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Abstract

The search for a top signal in the multi-jet sample is presented. The tI decays considered
here are the Standard Model ones in which both W's decay into a quark pair, thus generating
a nominal 6-jets topology. Despite the enormous initial background rate, a reasonable signal-to-
background ratio has been achieved once the SVX detector is used for b-tagging the events.
Application of the method to the existing data set is presented, along with expectations for
future runs. -

1 Introduction

The Standard Model requires the top quark as a weak isospin partner of the b quark. The top
mass is not predicted by the theory, however global fits to electroweak measurements? favor a top
mass of my = 174113117 GeV/c? while CDF has presented evidence® for a top quark with mass

174+ 1013 GeV/c? and a production cross section of 13.975:4 pb.

In pp collisions top quarks are expected to be produced in pairs by both gluon fusion and
¢g annihilation, the latter being dominant if m; > 100 GeV/c?. Top quarks then decay almost
exclusively to a W boson and a b quark. The final state topology depends on the decays of the
two W's, and we distinguish the following channels: di-lepton where both W’s decay leptonically
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to an electron or a muon (branching ratio ~ 5%), single lepton where only one W decays to e or u
(BR =~ 30%) and the fully hadronic channel where both W’s decay to a quark pair (BR ~ 44%).
The top search in the fully hadronic channel is the topic of this paper.

In the multi-jet sample ¢f events derive mainly from the decays of both W's to a ¢¢' pair, with
at least 6 hard partons in the final topology. The search for top in this sample is quite a challenging
task, since the background rate due to the normal QCD processes is several orders of magnitude
higher than the signal rate. For the 1992/93 Fermilab Collider run (Run Ia) the multi-jet (> 4 jets)
yield from the CDF trigger turned out to be ~ 2 x 10° events, while the total cross section for ¢
production at 1.8 TeV is expected to be quite low?, going from ~ 40 pb when m; = 120 GeV/c? to
~ 4 pb when my = 180 GeV/c?, corresponding to a signal-to-background (S/B) ratio at trigger level
of ~ 1/500 and = 1/3500 respectively. The tiny S/B ratio can be drastically enhanced by requiring
a 6-jets topology and with an adequate kinematical selection. The application of a secondary vertex
finding algorithm in order to tag the presence of heavy flavors in the event allows eventually to reach

a reasonable S/B ratio.
2 Kinematical selection

The data set used for this analysis is based on a multi-jet trigger and amounts to [£ = 17.0 +
0.6 pb~!, corresponding to ~ 90% of the total integrated luminosity collected with the Collider
Detector at Fermilab (CDF) between August of 1992 and May of 1993. The trigger required at
least 4 jets with Er > 10 GeV and its cross section amounted to o &~ 10 nb. The efficiency of
such a trigger is quite high for ¢ events with both W’s decaying hadronically (€;rigger > 87% for
m; > 160 GeV/c?).

The purpose of the kinematical selection is to drastically reduce the data sample, which consists
mainly of background events, while keeping an efficiency as high as possible for ¢f detection. We

want to have a reasonable efficiency over a wide range of top masses (120 — 200 GeV/c?) and in the

following we will use the average mass value of 160 GeV/c? as a guideline in tuning our selection.

The first stage (loose cuts) simply reflects the topology we are looking for, with a requirement
of > 6 and < 9 jets (clustering cone R=0.4, Er > 15 GeV, || < 2.4), and selects 3575 events in
the maulti-jet sample. The efficiency of such a cut is €o05¢ = 40 — 50% for m; = 160 — 200 GeV/c?

(where both W’s decay hadronically, i.e. ezclusive sample).

To increase the S/B ratio while maintaining a high efficiency for ¢ we consider the following

4E. Laenen et al., Phys. Lett 312B, 254 (1994)
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Figure 1: (a) Spectra (normalized to equal area) for 3 Er at loose level and (b) 3 E7/+/3 after the
3" Er cut. Solid line for multi — jet data and dashed line for Isajet tf (m; = 160 GeV/c?) events.

kinematical variables calculated over all jets with Ep > 15 GeV and || < 2.4:
Njat 1j
o V& = /Z1Z28 where 212=(ExY p:)/s

e the aplanarity A4, calculated in the center of mass system of all jets

For QCD events the sum of all the jet tranverse energies has a steeply falling distribution while for
ti events this distribution is supposed to concentrate around a value which is between 1 and 2 times
the top mass. Fig. 1 a shows the comparison between the ) Ey distributions (normalized to 1) for
the multi—jet sample and Isajet ¢f (m, = 160 GeV/c?) events, the rising edge at 140 GeV in the multi-
jet data being due to the event selection criteria. An additional characteristics of ¢ decays is that a
large fraction of the energy available to the hard scattering is expected to be deposited centrally in
the detector. This behavior is reflected in the variable transverse energy fraction, ¥ Er/ V3, which
approaches 1 for ¢ decays. Fig. 1bshows a comparison between normalized 3~ Er/ /3 distributions
for multi—jet and ¢f Monte Carlo events: the discriminating power of this variable is apparent, since

an unbiased QCD sample would populate mostly the forward region (}_ Er/ Vi 1).
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Figute 2: Aplanarity vs 33 Er scatter plot for (a) Herwig QCD, (b) multi-jet and (c) Isajet ¢f
(m. = 180 GeV/c?) events after tight cuts have been applied.

The chosen cuts on these two variables are: 3 Er > (100415 x Nj.¢) GeV and 3 ET/\/§ > 0.7,
obtained by optimizing the signal significance S/v/B over a wide range of top masses, where as

background we assume the multi-jet events themselves.

After the application of these so—called tight cuts, 754 events remain. This new set of cuts has
an efficiency €tigne = 74 — 82% for m¢ = 160 — 200 GeV/c?, with respect to the loose sample.

The main background at this stage comes from top-less QCD 2 — 2 processes with additional gluon
radiation. These events have essentially two strong back-to-back jets in the CM system, making the
whole event quite planar (A = 0) and with a large fraction of the total transverse energy going into
the 2 leading jets. A strong contribution from gluon radiation is what gives the 2 —+ 2 process the
6-jets topology, making the event less planar and providing energy to the additional jets. Fig. 2
shows the scatter plots A vs Ef’__{;‘ E} (a) for a QCD Monte Carlo sample, (b) for the multi—jet
events, and (c) for an Isajet ¢ (m; = 160 GeV/c?) sample. The tf events have the tendency to
populate the region at large aplanarity and high E;v;; E’JI‘ Cutting on such a scatter plot provides
us with additional discrimination. We reject all events falling below the line indicate on fig. 2:

A > (—0.004 x Z_:Vz’g' E:}. + 0.55). The number of multi—jet events surviving this final selection is



291. The efficiency of this so—called final set of cuts is € ina = 78 — 84% for m; = 160 — 200 GeV/c?

(ezclusive sample), with respect to the tight sample.

We have looked at distributions for various kinematical variables such as E:’)-“, < |7 >, Y Er,
invariant mass of all jets, sphericity, and we have found that after the final selection the distributions
for multi—jet and for tI Monte Carlo events at various top masses have become strongly similar. No
further discrimination seems possible, over a wide top mass range, on the basis of kinematical

quantities alone.

The global efficiency for if events when we select only the hadronic decays for both W’s, not
including the BR(W* — ¢¢', W~ — q@’) = 4/9, is €czciusive = 20 —32% for m, = 160—200 GeV/c>.
However, if we consider all possible W decays, then the W+ — g, W~ — ¢§’ topology accounts
for = 80% of the final events. In order to have the largest possible acceptance for ¢ events we will
consider from now on all possible W decays (inclusive sample). Table 1 gives the global efficiency

along with the number of expected tf events in 17.0 pb~! and the expected S/B ratio.

Table 1: Final cuts (stendard)

Isajet inclusive
my (GeV/c*) 120 140 160 180 200
Global efficiency | 2.8% | 6.3% | 11.5% | 15.6% | 18.9%
t events 18.3 | 18.1 16.0 11.2 7.2
S/B 1/15 | 1/15 | 1718 | 1/26 | 1740

The residual backgrounds are believed to come mainly from QCD 2 — 2 processes with additional
gluon radiation and from W + jets production. A Monte Carlo study shows that QCD events
represent = 99% of the total expected background.

The kinematical selection described so far has been devised to be effective over a wide range
of top masses (> 120 GeV/c?) but we can tune it to be the most effective for high top masses
(m. ~ 180 GeV/c?). This is done by choosing the cuts on the kinematical variables which maximize
the signal significance S/v/B for Isajet tf events with m; = 180 GeV/c?. The values chosen for these
cuts are: 3 Er > 250 GeV, T Er/vd > 0.8 and A > (—0.004 x Y173 Ej +0.60). The effect
of this new set of cuts is impressive: the multi-jet sample is reduced to 76 events (instead of 291)
with an efficiency €,.i = (53.0 & 2.6)% for Isajet Monte Carlo inclusive tf events, representing a S/B

gain of about 2. We will refer to this particular kinematical selection as the high mass kinematical

selection as opposed to the standard one.
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Figure 3: Jet-Er distribution for tagged jets with positive (a) and negative decay length () at
loose level. Jet track multiplicity distribution for tagged jets with positive (c) and negative decay

length (d) at loose level. Histogram=estimated tags, dots=observed tags. (Bars represent statistical
errors).

3 b-tagging

Tagging the presence of b~hadrons in the event is a powerful way to improve the S/B ratio taking
advantage of the long lifetime of b-hadrons (¢ ~ 400 um) that will translate into a secondary
vertex significantly displaced with respect to the interaction point (primary vertex). This secondary
vertex may be found with the help of a microstrip vertex detector (SVX) in CDF. The algorithm
is based on the search of at least one secondary vertex using the tracks belonging to a jet and well
reconstructed inside the SVX. These tracks must be of good quality, have pr > 2.0 GeV/c and an
impact parameter d with respect to the primary vertex larger than 3 times the quadrature sum of
the impact parameter resolution and the primary vertex resolution. At least 2 of such tracks must lie
inside a cone of cos 8 > 0.8 centered on the jet axis and the reconstructed vertex has to be separated
from the primary vertex by a distance (in the R¢ plane) [L.,| > 30, where o1, is the quadrature
sum of primary and secondary vertex resolutions. This distance is defined positive (negative) when

its projection along the jet axis is positive (negative).



The tagging efficiency is almost independent of the top mass and is €)_;qy = 22 + 6%, however
each tagged tZ event has a probability ~ 20% of having more than one tagged jet.

In our kinematically selected sample the tags come, besides tf events, from real heavy flavor
production (direct or through gluon splitting) or from tracking mismeasurements (mis—tags). The
tags coming from a heavy flavor populate mainly the region L., > 0 with only a small presence
at L.y < 0 due to resolution effects, while mis-tags are symmetric around L., = 0. The tagging
rate in inclusive jet events has the contributions from both sources so it can be used as a way to
estimate the background. This tagging rate, defined to be the number of tagged jets divided by the
number of jets having two or more good associated SVX tracks (so-called taggable jets), has been
parametrised as a function of jet—Er, the number of SVX tracks associated with the jet (/) and
the jet pseudorapidity, and has been calculated using a sample of ~ 210,000 taggable jets coming
out of the multi-jet trigger, that is the same trigger used for our search. This tagging rate assumes
values 1.5 — 3.0% (0.5 — 1.0%) for positive (negative) tags, with a slight dependence on the jet—-Erp

and a stronger one on the jet track multiplicity.

Table 2 summariges, at each level of kinematical selection, the comparison between the observed

number of tagged jets (Nop,) and the expected one (N,;p) calculated using the estimated tagging

rate in generic jets.

Table 2: b-tags (standard)

Selection | Nopy + | Nexp + | Nobs = | Nezp -
loose 209 204 73 70
tight 69 55.4 26 19.1
final 31 22.5 9 77

The statistical error in the expected number of tags at loose level is =~ 0.2%. A preliminary
estimate of the systematic error has been obtained calculating the tagging rate using a different
control sample of 67,000 events passing a 50 GeV trigger (JET50). The difference beiween the
number of expected tags (i.e. background estimation) using the two sample is 15% for positive rates

and 20% for negative ones.

In the loose sample we expect only a small fraction of ¢f events so we compare, in fig. 3 a and b,
the distribution for observed and estimated tagged jets as a function of the jet Er for positive and
negative decay lengths. Fig. 3 ¢ and d show them instead as a function of the jet track multiplicity.
There is a very good agreement not only in the absolute predictions but also in the differential
ones. This indicates that our rate estimate is indeed a good way to calculate the background. The
agreement is present, within errors, also for the negative tags, which however are used in this analysis

only for a consistency check. Fig. 4 shows Ep and Ju.,& distributions for tagged jets in the final
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Figure 4: Jet-E7r distribution for tagged jets with positive (@) and negative decay length (b) at
final level. Jet track multiplicity distribution for tagged jets with positive (c) and negative decay
length (d) at final level. Histogram=estimated tags, dots=observed tags. (Bars represent statistical

errors).

sample.

Table 3 shows the expected number of t{ tags and events in the final sample, after b-tagging,

considering all possible W decays, along with the expected S/B .

Table 3: Final cuts + b-tagging (standard)

Isaiet inclusive

Isajet inclusive
e (GeV/Z) | 120 140 160 180 300
T tags 82%21 | 5651742412 20408212086
it events 46+16 | 45+14 |35+ 24+0.7| 17405
5/B (lags) 1/4.0 1745 1/6.4 1/97 | 1/13.8
S/B (events) 1/4.9 1/5.0 /6.7 1/10.3 1/14.5

There is indeed a small difference between Ny, and N., (Table 2). This excess, Ny,

- Nez;: =

8.5 + 5.6 (stat) + 3.4 (syst), is not statistically significant however its size is comparable with what

is expected from the results of the single and di-lepton CDF analyses3: using the measured cross

section and the efficiency extrapolated for m; = 174 GeV/c?, we would expect to see 8.9 & 2.4



Table 4 shows the result of the application of the b-tagging on the high mass selected sample. In
this case the number of expected positive ¢ tags is 4.5+ 1.4 to be compared with Ny, — Nezp = 4.8+
3.3 (stat) £+ 0.9 (syst). Again the excess is not statistically significant and systematic uncertainties
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our current studies.

Table 4: b-tags (high mass)

Selection | Nops + | Nezp + | Noba = | Nezp -
loose 209 204 73 70
tight' 17 12.3 4 43
final' 11 6.2 3 2.2

4 Conclusions

We have performed an extensive study on the possibility of extracting a statistically significant
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achieve, for m; = 160 GeV/c?, a S/B ratio of the order of 1/20 after the kinematical selection,
which can be increased to = 1/6 afier a secondary vertex b—tagging algorithm is applied. If instead
we assume for the top mass and the ¢ production cross section the values indicated by other CDF
analyses?, then the S/B ratio after the b—tagging is ~ 1/2 and could be as high as ~ 1/1 using a

high mass kinematical selection.

Fig. 5 summarizes the performance of this analysis in terms of S/B ratio at the various stages

of the selection.
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Supposing for the detector the same performance as in Run Ia, this number would be reachable if

the total luminosity collected in the ongoing run (Run Ib) exceeds 80 pb~1.

If however we tune the analysis for a high mass top and use the cross section from ref. 3, then the

O/ wudlo e nemnndad 4o Lo Al 1 /1 MLY% oo —o dbhos ONn k=1 _e 4 i3l fi £ T TL
o/0 T80 1S €XpPECita 0 UC = 1/1. 1niS INCans wiav ov Ol Inilegralteda 1uminosity ior nun io

a

could provide a 3 — 40 excess over the background.

The background rate is estimated from the data themselves. With this background we observe a

small excess in the number of tags which is not statistically significant but whose size is comparable
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Figure 5: Number of events (or tags) observed [e] and expected for Isajet tf events (m, =

160 GeV/c? [O], m; = 180 GeV/c? [o], cross sections of ref. 4) at each stage of the standard
analysis.
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