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We present a new method to detect a heavy top quark with mass —180 GeV at the upgraded Fer-
milab Tevatron (&S =2 TeV and integrated luminosity 100 pb ') and the Superconducting Super
Collider (SSC) via the W-gluon fusion process. We show that an almost perfect efficiency for the
"kinematic b tagging" can be achieved due to the characteristic features of the transverse momen-

tum P& and rapidity Y distributions of the spectator quark which emitted the virtual W. Hence, we

can reconstruct the invariant mass M'" and see a sharp peak within a 5-GeV-wide bin of the M"
distribution. We conclude that more than one year of running is needed to detect a 180-GeV top
quark at the upgraded Tevatron via the W-gluon fusion process. Its detection becomes easier at the

SSC due to a larger event rate.

I. INTRODUCTION

The yet to be found top quark is required in many as-

pects, either experimentally' or theoretically. Recently,
the Collider Detector at Fermilab (CDF) Collaboration
has set a lower bound on the top-quark mass of about 78
GeV. Any value in the range of 78 «m, 200 GeV may,
therefore, be allowed at present. The Fermilab Tevatron
will permit a top-quark search up to about 100 GeV in
the near future, and~ossibly up to 150 GeV for an up-
graded Tevatron (&S =2 TeV and integrated luminosity
100 pb ') by detecting the dilepton, or lepton + jet pro-
duction of the tt final state. Extensive references may be
found in Ref. 5 for the signatures of the top quark if
m, «M~. For m, M~, the signatures of the top quark
via the pp~ttX~bbW+W X process have also been
studied by various groups.

In this paper we will study the production of a heavy
quark at the upgraded Tevatron and the Superconducting
Super Collider (SSC) via the W-gluon fusion process,
shown in Fig. 1. The heavy quark can be a top quark or
a sequential fourth-generation quark. We pay special at-
tention to the characteristic features of the transverse
momentum Pz- and the rapidity Y distributions of the
spectator quark which emitted the virtual 8'. From these
unique features we develop a "kinematic b-tagging" algo-
rithm for this process: its efficiency is almost 100%%uo.

Notice that the "kinematic b-tagging" method intro-
duced here is based on the unique kinematic features of
the 8'-gluon fusion process. It is not the usual b tagging
achieved by tagging on the muon via b ~p vX or using
a fine vertex vector.

We also introduced an algorithm to find the longitudi-
nal momentum of the neutrino coming from the decay of
the real 8'produced by the decay of the top quark. We
can then reconstruct the top-quark mass and see a sharp
peak within a 5-GeV-wide bin of the invariant mass
M' . As an example, we choose a 180-GeV top quark to
perform a Monte Carlo study at both the upgraded

Tevatron and SSC, and we conclude that the W-gluon
fusion mechanism is indeed useful in detecting such a top
quark. The same conclusion should hold for any top
quark with m, &M~. The relative event rate of the 8'-
gluon fusion mechanism versus the tt production mecha-
nism grows as the top-quark mass increases. Hence the
W-gluon fusion mechanism becomes increasingly impor-
tant as the top-quark mass gets heavier, provided there
are enough signal events retained to yield a reasonable
signal-to-background ratio in the analysis. For instance,
this production mechanism will work better for detecting
a 140-GeV top quark than a 90-GeV top quark.

The remainder of this paper is organized as follows. In
Sec. II we review some results of top-quark detection via
the QCD processes qq or gg~tt In Sec.. III we discuss
how to detect a heavy quark via the F-gluon fusion pro-
cess and compare this strategy with the above one, i.e.,
via the pure QCD processes. In Sec. IV we present a
Monte Carlo study for the detection of a 180-GeV top

(-)
q

FIG 1. Feynman diagrams for the W-gluon fusion process.
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quark at the upgraded Tevatron. The 8'+3 jet back-
ground will also be studied using a parton-level Monte
Carlo program written by Dieter Zeppenfeld, W. Long,
T. Han, and Dorothea Zeppenfeld. A separate study us-

ing the parton-level Monte Carlo program PAPAGENO

(Ref. 10) is also given in the Appendix for comparison.
Section V. is devoted to the detection of the same top
quark at the SSC. We conclude our study in Sec. VI.

II. HADRONIC tt PRODUCTION

The production of a heavy quark in hadronic collisions
arises from the standard lowest-order [O(a, )] @CD sub-
processes" '

qq ~tt, gg ~tt, (2.1)

8'+ 8' ~e—+vjj or p
—+vjj, (2.2)

where one W decays hadronically (e.g., W+~ud or cps,
and another W decays leptonically (e.g., W ~e v, or
p v„). The resulting cross section is

3.7 pbX —,
' X —,'X2=1.1 pb . (2.3)

In order to reduce the severe background for this decay
mode from the

pp~ W+(~e —v or p,
—v)+ jet (2.4)

events, one must impose some kinematic cuts, e.g. , trans-
verse momentum and rapidity cuts. The resulting ratio
of this signal to the major background from the process

as well as O(a, ) contributions. ' The cross sections for
heavy-top-quark production have been presented in a
number of works (see, e.g. , Refs. 5, 6, and 11—15). How-
ever, the crucial cross sections are those which involve
certain selection criteria. At the Tevatron (&S =2 TeV),
the cross section of (2.1) for m, = 180 GeV is about 3.7 pb
before any kinematic cuts. We still have to include the
branching ratio for observing

tt~ %+8' jj,
with

work, we shall not pursue it any further. Instead, we
shall discuss the "gold-plated" mode

W+ 8' —+p+e v, v„or p e+v, v„.
Its branching ratio is

9 X 9 X 2

(2.7)

(2.8)

III. HEAVY-TOP-QUARK PRODUCTION
VIA $V-GLUON FUSION

which is —,', of the decay mode (2.2). This yields about
nine signal events at the upgraded Tevatron, before any
cuts. For this small sample of signal events, the back-
ground from the continuum W+ W production and the
Z(~r+r )+ jet (&0) processes should also be con-
sidered. Although it is not impossible to detect a 180-
GeV top quark through this mode, it is definitely non-
trivial. The inclusion of the e+e Vv and JM p vv modes
increases the signal by a factor of 2. But then additional
sets of backgrounds should be considered, e.g., Drell-
Yan, bb (including the flavor excitation), and muon
punchthrough.

The determination of the top-quark mass from the pro-
cess (2.1) will be difficult, either via the lepton + jets, or
via the pure leptonic final states of that process.

Is there any process which can allow us to determine
the top-quark mass more easily? The answer is yes, but
more than one year of running at the upgraded Tevatron
is needed (integrated luminosity of 100 pb '). We find
that the F-gluon fusion process can provide the informa-
tion on the top-quark mass more directly, provided the
top quark is heavier than the 8'boson. Through the al-
gorithm we shall introduce in the following sections, we
find that an almost perfect e%ciency for the "kinematic b
tagging" and the determination of the longitudinal com-
ponent of the neutrino momentum (both by kinematic
methods) give us accurate information about the top-
quark mass.

In the next section, we shall present the details of this
new method, of detecting a heavy top quark at the up-
graded Tevatron via the W-gluon fusion process.

pp~ W —(~e —v or p*v)+ jets ( ~2) (2.5) In this section we would like to discuss how to detect a
180-GeV top quark via the F-gluon fusion process

is still big. The details depend on the kinematic cuts im-
posed in the analysis, but it is typically of the order of
1/50 (Ref. 6). Of course, one can do better by requiring a
high-PT lepton associated with three high-PT jets. In this
case, most of the signal will be retained for a 180-GeV
top quark, but the 8 + jet background will be down by
about a factor of 5 —10 for

pp ~ W —(~e —v or p
—v)+ jet ( ~ 3) (2.6)

events. In principle, one can even try to observe one
high-PT lepton associated with four high-PT jets, and
then use the dynamic likelihood method' to discriminate
the signal from its backgrounds. In addition, one may
use the b-tagging method to further improve the ratio of
signal to background at the cost of an 11%%uo efticiency for
tagging each b ~p vX. Since this is not the goal of this

qg (W+g)~tbq, (3.1)

qg ~qtb . (3.2)

The reason is that the tb pair in the W-gluon fusion pro-
cess (3.1) is in a color-octet state, while the tb pair in the
process (3.2) forms a color singlet. Also, the constituent
cross section of (3.1) differs depending on whether the W
boson is emitted from an initial quark or antiquark state.

as shown in Fig. 1. Its cross section has been given in
Refs. 17 and 18. However, it has not been discussed be-
fore how to detect a heavy quark using this process. It is
the goal of this work.

The diagrams shown in Fig. 1 form a complete set of
Feynman diagrams. They do not interfere with the
Drell- Yan process
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The simplest way of computing this cross section would
be to use the effective-W method. ' ' However, it is not
well suited to our purpose because it neglects the PT be-

havior of the scattered spectator quark. The transverse
momentum PT and rapidity F behavior of the scattered
quark will be the very tools we will use to discriminate
this signal from its backgrounds. To make the text self-
contained, we give the various relevant cross sections in

Fig. 2 for the Tevatron. We use set 1 (A=200 MeV) of
the parton distribution functions of EHLQ (Ref. 20), and
evaluate them at Q =MIi for the initial quark (anti-

quark) q which emitted the 8' boson, and at

Q =(m, +mb) for the gluon in the W-gluon fusion pro-
cess (3.1). The cross sections of the processes (2.1) are
evaluated for Q being the average value of the transverse
masses of the outgoing primary particles,
MT=(PT+m )' . We take m&=5 GeV, Ma, =81 GeV,
M&=92 GeV, and a= », . The weak mixing angle is

defined by cosHIi =MII, /M~. The results are shown in

Fig. 2 for the Tevatron (&S =2 TeV) as a function of the
top-quark mass m, . Only the lowest-order QCD sub-

processes (2.1) are considered.
We have used &S =2 TeV instead of 1.8 TeV for the

Tevatron because the signal event rate from process (3.1)
gains about a factor of 1.4 for a larger proton-antiproton
center-of-mass energy. For instance, the cross section of
the process (3.1) with m, =180 GeV and mb=5 GeV is

about 1.0 pb for &S =2 TeV, and 0.7 pb for &S =1.8
TeV.

For a 100-GeV top quark, the cross section of the

QCD processes (2.1) is about 83 pb, and the W-gluon

fusion (3.1) is about 9.8 pb (including both charges). But
for a 180-GeV top quark, the cross section of the QCD

( 100 pb
'

) X (2.0 pb ) X —,
' =44 events (3.3)

before any kinematic cuts.
At first sight, this may not seem more advantageous

than the detection of tt from the QCD processes (2.1) dis-
cussed in Sec. II. Recall that before any kinematic cuts
we have about 110 signal events of (2.1) for semileptonic
decay of one top quark and hadronic decay of another 9
signal events for the e —+p mode, and 18 signal events if
we include all the charged modes e+e, e +—p+, and
p+p . Keep in mind that all the above available chan-
nels may suffer completely different sets of backgrounds.

The method of detecting a heavy top quark via the pro-
cess (3.1) is obviously diff'erent from that via the process
(2.1). To emphasize these differences, we show in Fig. 3
the diagrams of the possible final states seen by the detec-
tor for the signal of one high-PT lepton associated with
jet'(s). In Fig. 3(a), for the process (2.1), it is characterized
by one high-PT positron e, missing ET, and possibly 2,
3, or 4 hard jets, for m, =180 GeV. In Fig. 3(b), for the
process (3.1), it is characterized by one high-Pr positron
e, missing ET, and typically 2 or 3 hard jets, again for
m, =180 GeV.

For the process (3.1), in Fig. 1, the propagator of the

processes (2.1) is about 3.7 pb, and the W-gluon fusion
(3.1) is about 2.0 pb (including both charges). These two
processes only differ by a factor of 1.9 for m, =180 GeV,
instead of 8.5 in the m, = 100 GeV case.

As shown in Fig. 2, the cross section of
pp( W+g)~tbX is about 1.0 at m, = 180 GeV. Including
both charges, we have 2.0 pb for the process
pp( W'+—g )~tbX or AX Th.e branching ratio for observ-

ing both the e+v, b and p+v„b modes of a top quark is

about —,
' X2=—', . Hence, the event rate of observing t or t

via the decay modes of e+—vj or p
+—vj is

103
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FIG. 2. The dashed line is the total tt production cross sec-

tion vs m, at a pp collider with &S =2 TeV. The solid line is

the cross section of the tb production via 8'+-gluon fusion pro-
cess, only one charged state is included. A factor of -2 should

be multiplied to include both tb and tb productions. m& is the
bottom-quark mass.

FIG. 3. (a) Shows the final states of the QCD process (2.1).
(b) Shows the final states of the 8'+-gluon fusion process (3.1).
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0.0 125virtual W is roughly
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1

P +M~
(3.4)

0.0100

where PT is the transverse momentum of the W relative
to the incident quark direction. The transverse momen-
tum of the W-gluon (or tb) system should be balanced by
that of the jet formed by the spectator quark that emitted
the virtual W. This raises the possibility of using the
spectator quark to tag ' the W-gluon fusion process, Fig.
3(b).

At the pp collider SSC (&S =40 TeV and integrated
luminosity 10 nb '), this jet-tagging method will be ex-
tremely useful because the rapidity distribution, shown in
Fig. 4, of this spectator quark from the W-gluon fusion
process is very different from that of the usual QCD jet,
which tends to peak at zero rapidity. Therefore, one can
"kinematically tag" this quark jet to isolate the tb (or ttl)

events produced via the W-gluon fusion mechanism from
the electroweak-QCD background W+—+jet(s). At the
Tevatron collider, the available x value [(S)'r
=QxlxzS] is not as small as that at the SSC for the
same heavy-quark mass. Hence, the spectator quark ra-
pidity distribution peaks at a smaller

~ F~, -1.6, shown
in Fig. 5. Recall that at the SSC the rapidity distribution
of the spectator quark peaks at

~
Y~ -4, shown in Fig. 4.

Furthermore, the spectator quark rapidity distribution
is asymmetric in a pp collider if only one sign of lepton
charge (e+) is considered. This is due to the asymmetry
of the relevant parton distributions of proton and an-
tiproton. Provided the sign of the lepton charge can be
measured, this rapidity asymmetry might provide a tool
to confirm whether a top-quark signal at a pp collider
indeed comes from the W-gluon fusion process. At the
Tevatron, the spectator-quark rapidity distribution
indeed shows an asymmetric behavior, as shown in Fig.

0.0075
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0.0025

o.oooo —6 —4
I I I I I I

Y

FIG. S. The rapidity distribution of the spectator quark q in

Fig. 3(b) for the W+-gluon fusion process at the Tevatron with
&S =2 TeV. Notice that only the positive charge state 8'+ is
considered.

5, in contrast with the peak at F =0 for the usual QCD
jet.

Because we would like to retain as many signal events
as we can, we shall not make a tighter cut on this charac-
teristic spectator-quark rapidity distribution. However,
we shall use the unique characteristics associated with
the W-gluon fusion mechanism to isolate this top-quark
signal from its backgrounds. The details of this tech-
nique shall be presented in the following sections. Before
we conclude this section we point out that the average PT
of the spectator quark is about MII, I2. This high Pr and
the unique rapidity distribution of the spectator quark
make it possible for us to kinematically tag the b quark,
in Fig. 3(b), coming from the decay of the top quark pro-
duced via the W-gluon fusion process. Therefore, we can
reconstruct the top-quark mass [the invariant mass of e+,
v„and b in Fig. 3(b)] without paying the price of a com-
binatorial factor to decide which is the "correct" b-quark
jet among the typical 2 or 3 jets, as shown in Fig. 3(b).

0.0025 I I I I I I I I I I I I I I I I I I I I I I I I

0.0020

0.0015
IV. HEAVY-TOP-QUARK DETECTION

AT THE TEVATRON

0.0010
In this section, we present the results of some exercises

using a parton-level Monte Carlo program to study
heavy-top-quark production from the W-gluon fusion
process. We shall only consider the positive-charged
channel, i.e., tb production, for the signal with top-guark
mass m, =180 GeV at the upgraded Tevatron (&S =2
TeV and integrated luminosity of 100 pb '). Only the
decay mode

0.0005

I I I I I I I I I I I I I I I I I I I I I I I I0.0000

Y

t bW+( e+v, ) (4.1)
FIG. 4. The rapidity distribution of the spectator quark q in

Fig. 3(b) for the 8'+-gluon fusion process at the SSC collider
(v'S =40 TeV).

will be considered when we give our event rate. In prac-
tice, it may be multiplied by 4 to account for both charged

NEW METHOD TO DETECT A HEAVY TOP QUARK AT THE. . .
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channels and the ability to detect muons. No attempt is
made to simulate an actual detector when we consider
our top-quark signal from the 8'-gluon fusion process.
There is a very large background coming from

8'+(~e+v, )+ jets ( &2) . (4.2)

In principle, when we discuss the detection of a heavy-
top quark via the W-gluon fusion process (3.1), we should
consider top-quark production via the QCD process (2.1)
as one of the backgrounds. However, because of the very
different topological structures of these two kinds of
events at the parton level, as discussed in the previous
section, one can simply ignore the "background" from
the QCD process (2.1). (We have checked that this con-
tribution to the background is less than 1%.)

In Sec. IVA we discuss the signal. We discuss the
8'++ jet background in Sec. IVB and give our con-
clusions for detecting a 180-GeV top quark at the up-
graded Tevatron.

A. The heavy-top-quark signal
from the W-gluon fusion process

0 010

As discussed in Sec. III the spectator quark q in Fig.
3(b}has a typical transverse momentum Pr =MII, I2. For
a 180-GeV top quark, the top quark will decay to a bot-
tom quark b and a real 8'+ boson. Both b quark and
W+ boson have the average Pz about nI, /2&2 =64 GeV.
However, the b quark in Fig. 3(b) has a relatively low Pz.
This gives us a convenient handle to "kinematically tag"
the b quark from the PT distribution, i.e., the lowest-PT

jet among these threejets in Fig. 3(b) is unlikely to be the
b-quark jet. To distinguish the b quark from the q quark
in Fig. 3(b), we shall use the characteristic rapidity distri-
bution of the q quark, which is uniquely different in shape
from the usual QCD jets, e.g., the h-quark jet, shown in

Fig. 6. For completeness, we also show the rapidity dis-
tribution of e from the top-quark decay in Fig. 7. We
then use the following algorithm to "kinematically tag"
the b-quark jet in Fig. 3(b). First, find the two high-PT
jets, j] and j2. Then compare the absolute value of the
rapidity

~
Y~ of j, and j2, and demand the one with the

larger
~ Y~ to be the q-quark jet (we shall name this jet as

j, ). The other one is the b-quark jet (called jz in the rest
of this paper} decay from the top quark. The kinematic
cuts for the following analysis are

PT') 20, PT'&40, P~') 10, E ' &50,
pe & 15 Emissing & 15T p T

bR(j„j2)&0.7, bR (j„j3)&0.7,
aR(J, ,J, ) &0.7,

(4.3)

+ [(pv)2+ ( p v)2] I /2
j

2

—[(P'+P'+P ) +(P'+P'+P ) ])' (4.4)

where the missing ET information has been used in this
definition. We expect the distribution of the transverse
mass MT' peaks at the top-quark mass, as shown in Fig.
8. The tails on both sides of the peak are due in part to
the probability of tagging the "wrong" b quark. The
nonvanishing top-quark transverse momentum also con-
tributes to the tails. To select a sample to determine the
top-quark mass from the invariant mass of e+, v„and b,
we impose a transverse-mass cut

Once we tag the b-quark jet (jz) we can then reconstruct
the transverse mass of the decay products of the t
quark, i.e., b, e+, and v, . The transverse mass MT" is
defined as

Mevb ( I [(g b+Ee 2)(pb+ pe)2]1/2

0.010
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0.008
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0
Y,
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FIG. 6. The rapidity distribution of the b quark, in Fig. 3(b),
for the 8'+-gluon fusion process at the Tevatron with &S =2
TeV.

FIG. 7. The rapidity distribution of e+ from a top-quark de-
cay for the process (3.1) at the Tevatron with &S =2 TeV.
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FIG. 8. The transverse-mass MT' distribution for the pro-
cess (3.1) at the Tevatron with &S =2 TeV.

FIG. 9. The invariant-mass M"" distribution for the process
(3.1) at the levatron with &S =2 TeV.

M' "&100GeV (4.5)

for m, =180 GeV. Since both e+ and v, come from a
real 8'+ boson, we can use the 8'-boson mass constraint

Mw=(p. +p. )' (4.6)

to specify the longitudinal momentum P, of the neutrino.
There are two solutions for P,", and most times both of
them are physical solutions for a signal event. Therefore,
one has to fix a prescription to choose the one which
will most likely give the correct distribution of the invari-
ant mass of e+, v„and b. We shall choose the one solu-
tion which has the smaller ~P,"~.

We then construct the top-quark mass by

We emphasize that the above analysis algorithm has
used both the transverse momentum PT and the rapidity
Y distribution of the spectator quark which emitted the
virtual 8' in Fig. 1 to "kinematically tag" the b quark
coming from the top-quark decay. Its efficiency is almost
100%. Furthermore, because there is only one neutrino
involved in a signal event, we can easily reconstruct the
top-quark mass by choosing the appropriate longitudinal
momentum P, of the neutrino from the W-boson mass
constraint (4.6). In the next subsection, we will find that
the "kinematic b-tagging" algorithm is a useful tool to

0 06

m, =(pb+p, +p ) (4.7)
0.05

This is the unique handle for the 8' gluon fusion -process to
determine the top-quark mass. Recall that in the process
(2.1), it is nontrivial to reconstruct the top-quark mass,
e.g., three-jet invariant mass Mi (Ref. 6) due to the com-
binatorial factor of picking up the right three jets coming
from the same top quark (or antiquark).

The result of the reconstructed top-quark invariant-
mass distribution for the 8'-gluon fusion process is shown
in Fig. 9. There are 2.8 signal events retained after all the
above kinematic cuts. (This should be multiplied by four
to account for both charged channels and the ability to
detect muons. ) This corresponds to a reduction of
2.8/11=0.25 of the signa1 event rate. It has a very sharp
peak within the 5-GeV-wide bin centered at the top-
quark mass of 180 GeV. [The decay width of
I (t~bW+) is about 1.7 GeV for m, =180 GeV.] We
find that this sharp peak indeed shows up in the invariant
mass M' plot, Fig. 10, including both the signal (3.1)
and background (4.9) events. [Only one charged mode
(4.1) is included here. ]

0.04

OJ

C3

0.03

A

0.02

0.01

0.00
0

I I I I I I I I I I I I I I I I I

50 100 150 200 250
M' "(GeV)

FIG. 10. The invariant-mass M" distribution for the sum of
the signal (4.8) and the background (4.9) events after the cuts
(4.3) and (4.5) at the Tevatron with &S =2 TeV. Only one
chrged mode (4.1) is included here.
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discriminate a top-quark signal form its W+jet back-
grounds

B. $Y+jet background

W+bbq

~e+v, bbq .

(4.8)

Within the same bin, we have about 3.8 background
event of

W+(~e v, )+3 jets . (4.9)

If we include both charged states ( W +—
) and assume we

can detect muons as well, then, within the same bin, the
ratio of signal to background

The major background for detecting the top-quark sig-
nal via the process (3.1) for m, = 180 GeV is the
W++ jet( ~ 2) processes. It turns out that the
W++ 2 jet background is too big to detect the top-quark
signal via the W-gluon fusion process for m, =180 GeV
at the upgraded Tevatron (more discussions related to the
W++2 jet background can be found in the Appendix).
Hence, we should study the W+ +3 jet process consistent
with what was discussed in the previous section for the
signal process (3.1). After imposing the same set of kine-
matic cuts, as shown in Eq. (4.3), we obtain about 2.8 sig-
nal events and 100 background events. Although the ra-
tio of signal to background is small, —

—,'„ the total back-
ground event number is not the issue in detecting the top
quark via the process (3.1). The relevant quantity is the
invariant mass M" distribution in Fig. 10. Therefore, if
one can do the mass resolution M' "

up to the accuracy
of 5 GeV or better, then the sharp peak in Fig. 10 will
show the top-quark signal distinctly over the W++3 jet
background. The top-quark mass is therefore deter-
mined.

More than half of the total signal events are retained
within the 5-GeV-wide bin containing the peak. This
corresponds to 1.6 signal events of

qg( W+g)~tbq

We conclude that a heavy top quark with mass 180 GeV
can be detected provided the mass resolution of M" can
be done with an accuracy of 5 GeV or better.

Before we leave this section, we point out that the
W+3 jet background given above is evaluated at Q =S.
We have checked other Q choices, and the cross section
can differ by a factor of 2 in our analysis. The cross sec-
tion we presented here is the most conservative one. In
addition, the shape of the M' " distribution from the
W+3 jet process varies with different choice of Q .

Furthermore, the event numbers given in this paper
can be expected to degrade when realistic detector effects
are included, but they illustrate the fact that the W-gluon
fusion process (3.1}can be a useful process for detecting a
heavy top quark. It can also be a useful process for
detecting possible sequential-generation quarks. In that
case, one should further consider the reduction in the
cross section due to either the Aavor-mixing angle or the
production of a pair of heavy quarks, e.g. , t' and b'.

In the next section, we shall turn from the Tevatron to
the SSC.

V. HEAVY-TOP-QUARK DETECTION AT THE SSC

I I I I I l 1 t I I I I I I f I I I

VS= 40 TeV

In previous sections, we have learned that the W-gluon
fusion process

qg ( W g}~tbq

can be very useful to detect a heavy top quark or a possi-
ble fourth-generation quark at the Tevatron. Because
this process becomes more important when the quark be-
comes more massive, as shown in Fig. 11, we should
study a heavy-quark production via this process at the
SSC (&S =40 TeV and integrated luminosity 10 pb ').

This section is devoted to the detection of a 180-GeV
top quark at the SSC via the W-gluon fusion process (3.1).
The analysis procedures are exactly the same as those dis-
cussed in the previous section. We shall again use the

=0.43 .
S 6.5

B 15
(4.10)

10'
PP

mb= 5 Gev =

S 6.5 =1.7 .
&B &iS

(4.11)

The significance of the signal to background is therefore
b

0
O
(I)

M
100

One may gain an even better S/8 by applying the
charged-particle multiplicity cut at the cost of some sig-
nal events. We shall not apply those cuts in our study
here. Because of the small number of signal events, more
than one year of running is needed at the upgraded
Tevatron with integrated luminosity of 100 pb

For a second-phase upgraded Tevatron (&S =2 TeV
and integrated luminosity of 500 pb '), the signiftcance
of the signal to background is

C3

tran

o 10 1

I I j I I I II I I I I I I j I I L !

150 200 250 300 350
mt(cev)

S 33—=3.8 .
&B &75 FIG. 11. Same as Fig. 2, but for the SSC collider.
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use the unique characteristics of the PT and Y distribu-
tions of the spectator quark q in process (3.1) to discrim-
inate the signal from its background. However, the rapi-
dity Y distribution of this spectator quark, shown in Fig.
4, is no longer asymmetric because this is a proton-proton
collider.

We found that at the SSC the signature

qg ( W+g )~ W+( ~e+ v) +2 jets (5.1)

of the signal (3.1) is already large enough to give a sharp
peak in the top-quark invariant-mass M'" plot, as shown
in Fig. 12, including both the signal (3.1) and the
electroweak-QCD background. Hence we shall study the
top-quark (via the W-gluon fusion mechanism) signature
characterized by one high-PT positron e, missing ET,
and two hard jets, at the SSC.

The electroweak-QCD background

W+(~e+v)+2 jets (5.2)

is obtained using the parton-level Monte Carlo program
PAPAGENO, which has the exact 2~ 3 matrix element for
this process. In the kinematic region, Eq. (5.3), relevant
to our study here, there is no infrared or collinear diver-
gences coming from the PAPAGENO Monte Carlo pro-
gram.

The kinematic cuts we imposed for the study of a 180-
GeV top quark are

P ')40 P ')40 P~) 20, Eml»»g) 20,

ER(j&,j2)&0.7 lY„I &5.0, IY, I
&2.0. (5.3)

To select a sample for determining the top-quark mass
from the invariant mass M', we impose a transverse-
mass cut

MT ) 140 GeV (5.4}

0 080

0.0 15

0.010

0.005

o opo
0 50 100 150 200 250

M""(Gev)

FIG. 12. The invariant-mass M" distribution for the sum of
this signal (5.1) and the background (5.2) events after the cuts
(5.3) and (5.4) at the SSC with &S =40 TeV. Only one charged
mode (4.1) is included here.

for m, =180 GeV. The resulting M' distribution is
shown in Fig. 12. There are 2.4X10 signal events of
(5.1) and 3.2X 10 background events of (5.2) retained
after the kinematic cuts (S.3). This gives about 2. 1 X 10
signal events and 2.5X10 background events after the
transverse-mass cut (5.4}. Including both charged states
and assuming the ability to detect muons, within a 5-
GeV-wide bin around 180 GeV of M', for m, =180
GeV, we have about

S 38X10 S
31 X 10 v'B (5.5)

The high signal event rate yields a 680o. e6ect. There-
fore, we conclude that the W-gluon fusion process (3.1) is
most useful in detecting a heavy top quark with mass
m, = 180 GeV at the SSC.

A similar procedure can be applied for detecting a pos-
sible fourth-generation quark at the SSC. We shall leave
this for a future study.

VI. CONCLUSION

On the basis of the unique transverse momentum PT
and rapidity Y distributions of the spectator quark which
emitted the W-boson for W-gluon fusion which produces
a heavy top quark, we conclude that the W-gluon fusion
process is most useful for detecting a heavy top quark at
the upgraded Tevatron with v'S =2 TeV and integrated
luminosity 100 pb '. In this paper, we have focused on
the example of a 180-GeV top tIuark and conclude that a
5-GeV mass resolution of M'" would be desired at the
upgraded Tevatron for its detection. Also, more than one
year of integrated luminosity is needed. To gain a factor
of 1.4 in the signal event rate at the upgraded Tevatron,
we prefer its center-of-mass energy to be v'S =2 TeV, in-

stead of 1.8 TeV. In addition, we showed that the W-

gluon fusion becomes more important for more massive
quarks (either a top quark or a possible fourth-generation
quark). At the upgraded Tevatron, one might not have
enough signal events to detect a more massive top quark,
say, 200 GeV, in one Tevatron year. However, at the
SSC, one can explore a more extensive range of the
heavy-quark mass.

Through similar analysis procedures, we also showed
that the W-gluon fusion process is most useful in detect-
ing a heavy quark at the SSC. The large event rate of the
signal yields a large significance for detecting a heavy
quark at the SSC.

Because we can "kinematically tag" the b quark in the
signal process of Fig. 3(b) using the unique features of the
PT and Y distributions of the spectator quark q, and
determine the longitudinal moment P, of the neutrino by
choosing the smaller lP;l of the two solutions from the
8'-boson mass constraint, Eq. (4.6), we can determine the
top-quark mass "precisely, " provided a S-GeV (or better)
mass resolution of M' can be achieved at the upgraded
Tevatron. Presumably, because of the high signal event
rate, a less accurate measurement of the invariant mass
M' is allowed for detecting a 180-GeV top quark at the
SSC.

We have chosen a 180-GeV top quark as our example
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to perform a Monte Carlo study at both the upgraded
Tevatron and SSC, and conclude that the W-gluon fusion
mechanism is most useful to detect a 180-GeV top quark.
The same conclusion should hold for any top quark with

m, &M~. Recall that at the upgraded Tevatron, a 180-
GeV top-quark event rate from the QCD process (2.1) is
only about a factor of 1.9 larger than that from the W-

gluon fusion process (3.1). At SSC, this factor is about
3.5. Hence the W-gluon fusion mechanism gets more im-
portant as the top-quark mass gets heavier, provided
there are enough signal events retained to gain a reason-
able significance of the signal-to-background ratio. For
instance, this mechanism will work better for detecting a
140-GeV than 90-GeV top quark. There is a bigger
chance for a heavier top quark to have at least two high
PT jets in the signal event in order to stand out against
the electroweak QCD background W+ jets( & 2) in the
invariant-mass M' plot. The details for various heavy-
quark masses should be worked out through a Monte
Carlo study, separately.

Finally, we emphasize that the "kinetic b-tagging"
efficiency is almost 100%. The experimental detection
efficiency is not included here. But one can gain a better
S/B by applying, for instance, the charged-particle mul-

tiplicity cut at the cost of some signal events. For the
W-gluon fusion process we emphasize again the charac-
teristic features of the PT and Y distributions of the spec-
tator quark which emitted the virtual W. This is unique
in the W-gluon fusion process (3.1), unlike the usual QCD
process (2.1), where one has to pay a 89% reduction of
the signal rate for tagging each b~p vX. The conse-
quence of this "kinematic b tagging" in the W-gluon
fusion process is the ability to reconstruct the invariant
mass M'" and, hence, determine the top-quark mass via
the process (3.1). This feature is absent in the usual QCD
process (2.1). There, one has to overcome the combina-
torial factor for kinematically tagging the right b quark
associated with the lepton to reconstruct the top-quark
transverse mass MT' or the three-jet invariant mass M3j
if the lepton +4 jet mode is under study. For the dilep-
tion mode of tt events, since there are two neutrinos in-
volved in the such events, it will be very difficult to recon-
struct the top-quark mass.

Therefore, we conclude that the W-gluon fusion pro-
cess can be useful in detecting a heavy quark at both the
upgraded Tevatron and SSC. In principle, the same con-
clusion should also hold for the pp collider LHC; we
leave this for a future study.
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APPENDIX

In Sec. IV we have discussed the W+ 3 jet background
events for detecting a 180-GeV top quark via the W-

gluon fusion process at the upgraded Tevatron. In this
appendix, we would like to estimate the W++3 jet back-
ground by naively multiplying a factor of a, —,p

to the
event rate of the W++2 jet process using the parton-
level Monte Carlo program PAPAGENO (Ref. 10) which
has the exact 2~3 matrix element for the W++2 jet
process, and repeat the analysis done in Sec. IV for this
"pseudo W++ 3 jet background":

—,'„o(pp~ W+(~e+v, )+2 jets) . (Al)

After imposing a subset of the kinematic cuts (4.3) and
(4.5) without the j& constraints, we obtain about 33
events of this kind (a factor of —,', has been included) of
background (Al).

The resulting top-quark invariant mass M', including
both the signal from the W+-gluon fusion process (3.1)
and the background from the "pseudo W++3 jet" pro-
cess (Al), is shown in Fig. 13.

If we include both charged states (W—
) and assume we

can detect muons as well, then, within the 5-GeV-wide
bin containing the peak, we have the ratio of signal to
background

S 6.5 =158 4.4
(A2)

FIG. 13. The invariant-mass M" distribution for the sum of
the signal (4.S) and the "pseudo 8'++3 jet background" (A1)
events after the cuts (4.3) and (4.5) at the upgraded Tevatron
with &S =2 TeV. Only one charged mode (4.1) is included
here.
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S—=3.1 .
B

(A3)

The significance of the signal to background is, therefore, Comparing (A2) with (4.10), we found that the W'+3
jet background is only a factor of 2.9 smaller than the
8'+2 jet background. This is a factor of 3.4 bigger than
the naive a, argument.
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