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ABSTRACT

We report on a search for new heavy quarks using data collected by the UA1 experiment
during 1983, 1984 and 1985 at the CERN proton-antiproton collider, corresponding to an
integrated luminosity of approximately 700 nb1.

Studying events with a muon or an isolated electron, accompanied by one or more jets, we
find good agreement between our data and Monte Carlo predictions for the production of charm and
beauty, without the need for a new quark. A top quark model, involving the decay W — tb and
direct tUproduction via the strong interaction, is used to determine our detection efficiency for top.
This allows us to place an upper limit on the cross section for producing top quarks as a function of
the top quark mass. Our analysis is not sensitive to the W — tb process alone. By comparing our
limit with a calculation of the U cross section, added to the W — b cross section derived from our
own measurements of W — £v, we are able to place a lower limit on the mass of the top quark.
From the lowest order ( 0:32) calculation, using the choice of structure functions and Q2 scale that
give the lowest cross section, we find:

My > 44 GeV/e? (95% c.1)
Including an estimate of the next higher order (as3) and calculating the cross section with the
EUROJET QCD Monte Carlo program using a less extreme choice for the structure functions and
Q? scale gives:

My, > 56 GeV/c2 (95% c.1.)

A search has also been made for a fourth generation, charge 1/3 quark (b'). Assuming that
the b' mass is smaller than that of the top quark and that it cannot be produced in W decays, the
mass limits, using the above procedures, are respectively my, > 32 GeV/c? and my, > 44 GeV/c?,
both at 95% confidence level.
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1.- INTRODUCTION

We report on a search for new heavy quarks using proton-antiproton collisions, at centre
of mass energies of 546 and 630 GeV, recorded with the UA1 detector at the CERN collider. Two
closely related searches have been performed, one for the top quark, the SU(2); partner of the b
quark, and the other for a fourth generation quark referred to here as the b’ quark.

The existence of the top quark is an important open question. In the Standard Model with
six quarks (u,d,s,c,b and t), flavour changing neutral currents are forbidden. On the other hand, if
the top quark does not exist, the b quark must be a left handed iso-singlet, and processes such as b
— (s or d) uTu” cannot be avoided. The experimental limit [(b— ptpu X)/(b—oall) < 10'3]
[1] implies either that the top quark exists or that the Standard Model is not correct.

In the framework of the Standard Model, theoretical upper limits can be placed on the top
quark mass [2] from the measurement of p, the parameter that specifies the relative strengths of the
neutral and charged weak currents, and from a comparison of the measurements of sinz(Bw) from
UA1 and UA2 {3] with those at low Q2. Thus, taking into account the recent lower limit from
TRISTAN [4], the available evidence suggests that the top quark exists and that its mass lies in the
range 26 GeV/c? < My, < 180 GeV/c2. An indirect indication of a lower mass limit in the region
of 50 GeV/c2 has recently been obtained from analyses of B®-B® mixing [5]. For the b' quark, a
lower mass limit of 22.7 GeV/c? at 95% confidence level has been measured at PETRA [6]).

In 1984, we reported the first observation of events with an isolated, large transverse
momentum electron or muon, together with two or more jets | 7], based on our 1983 data (108
nb~1) at Vs = 546 GeV. We raised the possibility that these events could be explained as the decay
of a new heavy quark with a mass in the range 30 to 50 GeV/c2. We have now increased the
integrated luminosity by a factor of ~6 and have made further studies of the production of known
heavy quarks (beauty and charm) using our muon data. Our improved understanding of the
sources of lepton-jet events [8], which include heavy flavour decays, wi, 70, Drell-Yan, J/y and
T production, allows us to obtain limits on the production of the top quark or any new heavy
quark that decays semi-leptonically.

2.- CHARACTERISTICS OF HEAVY QUARK EVENTS
2.1) Semi-leptonic decays:

In view of the large background of events containing high py jets from QCD processes, the
best way of identifying a new heavy quark is through its semi-leptonic decay modes, which
typically have branching ratios of ~11%. The main sources of top quarks are W decay, where
kinematically allowed, and direct QCD pair production. For the fourth generation b' quark, we
assume that only the latter is possible.
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2.2)  Lepton channels:

The UAI1 detector offers the possibility of searching for new heavy quarks in two
independent channels, involving a prompt electron or a prompt muon respectively. Electrons and
muons are identified using different parts of the apparatus and many of the systematic errors in the
two cases are independent. It is shown later that the background sources to the prompt muon and
electron signatures are also very different.

23) Topology:

In either channel, an event resulting from a heavy quark (top quark or b’ quark ) decaying
semi-leptonically will have a similar topology, namely an isolated lepton accompanied by two or
more jets and a neutrino, all concentrated in the central pseudo-rapidity region (I 1< 1.5). These
properties allow us to discriminate against other sources of charged leptons, W=, Z°, Drell-Yan,
Jhy, T, bb and cc, accompanied by gluons, that constitute the main physics backgrounds to a new
heavy quark signal.

23.a)lets --

Jets are defined in the calorimeters using the UA1 jet algorithm [9] and validated using the
central detector information as described in [8]}. A jet is counted if its axis lies outside a cone of
radius AR = (An2+A¢92)2 = 1 around the lepton direction, where Ad (A7) is the difference in
azimuthal angle (pseudo-rapidity) between the lepton and the jet axis, and |n jct' < 2.5. Thus, a jet
containing the charged lepton is not counted. Events are considered if they have at least one jet with
Er > 12 GeV, where Er is the uncorrected transverse energy of the jet as defined by the algorithm.
Jet 1is defined as the highest E jet in the event. The other jets (if any), with E > 7 GeV, are
numbered in order of decreasing E1 and must be validated [8] by the presence of a charged track
with p1 > 0.5 GeV/c and within AR = 0.4 from the direction of the calorimeter jet axis. With this
jet definition, an event coming from a semi-leptonic decay of a b or ¢ quark will generally result in a
topology with fewer jets than events coming from a top quark decay.

2.3.b) Isolation of leptons --

In the semi-leptonic decay of a new massive quark, the charged lepton will usually be
emitted at a large angle with respect to the directions of the other decay products and will therefore
tend to be isolated. Since the decays of beauty and charm quarks produce mainly non-isolated
leptons, lepton isolation is a good way to discriminate between b, ¢ and heavier quarks. As muons
can be identified even if they are not isolated, they can be used to study the isolation properties of
heavy flavour events [8]. In the UA1 detector, the activity around the charged lepton can be
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measured in two independent ways, in the calorimeter (2E1) and in the central track detector (Zpp)
where either calorimeter cells or charged tracks within a cone of radius AR = 0.7 around the lepton
direction are considered. The transverse energy (E7) and transverse momentumn (py) are measured
with respect to the beam axis. The size of the cone, AR, is optimized taking into account the
granularity of the detector and the fraction of energy from the underlying event (coming from the
fragmentation of the spectator system and other jets in the event) contained in the cone. Since the
acceptances of the calorimeter and of the central detector are different and complementary, it is
umportant to use both pieces of information. We have therefore combined the two measurements
into a single isolation variable : I = (ZE/3)2 + (Ep/2)%) /2, where the relative weights are chosen
to reflect the average values of these quantities for the underlying event, and LE and Zp are
expressed in GeV.

2.3.c)Neutrinos --

The neutrino transverse energy is estimated by the missing transverse energy in an event.
Events in which the charged lepton-neutrino transverse mass, mT'V, exceeds 45 GeV/c2 (electrons)
or 40 GeV/c? (muons) are classified, for the purpose of this analysis, as W candidates. The
transverse mass is defined as: mT“’ = [ZET’ETV(I—cosAq)h,)]”z, where ET1 and EpV are,
respectively, the transverse energies of the charged lepton and of the neutrino, and Ady,, is the
azimuthal angle difference between the charged lepton and the neutrino directions. The slightly
different cuts reflect the different energy resolutions for electrons and muons.

2.3.d) Dileptons --

Events containing two prompt charged leptons, though less frequent, can also be used to

search for evidence of heavy quarks. Events with a lepton pair ([, pe oree ) are considered.

3.- MONTE CARLO STUDIES

3.1) Event generation:

A Monte Carlo program involving a full simulation of the detector response, acceptance
and trigger efficiency is necessary to reproduce the expected features of the production and decay of
a new heavy quark. In order to interpret the data, physics processes giving events with at least one
muon or electron, accompanied by one or more jets, have been generated using the ISAJET QCD
Monte Carlo program [10].

For bb and c€ production, where the theoretical cross sections are not precisely known
because of the incomplete inclusion of higher order terms (in o) and because of uncertainties in the
structure functions and fragmentation model, the inclusive muon-jet data have been used to
normalize the Monte Carlo cross section [&]. In the case of Drell-Yan, J/¥ and T production, the
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cross section has been normalized to our measurement of the dimuon cross section [11]. High py
Drell-Yan, J/¥ and T pairs, accompanied by jets, are an important source of background for the
new heavy quark search. However, our ability to measure their rate considerably reduces the
associated uncertainty. The simulation of the above production mechanisms is discussed in {8].

For the top quark, the production mechanisms, fragmentation and decay modes considered
have been chosen to conform with current theoretical expectations. Thus, the results presented here
apply only to models in this class, described below. All events, generated with ISAJET [10], have
been processed with full detector simulation, as discussed in {8].

32) Top production mechanisms:

The sources of top quarks considered are :

PP W +X(W-1b) (1)
pp—> Z + X(Z -1tU) )
pp— tr +X 3)

We take my, = 83 GeV/c2 and m, =93 GeV/c2, The production of a bound tUstate (toponium),
which has a comparatively negligible cross section, and diffractive production, for which there
exists no definite theoretical prediction, have not been included.

3.2.a) Wand Z decays --

For processes (1) and (2) the production cross sections are derived from our measurements
of W->4v [12]. In the framework of the standard model the decays W — tb and Z — t{" depend
mainly on kinematics and, particularly for higher top masses, on QCD corrections to the partial
decay widths [13].

3.2.b) QCD cross sections -- _

The cross section for process (3) can be estimated using perturbative QCD which should
be more reliable than in the case of charm since the top mass is large. To lowest order in QCD, two
subprocesses contribute: gluon fusion, gg — T, and quark-antiquark annihilation, qq — t” Fora
top mass of 40 GeV/c2, gluon fusion is expected to contribute 45% of the cross section; this falls
to 25% for my,, = 60 GeV/c2.

Three uncertainties affect the O( onsz ) cross section estimate:

i) the uncertainty in the quark and gluon structure functions in the range x ~ 0.05-0.2 and Q2 ~
1000-4000 GeV/c2: For a given Q2 scale, we find that the DO1 parametrization [14] gives the
lowest cross section estimate while the highest is given by the GHR parametrization [15]. EHLQ1
[16] gives an intermediate value. The band of uncertainty corresponding to these variations is
+15%.
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11) the chmce of the Q? scale: Various possibilities are Q2 = 3§, mmp2 + pT , mlopz, which
correspond to variations of Q2 by a little more than a factor 4 ( § is the square of the parton
sub-process centre of mass energy ). Q? variations affect o (Q2) as well as the parton densities.
The lowest cross sections are obtained for Q2 = § and the largest for Q? = m,, 2 . The overall band
of uncertainty corresponding to this variation of Q2 is 34%. For example, for Myop = 40 GeV/c?,
the lowest cross-section value is obtained with DO1 and Q2 =38 O(tfj = (.45 nb. The largest
estimate comes from using GHR and Q2 = mmp2; G, (th = 0.9 nb.

iii) The "K-factor” ( o(tl)/cllowest order] ) associated with higher order Feynman graphs is not yet
computed. Based on the K-factor for Drell-Yan processes in the same Q2 ran ge, we expect K £
1.5. In the absence of an exact calculation, we use the EURQJET Monte Carlo program [ 17} to
obtain an estimate of the K-factor. In the EUROJET calculation, terms of order o 2 and o 3are
included using exact QCD matrix elements, but not including virtual gluon contributions. The
calculation depends on an arbitrary cut-off on the py of the soft gluon in the O(ox 3) terms. This
cut-off has been tuned on low Q2 processes measured at the collider. Usin g the EHLQ I structure
function with A = 0.2 GeV/c? and Q2 = mmp2 + pT » EUROIJET gives, for a top mass of 40
GeV/c?, a cross section estimate o(tl) = 1.1 nb, corresponding to a K-factor of ~ 1.5.

In the following, we use the EURQIJET cross section calculation as a reference value for
our top rate predictions. At the end of the paper we discuss the effect of the uncertainty in o(10) on
our limit for the top mass. At the time of this analysis, EUROJET did not allow generation of
complete events, We have therefore used the ISAJET Monte Carlo program, nommalizing the cross
section to the EURQIET estimate. The same fragmentation for the .spectator jets is used that
satisfactorily reproduces our data on bb and ¢C production [8]. ISAJET uses the exact O(a 2)
QCD matrix elements for tUproduction and also includes gluon bremsstrahlung in the initial and
final states. A heavy top quark is predicted to be produced centrally with a broad Pt spectrum
having <p >~ my /2.

33) Top fragmentation:

As pointed out in our analysis of muon-jet events [8], the choices of fragmentation
functions for charm and beauty strongly affect the inclusive muon rate. For top it is assumed that,
because of its large mass, almost all the ori ginal top quark energy is transferred to the top hadron.
For the fragmentation model, as in the case of charm and beauty, we use the parametrization of

Peterson et al. [18] for the z-distribution of the top hadron :

D(z)dz = N dz

£ 2

(1-2)
— zis the fragmentation variable defined as z = (E+p)hadron / mﬂ’l)quark
— Nis a normmalization factor.
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~ P is the longitudinal component of the momentum with respect to the quark axis.

— E s the energy evaluated in the same Lorentz frame as pj , so that z is invariant with respect to
Lorentz boosts along the quark axis.

- &=0.5/ mtopz, which for a 40 GeV/c? top quark is approximately equal to 3x10-4. This results
in a fragmentation function which is almost a §-function at z = 1 and is insensitive to the precise

value of €.
3.4) Top decay modes:

We assume that the Q2 of the decays is sufficiently large that the decay of top hadrons can
be computed at the quark level and that the final decay products are determined by the fragmentation
algorithm. Once a top hadron is formed, the constituent top quark is decayed into a lepton, a
neutrino and a b-quark jet (semi-leptonic decay) or into three quark jets (hadronic decay). For each
lepton channel, V-A matrix elements are used and a branching ratio of 11% is assumed. For
hadronic decays (branching ratio 66%), three body phase space and standard jet fragmentation are
used.

35) Event rates for semi-leptonic top decays:

Fig. 1 shows the predicted rate for the production of the top quark at the collider in terms
of the number of muon and electron events, for an integrated luminosity of 700 nb~1, in which at
least one top quark decays semi-leptonically. No selection cuts have been applied. For a top quark
mass of 40 GeV/cZ, about 300 such semi-leptonic decays are expected. The contribution from Z0
decays never exceeds 20% of the contribution from wt decays and disappears for top quark
masses greater than half the Z% mass (46.5 GeV/c?). For top quark miasses between about 40 and
80 GeV/c2 the production via W decays is predicted to dominate.

3.6) Underlying event model:

The correct simulation of the underlying event ( i.e. the contributions of spectator partons
and gluon bremsstrahlung to the background energy flow ) is important because the isolation of the
charged lepton is to be used as a criterion for distinguishing top quark production from other
processes. The spectator contribution has been adjusted in ISAJET to reproduce the observed level
of activity in W production and in charm and beauty events [8]. It is assumed that the same
simulation is appropriate for t{ production. This assumption is supported by the fact that, in jet
data, the level of the underlying energy flow does not vary significantly with Q? in the range that is
relevant for top production [19].
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3.7) Production and decay of a fourth generation quark:

We have used a model for the production and decay of a fourth generation quark (b")
similar to that used for the top quark , making the following assumptions and approximations:

- its electric charge is -1/3,

- its mass is Jower than the top quark mass, so that it will not decay into a top quark,

- itis not produced in W decays,

- b’ — ¢ predominates over b' — u,
The b’ decay was computed in analogy to the top quark decay, with again a semi-leptonic decay
branching ratio of 11% to each lepton, and the production of b’ pairs from Z decays was neglected.
We assume that the cross section for b’D” production is identical to that for tf for the same quark
mass, as expected from QCD. Note that, due to V-A matrix elements, the muon is harder in the
decay b'—| than in t—|L.

3.8) Monte Carlo production:

High statistics Monte Carlo samples were generated for both the top quark (masses 25, 30,
40, 45, 50, 55 and 60 GeV/c2, with a number of events at each mass equivalent to an integrated
luminosity of at least 10 pb~1), and for the b’ quark (masses 30, 40 and 50 GeV/c2, with a number
of events equivalent to 10, 20 and 30 pb~! respectively). All the events were processed with
detector simulation followed by event reconstruction, and analysed in the same way as real events.

4.- THE MUON CHANNEL

4.1) The muon sample:

The muon sample used corresponds to 556 nb~! ( 256 nb~1 for 1984 and 300 nb~! for
1985 ). Because of changes in the muon trigger and improvements to the detector, a separate
analysis of the acceptance and background would have been needed for the 1983 muon data which
have therefore not been included. All events with a muon of transverse momentum (py*) with
respect to the beam axis Jarger than 6 GeV/c and satisfying the muon selection criteria described in
[8] have been reconstructed yielding about 20,000 events. Technical details of the reconstruction
procedures are given elsewhere [20]. This large inclusive muon sample has also been used to
study the production of charm and beauty [8], which dominates at low py* after background
subtraction, and W production which dominates at high p.
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4.2} Background to the muon signature:

The background sources to the prompt muecn signature are described in detail in [11]. The
only substantial contribution comes from the decay in flight of charged pions and kaons. The
method of calculating this background is described in [8]. Identical methods and data sets are used
for this anal'ysis.

4.3) Data selection and comparison with Monte Carlo predictions:

Fig. 2 shows the muon py spectrum for the initial event sample with p{*> 6 GeV/c after
subtraction of decay background. The Monte Carlo prediction for bb, cc, J/y, T, Drell-Yan and
W/Z reproduces both the shape and the normalization of the distribution. The predicted top quark
contribution, shown for masses between 25 and 50 GeV/c?, is small everywhere,

Selective cuts have been applied to increase the sensitivity to a possible top signal. It is
instructive to illustrate the way in which the expected signal to noise ratio changes as the cuts are
tightened on the muon and jets, as follows:

a) pt> 10 GeVie, E,Ijeﬂ > 12 GeV, mHY <40 GeV/c2, no jet 2 requirement;

b) p*> 12 GeV/e, EF > 15 GeV, mp*Y < 40 GeV/c2, no jet 2 requirement;

c) pp*> 12 GeV/e, EJ > 15 GeV, mY < 40 GeV/cZ, EJ®2 > 7 GeV.

As already discussed, the lepton isolation is a principal tool for distinguishing top quark
events from others. Figures 3(a), (b) and (c) show the data and the Monte Carlo predictions for the
isolation variable, I, for the three sets of cuts. Also shown are the expected contributions for a top
quark of 30 GeV/c2 mass. It can be seen that in each case the whole distribution is well reproduced
without the need for a contribution from a new heavy quark. If we restrict the selection to the
region I< 2, for a top quark mass of 30 GeV/c2, the expected signal to noise ratio is 0.3, 0.8 and
1.8 for cuts a), b), and c¢) respectively, as shown in Table 1. In this and subsequent tables, when
two errors are quoted, the first is statistical and the second systematic. We have used the third set of
cuts c), together with I < 2, as our selection for the top quark . The cumulative effects of the cuts
on the efficiency for detecting a top quark of mass 40 GeV/c? are given in Table 2. After these cuts
we observe 10 events with two or more jets in the data sample. The detailed comparison between
data and Monte Carlo predictions is given in Table 3(a), together with the results for 1-jet events.
The errors given on the top predictions (Table 3(b)) are statistical only. The expected contributions
in the p + 2 2 jets channel from bb, ¢, W,Z, Drell-Yan, J /¥ and T amount to 9.2 + 0.8 + 1.0
events, with another 2.3 + 0.4 + 0.7 events from K/r decays. This accounts well for the observed
10 events, without the need for an additional contribution from a top quark.
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44) W —uv events as a test of the Monte Carlo and detector models:

The Monte Carlo generator was adjusted to reproduce the observed W transverse
momentum distribution in the electron channel. The W — uv sample (pp* > 15 GeVre, mHY > 40
GeV/c2) provides us with an important consistency check of our procedures. In Table 4, we
compare the number of events found in the data for the various jet multiplicities to the numbers
predicted by the Moate Carlo, which was tuned using the electron data. The excellent agreement
shows that we understand the W simulation and selection procedures.

4.5) Top cross section limits from muons:

4.5.a) Event rates --

With the set of cuts ¢) we observe 10 isolated events with I < 2 and predict 11.4 £ 0.9 +
1.2 from non-top processes (table 3 (a)). Using Poisson statistics the data are consistent with at
most 7.0 top events at 95% confidence level. In Fig. 4, this limit is compared to the predicted
numbers of top quark events as a function of the top quark mass, where the shaded band is given
by the experimental systematic errors. Shown also are the expected numbers of W — {6 events. By
comparing the limit, which is based on event rate alone, to the predicted numbers, we obtain 2
lower limit on the top quark mass of 41 GeV/c2 (95% c.1.). In extracting this limit we use the lower
edge of the total systematic error band ( £ 1 osysl ). The total systematic error, Cgysp Was computed
by combining in quadrature an 8% error on the hadronic energy scale, 15% on the integrated
luminosity for the prediction of the t{contribution, 10% on the simulation of the selection, 30%
normalization error on the decay background and 50% on the Drell-Yan, J/y, and Y backgrounds
(see Table 3). The errors are discussed in more detail later, as are the effects of the uncertainties in
the QCD prediction for the tf cross section.

4.5.b) Kinematic distributions --

An alternative way of deriving limits on the top cross section as a function of mass is to
use the shapes of distributions of event properties that are able to differentiate between top and
background processes. Taking events with at least two jets, and one muon with ptt > 12 GeV/e,
we fit background and top contributions for a given top mass simultaneously to the distributions of
the following four variables: the muon isolation variable I, EY, E-[-ic‘l, and Icos 9*jcl21, where
B*jea is the angle between jet 2 and the beam direction in the rest system of the muon, jet 1, jet 2

and the missing transverse energy. Gluon jets coming from initial state bremsstrahlung in bbg
»
events tend to have large values of lcos 0 je2 L

The background properties are taken from fully simulated bb, c€, W, Z, Drell-Yan, J/y,
and T events. The limited statistics of the low E jet sample used to calculate the background from
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7 and K decays [8)] do not allow us to use the shapes of the decay background distributions in each
of the four variables in deriving the top cross section limits. However, from studying enlarged
event samples, we find that the decay-in-flight muon is more isolated than in the bb and cc events
while the shapes of the other three distributions are similar. The decay background is therefore not
considered in fitting the data which is conservative since its inclusion would leave even less room
for top.

Fits are made for various hypotheses about the top mass and the tT cross section, the W —
tb component being fixed. The resulting best fit value for the number of top events in the data,
ntopda‘a, is in all cases very small (< 0.5 events). In order to find the confidence level to exclude a
particular hypothesis we generate a large number of Monte Carlo experiments, each with the same
integrated luminosity as the data. The fit is repeated for each experiment yielding different values
for npronte Carlo, The number nlopd‘“‘?l is then compared to the resulting distribution for nmpM"““’
Carlo We define the confidence level for excluding a particular cross section as the fraction of the
Monte Carlo experiments with nprO“w Carlo , nmpd"-“a.

The distributions for the four variables are shown in Fig. 5 for non-top processes, top with
a mass of 40 GeV/c2, and the data. The top selection cuts (10 events) were selectively loosened
for certain distributions in order to provide a better normalization of the background in regions that
are insensitive to top. Hence events are also considered in the fit if the muon is not completely"
isolated but passes all the other cuts, extending the range of the I-distribution from 2 to 10 (Fig
5a,104 events). In the same way the range of the ETJ‘:“ distribution is extended down to 12 GeV

with all other cuts applied (Fig 5¢,17 events).

4.5.c) Inclusion of Systematic Errors -- 1

Systematic errors are included by generating the distribution of nmpMontc Carlo with each
uncertain parameter in turn fluctuated by its systematic error. Each error leads to a change in the
confidence level. We derive the effect of all the errors by adding their individual effects in
quadrature and subtracting this change in confidence level from the value obtained using only
statistical errors.

The following systematic errors are included:
Energy Scale: The energy calibration combined with the simulation of the calorimieter response
have an uncertainty of 8%. This affects the jet energies, the neutrino energy and the isolation of the
muon. All these energy variations are assumed to be fully correlated. _
Selection Efficiency: Since various small detector details are not simulated by the Monte Carlo, the
predicted event rates may have errors arising from the detector response. An overall error of 10%
from this source has been estimated.
Integrated Luminosity: An integrated luminosity error of 15% has been applied to processes not
normalized by UA1 cross section measurements.
W — tD cross section: Apart from the statistical error in the W cross s_ection measurement (7%),
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the W — tb decay rate has hi gher-order QCD corrections of 10-20%, which have an error of 30%.
Combination of these two errors gives uncertainties between 10% (light top) and 14% (heavy top).

Dimuons: The rate of high pp dimuon events in which only one of the muons is detected has been
estimated from our own data. The contributions from large p Drell-Yan, J/y, and Y have a
normalization error of 50%.

Fragmentation: The € parameter of the b quark Peterson fragmentation function [18] has been
varied between 0.001 and 0.1 with no appreciable effect on the shapes of the distributions used in
the fit. This variation covers the range of accepted values from ete" experiments.

4.5.d) Conclusion --

The results for the 90% and 95% confidence level upper limits on the cross section are
shown as a function of top quark mass in Fig. 6 together with the predicted cross section. The
conclusion from this analysis of the muon data is that a top quark of mass smaller than 43 GeV/c2
is excluded with 95% confidence if the predicted cross section is correct. The effect of uncertainties
in the QCD calculation will be discussed later.

5.- THE ELECTRON CHANNEL
5.1) The electron sample:

During the 1983, 1984 and 1985 runs the electron trigger selected events satisfying the
requirement that in two adjacent cells of the electromagnetic calorimeters the measured transverse
energy (E) was larger than 10 GeV. A simple on-line selection using 168E processors, requiring a
rough isolation of the electromagnetic cluster, reduced the data to about 10° events. Finally, all
events with a reconstructed cluster Er (after calibration) larger than 10 GeV and havin g a central
detector track matching the cluster were fully reconstructed. For the heavy quark search we have
used the sample of events with Ep > 15 GeV, where the background is lower. The total integrated
luminosity for this sample is 689 nb~1.

52) Electron identification:

An electron is identified by the presence of a high pr (pr > 10 GeV/c) charged track
associated with an electromagnetic cluster (Er > 15 GeV) and satisfying the following selection
criteria:

- matching within 3 standard deviations in momentum and position between the cluster and
the track.

- cut on the shape of the shower profile in depth. An energetic electron deposits almost all
of its energy in the four segments of the electromagnetic calorimeter ( 27 radiation lengths at normal
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incidence ) and only a small fraction in the two hadronic compartments behind. A cut on the hadron
calorimeter energy in the cells behind the electromagnetic cluster is applied, E; 4 < 200 MeV. In
addition a %2 cut is applied on the compatibility of the deposition in the four electromagnetic
segments with an electromagnetic shower profile.

- electron isolation. As will be discussed in the following section, the dominant
background for the electron signature comes from jet fluctuations, either converted photons from
7 decays or low multiplicity jets where a high p charged pion overlaps with photons from 0
decays. Strict isolation requirements around the electron direction together with electromagnetic
shower profile requirements are used to minimize this background. The sums Xp (additional
tracks) and ZE(calorimeter cells) in a cone AR = (AN2+A02)12 = 0.7 around the electron are eaich
required to be less than 10% of the electron transverse energy, and less than 1 GeV in a cone
AR= 0.4,

After these cuts, 291 events remain. The isolation requirement also rejects electrons
coming from beauty and charm decays, because they are usually embedded in jets, and therefore
already enhances the top signal; the loss of efficiency for genuinely isolated electrons has been
estimated to be about 20% using electrons coming from W decays.

5.3) Photon conversions:

This sample is still contaminated by electrons coming from photon conversion. Events
were scanned, using a Megatek graphics display, to remove remaining conversions in the
following cases :

- the second electron from the pair is observed in the central detector and the pair
kinematics are compatible with a converted photon,

- the conversion occurs far from the interaction vertex, so that the track begins in the
middle of a central detector module, with or without a visible partner, and can easily be identified,

- the specific energy loss (dE/dx) measurement identifies the event as one in which the e*
and the e~ are not separated by the magnetic field .

After scanning, the sample is reduced to 205 events, 75 events having been identified as
conversions and the remaining 11 discarded because of reconstruction problems or because of the
presence of a second interaction. The estimation of the non identified conversions will be discussed
in section 5.5.

54) Data Classification:
The 2035 electron events with E-® > 15 GeV are divided into three categories: 119 events

have mT"'V > 45 GeV/c? and are classified as W candidates. 26 events have a second electron
candidate, defined by a charged track in the central detector with pp > 5 GeV/c pointing to an
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isolated electromagnetic cluster with Et > 6 GeV in the calorimeter, and are classified as dielectron
events. These events are background free and are well understood in terms of W, Z, Drell-Yan,
J/¥ and T production. Table 5 shows a comparison between the data and the Monte Carlo
predictions for these processes according to the number of Jjets. As can be seen, there is excellent
agreement. Finally, the remaining 60 events are classified according to their topology: 34 events
have no jet, 19 have one jet and 7 are produced with two jets, where the jets are defined as
described in 2.3.a). We now discuss the background from fake electrons to these 60 events,

5.5) Electron background calculations:

As discussed above, the two main background sources are st 70 overlaps and remaining
converted photons, mainly from n¥. We explain here the techniques used to calculate these
backgrounds; more details can be found elsewhere [21].

The main background comes from jets faking an electron signal by fragmenting into an
energetic charged pion accompanied by one or more photons in the same calorimeter cell, the whole
system satisfying the electromagnetic shower profile requirements. The absolute yield of isolated
7n0 events is estimated from a data sample of charged pions which may be accompanied by ns.
These "isolated pions" are selected from the electron tri gger sample ( E} > 10GeV), requiring track
quality, matching and isolation criteria identical to those used for the electron selection. However,
the shower profile requirement in the electromagnetic calorimeter is changed to an energy
deposition requirement (Epaq > 1GeV) in the associated hadron calorimeter cells. To get the
absolute yield of isolated n*n0 events, each of the selected n*(+n 1%} is wei ghted by the inverse of
the probability to have fulfilled the electron trigger conditions and passed the hadronic energy cut.,
This probability is obtained from pion beam data with superimposed simulated nUs; probabilities
are tabulated as a function of charged energy, r0 content and angle of incidence. These overlapping
7 (+nn¥) Monte Carlo 'tracks’ are then used to calculate the probability that each selected "isolated
pion” would have fulfilled the shower profile criterion to become a background candidate to
electron - jet events. Table 6 shows the result of this calculation for various jet multiplicities. The
first error quoted is statistical and comes only from the limited sample of isolated pions (523
events) selected from the data. The second error is systematic and comes from two sources: the
limited statistics of the test beam data and the unknown electron contamination of the pions in the
beam. This overlap background alone is not sufficient to explain the observed rate of electron
events.

To test the n¥(+nn0) overlap background calculation, the predicted rate of overlap events is
estimated, for the events with at least one jet, as a function of E} ¢ the hadronic energy deposition
in the cells behind the electromagnetic cluster. The predicted rate of overlaps is compared to the
data as function of Ejag in Fig. 7. The bin 0 < Epaq < 0.2 GeV contains the 26 isolated electron



Page # 15

candidates accompanied by at least one jet (19 one-jet and 7 two-jet events). The overlap
background estimate with this calculation is 6.3 £ 0.5+ 1.1 events in this bin as already shown in
Table 6. For large values of E; 4 the overlap background is expected to dominate the data and we
can therefore check the overlap background estimate. For E; 4 > 0.5 GeV there is good agreement
between predicted and measured background.

The next most important source of background comes from the conversion of 0 decay
photons. As described above, a large fraction of these conversions are removed by scanning;
however, a converted photon may be missed in one of the following cases :

- the conversion occurs close to the interaction vertex and one of the converted electrons
does not emerge from the beam tube,

- the electron belongs to a Dalitz pair, and the second electron cannot be identified.

Two methods have been used to calculate this background. The first is an analytic calculation,
using a data sample of high p 1% satisfying the isolation and electromagnetic shape requirements
used for electron identification. Taking into account the known amount of material in the detector,
we then calculate the probability of an asymmetric conversion in which one member of the electron
pair has pp < 50 MeV/c and is not reconstructed in the detector. In the second method, s and
single photons are generated by Monte Carlo techniques and their conversions fully simulated. The
events in which one of the electrons satisfies the electron selection criteria are then scanned and the
fraction of conversions identified is measured. By comparing this result with the number of
identified conversions in the data we obtain an estimate of the background of unidentified
conversions.

The methods are in good agreement and the results are presented in Table 6 according to
the number of jets observed in the event. For the 26 electron + 2 1 jet events, the conversion
background is 1.8 £ (.7 events.

5.6) Comparison with Monte Carlo predictions:

We now estimate the contributions from known sources of real electrons to the 60 single
electron events with m%¥ < 45 GeV/c?, including electron pair events in which only one electron is
detected, and compare them with the data. The strict isolation criteria that are necessary to select
electrons are already tighter than those used in the top search in the muon channel. The efficiency
for detecting a top quark of mass 40 GeV/c? in events with at least one jet is given in Table 7. As
described above, a large Monte Carlo production for all electron sources has been performed
including the following processes: W — ev, 1v, Z - ete”, Drell-Yan, J/y and T, bb or cT
producing high py electrons. We make fuil use of our present knowledge about the transverse
momentum distributions of the Ws and Zs [22], as well as of muon pairs from Drell-Yan, J/y
andY [iI]. Table 8 summarizes all electron contributions and corresponding backgrounds,
according to event topology. The first error quoted in each entry is the statistical error from the
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Monte Carlo; the second is the systematic error, which is discussed below.

For the W, Z, Drell-Yan, J/y, and T the expected rates in thc'high P tails are normalized
to our data. For the latier three processes, which are measured in the dimuon channel, we assign a
systematic error of + 50% to the rates in these tails. In addition, our determination of the cross
sections for Drell-Yan, JAy, and Y production are only accurate to 30% (again using measured
dimuon events [11]).

The contributions from bb and ¢€ are normalized to our measurements of these processes
using muon-jet events [8]. According to Monte Carlo studies, an electron from charm is three times
as likely to be selected as one from beauty because of the large cell size of the central calorimeter,
and we assign a 25% systematic error to this part of the top electron background, which arises from
the uncertainty on the relative contributions of bB and ¢€ to the muon-jet sample [8].

With the electron sources discussed here and summarized in Table 8, the observed event
rate is explained for all topologies, without the need for a new heavy quark contribution. As
shown in Table 8(b), the Monte Carlo rate for the electron background agrees with the data even
when the sample of electron-jet events is enlarged by lowering the Ep cut to 12 GeV. Arranging
events by jet multiplicity also shows agreement in rate between the Monte Carlo prediction and the
data, even though different processes may dominate for different multiplicities.

As in the muon case, the non-top background processes account well for the detailed
features of the elecron events. In Fig. 8 we display the distributions of four variables characteristic
of the properties of the 26 events with at least one jet, together with the expected shapes for the
non-top background: E;€, ETiC‘l, Ad(e,jetl), cos B*jca - The agreement is good. Unlike in the
case of muons, the isolation properties of electrons cannot be studied easily because one can only
define a low background sample for isolated electrons. However, tests made with less restrictive
isolation requirements do not change the conclusions: that the rate and properties of events with an
electron and various numbers of jets is well accounted for by known sources.

The expected rates from top quark sources are summarized in Table 9 as a function of
mass.

5.7) Top cross section limits from electrons:

5.7.a) Event rates --

The data are consistent with at most 12 events (95% c.l.) with 2 1 jet , pTe > 15 GeV/c and
m ¥ < 45 GeV/c2, coming from the production of a top quark. Fig. 9 shows the comparison
between this limit and the predicted number of top quark events as a function of the top quark
mass. The shaded band is given by the total systematic errors. Shown also are the expected
numbers of W — tb events. Comparing the limit to the predicted numbers, we obtain a lower limit
on the top quark mass: my,, > 36 GeV/c? (95% c.l.). In extracting this mass, we use the lower
edge of the systematic error band. The individual systematic errors are added in quadrature as in the
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muon case.

5.7.b) Kinematic distributions --

An analysis of the shapes of kinematic variable distributions leads to a stronger limit on the
top contribution to the data sample. A study of kinematic variables, E1%, E1Y, my®, F,ric”, Adey »
cos B*jea, has enabled their separating power to be quantified. The following two distributions are
found to be the most powerful in the electron channel:

- the neutrino transverse energy spectrum displayed in Fig. 10(a) for "background events",
defined as the list of contributions given in Table 8(a), for W's and for top-decay electrons from a
top quark of 40 GeV/c2 mass: Top quarks are expected to give events with neutrino transverse
energies in a region where the contribution from W's as well as from the background processes are
expected to be small. The curves are normalized to the expected event rate of each contribution, for
a total integrated luminosity of 689 nb-1,

- the number of jets in the event: Top quarks contribute more to events with 2 2 jets; this
effect is more striking for increasing top mass, but the expected rates are lower. The experimental
measurements together with the expected rates for top and background processes are shown in Fig.
10(b).

We use the method described above for the muon case to extract the limits on the top cross
section for a given mass, normalizing the W — ev contribution to the cross-section measured by
UA1 and treating the systematic errors in the same way as for muons.

5.6.b) Systematic errors --

The systematic errors include:
Background rate: The overall uncertainty on the rate of background events (overlaps, conversions,
W/Z, bb, cc, Drell-Yan, J/P, T ) is ~ 12%.
Energy scale: The uncertainties in the energy scale are 3% for electrons, 5% for neutrinos, and 8%
for jets. All these uncertainties are correlated.
Selection efficiency: As in the muon case, this is estimated to be 10%.
W — B cross section: The error on the estimate of the W — tb cross-section, including the lack
of knowledge of the QCD corrections, is 10% (light top) to 14% (heavy top).
Integrated luminosity: The error on the integrated luminosity, 15%, applies to the tt events only,
because the W cross section is measured in the experiment.

5.7.d) Conclusion --

The 90% and 95% confidence level cross section limits are shown in Fig. 11, together
with the predictions, as a function of the top quark mass. A top mass below 47 GeV/e? is excluded
with 95% confidence if the predicted cross section is correct. The ef! fect of uncertainties in the QCD
calculation will be discussed later.
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6.- COMBINED LIMIT FROM MUONS AND ELECTRONS

6.1) Global fit:

Using the four muon variables (1, E1Y, E-[jcu, lcos 8* o2 ) and the two electron variables
(EpY, NJets), jn a global fit, gives a better limit on the top quark cross section, which is shown as a
function of mass in Fig. 12. It can be seen that the experiment is not sensitive to the process W —
tb alone. A limit on the top quark mass can only be obtained if the contribution from pp — tf X
is taken into account. Using the full cross section prediction described in Section 3.2b, a top quark
mass lower than 56 GeV/c2 is excluded at 95% confidence level.

6.2) Effect of QCD uncertainties:

In order to explore the sensitivity of this mass limit to details of the QCD calculation, in
Fig. 13 we show our 95% confidence level cross section limit, with the W — tB cross section
subtracted, expressed in terms of the calculated t{cross section, c(il). We display our limit in
terms of the variable K = o(tf) / ©,, where G is the lowest order QCD cross section calculated
with the EHLQ I structure functions and Q2 = mwp2 + pTz. Shown in the figure is a range of
predictions to lowest order as well as the EUROJET calculation (K = 1.5) from which the above
limit (> 56 GeV/c?) was derived. If instead, we use the structure functions (DO1) and definition of

Q2 (=%) that give the lowest value of the cross section, we obtain a lower limit of 44 GeV/c2 at
95% confidence level (see Fig. 13).

7.- CROSS SECTION LIMITS FOR b’

For the b'-quark, we employ the same method used for the top quark except that, in this
case, there is assumed to be no contribution from W decays. Fig. 14 shows the 95% confidence
level limits on the b’ cross section as a function of the b’ mass, using the combined electron and
muon information. For the EUROJET QCD cross section, a mass below 44 GeV/c? is excluded at
95% confidence level. The lowest order calculation that was used for T gives my. > 32 GeV/c?
(95% c.l.)

8.- LIMITS FROM MUON PAIRS

Events containing one or two top quark decays will have a significant probability to contain
a lepton pair. The number of lepton pairs coming from top is expected to be smaller that the number
of lepton - jet events but the results should give consistent limits on the production of new heavy
quarks.

The most sensitive channel in our case is muon pairs. The dimuon sample described in [11]
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is used. Each muon has a py larger than 3 GeV/c and the muon pair mass, m,,, is larger than

6 GeV/c?. The number of such muon pairs expected from top quark productionuil.: given in Table
10 as a function of the top quark mass.

To distinguish between dimuons from top quark decays and those from charm and beauty
decays we make use of the different event kinematics resulting from the much larger mass of the
top quark. The following event properties are used:

- pTP'l, p-[llz, where L1 and 2 are the highest p1 and next to highest pp muons,

- A}, the azimuthal angle difference between the two muon directions,

- E1Y, the missing transverse energy,

- Ni¢t the number of jets with | cos(8*)l < 0.8.

Using the shapes of the distributions for these five variables, X(i=1,5), for top and non-top
processes, we define a "top likelthood"” for each event as:

Lmygp) = I [pi6p XM Peauty (X
where pmp(Xi) and pbeamy(Xi) are the probability density functions of the variables X for a top
quark of mass My, and for bb and cC events passing the dimuon cuts, and I'T indicates a product
over the index i (i = 1,5) of the five distributions. Fig. 15 shows the comparison between the
ln(ﬁ(mtop=25 GeV/c2)) distributions for i) non-top processes, ii) t events with a 25 GeV/c? top
mass and iii) the data.

The muen pair sample described in [11] is enriched in potential top candidates by requiring
a mild isolation of the muons ( ZE < 9 GeV for each muon, where ZE. is the sum of the
calorimeter transverse energy in a cone AR < 0.7 ). Comparing our data with Monte Carlo
predictions for bb, cc, Drell-Yan and decay background in the region where In(33( Myp )) is
larger than 2, we obtain limits on the production of a top quark as a function of its mass, as shown
in Fig. 16.

Assuming the EUROJET QCD prediction for tf, we obtain My, > 33 GeV/c? (95% c.l.).
This limit can also be interpreted as a limit on the b' mass (my, > 33 GeV/c2) since it does not
involve the W — tB process, which was not included because its contribution to dimuons is
relatively small in the low mass range where we are sensitive. The conservative lowest order cross
section calculation, described in section 6.2, gives a top mass limit of 23 GeV/c? at 95%
confidence. These limits are, as expected, weaker than the ones obtained in the electron -jet and
muon - jet channels but are consistent. Furthermore, they help to exclude low masses.

The electron pair ( 21 events with m(e*e™) < 60 GeV/c2) and electron-muon pair ( 8 events
with p* > 3 GeV/c ) channels have also been studied. In both cases, because of the higher
threshold ( E4® > 8 GeV) imposed at the trigger level, the sensitivity to a new heavy quark is lower
than in the case of muon pairs, and does not give us extra information on the top quark mass. In

both cases the number of events found in the data agrees with our prediction for standard sources.
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9.- DISCUSSION OF RESULTS

We have described a search for new heavy quarks using isolated muons or electrons
associated with jets. A detailed analysis shows that background contributions from known sources
are able to account for the observed data without the need for a new quark. Taking into account
both statistical and systematic errors we have extracted upper limits on the production cross-

sections for top and b’ quarks consistent with the data, assuming a semi-leptonic branchin g ratio of
11%.

9.1) The W — tb process:

Our basic result is a limit on the cross section for producing new heavy quarks (t or b') as
a function of the quark mass. Although the expected W — {b cross section can be estimated quite
reliably from our own W - v data, with the present detector and integrated luminosity (~ 700
nb“l), the experiment is insensitive to this process for all masses. To become sensitive, a factor 4
increase in integrated luminosity or an equivalent improvement in efficiency would be needed and
can be expected for the upgraded detector using the improved collider with ACOL [23].

92) QCD production of U pairs:

A limit on the top quark mass can only be obtained by includin g the more uncertain t{
process in the estimation of the expected rate, which has to be calculated using QCD. The most
conservative approach is to take only the lowest order terms and to use the structure functions (DO1
[14]) and Q2 scale (Q? = 3) that give the smallest cross section. Using the combined muon-jet and
electron-jet data we find:

My, > 44 GeV/c2: my > 32 GeV/c2
at 95% confidence level. Using the EUROJET estimate of the order (153 terms in the calculation of
the tfcross section and taking less pessimistic choices for the structure functions (EHLQI[16))
and Q2 scale (Q2 = mtop2 + pTZ), the limits become My, > 56 GeV/c? and my, > 44 GeV/c2, both
at 95% confidence level.

At low masses, our limits overlap with the PETRA and TRISTAN lower limits, leaving no
lower mass window. In fact, due to the additional information provided by the muon pair channel,
our sensitivity at low top quark masses is even better than indicated in Fig. 12 where only single
lepton data have been used.

From muon pairs alone, the lower limit on the top quark mass corresponding to the
EUROQIET QCD calculation is 33 GeV/c2 (95% c.l.). Thisis also a lower limit on the mass of the

b’ quark, since in the muon pair analysis the process W — 1B was not included and the muon is
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harder in the decay b'—} than in t—L.
93) Sensitivity to a top quark above the W mass:

If the top quark is heavier than the W, an interesting situation occurs. The top quark can
decay into a real W, so that the process pp—tUX leads to a final state with two real large p; W,
The average p- of each top quark with respect to the beam axis is <p(top)> ~ mmp/2. In the decay
t—Wb, the W, because of its mass, will carry most of the transverse momentum of the parent top
and is therefore also produced at large pp: <pp(W)> ~ 45 GeV/c. If one of the Ws decays into ev
(or pv ) and the other into two jets, the resulting 1vjj topology is similar to the QCD production of
a large pp W balanced by two jets. UA1 has observed two Wjj events with pp(W) > 80 GeV/c and
m(jj) ~ m(W) [22]. In the kinematic range where the events are observed, 0.05 + 0.03 events are
predicted for QCD W production and 0.02“*0-02_0_01 events for tU production with Myop =
90 GeV/c2. No conclusion ¢an be drawn with the present statistics.
The improved UA1 detector at ACOL should clarify the situation. The dash-dotted curve

in Fig. 1 shows the expected yield of W pairs as a function of m__, when one W decays into ev or

lop’

Hv and the other into two jets with m;; > 70 GeV/c2. About 10-20 events are expected for my, <

my,, < 100 GeV/e? for [Ldt = 700 nb~1.
94) Compatibilty with results from the 1983 collider run:

In our earlier results {7], based on 1983 data alone, there were 3 electron events and 4
muon events satisfying similar criteria to those that have been used to select the data with 2 2 jets.
With the present cuts, 7 and 10 events, respectively, are observed in the full data samples. Given
the ratios of the integrated luminosities between the present and earlier data samples, we would
have expected 1.1 electron and 1.9 muon events in the 1983 data sample. At that time, our
background estimates did not inciude the J/y, T and Drell-Yan contributions. Also, our estimate
of the bb and cC background for isolated muons is now four times higher because of a better
understanding of the bb and cc rates and properties. Finally our muon decay background estimate
has been improved by using higher statistics low energy jet data samples. Although the 1983 events
have the expected top quark topology, we conclude that they are most likely due to background
sources.

95) Mass distributions:
In the foregoing analysis we have not made use of invariant mass distributions in searching

for a new quark signal. In Figs. 17 and 18, we plot the invariant masses of the lepton-transverse
neutrino—jet 1—jet 2 (M4) and lepton—transverse neutrino—jet 2 (M3) systems for the muon and
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electron data respectively. The data are well simulated by the Monte Carlo without top, but the
prediction for top (for a mass of 40 GeV/c2) does not have a significantly different shape. The
shape of the mass distribution for the background is constrained by the procedure devised to select
top events and cannot be used to provide useful additional discrimination.

9.6) Conclusion:

The results of this search, in which no evidence has been found for a new heavy quark,
have provided a lower limit on the top quark mass ( > 44 GeV/c?), with rather conservative
assumptions about the production cross section. The limit is in an interesting region as it implies
that the Z° may not be able to decay into tf. If this is so, W decays offer the best way of finding
the top quark for masses up to ~ 75 GeV/c2. For masses above the W mass, the top quark will

decay into a W giving typically events with two high pr Ws where one W decays semi-leptonically
and the other decays into a pair of jets.
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Table 1: TOP and Non-TOP contributions for isolated
(I < 2 ) muon events with three different sets of cuts.
The first error is statistical, the second one systematic.

MONTE CARLO
TOP
. TOP/non-TOP
Data mon - TOP — 30 Gevic?)
Cut Set a) 140 143 £7 + 22 44 17 (syst) 03
Cut Set b) 32 35+ 2 + S 29 + 4 (syst) 0.8
Cut Set ¢) 10 114409 + 1.2 | 20.5+3 (syst) 1.8

Table 2: Efficiency for detecting TOP quark cvents in
the muon channel.The number of events corresponds
to 556 nb’! for a TOP mass of 40 GeV/c2.

tb tT

f}ll events 89 (100%) 129. (100%)
with a muon

Pl > 12 GeVic 37.5 (42.2%). 55.8 (43.3%)
reconstructed

P,’f} > 12 GeV/c 10.4 (11.7%) 15.0 (11.6%)
ES > 15 Gev

E,get% 7 GeV 58 (6.5%) 12,1 (9.4%)

I<2 40 (4.5%) 7.0 (5.4%)

v ~aV/E |

m ! < 40 Gev/é 3.6 (4.0%) 6.0 (4.6%)




Table 3(a):

PH 5 12 GeVic

T

Page #

Sources of isolated Muon + Jet Events.

25

The first error is statistical, the second one systematic.

MONTE CARLO
DATA .
D.Y. _
K/n Wiz Iy bb TOTAL
Decays T ccC
W+ Ljet | 72+17 | 25405|73+07 63206 [23.3 + 2.0 22
+3.6 + 4.2
w422 jets| 23404 | 06£02{20£04 [66+07 |14+ 09| 10
+07 | +1.0 + 1.2




Table 3(b):

Expected TOP Event Rates for Isolated

Muons with pTu > 12 GeV/c .

Number of jets = 1 :

TOP MASS ( GeV/e?)

25 30 40 50
th 23103 33105 28+04 1.7£0.3
t. t 7.1+ 0.6 50£05 | 14+02 | 05+0.1

Total 9.4+0.7 8.3£0.7 42+04 22403
Number of jets = 2 :
TOP MASS ( GeVic?)

25 30 40 50
th 25103 | 39%06 3.6+0.5 3.1+£0.5
tt 218+ 1.1 | 166209 | 60+05 |22+03

Total 243+£1.1 | 205+1.1 | 96+0.7 53+ 0.6

All the errors quoted here are statistical only.
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Table 4: W Selection in the Muon Channel.
PH > 15GeV/e, m_(1v) > 40 GeV/c?
Isolation z ET <3GeV , EPT < 2 GeV/ic, AR<0.7
MONTE CARLO DATA
L o+ 0 jets 64+ 2 57
o+ 1jet 9+1 8
H +2 2 je[s 1.5+0.5 3
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Table 5: a) W Selection in the Electron Channel.
E > 15 GeV, m (e,v) > 45 GeV/c?
MONTE CARLO
DATA
D.Y. 3
w Z JIy _ TOTAL
0y C
e+ O jets 98 0.7 0.1 99.4 101
£23 +03 +0.37 0.1 + 23
e+ 21 jets 15.4 0.5 0.1 0.1 16.1 18
1.2 *+0.2 +0.06 0.1 + 1.2
b) electron pairs.
ET (e1 ) > 15 GeV, ET (e2 ) > 5 GeV,
MONTE CARLOQO
DATA
D.Y.
w Z J /¥ TOTAL
T
Pair + 0 jets 0.12 15.9 4.9 21.0 21
+ (.08 +1.0 | £1.7 +2.7
Pair + 21 jets | 0.56 7.2 1.35 9.2 5
+0.2 + 06 + (.46 +0.93
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Table 6: Backgrounds to the electron signature
fog' the 60 events with : ’
Er> 15 GeV, m (v,n) < 45 GeV/c.
Data Overlaps Conversions
e + O jets H 2 0205 1.0+ 0.5
e + 1 jet 19 4 +35+10 1.5+ 0.7
e +2 2 jets 7 23+0.3+0.5 0.3 +0.1
Table 7: Efficiency for detecting TOP quark events

in the electron channel.The number of events
corresponds to 690 nb~! for a TOP quark mass of

40 GeV/&
th Lt

All events 110.  (100%) 160. (100%)
with an electron
E? > 15 GeV 29.  (26%) 44.  (27%)

CD track

23. 21% S5 (22

PT > 10 GeV/c 35 1% 355 (22%)

Isolation 10.  (9%) 10.5 (6.5%)
Electromagnetic 6.2 (5.6%) 72  (4.5%)

shower shape
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2
Table 8: Classification of Electron + Jet Events,mT(e,v) < 45 GeV/c

a) E; > 15 GeV

MONTE CARLO
DATA
D.Y -
Overl + X
verap wiz | 31w bb TOTAL
Conversions T cc
e + 0 jets 3 02 26912 21204} 1.8+04| 33.8 £2.1 34
+05 +1.73 +0.72 +0.45 +2.0
e+ 1 jets 5.5+0.3 5320314.340.51{1.6+0.35| 16.7 +0.7 19
+1.0 +0.34 +1.5 +0.4 +1.9
e+ 22 jets| 26103 [08+0.2[1.1403 [224045] 6.7 0.6 7
+0.5 +0.06 +0.38 +0.55 +0.7
. 8.1+0.5 6.130.4 |5440.6 |3.8406] 23.4 +0.9
e+ 21 jets 26
+1.5 H).4 +1.9 H).95 2.7
b) 12 GeV < E: < 15 GeV
MONTE CARLO
DATA
Overlap D.Y. bE
+ W/Z J /¥ _ TOTAL
Conversions T cc
e + 21 jets 4.5 02 09 £0.1{ 6.2 +0.2| 3.1 20.2| 14.7 +0.4 16
+1.5 3.5 +3.8




Table 9:

Expected TOP Event Rates for Isolated

Page #

Electrons with E 'l(f > 15 GeV and accompanied

by at least one jet.

TOP MASS ( GeV/e?)

25

30

40

45

50

55

33£03

5205

6.2 0.6

63106

6.0 £ 0.6

6.4+ 0.6

tt

20.7+09

14.1£0.7

7.2+05

32103

33+03

20202

Total

240+ 0.9

19.4%+ 0.9

13.4 £ 0.8

9.5£0.7

9.3+0.7

8.4+0.6

Table 10: Expected TOP Event Rates for Muon Pairs

with P,ltl > 3 GeV/e and Mass(pp) > 6 GeV/c?.

TOP MASS ( GeV/c?)

30 40 50

3.5+ 0.3 3.0£03 2.1 +0.2

13 £ 0.65 1.3 +0.1

16.5 0.7 34+£02
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FIGURE CAPTIONS

The expected number of events with one semi-leptonic decay of a top quark (e + W) for an
integrated luminosity equivalent to the total UA1 data sample of 700 nb=1. The pp —
tt'X, W tb and Z — t{ conuibutions are shown separately as dashed curves and the
total as a solid curve. No selection criterion is applied to the charged lepton. The pp — tf
X contribution is the full QCD prediction calculated using EURQJET. The W — b
contribution is normalized to UA1 measurements. The dash-dotted curve shows the
expected number of tUpairs yielding two Ws with one W decaying into lv and the other
into two jets with mj; > 70 GeV/c? .

The inclusive muon momentum spectrum, do/dp4*, versus pH. The data are compared
with Monte Carlo predictions including : bb, €€, W, Z, Drell-Yan, J/y and T". The top
production for three different masses is shown ( Myop = 25, 40 and 50 GeV/c2) The data
have been corrected for decay background and for acceptance, but not for muon
momentum measurement errors.

The isolation variable (I = [(ZE/3)% + (Zpp/2)?1Y2 in a cone AR = (.7 around the
muon ) distribution for the three sets of cuts described in the text:

a) pp" > 10 GeV/e, Ericu > 12 GeV, mHY < 40 GeV/c2, no jet 2 requirement;

b) p-[-” > 12 GeV/e, E,I_iCtl > 15 GeV, mHY <40 GeV/c2, no jet 2 requirement;

c) pp*> 12 GeV/c, EJ® > 15 GeV, mY < 40 GeV/c2, E°2 > 7 GeV.

The solid histogram is the Monte Carlo prediction of the background processes without
top. The hatched area represents the contribution for a 30 GeV/c2 mass top quark. The
black points with error bars are the UA1 data.

Limit on the number of top quark events for the muon channel from rate alone. The 95%
c.l. upper limit on the number of top events consistent with our measurement is indicated.
The prediction for W — tb plus pp — tU X is shown, as a function of top quark mass,
by a shaded band which represents the total systematic error ( 1 Ogyst ). The tlcross
section is calculated using EURQJET. The W — tb contribution (normalized to the UA1
measurements) is shown separately without errors.
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Fig. 5 Variables used to derive the top quark mass limit from the muon-jet data, shown for
events with pp# > 12 GeV/c and 2 2 jets.
a) The isolation variable, L. ( 104 events )
(1=[(ZE7/3)2 + (Zp/2)21172 in a cone AR = 0.7 around the muon )
b) The missing transverse energy: EyV. ( 17 events)
¢) The transverse energy of jet 1: Erjc“. ( 10events)
d) | cos(@*)l for jet 2. ( 10events).

Fig. 6

Fig. 7

Fig. 8

Fig. 9

b),c) and d) are given for events with I < 2, and a),c) and d) for events with Erim > 15
GeV. The points with error bars represent the data, the solid line all processes except top
and the broken line the expected top contribution for a mass of 40 GeV/c2.

Confidence level contours in the top quark cross section versus Myop plane from muon
information alone. The regions above the curves are excluded at the 90% and 95%
confidence levels. The TRISTAN limit ( Myp > 26 GeV/c?) is indicated. (pp - T X)
refers to the EUROJET calculation.

Background to electron data. Number of events versus hadronic energy; a comparison
between the prediction (histogram) for n*n¥ overlaps and unseen conversions and the
data (points with error bars), for electromagnetic clusters accompanied by at least one jet,
with m® < 45 GeV/cZ.

Comparison between electron + 2 1 jet events and Monte Carlo predictions for the
non-top background.

a) the transverse energy of the electron, E1,

b) the transverse energy of jet 1, EJ°t],

c) the difference in azimuthal angle between the electron and jet 1,

d) cos@") for jet 2.

The points with error bars are the data, the solid line the Monte Carlo.

Limit on the number of top quark events for the electron channel from rate alone. The
95% c.1. upper limit on the number of top events consistent with our measurement is
indicated. The prediction for W — tb plus pp — tU X is shown, as a function of top
quark mass, by a shaded band which represents the total experimental systematic errors
(%1 o). The tlcross section is calculated using EUROJET. The W — tb contribution
{normalized to UA1 measurements) is shown separately without errors.
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Fig.10 Variables used for top quark mass limits from electron - jet data.

Fig.11

Fig.12

Fig.13

Fig.14

Fig.15

Fig.16

a) The missing transverse energy E;Y, for events with at least one jet.

b) The jet multiplicity Niet,

The points with error bars represent the data, the solid line all processes except top, the
broken line the expected top contribution for a mass of 40 GeV/c2.

Confidence level contours in the top quark cross section versus My plane from electron
information alone. The regions above the curves are excluded at the 90% and 95%
confidence levels respectively. The TRISTAN limit ( My, > 26 GeV/c?) is indicated.
(pp — t X ) refers to the EUROJET calculation.

Confidence level contours in the top quark cross section versus Miop plane from electron
and muon information combined. The regions above the curves are excluded at the 90%
and 95% confidence levels respectively. The TRISTAN limit ( My, > 26 GeV/c?) is
indicated. (pp — tU X)) refers to the EUROQJET calculation.

Sensitivity of the mass limit to the ratio K. = o(tf}/(so, where o, is the lowest order cross
section calculation using EHLQ I structure functions and Q2 = mmp2 + pT2 (K=1). The
choice of structure functions (DO1) and Q2 scale (Q2 = %) giving the lowest predicted
cross section is shown as a shaded curve. The EUROJET calculation corresponds to K =
1.5.

Confidence level contours in the b’ cross section versus my, plane from electron and
muon information combined. The regions above the curves are excluded at the 90% and
95% confidence levels respectively. The PETRA limit ( myy > 22.7 GeV/c? ) is indicated.
(pp — b'D’X ) refers to the EURQJET calculation.

Log-likelihood function used to place limits on the number of top quark candidates in
dimuon events.

Confidence level contours in the top quark cross section versus Mlyop plane from muon
pair information. The regions above the curves are excluded at the 90% and 95%
confidence levels respectively. (pp — tt X) refers to the EUROJET calculation.



Fig.17

Fig.18
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Mass plots for the muon channel. The mass M4 (muon—transverse neutrino—jet 1—jet 2 )
versus the mass M3 (muon—transverse neutrino—jet 2). On each projection of the scatter
plot, the solid histogram shows the Monte Carlo prediction for the background processes
without top. The dotted line histogram is the predicted shape for a top quark of mass 40
GeV/c2, normalized to the total number of events in the data.

Mass plots for the electron channel. The mass M4 (electron—transverse neutrino—jet
1—jet 2) versus the mass M3 (electron—transverse neutrino—jet 2). On each projection of
the scatter plot, the solid histogram shows the Monte Carlo prediction for the background
processes without top. The dotted line histogram is the predicted shape for a top quark of
mass 40 GeV/c2, normalized to the total number of events in the data.
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