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%e evaluate the cross sections in pp collisions at 10-40 TeV for the production of very heavy
charged and neutral exotic leptons that occur in the 27 representation of E6. Drell-Yan and
gluon-fusion subprocesses are considered. The exotic-lepton decays can lead to distinctive final
states with two or four 8'bosons and like-sign 8'pairs.

According to superstring theory, ' the exceptional group
E6 may describe particle interactions below the Planck
scale. The pattern of E6 breaking may give an extra U(1)
symmetry3 beyond the standard model at low energy:

Es SU(3) &SU(2)g XU(l ) xU(1)' .

In such a case, there would exist an extra neutral gauge
boson, 4 7 the Z'. Also, since fermions would belong to the
fundamental 27 representation of Es, there may exist exot-
ic statess 'o in addition to the known fermions. The left-
handed fermions of the first-generation 27, labeled by
SO(10) and SU(5) decompositions, are

(i65') d'+(")
(i6 io) u'+(")+e'
(16,1) ¹,
(10,5 ) h'+(E ),
(10,5) h + (~~),
(ii) n.

There is a new quark h of charge —3, a charged heavy
lepton E, and neutral leptons W, vE, NE, n These new fe.r-
mions and the Z' boson may have significant implications
for experiments at supercolliders at very high energy and
high luminosity. Of particular interest to us is the possible
production of heavy E6 leptons via the y, Z, and Z' bosons
in the Drell-Yan and gluon-fusion subprocesses shown in
Fig. l.

Our considerations parallel the recent work of Willen-
brock and Dicus" for the production of a fourth-
generation charged heavy lepton via the standard-model y

and Z bosons. (We denote fourth-generation leptons by
vL, I. and fourth-generation quarks by a, v. ) However,
there are a number of important differences in the produc-
tion of E6 and fourth-generation heavy leptons.

(i) In the Es case the Z-boson couplings are different
and there are additional Drell-Yan contributions from the
Z' boson.

(ii) The gluon-fusion subprocess involves the triangle di-
agram from heavy quarks. If the t quark has mass'2

m, & 2 Mtt, the dominant diagram contribution in Es
arises from h quarks and in four generations from a and v

quarks. No cancellations occur in the h-loop contribu-
tions, whereas a and v quarks contribute with opposite
signs to the triangle diagram.

(iii) The maximum gluon-subprocess contribution is ob-
tained in the Es model for mh)&mE, whereas in a four-

FIG. 1. Drell-Yan and gluon-fusion subprocesses for produc-
tion of Es charged heavy leptons.
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generation model the maximum contribution requires"
m„&&mE &&m, .

(iv) Only axial-vector Z, Z' couplings contribute to the
gluon-fusion subprocess because of Furry's theorem.
Since the vectorlike It quark has no axial-vector coupling
to the Z boson, only the Z' intermediate state contributes
for the E6 case. This cross-section contribution decreases
hke (Mz ) and is thus very sensitive to the Z' mass.

In the E6 model the couplings56 of the Z and Z' bosons
to the fermions f have the form

+ 6 X$f'

I
6 X~

1

6Xg
1

6Xg
1

3

I
12

TABLE I. Left- and right-handed couplings of the Z and Z'
bosons ill Eq. (3).

Ferrnion

I
12

1

12

I
6

& -gz(GLZ„+ JxwGI'. Z„')fy" (I —ys)f

+gz(GgZ„+Qx GgZ„')f y"(1+y )f, (3)

where the coefficients Gq and G~ with 8 R,L are given
in Table I. Here gz e [xw(1 —xw)] 'i2 and xw sin28w
as usual. The Z,Z' mixing is known to be smalls and is
neglected here.

The integrated Drell- Yan cross section is given by

1

4

+ 2 Xff'

1

4

1

12

5
12

1

3

1

3

5
12

a (qq y,Z,Z' EE ) CP 3'
2

/Pl
( I C~L I'+

I C~ I'+
I CL~ I'+

I C~ I')+ . Re(CLLCLR+CRRCRL),

where C —,
' is the color factor, p (I -4mE2/i )'i~ is the

heavy-lepton velocity, i is the subprocess c.m. energy, and
the coefficients Cqc are

G, (q)G, (E)
xw(1 —xw) (s —Mz2+iMzl"z)

G,'(q )G,'(Z )

(1 —xw) (s —Mz'2+i Mz I z')

QvQE +
4s

The gluon-fusion subprocess cross section is determined by
the axial-vector eouplings

A —GL+Gg, A' —GL+Gg

of the heavy quark and heavy lepton. In the ease of a
fourth generation the gluon-fusion subprocess cross sec-
tion, averaged over spin and color, is"

c cz P(AgAL) mI. ()
xw (1 —xw) Mz 4 7

where I denotes the integral"

PlI-g ~2„, , dady

Charge 3 quarks contribute positively and charge —
3

quarks contribute negatively to I.
In the E6 case, assuming three approximately mass-

degenerate h and E lepton generations the cross section for
the gluon-fusion subproccss is

crz 3 xw (Mz/Mz ) o'z,

with the replacement (A~ Aj, AL, AE, mq ms, and
mg mq) in Eqs. (7) and (8). The gluon distributions
cause the subprocess contributions to be peaked near the

(4)
l

threshold i 4mf .
, consequently I is essentially unity as

long as m~ &&2mf. We evaluate the production cross sec-
tions numerically under this assumption.

There may, in addition, be contributions from s-channel
Higgs-boson exchange to the gluon-fusion subprocess
which are incoherent with the Z' contribution. In the
standard-model calculation of Ref. 11, the Higgs-boson
contribution was found to be comparable to the Z contri-
bution. We do not attempt to estimate the Higgs-boson
contribution in the E6 model because of the complicated
nature of the Higgs sector here. Our Z' calculations give a
lower bound on the expected heavy-lepton cross section in
E6.

Figure 2 gives predicted integrated cross sections for EE
production in pp collisions at 40 TeV, corresponding to the
energy of the proposed U.S. Superconducting Super Col-
lider (SSC). In these calculations we used the Duke-
Owens model 1 gluon distribution'~ with A 0.2 GeV and

Q s; essentially identical results were obtained with the
distribution from Eichten, Hinchliffe, Lane, and Qujgg. 's

The cross sections in Fig. 2 are based on a Z' mass of 150
or 200 GeV. The gg cross-section component scales ~ith
(Mz); the qq component does not vary significantly
~ith the Z' mass.

Figure 3 compares cross sections for EE production in

pp collisions at SSC energies of Js 20 and 40 TeV with
predictions at lo TeV, appropriate for the proposed Large
Hadron Collider at CERN.

Figure 4 compares the EE cross section in pp collisions
at 40 TeV ~ith corresponding maximal cross sections for
production of the fourth-generation heavy lepton L. The
Drell-Yan component for EE is a factor of 3 larger than
for LL since ~c have assumed three mass-degenerate exot-
ic generations.

In E6 the production of the neutral leptons vE, WE, N,
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FIG. 2. Cross section vs mass of the Es charged heavy lepton
in pp collisions at Es 40 TeV, assuming a Z'-boson mass of
150 or 200 GeV. The Dre11-Yan (qq) and the gluon-fusion (gg)
subprocess contributions are shown separately. Three approxi-
mately mass-degenerate generations of E leptons are assumed
with NlE 44Nfp.

FIG. 4. Comparison of charged-heavy-lepton production cross
sections in Eq and fourth-generation models, in pp collisions at
Js 40 TeV vs the lepton mass. The E6 curves are based on a
Z' mass of 150 and 200 GeV.

and rt is also of interest. Figure 5 compares the production
cross sections of the charged and neutral exotic leptons, as-
suming that all are heavy and that each neutral heavy lep-
ton is a Majorana particle by itself.

Very massive leptons would decay to 8; Z, and Z' bo-
sons. For example if mE & 2Mts and rn „&M~ the first-
generation charged E lepton could decay dominantly via
the decay chain

E~ vES"~ e8'+8'

The pair-produced EE state would thus contain four W'

bosons. If M„& rnF. & Mg, the first-generation E lepton
would decay by both charged and neutral currents,

(-} (-) ,N e —8' —,N vZ, N vZ'. (12)

The Majorana N decays with the same rate into a particu-
lar final state and a state with opposite charges. Thus NN
production will lead to same-sign W pairs, which would be
a dramatic experimental signature. '

The Z' boson is coupled strongly to the heavy Majorana
neutrinos ' N and n, and these states would be pair pro-
duced in pp collisions. These Majorana neutrinos may de-
cay via mixing with an ordinary neutrino. If the Majorana
neutrinos are sufficiently heavy, then the following types
of decays may be realized for the first generation N if it
mixes with v, :

E~ v, W', eZ,eZ',

with the proportions determined by mixing angles.
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FIG. 3. Comparison of cross sections for EE production in pp
collisions at Js 10, 20, and 40 TeV, for hfz' 200 GeV.
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FIG. 5. Cross sections for production of exotic charged and
neutral heavy leptons in the Eq model, in pp collisions at 40 TeV.
Three approximately mass-degenerate generations of each lepton
type are assumed. The Z' mass is taken to be 200 GeV.
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