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Abstract

We present an update of the top quark analysis using kinematic techniques
in pp collisions at /s = 1.8 TeV with the Collider Detector at Fermilab (CDF).
We reported before on a study which used 19.3 pb~! of data from the 1992-93
collider run, but now we use a larger data sample of 67 pb~!. First, we analyse the
total transverse energy of the hard collision in W+ >3 jet events, showing the likely
presence of a tf component in the event sample. Next, we compare in more detail the
kinematic structure of W+ > 3 jet events with expectations for top pair production
and with background processes, predominantly direct W+ jet production. We again
find W+ > 3 jet events which cannot be explained in terms of background, but
show kinematic features as expected from top. These events also show evidence for
beauty quarks, in agreement with expectations from top, but not compatible with
expectations from backgrounds. The findings confirm the observation of top events
made earlier in the data of the 1992-93 collider run.



1 Introduction

Kinematic Analysis

At the pp collider, the top quark is predominantly produced in ¢f pairs, which in turn
decay to W’s and beauty quarks. In this paper, we shall use ”single lepton” events for
our study, that are events where one of the W’s decays leptonically and the other one
hadronically : pp — t& — WTbW b — [*vbjjb; two light quarks from the second W
and two beauty quarks can create hadronic jets. There may also be jets from associated
gluon radiation. Additional free parameters are for instance the beauty content of the
entire event, or of each of its jets. To identify the top particle, one would like to study
as many of these free parameters as possible, ideally all of them. With the present data
statistics, we have about as many top candidate events as free parameters to be measured.
We therefore begin with a study of one parameter, the H analysis, and proceed next to a
study involving several parameters, the event structure analysis.

Data sample

The data was collected in two running periods. In 1992-93 (run 1A) we integrated a
luminosity of 19.3 pb™'. With the run presently in progress (run 1B) we have collected
in addition 48 pb~!. At CDF, both a kinematics study, referred to as ”event structure
analysis” [1], [2], and a counting experiment [3] were performed with the data from run
1A. The observation of top events, made in these analyses was confirmed by an improved
version of the counting experiment, using the full 1A+1B data sample [4]. The DO
Collaboration has also observed the production of top quark pairs in an analysis based in
part on kinematic information [5].

Also for this paper we use the data sample available from run 1A+1B. In Section 2 we
report on a study of the total transverse energy of W+>3 jet events, which leads to
evidence for a t¢ component in the data. In Section 3 we report the results of the event
structure analysis. A detailed description of the CDF detector can be found in ref. [3].

Monte Carlo Predictions

The expected W+ jets background is computed with the Vecbos Monte Carlo, which uses
the lowest order W+-n parton matrix elements, n=1,4 [6]. Since Vecbos results in inclusive
predictions, to compare to W+> n jet data events W+n parton Vecbos events can be



used. The parton fragmentation process can be simulated either with an independent
fragmentation model, or with a Herwig type shower module [7]. For this paper we use
the Herwig type fragmentation module. The lowest order matrix elements are sensitive
to the choice of the mass scale in the strong coupling constant a,. We assume q? = My/2,
that means a, = constant, as a conservative choice which results in rather hard Et(jet)
spectra. Top events are simulated by the Herwig program. Isajet and Pythia simulated
top events give for our analysis essentially the same results.

A more detailed desciption of the Monte Carlo programs can be found in ref. [1], [2] and
in references therein.

2 H Analysis

Leptonically decaying W’s are selected requiring an isolated, high pt lepton and missing
transverse energy (E7). In the H analysis, three W-jet samples are defined :

(a) an exclusive W+3 jet sample consisting of events which contain precisely three jets
with Et(jet) > 8 GeV.

(b) a ’low threshold’ sample of events with at least four jets with Et(jet) > 8 GeV.

(c) a ’high threshold’ sample which is a subsample of (b), requiring in addition that the
three leading jets have Et(jet) > 15 GeV.

Sample (a) is used as a background enriched sample since Monte Carlo calculations predict
that it should contain a fraction of not more than 1% top events (M*? = 175 GeV), due to
the bias against a fourth jet. The low and high threshold samples,(b) and (c), should be
increasingly enriched with top events. We define H as H=XEt(final state), where the final
state includes the charged lepton, the neutrino (Er) and all jets. For the event selection
neither Et(jet) nor Er are corrected for detector effects. However, when calculating H, jet
energies and Fr are corrected by a rapidity and energy dependent factor, which accounts
for calorimeter non-linearity and reduced response at detector boundaries [10]. This cor-
rection is applied in order to reconstruct the original parton energy as closely as possible.
This analysis approach is also discussed in [8]. We note that the DO collaboration has
used a similar variable for their analysis [5].

In figure 1 we compare the data distributions in H to the expectation from direct QCD
W-tjets production, as calculated by the Vecbos Monte Carlo program. In the W+3 jet
(a) sample we find a good agreement between QCD prediction and data. In sample (b) we
find an excess of data events at large H; this excess becomes more pronounced in sample

(c)-



CDF is able to detect b-quarks with two algoritms. One algorithm identifies charged
tracks originating from a secondary vertex, separated in space from the primary one
(?SVX tag”). The other algorithm identifies electrons or muons in jets (soft lepton tag,
or "SLT” [3].) Figure 2 shows the H distibution in sample (c) together with the distri-
bution of the b-tagged events. The 'double peak’ structure of the H distribution and the
presence of b-tagged events at high values of H suggests very clearly the presence of top
events in the sample.

We performed a two-component fit to the H distribution of sample (c) using the predic-
tions from the QCD and top Monte Carlo programs. In figure 3 we show the fit likelihood
as a function of the assumed value for M*®?. One sees that this simple procedure is quite
sensitive to M'P. Using the rate of b-tagged events (fig. 2) and the SVX tagging efficiency
we find that there should be about 35 top events in the sample. A two component fit to
the observed H distribution, using the Vecbos and the top predictions, results in 57 (46)
top events when we assume Q?= <pt>% (M ?) for the Vecbos calculation.

We conclude that the top content of the sample is subject to significant systematic un-
certainties. These are presently under study. Once these studies are completed, the H

distribution could result in a measurement of M7,

3 Event Structure Analysis

The event selection and the analysis procedure is as described in [2], except that we now
include data events passing a large Er trigger, even if the primary lepton did not cause
a trigger. In brief, we use tight cuts to select (leptonic) W candidate events, we require
E7r>25 GeV, and we cut on the transverse mass, My > 40 GeV/c? '. Next, the events
need to contain at least three large transverse energy jets with Ep(jet)>20 GeV. Jets
are reconstructed with a cone of R =0.4 2. Jet energies are corrected [10] already before
event selection. The three leading jets are required to be separated from each other by
AR > 0.7. We also require |g(jet)| < 2.0 3. This W+>3 jet event sample contains 158
events from the total available luminosity of 67 pb~!.

Jets from ¢t decay are expected to be produced at larger angles than those from QCD
W+ jet events. Therefore we select a top enriched sample (“signal sample”) of W+ > 3

IThe transverse mass is defined as My = [2E7 E7(1-cosA¢)]'/2, where A¢ is the difference in azimuthal
angle between the missing energy direction and the direction of the lepton.

R = \/A¢? + An?, where A¢ is the cone half~width in azimuth and Az is the cone half-width in
pseudorapidity.
3n = —Intan (8/2), and 0 is the polar angle with respect to the beam.
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Figure 1: H distribution for data (solid line) and Vecbos events (dotted).
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jet events by requiring the three jets with highest Er to have |cosf*(jet)| < 0.7, where
6* is the jet polar angle in the rest system of the event. The system is defined as the
sum of the charged lepton, the transverse missing Er and the jets with Er> 15 GeV. The
remaining events in which at least one of the jets has |cosf*(jet)| > 0.7 form a comple-
mentary background enriched sample (“control sample”). This procedure was suggested
in ref. [9].

Monte Carlo calculations predict that both the cuts AR > 0.7 and |cosf*(jet)| < 0.7 would
enrich the event sample with top events. This is because QCD W+jets events often show
the structure which is characteristic of final state gluon radiation (jets close together) or
initial state radiation (jets in the forward direction). One might also use the events at
AR < 0.7 as a control sample. However, jets which are close together are not yet studied
very well. There might be large experimental and theoretical uncertainties. Also, our
jet correction routines do not explicitely take into account the overlap of jet energy flow
when jets are close together in space.

In figures 4, 5 we show how Monte Carlo simulated QCD and top events and data events
are distributed in E7,, E73 with the cuts of the signal sample and control sample, respec-
tively . In the signal sample the data is not in agreement with the Vecbos prediction
alone. Figures 4(d), 5(d) display the b—tagged data events. The b-tagged events of the
signal sample are mostly found in the region where top events are expected.

For a quantitative comparison of data and Vecbos we calculate a "relative likelihood”
for each event, as a measure of whether the event is more ”top-like” or more ”QCD-
like”. The relative likelihood is defined in terms of the Monte Carlo predicted jet Er
distributions do/dE7 of the second and third highest E7 jets, for ¢f (M“P=170 GeV) and

direct W+jets production. The cross sections are normalised to 1.

_1da 1 do 7,,1 do ldaQCD

L=[(2-" - el el
GGiEa) " G i o dErs’ " Vo dErs (1)

In figure 6(a),(b) we show the signal sample In(L) distributions for Monte Carlo events
and data events, respectively. There are 25 events at In(L) < 0 and 22 events at In(L) > 0.
The distribution of events between positive and negative In(L) is similar to that observed
in the data of Run 1A [1]. The QCD Monte Carlo predicts that not more than 224+5%
of QCD W+ jet events will be at In(L) > 0. We have evaluated other backgrounds, such
as non-W and WW events. The estimated number of these events in the signal sample
is 6.9+1.8. These background events are expected to have softer jet E; distributions for

*Jets are ordered in Er(jet) with E7; > E7y > Ers.
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distribution of events in E7y and Erj for (a) direct QCD
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the second and third highest E; jet than the Vecbos prediction for direct QCD W+ jets
production. As a result, also this background is expected primarily at In(L) < 0. Con-
servatively, we take the QCD background shape as predicted by Vecbos to represent the
shape of all background.

If we make the conservative assumption that all events at In(L) < 0 are background and
normalize the expected background distribution to the observed events with In(L) < 0,
then we would expect 7.2+2.1 events at In(L) > 0 compared to the 22 observed. We
obtain a probability of < 0.26% that the 47 events would be distributed with at least 22
events at In(L) > 0. For this limit we have also taken into account uncertainties of the
Vecbos prediction, in the fragmentation modeling and in the reconstruction of primary
parton energies from observed jet energies [2]. Figure 7(a) shows the control sample In(L)
distributions for Monte Carlo tf and QCD W+ jet events. In figure 7(b) we show the
In(L) distribution of the 111 data events in this sample. From Monte Carlo studies, this
sample is expected to contain about the same number of top events as the signal sample.
In figure 7(b) there are 79 events at In(L) < 0 and 32 at In(L) > 0. We have performed
a two component fit to the In(L) distributions using the predictions of the tf and QCD
Monte Carlo simulations. For Vecbos we use both the predictions based on Q? = M2,
(harder Er(jet) spectra) and Q? = < Pr >? (softer E7(jet) spectra). For the signal sam-
ple the fit yields 18.0+5.5 (18.845.4) top events; for the control sample we get 0.8+8.1
(14.548.1) top events for Q* = M?, (Q? = < Pr >?). Because of the larger background,
we find that the estimated top content of the control sample varies significantly when the

Vecbos parameters are varied.

In figure 6(b), 7(b) the shaded areas indicate the b—tagged events. The darker areas
indicate events with more than one SVX or SLT tag. We observe that a large number of
events in the signal enriched event sample are b—tagged. We find a total of 13 SVX tags
(in 8 events) compared to 2.80+ 0.35 SVX tags expected from background alone [11].
We observe that all 13 SVX tags are associated with events with In(L) > 0, namely in
the region where we expect most top events. The SLT b-tag algorithm gives consistent
information, but has a much larger background. We observe 11 SLT tags with an expected
background of 5.6+0.8. In the control sample we observe 5 SVX tags (in 4 events)
compared to a background expectation of 4.10+0.44 , and 9 SLT tags with a background
of 8.1+1.2. All SVX tags are at In(L)> 0.

We compare the number of observed SVX tagged events in the signal and control sample
with that expected based on the top content of the samples. The top content is estimated
from the two component fits to the In(L) distributions. Multiplying this by the SVX
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tagging efficiency[12] and adding the expected tags from background yields an estimate
of the number of SVX tagged events. The results are shown in Table 1. Comparisons are
shown for the two different Q? choices used to simulate the Vecbos background shapes
for the two component fits. The agreement between number of expected and observed
tagged events is good. We note however that the number of SVX tags observed in the
control sample may indicate that the top fraction in this sample is lower than expected
from tt Monte Carlo.

We evaluate the probability that the observed excess of b-tags in the signal sample over

tt events | Exp. number of | Exp. number of | Observed
Sample from fit SVX tags SVX tags SVX tagged
from backg. | from tf + backg. events
Signal (q?=M?,) 18.0+5.5 1.740.2 9.6+2.6 8
Signal (g’=<Pr>?) 18.8+5.4 1.7+0.2 10.0+2.6 8
Control (q?=M?,) 0.84+8.1 4.10+0.4 4.4+3.0 4
Control (q?=<Pr>?) | 14.548.1 3.6+04 8.843.0 4

Table 1: Comparison of number of observed SVX tagged events in the signal and control
sample with the expected b-tags. The top content is estimated from a two component
fit of top and QCD background to the In(L) distributions. The expected number of
tagged events from background is modified based on the estimated ¢f content of the
sample. Comparisons are shown for two different Q? choices used to simulate the Vecbos
background shapes.

non-top background expectations is due to a statistical fluctuation. Conservatively we
consider the SVX tagged events only and ignore the fact that many events contain more
than one b-tag. We find that the probability to observe 8 or more events when 2.80+0.35
are expected is 0.96x1072. All SVX b-tags occur in events with In(L) > 0, that is the
kinematic region where most top events are expected to be found. AtIn(L) > 0 we expect
only 1.37£0.17 SVX tags from background, compared to an observation of 8 events. The

probability that this observation be due to a statistical fluctuation of background tags is
< 1.2x107%.



4 OQOutlook

The primary purpose of these analyses was to prove the existence of a new particle, which
in the context of the Standard Model must be the top quark. To this purpose, a ’top-like’
deviation of the data from expectation in only one parameter would be sufficient, either
a kinematical or a b—tag parameter. We combined several parameters (Ers, Ers, cos®,
AR, b-tag) in order to increase the sensitivity of the search. With the top quark (or a
close relative) found, one should now proceed to a more detailed study of its properties,
investigating as many parameters as possible. One can do this by studying the events of
the signal sample, and especially its subsample of events at In(L) > 0. As an example
we investigate the distribution AR,.;, (ARp:n = min(AR(jet i,j),i,j=1,3), which is used
in our analysis to apply a cut on. In figure 8(a) we show the AR,,;, distribution for data
and QCD Monte Carlo events, under the cuts of the signal sample (except the cut AR;n
> 0.7) for the ’QCD-like’ region at In(L) < 0. QCD events show a peak at small values
of AR,.in. For the most part the data agree qualitatively with the QCD prediction, but
it is possible that the QCD Monte Carlo does not predict enough events with jets close
to each other. In figure 8(b) we show AR,,;, for the data events of the ’top-like’ region
at In(L) > 0, together with the predictions for top and QCD Wjets events. The data
are in good agreement with the prediction for top. There is no indication of the ’peak
structure’ at small AR which is expected for QCD background.

In a similar way we are planning to study all the other kinematical distributions of interest
in the near future.

5 Conclusion

The excess of W+jets events at large total transverse energy, H, fits well the top hypoth-
esis. It is being studied in particular as a means to measure M*P,

The event structure analysis expands the study to the use of several different parameters.
We expect top events to feature high E; jets produced at large angles relative to the beam
and well separated from each other. Indeed we find events with these characteristics in
excess of what we expect from non-top background. This excess has a probability of less
than 0.26% to be due to a statistical fluctuation, but is in good agreement with what
we expect from Standard Model top production. The kinematically top-like events also
show a large content of beauty quark candidates, in agreement with expectations from
top. The probability that the SVX b-tags are due to a statistical fluctuation of non-top
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backgrounds is less than 1.2x107%.
In conclusion, we have observed that a new physics process contributes to the final state
with W+2>3 jets. In the context of the Standard Model this process can only be top. Fur-
thermore we have also shown, that this new process indeed agrees with top expectations
with respect to the 5 different parameters which we studied, namely Er,, Er3, AR(jets),
cos®*(jets) and the beauty content.
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