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The production of fourth-generation quarks at the Superconducting Super Collider is studied
concentrating on event signatures resulting from the single-lepton and two-lepton decay modes. We
find that events with multijets (n„„~3) and one or two high-pT leptons are good signals for heavy-
quark production for quark masses up to 600 GeV. In addition, we also found that the total trans-
verse energy of an event is useful for distinguishing between heavy-quark production and the top-
quark background.

I. INTRODUCTION
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where V; are the elements of the 4 X 4 Kobayashi-
Maskawa (KM) mixing matrix. This translates into the
limit on the heavy-D-quark lifetime,
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Unitarity considerations imply that if a quark is
heavier than about 500 GeV then the quark is strongly

High-energy hadron colliders provide a window for
probing many types of new physics. ' One interesting
question which these machines can address is whether the
proliferation of families extends beyond three genera-
tions. The proposed Superconducting Super Collider
(SSC) will extend our knowledge of heavy quarks up to
mass scales on the order of 600 GeV. In this paper we
study the experimental signatures of a possible fourth
generation of heavy quarks and we present extensive nu-
merical results for pp collisions at &s =40 TeV. Our
goal is to find signatures of heavy-quark production that
can be differentiated from conventiona1 physics back-
grounds. It is important that the ability to detect
fourth-generation quarks be clearly demonstrated since a
fourth generation is one of the most straightforward ex-
tensions of the standard model and hence a benchmark
test of the capabilities of any new machine.

Very few restrictions exist on the masses of fourth-
generation quarks. Measurements of the p parameter re-
quire

~MU
—MD ~

& 180 GeV, (1.1)

if the standard model is to be consistent. [We call the
charge —', ( —

—,') member of the SU(2)L quark doublet U

(D).] This argument does not restrict the magnitude of
the mass scale, however. The p-parameter limit can also
be interpreted as a limit on the heavy-quark lifetime. If
MU, MD »M~, then

interacting and perturbation theory is no longer valid.
This is not an argument against the existence of heavier-
mass quarks; it merely says that we cannot calculate their
production cross sections reliably. To be conservative we
will present results for M& & 600 GeV.

By analogy with the third generation of quarks we as-
sume MU »MD and consider only the production of the
D quark. If MU is comparable to MD, then there is an
additional source of D quarks from the decay

U —+W+D . (1.4)

Our results are therefore conservative estimates of the
production rates. The D quark decays weakly via the real
or virtual emission of a W boson and so its decay rates
are governed by the 4X4 KM matrix. We assume that
the KM matrix is approximately diagonal.

The signal for the decay of the D quark is jets plus
some number of leptons. For MD &M~+M„ the D
quark decays primarily to a W t pair. Pair production
of D quarks thus yields final states with W+W tt. We .

consider both the case where the top quark is lighter than
the W boson (M, =50 GeV) and where it is heavier

(M, =100 GeV). If the top quark is heavier than the W
boson then it will decay to W+b and D-quark pair pro-
duction will result in a final state with four W's and a bb
pair. On the other hand, if the t quark is lighter than the
W boson it will decay to a b quark plus either lv or a
lighter qq pair with a relatively soft momentum spec-
trum. Thus, the signals for D-quark production are quite
diff'erent for M, & M~ and for M, & M~. Here, we do not
discuss top-quark production alone, but consider it mere-

ly as a background for fourth-generation-quark produc-
tion. '

In this paper we discuss both the one- and two-lepton
plus multijet signals for heavy-quark production. We do
not include the multilepton (nt )2) plus jet signals since
they have been discussed previously by many authors.
In Secs. II and III we consider the one-lepton signal for
M, =50 GeV and 100 GeV, respectively, and in Secs. IV
and V we discuss the two-lepton signal. In Sec. VI we
present our conclusions and mention some unanswered
questions.
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II. ONE-LEPTON SIGNAL (M, =50 GeV)

In this section we consider DD pair production where
the final state is one high-pz- lepton plus jets. We com-
pare this signal with the background from tt production
for M, =50 GeV. In this case, the top quark cannot de-
cay into a physical 8 and there are two possible decay
chains for the DD which lead to a single lepton in the
final state (see Fig. 1). In determining the branching ra-
tios and the background we have assumed that the sign of
the lepton can be distinguished. All of our figures for the
one lepton scenario are summed over e —and p —produc-
tion. The Eichten-Hinchliffe-Lane-Quigg (EHLQ) struc-
ture functions with A&cD =200 MeV are used everywhere
with the structure functions evaluated at the scale
p =MD. All of our results are for pp collisions at
&s =40 TeV.

For MD &100 GeV, D-quark pair production occurs
predominantly through the hard parton interactions,
qq ~QQ and gg —+QQ. The tree-level cross sections have
been known for some time and we do not reproduce them
here. The total cross section for heavy-quark pair pro-
duction is shown in Fig. 2 for pp collisions at &s =40
TeV and is quite large. In obtaining our results we have
used the lowest-order cross section with the one-loop
value for cx„where we have taken the renorrnalization
scale to be MD. The O(a, ) corrections to heavy-quark
production have recently been calculated and tend to in-
crease the cross section. ' Our results can hence be con-
sidered as lower bounds on the production rates.
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FIG. 2. Total cross section for pp~DD at &s =40 TeV.
This cross section includes no branching ratios.

Our results are generated using a simple parton model
Monte Carlo with no hadronization. (We used 500000
Monte Carlo points to obtain each curve. The slight
waviness of some of the curves is due to statistical Auc-

tuations. ) For several distributions we have compared
our results with those obtained from ISAJET (which in-

cludes hadronization) and found good agreement. Hence,
we expect that hadronization will not greatly affect our
conclusions. In addition, the b quark has been treated as
a hadronic jet since its decay wi11 not yield high-pT lep-
tons. With our jet-finding algorithm (described below)
the quarks resulting from the decay of a b quark always
coalesce into a single jet.

The cross sections for D-quark production and decay
via the chain of Fig. 1 are given in Table I. Since these
cross sections are large, relatively stringent cuts may be
applied to extract the signal, as we shall see.

We examined numerous distributions of kinematic
variables. In what follows we show those which most
successfully distinguish between the DD signal and the tt
background. We begin by showing some simple kinemat-
ic variables for DD and tt pair production. All of our
figures for the D signal and the t background are summed
over all the possible decay chains. We define the vari-
ables

~ j 2 2
& P li +P2i

visible energy

JRT(PI~PT )=Qp&TPT (1 cosoT) ~

&T(PI PT )=PiTs'" T— (2.1)

FIG. 1. Decay chains leading to a single lepton in the fina1
state when M, =50 GeV. Also shown is the background from tt
production.

where p3 is the beam direction, OT is the angle separating
the lepton and missing momentum in the plane transverse
to the beam direction, pIT is the transverse momentum of
the lepton, and pT'" is the total missing transverse ener-

gy.
In Figs. 3, 4, 5, and 6, we show the pT spectrum of the

lepton, ET, the total transverse energy of the process,
AT(PI, PT'"), the invariant mass in the transverse plane
of the lepton and the missing transverse momentum, and
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FIG. 3. pT distribution of the fina lepton for the one-lepton
decay chain of Fig. 1 for M, =50 GeV for @@ADD at ~s =40
GeV. The dot-dash line is the background from tt production
and the solid, dotted, and dashed lines are the DD signal with

MD =200, 400, and 600 GeV, respectively.

FIG. 4. ET distribution for the one-lepton decay chain of
Fig. 1 for M, =50 GeV for pp ~DD at &s =40 TeV. The dot-
dash line is the background from tt production and the solid,
dotted, and dashed lines are the DD signal with Mz =200, 400,
and 600 GeV, respectively.

TABLE I, DD ~1 lepton plus jets (M, =50 GeV). o is the cross section for pp~DD ~I—X at &s =40 TeV and I =e or JM. o"
has ET &800 GeV, o has JKT(pl, pT"') & SO GeV, o. has I' T(pr, pT'") &150 GeV, and o. has all three of the previous cuts. The
column labeled tt is the background from pp ~tt. All cross sections are in nb.

~A
~B

C

~D

O i Jet
A
1 Jet
Bo i jet
Co ) Jet
Do
& Jet

O 2 Jet
Ao 2 jet
8 '

O Z jeIc
O 2 Jet

D
O 2 Jet

O'3 jeI
A

O 3 Jet
B

O3 Jetco 3 jet
DO'3 jet

4 Jet
A4 jet
B

&4 jet
CO 4 Jet

o P,.t

M~=200 GeV

0.64
1.9x10-'

0. 16
2.1 X 10
1.5 X10-'

6.4X 10
1.9x 10-'
3.3 x 10-'
3.0x 10

1.2X 10
1.3 x 10-'
3.9x 10-'
1.0X 10
1.5 X 10

2.6x 10-'
5.7 X 10
7.5 x10-'
5.9x 10-'
5.3x 10-'

2.0x 10-'
5.7x10-'
3.7x10-'
1.9X10-'

3.3 x10-'
1.3 x10-'
8.1 x10-'
44 x}0-'
1.4 x10-'
1.7 x10-'
8.1 x10-'
7.1 x10-'
7.3 x10-'
7.3 X10

3.0 X10
1.1 x10-'
1.1 x10-'
6.9 x10-'
1.7 X10

1.6 x10
6.1 x10-'
5.5 x10-'
3.1 X 10
1.} X10-"

1.1 x10-'
4.3 x10-'
1.44 X 10
5.3 x10-'
1.5 X10

M~ =600 CxeV

5.2x10-'
4.6x10-'
1.3 x 10
1.3 x10-'
9.0x10 '

1.1x10-'
4.9x 10-'
4.7X 10
3.2x10-'

4.4x10-'
3.6x 10
1.7x10-'
2.0x10-'
1.3 X 10

2.8x10-'
2.5 x10-'
1.0X 10
9.6x 10
7.3x 10-'

1.7 X 10
1.5 X 10
1.4X 10
9.3 X 10
5.7 x 10-'

1.1x10'
1.0x10-'

2.0x10-'

5.1x10'
1.2X 10

2.5 X 10'
9.0x10-'

2.0x10-'

1.24
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Fig. 5 at A, T=M~ for the heavy-quark signal and the
cutoff at JKT =M, for the top-quark background.

The ET, A, T(pI,pT
'"), and PT (p&, p T

'") signals all
behave quite di6'erently for the top quark and the DD sig-
nal. Hence cuts on any of these variables will be efFicient
in rejecting the top-quark background. This is illustrated
in Table I, where the e6ect of various cuts are shown.

The series of cuts

10
0.0

I 1 I

50.0

(+ +Fins) (g&Q)
100.0

FIG. 5. Invariant mass in the transverse plane of the lepton
and the missing transverse momentum Af T(pl, pT"') for the
one-lepton decay chain of Fig. 1 for M, =50 GeV for pp ~DD
at &s =40 TeV. The dot-dash line is the background from tt
production and the solid, dotted, and dashed lines are the DD
signal with MD =200, 400, and 600 GeV, respectively.

PT(p, T,pT"'), the transverse momentum between the lep-
ton and the missing pT. The pT signal from the lepton
looks similar for the DD signal and the tt background and
extends out to pT on the order of 600 GeV. The pT signal
peaks near the t-quark mass. Note the abrupt cutoft' in

cleanly rejects the top-quark background, as can be seen
from Table I. The D-quark cross section with these cuts
is relatively insensitive to the quark mass and is about 0.1

pb at +s =40 TeV, which corresponds to 1000 events
per year with an integrated luminosity of 10 /cm .

An alternate technique for identifying heavy quarks is
to look for multijets plus a single isolated lepton. Our
jets are defined such that they have pT & 30 GeV and
b,R =(hP +bri )' ) 1, where b,P is the azimuthal sepa-
ration between jets and Aq is the rapidity gap. If two
quarks have AR & 1, then they are coalesced into a single
jet. The one-, two-, three-, and four-jet cross sections are
shown in Fig. 7 as a function of the heavy-quark mass for
the decay chain of Fig. 1. The two-, three-, and four-jet
cross sections are large for the D quark, while top-quark
production tends to yield events with less than three jets.
From Table I, we see that the four-jet cross section has
no background from tt production. Combinations of cuts
on ET, P (p/, p '"), and JR (p/, p '") and two- or three-
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FIG. 6. Transverse momentum between the lepton and the
missing transverse momentum PT(pI, pT"') for the one-lepton
decay chain of Fig. 1 for M, =50 GeV for pp~DD at &s =40
TeV. The dot-dash line is the background from tt production
and the solid, dotted, and dashed lines are the DD signal with

MD =200, 400, and 600 GeV, respectively.

FIG. 7. Multijet cross sections for the decay chain of Fig. 1

for M, =50 GeV for pp ~DD at &s =40 TeV. The solid line is
the total decay rate for the decay chain of Fig. 1. The dotted,
short-dash, dot-dash, and long-dash lines are the one-, two-,
three-, and four-jet cross sections, respectively.
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jet cross sections are also useful for extracting the signal
(see Table I).

The multijet cross sections for this scenario with cuts
on the pT of the lepton and on At T(p~, pT"'),

p&T & 30 GeV, At T(pl, pT"') & 50 GeV, (2.3)

are given in Ref. 7. For MD=600 GeV, the three-jet
cross section with these cuts is about 1 pb. Hence the
cuts on p&T and At T(pl, pP'") reduce the jet cross sections
by about a factor of 2.

There are also backgrounds from 8' pair production
and from 8' plus jet production. Kim investigated the
background to the single-lepton signal from
pp —+W+8 for M, =40 GeV. He found that by look-
ing for six-jet events, this background could be complete-
ly overcome. Similarly, the background from 8'plus jets
can be significantly reduced by looking for multijet
events. Baer et al 'fin. d o4„„(DD)/cr iv+,„,-10 for
MD=240 GeV for the single lepton signal. Clearly, 8'
plus jets is a significant source of background for
MD )200 GeV. However, the stringent cuts we have ap-
plied in total transverse energy (ET )800 GeV) will fur-
ther reduce this background. Obviously, it is crucial to
be able to extract multijet events in order to overcome
the 8'plus jet background.

There is also an important contribution to both the sig-
nal and the top-quark background from the QCD pro-
cess, pp~QQg. These contributions are contained in the
radiative corrections of Ref. 10 and tend to be largest at
low pT. The combination of a pT cut and our very severe
Ez- cut significantly reduces this contribution.

III. ONE-LEP TON SIGNAL (M, =100 Gev)

In this section we consider DD pair production where
the final state again consists of one high-pT lepton and
some number of jets. We compare this signal with the
background from tt production for M, =100 GeV. Since
in this case the t can decay into physical W's, the kine-
matics are di6'erent than in Sec. II. The possible decay
chains leading to a single lepton in the final state are
shown in Fig. 8 for DD and for tt production. As in Sec.
II we have assumed that the charge of the lepton can be
determined and have summed over e and p production.

D

FIG. 8. Decay chains leading to a single lepton in the final
state when M, =100 GeV. Also shown is the background from
tt production.

The total cross section for this decay chain is shown in
Table II for several quark masses. The D-quark produc-
tion rates are bigger for M, =100 GeV than for M, =50
GeV because there are more ways to obtain a single lep-
ton in the final state when M, )M~.

The pT distribution of the lepton is shown in Fig. 9 for
MD =200, 400, and 600 GeV and for M, = 100 GeV. The
tt signal has much the same shape as the D signal. How-
ever, the ET distribution of the tt background and the D-
quark signal are strikingly diff'erent (see Fig. 10). A cut
on ET) 800 GeV efficiently rejects the top-quark back-
ground while retaining a significant portion of the D
quark signal (see Table II). For an integrated luminosity
of 10 /cm, there will be —1600 top-quark events and
about 10 D-quark events per year for MD & 600 GeV and
ET) 800 GeV. As in Sec. II the cross section is rather

TABLE II. DD~1 lepton plus jets (M, = 100 GeV). o. is the cross section for pp ~DD~I —X at &s =40 TeV and I =e or p. o
has ET & 800 GeV. The column labeled tt is the background from pp ~tt. All cross sections are in nb.

~l jet
A

O l jet

~2 jet
A

~Z jet

~3 jet
A

O 3 jet

O 4 jet
A.~4 jet

MD=200 GeV

0.78
2.3 x10-'
1.5 x10-'

1.0x10-'
1.5 X 10

3.0X 10
6.6x10-'
2.9 x10-'
1.0X 10

MD =400 GeV

4.0x10-'
1.5 X 10

4.1x10-'
1.9X 10

2.3 x10-'
1.2X 10

1.5x10-'
6.5 X 10

1.6x10-'
5.5 X 10

MD=600 GeV

6.3 x10-'
5.5X 10

8.3 x10-'
8.0X 10

3.9X 10
3.4x10-'
3.1x1O-'
2.8X 10

2.2x1O-'
2.0X 10

13.0
1.6X 10

5.2
1.9 x10-'

6.4
1.5 X 10

0.76

1.1 X 10
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FIG. 9. p~ distribution of the final lepton for the one-lepton
decay chain of Fig. 8 for M, = 100 GeV for pp~DD at &s =40
TeV. The dot-dash line is the background from tt production
and the solid, dotted, and dashed lines are the signal from DD
production for MD =200, 400, and 600 GeV, respectively.

insensitive to the D-quark mass after the cut on Ez- is im-
posed. As shown in Fig. 11, with this stringent cut on ET
the pT distribution of the lepton is quite Oat.

The multijet cross sections are shown in Fig. 12. As
before, the four-jet cross section has little background

FIG. 11. pT distribution of the final lepton for the one-lepton
decay chain of Fig. 8 with the cut ET & 800 GeV for M, =100
GeV for pp~DD for &s =40 TeV. The solid, dotted, and
dashed lines are the signal from DD production MD =200, 400,
and 600 GeV, respectively. Note that the tt background has
been eliminated by the cut on ET, d o /dye(ET & 800
GeV) & 10 nb/GeV for top production.

from top quarks. The two-jet cross section with a cut on
ET &800 GeV also can be cleanly separated from the
background (see Table III). The multijet cross sections
for this scenario with cuts p&T & 30 GeV and

1

10

I

10

10

10

10

10
0.0
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1000.0
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2000.0 200.0 400.0
M~ (Ge

600.0

FIG. 10. FT distribution for the one-lepton decay chain of
Fig. 8 for M, =100 GeV for pp~DD at &s =40 TeV. The
dot-dash line is the background from tt production and the
solid, dotted, and dashed lines are the signal from DD produc-
tion for MD =200, 400, and 600 GeV, respectively.

FIG. 12. Multijet cross sections for pp ~DD at &s =40 TeV
for M, =100 GeV and the decay chain of Fig. 8. The solid line
is the difterential decay rate for the decay chain of Fig. 8. The
dotted, short-dash, dot-dash, and long-dash lines are the one-,
two-, three-, and four-jet cross sections, respectively.
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JRT(pl, pT"')) 80 GeV are given in Ref. 7. With these
cuts, the three-jet cross section for ML, =600 GeV is
slightly larger than 1 pb. This corresponds to about 1000
events per year with an integrated luminosity of
10 /cm . As in the previous section we see that the cuts
on p, T and A, T(p&,pT'") reduce the jet cross sections by
about a factor of 2.

10

\

10 = '1

l

10

IV. TWO-LEPTON SIGNAL (M, = SO GeV)

Here we discuss DD pair production with a final state
of two high-pz- leptons plus jets for M, =50 GeV. This
decay chain has been extensively studied in Ref. 8. The
possible decay chains leading to two unlike sign leptons
in the final state for DD and tt production are shown in
Fig. 13. Again, we have summed over e and p produc-
tion.

The cross sections for the D-quark production and de-

cay into final states with two leptons are smaller than for
the one-lepton case because of the additional leptonic
broadening ratio. For MD =400 GeV, there will be about
10 events per year with a standard integrated luminosity
of 10 /cm for pp collisions at &s =40 TeV.

As in the scenarios with only a single lepton in the final
state, an e6'ective kinematic cut is one of the total trans-

~U

10

b

10

10

10
0.0 1000.0 2000.0

FIG. 14. ET distribution for the two-lepton decay chain of
Fig. 13 for M, =50 GeV for pp~DD at &s =40 TeV. The
dot-dash line is the background from tt production and the
solid, dotted, and dashed lines are the signal from DD produc-
tion for MD =200, 400, and 600 GeV, respectively.

D

verse energy. The ET distribution for the decay chain of
Fig. 13 is shown in Fig. 14. The same cut as in the previ-
ous sections, ET & 800 GeV, reduces the signal to a level
of about 10 nb, while the tt rate with this cut is about

10

10

1

1
I

D

10
C4

10

10

10
0.0 400,0

FIG. 13. Decay chains leading to two opposite-sign leptons
in the final state wQen M, =50 GeV. Also shown is the back-
ground from tt production.

FIG. 15. Transverse momentum between the lepton and the
missing transverse momentum PT(pr, pT'") for the two-lepton
decay chain of Fig. 13 for M, =50 GeV for pp~DD at &s =40
TeV. The dot-dash line is the background from tt production
and the solid, dotted, and dashed lines are the signal from DD
production for MD =200, 400, and 600 GeV, respectively.
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Because of our definition of jets, there is no two-lepton

plus three- or four-jet background from top production.
This makes the three- and four-jet cross sections excellent

signals.
The pz distribution of the highest-pz- jet is shown in

10

10

10

10
200.0 400.0

M~ (Ge
600.0

FIG. 16. Multijet cross sections for the two-lepton decay

chain of Fig. 13 for M, =50 GeV for pp~DD at &s =40 TeV.
The solid line is the di6'erential decay rate for the decay chain of
Fig. 13. The dotted, short-dash, dot-dash, and long-dash lines

are the one-, two-, three-, and four-jet cross sections, respective-

ly.

10 nb. An equally eA'ective cut is that on Pr(pr, pr"'),
as is seen from Fig. 15. The effects of various cuts are il-
lustrated in Table III.

The multijet plus two-lepton cross sections are shown
in Fig. 16. Because the b quark is always assumed to
yield a single hadronic jet, the tt background can never
yield more than two jets plus two leptons if M, &M~.
Hence three or four jets plus two unlike sign leptons are
excellent signals for heavy-quark production. Note that
the three-jet cross sections for this scenario (o.=9X 10
4X10, 7X10 nb for MD=200, 400, 600 GeV) are
larger than those of the one-lepton scenario when the
necessary cuts are imposed to extract the lepton plus jet
signal from the background.

V. TWO-LEPTON SIGNAL (M, = 100 GeV)

D

In this section we discuss DD pair production with a
final state of two unlike sign high-pz- leptons plus jets for
M, = 100 GeV. In this case, the top quark can decay into
a physical 8'and the final states are in general quite com-
plicated. The possible decay chains for this scenario are
shown in Fig. 17.

For MD &400 GeV, an effective cut is again one on the
total transverse energy, E~) 800 CxeV. However, as the
quark mass is increased, this cut becomes less effective, as
can be seen from Fig. 18. The same is true of the cuts on
JKz'(pr pF'") and Pr(pI pF"') (see Table IV).

In order to extract the heavy-quark signals for
Md -600 GeV, it is necessary to look at the jet cross sec-
tions. The multijet cross sections are shown in Fig. 19.

I
q

(b)

FIG. 17. (a) Decay chains leading to two opposite-sign lep-

tons in the final state when M, = 100 GeV. (b) Background from

tt production.
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TABLE III. DD~2 lepton plus jets (M, =50 GeV}. o. is the cross section for pp~DD~I+I' X at &s =40 TeV and I, /'=e or
p. 0."has E&) 800 GeV, o. has PT(pi, pl-"') ) 150 GeV, and o. has both the above cuts. The column labeled tt has the background
from pp ~ tt. All cross sections are in nb.

0
A

C

E

+1 jet
A

& jet
C~t jet
E0'i jet

2 jet
AZ jet
C2 jet
E~2 jet

0 3 jet
A3 jet
C3 jet
E03 jet

4 jet
A4 jet
C~4 jet

aE„„

Mg =200 GeV

2.2X 10
4.1 X 10
1.6X 10
9.8X10 5

2. 1 X 10
2.2X 10
4.6x 10-'
4.1x 10-'

9.0X 10
3.2 x10-'
8.1 X 10
7.2X 10

6.9 x10-'
6.3 X 10
2.9 x10-'
2.2X 10

1.9 X 10
1.4x 10-'

M =400 GeV

1.1x 10-'
2.8 x 10-'
8.9X 10
2.5X 10

2.9X 10
3.8X 10
5.0xlo '
4.4x 10-'

4.4x 10-'
9.7 X 10
4.5 x 10-'
9.6x10-'
4. 1 X 10
1.2x 10-'
3.ox 10-'
1.2X 10

1.8 x 10-'
4.9 x 10-'
8.1X 10
2.9 x 10-'

MD=600 GeV

1.7X 10
1.3 X 10
2.8X 10
2.1 X 10

3.7X 10
1.7X 10
1.2X 10
5.6X 10

6.6X10-'
4.5 x10-'
1.3 X 10
8.2X 10

7.3 X 10
5.9X 10
1.1X 1.0
9.4X 10

2.6X 10
2.2X 10
2.5 x 10-'
2.1x lo-'

19.0
1.9X 10
3.8 X 10

5.6
2.8X 10
3.8x lo-'

1.7
1.7X 10

TABLE IV. DD~2 lepton plus jets (M, =100 GeV). 0 is the cross section for pp~DD~l I' X at &s =40 TeV and I, l'=e or
p. o. has ET) 800 GeV, o. has mT(pl, pr"') &50 GeV, o has P„(pi,p )) 150 GeV, and o. has pT (fast jet) &300 GeV. The
column labeled tt has the background from pp ~ tt. All cross sections are in nb.

0
~A
~B
~C

~l jet
A1 jet
B0
& jet
C0 t jet
F0 i jet

~2 jet
A0 Z jet
B~2 jet
C0 2 jet
F2 jet

3 jet
A~3 jet
B~3 jet
C0 3 jet
F0 3 jet

0 4 jet
A0 4 jet
B4 jet
C04 jet
F.4 jet

MD =200 GeV

0.26
1.8X 10
8.4X 10
2.6X 10

1.9 x 10-'
1.5 X 10
2.0X 10
7.4X 10
3.2 X 10

1.0X 10
1.5 x 10-'
5.3 X 10
1.5 x10-'
7.9X 10

1.1 x 10-'
1.1X10-'
1.1x 10-'
2.0x 10-'
1.4X 10

3.1x 10 '

3.5 X 10
1.9X 10
2.9x 10-'

MD=400 GeV

1.3 x10-'
1.4x 10-'
3.2 x 10-'
3.7 x 10-4

1.9 x 10-'
3.7 x 10-'
8.8X 10
1.3 x 10-'
1.2x 10-"

4.4x 10-'
6.1x 10-'
1.3 x 10-'
1.5 x 10-4
2.1 x 10--'

6.0x10-'
5.7 x 10-'
1.4x10-'
1.7x 10-'
1.9 x 10-'

2.4x10-'
1.4X 10
3.5 x 10-'
4.0x10-'
4.6x 10-'

Mg) =600 GeV

2.1 X 10
9.1x 10-'
1.1 X 10
1.9x10-'
2.6X 10
7.8 X 10
1.9x 1O-'
4.4X 10
2.4x lO-'

8.1X 10
3.2X 10
4.3 x 10-'
7.0X 10
6.5x lO-4

9.2x 10-'
4.3 X 10
4.8 X 10
9.0X 10
7.Ox 1O-'

3.0X 10
1.4X 10
1.4X 10
2.4X 10
1.9 x 10-'

2. 1

1.5 x 10-'
1.4x 10-'

3.6x 10-'
3.2 x 10-'
3.2 X 10

1.4x 10-'

1.2X 10
1.2 X 10
1.1 X 10

3.6x 10-'



230 SALLY DAWSON AND STEPHEN GODFREY 39

10 10

10

1.0

U

10

U

10
C4

b
10

10

I
1O'

0.0
I

1000.0
ET(GeV)

2000.0
10

0.0 300.0

p& (GeV)
600.0

FIG. 18. ET distribution for the two-lepton decay chain of
Fig. 17 for M, =100 GeV for pp~DD at &s =40 TeV. The
dot-dash line is the background from tt production and the
solid, dotted, and dashed lines are the signal from DD produc-
tion for MD =200, 400, and 600 GeV, respectively.

FIG. 20. p& distribution of the highest-pT jet for the decay
scenario of Fig. 17 for M, =100 GeV for pp~DD at &s =40
TeV. The dot-dash line is the background from tt production
and the solid and dotted lines are the signal from DD produc-
tion for MD =200 and 400 GeV, respectively.

Fig. 20. An excellent signal can be found by requiring
that there be at least one jet with p"T" &300 GeV. As seen
in Table IV this cut effectively reduces the top-quark
background for all of the multijet cross sections. The jet
cross sections with this cut are shown in Fig. 21.

UI. CONCLUSIONS

We have studied the production of a fourth-generation
D quark yielding a one- or two-lepton plus multijet signa-
ture. We found that the combination of simple kinetic

10

10
10

10

10

10

10

10

10
200.0

I

400.0
M (Ge

600.0

10
200.0

I

400.0
Mn (GeV)

600.0

FIG. 19. Multijet cross sections for the decay chain of Fig.
17 for pp~DD at &s =40 TeV for M, =100 GeV. The solid
line is the diA'erential decay rate for the decay chain of Fig. 17.
The dotted, short-dash, dot-dash, and long-dash lines are the
one-, two-, three-, and four-jet cross sections, respectively.

FIG. 21. Multijet cross sections for pp ~DD at &s =40 TeV
for M, =100 GeV with at least one jet with pP') 300 GeV. The
solid line is the dift'erential decay rate for the decay chain of Fig.
17 and the dotted, short-dash, dot-dash, and long-dash lines are
the one-, two-, three-, and four-jet cross sections, respectively.
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cuts with three- and four-jet signals is su%cient in each
case to eliminate the background from top production.
In particular, we found that the transverse energy ET is a
very useful kinematic variable for separating the signal
and background. Clearly for this approach to succeed, it
is crucial to be able to And multijet events.

In our crude analysis we were able to extract the D-
quark signal from the top-quark background for D-quark
masses up to 600 GeV with several thousand events per
year remaining after the necessary cuts were made. %'ith
a more sophisticated analysis, it will undoubtably be pos-
sible to go to higher masses.

In principle, the heavy-quark mass could be recon-
structed by picking out events with a single isolated hard
lepton, then considering the jets in the opposite hemi-
sphere and forming an invariant mass from the jet four-
vector. Preliminary results using a parton-level Monte
Carlo simulation indicate that this procedure results in a
very distinctive signal in the jet invariant mass for all
quark masses we have considered. - This crude procedure

indicates that good jet reconstruction is likely to be very
important in extracting physics at the SSC (Ref. 6) (which
included the effects of hadronization) was able to recon-
struct the heavy-quark mass for MD=500 CxeV in the
two-lepton-decay scenario by looking at 8'+8' invari-
ant masses for events with more than four jets. Similar
results were obtained in Ref. 12.

In summary, by looking for multijet events with high-
pT leptons, the SSC should be able to hand signals for
heavy-quark production up to masses on the order of 600
GeV.
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