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%e explore the properties of the exotic fermions as well as the additional gauge boson(s) and

Higgs scalars present in E6 grand unified theories resulting from superstrings. Special attention has
been paid to the decay modes of these new particles and their production mechanisms at existing ac-
celerators and those under construction.

I. INTRODUCTION

The advent of superstring theories' (ST's} has revital-
ized interest in grand unified theories (GUT's) based on
the gauge group E6 (Ref. 2). ST's have the promise of be-
ing complete and finite theories of all of the fundamental
forces, including gravity. It has been shown' that such
theories are also free of electroweak and gravitational
anomalies if the gauge group is either SO(32) or Es X Es in
ten space-time dimensions. It has also been shown that
upon compactification down to four dimensions Es breaks
to E6 with local N =1 supersymmetry (SUSY) below the
Planck scale. The second Es, unbroken by compactifica-
tion, is associated with a new form of matter (shadow
matter ) which only interacts with "normal" matter via
gravity. The fermions in E6 then transform as (at least)
three 27 representations with the possibility that "mirror"
fermions (Ref. 5) (27) may also be present. Investiga-
tions ' have also shown that at low energies ( &1—10
TeV) the effective electroweak gauge group resulting from
E6 breaking is larger than that in the standard model (SM)
by (at least) an additional U(1) factor. Additional sets of
Higgs bosons will inevitably be necessary to break this
U(1}and produce masses for all the various fermions.

It is thus quite clear that the simplest extension of the
SM suggested by ST's (via E6) contains new exotic fer-
mions (twelve per generation), an additional gauge boson
associated with the new U(1) factor, plus an extension of
the SM scalar sector beyond a single isodoublet (or two
isodoublets in SUSY versions). The purpose of this paper
is to begin an exploration of some of the new
phenomenology resulting from such a large extension of
the SM. Our work is far from complete but it is an im-
portant step to take if we are to test, even indirectly, the
predictions of ST.

The paper is organized as follows. Section II contains a
general discussion of the particle content of the low-
energy effective theory as a result of E6 breaking as well
as particle mixing. The general form of the charged- and
neutral-current couplings of all the particles are discussed.
The flavor-changing neutral-current couplings are also
given. Section III deals with the decay properties of the
new charged fermions in the model. These various decay
modes are quite sensitive to the mass spectrum in the
theory. In Sec IV we disc.uss various mechanisms for
producing these new fermions at existing accelerator and

those currently under construction. Section V contains a
brief discussion of some of the new physics associated
with the extended Higgs sector of this new class of
models. Our results and our conclusions can be found in
Sec. VI.

II. EFFECTIVE I.O%'-ENERGY THEORY

A. General discussion

The fermion content of a single E& 27 representation is
given by
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(2.1)

The second row consists of the eleven new "exotic" fer-
mions which appear in the 27 but not in the 16 of SO(10).
In addition to their obvious SU(2}t, XU(1)r quantum
numbers, the breaking of E6 leads to an additional U(1)x
local gauge symmetry at low (=1—10 TeV) energies as
mentioned above. The electric charge Q and the U(1)~
generator T, are orthogonal so that Q =Ts+ Y/2 as in
the SM. Note Q (iV, iV', v"}=0, Q (E)= —1, and

Q (D}= ——,'. This implies that the SU(3)c XU(1)EM
quantum numbers (as well as lepton and baryon numbers)
of the fields e and E (d and D) are identical so that mix-
ing can occur between these fields. This has been a sub-
ject of much discussion in the literature. Similar (but
more complex} mixings can also occur between the neutral
fields UL, va, Nt, N~, and vL'. This mixing will play a
very important role in the decay and production proper-
ties of the exotic fermions.

Table I shows a list of the U(1}x quantum numbers of
all the members of the 27 representation for four different
possible U(1)x's resulting from E6 breaking. These break-
ing patterns have been discussed in detail in our previous
work so we will merely summarize the origins of the
various U(1)z's below:
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A: E6~SO(10)XU(1)»~SU(5) XU(1)»~3c2L, 1 rl»,
8: E6~SO(10)~SU(5) XU(1)»~3c2L 1 r 1»,
C E SU(6) X SU(2} SU(6) SU(5) x U(1)

(2.2)

then the unphysical fields are given by

&L,it = UL„~(e)&c,ii &L„z= UL, z(d)~~L, ii (2 4)

where, for simplicity, we take the matrices U to be real
and orthogonal:

cosHL q sinL9L z

3c&1.&v&x

D: E, SU(6) X SU(2) SU(6) xU(1)»

~SU(5) XU(1}»~3c2I1r 1» .

Note that pattern (C) has attracted the most attention in
the literature.

Let us now turn to a simplified treatment of the mix-

ings between the fermions discussed above. Defining the
weak-eigenstate fields to be e,E (d,D ), etc., the physi-
cal fields are obtainable by a unitary transformation. Let

0 do
~L,R = E ~ +I.,R = DO (2.3)

later in our analysis below. %e now turn to a discussion
of the various couplings of these fermions.

B. Interactions

The neutral-current interactions for any fermion f in
the weak-eigenstate basis is described by the Lagrangian

LNc= frl [(TiL+Tsz —2&wQ)

—(T&L —TM )r5]fZi

fr„[(XI+X&) (XL——Xs)r5]fZi . (2.6)

In writing down this expression we have neglected any
mixing between the two neutral gauge bosons Zi z (this
mixing has been shown to be quite small in our earlier
work' ). XL~&, is the value of the U(1)» generator T» for
fL, ~~~ which can be read off from Table I and
xi' —= sin Hii =0.217. Also, Q is the fermion charge, Til
( T3+ ) is the value of the third component of weak isospin
for fL Iz„and g» is the U(1)» coupling constant.

Once we allow for fermion mixing the Lagrangian in
the mass-eigenstate basis can be written as

UL, z(e) = , etc.—sln8L s cosHr s
(2.5)

I Nc= gf.r„(Ui ~ir5)fy—Zig P
2C ff p

As has been noted, these mixings produce flavor-
changing neutral currents (FCNC's) since the Glashow-
Weinberg-Paschos conditions are not satisfied. These
FCNC's may be critical in understanding the decay modes
of the new fermions. We note further that the matrices
UL and Uz are, in general, distinct since fermion-mass
matrices are not always Hermitian. This will be discussed

(2.6')

Tables II and III show the values of U; and a; for the
physical fields e, E, d, and D in terms of the mixings
described earlier in the previous section. Note the pres-

TABLE I. Values of the U(1)~ quantum numbers for the various fermions in the 27 representation
of E6 in models A—D.

B

0
0

—2
4

—1

—1

0
0

0
0

—1

—1

0

—2
—2

0
0

—2
—2

0
0

1

2
1

2

0
0
0
0

0
0
1

0
0
0
0

1

2
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TABLE II. Values of the vector and axial-vector couplings of
the (e,E) and (d,D) fermions to the Zi.

TABLE III. Same as Table I but for Z2.

—
2 +2Xg —

2 (Sg)
]

—
2 +2xg —

2 (cg)e

+ 2 SECS

—
2 (cg)

——,(sg )'

[Xi(ci) +Xi,(sL )']+[Xs(cg l +Xs(sg )~]

[XL,(cL )i+Xi (sL)']k[Xit(cg l +Xs(sg )']

(XL —XI )SLCL +(Xg —Xg )Sgcg

(CL, ) + 3Xff
1 d 2 2

—2{S~) + —,X~1 d 2 2

d d
2 SLCJ

—
2 (cL)]

—
2 (SL, )

d 2

d d—
2 SL,CL

[Xg, (cL) +Xi~(sL) )+[XPr(cz ) +Xs(sg l ]

(XL —XL )sL CL +(Xg —Xg )sgcgd D d d d D d d

ence of nonchiral FCNC's which have important implica-
tions to process such as prey and the g —2 of leptons.

We now turn to charged currents; we limit ourselves to
a simplified mixing between the neutral fields of the form

r

0

L ii = Ul ill(v)i)l a riL R —
Vo

0 0 (2.7)
L,R

with the vL field unmixed. The reason for this choice is
due to the fact that vi' is an SO(10)-singlet field with a
null value of 8 L. v and —N, however, do have the same
lepton number and can mix even in the limit of exact
lepton-number conservation. %e thus obtained the
charged-current (CC) interaction for a single generation of
the form

8
Lcc —— [vy„(l —y5)e+Ny„(l —ys)E]cos(HL, —HL, )8'"+ [vy (1 y5)E+X—y (1—ys)e]sin(HL —HL )W"2~x 2~2 5 I. L

+ [ N 'y„(1+ys)E cosHiicosHit+N 'y„(1+ys)e cosHiisinHit2~2

+vii y„(1+y5 )E cosHg slnHii +vii y&( 1+y 5 )e sinHii sinHit ]

+ uy&(1 —ys)(d cosHL +8 sinHL, ) W"+H.c.
2 2

(2.8)

As we have noted, in writing down these Lagrangians we
have ignored the effects of further generations; the lepton-
ic parts can be easily generalized and in the hadronic
terms we need to incorporate Kobayashi-Maskawa" (KM)
mixing to incorporate further generations.

From neutral-current experiments at low energy and
e+e data we can conclude that Hii and HL must be quite
small. Universality of the charged-current interactions
constrains HL and the difference HL —Hr" also to be quite
small. For practical purposes we will assume that sin 8
(where 8=8ii, HI, or 8L —HL ) &0.05 in our calculations
below. Clearly the angles HL and HL are not separately
constrained to be small. In addition, note that there are
now clear constraints on the angles, Hii and H„which
may, a priori, be quite large. Thus the magnitude of the
size of these angles may play a very important role in
determining the detailed properties of the new particle.

A. D decay modes

In the absence of mixing this particle is an SU(2) singlet
with a diagonal neutral current which is a pure vector.
Since it does not couple to the 8' in this limit and
FCNC's are absent the D quark is absolutely stable.
Clearly the existence of a very heavy ( & 23 GeV from the
present DESY PETRA data) stable, charged, strongly in-
teracting particle can be ruled out by cosmology. ' The
only place such a particle could be produced today is at
the CERN collider. (Data from the collider may already
rule out exotic masses in the range up to -50 GeV. )

Thus mixing needs to be introduced between the d and D
quarks to ensure compliance with present limits. This
mixing allows the D to decay via charged-current or
FCNC interactions.

Next, we must ask what the mass of the D is relative to
for the various gauge bosons. There are four possible
scenaAos:

III. DECAYS OF EXOTIC FERMIONS

The specific decay patterns of the exotic E6 fermions
are quite sensitive to their masses and the various mixing
angles discussed above. This can be clearly scen by con-
sidering first the case of the D-type quark.

(I) MD &Mir, Mi i,
(II) Mg &MD &Mi,Mi,
(III) Ms, Mi &MD &Mp,

(IV) Mg &Mi p &MD,

(3.1)
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M& z are the masses of Z~ and Z2, respectively.
In scenario I, the typical decay modes of the D (with

only a single mixing-angle suppression factor) are via vir-
tual gauge bosons

D~u+ 8'„;„
ve, ud, cs, etc. „

(3.2)
d+(Zi»2). ~

I e+e, vv, uu, dd, etc.
FIG. 1. Feynman diagram for D-quark decay via virtual-X-

boson exchange.

Note that in the case of decay via FCNC's both the Z&
and Zz bosons can contribute to the decay process. Fig-
ure 1 shows a generic decay of the D quark of this type
(D~r abc) via a generic gauge boson X with a matrix ele-
ment of the form (the sum extends over the possible inter-
mediate gauge bosons)

—g""+q "q"/M,
M = ga(P2)y„(u; —a;y&)D(P&)

(q —M; ) —il';M;

D ]/2
2I'{D abc)=N, I x'dx g A;, [8;,(9—16X)' 48~'

+C; ( —3+Sx)],

(3.5)

Xb(P3)y (u' —a'ys)c(P4) (3.3)

with an obvious notation. Since MD gM~, M~ 2 one may
examine the limit MD ~gMa M& z for which we obtain

MD
I (D~abc) = X,

384m

where x =E, /Mn and where

(q M; )(q— MJ )+—(I;M()(I JMi)

[(q —M; ) +(I;M;) ][(q —M )2+(I'JMJ) ]

8~=(u;vj+a;aj)(v uj+a aj), (3.6)

(u;uj+ a;aj )(v uj'+a aj )

& J M; MJ
(3.4)

with E, the number of colors of the bc pairs. If, howev-
er, the D is sufficiently heavy such that MD is less than
but still comparable to the mass of a gauge boson (as
would the t quark and the W if m, =40 GeV) then we ob-
tain a more complicated expression:

CJ =(u;aj+uja;)(u aj+vj'aj),
with q2=MD2(1 —2x). To make use of the full expres-
sion, one must know the detailed masses and widths of all
the gauge bosons (including Z2 for which only mass
bounds are presently obtainable ' )

For decay by virtual W the situation simplifies consid-
erably to a much more compact result, for example,

6 MF D d 2 I'~ zd 48 —64x

192+ 0 [A ( 1 —2x ) —1]~+I 2/M
(3.7)

with A, :—MD /Mrr . The naive expectation (from just
scaling p decay) is of course given by I z',

GF MD
2 5

I 0 ——
3 (sz, )

192m

and Z& z contributions are quite comparable [note
(sLct ) (sL ) in the limit of small 8&, which is what is
expected]. This can be clearly seen from Table IV which
shows D decay branching ratios; in this same case the to-
tal lifetime is 21.5I o. We neglect all nonleptonic enhance-

and the integral results in an additional enhancement of
this decay which is =20% for Ma =50 GeV and 80% for
MD ——70 GeV.

Similar approximations can be made in the neutral-
current channel; with MD ~~M& ~~M2 we obtain, for
example, the decay rate for the process D~de+e to be

2

I (D~de e )= (sicl ) (1—kg +8xg )
2

192m

(3.9)

which is roughly half of I o in magnitud. Clearly the W

Ver dP Vpr d T V

dQd
dcs
Q VIVI r Q VPV2r Q V3V3

Qe+e, QP+P, Q~+~
QQQ

QCC

udd, uss, Qbb

4.7
7.0

14.0
4.7
2.4
4. 1

8.3
10.5

TABLE IV. Branching ratios of the D in the limit
MD ~~My.

Branching ratio (%)
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FIG. 2. Same as Fig. I but for D decay into a rea1 X boson.

M =D(p)y„(U ay 5)f (p')&—y

with a decay rate given by

(3.10)

I {D~fX)= (U +a ) (1—3Z4+2Z )
16m Z2

(3.11)

with Z =—M»/MD. The three-body decay is suppressed by
large numerical factors (192ir ) as well as an additional
factor of g in comparison to the two-body decay. Thus
for MD exceeding M» the two-body decay clearly dom-
inates. Clearly in scenario II where Ma g MD &M i i the
decay D~uW will far and away dominate over the
FCNC modes. A plot of the function

l05

IQ

ment effects as well as radiative corrections in these esti-
mates and set KM angles to zero. We also assume that
modes involving t quarks do not contribute due to phase-
space or kinematical factors and that all other possible de
cay modes are suppressed. Clearly FCNC effects will be
visible in D particle decay.

Once M~ exceeds a gauge- @eon mass threshold, the D
will decay via a two-body process (as shown in Fig. 2) via
the matrix element (for D~fX)

G(Z) =Z-'(1 —3Z'+2Z'}

can be found in Fig, 3; note G=l for M»/M&-0. 7. In
the case of X = W (scenario II},

U +0 ~'rCK(Sr ) /XIi

whereas in the case X =ZI (as can occur in scenario III)

U +I2 ~'Jr'[($Lcl. ) /2xp (1—xgr)]

that both types of decay have comparable couplings. The
Zi final state is, however, slightly suppressed by the addi-
tional [2(1—xii )] '=0.64 factor. The function G then
provides a further suppression of the Z

&
mode {in

scenarios III and IV) due to phase space.
Thus in scenario II the D~S' u dominates over all

others while in scenario III both D~ 8' u and D~ZId
are comparable with the W mode being somewhat larger.
Clearly this same situation occurs in scenario IV if MD is
not much larger than M2. Since the couplings to the Z2
boson which are flavor changing for the D are small in all
models (and g» itself is small ) the two modes D~ W u

and D~ZId remain the most important in scenario IV,
i.e., the decay D~Z2d is suppressed relative to both the

u and ZId modes.
Another, potentially important, decay mode of the D is

via single gluon emission (D~dg) which can proceed
through the one-loop diagrams shown in Fig. 4. These di-
agrams clearly show that there are several different con-
tributions to this process —those from gauge bosons and
those from Higgs scalars. As we will see below (and as is
alluded to in our earlier work) the Higgs sector contains at
least a single (pair} isodoublet and isosinglet in order to
generate all the gauge boson and fermion masses. This
yields at least two neutral physical Higgs scalars with
flavor-changing couplings which can contribute to this
one-loop-order process.

An estimate of the decay rate for this process is

MDI"(D +dg) = —a a, (mixing angles)
96m

XF{MD,M@.,MI 2,MH) . (3.12)

lQ l

IQ I I I I I I i I i

0 0.l 0.2 0.5 04 0 5 0.6 0.7 0 8 0.9 l 0

FIG. 3. 6 as a function of z defined by Eq. (3.11).

F represents a complicated function of the various masses
and coupling constants resulting from the diagram and by
"mixing angles" we mean those relevant to this flavor-
changing proces. =ombinations of 8z „. If F is of order
unity, then the usual weak decay modes are at least as
large as the gluon-emission process for Mn ~ 23 GeV. As
MD increases, however, the weak decay rate grows quite
rapidly. If MD &Mii. the weak two-body decay rate is
huge in comparison to the d +g mode even if F is quite
large. Clearly, a complete analysis of this process is
necessary.

Other unusual decay modes are possible if D is suffi-
ciently heavy. One such possibility of D decay via
Higgs-boson emission. As mentioned earlier, the minimal
SU(2)L, X U(1)r X U(1)» model contains at least two physi-
cal Higgs scalars which will have an off-diagonal coupling
to Dd. In SUSY versions of this model, a doubling of the
number of Higgs multiplets results in charged as well as
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and so with C-1 this process could compete with decay
via gauge bosons.

The D may also decay into SUSY final states if the
mass of the u and d scalar quarks plus the corresponding
gauginos are less than Mn. The relevant diagram for pro-
cesses such as this is given in Fig. 5(b). Since charged
currents couple in a left-handed manner and only the
states 11-DL mix in a fiavor-changing way (since both dx
and D~ are singlets), only the decays D~dl. Z and
D~uL, R' are possible. We find the decay rate for this
process to be of the form

Q f71g —Ply
2 2'

1+
Via

2 2'2
Pal~ mg

2+ 2PlD

1/2

Pl a

u, Ci

P

q w, z

FIG. 5. Some Higgs-boson and supersymmetric decay modes
of the D quark.

FIG. 4. One-loop diagrams which can contribute to the decay
D ~dg. with

k ( S~uL ) =(4/xg )(sL )

(3.15)

(3.16)
neutral Higgs fields which could contribute to D decay.
A representative graph for this process is shown in Fig.
5(a) and we can take the matrix element for this process to
be

M =(~2GF )'i MDsi Cu(p)u (p'), (3.13)

(3.14)

where C contains the details of the vertex and is sensitive
to the exact structure of the model. C will depend on
such factors as (i) the set of vacuum expectation values in
the theory, (ii) the mixing among the Higgs fields, (iii} the
mixing in the D dmatrix, and (iv) po-ssible KM-type mix-
ing for the D~H u decay. The decay rate for this pro-
cess 1s given by

I = v 2GFMD
C (1—MH /Mn ) (sr )

16m

k(ZdL )= 2(1—2xii /3)
(sL)' .

xg(1 —xg )

Since the k factors, apart from (sI ), are numerically
large, these SUSY decay modes can clearly compete with
the usual two-body decay modes unless there is substantial
phase space suppression. Similar Higgs-fermion decays
are, of course, also possible.

B. E decay modes

The decay modes of the E are somewhat similar to
those of the D but with some further modes possible de-
pending on the details of the mass spectrum. This is easi-
ly seen by examining the charged-current Lagrangian in
Eq. (2.8}. If the mass of E is larger than that of X (or X'
if N and N' are distinct fields) then E will decay via



THOMAS 6. RIZZO 34

charged currents [E~N(N')+W ] even in the limit of
zero mixing. Clearly this mill be the dominant decay
Glode.

If M~ —M~ &M~ as well then the W boson is virtual
as in the decay E~N(N')e v, shown in Fig. 6(a). The
decay rate for this process is given by the expression

I {E~¹v )=, W dx
G~ Ms, ~in' i+s'i (x' —5')'~'[x(1+5' —2x)+2(l —x)(x —5')]

&2~' (1+5 —2x —W} + WG
(3.17)

where W=Mii /ME, 5=M&/ME, G =(I ii /ME), and x =Ez/ME. An identical expression obtains for the decay
E~N'e v, . If N and N' are identical, then we simply rescale Eq. (3.17) by (U +a )/2 where v (a) is the appropriately
scaled vector (axial-vector) coupling constant at the ENW vertex. Simple counting arguments can then be used to esti-

mate various branching ratios for E-decay final states. For example, we estimate

I (E~N{N')e v, )/I (E~all)= —,
' if m, )ms

or if t final states are suppressed.
If Mx —M~ ~ Mii two-body decay becomes possible [Fig. 6(a)]. For general vector ( U) and axial-vector ( a) couplings,

the E IYN(N') decay rate is

r(E N, N'W-) = g ME

128m

2 2'2
mz —mw

1+ 2
mE

2 2—mw
X (U'+~') 1+

mE

1/2
4mN

mE 2

2
mE+ 2Pl w

2 2

1—mN

mE

2 '2
mw

mE
2

N 2 2—6 (U —a)
mE

(3.18)

Note that if N and N' are identical U and a are given

by the expressions

a
' =cos(8r —8L, )+cos(8ii —8R } (3.19}

so that, to a very good approximation in the limit of small

angles, U=2 and a=O.
Clearly, only if mE & Mz N will mixing be important in

the decays of the E lepton since, in this case E will be
stable in the limit of zero mixing. In this case
(ME &M~& ) the decays of the E are quite similar to
those of the D quark discussed above except, of course,
for the decay D +d +g. One —can then read off the corre-

sponding formulas for the E from the above discussion.
For example, in the limit Mz «M~ (with ME &M~,~ )

Table V shows a list of the various branching ratios for E
decay. Taking I p=G+zMEs/192m3 we find the total E
lifetime to be

I =[9b,L + 14.6(si'i ci'i ) ]I p .

Note the dependence on both si'i and EL
—=sin{ 8L —8L ) in

this case (unlike that for D decay) and the dependence on
the ration r =(sqcz /b, L ) within the expressions for the
branching ratios.

Several points are now in order about two special decay
modes: D~ddd and E~eee. In calculating these decay
rates we have divided by the statistical factor of 2 but we
have not included the crossed (r-channel) diagram clearly
seen in Fig. 7 for the E decay. These needed to be includ-
ed in a full-scale calculation of D and E lifetime and
branching ratios. Also, in a complete calculation, me need
to consider the influence of flavor mixing via the KM
matrix —something ignored in our analysis above. %e
also need to examine the particles in the second and third

TABLE V. Branching ratios of the E in the limit rnE &~m ~.
Branching ratio

FIG. 6. Diagrams for E-lepton decay via virtual or real 8'
bosons.

Vee Ve s VeP Vp, ~ Vg 7 V

Vq Qd, PCS
e e+e
e p+p, e v+~
e VeVes e VpV 7 e VXV

QQ, e CC

e d2, e ss, e bb

(9+14.5r)
(3+4.9r)
(35.4r -'+47.5)-'
( l7.8r '+28 8)
(9r -'+ l4.6)-'
(5.Or -'+8.Z)-'
(4.Or -'+6.5)-'
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E (P() which applies for all fermions but Majorana neutrinos. In
that case we obtain a similar result but with U =0 and
a ~2a . The values of u and a for the new particles can
easily be read off from the Lagrangian in Eq. (2.6) and
Table II. Note that in the limit of zero mixing
a (D)=a (E)=0, i.e., both particles couple in a purely vec-
tor manner to Z, . This is also true for N if it is a Dirac
field, whereas only purely axial-vector couplings occur if
NJ and Nx are distinct Majorana field. In the crude lim-
it of zero-mass exotics we obtain

I (Zi ~EE)
I (Zi ~e+e )

I (Zi ~DD)
1.26, =0.33,

I (Zi e+e )
(4.2)

e (Pz)

FIG. 7. s- and t-channel diagrams for E-lepton decay into
the e e+e final state.

generations which correspond to the D and E. The decay
modes of these particles can be obtained quite trivially by
simple substitution in the above expressions and including
appropriate mixing factors.

Our last point concerns our assumption about the mix-
ing between the neutral fermion fields vL, , vx, NL, N~,
and vt'. In our analysis we have made the simplifying as-
sumption that only the pairs of states (vL, ,Ni ) and
(vx, N~) mix with vL', left unmixed. This, effectively,
treats the neutral fermions in an identical fashion to the
charged fermions as much as possible. In a general
theory, however, Majorana mass terms can appear in the
natural fermion-mass matrix so that, in principle, mixing
can occur between all five of these states leading to a 5)& 5
mass matrix for each generation of fermions. Clearly,
this situation is quite complex (and beyond the scope of
this paper) and may lead to some interesting new
phenomenology. A full discussion of the decay modes of
these neutral fermions must include an analysis of this
problem but we will merely continue to use the simplified
mixing scenario above for the purposes of our calcula-
tions.

IV. PRODUCTION MECHANISMS

For exotic-fermion masses (M, the most important
mechanism for production will be in Z

&
decay.

For 2mf ~ M i, exotic fermions can be pair produced with
a decay width given by [assuming a coupling

fy„(u ays)f»i]—

I (Zi~NN)
3.94

I'(Zi ~e+e )

so that these new fermions would make a substantial
change in the overall width of the Zi by =50% in the
zero-mass limit. For MD=ME-30 GeV the above values
would only be reduced by =8% whereas the reduction in
the NN case would be dependent on whether N was a
Dirac field. For N being Dirac the reduction would
remain at 8% but for MN -M~ -30 GeV we would

L R

have a reduction by 55% in the Zi ~exotic neutral fer-
mions yielding only a 30% increase in the Zi total width.
Clearly for heavier mass values the width is increased by a
smaller amount. Present measurements of the width of
the Z i may still be consistent with pair production of ex-
otic fermions as a final state. Since we are assuming that
these particles are all light ( &46 GeV or so) we are cer-
tainly dealing with scenario I of Eq. (3.1) in this case and
the exotic fermion will decay via a three-body process. A
large fraction of the time these events will materialize as
jets-plus-lepton pairs. The nonobservation of such events
may indicate exotic masses in excess of =40 GeV.

If the exotic particle mass exceeds =45 GeU, then pair
production is kinematically forbidden. However, because
of mixing, single-particle production is still possible in Z,
decay with final state such as e ~E+, Dd+Dd, Tv+tv,
etc., as well as $V decay with final states such as E v,
and DK (States such as E N may also be possible, even
in the limit of zero mixing if N is sufficiently light. ) If
we take the coupling of the exotic-nonexotic pair (Ff) to
the gauge boson X to be

Fy„(u ay 5)fX"+H. c.—,

then we find (neglecting the mass off) the decay width to
be

' 1/2
M ) 4rnfff)=
12m

x(1+—,'MF /Mx2) . (4.3)

X [ U (1+2mf /Mi )

+a(1—4mf /Mi )] (4.1)

For Zi decay modes we can read U and a off of Table II
and multiply (4.3) by a factor of 2 to include both Ff+Ff
combinations. For 8' decay, we can obtain U and a
directly from Eq. (2.8). Taking z =MF/Mx and defining
the phase-space suppression factor
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gies below Ml at, for example, TRISTAN. (The pros-
pects of pair production of exotics below M, seem rather
remote. ) The Feynman diagram for a process such as this
is shown in Fig. 9 for the e+e ~dD reaction. The ma-
trix element is given by

M = gu(k2)y„(u —ay )su(kl)u(p)y"

FIG. 8. H as a function of z defined by Eq. (4.3). X(u; afy—&)u(q)[(s M; ) i—I;M;]— (4.6)

H(z)=(1 —z ) (1+1/2z )

we obtain Fig. 8 showing the amount of phase-space
reduction for this process as Mz/Mz increases. Apart
from phase-space considerations we find for Zl decay the
ratios

1 (Zi ~Ee+Ee) =3.94(sf'I cf'I )
I (Zi ~e+e )

where the sum extends over the gauge boson Z] 2. The
generic differential cross section obtained in this manner
is given by (z =cos8)

(1—M /s)[1 —(M /s} ]
dz " 32'lr

X A,J [B,J ( I +pz ) +CIJ ( I+p}z],

(4.7)
I (Z I ~Dd +Dd ) =11.82(sL cL )

I"(Zi ~e+e )

I (Z I Ãv+Xv) =3.94(sf' cfog )
I (Zl ~e+e )

and similarly for W decay modes

I'( W ~Du )

I'( W ~e v, )

1(W ~E v, ) . i, „ I (W ~e N)=sin (8L —8L)=
1(W ~e v, ) I'(W —+e v, )

(4.4) f02
l I I I I f I I f I I I I I f I I

(0 I

(00

We have assumed that N is a Dirac field in these calcula-
tions. If the mixing angles are not too small and the
phase-space reduction is not overly drastic these decay
modes should be observable. In all cases, since
mE D ~ ~M~ z we expect the exotic particles to undergo
the usual three-body weak decay and produce observable
final-state products. Single-particle production should
not make drastic modifications in the Zi or W widths
due to mixing angle as well as phase-space suppressions
although I0% changes are possible. It is quite possible to
use present data to get limits on the exotic particle masses
but they will be mixing-angle dependent.

If exotic fermions are sufficiently light, one may be able
to produce them singly in e+e at center-of-mass ener-

lO-

lO~~~ I I I I I I I I I I I I I I I I I/'

l5 25 55 45 55 65 75 85 95
M(Gev)

FIG. 10. Cross section for single-exotic-fermion production
in e+e colhsions scaled to o.(e+e ~p+p ) via a single Z .
The curves shown need to be rescaled by a factor of (sgeg )2.
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where P:—(s —M )/(s +M ), X, is the number of colors
of Ff, and

BJ——(U;vj +0;QJ )(U( UJ +QI~QJ ),
(4.8)

C,J —= ( U; 01 +0t UJ )( U; Q~ +0; U/~ ),
with A,J given by Eq. (3.6) with the replacement q ~s.
Note 8 is defined as the angle between the e and
the F. For e+e ~Ff we obtain the same result with
z~ —z keeping the same definition of the angle. Upon
integration over z, the odd term vanishes and I+Pz
—+2(3+P)/3 yielding the total cross section.

As an example, we have calculated the total cross sec-
tion for e+e ~@+M +p M+ where M is the muon's

exotic partner in this limit M2~ ce, The result is shown
in Fig. 10 where we have plotted the ratio

cr(e+e ~p+M +p M+ ) (4.9)
(r(e+e ~p+p )

as a function of the exotic-fermion mass for three dif-
ferent center-of-mass energies. This process then takes
place via the usual Z and the FCNC pM coupling.
Therefore, our results need to be multiphed by (sgcg)
which may provide a significant reduction in total cross
section. Similar results are obtainable for Dd+Dd pro-
duction, etc., but special care needs to be taken in the case
of Ee+Ee production due to the existence of the r-

I

FIG. 11. Single-E-lepton production in ep co11ision.

channel graph as shown in Fig. 7 for E decay.
E-type leptons can also be produced in high-energy ep

colliders such as DESY HERA with v s =314 GeV. The
diagram for this process is shown in Fig. 11. With
A, =Mz/s the differential cross section for single E pro-
duction (ep~E+X} is given by

80'
xA" I [(1—1 /x)+ ( I —y —A /x)][q (x)+q(x)]a"S

dxdy, ,, 8m

+ [(1—A. /x) —(1—y)(1 —y —A, /x)][q (x)—q(x)]PJ. j, (4.10)

A, &x&1,

0&y &1—A, /x,
(4.11)

where q(x) [q(x)] is the relevant quark [antiquark] distri-
bution function (which is also Q dependent), and x and y
are the usual scaling variables with

4'=((t'I)» (5.1)

added. To investigate some of the new physics associated
with the extends Higgs sectors in such theories it is suf-
ficient, however, to consider the toy model outlined above.
Denoting

a,j ——(U;UJ+a;aj)(u UJ'+a aj'),

p~ =(U;aj+Uja;)(v af +uf a ) .
(4.12)

It may be possible to produce E-type leptons with masses
of order 106 GeV by this mechanism but detailed calcula-
tions of the cross section (4.10) are hampered by the un-
known values of the mixing angles and the mass of the
Z2.

the scalar potential takes the form

V= —Pi 4 4&+ A,q(4 4) —Pi (P' P')

+~i(4'((")'+~(@'@)(p'p') . (5.2)

X2+ & 'g2+ U2 g] + l 'g ) +U )
4o= (5.3}

The neutral fields are then shifted [we ignore the possibili-
ties of complex vacuum expectation values (VEV's)]

V. HIGGS-BOSON PHYSICS

As has been noted earlier, the simple Higgs sector of
the SM needs to be extended in order to give mass to all
the fermions and the additional U(1}z gauge bosons. The
simplest toy model of this kind simply adds a complex
isosinglet field Po to the usual isodoublet field 4&. In any
realistic model, however, additional isodoublets and iso-
singlets with differing U(1)x quantum numbers need to be

2A, )U) KU)U2
2

KU I U2 2A.2U2
2 (5.4)

Then q& 2 become the would-be Goldstone bosons which
together with P+— are "eaten" by the W- and Zi 2 gauge
bosons to produce their longitudinal components. The
X& z fields remain as physical states with a mass-squared
matrix of the form



THOMAS G. RIZZO

which, of course, reduces to the usual results in the a.~O
limit. M is diagonalizab1e by a suitable rotation by an
angle UL MU~ ——Md;, g (5.12)

KU1U2
tan2$ =

I ~2V2 —~)u)
(5.5}

such that the physical neutral Higgs fields are given by

H ) =X)c~+X2s)nf,

H2 =X2cos))()—X)sing

with mass eigenvalues

M) 2 =(A)u) +A2U2)+[(A)u) —A2U2) +4K U)U2j

(5.6)

(5.7)

As an apphcation of this let us consider the general
form of the charged lepton and g = ——,

' quark-mass ma-

trices for a single generation. For leptons, the general
fermion —Higgs-boson coupling takes the form

-0 0 C4 -o o
L&Ir= ~ e LeR(X2+V2)+ ~ ELER(X)+Ul )o'2 o'Q

+ e LER(X)+»)
2

Cz —o o+ ELeR(X2+u2)+H. c. ,o'Q
(5.8)

L,H ——8' LM8'R+H. c.

using the notation of Eq. (2.3) with

'C1U2 C3U1
M=

C2U2 C4V)

(5.9)

(5.10)

M, is then diagonalizable by a bi-unitary transformation
shnce

(fL,R UL, R +L,R
0 (5.1 1)

where the c; are numerical coefficients some of which
may be zero. e, E, etc. denotes the weak-eigelhstate
basis. Equation (5.8) can be rewritten as

UhUZ
tan28R =

U&
—Uz

(S.14)

which is VEV dependent. Also note m the u2/u)~0 lim-
it, 8R ~0 whereas 8L remains 45'. It should be remem-
bered from our phenomenological discussions above that
8R must be small whereas only the difference 8L —8L
must be sma11.

A similar situation occurs for the Q= ——,
' charged

quarks. Here

LdH =V LM&k+H. c. ,

with

(5.15)

T

)2) U2

M= (5.16)
Q2V) Q4U)

Note M(d) resembles M (e) and not M(e). This implies
that for a; ail equal we obtain 8R ——4S' while 8L is given
by (5.14). Note that it is 8L which is constrained to be
sma11 by phenomenology.

The mixing of the (e,E ) fields produce a neutral-
Higgs-boson coupling which is fiavor changing of the

whtIh Md;, g behng the dhagonalhzed IDass matrhx. To obtahn

UL (UR ) we form the combination MMt (MtM) which is
Hermhthan and Cha onalhzable hn the usual way to Md;,
by UL ( UR ). MM and M, M are explicitly

2 2 2 2 2 2

MM =— C1 Uz +C3 U1 C1C2U2 +C3C4V1

2 2 2 2 2 2
C1CZU2 +C3C4V1 C2 UZ +C4 U1

(5.13)

(Cl C2 )U2 (C)C3 +C2C4)U)U2
2 2 2

(C)C3+C2C4)u)U2 (C3 +C4 )U)

and have quite different dependence on the VEV's. Note
that if all c; were equal 8L (the angle in UL ) would be 45'
whereas

LFe= (eLER+EReL)Itci(sLcR —CLsR)+(CLCR+sL~sR)]1X2+I c3(CL'CR+sLsR)'+C4(CLsR —sLcR)]X) I .v2

X, 2 then need to be rotated into the physical field H, 2 via Eq. (5.6). Thus we find

LFc =e(a; —P ys)E(&)HO)+~2H. 02)+H. c. ,

(5.17)

(5.18)

where a; can be read off from (5.17) and (5.6). Coupling such as (5.20) may have many phenomenological implications
such as modifying the g —2 of the electron and muon by a substantial ainount. We find' (with m; the mass of H;)

x —x +(mE/m, )x2
(5.19)

m, x +(m@ —m, )x+m;2(1 —x}
which in the limit m, /mR~O and x, =m,.2/MR2 becomes

(5.20)
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FIG. 12. F as a function of x defined in Eq. (5.22).
(5.24)

gk F(x )(a; —P )= —,'k (a —P ) . (5.21)

Now with m&-100 GeV we obtain the result

The function F(x) is shown in Fig. 12 and varies between
0 and —,

'
as x is varied from 0 to oo. To show that b,a, is

large let us take m~ ——m2, k~ ——k2 ——k, etc., such that
(x;=1.5 being a typical value)

where
2

ggx 4
u2t~ ——4g~ M~ tz .

Neglecting phase-space suppression this yields

2 2
M2 M) cP

1 (Zz Zi+H;) = gx gx
12m- M2' s

(5.25)

(5.26)

ha, =3X10 sk'(a' —P~) . (5.22) compared with the fermion-antifermion decay rate

2 Uzt3txZ„Z "(H2cosg+H, sing),
gÃx 2 ]Jtt, 0 0 (5.23)

where t3 and tx are the eigenvalues of the generators T3
and Tx for the neutral number of the 4' field. (Clearly 4'
cannot induce this coupling because T&$'=0.) Thus with
t3 ————,

'
and tz left arbitrary we find

Clearly k (a —P ) &10 —10 in order not to violate
the good agreement between QED and the experiment. A
similar result is obtained for the muon.

ha„=7x10 k (a —P )

implying that k (a —P ) is again &10 i—10 . Obvi-
ously one can use the constraints from the g —2 of the
electron and muon to constrain the Higgs sector parame-
ters and various mixing angles as well. A more complete
analysis, however, needs to be done and the effects of vec-
tor particle exchange included.

As a last consequence of Higgs-boson physics we con-
sider the decay Z2~Zi ~H; (as shown in Fig. 13) which
may compete with ordinary fermion-antifermion pairs as
a Z2 decay mode. The Z2Z&H; coupling arises from the
4-field covariant derivative; we find a coupling

1'(Z2 ff ) = gx'(Ux'+ax') .
12m.

Clearly, even with phase-space suppression from finite Zi
and H mass effects the ZiH final state may be =10% of
a typical ff mode. This may have important conse-
quences for probing Higgs-boson physics once the Zz is
discovered.

VI. CONCLUSION

In this paper we have begun to examine the new low-
energy phenomenology associated with the breaking of E6
GUT's resulting from superstrings. %e have concentrat-
ed on the properties of the new particles as well as the ex-
tension of the electroweak sector by an additional U(l)
factor expected in all such theories.

The decay properties of the new exotic fermions are
quite distinctive and differ substantially from a fourth
sequential generation of fermions. This difference arises
mainly from the decays which follow from the existence
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of flavor-changing neutral currents and the small mixing
between the ordinary and exotic fermions. Very unusual
final states are found to be possible such as SUSY parti-
cles, gauge bosons, and gluons.

Various production mechanisms were examined for
these new particles; these analyses indicate that these new

particles should be observed at existing accelerators or
those under construction if they are sufficiently light and
mixing angles are not too small.

The mass matrices of these new fermions were exam-
ined as were some implication of an extended Higgs sector
such as the modification of the value of g —2 for the elec-
tron and muon and a new decay mode of the new neutral

gauge boson Z2.

%C arc JUst bcg1nning to examine thc phenoIQcIlology
resulting from superstring theories and exploring the im-
plications of E6 is the first step.

After this work was completed, we received a paper
from Barger, Deshpande, Phillips, and %hisnant, ' who
also considered the phenomenology of exotic fermions in
E6 theor1cs.
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