Fermi National Accelerator Laboratory

T
B

FERMILAB-Conf-96/018-E
DO
Studies of the Top Quark
with the DO Detector

Ransom W. Stephens
For the D@ Collaboration

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510

January 1996

Proceedings of the IInd Rencontres Du Vietnam, Physics at the Frontiers of the Standard Model, Ho Chi
Minh City (Saigon), Vietnam, October 21-28, 1995.

# Operatad by Universities Research Association Inc. under Contract No. DE-AC02-76CHO3000 with the United States Department of Energy




Disclaimer

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or any agency
thereof.



STUDIES OF THE TOP QUARK WITH THE DY DETECTOR

Ransom W. Stephens
for the D@ Collaboration,
Department of Physics, University of Texas at Arlington,
Arlington, Texas, 76019, USA

ABSTRACT: The observation of the top quark by the D@ experiment, at
Fermilab’s Tevatron proton-antiproton collider, is briefly reviewed. The
analysis of the top quark mass in the lepton plus jets decay channels,
resulting in m; = 200 GeV/c2 is reviewed; and a preliminary mass analysis
from the dilepton decay channels resulting in m; = 145 + 25 (statistical) +
20 (systematic) GeV/c2 is presented. These mass measurements are com-
pared with Standard Model limits from CERN’s LEP experiments and the
published CDF measurement. Preliminary observation of top quark-W
boson correlation is shown.



1. Introduction

The Standard Model predicts that quarks and leptons exist in electroweak dou-
blets, hence the existence of the ¢ = —1/3 bottom quark requires the ¢ = +2/3 top
quark. But the Standard Model does not predict the top quark’s mass. Searches for
the top quark have been proceeding at ever higher energies for more than [iftcen
years. Finally, the unambiguous observation of the top quark was announced in
February of 1995 by the CDFD and D@2 experiments at Fermilab. With the sensa-

tion which accompanied this observation behind us, it is appropriate to begin serious
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In this presentation, we consider the production of top quarks, 7, through the in-
teraction of partons produced in collisions of protons and anti-protons at a center of
mass energy, ¥s = 1.8 TeV. We assume that 7 and 7 quarks are produced in pairs
and decay with 100% branching fraction to a W boson and a b quark. This presenta-
tion looks at the three separate categories of f quark decays depicted in Fig.1: (a) the
dilepton channel where both W bosons decay to /v pairs — accounting for about 11%
of the total top quark branching fraction; (b) the single lepton channel where one of
the W bosons decays to a /v pair and the other decays to an electroweak quark dou-
blet, gg' — 45% of the branching fraction; and, (c) the all jets channel where both of
the W bosons decay to ¢q ' pairs — 44% of the branching fraction (wherever a bare
quark, g or b, is noted the fragmented hadronic jet is implied). Since we do not pre-
sent results here which include reconstructed 7 leptons, our current results cover

about 81% of the total top decay branching fraction.
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The data studied for the
analyses presented here corre-
spond to subsets of 100 pb—1
recorded by the detector to
date. The D@ Collaboration
consists of about 450 physicists
from some 46 institutions in
nine countries on four conti-
nents. The D@ detector fea-

Figure 1. Top production and decay. tures non-magnetic tracking
with vertex detection, central
and forward drift chambers surrounded by transition radiation detectors, all encapsu-

lated by liquid argon electromagnetic and hadronic calorimetry with pseudorapid-
ity/azimuthal angle segmentation of An xA@ =0.1x0.1 extending out to n < 4.

Electrons are identified by their longitudinal and transverse shower profile in the
calorimeter with a matching track in the tracking chambers. Muons are identified by
their ability to penetrate the calorimeter and are momentum analyzed with an iron




toroid spectrometer outside the calorimeter cryostats. The existence of neutrinos in an
event are indicated by unbalanced transverse momentum, or missing £7. Hadronic
jets are reconstructed from streams of hadrons detected in the calorimetry using a
cone algorithm with various cone sizes. The D@ detector, particle identification, and
trigger techniques are described in detail in references 2, 3 and 4.

In this paper, due both to the author’s preference and space limitations, we prefer
to concentrate on the more salient features of the individual analyses while leaving
many of the details (e.g., event selection, detector efficiency, background calcula-
tions, and what have you) to the previously published articles, Ref.’s 2 and 4.

2. The Dilepton Channel

The dilepton decays are characterized by the detection of two leptons, two
hadronic jets from the b quark fragmentation, and considerable missing E; from neu-

trinos escaping detection. Backgrounds to this signal consist of W/Z boson production

with jets and QCD multijet events where a jet is mistaken for a lepton (i.e., a fake
lepton) accompanied by mismeasured Er. In Ref. 2 we published results from the

dilepton analyses, ee/e/uu, based on about 50 pb_1 resulting in 0/2/1 candidate
events with estimated backgrounds of 0.12 + 0.03/0.28 + 0.14/0.25 + 0.04 respec-
tively, resulting in a total of three candidate events on a background of 0.65 + 0.15
yielding the cross section, o(pp — fX) =7.6 + 5.8 pb, for m,= 200 GeV/c?.

Since publishing Ref. 2, we have expanded the dilepton analysis to include 72
pb’l of data yielding a total of five candidate events. We have performed a prelimi-

nary mass analysis on this sample.
In the dilepton channel we have 12 measured kinematic variables: p;, p;, Pp.

and p; and 6 unmeasured: p,, and py. Since we also measure the total transverse
momentum of the event we have an equation of constraint: py°" =-pr, ~ brs-
This leaves 4 unknowns. We can build two more equations by constraining the /v
masses to Mf'v = (E, + E5 )2 —(ﬁ, + Dy )2. We can build another two equations by

constraining the /vb combination to the top mass — but at the expense of introducing
another unknown, m,. This leaves four equations in five unknowns. We can then

build likelihoods for a spectrum of assumed top masses>) .There are still ambiguities
in this algorithm. First, to assign jets the role of b-jet we take the two highest pr jets;

this assumption grows in accuracy with m, .from 15% accuracy at m,= 100 GeVic o
54% accuracy at m,= 140 GeV/c? Next, for each m, .there are 0, 2, or 4 possible so-

lutions of the four equations for various combinations of 1,1, v,v, b, andb Thus
weights are assigned to each consistent solution, w;:

wi = () F(EDpCE Iy ypCER [my) (1)



where f(x;)are structure functions and p(lif” [, yare parton distribution functions for
the lepton energy, E;, in the top quark’s rest frame. The weights are then integrated
over the experimental resolution and initial and final state radiation is included by
calibrating the weights with Monte Carlo simulations. Then, finally, the peak of the
w; distribution gives the most consistent estimate of m, for cach event. Two such
weight distributions are presented in Fig. 2. With a mass spectrum in hand we per-
form a maximum likelihood fit of signal and background distributions, Fig. 3, to ob-
tain the preliminary mass measurement in the dilepton channelm,=145 + 25 + 20
GeV/c?where the statistical error is derived from different ensemble tests and the
systematic errors include uncertainties in the Monte Carlo event generator, the jet
energy scale, the background parameterization, and the choice of the weight function.
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Figure 3. The top quark signal (solid) and background (dashed) fit contributions
to the five dilepton candidate events. The arrows indicate the individual event

masses (two overlap near 140 GeV/c?).



3. The Lepton Plus Jets Channel

The lepton plus jets top decay signature includes one hard isolated lepton,
missing £, two jets from fragmented » quark, and an additional two jets from the

W — gq’ decay. In this channel we utilize the increase in the number of candidate
events and use the fact that 44% of the b quark jets decay through b— uvc
providing a ‘ u -tag’ for some events. Since there are at least four uncorrelated jets as-
sociated with these events they tend to have an aplanar topology. Thus a soft apla-
narity cut can also be employed. The backgrounds of this signal consist of W/Z plus
Jet events and QCD multijet events with a fake lepton and mismeasured E;. Four

analyses are performed which include an aplanarity cut and a cut on the sum of the
scalar Eys of the jets and leading electron (if there is one), H, (standard cuts) or not

(loose cuts) and/or a p-tag. Events with and without u-tags are mutually exclusive.
Combining the lepton plus jets analyses with standard cuts and the results from the
dilepton analysis yields Fig. 4, which for m, = 200GeV/c gives o(pp — 17X) = 6.3
+ 2.2 pb. This analysis is described in detail in Ref. 2.
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Figure 4. The D@ cross section (solid), with one standard deviation error
band, as a function of the top quark mass. The theoretical cross section is
shown as the dashed curve®).

Mass analyses are performed separately on the lepton plus jets candidates with
loose and standard cuts. Here, we have 15 measured kinematic variables p, Pq>

Py'> Py-and pg, three unmeasured, p,, and two measured constraints: 7" =-p;,

leaving one unknown. We also have three equations of constraint: two from
requiring the invariant masses of the /v and ¢7 ' combinations to the W-boson invari-
ant mass; and one from requiring that the 7 and 7 quark masses be the same,
My = Mggy. We're left with three equations and one unknown. Thus we perform

two constraint fits on the possible combinations. A priori, we cannot distinguish the



four ¢, ', b,and b jets (unless either the bor b jet has a u -lag) yielding 12 possible
(¢, I') combinations (6 with a u -tag). Each possible solution is subject to the fit. To
obtain the best estimate of the top quark mass for a given event, a weighted average
of the combinations which pass a X2< 7 cut (24 of 29 candidate events pass) is per-
formed. The weights for each combination are given by exp(—xz). This approach
prevents fluctuations in the kinematic variables of a given combination from domi-
nating the mass estimate. Finally, we obtain fitted mass spectra on which we perform
Poisson statistics fits with the top quark mass and the numbers of signal and back-
ground events as floating parameters. These spectra, with fits, are given in Fig. 5. For
the standard cuts we get m, = 199fgéGeV/c2; and for the loose cuts,
m, = l99fé?GeV/cz, in both cases the systematic error is fé? GeV/c?. Since these are
our most accurale current measurements of i, the cross sections quoted throughout

this paper, save Fig. 4, are for m,= 200 GeV/c?.
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Figure 5. The lepton plus jets top quark candidate mass spectrum
(histogram) with fitted signal (dotted curve) and background (dashed
curve) contributions for (a) standard and (b) loose event selection.

One question we can ask, in the lepton plus jets channel is: can we reconstruct
W — gg' D7 If so, then can we calibrate m,against M,,? Are the top quark and W
boson mass peaks correlated?

To pick out the W boson daughters we need to consider (7,¢) = (E[V,bqij’) and
focus our interest on the g7’ system. Envisioning the 7 quark decay in its rest frame,

it. 1s obvious that the jet from the b quark will have the largest energy of the three jets
(if there is an ambiguity we can consider two combinations) and plot m, vs Mg We

use the lepton plus jets data selected with the loose cuts and calculate the weighted
event

average, m, =<qu,b>, with weights proportional to exp(—lnz(Mb-,V / qu,b).
This technique means that each event contributes a total of one entry to the m, vs

Mz plot possibly distributed over more than one bin. Fi g. 6(a)-(c) give preliminary



results in the form of a lego plot of a pure top signal (for m, = 200 GeV/c?), the

background, and the data sample. The data qualitatively indicate a mix of signal and
background. Performing a binned Poisson statistics maximum likelihood fit of the
signal and background to the data gives the fraction of data from signal:
Jiop = O.43£:§S (PRELIMINARY) which is consistent with what we measure in the

standard analysis: f,,,=0.38 + 0.21.
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Figure 6. PRELIMINARY lego plots of the reconstructed top quark mass
vs the dijet invariant mass for (a) a Monte Carlo simulation of the signal
with m, =200 GeV/c*; (b) a background consisting of a combination of

simulated W/Z boson plus jets and QCD multijet data; and (c) the data.

4. The All Jets Channel
The case where each W boson decays to a quark doublet consists of at least six
hadronic jets, two of which (the b or b) may be p-tagged. This channel is very diffi-

cult to pull out of the huge QCD muitijet background: there are no hard isolated lep-
tons and one expects low missing E;. However, we have the possibility of u-tagging

b quark jets. The large number of uncorrelated jets will be aplanar. The jets will have



large center of mass energy, implying large centrality (the ratio of transverse to the
sum of total jet encrgies) and large H,;. With these levers we expect 1o be able 10
separate the top quark signal from the seemingly formidable background. Our prelim-
inary results using these criteria with separate analyses for zero, single, and double u-
tagged samplies give signal to background ratios that are roughly one to one®.
Further, the f signal we expect from the dilepton and lepton plus jets analyses is
consistent with the number of events we observe minus the backgrounds we calcu-
late.

4. Conclusion

The D@ experiment observes consistent top quark signals in all three decay cate-
gories (dilepton, lepton plus jets, and all jets) convering some 80% of the total
branching fraction. Mass analyses were presented from the dilepton and lepton plus
Jets decay channels and are summarized in Fig. 7 which includes the published CDF
lepton plus jets analysis and limits set by the LEP experiments through Standard
Model fits to the Z peak cross section and asymmetries®). We also gave preliminary
results of evidence for top quark W boson correlations in the lepton plus jets chan-
nels.
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Figure 7. Comparison of top quark mass measurements with limits set
by the LEP experiments through standard mode! parameters assuming

50 < mype; < 1000 GeV/c™.
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