an
energy range from 300 MeV to 150 GeV. As far as possible, the Monte Carlo events were
then analysed in the same way as the data.

5.2 Systematic Errors in the Acceptance

Several sources of systematic error in the acceptance were studied.

+ In all cases, the underlying event generated by the Eurojet Monte Carlo program was
replaced by the energy pattern of minimum bias events measured in UAZ. It was found
that a reasonable simulation of the transverse energy accompanying W electrons was
obtained by using the superposition of two minimurm bias events. The systematic error
on the acceptance for top events due to this procedure was estimated by using the
results obtained using one or three minimum bias events as the underlying event for the
generated top signal, and was found to be +4% for tb and £2% for tt, for a top mass
of 65 GeV/c2,

+ The calorimeter response to jets is very sensitive to the response to low energy hadrons
(< 1GeV). The measured response curve was adjusted to give the lowest response
consistent with the test beam data, thus reducing the acceptance for events with at least
one jet with ET > 10 GeV. The uncertainty in the absolute energy scale of the
calorimeter (1% in the electromagnetic and 2% in the hadronic compartments) was

10



also taken into account by adjusting the response downwards. In the worst case the
relative loss in acceptance was 5% for tb and 2% for tt for a top quark mass of
65 GeV/c?, the difference being due to the higher jet multiplicity in the tt final state.

+ The parameters a and b used in the fragmentation functions were varied within limits
consistent with the observed energy flow in jets with ET = 10 GeV measured in UA2.
In the worst case the loss in acceptance was 2% for both production processes.

A lower limit on the acceptance was obtained by simultaneously setting each of the above
parameters within its range so as to minimise the acceptance.
5.3 Production Cross Sections

Table 2 gives the production cross sections (6¢p and o) used (see Section 2, Fig. 1).
For oif; the lower limit in brackets was obtained assuming myy = 79.8 GeV/c?, one
standard error lower than the value of 80.2 + 0.4 GeV/cZ, obtained by combining the best
value of the Z boson mass [19] with the average of low energy measurements of
sin%0., [1]. Because of the small available phase space, this change has a significant effect

on o, for top masses above 60 GeV/c?. In the case of 6, the lower limit in brackets was
taken from [6], corresponding to about 70% of the central value.

Table 2: Estimated Acceptance and Signal Rates for Various Top Masses

Myop Cross section (pb) Acceptance (%) Expected events

GeV/c?  tb tt tb tt AIMT  15<M7T<50
30 1522 (1522) . 3040 (2128) 1.8 (1.5) 1.9 (1.7) 392 (26.2) 33.4(22.4)
40 1211 (1211) 643 (450) 4.1 (3.5) 7.1(6.4) 39.2 (28.3) 349 (254)
50 845 (820) 188 (132) 8.1 (7.1) 16.8 (15.3) 38.2 (28.9) 34.4 (26.2)
60 459 (436) 66.9 (46.8) 123 (11.0) 25.2(22.9) 26.7 (20.8) 22.6 (17.6)
63 349 (328) 50.3 (35.2) 12.1 (10.8) 29.6 (27.0) 213 (16.3) 17.0 (13.3)
65 283(263) 409 (28.6) 124 (11.1) 295 (269) 17.6(13.4) 13.6 (10.6)
67 218 (200) 344 (24.1) 125 (11.1) 324 (29.5) 145 (10.8) 11.0 (8.2)
70 136 (122) 267 (18.7) 153 (13.6) 355(32.3) 11.5(8.5) 8.3(6.2)
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5.4  Results on Acceptances

Also shown in Table 2 are the acceptances obtained for each process, defined as the
fraction of generated top events with a semi-electronic top quark decay, which pass the
kinematic cuts defined in section 4 :

bS > 12 GeV/e, by > 15GeVie, B > 10GeV, and Ade.jer1 < 160°.

In each case the central value is given, followed (in brackets) by the lowest value consistent
with the systematic errors, as discussed above. Because the transverse energy spectrum of
jets from top decays is soft and because the largest contribution to a possible signal from top
quark production arises from the {b process, which has smaller jet multiplicities in the final
state, we note that the acceptances quoted in Table 2 would be significantly reduced if we
would require at least two jets to pass the E threshold.

The acceptance increases for £t as the top quark mass increases, since the decay products
all have increasing average E. The acceptance variation for tb as a function of the top quark
mass is more complicated, due to the smaller number of jets in the final state, and the
decreasing average ET of the b jet as the top quark mass increases. The acceptance is lower
for tb compared to tt, partly because the top quark is assumed to be polarised in the tb
case, with a polarisation which decreases when the top quark mass increases, and
unpolarised in tt. This is a conservative assumption since fragmentation effects such as
gluon emission and hadronisation are expected to reduce the polarisation and increase the
acceptance. There is however no quantitative theoretical prediction of these effects.

Table 2 also gives the number of events expected from both processes after taking into
account the electron detection efficiencies of Table 1 and the semi-leptonic branching ratio.
The lower limit (in brackets) on the number of events uses the lower production cross
sections and the lower limits on the acceptances given in Table 2. The errors on the
integrated luminosity (7.140.5 pb1), on the observed number Nyy of W — eV decays, on
the electron cut efficiency, and on the number of Monte Carlo events, which are not
included in Table 2, were treated as independent Gaussian errors in the determination of the
top quark mass limit (section 7), and did not significantly affect the final result. The
expected number of events is also given for the transverse mass range

15 < MT < 50 GeV/c?, where most of the signal is expected. As an example the
transverse mass distribution predicted for a top quark mass of 65 GeV/c? is given in Fig.

6a.
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6. BACKGROUND PROCESSES
6.1 W —oeveandW — vy, T eVeVe

The main source of associated high energy electrons and neutrinos in the Standard Model
is W boson production and decay via :

Woeve or W—Tvp, T eVeVy.

These events ("W events") will enter the data sample of Fig. 5, if the W boson is
produced in association with a high E jet. The Jacobian peak expected from W events can
clearly be seen in the p distribution of the data (Fig. 4). The transverse mass distribution
expected for such events was modelled using the EKS Monte Carlo program [20], which
includes a complete tree level calculation up to order o>, and is shown in Fig. 6b, for both
the W — eve and the W — Tvg, T — eVevy contributions. The underlying event was again
simulated by using the superposition of two minimum bias events from the data. Since the
transverse mass, M, depends only on the electron and the missing transverse momentum,
it is only indirectly sensitive to details of the event associated to the W such as the number
of jets or the jet fragmentation model used.

The absolute normalisation for the EKS prediction is poorly known, when one or more
jets are required in association with the W — ev decay, and depends on higher order QCD
corrections, fragmentation functions, and the details of the simulation of the detector
response to jets. The normalisation was therefore taken from the 105 events observed in
Fig. 5 with M > 60 GeV/c2, where little top signal is expected, which gives an expectation
of 148.5 = 14.5 events over the full MT range. The EXS prediction is found to be low by a
factor 1.3 £ 0.5, consistent with one within the large theoretical and experimental

uncertainties quoted above.

62 Z—> ee

Decays of the Z boson into an electron pair can simulate missing p if one of the
electrons is misidentified as a jet. The electromagnetic part of its energy is then multiplied by
the correction factor for hadrons, thus generating a spurious momentum imbalance. This
process was also simulated using the EKS Monte Carlo program which predicts a total of
1.7 £ 0.5 events passing the cuts. Since the electron, "jet" and missing transverse
momentum are all due to the e*e” pair in the final state, this estimate does not depend on
QCD corrections or jet simulation. In order to check this estimate, the cut on Ade_jer] Was
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removed and all the events were inspected for Z candidates. A total of 14 candidates were
found compared to the Monte Carlo prediction of 15 X 3 events.

6.3 Zo1mTeVevy, T VX

This process can also give rise to the required signature, although the p spectrum of the
electron is softer than in the previous case. The EKS Monte Carlo program was used to
estimate the total background from this source to be 0.8 £+ 0.3 events.

64 ppobb+X, b eve

This process produces electrons by semileptonic b decay in association with a charm
quark which fragments into hadrons. The electron will therefore be non-isolated and will
normally fail to pass the initial trigger cuts on the electromagnetic shower profile, or the cut
on P(x2) which is derived using isolated electrons. The efficiency for electrons from b
decays was estimated to be 5 £ 2% of that for electrons from W decays, for events passing
the topological cuts. In addition, the recoiling b jet will normally fail the cut on Ade-jet]-
Although neutrinos and muons produced in the decay chains of the heavy quarks will
penetrate the calorimeter and give rise to missing p, the cut at pp > 15 GeV/c is rarely
satisfied.

A full simulation was performed using the Eurojet Monte Carlo program, with its
production cross section normalised using the results of UA1 [21]. The total estimated
background was 1.0 0.6 events, where the error includes the uncertainties on the
production cross section and the electron efficiency.

6.5  Jets Misidentified as Electrons

Most of the electron candidates in events with pp < 10 GeV/c are misidentified hadronic
jets (QCD background). In order to estlmatc the contribution of this background to the final
sample (p > 15 GeV/c and E’T > 10 GeV), events were selected which failed the
electron cuts. The events with pr < 10 GeV/c, from the unbiased 1988 data, were used to
normalise the samples relative to each other The amount of QCD background in the final
sample with pr > 15 GeV/c and EJT > 10 GeV was obtained by using the same
normalisation factor. The transverse mass distributions of the electron candidate and
background samples with 10 < p < 15 GeV/c were in good agreement.
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The estimate of the QCD background was 2.4 = 1.5 events, where the error includes
systemnatic uncertainties due to the assumptions made in the estimate. The QCD background
for M > 50 GeV/c? was estimated to be negligible.

6.6  Summary of the Background Estimates
The various background contributions to the event sample are given in Table 3. Since

the top signal is expected to concentrate at intermediate values of MT, the values are also
given for the region 15 < M < 50 GeV/c2.

Table 3 : Summary of the Event Sample and Expected Backgrounds
All Mt 15 < MT < 50 GeV/c?

Z—ee, TT 25206 1.6+ 0.5

bb 1.0 £ 0.6 0.5+0.3

QCD 24+15 2115

Total of above backgrounds 5917 42+ 1.6

W events 148.5 £ 14.5 22.0£3.0

Total Background 154.4 £ 14.6 262134

Observed Events 137 17

7. LIMITS ON THE TOP MASS

From the numbers shown in Table 3, we conclude that there is no indication for a signal
from the top quark in the sample. For a top quark mass of 65 GeV/c?, a lower limit of 10.6
events would be expected in the range 15 < MT < 50 GeV/c? (Table 2). Using a simple
calculation based on Poisson statistics, accounting for the error on the background estimate
[22], this hypothesis is excluded at the 98.6% confidence level.

Limits on the top mass were obtained by comparing the M distribution of the observed

events with that expected from background sources alone, or in the presence of a top signal
of given mass. The M distribution for W events was taken from Fig. 6b. The exact shape
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of the M distribution for other background sources was uncertain, mainly due to the small
number of events found in each background sample. However, the results were insensitive
to the exact shape of the background distribution. The expected signal distribution was
taken from the Eurojet Monte Carlo program using the appropriate top mass; for example
the distribution of Fig. 6a was used for a top mass of 65 GeV/c.

A likelihood fit was then performed to the observed events with two free parameters,
corresponding to the fraction of the event sample due to top decays and to W events. The
normalisation of background sources other than W events was imposed from the estimates
quoted in Table 3. The total likelihood function normalisation was constrained, within
Poisson statistics, to the total number of 137 observed events in the data sample. The 90
and 95% confidence limits on the number of top events in the sample were obtained by
integrating the likelihood distribution over all possible values of the signal.

For each top mass considered, the fitted signal was consistent with no top production.
Fig. 7 shows the best fit to the data with no top contribution. The lower limit contribution of
13.4 events from top, for a top quark mass of 65 GeV/c? (Table 2), is superimpoged to the
result of this fit. The likelihood fit excludes this hypothesis at the 99.0% confidence level.
This does not significantly improve the result based on the observed rate of events in the
transverse mass range 15 < M < 50 GeV/c2, quoted above. We have also checked that
our results do not significantly improve if we include other variables, such as the jet
multiplicity or the jet angular distributions.

Fig. 8 shows the total expected cross section for top production, as a function of the top
quark mass, using the lower limit cross sections quoted in Table 2. Also shown are the 90
and 95% confidence level cross sections excluded by the fit. Top quark masses between
30 and 69 (71) GeV/c? are excluded with 95 (90)% confidence. Given the existing lower
limits on the top quark mass [2,3], values below 30 GeV/c? were not considered in this

analysis.

The fit procedure takes into account the large error on the estimate of the background
sources. Setting the total background equal to the number of observed events would reduce
the above limits by approximately 4 GeV/c2. Using the central values for the acceptance and
production cross sections would increase the limits by approximately 3 GeV/cZ

Since the acceptance is different for top production mediated by the W boson and by QCD

processes, the limits of Fig. 8 are only valid for the cross sections used above. In order to
display the limits which would be obtained for other assumptions, for example an improved
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calculation of the tt production cross section, Fig. 9 shows the plane G, versus Oy, where
the two cross sections are normalised to the central values of the measurement of [4] and the
calculations of [6] respectively. The regions excluded at 95% confidence level, including the
experimental systematics, are shown for various values of the top quark mass. For
example, we would exclude top quark masses between 34 and 66 GeV/c2, if the top quark
were produced through electroweak processes alone (oyf = 0), and if the lower limits of
Table 2 are taken for 6. Figure 9 also shows that our results are not very sensitive to the
exact value of the tT cross section. In particular, the 95% confidence level limit on the top
quark mass of 69 GeV/c?, obtained from Fig. 8, increases only by 1 GeV/c? if we use the
central prediction for tt production. Recent results form the Fermilab Tevatron Collider,
based only on tt production, which is dominant at Vs = 1.8 TeV, exclude 40 < Myop < 77
GeV/c? at 95% confidence [23].

8. LIMITS ON THE b' MASS

Figure 9 can also be used to extract a mass limit on a hypothetical member of a new
quark family (b'), assuming that its partner is too heavy to allow production mediated by the
weak interaction and that its decay matrix element is identical to that of a top quark. The
excluded region in Fig. 9, for ¢ = 0, gives mp' > 53 (56) GeV/c? at 95 (90) %
confidence.

We have redone this analysis, using the correct matrix element for the b’ decay, and
assuming that the b' branching ratio to a charm quark and a virtual W boson is 100%. The
acceptances were found to be Jarger in this case than for t decay, mainly because of the
harder electron spectrum obtained and of the better detector response to charm quark jets
than to bottom quark jets. We thus obtain myy > 54 (37) GeV/c? at 95 (90) % confidence.

9. CONCLUSIONS

A search has been performed for evidence for production and decays of top quarks or
b' quarks with the upgraded UA2 detector at the CERN pp Collider. No evidence was
found for such processes, leading to new lower limits on the top and b' quark masses,
assuming standard branching ratios :

myop > 69 GeV/c?, myy > 54 GeV/c? at the 95 % confidence level,

and
myop > 71 GeV/e?, my > 56 GeV/c? at the 90 % confidence level.
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FIGURE CAPTIONS
Fig. 1 Cross sections for top production in Pp interactions at Vs = 630 GeV.
Fig. 2 Partial and schematic longitudinal view of the UA2 detector.
Fig. 3 M versus pr for events with an electron candidate (1988 data only).
Fig. 4 Distribution of p for events with an electron candidate (1988 data only).
Fig. 5 Distribution of M for the final sample.
Fig. 6 Mr distribution for : a) Top decays with myop = 65 GeV/c? and b) W events.

Fig.7 Best fit (full curve) to the M distribution of Fig.5 with no top signal. The lowest
expected contribution from top (myop = 65 GeV/c?) is added (dashed curve).

Fig. 8 Lower limit for the top production cross section and the 90 and 95% CL excluded
cross sections as a function of mygp.

Fig. 9 Limits at 95% CL on top production as a function of i, and oy for various values
of myqp. The cross section oyf; is normalised to the measurement of Ref.4 and the
cross section Gyi is normalised to the calculations of Ref.6. The excluded regions
lie above the lines represented for each mygp, as illustrated by the dashed area for
myop = 70 GeV/c?. The cross represents the limit myop > 69 GeV/c? obtained for
the lower values shown in Table 2 for Oy, and Oyt .
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