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We study the production, decay, and detection of fourth-generation quarks and leptons at present
and future hadron colliders. We use a plausible extension of the quark-mixing systematics of three
generations. We consider a range of heavy-quark masses that include overlapping generations and
superheavy quarks that decay to the 8' boson. One particularly intriguing possibility is a new

charge —
3 quark {v) with mass comparable to the t-quark mass. Hadronic vv production could

exceed tt production, but there would be no substantial analog to the 8'—+tb source. The v —+c de-
cay would resemble t~b decay in many respects, except that the v lifetime is long and might be
measurable with microvertex detectors. We discuss how the cluster transverse mass, the identifica-
tion of b and c hadrons, and possible diffractive leading-particle effects might differentiate between
v and t semileptonic-decay signals. Electroweak 8'+8' pair production is also evaluated as a
benchmark with which superheavy-quark signals can be compared.

I. INTRODUCTION

The next immediate focus of pp collider research is the
t quark, ' now that the W and Z weak bosons have been
discovered. Systematic procedures have been proposed
for the separation of t-quark signals from other heavy-
quark backgrounds and hopefully this will be accom-
plished in the near future. An equally important question
is the possible existence of a fourth generation of quarks
and leptons. In fact, viable experimental signatures have
already been discussed for a heavy charged lepton pro-
duced via 8'~Lv decay and for a heavy sequential neu-
trino produced via Z~vV decay or e+e ~vv. In this
paper we address the production, decay, and detection of
fourth-generation quarks and leptons at present and fu-
ture hadron colliders. Our considerations are based on a
plausible extension of the empirical systematics of the
quark mixing angles in the three-generation case. We
consider various possibilities for the masses of the
fourth-generation quarks, such as a fourth-generation
Q = ——, quark with mass comparable to that of the t
quark and also superheavy quarks that decay by W-boson
emission. We also briefly present the rate for heavy-
lepton production via a virtual W intermediate state, for
the case that the I. mass is comparable to or exceeds the
W mass. Electroweak W+ W pair production is also
evaluated as a benchmark with which superheavy-quark
signals can be compared.

We shall denote the fourth-generation leptons by (vL, L)
and the fourth-generation quarks by (a, u), where a and v

have charges ( —', , ——,
' ). This notation for fourth-

generation quarks is suggested by the alphabetic labels
used for the other quarks (viz. , a, b,c,d;s, t, u, u).

A significant constraint on the a, U masses is found
from radiative corrections to the quantity

with m denoting the vL, mass and

2Mm M
f(M, m)=M +m ln—

M —m m

We note that the function f (M, m) is bounded as

(M —m) &f (M, m) & —', (M —m ) (3)

The left equality applies when m «M or m »M, while
the right equality is obtained for a nearly degenerate
doublet, m =M.

The value of
p

found from deep-inelastic v& and Vz
scattering data is

p= 1.02+0.02 .

With the one-loop radiative correction, the standard
model (with three generations, m, =35 GeV, and

MH;ss, ——Mz assumed) predicts '

p=1.00052 .

Hence the fourth-generation contribution to p is bounded
by

Ap &0.04 (4)

at the one-standard-deviation level. Thus, from Eqs. (1)
and (4) we find the constraint

(m„—m, ) + —,(m~ —mL ) & (310 GeV)2 .

G (neutral current)
6 (charged current)

where p= 1+0(a) in Weinberg-Salam theory. The con-
tribution to p from the fourth-generation fermions is

Gp
bp = [3f(m„m, )+f (m„,mL )]

8 2m
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The factor of —,
' is replaced by —,

' if m„« mI . As long as
the a and v masses are sufficiently degenerate, their abso-
lute masses are unrestricted by Ap.

If the absolute masses are sufficiently high, then the
weak interaction among heavy particles becomes strong
and perturbation theory breaks down. With the assump-
tion that perturbation theory is not to violate partial-wave
unitarity, the following bounds on fourth-generation
masses obtain

m & 500 GeV (m m„),

m, &700 GeV (m, »m„),

mL &900 GeV (mL —m„),
mL &1000 GeV (mL »m„) .

(6)

Should even heavier fermions exist, then all perturbation-
theory estimates, including the one in Eq. (5) become
suspect. There exist further model-dependent bounds on
fermion masses motivated by vacuum stability" in the
minimal Weinberg-Salam model or by the validity of per-
turbation theory in simple grand unification models, '

some of which are more stringent than the bounds of Eq.
(6).

It is interesting to note that some theoretical models
have a heavy fermion. For example, if the
normalization-group equations describing the evolution of
couplings possess stable infrared fixed points, then a
heavy-quark mass of order 100 GeV is predicted. ' Also,
in models with supersymmetry broken by radiative correc-
tions a heavy sequential fermion with mass of order 60
GeV or more is necessary. '

In the following we consider fourth-generation masses
which obey the bounds of Eqs. (5) and (6). Following the
pattern of the first three generations, we assume
throughout that m «mL and m„&m, .

Once particular a, v mass values are specified, the
remaining degrees of freedom are the quark-mixing-
matrix elements. In the three-generation case the mixing
matrix is highly constrained by experiments, except for
the CP-violating phase. Since we are at present concerned
only with the strengths of decay transitions, we can ignore
all CP-violating phases. The latest information on the
matrix elements is derived' from 8-decay measurements.
The 8 lifetime' fixes

I U,b I
-0.05. The CESR limit'

r(b u) rr(b c) & o.o4

I
U.b I

=282»n( 2 I
(3

I )

f U„b I
=8182-

2sin( —,
'

I
5

I
)

where 8i 0.23. Empirically we observe that

I
U.b I

=81'

I U„b I
& —,'81 -281

Equation (8), based on a symmetric matrix, is compatible
with the experimental limit on

I U„b I /I U,b I
only if this

limit is about saturated and !5!=n. The nondiagonal
elements of the symmetric 3&&3 KM matrix can then be
expressed as any one of the following numerically
equivalent forms:

(
1 )n m —182n ——m —2

! U ~ =~ ~ ~n m i8~~2(n m~~n+m

(2)n —m —1g3n —2m —3

(2)n —m —Ig(n —m)(n —1)
nm ]

=

(1oa)

(lob)

(1oc)

( 1od)

for n & m. The diagonal elements are fixed by unitarity.
We now assume that the

I
U„

I
forms of Eq. (10) gen-

eralize to the four-generation case. Equations (loa) and
(loc) remain numerically equivalent; Eqs. (lob) and (lod)
are equivalent in all elements but U,d, which has no readi-
ly identifiable physics consequences anyway. Thus, we
are left with two plausible distinct choices for the ma-
trices, Eqs. (10a) and (lob), explicitly,

d s b U

I — 8 483 48 u

8 1 — —,
' 8 —,8"

—'8 8 1 — 83 b

48' —,'84 8' 1 — a

(1 la)

and

requires 82 ——83. Then, using the particle data Group con-
ventions for the KM angles 8; and phase 6, we find the
following approximate relations:

f U„, I
=81.

then gives
I U„b

I
&0.007. Strange-particle decays and

neutrino charm production determine' that

I U„, I
=

I
U,d I. These values suggest that the mixing

matrix be symmetric. ' With all experimental and unitar-
ity constraints, and assuming symmetry, the magnitudes
of the elements of the 3&&3 matrix have the approximate
form'

d s b U

8 —,
' O' —,

'
L9 u

8 1 — 82 —'85 c

—8 8 1 — 8 t

,
48 —,8 8 1 — a

(1 lb)

d s b

0.97 0.23 & 0.007 u

0.23 0.97 0.05
&0.007 0.05 0.99

C ~ (7)

In the Kobayashi-Maskawa (KM) formalism, symmetry

Here the diagonal values are slightly less than unity, as re-
quired by unitarity. The significant aspect of these mix-
ing matrices is the increased suppression of transitions be-
tween different generations as the generation separation
increases and as the generation mass increases. These are
empirical facts for the first three generations, and Eqs.
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u —+c+W,
~

U„,
~

—20 or 28 (13)

where the S' is necessarily virtual. The distinctive as-
pect of this mode is the extreme mixing suppression,
which would result in a long v-quark lifetime.

The decay widths of a and v quarks are evaluated in
Sec. II, with special attention to the possibility of a long u

lifetime. Hadronic and electroweak production cross sec-
tions of a and v quarks are given in Sec. III, while Sec. IV
addresses distributions of decay particles.

Should the v mass be comparable to the t mass (the case
of "overlapping quark generations"), considerable con-
fusion could result in the identification of the decaying
quark. The kinematic distributions of the decay frag-
ments from v and t decays could be very similar; for ex-
ample, v~cev and t~bev differ only in their lepton dis-
tributions and in the quark jet (c or b) emitted in their de-

cays. The vv production contribution might thereby
masquerade as an enhanced source of tt events. Should
the t-mass value obtained from 8'—+tb initiated events be
different than that from supposedly tt events, that could

(11) provide plausible extrapolation patterns. We antrcr-

pate that qualitative conclusions based on the suppression
of cross-generational transitions will be valid, even though
some details of the true 4&&4 mixing matrix may differ
from Eqs. (11).

For the weak decays of a and u, the principal decay
branches, if energetically allowed, are

a~u+W+,
~
U„~ —1,

(12)
u~t+ W,

~
U~

~

-8
where the W bosons may be real or virtual, depending on
the quark masses. An exception to Eq. (12) occurs if the
third- and fourth-generation masses overlap, m„& m, .
Then the v quark decays via

II. WEAK DECAYS OF a, u QUARKS

Consider the weak decay of a heavy quark

Q~qW

+Ff, — (14)

where the W may be real or virtual and Ff are leptons.
The matrix element for this transition is

UgqMw
W' —M' M I v2W —Mw +iMwI w 2

& [&(F)y (1—ys)v(f)] —g""+ 8'"8'
~w'

where

6 =ma(W )/v2xw(W )Mw

(15a)

(15b)

and four-momenta are denoted by particle labels. In later
numerical evaluations of the decay widths we use
xw( W )=xw(Mw )=0-22, mw ——82 GeV, and
a(W )=a(Mw )= „', . Squaring ~ and summing over

spin states, we obtain

indicate the existence of both t and u sources. Any
8'~au or tu contributions are likely to be negligible due
to phase-space suppression and 8'~cv is suppressed by
mixing, but the hadronic vv production rate is comparable
to tt if their masses are close. Section V addresses the im-
portant problem of distinguishing between t and u quarks
in the case of overlapping quark generations. Finally, Sec.
VI evaluates electroweak 8'+8' pair production as a
benchmark for comparison with other processes. Our cal-
culations are performed using Monte Carlo methods, with
typically S && 10 shots giving accuracies of a few percent.

anal

(W —Mw ) +Mw I w 2

&& 4F'qf'Q+ , le'(F'Q f+f—'Q.» Q'(F'q f+f'q'F—)]
2

Mw

+,l(F'+f')F.f+2F'f']t:(Q'+q')Q q —2q'Q'l1

Mw
(16)

The differential decay rate is

(17)

We define the following dimensionless quantities,

x = W IQ, co=Mw IQ, y=I w /Q, a=F /Q, P=f /Q, 5=q /Q

and introduce a reference decay rate 1"0

6'mg'
I 0—— f Ug

192m

(18a)

(18b)

Integrating Eq. (17) first over the F,f phase space and then over q, W phase space, we obtain the differential decay rate
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2

(1,5,X)A, '~ (x a P)
dx (x —re ) +rII y

X A,(x,a,P)(1+5—x)+ [x (x +a+P) —2(a —P) ](1—5—x)(1+.x —5)2 2 2

x x

+ (x —2~)[(a+P)x —(a —P)'][(1—5)'—(1+5)x] . .
x 6)

(19a)

I'=8 ( W~Ff ) A,
' (1,5,co)

Sir 2

X [ui(1+5—ui)+(1 —~—5)(1+ro—5)] . (21)

For co,5« 1, the partial width is given approximately by

I =8 ( W~Ff )
a

/ Ui2q f' mi2'

16x~

10 I I I I I I I I I I I ~ I I

Here A(a, b,c)=a +5 +c —2ab 2bc ——2ca. The limits
on the variable x are

(v a+v P)'&x &(1—v 5)'.
The integration over x is carried out numerically. In the
limiting case a =P=y =0, Eq. (19a) reproduces the result
given in Ref. 19.

The decay width to a real 8'boson which subsequently
decays to Ff can be obtained from Eq. (19) by using the
narrow-width limit

1
5(x —co) . (20)

(X —Co ) +CO/ +CO/

Then analytic evaluation of the x integral gives the known
result'

Hence, for m& »M@, we find the total width

r(Q qW)=
a/ Ugq /

m@3

16x~ Mpr

(0.33 TeV)
~ U~~ ~

[m~/(1 TeV)] . (23)

For m~ &400 GeV, I (2/mi2 is smaller than 5%, and we
can safely neglect finite Q-width smearing in the decay
distributions.

Figure 1 shows the partial width versus the mass of the
decaying particle for the semileptonic transitions

L +~v te +,vand a~u(35)e+v,

via a virtual or real W boson, calculated from Eq. (19)
with

~
U,„~ =1. Note the cusps at the thresholds

mL ——M~ and m, =m„+M~. The corresponding total
widths can be estimated from these partial widths by mul-

tiplying by the number of contributing channels at the
mass in question.

Figure 2 shows the calculated v-quark lifetime versus

m„, based on the mixing matrices of Eq. (11). For m„
comparable to or less than m, (overlapping generations),
the U lifetime may even be comparable to the r, b, and c
lifetimes, offering valuable opportunities for direct detec-
tion of v. In this circumstance vertex detectors at collider
facilities could be vital in the study of u-quark physics.
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FIG. 2. Lifetime of a heavy Q= ——charge quark U versus

its mass calculated from the two choices of the mixing matrix in

Eq. (11).
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The possibility of a long-lived Q = ——, fourth-generation

quark has also been noted by Pakvasa et al.
All our considerations of weak decays are based on the

standard electroweak model with one Higgs doublet. If in
fact there exist further Higgs multiplets with a charged
Higgs boson H light enough to be produced in heavy-
quark decays, ' then the Q~qH decay mode will dom-
inate over virtual- 8' decay modes and may be comparable
to the Q —+qWdecay rate.

III. PRODUCTION CROSS SECTIONS

8
10 t t r~p)

10

10
b

I I I I I I I I

In this section we present estimates of cross sections at
hadron colliders for heavy-lepton production and for
heavy (a or v) quark production, versus the particle mass.
Specifically, cross sections are given for the CERN pp
collider at Ms=0.54 TeV, the Fermilab pp collider at
V s =2 TeV, and a future pp or pp collider at center-of-
mass energy Vs =20 TeV. Some of our considerations
overlap with those presented elsewhere.

For calculations we consider two different sets of par-
ton distributions: (i) Owens-Reya (OR) with A=0. 3

GeV, and (ii) Duke-Owens (DO) with A =0.2 GeV. These
are evaluated at Q =s, the energy squared of the parton
subprocess. Unless otherwise specified the OR distribu-
tions are used. We assume an SU(3)-symmetric sea distri-
bution throughout. The cross sections at vs =20 TeV
are governed by the sea partons, since at this energy con-
tributions from very low parton fractional momenta (typi-
cally x-0.01) dominate. Consequently, the production
cross sections at 20 TeV for heavy quarks of mass smaller
than 300 GeV are nearly the same for pp and pp. We re-
mark that the extrapolations to 20 TeV depend on the va-

lidity of the Q evolution of the parton sea of the QCD
parametrization used.

For a collider that yields an annual luminosity of

f

�dr

W = 10 cm, a cross section of 10 pb corresponds

to 100 events per year. We shall adopt this as a typical
lower limit of feasibility for new quark and lepton
searches. In searches based on lepton decay modes, the
above signal will be reduced by the decay branching frac-
tions by another factor of 5 to 10. Acceptance cuts will
reduce the signal still further. For completeness, the pro-
duction of fourth-generation charged leptons and neutri-
nos is also discussed briefly.

10

10 10

I

10

m& (GeV)

FIG. 3. QCD fusion (qq, gg~gg) cross sections for heavy-
quark production based on two sets of parton distributions (Ref.
23).

10

0.54 and 2 TeV; the differences at 20 TeV are some mea-
sure of the uncertainty of the extrapolation.

In the case of charm, the fusion calculations underesti-
mate the observed cross section at lower energies by a con-
siderable factor. The fusion graphs contribute only to
central production while substantial forward production is
observed. One proposed explanation of the chartn-
production data ascribes the discrepancy to contributions
of QCD flavor-excitation graphs. The evaluation of
these contributions depends on an assumed heavy-quark
distribution in the nucleon and on a momentum-transfer

A. Heavy quarks

The lowest-order QCD subprocesses qq, gg~QQ are
expected to provide a conservative lower estimate of
heavy-quark hadroproduction. In evaluating these fusion
contributions we used the usual form for the running cou-
pling constant

10
b

10

a, (s ) =12m./[(33 —2n)ln(s/A„)] (24)

where n is the number of active flavors. The flavor num-
ber is increased by one at each threshold (s)'~ =2m„; the
continuity of o., is maintained by choice of the A„. We
choose A4 ——0.3 GeV. Figure 3 gives the fusion cross sec-
tions versus the heavy-quark mass for both the OR and
DO parton distributions. The predictions are similar at

10 10 10

mz (GeV)

FIG. 4. Comparison of QCD flavor excitation

(gg~gg, qg~qg) with fusion results using the DO parton
distributions. The electroweak 8'+ 8' cross section is indicat-
ed by the dashed lines.
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cutoff to obtain a finite result. In Ref. 25 an exten-

sion of the flavor-excitation model to other heavy flavors
was proposed. Following that extension, the results in

Fig. 4 are obtained with the DO distributions. These
flavor-excitation projections are intended only to illustrate
that cross sections above that for fusion are an interesting
possibility.

10

10

10

b 10'

10

1

0
10

10

200
I I

pp-7, Z -L+L

500

10
CL

b 10'-

10 js (TeV)

I

200
mL (GeV)

100 500

FIG. 5. Cross sections for heavy-lepton production via (a)
8'—+I.vl. and (b) y*,Z~LI. for two sets of parton distribu-

tions: OR (solid curves) and DO (dotted curves). A QCD-
motivated factor E =2 is included in the cross section.

B. Heavy charged lepton

The primary source of heavy-charged-lepton production
at hadron colliders is the decay 8'~LvL. The feasibility
of detecting a new heavy lepton of mass below 50 GeV
from this source and differentiating its signal from back-
grounds has already been extensively treated. The most
promising L signal is the large missing transverse
momentum from W—+LVL ~q'qvL, VL and the hadronic

jets from q' and q. Our only extension of those results is
to observe that the L signal from real or virtual W pro-
duction is appreciable even when the L mass is compar-
able to or exceeds the W mass. Figure 5(a) shows the
predicted L cross section versus its mass for both sets of
parton distributions. Here it is assumed that the vL mass
can be neglected.

Another source of heavy leptons, though smaller, is LL
pair production via virtual photon and Z . These cross
sections are shown in Fig. 5(b).

IV. DISTRIBUTIONS OF DECAY PARTICLES

Experimental searches for heavy-quark decay frag-
ments will likely concentrate on leptons emitted in semi-
leptonic decays in order to avoid hadronic QCD back-
grounds. In this section we detail some typical expecta-
tions for the decay distributions of superheavy quarks and
compare the decay spectra with those from a t quark of
mass 35 GeV. The shapes of the distributions are of pri-
mary interest For .normalizations we take the QCD
fusion results for QQ production and use semileptonic
branching fractions of 0.1 when the decays proceed via
virtual 8' and 0.08 when the decay into real 8' is
kinematically accessible, the difference being the assumed
importance of the tb channel. We concentrate on the case
of Q decaying semileptonically and Q decaying hadroni-
cally (observed rates summed over both charged leptons
will be a factor of 2 higher than the rates shown in the
figures). The heavy-quark decays are represented by spin
averages of the usual V —A matrix elements squared in
Eq. (16). Only the primary Q~qev decay stages are tak-
en into account since the high-transverse-momentum
"trigger" charged leptons are dominantly of this origin.
Secondary neutrinos emitted in cascade stages of the de-

cay will smear the distributions involving missing trans-
verse momentum somewhat, ' but the essential features
should persist.

Comparisons will be made among the following possi-
ble sources:

(Sl) t(35)~bev,

(S2) u(35)—+cev,

(S3) u(50)~t(35)ev,

(S4) u (90)~t(35)ev,
(S5) a (150)~u (90)ev,

(S6) u (150)~t(35)W

(S7) a (150)~u(35) W+,

(S8) W+ W (electroweak) .

(25)

C. Sequential neutrino

The primary sources of fourth-generation neutrino pro-
duction at hadron colliders are the decay 8'—+LVL treat-
ed above the decay Z~v4v4. The latter gives a v4V4 rate
much larger than the LL rate shown in Fig. 5(b). We as-
sume that the charged-current neutral eigenstate vL is
mainly composed of the fourth neutrino mass eigenstate
v4 with mass much less than the charged-1epton mass.
The most promising signal for v4 is its charged-current
decay in flight v4 —+Iqq', Ivl', where 1 =e,p, r as dis-
cussed by Barger, Keung, and Phillips.

lf v4 is a Majorana particle, there is a correction to the
Z~v4v4 partial width and more importantly to v4 decay
since both lepton signs are now accessible: v4~l +—X.
This allows same-sign dilepton events Z —+v4v4
~l+I+XX' that would be forbidden for Dirac neutrinos
(see Ref. 6).
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Here the numbers in parentheses denote the assumed
heavy-quark mass. The problem of disentangling overlap-

ping quark generations is addressed in Sec. V. Of the
above decay modes, real-8' emission is possible only in
(S6) and (S7). The 8'+ W electroweak production calcu-
lation is described in Sec. VI. %'e mostly consider distri-

butions in transverse variables since these are insensitive

to ihe parton distributions.

A. Electron transverse momentum

(p,„)~——,'mgA, '~ (l,mq /mg, Mg /mg ) (29)

which is the kinematic end point for real-W emission.
The region between Eq. (29) and the end point of Eq. (28)
corresponds to a virtual 8' that decays to ev. Provided
that the missing transverse momentum is measured with
sufficient accuracy, so that resolution smearing of b, c, t
contributions does not obscure the high-(p, )z region, this
distinctive pz distribution may be useful in heavy-quark
searches.

Figure 6 shows the distributions from a number of the
above sources at vs =2 and 20 TeV of the electron
momentum p, z- transverse to the beam axis. As M~ in-
creases, the p,T distribution becomes flatter. However,
the t-quark contribution (and also the b, c contributions' )
constitutes a severe background. Consequently, some lep-
ton isolation criteria must be invoked to separate out the
a, u signals, analogous to that advocated in Ref. 4 for
separating the t signal from the b,c backgrounds.

For a heavy-quark decay the average of the momenta
transverse to the jet axis is

p;q ——wmg 4. (26)

The scale of the decay transverse momenta is set by mg.
Hence, heavy a and u jets will be typically fatter and have
decay electrons with larger pz transverse to the jet axis,
than t jets.

C. Transverse masses

The initial light quarks or gluons can acquire transverse
momentum from gluon emission which will smear some-
what the transverse-momentum distributions of Figs. 6
and 7. Although this smearing can be included by explicit
calculation, ' it is advantageous to work instead ~ith
quantities like transverse mass that are insensitive to
transverse boosts. The transverse mass of the electron
plus its associated neutrino in Q —+kiev decay is defined by

MT' «v)=(
I p.r I +

I p.T I
)' —

I p.T+ p T I

'
and obeys the bounds'

0(Mr(e, v) (m~ —mq . (31)

Figure 8 shows typical MT(e, v) distributions. For heavy

B. Momentum of e v normal to Q production plane

In the decay Q~qev the component of the ev momen-
tum along the normal to the production plane 2

N —pg + pbeam= pgT + pan~

has a distribution whose end point

mg —Plq
2 2

(p-4 =
2mg

(27)
t(35)-b

is determined by the quark masses. Figure 7 shows (p,„)~
distributions of several heavy-quark sources. In the
U(150)~t(35) case, the distribution is flat out to the
value

v(150)-t

90)

10—

I I I I I I I

pp ~a= 2 TeV
10

CV

1

C4~4l
2~ 10

CV

CD

CL

~Cl

2
g 10

0 40

(p,„) (Gev)

80

I I

40 80 120

p, (Gev)

10

I I I I I I

40 80 120

p, (Gev)

FICx. 6. Electron momentum distribution transverse to the
beam axis resulting from the decay Q ~qev.

FIG. 7. The ev momentum distribution along the normal to
the production plane N=pur)& p~ from the decay Q~qev.
The normalization corresponds to the fusion cross section at a
2-TeV pp collider; relative comparisons of the distributions at 20
TeV are very similar. The distribution for a (150)—+v(35)
+ 6'+ decay is the same as V(150)~t(35)+8'
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v(50) —t (35)

Js =2 TeV

quarks that decay to a real 8' a Jacobian peak appears
near MT ——M~. The QQ events with real-8'decays are
distinguished from the electroweak single 8' and 8' pair
production by the hadronic activity associated with q jets.

If the recoil q jet is identified, it can be included in vari-
ous ways; the optimum variable' is the *'cluster" trans-
verse mass MT(qe, v) defined by

MT'(qe, v) =
I. ( I p„T I

'+m„')'"+
I p.T I

1'

V

l

I
I

I

v(90)-t

(32)(PqeT+PvT)
that incorporates the recoil-q-jet information and has a
sharp Jacobian peak at its endpoint m~. Here p~, and

m&, denote the momentum and invariant mass of the q-jet
plus electron system, regarded as a single entity. Figure 9
shows typical distributions in this variable. Resolution
smearing will give tails to these Jacobian peaks above m~,
but the actual distributions will still be peaked at the Q
mass (see Ref. 4 and Sec. V for examples).

10

I

I

I

40
M (e,v) (GeV)

I

80

FIG. 8. Transverse-ev-mass distribution M&{e,v) from
Q~qev decays. Similar results are obtained at 20 TeV, except
for overall normalization.

I I I I I I I

~s= 2 TeV

t(35)-b

JD
1

v(90)- t

40 80 120 160

M (eq, v) (Gev)
FICz. 9. Cluster-transverse-mass distribution MT{qe,v) from

Q~qev decays.

D. Topological signatures

Identification of heavy quarks produced at colliders
may be possible through the topological properties of the
events. For example, such criteria have been proposed' '

to separate cc, cs, bb, tb, and tt events on the basis of jet
broadness: the c,b quarks lead to highly collimated jets
which are distinguishable from the broad distributions of
particles expected from the t quark. The essential point
has been made in Eq. (26) above; such ideas have been
successfully exploited to tag heavy flavor in e+e events
at DESY PETRA. If the jet pT enormously exceeds the
quark mass, jet broadening is determined by QCD radia-
tion rather than m~, but this is not the regime that we
are considering here. Furthermore, microvertex detectors
should be able to distinguish the one-step and two-step to-
pologies of c and b decays. In addition, the 8'~tb pro-
cess gives a characteristic Jacobian peak in the b trans-
verse momentum, which should allow these events to be
separated from tt events. Similar ideas can be exploited in
identifying fourth-generation quarks; we discuss some ex-
amples in the following.

(i) First, suppose m„=m, and m, »m„. Then aa and
av production are suppressed relative to vv and tt, while
the latter have superficially similar decays U~c, t~b.
Vertex detectors, however, should allow the c and b jets to
be distinguished. Furthermore, the t-mass can be
separately determined from the W~tb process. See Sec.
V for further discussion.

(ii) Suppose m, & m„&M~ & m, : Then UU production
is the principal fourth-generation-quark effect, somewhat
suppressed relative to tt. However, vv production with
semileptonic v ~tev decay should be distinguishable from
tt production with t~bev decay, by the greatly differing
broadness of the secondary quark jet (t, b, respectively)
and of the associated spectator jet (U, t, respectively). The
mean multiplicity of decay particles should also be higher
for vv than for tt events.

(iii) Suppose M~+ m, & m„& m„; in this case vu pairs
decay to S'+8' tt. The presence of S'—+ is signalled by
the Jacobian peak of MT(e, v) shown in Fig. 8, while the
second W leads to two quark jets 75%%uo of the time. The
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vv contribution is distinguishable from single W and
W+ W electroproduction by the associated hadronic ac-
tivity.

(iv) Finally, consider aa production. The primary de-

cay is likely a~U, provided that m, &m„and then U de-

cays according to one of the above schemes. The final
state will have high multiplicity and multiple jets, where
detailed properties can be better spelled out when I, and
the U-decay modes are known. However, in the event that
my+M~ & m, & m+M~, the decay mode a ~b8'
could contribute.

The production of fourth-generation quarks will also
greatly enlarge the range of possible multilepton configu-
rations that result from the semileptonic branches of cas-
cade decays.

V. THE CASE OF OVERLAPPING
QUARK GENERATIONS:

HOW TO DISTINGUISH v AND t SIGNALS

The possibility that there may exist a charge ——,
'

U

quark with mass less than t has been largely overlooked.
Should this be the case, previous expectations for heavy-
quark signals from t alone would require radical revision.

Hadroproduction of heavy quarks is flavor blind and
falls steeply as the mass of the produced quarks increases.

I I l

HEAVY-QUARK PRODUCTION

Hence for overlapping generations the hadroproduction
cross section for vv pairs is necessarily greater than that
for tt pairs. Since the semileptonic branching fractions
for v~clv and t~blv are expected to be similar (by
counting final state fermion channels), the number of pri-
mary decay leptons from vv exceeds those from tt decays.

Electroweak production differs between v and t quarks.
The channel pp —+ W+-X, W+—~tb, bt is unlikely to have a
U-production counterpart because W—+au is probably for-
bidden kinematically and W~cu, tu are expected to be
strongly suppressed by weak mixing angles. The channel
pp~Z X, Z~vv is somewhat preferred over Z~tt, but
both give much smaller rates than the 8'—+tb process.

Figure 10 compares the U- and t-quark cross sections
from these different sources as functions of the quark
mass at v s =620 GeV, corresponding to the 1984 energy
of the CERN collider. We use the OR parton distribu-
tions and fusion processes only with the QCD-motivated
enhancement factors %=2 for both strong and elec-
troweak production; this agrees with the observed W and
Z production rates. Possible contributions from flavor
excitation ' are ignored.

A promising trigger for heavy quarks is a single lepton
with high momentum pT transverse to the beam axis,
from semileptonic decay. ' A minimum pT cut is neces-
sary for lepton identification. In this context the v-quark
signals are very similar to (and stronger than) those from t
quarks. Figure 11 shows the single-lepton cross sections
from the various v- and t-quark sources versus the pT cut

1
I

I
I

I

SINGLE-LEPTON CROSS SECTION

rn„=30 Geg

)0

C:

z-tt

h I-
CL.

+I

-2
10
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~~
~ ~~ ~ L L

0.01
20

l

30
I

40

m& (GeV)

60

FIG. 10. Cross sections for heavy-quark Q =v, t production
versus mass ma at V s =620 GeV, comparing different chan-
nels (i) qq, gg —+QQ hadroproduction (solid curve}, (ii)
qq~P' —~tb, bt electroweak production (dashed curve), (iii)

qq —+Z ~un production (dash-dotted curve), (iv) qq~Z ~tt
production {dotted curve).

10
0 20

(GeV)

I I I I

10 30

p (cut)
FIG. 11. Cross sections for primary leptons from decays of u

and t quarks at Vs =620 GeV, versus lepton pr cut, assuming
m„=30 GeV and m, =40 GeV; (i) hadroproduction (solid
curves), (ii) 8'~tb, bt, (dashed curve), (iii) Z ~uu (dashed dot-
ted curve), and {iv) Z ~tt (dotted curve). The cross section
shown is summed over both signs for a given lepton:
o-—=o(p+)+o(p ) =u(e+)+~(e ).
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60—
1 I

l I

CLUSTER TRANSVERSE MASS

at vs =620 GeV, for m„=30 GeV and m, =40 GeV.
This figure shows that the net single-lepton cross section
from heavy quarks is dominated by the postulated @-

quark signals (assuming that b- and c-quark backgrounds
can be removed by lepton isolation criteria ).

Primary leptons from W+' t—b, t~blv decays have dis-
tinctive signatures in particular, the fast narrow recoil b

jet with its Jacobian peak in p~ distinguishes this process
from tt and uu events with broad recoil t and u jets.
Thus, 8'-initiated events should be sufficient by them-
selves to establish the existence of r and to determine its
maSS.

Thc hadropfoduccd UU and tt cvcnts may bc hard to dis-
tinguish event-by-event. However, if the u and t masses
are not degenerate, a single-quark mass will not suffice to
describe the observed distributions. It may be possible to
separate two distinct mass peaks by a judicious choice of
distribution such as the cluster mass, defined by Eq. (32)
and shown in Fig. 12. The calculations here include
smearing effects on missing pr arising from extra neutri-
nos in the r +b +c—~s —cascade decays and also from
measurement errors represented by a Gaussian distribu-
t1on with 4-GCV standard deviat1on in each traxlsverse
coordinate. Uncertainties from q-jet reconstruction are
not known but should in practice be added. Figure 12
shows that although the UU and tt single-charged-lepton
signals are rather similar, it may be possible to distinguish
the presence of two distinct peaks in the cluster transverse
mass distribution. Failing this, a comparison of mass

determinations from W +—tb and from uu, tt hadroproduc-
tion events should show a discrepancy and allow the U

mass to be estimated.
There are supplementary ways to discriminate between

u and t events, exploiting their different lifetimes and de-

cay products. If u has a lifetime of 10 ' sec or longer
(see Fig. 2), microvertex detectors may be able to distin-
guish the spatial separation between the initial production
and decay vertices in some fraction of events.

In candidate u or t events, the identification of b- or c-
flavored hadrons among the decay products should be
feasible sometimes either from kinematic reconstruction
or from vertex detection. This could in turn choose be-
tween u and t interpretations; e.g., presence of a b-hadron
would exclude a uu interpretation, while evidence for a
primary Q —+c decay would indicate Q =u. Without iden-
tifying specific heavy hadrons, there is still a possibility to
distinguish some b jets from c jets by the distribution in

pT relative to the jet axis following Eq. (26) and Sec.
IV D.

Furthermore, the multilepton final states, arising from
the semileptonic branches of the heavy-quark cascade de
cay chains, are different in uu and tt, tb events. For exam-

ple, like-sign trileptons Ii+l2+l3+ or l, /2 l3 cannot arise
from uu. The cross sections are very small, however. '

Finally, if diffractive or flavor-excitation production of
heavy QQ=uu, tt is important, the contributions at large
positive longitudinal momentum fraction x (defined here
relative to the proton momentum) should be dominated by
baryons A~(Qud), X~(Quu, Qud) and mesons M&(Qu,
Qd). At large negative x the corresponding antiparticles
dominate. By counting rule arguments the cross sec-
tions scale in the limit

~

x
~

~1 according to

y ($0)
~ eoeoeooeeeeiooo t (40)

o(A, X)-(l—ix i),

0(M)-(1—
i
x

i

)3 .
(33)

0
0 20 40 60

MT(d j,v) {Gev}

FIG. 12. Cross section versus cluster transverse mass at
~s =620 GeV for m„=30 GeV, m, =40 GeV, distinguishing
different contributions: (i) uU events (dashed curve), (ii) tt, tb, bt
events (dotted curve), and (iii) total (solid curve}. The lepton is
required to have pT~5 GeV, Realistic smearing of missing
neutrino momentum is included.

This behavior is compatible with the accelerator data on
diffractive charm production. The charge of the lepton
in the primary semileptonic decay of a given baryon or
meson differs between Q =u and t alternatives, and could
thereby distinguish these sources if the type of parent par-
ticle is known (e.g. , as x~1 baryons dominate and lep-
tons l+, I indicate the flavor t, u respectively. )

Figure 13 illustrates how the xi distributions of pri-
mary decay leptons (with pr & 5 GeV) from diffractively
produced r or u-flavored -hadrons may differ at v s =620
GeV, specializing to the forward hemisphere x & 0, in the
proton direction. We assume masses m„=30 GCV,
M, =40 GCV, and longitudinal-hadron-momentum distri-
butions

do
d/x/ (34)

with n =1,3, corresponding to the baryon and meson
cases, respectively. The total diffractive cross sections are
assumed to be proportional to (mg), as is the case in
some models. ' For illustration the ratio of mesonic to
baryonic production is taken to be one, but this is not
necessarily the case. The diffractive-model results in Fig.
13 show that if the generations overlap, then u-



30 FOURTH-GENERATION QUARKS AND LEPTONS 957

L
C3

C3

10

ION

(So)
40)

this calculation is given in Ref. 3S, based on density ma-
trices.

Figure 14 shows the relevant quark subprocesses, whose
amplitudes we mnemonically label as u, d, y, and Z,
respectively. Vhth momenta labels as in Fig. 14, the am-
plitudes are given by

M„=(u) 'Ri, iT(q)y„(2qi+yiW)(l —ys)u(q),

Md = (t )—'Ri„„u(q )(2qi + P'yg)y„(1 —ys)u(q),
(3S)

m =8x Q (s) 'R „U(q)(Wg„+k„y„—W,y )u(q),

Mz=4($ —Mz +LMzrz)-'R, „
b ~0

)0 0 0.2 0.4 0.6
lh

0.8 l.0

&( tT(q )( P'g„x+ ki y, —W,yi )(&z bzy5)u —(q)

where u =(q —W), t =(q —W), x~ ——sin 8~, and

Ri ——e ei„(W)(8V2sin Oii ) '(k —Ms +iMii I ~)
Xu(&)y (I y5)U—(~) . (36)

The electroweak quark couplings that appear in ~z are

FIG. 13. Distributions of primary U- and t-decay leptons in

the forward (proton direction) hemisphere versus longitudinal-
momentum fraction xi at V s =620 GeV, assuming diffractive
distributions of the parent hadrons do. /dx -(1—x)" with n = 1

for baryons and n =3 for mesons, and a total diffractive cross
section that scales like (mg) . Masses m, =30 GeV and

m, =40 GeV are assumed. The lepton is required to have pT & 5

GeV.

baryon —+l should indeed dominate at large positive m~,
whereas otherwise t-baryon —+I+ should dominate here.

The foregoing considerations presuppose that lepton
backgrounds from b and c decays (including secondary
contributions from u —+c and t~b cascades) can be
suppressed by suitable isolation cuts and that the elec-
tromagnetic Drell-Yan background can be suppressed by
requiring substantial hadronic activity as expected in the
heavy-quark events.

VI. ELECTROVFEAK O'-PAIR PRODUCTION

Superheavy quarks that decay via Q~qW give final
states with 8'pairs plus q and q decay jets. This topolo-
gy should be readily distinguished from electroweak
8'+8 pair production in which the accompanying
hadronic activity should be primarily longitudinal. Back-
grounds from the higher-order QCD 8'+8' process
with the emission of hard gluons are expected to be signi-
ficantly suppressed relative to the lowest-order elec-
troweak contribution.

The electroweak 8-pair production process is very in-
teresting in its own right as a test of electroweak gauge
theory. In addition, its cross section and distributions
could serve as a useful benchmark with which
superheavy-quark contributions could be compared.

In this section we give formulas for the differential
cross section for W+ W production with 8' decay to
e v, . Full polarization correlations involving the virtual

state are taken into account; a different approach to

FIG. 14. Momentum labels oF quark subprocesses for elec-
troweak &+8' production; k, l, and V denote the 8', elec-
tron, and antineutrino outgoing momenta, respectively.
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ttz T3 2Qqx w

bz = T'3
(37)

E„= [2(Mw —u ) W Vq. /
Xpe 0

(39)

where Q» is the electric charge and T3 the third com-
ponent of weak isospin of the incident parton. The square
of M, summed over spina and colors, is evaluated using
the computer algebraic program ASHMEDAI and checked
by hand. The result including all parton subprocesses is
of the form

—(2Mw —u /Mw )q Vq. /],

Ed=E„(q=:q, /~V) .

The I terms are interferences of the quark-exchange dia-
grams with direct-channel y, Z diagrams

P

3e 6

(k —M ) +M 1

Eq+Iq+ g Svv
v, v'=y, z

Here Eq represents the square of a quark-exchange dia-

gram,

SQ„ 4(az+ bz )(s Mz—')

s uxw [(s—Mz ) +Mz I'z ]uxw3

Id I„(q~——, /~v, Q„~Qd ) .

Here the quantity F is given by

(40)

q.vq. /[—s+Mw +k +u(s k)/M—w ]+q.vq /(t Mw )+q—./v W(s —u+Mw )

+ —,q /k (u —Mw )+ W. /q vs+q vq /Mwz Mw kzs—/4 .

Finally, the Svv terms are the squares and interference of the direct-channel diagram. These can be expressed in the
orm

Svv'=16Cvv'[(&vav'+bvbv')Gi+ (&vbv'+bvav')Gz]

where ar ——1, br =0, az, and bz appeared in Eq. (37),

(42)

Q(s —Mz ) 1

4xwzsf(s —Mz ) +Mz 1 z ] 8xw [(s—Mz ) +Mz I z ]

The invariant quantities G~ and G2 are

G, [q.vq. /+q =vq. /][Mw 2k 2s+(s—k—) /Mw j-
+2[q./ W.v+q. v W. /+q / W /+q. / W V]s —,' [(k t )(M—w t—)+(K u—)(Mw u—)]k Mw—k s, —

Gz ——[q vq / qvq /][3Mw—+2k +2s (s k) /Mw—]-
+[q (V—/)(t —Mw )+q (/ —v)(u —Mw )]k +2[q / W v+q / W / —q 7 W / —q / W v]s .

The differential cross section for a quark subprocess is

(43)

(44a)

(44b)

d&= ——g ~M
~

(2m. ) '5 (q+q —/ —7—w)IIPq49 2'
The differential cross section for pp production is

(45)

[f (x „Q')f (x„Q')d&(qq )+f- -(x „Q')f (x„Q')d&(qq)],
dx )dx2

(46)

where x& and xz are the fractional momenta of the partons. Also, f«b is the probability distribution of quark a in had-
ron b, which is QCD evolved up to Q =s; d&(qq) is obtained from d&(qq ) by interchanging the q and q three momen-
tum directions. The W+ W cross sections and distributions shown in preceding figures were based on these formulas,
which reproduce the cross-section results of Ref. 33 for real- 8'8'production.

VII. SUMMARY

In this paper we have attempted to identify salient
features of the production and decay of fourth-generation
quarks and leptons at pp and pp colliders. For quarks we

have introduced plausible extensions of the weak-current
mixing matrix that have increasing suppression of cross-
generational transitions. With overlapping generations
(m„-m, ), we find particularly interesting physics results,
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such as a long U lifetime and a confusion of U and t sig-
nals. Another interesting possibility is the existence of su-

perheavy quarks that decay to a real 8'boson. We have
given representative transverse distributions of heavy-
quark decay fragments and discussed topological event
properties that could be useful in the experimental identi-
fication of signals from fourth-generation quarks. We
have discussed in particular detail the problems of disen-

tangling U- and t-quark signals should their masses over-
lap.

A summary of most of the above results was present-

ed at the Physics of the 21st Century Conference at
Tuscon, Arizona in 1983.
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