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We propose ways in which eventual signals from heavy-top-quark decays into on-shell or nearly-
on-shell W bosons may be discriminated more sharply from background at the Fermilab Tevatron
Pp collider. For single-lepton 7z signals, the principal background from direct W production cannot
be eliminated by acceptance cuts alone, but the signal/background ratio can be greatly increased by
requiring a high jet multiplicity n. Top-quark signals can be detected and m, can be measured via
enhancements in the single-lepton event rates at high n, or via a peak in the invariant mass of the
three hardest jets at high n. A 7t signal can be extracted up to m, =150 GeV (180 GeV) from select-
ed data with n =3 (n = 4) jets. For two-lepton 77 signals, the principal standard-model backgrounds
from bb,cc and Drell-Yan dilepton production can all be removed by cuts. The remaining back-
grounds from direct W* W~ and Drell-Yan 77 production can be suppressed to a level well below
the 7t signals, for the whole of the mass range up to m, =200 GeV allowed for the standard model.
Eventual 7z signals can be confirmed by characteristic dynamical distributions. An integrated lumi-
nosity of 10 pb~! (100 pb~!) would be enough to detect top quarks up to m, =120 GeV (200 GeV).
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I. INTRODUCTION

To produce and identify particles containing the top
quark ¢ remains one of the outstanding challenges of the
standard model (SM). The top quark is required theoreti-
cally to cancel triangle anomalies,! to explain the
suppression of neutral-current B-meson decays,’ and to
account for the observed value of the ete —bb
forward-backward jet asymmetry>. Its mass m, is an im-
portant parameter, unknown but constrained by various
data and theoretical considerations. The absence of
e te ™ Tt signals* gives a direct limit m, >27.4 GeV; top
searches at the CERN pp collider® give m, >41 GeV. In
the minimal SM with radiative corrections, consistency
of different data with a common set of parameters gives
the upper bound m, $150-200 GeV (depending on the
unknown Higgs-boson mass).® Arguments based on
renormalization-group fixed points’ favor values of order
m, ~100-200 GeV (though strictly speaking these are
upper limits). Arguments based on observed BY—B § os-
cillations suggest® a lower bound m, >40-50 GeV. In-
direct measurements of I',/I'j, have suggested’ an
upper bound of order m, $60-70 GeV, but the present
uncertainties in structure functions needed to extract
', /T'y preclude a firm bound at present. Any value in
the range 41 Sm, S200 GeV may therefore be expected
at present. Experiments already running on the pp collid-
ers at CERN (Vs =630 GeV) and Fermilab (Vs =1.8
TeV) will soon have new results probing the lower part of
this mass range.

If m, <My, the SM semileptonic decays ¢t —blv (I =e
or u) offer promising ways to tag top-quark events. Ex-
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perimental signatures based on these decays and on the
decays of associated 7 or b jets have been extensively stud-
ied and are well understood; backgrounds from ¢c and bb
production can be controlled (extensive references may be
found in Ref. 10). For such a “light” top quark, the
problem of how to extract a signal from background is
essentially solved. In the present paper we concentrate
attention on the possibility that ¢ is heavy, m, . My,. In
this eventuality top-quark decay proceeds via t —b+ W™+
into real on-shell W bosons (or slightly off-shell bosons
with similar decay properties); subsequent leptonic W de-
cays W~ —lv are still a valid tag for top events, but a
new background from pp — W+jets is now relevant and
proves more difficult to separate than the bb and c¢ back-
grounds. Several studies!°” 3 have already been made of
heavy-top production at the Fermilab Tevatron that illus-
trate these difficulties and suggest some other ways to
identify and clarify the top signal. It is our purpose here
to propose new ways to refine the signals of a heavy-top
quark and suppress the backgrounds.

In Sec. IT we examine and discuss the general features
of pp —>#tX—bbW ~ WX events. Their most promising
signatures are based on either (i) an isolated lepton plus
missing py plus jets, or (i) two leptons plus missing py.
We also consider the principal sources of backgrounds,
which are pp — W+jets, pp—y* or Z-+jets, pp —bbX
(or @X), and pp—W W X events. Their general
features differ from those of top events; a variety of ex-
perimental cuts are suggested to suppress these back-
grounds. In Secs. IIT and IV we present realistic calcula-
tions of 7t signals and backgrounds, for both one-lepton
and two-lepton signatures, and demonstrate the efficiency
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of our chosen cuts. We summarize our conclusions in

Sec. V.

II. HEAVY-TOP-QUARK SIGNATURES

A. Top production and decay

At a pp collider the production of heavy quarks Q
proceeds in lowest order a? by the 2—2 QCD sub-
processes

79 —0Q, gg—00 , (1)

where ¢ and g denote light quarks and gluons. In order

a? various 2— 3 subprocesses contribute also:

g9—00g, 8g—~>00g, gg—0Qq, g7—00Q7 . @)

For the case of top quarks (Q =t) with m, > My, there
are no significant electroweak production processes.
QCD total-cross-section formulas for heavy-quark pro-
duction, complete through order a’, have recently been
given.!* Figure 1 shows the predicted values for a range
of top-quark masses at V's =1.8 and 2.0 TeV, the present
and future Fermilab Tevatron operating energies. Our
calculations use Duke-Owens 1 parton distributions'®
evolved up to the scale Q>=3%, the subprocess c.m. energy
squared; there is an overall uncertainty of some tens of
percent in such calculations, from the uncertainty in
choice of parton distributions and scale.

It is instructive to briefly consider event rates at the
Tevatron. Assuming an integrated luminosity of 10 pb™!
after a year or so of running, Fig. 1 indicates that about
400 7t events would be produced if m, =120 GeV. Allow-
ing a factor of a few percent for branching fractions and
experimental acceptance (see below), this implies of order
10 detected events, and probably marks the upper limit
for exploring m, in the immediate future. Nevertheless,
we shall extend our discussion to include higher values of
m,, bearing in mind possible future Tevatron upgrades
that might provide integrated luminosity of order 100
pb~! or more. Our considerations apply also to possible
pp collisions for which the principal gg —7¢(g) channels
are identical.

In the present work we assume m, * My,; t decays are
then dominated by on-shell W bosons (or nearly on-shell
W with similar properties), which decay in turn to pairs
of leptons or quarks:

t—>bWt, Wt —ev,iv,7v,qq" . (3)

Since all QCD production channels lead to 7 pairs, top
events are almost entirely of the form

peaks near AX(m2m2M%)/(2m,)
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FIG. 1. Total 'Pp—TtX production cross section vs m, at
V's =1.8 and 2.0 TeV, calculated from the O(c;}) formulas (Ref.
14) with Duke-Owens distributions (Ref. 15) at scale Q?=3%.

which is most remarkable for the appearance of W~ W™
pairs (although the b and b jets are also potentially very
distinctive). The cleanest W signature in pp collisions!® is
a high-p, isolated lepton [/=e, u, or 7, plus large
missing-p; (henceforth denoted g7) in the opposite hemi-
sphere, with transverse mass'”!® m(I,§;) distribution
peaked near My,. The most frequent W signature, how-
ever, is a pair of high-p; jets with invariant mass near
My, arising with about 60% branching fraction from
W —4gq’ modes (after allowing for semileptonic g or g’
decay!®). Hitherto jet energy resolution has restricted the
usefulness of this W-—two-jet signature,20 but the latest
upgraded detectors are expected to be able to exploit it.

The first essential components of a top event signature
are therefore two W signatures, either (i) two high-mass
pairs of jets, or (ii) one high-mass jet pair, plus one high-
pr lepton with high transverse mass m(l,§7), or (iii) two
high-p; leptons with high g, with possible additional
jets in all cases from b or b or QCD radiation.

Before we analyze these classes of signature, it is in-
structive to examine the kinematics of heavy-top decays.
The basic quarks and leptons are the same as those ap-
pearing in light top three-body decays via virtual W, but
the sequential two-body structure of Eq. (3) imposes new
sharp peaks in the v and gq’ invariant masses, plus Jaco-
bian peaks in all transverse momenta and the transverse
mass mT(T,v). Also, in common with three-body modes,
the bgq’ invariant mass and the cluster transverse mass?!
my(bl,v) peak near m,. Specifically,

in the W rest frame

in the ¢ rest frame

pp—0X—>bbW W*X , (4)

J
m(qq’)~My Breit-Wigner peak,
pr(D,pr(V),pr(@),pr(q") peaks near 1My,
my(l,v) peak near My,
pT(b),_pT( W)
my(bl,v) peak near m,

m(bgq')~m,

Breit-Wigner peak
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where Ma,b,c)=a’*+b%*+c?—2ab—2bc —2ca. In the
laboratory frame, the QCD production mechanisms give
substantial p; to 7, and hence to W ,W™*, with
(pr(1)) ~{pr(W)) ~Lm,. In boosting to the laboratory
frame, the p; peaks of their decay products are smeared
but the my peaks are almost unchanged.'® Hence for
m, =90 GeV, the b jet has p, peaking at 7 GeV, smeared
around this value in the laboratory frame (suppression of
b momentum for m, near My, is a direct consequence of
the sequential two-body decay structure). It is therefore
inconspicuous compared to the g and ¢’ jets from W,
which have p, peaking at 40 GeV in the W rest frame,
smeared around this value in the laboratory. For
m, =110 GeV the b jet is much more conspicuous, with
pr peaking near 25 GeV. For m, =130 GeV the Jacobian
peak of p(b) is at 40 GeV, making b jets as prominent as
the quark jets from W decay.

B. All-jet signatures

The SM branching fraction for W-—gq' decay is about
68% (for m, > My,) so about 45% of all 7t production
leads to hadronic states

t_t—>b—bW+W¥—->5b(q172)(q3q4) (5)

typically giving rise to four high-p; jets with
m(jij,)=m(j3j4)~My,. At the Tevatron the cross sec-
tion for this channel falls from about 160 pb for m, =80
GeV to about 1 pb for m, =200 GeV. There is, however,
a severe background from QCD multijet production:*
e.g., the calculated cross section®® for four jets with
Ppr>30GeV and |n| <3.5is 12 nb.

It may be possible to separate the 7t —bbW ™ W ™ sig-
nal from QCD background by stringent application of
the invariant-mass constraints and by exploiting the addi-
tional b and b jets. This possibility depends sensitively on
detector resolution, however; we postpone a discussion
until detector performance at the Tevatron becomes
better known. Microvertex detectors could also aid in
identifying the b, b jets.

C. One-lepton-plus-jets signatures

The SM branching fraction for W—ewv decay is 10.8%
(for m, > My,); similarly for W—uv. Hence about 29%
of heavy top events have one such W decay, giving

t—bbW W™ 1T +p,+(n<4) jets (6)

with / =e or u, plus possible additional jets from QCD ra-
diation. The lepton has a high probability to be isolated,
i.e., to have little hadronic energy emitted in a small cone
about the lepton momentum direction.

About 5% of 7t events lead to the same final
configuration Eq. (6) via W —71v—I[vvv decays; they are
indistinguishable from direct W-—ev,uv decays except
for softer p; and m spectra. In addition, about 9% of f
events lead via W—7v—%vgq’ to final states similar to
Eq. (6), except that /™ is now replaced by a narrow low-
multiplicity 7 jet. Such W— (7 jet)+ §, decays have been
successfully identified in single-W events with a missing-
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pr trigger,?* but we shall not pursue them further in this
section.

The principal backgrounds come from bb or ¢c produc-
tion (with semileptonic decay of a b or ¢ quark) and from
direct W production (with W-—Iv decay); additional
QCD jets may be radiated in both cases. We require
dynamical quantities that distinguish the 7z signal.

(i) Lepton isolation. In H — hlv semileptonic decay of
a heavy-flavor hadron H, if the lepton has py(I)>my,
kinematics constrain the hadronic decay products 4 to be
emitted mostly close to the lepton momentum direction.
Hence if we require p;(l)>>m, and impose a stringent
upper limit on hadronic energy emitted close to /, we can
suppress the background from bb and €c production (see,
e.g., Ref. 10), albeit at some cost to the 7t signal. But the
direct W+jets background cannot be suppressed in this
way.

(ii) Lepton py. The bb (c€) backgrounds peak at low
Pr, leptons from W—lv peak around p;~40 GeV. Re-
quiring a high minimum p;(I) discriminates against bb
(Cc ) but not against direct W production.

(iii) Missing p;. Just as for charged-lepton p;, requir-
ing high p; discriminates against bb (Zc) but not against
direct W production.

(iv) Lepton-p, correlations. For a parent W with
pr(W)<<My the lepton and missing neutrino are corre-
lated back to back:

pr(D=pr, Ad(l,pr)~180", o)

where A¢ denotes azimuthal-angle difference. These
correlations are observed for direct W -—Iv events.!'®
They will be smeared by p(W) for t W~ W™ events
and for direct W+multijet events; they are not expected
for bb (cc) events.

(v) Leptonic transverse mass.
my(l,p7) defined by!’

m%(l,/r)z[PT(l)+I’T]2_[PT(IH'F‘T]Z (®)

also exploits the lepton-neutrino correlations and has an
almost unsmeared'® Jacobian peak at m;~80 GeV. It
discriminates more sharply against bb and ¢c than either
(i) or (iii), and has long been recognized?'"?>2° as a useful
signature for lighter top quarks. But for m, > My, +m,
the 7t signal has the same shape of m(l,f) distribution
as the direct W background.

(vi) Two hardest jets. In events such as Eq. (6) there is
a large probability (reducing as m, increases) that the two
jets with largest pr come from the hadronic W—gq’ de-
cay and therefore have invariant mass near my,. A peak
in m(j,j,) near My, therefore distinguishes 7t from bb
(¢c) or direct W events, but the latter nonetheless con-
tribute a high continuum background.

(vii) Three hardest jets. There is also substantial proba-
bility that the three jets with highest p; in Eq. (6) come
from t—>bW ™ bgq’ decay (or similar 7 decay) and
therefore have invariant mass near m,. A peak in
m(j,j,Jj3) distinguishes 7¢ from all backgrounds and mea-
sures m,.

(viii) Cluster transverse mass. The transverse mass of a

The transverse mass



cluster of particles ¢, combined with g, from a missing
neutrino v, is defined by21

2 2 172 2 2
[ch+mc] +1’T] —-(ch+pT) . 9)

This m has a Jacobian peak at the invariant mass of the
(¢ +v) system. Since the lepton and g in Eq. (6) come
from a t —bW — blv decay sequence, the transverse mass
my(bl,pr) of the cluster c =bl peaks at m,. The problem
is to choose which (if any) of the jets comes from the as-
sociated b quark. If we sum over all possible choices, the
m distribution will have a peak at m plus a continuum
from the “wrong” choices. The optimum choice depends
on m,. W+jets and bb (¢c) backgrounds have no compa-
rable cluster-m peaks.

(ix) Summed transverse energy. Heavy 7t events are
characterized by big energy release, leading to large S E
measured in the detector calorimeters. Our calculations
show that S E; is useful in discriminating against
W+jets and bb (cc) backgrounds, which have softer dis-
tributions than 7z when m; > My,.

(x) W /Z event ratio. Heavy 7t events contribute to the
inclusive W-—ev event rate but not to the inclusive
Z —>ee event rate (defined by the ee invariant mass peak).
Hence the (W -—ev)/(Z —ee) event ratio provides in
principle a measurement of the 7 signal. The 7t correc-
tion to this rate is about 3.7% for m, =70 GeV and 1.5%
for m, =90 GeV.

(xi) Jet multiplicity. Heavy 7t events have typically two
or more jets whereas direct W production gives mostly
zero or one jet. This difference can be exploited to
enhance various top signals.?

m%(c’ﬁT)z

D. Two-lepton signatures

In the SM about 10.5% of all heavy 7t events have two
W —slv leptonic decays where now / denotes e or u or 7:

t—>bbW W' Sbbl{ 1) +pr . (10)

Here both leptons have high probability to be isolated;
jets can arise from b or b or additional QCD radiation.
We stress the importance of including the W—7v decay
modes if possible; without them, the ee, eu, and pu
modes alone have only 4.7% branching fraction. Subse-
quent T—evv,uvv decays contribute events indistin-
guishable from direct W-—ewv,uv contributions (apart
from softer p, spectra); the remaining 7—wvgq’ decays
give narrow isolated low-multiplicity jets that can be
directly identified.?* The principal backgrounds are the
Drell-Yan process pp—(y* or Z)—e e ,u ut, 771"
and hadronic bb (¢c) production with two semileptonic b
or ¢ decays. However, the direct electroweak production
of W*W™ pairs also becomes non-negligible for
m, > 150 GeV; this background shares all the characteris-
tic properties of the heavy 7z signal except for the accom-
panying b and b jets.

(i) Lepton flavors. The 7t signal gives e et, e ™,
uw et, and u ut pairs with equal probability; so does
the bb (¢c) background; but the Drell-Yan process gives
mostly e e and u~u" plus small ey contributions via

+
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7777 decays. Let us use the symbol 7, to denote hadron-
ic 7 decays (one-prong plus three-prong modes have 64%
branching fraction) and disregard the relatively soft e and
p coming from secondary decays 7—e,u or b—c—e,u
or t—b—e,u as a first approximation (the third assump-
tion is only reasonable for m, near My,). Then 7t decay
gives equal e 75, 7, , T, e, uTr, and 7, u" rates at
64% of the e eV signal; the Drell-Yan process gives
equal but negligible rates; bb gives equal rates at about
13% of the e e rate since (b—7)/(b—e) suppression
is about 1; ¢c gives zero rates. Finally, 7, 7 states are
produced by 7 or the Drell-Yan process at about 40% of
the e “e ™ rate, by bb at about 1.6% of the e “e ' rate, by
¢c not at all. These numbers illustrate how 7, modes can
both amplify the dilepton signal and give cross-checks on
signal purity.

(ii) Lepton isolation and p;. The high p; and isolation
of the 7t leptons help to distinguish them from bb (¢c)
leptons, as in Sec. IIC, but not from Z-decay or wWrtw~
backgrounds.

(iii) Missing p,. P is typically much larger for the #
signal than for the principal backgrounds. The Drell-
Yan contributions have little g (arising through hadron-
ic measurement uncertainties), except in channels with
T—e,u decay.

(iv) Dilepton angular correlation. The azimuthal-angle
difference A¢(I],l; ) between the two leptons is a power-
ful discriminator of backgrounds.?’” Drell-Yan or bb (¢c)
contributions are strongly peaked at A¢(I; I} )~0 and
180°, with very little in between. The A¢ ~0° peak comes
from low-mass Drell-Yan pairs and from cascade b de-
cays (b —cl,v, c —sl,v); the A¢ ~180° peak comes from
non-cascade-associated pairs (b—I,X,, b—1,X,) and
from Z —1,1,. Signals from tf events are broadly distri-
buted across the azimuthal angular range.

(v) Dilepton invariant mass. Drell-Yan dileptons from
gq—Z —1{ 1} have invariant mass m(l,l,)~M; those
from gg—y*—1; 1, are peaked at low mass. Cascade
b-decay backgrounds have m(l,l,) <m,. Invariant-mass
cuts can suppress such backgrounds.

(vi) Dilepton—missing-p; correlations. The dilepton
analogs of the lepton-neutrino correlations of Eq. (7) are

pr(D=pr, ASUT,pr)~180°, (11

where p7(ll)=p(l,)+pr(l,) is the vector sum of the
two charged-lepton momenta and A¢ denotes the
azimuthal-angle difference between it and p;. Equation
(11) applies for I =e, u, or 7;,. It is true in the approxima-
tion that p,(W "W ~)=0, which is most nearly applic-
able when m,~My +m,. Hence for the 7t signals,
do/dA¢ peaks at 180° also the distributions versus
pr(Il)—pr and versus |p;(Il)+p;| both peak at zero.
Only the backgrounds from the Drell-Yan process
Z —>717—1,1,§ and direct W+ W~ production have the
same correlations [in the approximation that
pr(Z)=0=p (WW)]. Low-mass y*—77—Il,r and
cascade b decays give A¢ ~0° and no correlations in mag-
nitude of pr; noncascade bb (¢c) decays give A¢p~0° or
180° but no correlation in magnitudes.
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(vii) Dilepton—missing-p transverse mass. The cluster
transverse mass?! my(l,1,,47), defined as in Eq. (9) for
the cluster ¢ =1/, +1, combined with g, also exploits the
lepton-neutrino correlations. The 7t signal has distinc-
tively large values, typically in the range m, to 2m,,
reflecting the large energy release in the decay chain. For
Z —ee,up events my peaks at M,; for Z—rr—11,pr
events my SM,. For b-cascade decays my <m, (apart
from p, smearing). Noncascade bb (cc) contributions are
also peaked at small m, values, but a region of small m
is suppressed by setting minimum thresholds for p(I)
and gr.

III. CALCULATIONS

We calculate the pp — 71X total cross section from the
O(a?) formulas'* as described in Sec. Il A. We calculate
the differential distributions by Monte Carlo methods
from the 2—3 subprocesses of Eq. (2), which give the
correct dependence on p,(ft) at large values, using the
formulas of Ref. 28. The divergence at p,(7t)=0 is re-
moved by a multiplicative Gaussian cutoff factor
F(py)=1 —exp(—p#/ A?) with the parameter 4 adjust-
ed to reproduce the correct total 7zX cross section. This
is a truncated-shower approximation.'®?

We assume that the top quarks form top-flavored had-
rons with essentially the same mass m, and the same
four-momentum; we treat the subsequent decays of Eq.
(3) as free-quark decays, neglecting polarization correla-
tions between 7 and ¢ (which give at most small effects).
For m, > 120 GeV, t quarks would be expected mostly to
decay before hadronization,*® but within our approxima-
tions the results are the same. We include the full
t —b —c —s decay cascade.

For the heavy-quark backgrounds, we calculate
pp —bbX,¢cX production similarly to the #zX case above.
We assume that b and ¢ quarks fragment into B and D
hadrons, respectively, according to the model of Peterson
et al.’! (calculated in the production subprocess rest
frame with parameter €=0.5/m?, where m is the quark
mass in GeV). We choose values m, =mp=5.2 GeV and
m,=mp=1.87 GeV. The b quark from ¢t —bW decay is
treated similarly.

The decays of B and D hadrons are approximated by
free-quark decays b—cxy and ¢ —sxy. The fragmenta-
tion of the ¢ quark produced in B decay is known experi-
mentally to be very hard®? (apparently the energy release
is too small for the arguments of Ref. 31 to apply), so we
approximate the c¢—D fragmentation function by
D(z)=8(1—z) in this case, with z=p,/p. the usual
momentum fraction. The decays of 7 leptons are
represented by 7—wvxy with ¥V — A matrix elements
(xy =eV,uv,d@ ), using the observed branching fractions
for leptonic and hadronic modes.

The cross sections for V=W ,Z,y* production include
the usual factor of K =1+%wa (My); the distributions
for pp—V-+jets are obtained from the QCD shower
Monte Carlo model of Gottschalk,*® which agrees with
experiment at V's =630 GeV and with perturbative calcu-
lations.?* We calculate W+ W~ production from the for-
mulas of Ref. 35, neglecting explicit jet production in this
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case; from shower calculations for one produced vector
boson of mass 2M,,, we estimate that 80% (16%) of
direct WW events have n =0 (n =1) jets, with our jet cri-
teria below. All our QCD calculations are performed at
the parton level. Final quarks or gluons with sufficiently
high p; (see criteria below) are interpreted as jets, with
E(et)=pr(parton). Jets with AR <0.7 are coalesced,
with AR being defined by

AR =[(A)*+(A$)*]'7?, (12)

where n=Incot(6/2) is pseudorapidity, and 6 is a polar
angle.

Jet E; is subject to measurement uncertainty; we ap-
proximate this by a random Gaussian correction_to each
jet, with mean zero and standard deviation 0.8V E r Ep
uncertainties also contribute to an error in g, which is
essentially a random Gaussian correction to each of the
(x,y) transverse components of g, with mean zero and
standard deviation 0.4(3E;)!"?, where S E; is the sum
of all E; in the event.’® Here SE; is the sum of jets
from the hard-scattering process in question, plus a con-
tribution from the underlying soft event. We represent
the latter by a random variable, parametrized numerical-
ly to reproduce the observed Y E; distribution in
minimum-bias events’’ at Vs =540 GeV, scaled up by a
factor of 1.5 for the observed ratio of 3 E, between
minimum-bias and hard-scattering events such as W pro-
duction'® and by a further factor of 1.3 for the rise in cen-
tral multiplicity dn /d7 between V's =540 GeV and 1.8
TeV (Ref. 38).

We define the following acceptance criteria for count-
ing jets:

Er(jet)>15 GeV, |y(jet)| <2.5 . (13)

IV. RESULTS

A. Single-lepton signals

We concentrate attention on events with one isolated
lepton (e or u) plus missing pr, satisfying the following
lepton and g cuts:

(a) prle,u,7,)>20 GeV.

) In(e)| <3.0, |n(u)] <0.76, |y(r,)| < 1.0.

(c) pr>20 GeV.

(d) Isolation: 3 .E; <3 GeV in cone AR <0.4 about
lepton momentum.

The 7 cuts above correspond approximately to the ac-
ceptance of the Collider Detector at Fermilab (CDF).
The p and isolation cuts are to reduce backgrounds. To
illustrate the size of the signals and backgrounds remain-
ing after these cuts, Table I lists the cross sections in the
electron channel, separated according to the number n of
accompanying jets.

Table I shows that the bb,cc backgrounds are enor-
mously suppressed by the acceptance cuts. These cuts do
not suppress the electroweak W production background;
on the contrary, they are precisely the kind of cuts nor-
mally invoked to select a W—>ewv signal.!® However, the
7t /(W +bb )=signal/background ratio is greatly
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TABLE 1. Cross sections in pb for ev events from W and
heavy-quark production, and for Z — @e events, at Vs =1.8 TeV
after acceptance cuts (a)—(d) of Sec. IV A. Results are given for
top-quark masses 70, . . ., 190 GeV; ¢c contributions are negligi-
ble after cuts.

Channel n =0 jets n=1 jets n=2 jets n =3 jets
W—ev 1730 260 47 5
Z —ee 154 26 5 0.7

bb 6 6 1.4 0
7t(70) 45 40 27 10
7(90) 24 20 15 4

71(110) 9 8 7 4
71(130) 4 4 ) 3 2
7(150) 1.8 1.8 1.7 1.2
7(170) 0.9 0.9 0.9 0.6
7(190) 0.5 0.5 0.5 0.4

enhanced by requiring high jet multiplicity #». Indeed, we
may hope to detect 7z signals directly in this way, as illus-
trated in Figs. 2 and 3 for the case m, =70 GeV.

Figure 2 shows a histogram of the event fractions
o(“W”, n, or more jets)/o(all “W”), where “W”’ denotes
ev events passing the acceptance cuts (a)—(d). For n =0
this fraction is 1 by definition; for n=1 it is dominated by
direct W —ev events; for n=2 and n=3 the 7t contribu-
tion gives substantial enhancements above the values ex-
pected from W+jets shower calculations.’* The shaded
areas show the enhancements. Figure 3 gives a histo-
gram of the event ratios o(“W”, n, or more
jets)/o(Z —ee, n, or more jets), derived from Table I.
For n =0 or 1 this ratio is dominated by direct W, Z pro-
duction; however, a 70-GeV top quark enhances the ratio
by a factor of 1.6 for n=2 and by a factor of 3 for n=3.
Structure function uncertainties in the W +n jet and
Z +n jet calculations cancel in these ratios. K-factor un-
certainties®® plausibly cancel in the W /Z ratio. In princi-
ple a 7t contribution can be detected, without prior remo-

T I |
'E "W"event fractions 3
- 3 ]
] i J
= 0 ' E
IC] 3 m; (GeV) 3
T | ° ]
o - i
E 52 =
5 10 3 v
r /jz

|0-3 | I I

n20 n21 n22 n23

jets

FIG. 2. Histogram of the event fractions o(“W”, n or more
jets)/o(all “W”) for n=0,1,2,3; lower histogram is for the case
m,= oo (no 7t signal), upper histogram is for m, =70 GeV. The
shaded areas show the 7#(70) signals.
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FIG. 3. Histogram of the even ratios o(“W”, n, or more
jets)/o(Z —ee, n, or more jets) for n=0,1,2,3; lower histogram
is the m, = o (no 7 signal), upper histogram is for m, =70 GeV.
The shaded areas show the 7#(70) signals.

val of the electroweak W background, simply from the
shapes of these histograms.?’ In each case the » =0 and
n =1 data serve to confirm (or normalize) the W+n jet
background calculation; the n =2 and n = 3 data contain
the 7t signals; the size of these signals determines m,.

In order to suppress the electroweak W background
somewhat, we henceforth require n =2 jets and an addi-
tional transverse-mass cut, as discussed in Sec. II C:

(e) Number of jets n = 2.

(f) 25 GeV <m(1,p1) <100 GeV.

With these cuts, the W background still dominates
over the t-quark signal, as can be seen in the 3 E distri-
bution of Fig. 4; to improve the signal to background we
impose an additional cut:

(g) SE;>210 GeV.

For m, ~My, the two jets with highest p, (labeled j,
and j,) almost always come from W decay and have in-
variant mass near My,. Figure 5 shows the distributions

- I // \\I | | ]
- wy ]
. 5 / 1(90) ™\ i

% '0-1 | /]
o 3 ! 3
N o ] ]
8 [ ]
& i I ]
—_ i ! .
u i | ]
NI ~
R - 3
o ] ]
° C I 3
o | ] -
! ]
N [ j

10_3 1 |

0 100 200 300 400 500
ZIETl (Gev)
FIG. 4. Distribution vs summed transverse energy of had-

rons 3 E; for single-lepton events satisfying the cuts (a)—(f) of
Sec. IV A, summed over e and y events.
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0.20

0.10

do/dm (pb/GeV)

(o) 100
m(j,i,) (GeV)

FIG. 5. Distribution vs the invariant mass m(j,j,) of the two
highest-pr jets in lepton plus (n =2) jet events, satisfying cuts
(a)—(g) of Sec. IV A, summed over e and pu cases.

of 7t signal and the various backgrounds versus m(j,j,)
with cuts (a)—(g); the signal peaks at m(j,j,)=M, as ex-
" pected, but this peak is smeared by contamination from b

jets for m, >>M,,. We therefore also impose an addition-
al requirement: '

(h) |m(j,j,)—My| <15 GeV, for some pair of jets in
the event, which is satisfied by most 7t — WW events.

Table II compares the cross sections of the 7 signal
and various backgrounds (summed over e and pu chan-
nels), first with basic cuts (a)—(d), then with additional
cuts (e)—(h). The suppression of the 7t signal for m, <90
GeV occurs because the cuts (f)—(h) are not optimal in
this region; we have retained them here simply for com-
pactness of presentation.

Figure 6 gives the cross section for 7t events satisfying

TABLE II. Cross sections in pb for ev plus uv events at
Vs =1.8 TeV with alternative sets of acceptance cuts, either
(a)—(d) or (a)—(h). Results are given for top-quark signals with
m, =70, ...,200 GeV and for W, bb, and ¢c backgrounds.

Cuts
Channel (a)—(d) (a)—-(h)

ft(70) 63.0 4.4
71(80) 46.0 5.1
71(90) 35.0 6.5
71(100) 22.0 5.1
f1(110) 13.0 4.0
71(120) 8.8 33
ft(130) 5.9 2.5
(140) 4.0 1.8
1t(150) 2.8 1.3
71(160) 2.0 0.95
t(170) 1.4 0.67
ft(180) 1.1 0.48
7t(190) 0.77 0.35
71(200) 0.58 0.26

w 2435.0 4.4

bb 7.1 0

cc 0.008 0
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FIG. 6. Topological cross sections for 7t—lepton plus
(n = 2) jet events satisfying cuts (a)—(h) of Sec. IV A, vs m,. The
case /=e,u are summed. Contributions from n=2,3,4,5 jet
events, their total, and backgrounds are shown.

the cuts (a)—(h) vs m,, showing also the separate contri-
butions from rn-jet topologies for n=2,3,4,5. The peak
and dips for n=2,4,5 near m, =My, +m, are due to kine-
matic suppression of decay b jets in this region (Sec.
IT A). Background contributions are indicated by arrows
on the right-hand side. For higher values on the m,
range, a better signal/background ratio is obtained in the
higher jet multiplicities; the / +4 jets channel exceeds
background for m, <175 GeV.

Figure 7 shows the cross-section dependence on
pr(W)=|pp()+¥7| for @t signal and W background
events with n =2 or 3 jets, satisfying cuts (a)—(h). Figure
8 illustrates the corresponding cross-section dependence
on transverse mass my(/,fr), omitting the m cut in this
case so that its effect can be seen and also showing the
effects of omitting the isolation cut. This shows how the
large bb, ¢c backgrounds are first considerably reduced by
the m, cut and finally removed by the isolation require-
ment; the suppression does not rely too heavily on any
single cut. .

To extract m, we consider the invariant mass
m(j,j,j3) of the three jets with highest p;. Figure 9(a)
shows the distribution of signal and background versus
m(j,j,j3) in (n =23) jet events. A plot of this quantity
measures m, when 100 <m, <150 GeV; in this range the
signal is above background and a hard b jet is frequently
among the three hardest jets. For very heavy top it is
desirable to select higher jet multiplicity, as remarked
above. Figure 9(b) shows the distributions versus
m(j,j,j3) for (n =24) jet events. Assuming an eventual
integrated luminosity of 100 pb ™!, the selection of these
n =3 and n =4 data samples would provide a clear 7t sig-
nal up to about m, =180 GeV; it might be possible to go
still further by selecting n = 5.

B. Two-lepton signals

We select pp—1; 1} #r events with two oppositely
charged isolated leptons, satisfying the following cuts:
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FIG. 7. Signal and background distributions vs

pr(W)=|pr(1)+p| for single-lepton events satisfying full cuts
of Sec. IV A. (summed over / =e,u cases) for (a) n =2 jets, (b)

n 23 jets.
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FIG. 8. Signal and background distributions vs transverse
mass m(l,p7) for single-lepton events satisfying the full cuts of
Sec. IV A excepting the my cut, both with and without the iso-
lation cut: (a) jet multiplicity n =2, nonisolated; (b) n = 2 isolat-
ed, (c) n = 3 nonisolated; (d) n = 3 isolated.
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FIG. 9. Distribution vs the invariant mass m(j,j,j3) of the
three jets with highest pr in single-lepton events with cuts
(a)—(h) of Sec. IV A (summing e and u modes) for (a) n =3 jets,

(b) n = 4 jets.

22+n jet events

=31 | 1 I
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m, (GeV)

FIG. 10. Total topological cross sections

background

for

ft —dilepton plus n-jet events satisfying the cuts (a)—(e) of Sec.
IVB, vs m,, summed over all electron and muon channels.
Contributions from n=0,1,2,3 jet events, their total, and back-

grounds are shown.
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(@) prle,u,7,)>15 GeV.

(b) In(e)] <3.0, [n(u)] <0.76, |n(r,)| <1.0.

(c) pr>20 GeV.

(d) isolation: 3. E; <3 GeV in cone AR <0.4 about
lepton momentum.

These are similar to those in Sec. IV A except that the
Pr(l) cut is a little less severe. In addition we impose a
cut on the azimuthal-angle difference A¢(/,l,) between
the leptons:

(e) 30° < A¢(l,1,) < 150°.

Together with the isolation cut (d), this effectively
suppresses”’ the large background from bb (cc) produc-
tion, leaving a rather clean 7z signal with small back-
grounds from WW and Z,y* — 77 production. Table III
compares the cross sections of the 7 signal and the vari-
ous backgrounds (summed over ee, ey, and pu channels)
first with basic cuts (a)-(c) alone, then with the additional
isolation and azimuthal cuts (d) and (¢). Henceforth we
use the full cuts (a)-(e). (Using rather similar cuts, we
have previously presented some heavy 7 dilepton results
in Refs. 40 and 41.)

Figure 10 shows the total and topological cross sec-
tions for n=0, 1, 2, or 3 jets versus m,. The reduction in
the mean number of jets near m, =M, +m, is due to the
suppression of the decay b and b momenta in this region,
described in Sec. II A. The mass m, can, in principle, be
extracted from the total event rate; the topological cross
sections provide a number of independent cross-checks
on m,. If we require n =2 jets, the background from
Z,y*—7r and WW production is reduced to below 0.02
pb; this is substantially smaller than the 7 signal right up
to m, =200 GeV, the upper end of the SM range (Sec. I).
With an eventual integrated luminosity of 100 pb~! or

TABLE III. Cross sections in pb for ee plus pu plus eu dilep-
ton events at Vs =1.8 TeV with alternative cuts (a)—(c) or
(a)—(e). Results are given for 7t signals with m,=70,...,200
GeV and for various backgrounds.
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more, a ft dilepton signal would be detectable through the
full mass range.

For further discussion in the present paper, we shall al-
low any number of jets (n =0); this is quite sufficient for
the mass range of most immediate interest up to m, =120
GeV, where a luminosity of 10 pb~! would yield a
significant 7t dilepton signal dominating comfortably over
background. (We note, however, that in the following
figures a cut n =22 would leave the ¢7 curves essentially
unchanged apart from a small reduction in normaliza-
tion, for m, > 120 GeV).

Figure 11(a) illustrates the cross-section dependence on
Prllpaa)=max{p,(l),pr(l,)}, the transverse momen-
tum of the harder lepton. Figure 11(b) gives the distribu-
tion versus maximum lepton laboratory energy
E(ls,g)=max{E(l,),E(l,)}. Figure 12(a) shows the

-dependence on the dilepton transverse momentum

pri)=|p(l;)+pr(l,)| and Figure 12(b) gives the be-
havior versus missing p; (omitting the g, cut in this
figure). Figures 13(a) and 13(b) give the dependences on
the dilepton invariant mass m(/;l,) and azimuthal

10 T I T I T
a
(a) t (90)
2 2 t (120)
O 10— —
S
e}
& t(150)
..... N
o \\
E |O-3L_ \\ ]
5 \
ww
N
AN
64 il | 1 | I
(o} 50 100 150

P (40 (GeV)

Cuts
Channel (a)-(c) (a)-(e)
7(70) 12.0 7.3 _
11(80) 9.1 5.0 %
71(90) 6.3 35 Q
71(100) 4.1 2.1 a
71(110) 3.0 1.4 -~
71(120) 2.3 0.91 [
7(130) 1.8 0.60 ‘:,’
71(140) 1.4 0.42 s
ft(150) 1.1 0.29 ©
71(160) 0.91 0.22
7(170) 0.72 0.14 _ 1
71(180) 058 0.11 9% 50 100 150
7t(190) 0.47 0.08
7(200) 0.37 0.06 Er(fhorg) (GeV)
bb 65.0 0
cc 9.2 0
Zy*—>7r 0.14 0.055 FIG. 11. Distributions of dilepton events satisfying the full
Z,y*—ee,uu 0.007 0 cuts of Sec. IVB (summing ee, puu, ey modes) vs (a)
ww 0.17 0.12

Prlnaea) =max{pr(l,),pr(l;)}, () E(lg,)=max{E(l,),E(I;)}.
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difference A¢(/,l,). In many of the above dynamical dis-
tributions, the 7¢ signal behaves quite differently from the
Z,y*—7r background, showing that the latter at least
can be easily separated.

Figure 13(c) shows the predicted distribution versus
the cluster transverse mass my(ll,gr). This too can be
used to determine m,. Figure 14 illustrates the dilepton-
P correlations discussed in Sec. II D, showing the distri-
butions versus the azimuthal difference A¢(Il,g;) and
versus the scalar transverse-momentum difference
Apr=[pr(ll)—pr]. For values of m, near My +m,
there are narrow peaks at A¢~180° and Ap;~O0 as ex-
pected; for other values of m, these peaks are progres-
sively broadened. The shapes of these peaks can be used
to help in determining m,. In Fig. 14 the WW back-
ground has been calculated from the lowest-order dia-
grams,® for which p,( WW)=0 and the distributions are
idealized 6 functions shown as narrow boxes; in practice
we expect the distributions to be smeared into narrow
peaks with shapes similar to the 7#(90) curves.

|0_' T T T T T

do/d P (pb/GeV)

o 50 100 150

N\ (b)

A t (90)
\

t (120)

do/dg (pb/GeV)

FIG. 12. Distributions of dilepton events satisfying the full
cuts of Sec. IVB (summing ee, uu, ep modes) vs (a) dilepton
transverse momentum pr(l,1,)=|ps(I,)+pr(l,)|, (b) missing
P, omitting the p, cut here.
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It is important to know the relative rates in different
dilepton channels; their ratios offer further cross-checks
on a ft mechanism as discussed in Sec. II D. For the case
m, =90 GeV we calculate the following cross sections in
picobarns:

o(ee)=1.45, o(uu)=0.45, o(r,7,)=0.45,
o(ur,)=0.90, o(er,)=1.6, olen)=1.6.

The ratios vary rather weakly with m,.
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FIG. 13. Distributions of dilepton events satisfying the full
cuts of Sec. IVB (summing ee, uu, ex modes: (a) dilepton in-
variant mass m(/,l;); (b) dilepton azimuthal-angle difference
A¢(l,1,), omitting the A¢ cut; (c) cluster transverse mass
mr(lyl5,67).
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FIG. 14. Dilepton-g correlations in ft — 1| I p events with
full cuts: (a) distribution vs azimuthal difference A¢(!,1,,p7);
(b) distribution vs scalar transverse-momentum difference

Apr=pr(l,1;)—¥r.

V. SUMMARY

For single-lepton signals, our results show the follow-
ing.

g(i) bb,cc backgrounds can be removed as usual by
pr(1),pr and lepton isolation cuts.

(ii) Electroweak W background cannot be eliminated,
but can be minimized by selecting high jet multiplicity »
and high S E .
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(iii) 7t signals can be extracted directly from the shape
of the histograms for o (“W”, n, or more jets)/o (all “W’)
or for o(““W”, n, or more jets)/o(Z — ee, n, or more jets),
without prior removal of the W background; the size of
the signals determines m,.

(iv) 7t signals can be found as peaks in the invariant
mass of the three hardest jets, in events with n >3 jets;
for very heavy ¢ it is better to require n =>4 jets; the posi-
tion of this peak determines m,.

(v) For an eventual luminosity of 100 pb™!, these tech-
niques can detect 7z signals up to m, =180 GeV.

For two-lepton signals, our results show the following.

(vi) The principal standard-model backgrounds from
bb,cc production can be effectively removed by pr(D).Br,
isolation, and A¢(/,1,) cuts.

(vii) The small Z,y*—7r and WW backgrounds are
unimportant up to m,=120 GeV; with an additional
n 22 jet cut they are substantially smaller than the ¢ sig-
nal up to m, =200 Gev.

(viii) The Z,y*—7r background can also be dis-
tinguished through many different dynamical distribu-
tions.

(ix) The size of a remaining 7 signal, plus the accom-
panying jet multiplicity distribution, provide several in-
dependent measures of m,.

(x) The ratios of ee, ep, er, ppu, ur, and 77 events pro-
vide cross-checks on the ft — W~ W™ origin of an even-
tual signal.

(xi) Dilepton-g; correlations, measured via A¢(l,p;)
and Ap,(ll,p;) distributions, offer further cross-checks
on the 7z — WW origin of a signal and on the value of m,.

(xii) For an eventual luminosity of 100 pb~!, 7 dilepton
signals can be measured through the entire SM range up
to m, =200 GeV.

In general we conclude that the Tevatron can find the
top quark of the standard model; if it does not, new phys-
ics will be implied.
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