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Calculations are presented for the experimental signals arising from top-quark production in pp
collisions with semileptonic top decay, for the center-of-mass energy &s =2 TeV available at the
Fermilab Tevatron. Both the strong production of tt pairs via QCD and the electroweak channels
W+ ~tb, W ~bt are considered, including gluon bremsstrahlung effects and complete cascade de-

cays of heavy quarks. To separate the t signal from bb, cc, bbbb, W, Z, and other backgrounds, we

require events containing an isolated lepton along with n jets (n )2). The top mass may be deter-
mined by the three-jet invariant mass, or a transverse mass formed from the lepton, third hardest

jet, and missing pz. . For m, 80 GeV, confirmation of this signal may be obtained from observation
of events containing two isolated leptons at high p&. From these results, we expect the upcoming
run of the Fermilab Tevatron collider to be able to probe t masses up to m, =100 GeV, assuming

suScient detector resolution.

I. INTRODUCTION

The top quark t is an essential part of the standard
electroweak model where it is required to cancel the tri-
angle anomalies, ' to explain the suppression of neutral-
current B~e+e X decay modes and to explain the ob-
served value of the e+e ~bb forward-backward jet
asymmetry. The top-quark mass m, is an important pa-
rameter: overall consistency including radiative correc-
tions requires m, & 168 GeV. Arguments based on
I z/I ~ data suggest m, 70 GeV if there are only three
fermion generations while arguments based on B -B os-0 —0

cillation data suggest m, 50 GeV. Future precise mea-

surements of weak-boson properties and decays such as
B~E& may also constrain m, . The fact that top pro-
duction has not yet been identNed experimentally can be
attributed to a large mass value. The latest direct mass
limits are m, ~ 26 GeV from the absence of an e+e ~tt
signal at the KEK collider TRISTAN (Ref. 9) and
m, ~44 —56 GeV from the absence of top signals at the
CERN pp collider' (where the more stringent limit de-
pends on EUR(MET t-quark production cross sections). It
is therefore quite possible that the mass is too high for
e+e ~tt production to occur at the SLAC Linear Col-
lider (SLC) or the CERN collider LEP I, and that the
only way for the top quark to be produced and identified
experimentally in the near future is via pp collisions at
the CERN or Fermilab Tevatron colliders.

The expected top-quark signatures at pp colliders usu-

ally include a lepton from primary t~blv or t~blv
semileptonic decay; for kinematic reasons this lepton can
be more isolated from accompanying hadrons than a
similar lepton from b or c decays, so lepton isolation is an
important criterion for discriminating against back-
grounds. "' Single-lepton signals have been most com-
monly discussed, ' but additional leptons may be
present, from the t~b~c~s cascade decay chain or
from the decay of the other quark in a tt or 8'~tb pair.
Both dilepton' ' ' ' ' ' and trilepton' ' ' ' signals
have been discussed. The neutrinos emitted in semilep-
tonic decays carry off missing transverse momentum
(g/r), that can in principle be measured from the overall

pz imbalance of the other particles, and can be included
in the signature. Bottom-quark jets arising in decays
such as W~tb and t~bev can also be exploited and
provide additional signatures, especially in 8'~tb events
where the decay kinematics are strongly constrained. " If
there is a microvertex detector to select events with mul-
tiple secondary decay vertices, topological signatures for
the top quark can also be devised.

To evaluate any one of these signatures, detailed realis-
tic calculations of the top signal and the principal back-
grounds from bb, cc, S' and Z production are required.
Hitherto such calculations have mostly been made for en-
ergies &s =540—630 GeV appropriate to the CERN col-
lider, where the UA1 experimental data' have so far dis-
closed no clear top signal. In the present~aper, we re-
port extensive calculations at the energy Vs =2000 GeV
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of the Fermilab Tevatron, which has recently come into
operation and has the benefit of higher cross sections for
heavy-quark production. We choose acceptance cuts ap-
propriate to the CDF and DO detectors at the Tevatron
and set out to evaluate the most promising top-quark sig-
natures based on isolated leptons, missing p~, and jets.

Our present analysis concentrates on top-quark masses
up to 100 GeV and assumes that top-quark decays are
dominated by charged-current transitions t ~b W+, with
W either virtual or real. We thereby implicitly assume
that there are no charged Higgs bosons H +—with mass
mH &m, —m&, since in this case real t~bH+ decays
would dominate over virtual t~bW+ transitions (for
m, &Ma.+mb ) and could be comparable to real
t ~b W+ decays (for m, & M~+ mb ). This light-H+-

scenario gives different top signatures, ' ' based on
missing pz or ~ jets, but may be regarded as unconven-
tional; in contemporary superstring-inspired models the
charged-Higgs-boson mass is greater than 53 GeV.

II. TOP-QUARK PRODUCTION, FRAGMENTATION,
AND DECAY CALCULATIONS

The lowest-order QCD subprocesses for t production
are

Sa s 4
12m

(33—2f ) In[s/(4Af )]
(2)

for the coupling a„where f is the number of active
flavors. We assume f=4 with A4=0. 2 GeV up to bot-
tom threshold at s =4mb, f= 5 in the interval
4mb &s &4m, and f=6 for s &4m, The values . of A5
and A6 are fixed by requiring a, to be continuous across
the bottom and top thresholds.

It has long been recognized that QCD radiation
has important effects on the dynamical distributions of
produced heavy quarks, affecting the fraction of events
that will survive any given acceptance cuts. We include
the bulk of these effects by calculating the dynamical t
and t distributions from the tree-level 2~3 QCD sub-
processes:

qq ~ttg, gg ~ttg, gq ~ttq, gq ~ttq .

These subprocesses correctly give the pz- dependence of tt
pair production at large pr(tt ). Convenient cross-section
formulas have been given by Ellis and Sexton. These
cross sections have soft and collinear divergences at small
pr(tt) These divergence. s should be removed in a com-
plete calculation using well-defined regularization and

qq ~tt, gg ~tt .

The total cross section for tt hadroproduction is found by
folding the corresponding subprocess cross sections
with incident parton distributions, evolved up to an ap-
propriate scale (which we take to be Q =s/4, where s is
the subprocess c.m. energy squared). We use the parton
distributions of Duke and Owens, based on a QCD scale
parameter A=0. 2 GeV and four active flavors.

In subprocess cross sections we use the one-loop for-
mula

normalization procedures implemented with respect to
structure functions and jet formation. In the evaluation
of the contribution of the 2~3 process such procedures
currently pose considerable di%culty. As a phenomologi-
cal expedient we remove these divergences by a pro-
cedure that is argued to approximate the exact calcula-
tion. In particular we remove them empirically by a mul-
tiplicative Gaussian cutoff factor

F(pr ) =1—exp( —pr'/A ') (4)

ud ~ 8'+g ~tbg (5)

with a Gaussian pr( W) cutoff adjusted to give the correct

g~~9

(a) (b}

FIG. 1. Examples of 2~3 graphs that contain (a) flavor exci-
tation and (b) gluon fragmentation subprocesses.

with the parameter A adjusted to reproduce the correct
total tt production cross section in lowest order (given by
the Q -evolved 2~2 calculation). We find that this
cutoff also preserves approximately the correct depen-
dence on the invariant mass m(tt). Typically we have
A =8.3 GeV for m, =60 GeV.

This use of a cutoff 2~3 calculation is essentially the
truncated shower approximation described in Ref. 46. It
correctly gives the total tt production, the dependence on
m(tt), and the dependence on pr(tt ) at large pr. The de-
tails of dependence at small pr(tt) are not necessarily
correct, but these details are in any case smeared by the
subsequent fragmentation and decay so that final results
are not sensitive to them. This calculation also gives the
leading features of associated jet production through the
final g, q, or q produced along with tt. We remark finally
that the 2~3 parton scatterings of Eq. (3) already in-
clude both flavor excitation (gt~gt, qt~qt, etc. ) and
gluon fragmentation (gott) subprocesses within them;
Fig. 1 shows examples.

Possible enhancements of the cross section from
higher-order nonleading corrections are usually
represented by a multiplicative factor K. In our present
calculations we assume K=1, because similar calcula-
tions of bb and cc production with K = 1 reproduce the
observed pp ~ppX dimuon rate. Part of the nonlead-
ing corrections is of course already subsumed in the
choice Q =s/4 and the value of A in Eq. (2).

Electroweak production of the top quark is calculated
from pp~8'+—X with 8'+~tb and W ~bt decays
(Z~tt is negligible). The total W cross section may be
found by folding the lowest-order qq'~8' cross section
with parton distributions evolved up to Q =M~. In or-
der to incorporate leading QCD radiative effects, we cal-
culate t production from the tree-level cross section for
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total cross section, following the truncated shower ap-
proximation already used for tt production. The
theoretical cross section through order a, is given by the
lowest-order result times a factor

D, (z)=5(1—z), (7)

with z =ET/E, the energy fraction. The decay of T is
approximated by free-quark decay

8ira, (M~)
K =1+ =1.36 .

9

This gives agreement with observed W~l v event rates at
&s =630 GeV.

Fragmentation of t quarks into top hadrons T is calcu-
lated using the model of Peterson et al. ; given the large
top mass, the fragmentation function is essentially a 5
function,

grouping the light partons into clusters, starting with the
parton of highest pT, with cluster size limited in azimuth

P and pseudorapidity i)=lncot(0/2) by

bR =[(bP)'+(bi))']'" &0.5 .

If the net vectorial pT of such a cluster exceeds a specific
threshold value (taken to be 15 GeV in this paper), it is
identified as a jet. This clustering of partons mirrors the
clustering of hadronic-energy depositions in calorimeter
cells, used in the experimental definition of hadronic jets.

III. BACKGROUND CALCULATIONS

A major background process leading to high-pT lep-
tons, jets, and missing pT is the production and semilep-
tonic decay of bb and cc pairs via QCD. The total pro-
duction cross sections for single pairs are calculated from
the 2~2 subprocesses

t ~bxy,
qq, gg~QQ (Q=b, c), (12)

where xy=ud, cs, e+v, p+v, ~+v and the heavy quarks
b, c fragment into B,D hadrons, respectively, according to
the Peterson model (calculated in the T rest frame with
parameter a=0.5/m where m is the quark mass in
GeV). We choose values m&

——ms ——5.2 GeV,
m, =mD = 1.87 GeV.

The subsequent cascade decays of B and D hadrons are
also approximated by free-quark decays

with parton distributions evolved up to s/4. As in the
case of the top quark, the dynamical distributions are cal-
culated from the 2~3 subprocesses

w gg QQg w(W QQq(q)

with Gaussian cutoffs in pT (QQ) chosen to reproduce
the total cross sections. We also consider the possibility
of double heavy pair production via the subprocesses

b~cxy, c~sxy . (9)
w, gg QQQ'Q', (14)

The fragmentation of the c quark produced in B decay is
known experimentally ' to be very hard; in this particular
case it appears the energy release is too small for the ar-
guments of Ref. 50 to apply, and we describe c ~D frag-
mentation by a 5 function. The decay of produced ~ lep-
tons is represented by ~~vxy matrix elements, with

xy =ev, p~, du, using the experimental branching fraction
B,=B„=O.175 for electron and muon modes.

In the case that m, &M~+m&, top decay proceeds
dominantly via real 8' bosons. Three-body decays such
as t~be+v then essentially factor into sequential two-
body decays t~bW+, W+~e+v with strongly con-
strained kinematics. This provides a new source of 8'
production ' and new signatures for the top quark. W' e
assume the 8'mass to be

M~ ——81 GeV, (10)

consistent with standard-rnode1 expectations for sin 0~
=0.23 and with present experimental data. We assume
the width to be I ~ ——2. 1 GeV for m, &M~ —m&. for
lighter top masses I ~ depends on m, .

The various gluons and light quarks emitted during the
production and decay processes above, fragment into
final hadrons. We do not construct such final states ex-
plicitly, but take the totality of parton four-momenta to
represent the distribution of hadronic energy and
momentum in the calorimeters of an experimental detec-
tor. Thus we estimate the isolation of a given lepton
(quantified as the sum of hadronic transverse energy
depositions in a cone around the lepton) by using the
original partons. We estimate the formation of jets by

2Pg s.(z)
X

s
(15)

where g denotes spin summation, s'=(Q'+Q') is the
Q'Q' invariant mass squared, and

z =(Q'.g )/[(Q'. g )+(Q' g )],
P& (z)= —,'[z +(1—z) +2m& /s'],

(16)

(17)

with g =Q+Q, g'=Q'+Q' the four-inomentum of the
virtual-gluon producing QQ, Q'Q', respectively. This is
essentially the leading-pole approximation discussed in
Ref. 45 (applied there to relate 2~2 with 2~3 matrix
elements). To use this approximation we have to evaluate
the ab ~QQg subprocess at an off-shell value of the final
gluon momentum. The formulas of Ref. 45 then give
negative values for the squared matrix element in some
small regions of phase space; we set the cross section to
zero in these regions.

The fragmentation and decay of b and c quarks are
treated as in Sec. II. Light partons produced in the pro-
duction and decay processes are used directly, without
explicit fragmentation, to represent the flow of hadronic
energy, to calculate lepton isolation, and the formation of
hadronic jets.

where Q and Q' can be either b or c. Precise matrix ele-
rnents are not known for these subprocesses, but we ap-
proximate them by the formula

g ~

M(ab QQQ'Q')
~

=4ira, g ~

M(ab QQg')
~
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The other major source of lepton plus jet backgrounds
is W and Z production and leptonic decay. These can be
evaluated using either perturbative calculations or
QCD shower programs. ' We evaluate the background
from W+jets where W~ev or pv via a QCD shower
model —the backwards-evolution method of Ref. 55.
This method gives results which agree well with data on
8'plus jet events from the UA1 and UA2 experiments.

IV. RESULTS

A. Total top-quark production

Figure 2 shows our calculated cross sections for pp ~ tt
and pp~W*~tb, bt production at &s =2 TeV, versus
the mass m, . For comparison, the b and c cross sections
at this energy are calculated to be

cr (pp ~ccX ) = 1.9 X 10 pb,

a(pp ~bbX) = l.9 X 10 pb,

o (pp —+ccccX) = 1.2 X 10 pb,

o(pp ~ c.cbbX ) = l. 1 X 10 pb,

o (pp ~bbbbX ) = 1.2 X 10 pb .
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FIG. 3. The p& spectrum of the hardest lepton in

ce, bb, W~lv, 8'~t(60 GeV), and tt events for m, =60, 80,
and 100 GeV from pp collisions at &s =2 TeV.

To define lepton isolation we introduce a cone about
the lepton momentum direction, given by

(hR) =(bg) +(bP) &(R, ) (19)

We define the lepton to be isolated if the sum of hadronic
transverse energy Er =E sin8 ( =pz for relativistic parti-
cles) within this cone is less than a given value E, :

B. Single-lepton spectra and isolation
gE &E, . (20)

In the CDF apparatus, muon identification is restricted
to the central region. We therefore calculate muon pro-
duction for the pseudorapidity range

t g t
&0.76. Elec-

trons and hadrons are calculated for the range
t g t & 3.

Figure 3 shows the calculated cross section for produc-
ing leptons (electrons plus muons) at &s =2 TeV, versus
the lepton transverse momentum pz(l}; for events con-
taining more than one lepton, the highest lepton p& is
taken. Although the disparity between the top signals
and the bb+ cc backgrounds is clearly reduced by select-
ing high pz-, an additional lepton isolation criterion is
needed to suppress these backgrounds. Lepton isolation
is not expected to suppress Wand Z leptonic-decay back-
grounds, but these have other kinematical features that
can be exploited.

4
10

10

2
10

101 IiiiIiti»itii«liii, l«
40 60 80 100 120 140

rn, (GeV)

FIG. 2. Total production cross sections for pp~ttX and
pp~(tb plus tabb)X vs the top-quark mass at &s =2 TeV. These
values can be compared with the background cross sections
given in Sec. IV.

Thus two parameters R, and E, specify the isolation cri-
teria. In our present analysis we choose the values

R, =0.4, E, =3 GeV . (21)

We evaluate Er by summing all the partons falling within
the lepton isolation cone plus an estimate of soft contri-
butions from the underlying event. The latter is
represented by the modulus of a Gaussian random vari-
able with mean 0 and standard deviation 1.8 GeV, follow-
ing UA1 results for leptons produced in W decays, re-
scaled to our value of R, and the central multiplicity at
vs =2 TeV.

Lepton isolation suppresses bb and cc backgrounds
effectively only when pz(l)»mb. We therefore usually
impose a lepton pz cut:

pr(l) &pP' . (22)

C. Isolated leptons plus jets

It is helpful to subdivide the isolated lepton cross sec-
tion according to the number of accompanying jets. We
require these jets to have

To illustrate the difference in isolation between top-quark
signals and bb +cc backgrounds, Fig. 4 compares the cal-
culated distributions do /d(g Ez) with respect to the ad-
ditional transverse energy

JEST

accompanying a lepton
(with pr"'=20 GeV) within b,R =0.4 for pp~ttX and

pp ~bbX processes. Very little of the bb background has

g Er & 3 GeV, whereas a substantial part of the tt signal
falls in this range; the tail of the distribution in the tt case
is largely due to secondary semileptonic decays such as
t ~b ~cl v which are naturally nonisolated.
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I I I I Figure 5(b) shows that in events containing two jets
plus an isolated lepton having pzI & 20 GeV, signal
exceeds bb and cc backgrounds for m, (80 GeV. The
background from W production with two QCD jets is
however troublesome.

Figure 5(c) shows that in n & 3 jet events with an isolat-
ed lepton the top signal exceeds all backgrounds for
m, (80 GeV. For m, =100 GeV, the t signal is compara-
ble to the background from W plus jets.

I I I I
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EAc (GeV ) D. Missing transverse momentum

FIG. 4. Spectrum of hadronic ET accompanying the hard
lepton in a cone of hR =0.4 from tt events (m, =60 GeV) and
bb events.

~
rl(jet)

~

&2.5, pT(jet) & 15 GeV . (23)

Top-quark events typically have one or more jets. Fig-
ures 5(a) —5(c) show the top signals and bb+cc back-
grounds for isolated lepton plus one, two, or three jets,
plotted versus the cut on the lepton pT. Table I lists the
corresponding number of events for the 0.5 pb

' in-
tegrated luminosity expected in the next run at the Teva-
tron collider. For the case pT"' ——20 GeV, the cccc, ccbb,
and bbbb final states give negligible contributions to these
cross sections. Our bb and cc background calculations
are limited to bbx and ccx final states, where x =g, q, q is
a light parton. For kinematical reasons these cannot con-
tribute an isolated high-pT lepton at the same time as
three jets. Some small three-jet contributions may be ex-
pected from final states such as bbgg containing two light
hard partons, corresponding to higher terms in the QCD
shower that have not been explicitly calculated; however
they would be only a small fraction of the calculated bb
two-jet background and therefore negligible.

mT(l&gT)=(
I pir I +

I KT I
} (PIT+llT) (24)

Figure 7 shows the distribution versus mT(I, IlT) for
events with an isolated lepton plus two or more jets. The
position of the maximum is clearly correlated with m,
and offers a way to measure the top-quark mass. For
m, &M~ the mz(e, v) distributions are approximately
bounded above by m„. when m, &M~+mb there is a

The missing transverse momentum Pz is measured by
the overall momentum imbalance. It contains contribu-
tions from the neutrino accompanying the isolated
trigger lepton, from the neutrinos of other semileptonic
decays that may be present, and from various measure-
ment uncertainties. In our calculations we explicitly in-
clude decay neutrinos but do not fold in measurement un-
certainties on PT.

Figure 6 shows the calculated distribution versus Pz
for events containing an isolated lepton with

pT &pT"'=20 GeV plus two or more jets. The pT distri-
bution peaks at 15, 22, and 36 GeV for m, =60, 80, and
100 GeV, respectively, but the W background also intro-
duces a strong peak.

We define as usual the "transverse mass" mT(I, PT) of
the lepton and the missing pz-, by"

80
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60-

50

I ( g ) 1 ISOLATED
LEPTON
PLUS

I I

(C ) ISOLATED

40oI—
CL
h 30
I—

20

10
t t (100) ~~~ ~ ~ ~~

0
15 20 25

pCUt ( Geg )T

t t(100}
30 15 20 25 30 15

pCU't
( Geg )T

W~ t(60}

20 25
p'"' (Gev)

T
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FIG. 5. Total cross sections for events containing one isolated lepton plus (a) one jet, (b) two jets, and (c) three or more jets, vs the

pT cut on the isolated lepton. The contribution from W+jets, with W~e or p, varies from 450 to 300 pb in (a) and from 103 to 76
pb in (b).
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TABLE I. Expected number of events in 1988 run of the
Tevatron collider for t-quark signals (m, =40, 60, 80, and 100
GeV) and backgrounds for projected integrated luminosity 0.5
pb '. The hard isolated lepton has pr & 20 GeV; other cuts are
as described in the text.

Process 1+n jets
n)2 n)3

11'

(mI«60 GeV)

CC

bb
bbbb
bbcc
cccc

W+ jets
y+Z

Z ~7K
Total background

W~t (40)
tt(40)

W t(60)
tt(60)
tt(80)
tt{100)

2
6
0
0
0

55
0
0

63
22

114
9

51
22
9

0
0
0
0
0
8

0
0
8
9

34
1

24
12

5

0
0
0
0
0
0
0.5
1.5
2.0
0

15
0
5

2
0.5

Jacobian peak at mT ——M~ due to the decay to a real W
boson.

This distribution may allow one to distinguish roughly
between events containing a real W, and those containing
a virtual W. For instance, requiring mz(l, Pz ) &60 Ge&
will greatly reduce the background from real 8 s; the sig-
nal to background from t quarks with m, & 60 GeV which
decay via the three-body mode would be enhanced.

I I I I

I
f I I I

I
1 I I I

I
I I f I

I
I I 1 I

I
' I I I

2 0O
U

1.5

E" 1.0

~ 0.5

0.0
0 20 40 60

~ ~

80 100 120

m, &M~+mb, the hadronic decay W~qq' of the W
from the second top quark (assuming the first decays
semileptonically) gives a dijet of mass Mn that dominates
the m" distribution. This peak stands out above back-
ground from W plus jets events, allowing one to distin-
guish a signal above background for a t quark of mass
100 GeV. Thus, a scatter plot of mT(l, j'T) vs m" should
contain events on each axis clustered about M~ if a
t ~ W signal is to be claimed.

If we restrict attention to events with an isolated lepton
plus three or more jets, then the signal to background is
greatly enhanced. Figure 8(b) shows the distribution of
invariant mass of the three hardest jets. A certain frac-

2.0 I I I
I

I 1 I I
I

I I I I
I

I I I I
I

I I I I

mT(I, gr) (GeV)

FIG. 7. Spectrum of transverse mass of the lepton mass gfr in
events with an isolated lepton plus two or more jets.

E. t-quark mass determination

In order to extract the top-quark mass from data, the
infortnation from PT and mT(l, PT) distributions above
may be supplemented by the study of other dynamical
distributions. We concentrate attention now on events
containing an isolated lepton plus two or more jets. Fig-
ure 8(a) shows the distribution versus invariant mass of
the two hardest jets (those with highest pT). For

~ ~ ~ I
I

~ I l
I

I

1.5
O
V
~ 1.0
E

e 0.5
U

0 00' 20

0.5—

40 60 80 100 120
mjj (GeV)

I
I I I I

I
I I I I

I
I I I I

) 3
U

2

O

0
20

I

40
g T(GeV)

60 80

FIG. 6. Spectrum of missing transverse momentum in events
with an isolated lepton with p» 20 GeV and two or more jets.
We illustrate curves for m, =60, 80, and 100 GeV. The contri-
bution from W+jets where W~e or p is labeled W.

~ 0.4

~ 0.3

E 0.2

~ 0.1

0.0
0 50 100

m. .. (GeV)
150 200

FIG. 8. Spectrum of (a) invariant mass of the two highest-pT
jets and (b) invariant mass of the three highest-pT jets in events
with an isolated lepton plus two or more jets, where the isolated
lepton has p»20 GeV. We illustrate curves for m, =60, 80,
and 100 GeV. The contribution from W+jets, with W~e or p,
is labeled W.
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F. Dilepton events

It is interesting also to consider dilepton signals. We
require both leptons to be isolated, according to our cri-
teria above, and initially require both leptons to have

pT g10 GeV. Figure 11 shows how the cross sections
vary if we require one of the leptons to exceed a variable
cut, pT (hard lepton) )pr"'.

Figure 12(a) shows the invariant-mass distribution of
the isolated lepton pair; Fig. 12(b) shows the azimuthal
opening angle between them. Although the invariant
mass contains little information about the top mass, the
azimuthal correlation is more strongly back to back for
lighter m, .

I I I 1

j
I I I I

j
I f I I

j
I I [ 1

(

I I I I
l

I I I I

1.0:)
0.8:

a. 0.6—

0.2—

0.0
0 25 50 75 100 125 150

mr (djs,~T} (GeV)

FIG. 9. Spectrum of transverse mass of the isolated lepton
plus third hardest jet cluster, with gfz. , in events containing an
isolated lepton with pz & 20 GeV and three jets or more jets.

tion of the time, these three jets all come from the same t
quark, giving rise to a sharp peak at m, which should be
clear above background given adequate detector resolu-
tion of jet momentum and energy.

We may also define a "cluster transverse mass, ""
where the lepton

~ piT ~

and pIT appearing in Eq. (24) are
replaced by (

~ p, T ~
+m, )' and p, T for a cluster of

particles c. Figure 9 shows the distribution versus trans-
verse mass for the cluster (I+j3), where j3 is the third-
hardest jet in events with three or more jets, combined
with missing pT. The distribution has a clear maximum,
correlated with m, . Unfortunately, for the case m, =100
GeV, the distribution in this variable is very similar to
the background from W+ 3 jets.

Transverse-mass variables are invariant under longitu-
dinal boosts and insensitive to transverse boosts (unlike
PT). The UA1 group has proposed' a similar "invariant
mass" quantity, where the PT transverse vector is extra-
polated into a four-vector by adding a zero longitudinal
momentum component and postulating (P) =0, as ap-
propriate for a neutrino. In this way a pseudoinvariant
mass of lepton I, "missing energy momentum" gf, and
various jets can be constructed, although this prescrip-
tion is not invariant under longitudinal boosts. Roy has
advocated the pseudoinvariant mass m (I +j2+gf ) of iso-
lated lepton plus second-hardest jet plus missing energy
momentum in two-jet events; Fig. 10 shows the distribu-
tion versus this variable. It is less sharply peaked than
the transverse-mass distributions in Fig. 9.

r i
j

i & r &

)
& r s i

~

r

1.5)I
~ 1.0

E~ 0.5

D

0.0
25 50 75 100 125 150

m(t)j2+T) (GeV)

FIG. 10. Spectrum of pseudoinvariant mass of the isolated
lepton plus second hardest jet plus missing pT vector in events
with one isolated lepton plus two or more jets, where pIT &20
GeV.
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FIG. 11. Expected cross sections for events containing two
isolated leptons vs the pT cut on the hard lepton. The soft lep-
ton has pT & 10 GeV. The top-quark signal is shown; we found
no substantial background from other heavy flavors. The back-
ground from y to Z~ll where l =e or p is 216 pb for pT"' ——20
GeV.

These events can be either ee, pp, ep, or pe. Almost
always the isolated leptons come from the primary t de-
cays, so there should be no "two-isolated like-sign dilep-
ton" events observable. The dominant background is y*,
Z~ll which is plotted in Fig. 12(a). This shows that a
cut of mI& & 60 GeV or so will be required to separate sig-
nal from background, except for the mixed flavor ep, or
ep events. The process Z~vf with ~-semileptonic de-
cays contributes a background to these events. For
m, F80 GeV the signal exceeds this background; see
Table I. Table I gives event rates with this cut. The t-
quark-initiated dilepton events will be accompanied by
two b jets, and substantial gfT The .gfr distributions from
these dileptons are similar but slightly harder than the
corresponding distributions of Fig. 6.
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FIG. 12. Spectrum of (a) invariant mass of the two isolated
leptons and (b) the transverse opening angle between the two
isolated leptons in events with two isolated leptons, with

pT(hard) &20 GeV and pT(soft) &10 GeV, for m, =60, 80, and
100 GeV. Also shown in (a) is the contribution from y or Z~ll
where l =e or p.

G. Summary

We have the following.
(i) We expect the next run of the Tevatron pp collider

to be able to probe up to t-quark masses of about
m, =100 GeV.

(ii) The dominant identifiable signals will be isolated
high-pT leptons accompanied by two or more jets.

(iii) Differences in kinematic distributions should allow

separation of t-quark signals from backgrounds from
heavy flavors and vector bosons.

(iv) For m, & M~, the t mass may be obtained from the
distributions in transverse mass mr(l, IIT), cluster trans-
verse mass m r(1+j 3,gfT), and the invariant mass of the
three hardest jets.

(v) For m, =100 GeV, the background from directly
produced 8'plus jets poses difficulties, but the top quark
can be found and its mass can be measured from the
three-hard-jet invariant mass, given sufficient detector
resolution.

(vi) There should be a smaller signal from events con-
taining two isolated high-pT leptons plus missing energy
plus jets which can be used to confirm the presence of a
top signal for m, & 80 GeV.

Note added. After this paper was completed we re-
ceived a report by P. Nason, S. Dawson, and R. K. Ellis
[Report No. Fermilab-PUB-87/222- T (unpublished)]
where the K factor relating the O(a, ) total heavy-quark
cross section to the lowest-order cross section is evalu-
ated versus the heavy-quark mass. For b quarks they find
I( =2.5 and for t quarks K=1.7-1.4 for m, =40-100
GeV, at &s =1.8 TeV with Q =s. These results would
not appreciably modify our conclusions; our choice of
Q =s/4 rather than Q =s increases the t-quark cross
section by about 30%%uo (equivalent to a factor K =1.3) for
m, =80 GeV but affects b-quark production much less.
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