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We explore the phenomenological structure of a string-theory-inspired E6 grand unified group
with low-energy gauge group SU(2)L XU(1)&&(U(1)z, with emphasis upon its implications for
Higgs-boson production and detection. We first summarize constraints on the theory deriving from

known limits on Z-Z mixing. We then describe how the most general superpotential allowed by E6
leads to constraints upon and relations among the various Higgs-boson masses, and between the
Higgs-boson spectrum, the Z', and the masses of supersymmetric particles. In addition we explore
the couplings of the Higgs boson to the gauge and other particles of the theory and emphasize the
associated implications for Higgs-boson and supersymmetric-particle detection. The tightly con-
strained nature of the parameter space of the theory leads to very specific predictions.

I. INTRODUCTION

Although it is likely that superstring theory will lead to
many different phenomenologically viable low-energy
gauge groups, it is interesting to explore the features of
the most attractive case discussed to date. Namely, we
consider the simplest E6-based low-energy group,
SU(2)L XU(1)„XU(1)„,, resulting from compactification
of 10-dimensional E8XEz superstring theory to four di-
mensions on a manifold with a SU(3) holonomy. ' The re-
sulting theory has many phenomenologically interesting
features: it includes a new neutral gauge boson Z'; full
N =1 low-energy supersymmetry; a number of exotic
new fermions; and an extensive Higgs-boson sector. The
features of the latter were outlined early on, followed
by more detailed treatments. Here we expand on the
work of Ref. 5, focusing on the production and detection
of the Higgs bosons of the theory. Related results can be
found in Ref. 9. However, the phenomenology of the
Higgs bosons is closely tied to the other sectors of the
theory and, as a result, we shall also consider Z-Z' mix-
ing, Z' decays, and the mass spectrum of the neutralinos
and charginos of the theory.

The compactification scheme of the model predicts
that the matter fields occur in three (we adopt the
minimal number required) N =1 supersymmetric chiral
multiplets, each transforming according to the quantum
numbers of the fundamental 27 of E6. Among the fields

associated with each such multiplet are five colorless neu-
tral superfields. Of these, one is usually assigned nonzero
lepton number. The spin-zero components of the remain-
ing four neutral superfields can potentially acquire
nonzero vacuum expectation values as part of the break-
down of the SU(2)L X U(1)r X U(1)r symmetry. Of
these, two belong to doublets of the residual SU(2), and
the other two are singlets under SU(2). Within a give 27
multiplet labeled by a (a =1,2, 3), we denote the two
doublet fields by H'I' and H2', and the two singlets by

and N~z'. The breaking of the SU(2)L X U(1)r
XU(1)r. symmetry down to U(1)EM occurs when some of
these "Higgs" fields acquire vacuum expectation values
(VEV s). As we shall discuss, it is possible to work in a
basis in which the Higgs fields of only one of the three
multiplets acquires a nonzero VEV. By convention we
define these to be the "third-family" Higgs fields, i.e.,
only N', ', N2 ', and the neutral components of H', ' and

H2 ' can acquire VEV's.
The relation of the third-family defined in this way tc

the normal fermions contained in the three 27 E6 multi-

plets is more model dependent. In the context of the
theory, the symmetry breaking occurs as a result of evo-
lution of one or more of the mass squared terms, appear-
ing in the potential for the above Higgs fields, from a pos-
itive value at the grand-unification scale to a negative
value at the electroweak scale. The renormalization-
group equations that control this evolution imply that a
large Yukawa coupling to fermions is required to gen-
erate such a negative mass squared in the Higgs potential.
Thus, the fermion members of the third-family multiplet
defined above should also be those having the largest Yu-
kawa couplings. In other words, the third-family Higgs
fields are, by definition, the first (and only) ones to acquire
vacuum expectation values and participate in the elec-
troweak symmetry breaking, and the fermions belonging
to the same rnatter multiplet should have the largest Yu-
kawa couplings to these Higgs bosons. An additional ar-
gument for this point of view is based on the requirement
that flavor-changing neutral currents (FCNC's) are ade-
quately suppressed. To achieve this suppression of
FCNC's one must assume that only one of the three gen-
erations of Higgs boson couples significantly to the
standard-model quarks and leptons. '

As usual, several of the degrees of freedom of these
third-family Higgs bosons that acquire VEV's are eaten
by the 8', Z, and Z in acquiring mass, leaving a certain
number of physical Higgs-boson states. The phenome-
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nology of these (third-family) Higgs bosons has close
similarities to that of the Higgs sector in the minimal su-

persymmetric model explored in Refs. 11 and 12. They
will have trilinear tree-level couplings to vector-boson
pairs and their Yukawa couplings to ferrnions of all gen-
erations will be tied to the fermion masses (since only
those Higgs fields which acquire vacuum expectation
values can produce masses for the fermions). Indeed,
many features of their interactions and decays will be
analogous to those of the standard-model (SM) Higgs bo-
son. It is these Higgs bosons which will be the focus of
the paper. Altogether, their phenomenology is controlled
by only five parameters: these can be taken as the mass
of the Z', the ratio of the vacuum expectation values of
the neutral components of the doublet fields H2 ' and
H', ', the masses of two of the physical Higgs bosons, and
the scale of gaugino masses (as set by the gluino mass).
As a result, relatively well-defined predictions for third-
family Higgs-boson production and decay emerge.

In contrast, the Higgs fields of the first and second
families by definition do not have vacuum expectation
values; we shall follow the nomenclature of Ref. 7 by
referring to such scalar fields (with no VEV's) as
"unhiggs" bosons. They possess only quartic couplings
to vector-boson pairs, and their Yukawa couplings to fer-
mions of their own and other generations cannot be very
large. (Since, by definition, the unhiggs fields do not ac-
quire VEV's the latter couplings should be substantially
smaller than the Yukawa couplings of the third-
generation Higgs bosons to the heavier third-generation
fermions. ) If the Yukawa couplings are weak, then they
will be mainly pair produced via Drell-Yan-type process-
es. The unhiggs bosons might be relatively light, but in
the case of the charged unhiggs bosons they cannot be
lighter than the experimental bounds coming from the
SLAC and DESY e+e storage rings PEP and PE-
TRA. ' We will have relatively little to say about these
unhiggs bosons.

The plan of the paper is as follows. In Sec. II we give
additional details concerning the theoretical structure of
the (third-family) Higgs sector and give results for their
masses. In Sec. III we consider the neutralinos and char-
ginos of the third family, which are the ones that will be
important in Higgs-boson decays. In particular, we
present their mass spectrum, which is closely tied to that
of the Higgs bosons once the gluino mass is specified. In

I

Sec. IV we discuss couplings of the Higgs bosons to
vector-boson pairs and to fermion pairs. These couplings
are then used in Sec. V to predict the production phe-
nornenology for the Higgs bosons. In Sec. VI and the
Appendix we survey the remaining Higgs-boson cou-
plings that, along with those considered in Sec. IV, con-
trol the Higgs-boson decays. These decays are discussed
in Sec. VII. Finally, in Sec. VIII we summarize our re-
sults and present conclusions.

II. THEORETICAL PRELIMINARIES, CONSTRAINTS,
AND THE HIGGS-BOSON MASS SPECTRUM

As reviewed in the Introduction, it is possible to define

the Higgs bosons in such a way that only the Higgs bo-
sons associated with the third-generation 27 multiplet of
E6 participate in the electroweak symmetry breaking.
Generally there is mixing with the Higgs fields of the oth-
er generations at the superpotential level through trilin-
ear couplings that have a inatrix form, A,,&,

H' Hz 'N'~",

where a, b, c = 1,2, 3 are generation indices. Considerable
simplification occurs if we make a particular choice for
the Planck scale supersymmetry-breaking parameters.
Recall that we work in a basis for the Higgs superfields in

which only third-generation Higgs scalars acquire
nonzero vacuum expectation values. It was demonstrat-
ed in Ref. 7 that a technically natural choice of parame-
ters exists in which A, , 33——A, 3j3 X33t, 0 for i,j,k = 1,2.
%'ith this convention the masses of the true Higgs bosons
can be determined by considering only the portion of the
scalar field potential that contains the third-generation

Higgs fields. It is to this that we now turn, dropping all

reference to the third-family index; in particular, the A,

appearing below is k333.
Focusing on third-family fields only, we note that

the quantum numbers of N, and Nz are the same under

the residual low-energy symmetry group, SU(2}L

XU(1)r XU(1)r, but are different under the larger E6.
As a result, in our notation (described more fully in Ref.
6), only N, can couple to the H, and Hz, via a term of
the form 8'=A, H, H2X& in the superpotential. Other

possible terms, such as H ~HzNz and mz (N &Nz+H. c. },2

are omitted since they would not be allowed by the un-

derlying E6 gauge symmetry. The resulting scalar Higgs

potential,

V=m &H, H& +mzHzHz+mw NiNt+mz NzNz —kA (H&HzN&+H. c. )
2 2 2 2

1 2

+A, (H,H, HzHz+H, H, N, N, +HzHzN, N, )+ —,(g +g' )(H,H, HzHz }—2 f t 2

+ —„g,(H, H, +4HzHz —5N, N, —5NzNz) +(—,g —A. )
~
H, Hz

~

2 2 l 2 2 ~ 2

where g, is the U(1)r coupling constant, is completely
fixed in terms of only two parameters (in addition, to the
vacuum expectation values of the Higgs fields described
below): k, defined above; and A, A, which specifies the

strength of the soft-supersymmetry-breaking scalar po-
tential term, A, AH, H2X, , appearing above. Other soft
supersymmetry-breaking terms in the potential can be
eliminated in terms of these two parameters and the
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Higgs-field vacuum expectation values by employing the
minimization conditions.

The desired minimum of the potential [Eq. (1)] is such
that A, A is real and positive. By further phase
redefinitions, the vacuum expectation values of the neu-
tral fields can also be chosen to be real and positive.
Thus, the Higgs potential is CP invariant, and the physi-
cal scalar Higgs fields derive from the real parts of the
neutral components of H& and H2 and the real parts of
N, and N2. For simplicity we shall assume that only the
first three fields acquire vacuum expectation values —v „
v2, and n, respectively. (Our results are not sensitive to
this assumption. It has also been argued' that a nonzero
VEV for N2 would lead to a variety of phenomenological
and theoretical difficulties. ) In this case the first three of
the above neutral Higgs fields mix to form three physical
mass eigenstates, while the real part of E2 remains an un-

mixed mass eigenstate, N . This last neutral scalar may
only be pair produced, and will not play any role in the
phenomenology to be discussed; we drop it from con-
sideration. In addition to the three remaining Higgs neu-

tra1 scalars, there is a single Higgs pseudoscalar, denoted

by H3, and a charged Higgs boson H —. This notation
follows the closely related minimal two-doublet super-
symmetry model explored in Refs. 11 and 12. (The terms
scalar and pseudoscalar refer to the way in which a given
neutral Higgs boson couples to a fermion-antifermion
pair. )

Let us also fix our notation for the vector-boson sector
of the theory. Aside from the charged 8'—and the pho-
ton, there are two massive neutral gauge bosons, denoted
by Z and Z', with mz & mz. The mixing angle between
them is denoted by 5. We fix the gauge coupling con-
stants by g =e/sin8~, g~

——g'=g tan8+ and
sin 8~ ——0.23. [The condition g&=g' is expected from
renormalization-group arguments. ' Here, g &

is the cou-
pling associated with the U(1)„subgroup. ] In addition,
we take

m~=g(u&+uz)' /v'2=83 GeV,

and define mz =—m ~/cos8~.
SM

With this background it is now possible to specify a
convenient independent set of physical parameters for the
theory. In addition to m~, g, g', and g&, these are mz,
tanP=uz/u&, m&0, and m~+. Of these, the value of m~

3

and choices for mz and tanP completely determine u, ,

v2, and n. The Z-Z' mixing angle 6, mentioned above, is
given by

g, m~cos8~(4tan P —1)
tan5=

2 23g(mz. cos 8~ —m~)(tan P+1)

For future reference, it will also be useful to give an ap-
proxirnate relation between mz and n, valid for large n:

2

mz —— g, n . + m~(cos P+16sin P)+.0
18 9g 2 n

(3)

The experimental constraints on mz. and 5 are outlined
in Ref+. 15 and 16 and possible future bounds considered
in Ref. 17. (The 8~;„ofthis latter reference is related to
our mixing angle by 8;„=—6. ) However, if tanP is
known then the constraints on mz and 6 are linked,
which can significantly reduce the allowed region of pa-
rarneter space. It is therefore of interest to consider to
what extent tanP is predicted in supersymmetric models.
In the early days of supergravity model building, a large
t-quark Yukawa coupling was used to trigger
SU(2)XU(1) breaking in the low-energy theory. ' This
invariably led to the result that tanP& l. In the many
models constructed subsequently, which contained a
rather light top quark (m, -40 GeV), tang tended to be
of order 1. In fact, all the superstring-motivated models
discussed in the literature seem to have tanP & 1 (see Refs.
3 and 4, for example). Basically, due to renormalization
effects, one finds that at the weak scale, m 2 &&m &, which
leads to v2 & v, . One can probably devise schemes to cir-
cumvent this conclusion. However, as a heavier top-
quark becomes more likely, the tendency to have tanP & 1

becomes more difficult to avoid.
A restriction such as tanP) 1 leads to potentially

powerful constraints on mz and 5. This is because the
ordering v2 ~ v

&
requires relatively large values of 5, espe-

cially for small mz. For instance, the choice

tanP—:u2/u, = l. 1 (4)

We note that the Higgs-boson mass spectrum and cou-
plings are quite insensitive to the value of vz/u„when
considered as functions of mz, m p and m +. Extreme

3

values of v2/v, (either very large or very small} would be
required to significantly alter our results regarding the
Higgs sector as presented below. Note also that the sign
of k is not determined in terms of the above two Higgs-
boson masses, although the sign of A, A is. However, for
convenience, we take A, & 0 for the ensuing discussion in

yields 5 values that do not fall within present neutral-
current data bounds unless mz ~ 350 GeV (Refs. 5 and
19). Probable future bounds, as computed in Ref. 17,
would force mz ~0.5 TeV. Significant improvements in

any of several experimental measurements involving the
Z could easily require large Z' masses in order to main-
tain uz/u

~
- 1. Alternatively, observation of a light Z' in

combination with improved Z information could require
values of u2/u, that appear difficult to accommodate
within the context of the theory.

For the rest of this work we shall adopt the choice (4).
The remaining free Lagrangian parameters are A, and A, A,
mentioned earlier. These are completely fixed (once u, ,

U2, and n have been determined by specifying mz. and
tanP) by choosing values for m + and m

3

m pV~V2n
2

kA=
v n +v n +u u

(5)
n mm~ —m H— ap

3+
U2+U2 U2n2+U2n2+U2U2
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this section.
We begin by presenting in Fig. 1 the upper an/ lower

bounds for m +, the masses of the heavier two neutral

scalars, and the upper bound for m 0 (the lower bound is
2

zero) as a function of m 0. Upper and lower bounds are
3

obtained by varying the free parameters with the con-
straint that all physical Higgs squared masses are posi-
tive. Note that, with the exception of m 0, the value of

2

m 0 almost completely determines the other Higgs-boson
3

masses for a given choice of mz and tanP. Indeed, H
and one of the heavier neutral Higgs bosons are always
nearly degenerate with H3, while the other heavy scalar
Higgs boson is always nearly degenerate with the Z'.
The neutral scalar degenerate with H3 and H* is denoted

by Hd, s and that degenerate with Z' by Hz. "Level
crossing" obviously takes place in the vicinity of
m O=mz. The tightly constrained nature of the mass

H3

spectrum arises through the mass matrix diagonalization,
from which we find that m 0 is only positive for a very

2

narrow range of m ~ (or, equivalently, A, ) at a fixed value

of m 0.
3

The neutral-Higgs-scalar-mass spectrum given in Fig. 1

has been computed numerically by diagonalizing the
Higgs-boson mass matrix. One can also obtain approxi-
mate analytic formulas for the masses which are accurate
at the —10% level for all values of m 0, so long asH3'

mz o.4 Te~. For large mHO these formulas are valid to
3

—1%. For instance, at mz ——1 TeV, m o &300 GeV is
3

2

2m'2 2

g2 18
A.

2 sin 2P+ (1+3 sin P)
25g )

18

(6)

where

18&2rna gA Sgi
sin2p —2A, + (1+3sin p)

25gg )

The other neutral-Higgs-boson masses are given by

A, Ama, sin2P
m 0 =mz. + 2z' g n

25g i+
1 8 P +

25g )

18
2A, A

n sin2P

2 2
2/An 2 g i

m&0 = . + mz + 2 ma, sin 2P
sin2 sM 4g 2

sufficient for 1% accuracy, while at mz. ——0.6 TeV (0.2
TeV), m 0 ~ 180 GeV ( ~ 100 GeV) is adequate. The for-

3

mulas are derived using perturbation theory to second or-
der as follows. The zeroth-order mass matrix is defined

by keeping only terms of order A, An or n . The
remainder of the mass matrix is treated as a perturbation.
This expansion is appropriate in the limit where
n ggv„v2, with no restriction on the size of A. A com-
pared to n. First, for the light Higgs boson,

I.'xtrema of l/Iggs Masses
25g 1

18

2XA

n sin2P

10'

100
(U

dashes H
' solid Hz~

mz= 2 TeV
B=- 08 F

&gaea do&s &z'

mz= 1 TeV
6= 0025

where

25 2 2A A

18 '
n sin2P

'I

A, A 5
cos2p+ g, sin2p

n

io-'

io ~
nnl 005 01

v

I 1 J

05 1

1)) )(o ('I'( K')

005 01 0 5 10

(9)

(The corresponding eigenvectors for these mass eigen-
states will be given later. } These approximate analytic
forms, which are very close to the exact results at large
mz and m 0, are useful in understanding some of the

3

basic points made below. Important points which we
wish to note are that

FIG. 1. Plots of upper and lower bounds for Higgs-boson
masses, as a function of m 0 for mz ——0.2 TeV and mz =1.0

H3

TeV. The dashed curve is buried under the dashed-dotted curve
for m 0 ~ mz. The solid curve corresponds to the upper bound

3

for m 0,' the lower bound for m 0 is zero. The allowed mass
2 H2

regions are mapped out as k (or, equivalently, m ~) is varied at
H

any Axed m o, and are determined by requiring that the lightestH3'

neutral scalar Higgs boson Hz have positive mass squared.

((I.n'n (10)

for mz. ~0.4 TeV, as long as A. ~ 1, and that y changes
sign as A, varies between the minimum and maximum
values allowed at a given m 0. However, if A, is large,

3

i.e., very large m 0 values are allowed, then y/n can be a
3

substantial fraction of 1 when A, takes on its minimum
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and maximum values for the given m p. Thus, in some
3

of our later asymptotic results for couplings we shall re-
tain terms of order y/n, if there are no leading-order
contributions.

As can be seen from Fig. 1, in the absence of restric-
tions on A, and k A, the maximum value of m p can be ar-

2

bitrarily large', one need only take an appropriately large
value for m o. This follows also from Eqs. (5), (6), and

(7). To see this one must combine these equations and
look for those values of A, for which m p &0. One finds,

2

as illustrated in Fig. 2, that (at fixed mz, i.e., at fixed n) A,

must grow with mHp ..

S 1 m3s2I
max, min —

4

'2
2 2

'
2

2 2. 2

g& g) m3$2p g) 2 4 2+ ( I+8s& —Ss&)+
9 18 n

(1+8s& —Ss& )—
9

cg C2P

9 cos 8gr

where we have used the shorthand notation m3 ——m H3'

c& cosP——, s& sinP, ——s2& cos2P——, and c2& cos2P——Note.
that to leading order in m p /n we have

m o sin2P
3

2n
(12)

The minimum and maximum values of A. obtained in Eq.
(11}lead to the small wedge of allowed A, values seen in
the figure. For A, values in this wedge, the leading terms
at large m p in y cancel and the maximum m p value

3 2

grows linearly with m p. Since A. grows as m p, it can be
3 3

demonstrated from Eq. (5) that A (which is related to the
scale of supersymmetry breaking) also grows proportion-
ally to m o, as seen in Fig. 2. The increase of A, and A

3

with m p implies that we can obtain additional con-
3

straints on all Higgs-boson masses by applying various
theoretically motivated restrictions on A, and A. First,
we should demand that the SU(2}I X U(1)r XU(1)r. vac-
uum be a true minimum of the low-energy theory. (In
particular, electric charge and color must be conserved. )

Although there is some model dependence, one typically
finds after applying a full renormalization-group analysis
that this requires that A be no larger than the gravitino
mass, A (0(m3&z). Second, I, (evaluated at the weak-
boson-mass scale) may be bounded by insisting on pertur-
bative unification. Various authors have obtained ' '

it()(
' max +t~~ ~m&n

n f A 'i )) ( I

Amax +t~d Amln

5 1 2 5» c &

f

s r r &

f

r & r s

/

c t r

20
mz
8= 08
dots

20

15 15

totically large mz, we have determined numerically that
the above bound on

~

A
~

yields an upper bound on m
3

which is around 1 TeV. From Fig. 1 we see that such an

upper bound on m p would imply upper bounds on the
3

masses of H+—, Hd, g, and H2. These bounds become in-

dependent of mz for mz. »1 TeV.
The constraints from Eq. (13) are also easily analyzed.

To first approximation Fig. 2 shows that a given value of
X corresponds to a value for the maximum H2 mass,
which is indePendent of mz, and to values of A, mHp

deg

mHy, and mHp that scale with mz. In particular, to re-
3

strict m p to lie below about 108 GeV it is sufficient to
2

require A, S0.6, independent of mz. In fact, explicit
models typically result in values of A, S 0. 1 (Refs. 2 and 4),
which restricts m p even further. In contrast, m p &mz.

2 3

k ~0.65 —1.0, (13)
10 10

depending upon the precise definition of perturbative
unification. By examining the maximum and minimuln
values of k as a function of m p, as well as the corre-

3

sponding extrema of A, at each value of m p, the impact
3

of the constraints discussed above can be determined.
%"e first consider the efkct of a bound on A. An exam-

ination of typical model solutions and the resulting m3&2
values ' suggests that a reasonable bound on A might be

~
A

~

5 1 TeV. From Fig. 2 this implies mHo 5 1.2 or 1.4
3

TeV for mz ——0.2 or 1.0 TeV, respectively. For asymp-

05 05

05 1 15
0 0

2

IT)„(T&V)

FIG. 2. Plots of A, and A. Solid curves give the maximum
and minimum values of k for a given m p, and correspond to

03
m p ——0. The dotted curves give the maximum and minimum

H2

values of A {corresponding to A, ,„and A, ,„, respectively). The
allowed regions shown correspond to parameter values such
that all Higgs bosons have positive mass squared.



110 J. F. GUNION, L. ROSZKOWSKI, AND H. E. HABER 38

is generally allowed by Eq. (13), and for mz. ~ 1 TeV all

Higgs bosons other than H2 could lie above 1 TeV in the
absence of any upper bound on

~

A
~

.
In general, a bound on A, is more restrictive than a

bound on
~

A
~

when the Z' is light, and vice versa when
the Z' is heavy. In combination, such bounds imply rela-
tively light Higgs-boson masses when mz is small. How-
ever, even when mz is large, they require that H2 be
light and that m o, m 0, and m + all be below —1

3 deg

TeV. We note that further constraints on the Higgs-
boson masses would be obtained from a renormalization-
group analysis with specific boundary conditions. A few
scenarios of this type were analyzed in Ref. 7, yielding re-
sults consistent with our general analysis.

In the absence of bounds on k or A, it is still necessary
to verify that the potential V has a lower value when the
Higgs fields acquire VEV's than the V=O value ap-
propriate to the unbroken symmetry phase. Thus we
have computed ( V), the value of V when the Higgs bo-
sons are assigned their respective VEV's, as a function of
m 0 and A, (or m + ) for various values of mz . At

H3

mz. ——0.2 TeV, we find that ( V) becomes positive for
m 0 just below the 2-TeV limits of our plot in Fig. 1,

H3

while for mz ——0.6 TeV (V) remains negative up to
m 0 —18 TeV and for mz ——1 TeV up to m 0-50 TeV.

H3 H3

More details concerning the behavior of ( V) as a func-
tion of I 0 can be found in Ref. 20.

3

Of course, experimental results from the SLAC Linear
Collider (SLC) and from the CERN collider LEP I will

help enormously to reduce the parameter space that must
be considered when exploring implications for a future
high-energy collider, such as an e+e linear collider with
&s —1 TeV or the Superconducting Super Collider
(SSC). We see from the above analysis that there are two
possible results in the context of the present model.

(1) Since the Hz is predicted to be light, it may well be
discovered at SLC and LEP I, which are expected to be
sensitive to Higgs bosons with mass up to -40 GeV.
This assumes standard-model (SM) couplings, which we

will demonstrate are characteristic of the Hz. In this
case m 0 will be known and there will be only a twofold

2

ambiguity in the values of I, (which implies a twofold am-

biguity in A and all other parameters) at a given m
3

However, as seen from Fig. 1, a measurement of m o in
2

the range rn o 50 GeV will not place a lower bound on
2

m 0. LEP II could potentially observe Hz up to masses
H3

of order 80 GeV. Any m 0 mass above —50 GeV will
2

imply a lower limit on m

(2) Alternatively, SLC, LEP I, and LEP II may place a
lower bound on a SM-coupled Higgs boson, such as
m o 80 GeV. This, coupled with upper bounds on

2

m 0, as discussed above, would imply a restricted range
3

of m o consistent with experiment and theoretical con-
3

straints, and would imply that at each m 0 the parameter
3

m + (or equivalently A, ) could only take on a very narrow

range of values.
To illustrate the possibilities, we shall frequently dis-

cuss results in the case that one has a bound of m o )40
2

GeV. Often, as will be mentioned when appropriate, very
similar results obtain if the m 0 mass were known to be

2

40 GeV.
III. NEUTRALINOS AND CHARGINOS

IN THE E6 MODEL

In addition to the Higgs sector there are many other
particles associated with the E6-based supersymmetric
theories. These include the gluino, squarks, sleptons,
gauginos, and Higgsinos. The gauginos and Higgsinos
are the spin- —,

' partners of the W; the y, Z, and Z', and
the Higgs fields H', HI2", N", , and N2"' (a = 1,2, 3 is the
multiplet generation index as before). They mix to form
the particles termed neutralinos and charginos. In this
paper, we focus on those aspects of the above particles
that determine their importance in Higgs-boson decays.

Generally speaking, Higgs-boson tree-level decays will
include supersymmetric final states, such as squark pairs,
slepton pairs, and neutralino/chargino pairs. However,
we argue that for a first survey it is appropriate to retain
only the neutralino/chargino final states. First, the
squarks and sleptons are expected to be significantly more
massive than the neutralinos and charginos that will
dominate Higgs-boson decays. Second, the couplings of
the squarks and sleptons are such that, even when phase
space allowed, a Higgs boson prefers to decay to a
neutralino/chargino pair. Roughly, the latter type chan-
nel is enhanced (relative to squark final states) by a factor
of mz/m v where m~ is the Higgs-boson mass and m ~ is
the mass of one of the gauge bosons of the theory. Thus,
we shall consider in detail the neutralino/chargino sector
of the theory.

The mass spectrum of the neutralinos and charginos is
critical in determining their importance as final states in
Higgs-boson decays. The mass matrices of this sector are
greatly simplified by the basis choice that we made earlier
for the Higgs fields. In that basis, the mass matrix for
both charginos and neutralinos breaks up into two com-
ponents: one involving the gauginos and the third-
generation Higgsinos; and a second that determines the
masses and mixings of the first- and second-generation
Higgsinos. As we shall shortly see, the gaugino —third-
generation-Higgsino mass matrix is very closely tied to
the Higgs-boson sector and the parameters that occur
there. Masses for the Higgsinos associated with first and
second generations are more model dependent, being
determined by the intergenerational trilinear superpoten-
tial couplings A, ;-3, A, ;3-, and A.3;, i,j =1,2. An important
question is whether these first- and second-generation
Higgsinos can be important in Higgs-boson decays. In
the basis we employ, such decays arise through these
same A, ;j3 type couplings, and through possible intergen-
erational mixing in the gaugino —Higgsino —Higgs-boson
couplings. The sizes of these two types of generation
mixing terms are uncertain. Our approach, in this first
survey of Higgs-boson decays, will be to assume that they
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are significantly smaller than the intragenerational decays
we consider. However, as outlined below, this is only a
first approximation. Though we shall not attempt any
detailed discussion in this paper, in this same approxima-
tion it is the gaugino —third-generation-Higgsino sector
that is most important in the decays of heavy squarks and
gluinos, since the latter particles are most strongly cou-
pled to the gaugino components of the neutralinos and
charginos.

The most significant constraints upon intergenerational
mixing are those upon the X,j3 type couplings. First, the
lightest chargino in the first- and second-generation sec-
tor cannot have mass less than the experimental lower
bound which is roughly 30 GeV. [We use the above
bound as a conservative limit based on the DESY PE-
TRA bound of 23 GeV (Ref. 21) and the limit of Ref. 22,
inferred from UA1 data, of -40 GeV. ] Reference 7
discusses this constraint with the conclusion that A, ;;3 can
be quite small. Bounds from the neutralino sector of the
first and second generations are less concrete. It has been
argued that the lightest neutralino (including all three
families) must have large gaugino components if its relic
cosmological density is not to exceed the critical density.
We believe that it is also possible to have a lightest super-
symmetric particle (LSP) which is dominantly third-
generation Higgsino if it is more massive than the top
quark. One may then be able to ensure that relic Higgs-
inos are not overabundant due to annihilation into tt
pairs in the early Universe. [Note that such a mecha-
nism is not available for Higgsinos of the first two genera-
tions due to their presumed small couplings to fermions
and their superpartners, which are needed to ensure
suppressed flavor-changing neutral currents (FCNC's). ]
In either case, this means that the LSP should belong to
our gaugino —third-generation-Higgsino sector. If one re-
quires that the lightest Higgsino from the first and second
generations be more massive than the lightest third-
generation neutralino, a lower bound on the A, ,j3 type
coupling (i&j) is obtained, that, depending upon the
mass of the lightest gaugino, can be significant. For the
remainder of this paper, we shall assume that intergen-
erational mixing is relatively small.

Our assumption of small intergenerational couplings
will have important implications for Higgs-boson detec-
tion via its decays into neutralinos and charginos. These
final-state particles will subsequently decay into either
two-body final states via g, ~X +gauge or Higgs bosons
if kinematically allowed, or via three-body decays:
X;~XJ.ff (due to virtual exchange of f and gauge bo-
sons). In each case above, X; and X are eigenstates pro-
duced by gaugino and third-family Higgsino mixing;
whereas, f is a quark or lepton of arbitrary generation.
These decays will continue until the lightest such 7 is
produced. Since we have argued that this lightest (neu-
tral) X is in fact the lightest supersymmetric particle, no
further decays will occur, and to first approximation
Higgs-boson decays would not yield neutralinos and
charginos associated with the Higgsinos of the first and
second generation. (Should the lightest neutral X of the
third-generation-Higgsino —gaugino mixing sector not be
the true LSP, it would tend to decay via off-diagonal k's

3 Mi 3 M' M Mg

5 g2 5 g~2 g2 g2
(14)
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FIG. 3. We plot, as a function of m 0, the upper and lowerH03'

bounds of the masses of all the neutralino and chargino eigen-
states associated with the gauginos and Higgsinos. In all there
are 8 states. The first plot shows the masses for the two chargi-
nos and the two lightest neutralinos. The second shows the
masses for the remaining four neutralinos. We have chosen
mz ——0.6 TeV and M =0.5 TeV. The upper and lower bounds
are obtained analogously to those in Fig. 1 by varying m + (or

equivalently A, ), at fixed m o, through the range for which
HO3'

m 0 & 0. The sign of k has been taken to be positive. Note that"2
many of the curves are overlapping due to the near degeneracy
of many of the eigenstates.

to $'s, that are dominantly first- or second-generation
Higgsinos, plus an unhiggs boson from the first or second
generation. ) Thus, we now turn our attention to a de-
tailed discussion of the charginos and neutralinos emerg-
ing from the gaugino —third-generation-Higgsino sector,
as being crucial to an understanding of Higgs-boson de-

cay phenomenology.
In general, all the gauginos and the (third-family)

Higgsinos of a given charge mix with one another, and
the mass eigenstates must be determined by diagonalizing
the mass matrix. Under the assumption that N2 does not
acquire a vacuum expectation value the fermionic partner
of %2 remains unmixed leaving us with two mass ma-
trices: a 2)& 2 matrix for the chargino partners of the 8' +—

and charged Higgs boson; and a 6)& 6 matrix for the neu-
tralinos. It is here that a great simplification occurs in
the E6-based models in comparison to an arbitrary super-
symmetric theory with the same fields. Namely, we need
specify only the sign of A, and one additional parameter
beyond those already discussed in order to completely
specify all these mass matrices. The above statement is
true provided there is no intermediate scale of symmetry
breaking between the grand unification scale and the elec-
troweak scale. In this case the various gaugino masses,
which are equal at the grand unification scale, can be re-
lated at the electroweak scale by
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where M, , M', M, and M are the soft-supersymmetry-

breaking terms associated with the U(1)r, U(1) r, SU(2)I,
and SU(3) subgroups. Thus, when discussing results for
the neutralinos and charginos, we need only specify the
sign of A. , and values for M and g, . [We shall take

a, =g, /(4m)=0. 136 and A, &0 for the forthcoming nu-

merical analysis. ]
Let us first give the chargino and neutralino mass ma-

trices. (All Higgsino fields considered below belong to
I

M gV2

gU& —kn (15)

while that for the neutralinos is

the third generation. ) In the first case we employ the
O'*-H — basis, and, in the second case, the
F3 B '-B, -H, -H2 -N, basis. The chargino mass matrix is
then

gU)

V'2

gVp

g U]

v'2

g U2

u'2

M,

3&2

4g&U2

3&2

5g, n

3&2

gU)

v'2

g U)

v'2

3&2

gU2

v'2

g U2

4g) U2

3&2
5g, n

3&2
(16)

These matrices are diag onalized by the operations
U*XcV ' and N*XzN ' for the chargino and neutrali-
no mass matrices, respectively. There are many possible
conventions for U, V, and ¹ We choose to diagonalize
in such a way that all masses turn out to be positive. In
this case the diagonalizing matrices will, in general, be
complex. The diagonalizing matrices described above
will enter into various couplings to be given later.

Since renormalization-group investigations tend to sug-
gest a large gluino mass ' we will discuss here the results
for M =0.5 TeV. Also, we will adopt the value of
mz. ——0.6 TeV (a value intermediate between those for
which Higgs-boson masses were plotted in Fig. 1). In ad-
dition, we take A, to be positive; the negative sign for A,

leads to slightly smaller masses. (For mass spectra in the
I, &0 case see Refs. 20 and 25.) The results for the masses
of all the neutralinos and charginos appear in Fig. 3, plot-
ted as a function of mHO We shall label states as X+

3

(i =1,2) and X, (i =1,6) where i increases with mass.
(An alternative labeling according to eigenvector content
is given below. ) As in the presentation of Higgs-boson
masses in Fig. I, we have given the upper and lower
bounds for the mass of a given state at fixed m 0 ob-

3

tained by varying m +, or equivalently A, , through its al-

lowed range. The resulting masses cover a broad spec-
trum.

(1) Once m 0 ~0.3 TeV, the two lightest neutralinos
3

and the lightest chargino are predominantly gaugino,
with masses that are primarily determined by M and M',

and hence by M . Even for small m 0 values there are
3

still two neutralino states that are dominantly 8'3 and 8 '

gauginos and have masses of order M and M', however,
they are no longer necessarily the lightest neutralino
states. Similarly, there is always a chargino which has
mass -M; but this state is no longer necessarily the light-
est once m 0 is small. It will be useful to establish a no-

3

tation for these states which refers to their content. Thus
we denote those neutralino states that have masses M, M'
as X ~,X ~ „respectively, and the chargino state of mass

3

Mby X+ +.
(2) Two of the neutralinos have masses determined by

the Z' mass scale. These states are approximately degen-
erate, and have Higgsino content N, +8&. In correspon-
dence with their composition, they will be denoted by
X~ ~ and X~ ~ . These two states always have

l

masses given approximately by mz —M
&
/2 and

mz +M
&
/2, respectively.

(3) The other chargino and the final two neutralinos are
predominantly composed of the Higgsino partners of the
Higgs-doublet fields. At large m o they have masses

H3

that, to first rough approximation, are given by A, n
[which, at tanP-1, is roughly of order m 0/2, see Eq.

3

(12)]. The two neutralino states are approximately equal
mixtures of H& and H2, while the chargino state is close
to being pure H +. We denote these states by X HHI +H2'

XH H, and XH+. At large mHO, XH H is slightly
I 2 H + H3 Hl +H2
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FIG. 4. We plot, as a function of m p, the masses of all the
H3

neutralino and chargino eigenstates subject to the requirement
that m p be )40 GeV. In all there are 8 states. The first plot

shows the masses for the two charginos and two of the neutrali-
nos. The second shows the masses for the remaining four neu-
tralinos, including the two lighter ones. We have chosen
mz ——0.6 TeV and M =0.5 TeV. The sign of A, has been taken
to be positive. Note that many of the curves are overlapping
due to the near degeneracy of many of the eigenstates.

heavier than 7H H . To first approximation, varying
1 2

mz. leads to little change in their masses at a fixed value
of m p. Their masses are also essentially independent of

3

M . As m p decreases, the eigenstate composition of
3

these states changes relatively little, even if they undergo
level crossing with the other neutralino or chargino
states.

(4) Exactly how light P~ z, Xz z and X++ be-

come at small m p is determined by the value of m + or,
3

equivalently, A, , that is appropriate within the range al-
lowed at the fixed m p being considered. If A, is near its

3

minimum (which can be 0 or very small at small m o),
3

then f p~ ~ will be the LSP (X, ) and X ~ ~ and X+ +
1 2 1 2

will be roughly degenerate at a slightly higher mass. As
higher values for A, are chosen at a fixed small m 0 the

3

masses of these states rise very rapidly when n is fairly
large, and the gaugino state X~, becomes the LSP. Thus
the cosmological argument for a gaugino LSP suggests
that, perhaps, very small k values are not allowed. How-
ever, this does not prevent a very small mass for the H2,
since m p is zero at the maximum allowed A, at a given

2

m p, as well as at the minimum allowed k.
3

As discussed in the previous section, it is also possible
to imagine that we will either shortly observe the H2, or
place a lower bound on its mass, in which case the char-
gino and neutralino masses are more constrained. To il-
lustrate the possibilities, we take m p &40 GeV and plot

2

chargino and neutralino masses as a function of m p in
3

Fig. 4. We shall use this same H2 mass choice and the as-

sociated neutralino/chargino mass spectrum in later sec-
tions. The results for this specific choice of mHp differ in

several important respects, in comparison to those of Fig.
3. First, the lightest neutralino can no longer have an ar-
bitrarily small mass. This is true since, by placing a
lower bound on m p, we fix the minimum possible value

2

of A, corresponding to a given m p. As a result, the LSP
3

is always the gaugino 7 s „ independent of m+0. (As dis-
3

cussed earlier, cosmological arguments suggest that this
might be a problem for large M and, hence, large M',
since a first- or second-generation neutralino might then
be the true LSP.) Otherwise, the pattern remains much
as in the unrestricted m p case, with 7 ~ and 7+ + hav-

2 3

ing mass -M, 7 z ~, and 7 & z having mass -mz,1+ 1 1 1

and 7 H H, 7 H H being approximately degenerate at

a mass that asymptotes to —m o/2 (for tanP-1).
H3

Altogether, we have a neutralino/chargino mass spec-
trum that is closely tied to the Z' mass and the Higgs-
boson mass spectrum. Since these neutralinos and char-
ginos of the third generation are crucially important
channels for Higgs-boson decays, this close interconnec-
tion will lead to interesting patterns in the Higgs-boson
branching ratios.

IV. COUPLINGS OF HIGGS BOSONS
TO qq AND VV' CHANNELS

A. Couplings of Higgs bosons to quark-antiquark channels

It is very straightforward to summarize the couplings
of the Higgs bosons of this model to the various channels
involving standard-model fermions. In addition, we in-
clude here the couplings of the various Higgs bosons to
the extra exotic charge ——,

' quark that occurs in the 27
representation in which each SM generation resides. As
stated earlier we assume that only the Higgs fields of the
third generation acquire vacuum expectation values, and
that it is these VEV's that lead to the quark and lepton
masses. The results are given in third-family notation.
The couplings of the (third-generation) Higgs bosons to
quarks and leptons of other generations are obtained, in
the usual way by using the appropriate values for the
quark masses. (For simplicity, we will neglect the off-
diagonal elements of the Kobayashi-Maskawa mixing
matrix which are present in the charged-Higgs-
boson —quark couplings. )

The Higgs-boson couplings depend on the Higgs eigen-
vectors obtained via the diagonalization process outlined
in Sec. II. We define these eigenvectors to be H (i),
where o.=2,deg, Z', 3 runs over the four possible labels
corresponding to the neutral-Higgs-boson mass eigen-
states and i = 1,2, 3, where the index i refers to the
Lagrangian-basis states H, , Hz, and N, , respectively. In
terms of these H 's the couplings of interest may be
given. For the neutral Higgs boson the H qq
(a=2, deg, z', 3) couplings read
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gm,g, = — . H (2),
a 2tn gr sill

gmb
gbbH 2 Pa mw cos/9

(17)

(In the above, the H& couplings must be multiplied by a
factor of i—y5 ) . For the H+tb Feynman coupling we
have

g -= — (m, cotpPit+mbtanpPL ),g
H +tb

where Ptt I ——( I+@&)/2. Finally, the singlet quark h cou-
ples to the physical Higgs bosons only through the singlet
N, :

mh
gbrtto

=—
a v'2n

(19)

where a =2,deg, Z', 3.
Asymptotic results, valid for large mz and large m

3

for the above couplings, and other couplings to be con-
sidered later, may be obtained using approximate analytic
forms for the H 's:

H2-
'cosi3

1
. , /2 sin/3

21+',
n n

Hz'=

Hd, —

cosP+ sinP
n n

e
, ~z

— sin f3— cosP
&2+&2 n n

1+
1n

' —sinP
'

1
cosP

2

1 + P P
n n

(20)

H3 ——
2

mw
1+—,

' sin 2P
g n

' 1/2

sinP

cosP

—sin2P
2 gti

where y and p are defined in Eqs. (7) and (9). (Note that
the H& eigenvector is actually exact. ) The Hz, Hd, , and
Hz. eigenvectors are computed to first order using the
perturbation expansion of the mass matrix briefly de-
scribed in Sec. II, and are valid to 4%%uo for m o ~0.3 TeV

3

at mz ——1 TeV and for m 0 0.2 TeV for mz ——0.6 TeV.
3

As m 0 increases beyond the indicated values, the eigen-
3

vectors at first become increasingly accurate, but eventu-
ally, when m o becomes extremely large (well beyond the

3

values plotted in any of the graphs we shall show) y/n
can become ~ 1 when A, takes on values near either its al-
lowed minimum or maximum, and the approximate
forms for H2 and Hz. given above will no longer be accu-

rate. Over the range of m 0 of interest here, however,
3

the above forms may be used. Substituting these forms
into the quark coupling equations, and taking tanP- I as
an example, yields the following results.

(1) First, the H+bt Feynman coupling is simply ob-
tained from Eq. (18) with tanP=1.

(2) For the Hd, sqq, H2qq, and H&qq couplings we have
SM-like strength of order gm /(2m', ).

(3) For the Hz hh coupling we have a value controlled
by mz':

5

ghhH, (21)

We restrict q above to be either b or t, while h denotes the
exotic quark described previously. Couplings not listed
are approximately zero. In particular, Hz, Hd, g, and H3
have -0 coupling to hh, while Hz. has -0 coupling to
any qq. In principle, there are three generations of h

quarks, each with the indicated coupling strength to Hz .
We will assume that the mass of the third-generation I?

quark, which we take to be mh ——250 GeV, is significantly
larger than those of the first and second generation. If
this is not true our branching ratios for the hh decay
mode of the Hz, presented later, would have to be in-

creased.

B. Couplings of Higgs bosons to vector-boson pairs

One of the important roles of the Higgs boson of the
SM is to cure the bad high-energy behavior of the scatter-
ing amplitudes for longitudinally polarized W's and Z's.
As a consequence, the Higgs coupling to WW and ZZ is
very substantial and the SM Higgs-boson decays will be
dominated by vector-boson pair channels whenever they
are phase-space allowed. In the E6 model we are discuss-
ing here, there are three neutral scalar Higgs bosons and
it is important to know which (or what combination) of
them is responsible for preserving unitarity in the WW,
ZZ, ZZ', and Z'Z' scattering amplitudes. Similar con-
siderations apply to the Z' W +—scattering channels, whose
bad high-energy behavior is cured by the H+—.A priori,
one only knows that

2
gH, VV' CVV' ~ (22)

g m
zsM

Czz =
cos Ow

Czz = g, m
(cos P+ 16 sin P), (23)

C, += —'„'g,mii, sin 2P,
2SCz'z'= 9g&mz' .

The W+ W sum rule is exact, independent of the value

where Cvv has a definite value for every VV' scattering
channel. We give below the results for these sum rules in
the limit of large mz, i.e., large n:

2 2
w+w — g w
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of mz, in the other channels it is only the mixing of the

neutral gauge bosons that would make the exact formulas
complicated.

The explicit couplings of the various Higgs bosons may
be given in terms of the eigenvectors of the Higgs-boson
mass eigenstates, II, for which approximate forms were

given in Eq. (20). The couplings are given below. Theg, a =2,deg, Z' couplings are

For the ZZ channel,

2

g cos5 g]
gH zz = — + sin5 H (1)

cosO& 3

vz g cos5 g cos5 8+ ——g, sin5 H 2
v 2 cosOgr cosOg 3

gH ~+ ~ gm ——~[cosp H (1)+sinp H (2)) .
a

(24) + —g', sin'5H (3) .
9 2

(25)

The neutral vector-boson couplings are more complicat-
ed, due to the extra U(1) factor in the low-energy group. For the ZZ' channel,

2
sin26 g ) g

gH zz' = cos25+
COSH' 2 9 cos2g

H (1)— —g, cos25+ H (2)
gv2 4 g sin25

2 cos&g 2 cos&w

+ g, sin25H (3) .
25n

18&2
(26)

For the Z'Z' channel,

12

g sin5
gH z, z, — — cos5 H (1)

cosOg 3

g zsM

H 2ZZ cosg

gHO zz=-0
4Cg

(30)

g sin5 g sin5 8+ — +—g, cos5 H (2)
2 cos~ gr cosH g 3

J sM
g ozz n cosOw

+ &
—g, cos 5H (3) .

25n z z

Finally, for the O' —+Z and 8'- Z' channels we have

(27)

For the ZZ' channel we have

g&mz
g, , = (cos p —4sin p),

2

gH, ——
—,'g

& mz sin2p,
dcg SM

(31)

g p p =—'g
~
m ~sin2P sin5,

g g p, =—', g, m~sin2PCOS5 .
(28) gao, zz = zsM . 2 2 5p(4sin p —cos p)+ sin2p

3 n 2n

The HVV couplings will be key ingredients in deter-
mining the decay patterns of these Higgs bosons. For
large n and small neutral-gauge-boson mixing 5 the ap-
proximate eigenvectors of Eq. (20) may be used to obtain
very simple and easily summarized results for all the
above couplings. For the W+ 8' channel we have

gH'w+ w —=g
2

For the Z'Z' channel we obtain

2&2g,
g 0, , = ( 2m~cos p+25gy),

2 COSH ~

g &
m ~sin2P

gH' z'z'= v v
+

dcg 9 2 2g

5

0 Zz 3g)mZz'

Finally, for the 8' Z and 8' Z' channels we obtain

(32)

gHo w+w- —O
deg

(29) ga+w+z =O ~

g + +,= —,'g, m~sin2P .
(33)

&0' w+ w-—z' n

For the ZZ channel the couplings are

The couplings of the charged Higgs boson to Z'W —+

and of the neutral Higgs boson to Z'Z are of particular
phenomenological importance, in that they lead to decays
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Oz =
2

~gzHoz ~

Z,M

(34)

of the type Z'~HV. It will be helpful to define certain
normalized couplings. We begin with H2 and write

10

sahd H2 dashes
I I I I I I I I

0
Hd,

1'.Xtl ('l11 t ()f }I —W —W ('"OuPlinq HatIOS

dashdots Hz
I I III/

The dependence of f 0 on mz and m, was considered
2 3

in Ref. 5. For example, for the case of a very light Z',
mz ——0.2 TeV, f 0 ranged from -0.2 to -0.4 as m

H, Z H3

was varied up to 1 TeV. For higher mz. , the range of
values found for f o quickly narrows, and the asymp-

2

totic result of Eq. (31) can be employed, yielding (at
tanP- I) f o -0.5 tan8w-0. 27, except for very small

2

m 0 values. (To see what happens for small m 0, the
3 3

reader is referred to Fig. 4 of Ref. 5.) Similarly, we define

and

fH~w

0 z=
deg

gm gr

~gzH' z ~

deg

ZSM

(35)

(36)

These have been considered as a function of mz, at
selected values of m o, in Ref. 5. The first is always close

3

to the large m 0 asymptotic result obtained from the re-
3

suits given earlier, ——,
' tan(9~-0. 45, while the second

lies in the range -0.45 to -0.6 at low mz and ap-
proaches the same asymptotic limit (at tanP-1). We
shall see that the squares of the fHt, 's control the decay
of the Z' to a HV channel. Hence, if phase space effects
are ignored, one finds at large mz. (and tan)33- I ) a ratio
of 9:25:50for K2:H„,g:H —+ in Z' decays.

Of course, the mass spectrum of the Higgs bosons is
such that it is also possible to have (at high

mHO) mHo &mz+~z and m +&mz+~w In this.
3 deg

~ i 0 + ( +case the significant size of the ZZ'H„, and O' —Z'H+
couplings will imply that the ZZ' and W+Z' channels
will be important in Hd, and H+ decays, respectively.
(Note, that, to the extent that Z-Z' mixing is small, the
H+ does not couple to ZW+. The absence of this latter
coupling is a common feature of models with only dou-
blets, e.g. , the minimal supersymmetric model described
in Ref. 11.)

Another important class of couplings for both produc-
tion and decay are those of the neutra1 Higgs bosons to
W+ W and ZZ, for which we have given asymptotic re-
sults above. Asymptotically, we see that the WW and ZZ
channels couple primarily to H z (which, given any
reasonable bounds on A, and/or kA, will be too light to
decay in these modes), but can have small couplings to
Hz. However, these asymptotic results are not accurate
for small m 0 and/or small mz. Thus, we plot in Fig. 5

3

the extrema of these couplings relative to the SM cou-
pling strength of gm ~, as we vary the parameters within
their allowed domains. (The ZZ couplings have essential-
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FIG. 5. Extrema of couplings of H2, Hd, g, and Hz to
8 +W as a function of m 0 for mz ——0.2 TeV and mz ——1

H3

TeV. We have normalized relative to the SM coupling of gm~.
Results for the ZZ couplings of these Higgs bosons are identical
if normalized to gmz /cos0~.

SM

ly the same ratio to the SM strength of gmz /cos8w. )
SM

That the WW and ZZ couplings to H2 are of nearly SM
strength is a feature well known in the minimal super-
symmetric model. ' It is not surprising that this contin-
ues to be true in the E6 model (a fact which was also not-
ed in Ref. 7). Note that outside the asymptotic domain
there is considerable variation with mz and m o,' for in-

3

stance, at small m, the Hd, (which is relatively light
3

for such m, values) can be moderately coupled to
3

W+W when mz is small, even though this coupling
vanishes asymptotically. Also worthy of note are the ex-
trema of the Hz W+ W coupling. This coupling actual-
ly changes sign as m + is varied at fixed m o. In the al-

3

lowed m + range it takes it maximum value when m

is at its minimum allowed value (where m 0 ——0), falls to
H2

0 as m + (and also m 0 ) increases, and goes to its
2

minimum value of the opposite sign as m + increases

further towards its upper allowed value (and m 0 falls
2

back to 0). When this coupling is maximum in absolute
value, it can be a non-negligible fraction of SM strength,
and Hz, ~ W+ W (and ZZ) will turn out to be the dom-
inant decays. Further, even though its maximum values
occur for m 0-0, a restriction such as m 0)40 GeV

2 2

does not visibly affect the extreme values unless m o is
3

fairly small. (This last statement also applies to Hod, . )

Regarding the Z'Z' channel, we see asymptotically
that the only Higgs boson which couples significantly is
the Hz. . This remains true nonasymptotically, and this
channel is never important in Higgs-boson decays since
m 0 =mz and Hz Z'Z' is never possible.0

Hz,

Finally, we mention that, on the theoretical side, it will
be interesting to determine if any of the VV' scattering
channels become strongly interacting if the Z' or H3
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masses are taken too large. Unlike the minimal super-

symmetric model with no SU(2) X U(1)-singlet Higgs

fields, we see from Eqs. (31)—(33) that vector-boson cou-

plings to heavy Higgs bosons do not all vanish, and even-

tually tree-level unitarity will be violated.

V. HIGGS-BOSON PRODUCTION AT e+e
AND HADRON COLLIDERS

In the previous section we obtained the two types of
couplings, quark-antiquark and vector-vector, that are
responsible for the production of Higgs bosons. We now
outline expectations for Higgs-boson production mecha-
nisms using these results.

A. Higgs-boson production via quark-antiquark couplings

The quark-antiquark coupling of a neutral Higgs boson
to a heavy quark determines one of its most important
production processes at a hadron collider, namely gluon-
gluon fusion to Higgs bosons via a heavy-quark triangle
graph. Indeed, in the limit of large quark mass, the
effective ggH coupling becomes independent of quark
mass, since the qq coupling grows like m . From the re-
sults of the previous section we see that Hdeg H2, and H&
are produced at full SM rate. All are dependent on the
value of m„and cross sections are maximal when mz is
of order 2m, (where the virtual t-quark triangle loop is at
maximal strength). For a recent computation of such
cross sections see Ref. 26. Analogously, Hz production
via gg fusion depends on the probably large exotic h-

quark masses, and will not die away until m o is
Zt

significantly beyond 2mh. In addition, h quarks of all
three generations contribute, so that if the h quarks are
all heavy, one gets a factor of 3 at amplitude level. How-
ever, the scale of the Hz hh coupling is set by g, Imz
(compared to g /m ii in the SM case), and the resulting gg
fusion cross section will not be very large unless the Z' is
quite light. To quote a specific example, suppose that
there are three h quarks of mass 200 GeV, and that we
take m o

——0.4 TeV. (The h mass choice corresponds to
Hz

maximizing the gg fusion h-quark triangle graph for this
choice of m 0 . ) Then the results of Ref. 26 may be re-

HZ

scaled to the coupling constant given in Eq. (21), and we
find a cross section of 0.25 pb at the SSC.

The charged Higgs boson is produced at a hadron col-
lider via the subprocess gb~Wt+. This reaction turns
out to have a remarkably large cross section. Even for
a charged-Higgs-boson mass of order 1 TeV, o. —1 pb,
corresponding to 10 events in a standard SSC year of
L =10 pb

B. Higgs-boson production using vector bosons

Phenomenologically, Higgs-boson couplings to vector-
boson pairs are crucial to three types of Higgs-boson pro-
duction processes. These are production by vector-boson
fusion, bremsstrahlung from a virtual vector boson, and
Z' decays. In the SM, WW and ZZ fusion dominate
Higgs-boson production once the Higgs-boson mass is
~0.3 TeV. This is true at high energies for both hadron

colliders and e+e colliders. A second process which
also makes use of VV'H vertices, is virtual V* production
followed by V*~V'H; this is of particular importance at
an e+e collider with center of mass energy only
moderately larger than the Higgs-boson mass of interest.
Let us first focus on the fusion production reaction.

In the E6 theory such processes could be of dramatical-

ly reduced importance. First, the H2 which has the dom-
inant couplings to WW and ZZ for large mz is also
suSciently light that its production is dominated by gg
fusion at a hadron collider, with WW and ZZ fusion pro-
viding 520% of the total (depending on the top-quark
mass). Second, the IV+ W and ZZ couplings to Hd, s
are only likely to be significant when both mz and m

3

are small (recall that small m o also implies small m 0 )
3 deg

where, again, gg fusion will be dominant at a hadron col-
lider. Third, since the WWHz coupling squared is al-

ways ~0. 1 of SM strength, the W8'fusion cross section
for Hz. production is also of no practical importance.
Combined with the small size of the gg fusion cross sec-
tion discussed earlier, we see that the Hz. is very hard to
produce, at both e+e and hadron colliders. The impor-
tance of ZZ' fusion for H d,g

production and of Z'Z'
fusion for Hz production is critically dependent upon
mz. Computations of ZZ' and Z'Z' fusion production
processes were performed for the Superconducting Super
Collider (SSC) in a different model in Ref. 27. Rescaling
the couplings to those appropriate in the present case
shows that only for m 0 -mz. below -0.4 TeV will one

HZ

find Hz. cross sections at the SSC above 0.1 pb, and that
m 0 -mz of order -0.2 TeV is required for cross sec-

HZ

tions of order 1 pb. Similarly, the ZZ' fusion process for
Hd, z

is only capable of yielding 1-pb-level cross sections
for mz ~0.3 TeV. Clearly, if mz. ~0.5 TeV, these pro-
cesses are not useful. At an e+e collider, it is well
known that the Z' is too weakly coupled to electrons for
ZZ' or Z'Z' fusion to be significant. In fact, even the ZZ
fusion process for the SM Higgs boson is very small.

Finally, we recall that the coupling of H+ to W+Z is
proportional to the very small ZZ' mixing angle 5, while
the H3 has no VV couplings at all. As a result, vector-
boson-fusion processes do not contribute to H+ or H3
production.

Production of Higgs bosons via bremsstrahlung from a
virtual vector boson suffers much the same fate as do the
fusion processes. For a heavy Z', only the H2 will have a
significant cross section coming from this source.

and

Z'~ZH~ d,g
(37)

C. Higgs-boson production in Z' decays

As we have seen above, H2 and Hd, both couple to
ZZ'. This opens up the possibility of finding these two
Higgs bosons as decay products of the Z' (Refs. 5, 9, 29,
and 30). Also, the large H+Z'W coupling leads to H+
production in Z' decays. Thus we consider
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Z'~8'+H —. (38)

We shall describe the results of Ref. 5, which employ the
full mass-matrix diagonalization machinery. Among the
possible decays the process Z'~HzZ is of greatest in-

terest since it is almost always kinematically allowed,
even for mz as low as 0.2 TeV.

In assessing the possibilities for Higgs-boson detection
in the modes (37) and (38) we require the branching ratio
for a generic Z'~HV decay. It can be easily expressed
in terms of the fHy =—gz'Hy/(gmy), discussed earlier in

Sec. IVB, as

9+2
z ~Hv 2 2 2 Z'

BHy= K (mz mH my)B
40 tan2~w

7

where the kinematical factor is given by

K(a, b, c)=L +12(c/a)L'

(39)

with

fH Z TJH Z T~H —ly+ T
2 deg

(40)

so that 02, Hd, g, and 0+—are produced in Z' decays in
the ratio 9:25:50 (the extra factor of 2 in the H modes—
coming from the two different charge states). Nonasymp-
totically there is some variation of the fHy s but it is use-
ful in the following discussions to refer to a "typical"
case:

fHy ——0.5, K =1, B i =0.009

BHy=1. 8X10 . (41)

We also note that the Z or 8', produced in association
with a Higgs boson, might have to be detected in a lep-
tonic decay mode in order to keep backgrounds under
control. Keeping e and p modes, the branching ratios for
Z I+I and O' Iv are 8, +, -0.06 and BI -0.16,
respectively. Altogether, we require ~ 10 Z "s to have a
detectable number of Z'~HV decays in the leptonic V
decay channels, while only ~ 10 Z"s would be required
if the hjadronic V decay channels can be employed.

In e+e collisions the peak rate for Z production (in
the absence of beam energy smearing) is given in units of
a „„,=(41ra )/(3s) by

R peak

9Be+e
(42)

For the parameters of Eq. (41) we obtain R „k=1327
and R k80v=2. Assuming that a typical e+e collid-

L (a, b, c)=[(a + b c) 4—ab])!—a

and 8 + is the branching ratio for Z'~e+e decay.
The value of 8 + depends upon how many fermion-

antifermion channels are open. Ignoring supersymmetric
partner modes, it can vary from 0.036, if only standard
model fermion decays are allowed, to 0.009, if three full
families of E6 fermion modes are allowed. ' As stated
earlier, asymptotically in mz. we find (at tanP- I ) that

er will achieve an integrated luminosity 10 /o~„„,„we
find a large number of events for discovery of several of
the E6 Higgs bosons in Z' decays, especially if some of
the extra E6 ff decay modes of the Z' are kinematically
forbidden. Even if we must include BI+, or BI, we are

left with hundreds of events. Of course, it could happen
that mHO) mz. and mz 0.5 TeV, in which case the

3

only kinematically allowed decay of Z' to a Higgs boson
would be Z'~HiZ. As discussed previously the f o

2

value is such that this decay would generally be observ-
able.

Turning to the situation at the Superconducting Super
Collider (SSC), the cross sections for Z' production have
been summarized in Ref. 31. For small ZZ' mixing they
vary from -2.2/10 pb at mz ——0.2 TeV to -22 pb at

mz ——1 TeV and -1.7 pb at mz ——2 TeV. The typical
parameters (41) correspond to -35 events, before includ-

ing BI+I or 8&„, for every 2 pb of Z' cross section, at an

integrated yearly luminosity of 10 pb '. At a hadron
collider backgrounds will be severe unless we detect the Z
or 8'in a leptonic decay mode. Thus we include Bl'l
or BI, and find that event rates at the SSC for an E6
Higgs boson produced via Z' decays are only likely to be
reasonable if mz 1 TeV, although searches at higher
mz. values might be possible if B + is larger than

0.009.
The major backgrounds to Higgs-boson detection in Z'

decays will depend upon the precise secondary decay
modes of the Higgs boson produced. Typically, back-
grounds are most dificult if the Higgs boson decays pri-
marily to standard-model fermions, as will be the case for
a light Higgs boson. A first consideration of the back-
grounds in this case appears in Ref. 5, with the con-
clusion that they should not be a problem in e+e col-
lisions, but that they may be fairly severe at a hadron col-
lider such as the SSC.

D. Comparison of e+e and hadron colliders

Using the above results, we give a first-level compar-
ison of the abilities of e+e and hadron colliders to
probe the E6 Higgs sector.

1. e+e collisions

(1) An e+e collider remains the ideal choice for
finding a light Hz, whether produced via vector-boson
fusion, virtual vector bremsstrahlung, or in the decays of
the new Z'.

(2) e+e- colllders are also ideal for finding a light Hd, g

or 0— using the decays of the new Z', assuming, of
course, that the Z' can be produced and that the decays
are kinematically allowed.

(3) If mz and m „(which is —m 0 ) are small then
H3 Hd

Hd, can also have sizable 8'+8' and ZZ couplings.
(The H 2 and H d,g

share the SM coupling strength
squared. ) The Hd, g

production rate at an e+e- collider
~ight be as large as 2S% of that for an 02 of similar
mass, although it can also be quite small, depending upon
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the precise A, value that is appropriate.
(4) If s + p4m + then the charged Higgs boson are

easily pair produced at an e+e collider and back-
grounds should not prevent studying them even if they
decay primarily to SM heavy-quark channels.

(5) The Hz is generally totally inaccessible at an e+e
collider, due to the smallness of its couplings to 8'+ 8'
and ZZ. However, if the Z' turns out to be very light,
the Hz can be produced via Z'*~Z'Hz.

(6) Similarly the H, will normally be extremely difficult
to produce in e+e collisions due to the absence of any
VV couplings. However, it may be possible to produce
H3 in association with either H2 or Hd, ~

in Z' decay if
the corresponding decay is kinematically allowed. (The
relevant couplings are discussed in Sec. VI A. )

(7) If the H and Hd, s cannot be found in Z' decays
(either because m +-m 0 ~mz or because the Z' is

deg

too heavy to be produced), they too will be very difficult
to produce at an e+e collider —the K — has no cou-
plings to ZS' +—and the Hd, VVcouplings are likely to be
strongly suppressed relative to SM-type strength (see Fig.
5).

(8) Generally speaking, any Higgs boson with
significant production cross section will be observable
even if it decays primarily to SM fermions, since back-
grounds to such channels at an e+e collider are rela-
tively mild.

2. Hadron collisions

(1) A hadron collider will not have a significant gg
fusion cross section to Hz, [via the h loop(s)], unless m

Ilz,
and, hence, mz. is ~0.4 TeV. Since, its 8'+ 8' and ZZ
couplings are quite small, these fusion processes will not
be important. Finally, the Z'Z' fusion process can only
be significant when m o —mz 0.4 TeV, where the gg

Zt

fusion process would dominate in any case. Thus, if mz
is heavy, the Hz will not be easily produced, let alone
detected at a hadron machine.

(2) The H3, Hz, and Hd, cross sections from gg fusion
should be of typical SM strength, and will be significant,
depending upon the size of m, relative to the Higgs-boson
mass in question.

(3) VV fusion processes will not play a significant role
in the production of Hd, , since it decouples from
8'+W' and ZZ when it is sufficiently massive that VV
fusion processes could have become important relative to
gg fusion.

(4) H3 does not couple to VV at the tree level so that
only the gg fusion process is relevant for its production.

(5) The H will be produced —via processes of the type
gb~tH+. The resulting cross section is comparable in
strength to the gg fusion cross sections for H3 and Hd,
at the same mass.

(6) Unfortunately, even though the production cross
sections are significant, Higgs bosons that decay primari-
ly to heavy SM fermions will be difficult to detect at a
hadron collider due to large QCD backgrounds. Only
when the masses of K—,K3 and Hd, are small enough

that the gg fusion cross sections are very large is there
hope; in this instance rare decay modes of the Higgs bo-
son appear to be usable. ' ' However, as we show below,
supersymmetric modes and other exotic modes charac-
teristic of a complicated Higgs sector tend to be quite im-

portant in the decays of the heavy Higgs bosons, in which
case a hadron machine could allow more complete access
to the Higgs sector than an e+e collider.

VI. HIGGS-BOSON COVPLINGS TO HV, HH,
AND g g CHANNELS

The Higgs-boson —quark —antiquark and Higgs-
boson —vector —vector couplings, while dominant in con-
siderations involving the production of the Higgs bosons,
are not the only couplings of importance when it comes
to the Higgs-boson decays. In this section we consider
the remaining couplings that must be included in fully as-
sessing the branching ratios of the E6-model Higgs bo-
sons to various different final states. There are three cru-
cial sets of couplings which arise at tree level and yield
two-body final states: (1) the couplings of Higgs bosons
to other Higgs bosons plus a vector boson; (2) the trilin-
ear self-couplings of the Higgs bosons, which allow decay
of one Higgs boson to two others; (3) the couplings of the
Higgs bosons to supersymmetric particle pairs. In con-
sidering these couplings we shall continue to make the
approximation that we can neglect intergenerational cou-
plings. As well as affecting the Higgs-boson-to4'7 de-
cays, as discussed earlier, such intergenerational cou-
plings could also result in such decays as Higgs boson to
unhiggs boson plus vector boson, and Higgs boson to
Higgs boson plus unhiggs boson, etc. By neglecting (in
first approximation) intergenerational mixing, we are as-
suming that such decays have relatively small branching
ratios.

As outlined earlier, which pairs of supersymmetric par-
ticles are allowed in the decay of a particular Higgs boson
is model dependent. In the minimal supersymmetry
model studies of Ref. 12 both squark/slepton pairs and
neutralino/chargino pairs were studied, for several
different mass scale possibilities. It was found that when
both types of pair states were allowed, the
neutralino/chargino pair states were dominant. In addi-
tion, it is likely that E6 models prefer a rather large
gluino mass and that the squarks and sleptons will be
even more massive than the gluino. In Sec. III we
demonstrated that even if M -0.5 TeV there would still

be many relatively light chargino and neutralino states,
since their masses tended to be set by the scale of M and
M', which are of order M /4 and M /8, or by mz,
which could be significantly smaller than M . Thus, in
our study the only pairs of supersymmetric particles that
we shall incorporate are those containing neutralinos
and/or charginos, with masses computed for representa-
tive values of M and mz .

In the following three subsections we will give brief
overviews of the three different types of couplings
enumerated above. Details will be relegated to the Ap-
pendix.
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A. HHVcouplings

gZH+H- =
—g cos28gr ig

OSg ~
' ZH 3 deg 2 COSg

(44)

gZH H ' gZH H,3 2 3 z' 2 cosO~n

g, + — (1—5 cos P),
—lgig, , = (1—5cos P),

3 deg

5ig 2
sin2P

(45)

gz'a'a'—
3 2 12

gZ'H H,3 Z' n n

Because of the many different couplings we will not
plot nonasymptotic results, but most of the interesting
features of these couplings and their implications for
Higgs-boson decays can already be read off the asymptot-
ic results. Note in particular the following points.

(1) Even though the W H+Hz. and ZH3Hz cou-
plings are pin "suppressed, " the Hz decays to VH final
states will turn out to be an important part of the Hz to-
tal width when the Hz. is substantially heavier than H+
and H3. This is due to the presence of longitudinal V po-
larization states in these modes. (Of course, it is impor-
tant to recall that the Hz has quite weak couplings to
8'+ W and ZZ, and its decay widths to these competing
channels will not necessarily be dominant. )

(2) Decays of the type H3~Z'H2 are allowed when
m p is large, and will be very important due to the longi-

3

tudinal Z' modes and the full strength coupling. We also
note that at small m p, the H3~ZHz decay can be

3

significant since the corresponding coupling is not negli-
gible in that region.

(3) Despite large couplings of Hd, s to W H+ and
ZH3, these modes are never phase space allowed due to
the near degeneracy of H&,~

with H+ and H3.
(4) Of course, H2 decays using the above couplings are

never phase space allowed.
(5} Decays of the type H+ ~ W+H2 and

H+~8'+Hz are suppressed due the very small cou-
plings indicated in Eq. (43), combined with the presence

The HH V couplings are relatively easily given in terms
of the eigenvectors H introduced in Sec. IV A. The ex-
pressions appear in the Appendix along with our normal-
ization conventions. All the formulas appearing there are
exact in terms of the Higgs-boson eigenvectors; in the
asymptotic domain the approximate eigenvector forms of
Eq. (20) may be employed. It is useful to state the results
that apply to this limit. We find

—gPg W-H+HP — g W-H+HP. —
z' 2n

(43)—lg
W H+H ' gfy H+H

deg 2 3 2

of the competing channel (at high m +) H+~W+Z'
with large coupling, as discussed in Sec. IV B. Decays of
the type H+~ K+H~,

~
and H+~ W+H3 are absent,

despite the large coupling indicated in Eq. (43), because
of the near degeneracy in mass of H+, Hd, ~

and H3.
(6) There are many HH modes for the decay of the Z'

that couple with full strength. These can have a
significant impact on the Z' width and detection. "

B. HHH couplings

We turn now to the HHH couplings. These are rather
complicated but can be summarized in a relatively com-
pact fashion using the eigenvectors defined in Eq. (20), as
shown in the Appendix. However, not all such couplings
are of potential importance in Higgs-boson decays. For
instance, only at very small m p is there a possibility for

3

H2 to decay to two other Higgs bosons, namely, H3H3,
and the relevant coupling is very small in that region.
Similarly, since the H+ and H3 must always couple to
themselves in the HHH couplings, they have no HH de-
cays.

Thus, only couplings for Hz. and Hd, ~
are of potential

importance, and, in the latter case, only those to the pos-
sibly phase-space-allowed channels of H2H2, and (at
large m, ) HzHz. As for other couplings, we shall

deg

give the large mz, m p limits. The asymptotic limits can
3

easily be obtained using the asymptotic forms of the H
given in Eq. (20) and are actually quite good approxima-
tions over a large region of m p so long as mz. is not too

3

small. Of course, our later numerical analysis of Higgs-
boson branching ratios uses exact numerical results for
the H obtained from the Higgs-boson mass matrix diag-
onalization. Asymptotically, we find:

gHo Ho Ho = —( ,'g ~n sin—2p+2XA cos2p),z' deg 2 2 2

gHO HOHo
- —[2k n —

—,', g &n (1+3sin p) —A A sin2p],Z' 2 2

(46)
gH, H H H .H H H, H+HZ' deg deg Z' 3 3 Z'

—[2k n —
—,', g, n (1+3cos P)2 g 2 2

V2

+A. A sin2p],

—A, Ag» o -g «o — — (2ycos2P —psin2P) .
H .B, Hd, H,B,

(47)

A brief survey is in order.
(1) The Hz HH couplings can be quite large. In fact,

the HH decay modes of the Hz can be dominant. Let us

comment on the Hz couplings to H2H2, H3H3 and

Hd, sHz, for the case of mz ——0.6 TeV. (The Hz.Hd, sHd, s
and Hz.H+H couplings are always roughly a factor 2
larger than the coupling for Hz.H3H3. } These turn out
to agree very well with the asymptotic formulas above,
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once the appropriate k values are substituted. All the
couplings are potentially big, although the Hz HzH& cou-
pling changes sign (and hence must vanish at some point)
as one varies m + (and hence A. ) at fixed m o', this is also

3

true of the Hz'H degH deg& Hz H 3H 3 and Hz H H cou-
plings at small m o. (For graphs of the behavior of the

3

extrema of these couplings as a function of m o see Ref.
3

20.) Because of the low mass of the H2, the kinematic
inaccessibility of other HH modes, and the smallness of
other classes of channels, it turns out that the
Hz ~H2Hz decays can be dominant at large m o. AtH3'

small m 0 all the HH channels become phase space al-
3

lowed and are significant. (The H+H channel is a fac-
tor of 2 larger than Hd, Hd, due to the identical particle
factor suppression in the latter case, and a factor of 8
larger than the H3H3 channel which, in addition to being
suppressed by the identical particle factor, has only —,

' the
coupling strength squared. )

(2) Regarding the Hd, , the asymptotic formulas sug-
gest that its couplings to the possibly allowed channels of
H2H2 and (at large m o -m 0) HzHz are quite small.

deg 3

This, indeed, turns out to be the case, except at very
small m 0 where the Hd, ~H2H2 modes can be

3

significant.

C. HgX couplings

Finally, we turn to the couplings of the Higgs bosons
to the chargino and neutralino pair channels. These are
determined in terms of the diagonalizing matrices dis-
cussed in Sec. III: U, V, and N. Explicit expressions and
conventions are given in the Appendix. We note that, in
general, there are both right- and left-handed couplings
to consider. However, in the case of neutral-Higgs-boson
couplings to X —7 + and g 7 channels the left and right
couplings have the same absolute magnitude, and can be
easily obtained from one another using Eqs. (A15) and
(A19) of the Appendix. There are, of course, a large
number of couplings. However, it is quite straightfor-
ward to obtain asymptotic results for these couplings,
and these are given in the Appendix. In fact, these
"asymptotic" results may also be used nonasymptotically
if one is careful to write these couplings usings the

+ v —B and 7 w+'+ Fs
notation given earlier in

I l

Sec. III ~ Because, these states retain their identity to first
approximation for all m 0, the asymptotic results ap-

3

propriately reordered to correspond to mass-ordered
eigenstates can be used to get a good idea of the coupling
magnitudes at any point in the A, , m o space. This pro-

cedure is described in more detail in the Appendix.
Only a few general points regarding the Higgs-boson

couplings to neutralino/chargino channels are worth not-
ing here. First, the Appendix makes it clear that over
much of parameter space there are actually relatively few
important couplings, but that those that are significant
will be of order k, g or g'=g&. In fact, for any Higgs-
boson decay there is almost always one or more allowed

neutralino/chargino decay channels with substantial cou-
pling. Recalling that %+8' and ZZ channels are not
important for our heavy Higgs bosons, and that only the
tt (or, for the Hz, the hh ) channel will have coupling of
order g, we find that the neutralino/chargino modes will

be an extremely important component of Higgs-boson de-

cays, and will almost always dominate SM fermion
modes.

VII. HIGGS-BOSON DECAYS AND DETECTION

In order to fully examine the possibilities for detecting
the E6 model Higgs bosons, either in the inclusive pro-
duction modes or through Z' decays, a full assessment of
all the decay modes of each of the Higgs bosons is re-
quired. In particular, we have argued that in the case of
the heavier Higgs bosons supersymmetric decay modes
will be important, due to the substantial couplings and
the relatively low mass scale of the neutralino/chargino
sector. (As discussed earlier we will not include any
squark or slepton decay modes in the computations that
follow. Their masses are generally larger than the mass
of the gluino which, in the scenario we investigate has a
mass of 0.5 TeV. Thus, squark and slepton decay chan-
nels are likely to have a threshold substantially above
that for the neutralinos and charginos. As discussed ear-
lier, even when allowed they will not be as important as
the neutralino/chargino channels at high Higgs-boson
masses. ) Also, modes in which a heavy-Higgs-boson de-
cays to a pair of lighter Higgs bosons or to a vector boson
in association with a lighter Higgs boson must be con-
sidered. In contrast, the decays of the light H2 will be
dominated by SM channels for moderate M values. Of
course, if a small M scale is appropriate (e.g. , M &200
GeV), resulting in some very light neutralinos and chargi-
nos, H2 decays to neutralinos and charginos could be-
come important. However, one must be careful that the
lightest chargino is not so light as to violate known ex-
perimental bounds, of order 30 GeV (Ref. 35). In this
section we will give an overview of the branching ratios
for Higgs-bosons decays to both standard-model channels
and the above-mentioned more exotic channels. We shall
consider the mz ——0.6 TeV case, and compute masses
and mixings in the neutralino/chargino sector assuming
M =0.5 TeV, the case considered earlier in discussing
the neutralino/chargino masses. In a certain sense, this
latter assumption may be a pessimistic one in that it leads
to smaller branching ratios for these supersymmetric
channels than would obtain for lighter M values. We

g
complete our parameter specification by taking m, =70
GeV and mi, ——250 GeV (for the third generation h —the
first- and second-generation h's are assumed to be consid-
erably lighter). This m& value has been deliberately taken
to be fairly small so that we can display the role of the hh
mode in Hz decays, should it be allowed.

We begin by noting that, with regard to decays, the re-
sults of Sec. IV B can be summarized as follows: whenev-
er a VV' channel (with V, V' =Z or W —+

) is phase-space
allowed for a given Higgs boson, the coupling of this
Higgs boson to the VV' channel is very small. In addi-
tion, couplings to modes containing Z' are proportional
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to g, and thus such modes naturally contribute less

strongly than the low-mass vector-boson modes, even
when phase-space allowed. Since it is primarily the longi-
tudinal modes of VV' decay channels that can lead to a
large Higgs-boson width, it is not surprising that all the
Higgs bosons of this theory remain quite narrow. Only
the H3, Hd, , and H —can become massive enough that
VV' modes containing the Z', as well as modes contain-
ing a vector boson and a lighter Higgs boson, become im-
portant and total widths begin to become significant.
Thus, for the mz ——0.6 TeV, M =0.5 TeV case that we

are focusing on, Hz always remains very narrow, Hz has0 0

I ~ 15 GeV at m o ——3 TeV (recall that this is our basic
H3

parameter) while H3, H , and —Hd, (all approximately
degenerate in mass) have I 8100 GeU at m o ——3 TeV.

H3

The behavior of the widths as a function of m 0 is illus-

trated in Fig. 6, where we plot the maximum and
minimum widths of all the Higgs bosons in the usual
fashion. The delayed growth in the Higgs-boson widths
is, of course, closely related to the fact that the Higgs sec-
tor of this theory does not become strongly interacting,
and bad high-energy behavior of various scattering am-
plitudes involving scalar modes does not emerge, until
very high energy scales.

With this background, it is not surprising that non-SM
modes could play a major role in the decays of these
Higgs bosons over this region of m 0 parameter space.

3

In particular, the neutralino/chargino channels provide a
significant fraction of the total decays of the heavier
Higgs bosons. To emphasize this point, we plot the max-
imum and minimum branching ratios for the sum over all

gX modes for each of the di8'erent Higgs bosons in Fig.
7. For this figure we have taken a very light gluino mass,
M =0.2 TeV and have required that m 0 be &40 GeV.

g

We see that, once phase-space allowed, it is not uncom-
mon for the 7J modes to have a net branching ratio of
order 50%, especially at large mzo-m, -m +. (We

3 deg

note that Hz. does not have substantial branching ratio to
pp at high m 0 since it couples primarily to the heavier

3

7P states which generally have combined mass larger
than m o -mz. ) Note also that if M is as small as 200H,
GeV, many of the neutralinos and charginos, in particu-
lar g ~„g~, and X+ +, can become light enough that

3

these decay modes can have substantial importance in

H3, Hd, , and H* decays at low Higgs-boson masses.
They even become a substantial component of H2 decays
when the H2 takes on the maximum mass allowed at the
higher m 0 values plotted. Were we to plot results for

3

the same M value, but with m 0 )40 GeV not required,
2

we would find that the XX decays of all the Higgs bosons,
except the Hz. , are enhanced, relative to those appearing
in Fig. 7, at low m 0. The reason is that the lower

3

bounds on the 7 masses are decreased substantially once
the lower bound on A, is decreased by removing the lower
bound on m 0. The Hz. is an exception since at low m

2 3

it remains massive, unlike the other Higgs bosons.
Let us now turn to a more general survey of all of the

channels of importance in the decays of the various Higgs
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FIG. 6. We plot the total decay widths of all the Higgs bo-
sons as a function of m 0. The maximum and minimum values

H)

are given as found when scanning over all allowed A, (or m +)
values at a given m o. We have chosen M =0.5 TeV and

H3

mz ——0.6 TeV, and taken tanP= l. l. Squark and slepton chan-
nels are not included.
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FIG. 7. Branching ratios for the Hz, Hd„, H3, H*, and H2
to decay to all XP channels. The Kz branching ratios are sensi-
tive to the h-quark masses; we have taken the third-generation
h-quark mass to be 250 GeV and assumed those belonging to
the first and second generations are much lighter and can be
neglected in the Hz decays because of their weaker couphng.
We take M =0.2 TeV, A, &0 and plot branching-ratio extrema
for pp channels in the case where we require m 0 &40 GeV.

Note that the minimum branching ratio for Hz is off the scale
of the graph. We have taken mz ——0.6 TeV and tanP= l. l.
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FIG. 8. We present branching ratios for Hz ~gX', HH, VH,

VV, and hh. We sum over all allowed channels of a given type
for the first four mode classes. We include only the third-
generation h quark as described in the caption to Fig. 7. There
are two plots. In the first, we present the maxima and minima
for a given mode, with no m 0 lower limit. In the second we"2
present the branching ratio for each mode at A. ,„,defined as the
minimum value of A. that yields m 0

——40 GeV. For both plots
H2I =0.5 TeV, mz ——0.6TeV, and tanP=1. 1.

bosons. For this survey we shall adopt the moderate
M =0.5 TeV, mz ——0.6 TeV values considered in several

previous graphs, including those of the neutralino/
chargino masses, Figs. 3 and 4. We shall also take
tanP = 1. 1 and I, & 0. We present graphs for H»,
H 3 Hd, ~, and H +, in Figs. 8—1 1, respectively, which
display branching ratios for all general classes of modes
that are important in the decays of the given Higgs bo-
son. Two different types of plots are presented. In the
first, we give the extrema of the important branching ra-
tios with no lower limit imposed on the H2 mass. In the
second we plot branching ratios computed at a unique A,

mH, (TeV)

FIG. 10. Similar to Fig. 8, but for Hd, ~. 7g, qq, ZZ', and

HH channels are important.

value at each m p. This unique value is Aml;„I, the
3

minimum I, & 0 value that yields mHp & 40 GeV. (In fact,
2

at A, =A, ;„,m p is exactly 40 GeV. ) The easiest plots to

absorb are those of the latter type which have a unique
branching ratio for a given channel at each m p value. It

3

it easily seen that the combined branching ratios for the
various modes yield close to 100% of a given Higgs-
boson decay. We note that for the choice of M =0.5

0TeV that we have made, the H2 decays are entirely simi-

lar to those of a standard-model Higgs boson of the same
mass. For additional graphs of branching ratios at
different mz. and M values, and for the k&0 choice at

the same values of mz. and M considered here, see Ref.
20. The graphs presented here turn out to be quite
representative.

We may now survey the prospects for Higgs-boson de-

cays and detection.
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FIG. 11. We present the same types of plots as in Fig. 8, but
for the H+ decays to the PP, 8'+V (this is dominantly
W+Z'), and tb channels; VH channels are never important. Pa-
rameter choices are the same as for Fig. 8.
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(1) H2 . .We remark that the Hz decays entirely to
light-SM-fermion channels until m o ~3 TeV [beyond

3

the range allowed by the imprecise bounds mentioned
earlier —see Eq. (13) and the discussion which follows],
at which point it can become massive enough (for A. ap-
propriately chosen) to decay, as well, to tt, WW; and ZZ
modes. Of course, we have already seen in Fig. 7 that if
the neutralinos and charginos are light (i.e., M is small),
then 7X decays will become important at the higher m

2

values.
(2) Hz. The decays of this Higgs boson exhibit consid-

erable complexity. At high m, (not linked to
3

m 0 -mz ) the Xj modes are small as mentioned ear-
ed,

lier, whereas VV ( WW and ZZ are in the ratio 2:1) and
HH (entirely H2H2 once m o is large enough that the

3

other Higgs bosons become heavy) may be either large or
very small depending upon the precise value of A, . The
VV and H2Hz channels are maximal when A, is such that
m 0 is near 0. (Recall that the relevant couplings change

2

sign as A, varies from its minimum to its maximum value
at fixed m o. ) When they are not substantial, the hh

3

modes dominate and signatures for the h-quark decays
should be very distinctive. At lower m p values, a full

3

battery of modes appears. Aside from the still important
VV, HH, and hh modes these include XX modes and VH
modes [ZH& and W +H+ are in—the ratio 1:2 given by
state counting, see Eqs. (43} and (44}]. (Both of the VV
and all, except Hd, gH2, of the HH modes vanish sorne-
where as A, varies between its minimum and maximum
value, though not all at the same point. ) Of course, if
m 0 is small (due to a small Z' mass) many of the above

Hz

modes might not be allowed: for instance, the hh decays
will probably not be allowed, and probably the XP modes
with significant coupling would also be kinematically for-
bidden. Despite the many possible modes with good sig-
natures, the Hz may still be very difficult to find, due to
its small production cross sections. At a hadron collier
the gg fusion cross section will be substantially smaller
than that for a SM Higgs boson, even if the h quark has
large mass. At an e+e machine, it will also be very
difficult to produce the Hz due to the absence of cou-
plings to W+ W and ZZ, as found in Sec. IV B. Detec-
tion is not likely unless the Z' (and, correspondingly, the
Hz ) mass is small, in which case the Z'Z' fusion could
become significant, and the Hz hh coupling
( ——6g, mq /mz ) is not as suppressed so that gg fusion
could be important at a hadron machine. For more de-
tails on cross sections, refer to Secs. V A and V B.

(3) H&. Neutralino/chargino modes tend to be impor-
tant except for small values of m p, where (at least for

3

M =0.5 TeV) they become kinematically forbidden. (A
g

lower bound on m p increases the region over which
2

they are phase-space disallowed. ) At high m p, a variety
3

of modes are important as can be seen from the asyrnp-
totic couplings for H& to gX states given in the Appen-

dix. Of course, tt and other SM heavy-fermion channels
play a significant role at low mHp, but decrease in impor-

3

tance as m p passes —1 TeV and the Xg modes become
H3

dominant. At low m p there is also a peak in the VH
3

mode coming from the ZHz channel; asymptotically,
however, this coupling becomes very small. Its place is
taken in the high-m p region by the Z'H2 mode, which

3

becomes increasingly significant. If the neutralino/
chargino modes are dominant, the H& should be detect-
able at the SSC out to about 0.5 TeV after which its gg
fusion cross section becomes too small. At small m p it

3

may be necessary to employ rare decay modes (e.g. , the
yy mode ) when the SM-ferinion decays are doininant.
In contrast with these expectations for the SSC, cross sec-
tions at an e+e collider are almost certainly too small
to allow detection.

(4) Hd, . There are many similarities to H&.
Neutralino/chargino modes tend to be important for
most m p values. However, this region of importance

3

extends even to small m p, provided there is no lower
3

bound imposed on the 7 masses through a lower bound
on A, or m p, since the Hd, never has mass less than

2

-80 GeV and there is always phase space for the lighter
XI' modes. In fact, it is the light 7 7 states that can be
important at low m „while at large m+0 —m&0,

3 de 3

heavier X 7 states as well as 7 +—

, X 2+ states become im-

portant. The ZZ' mode becomes significant at high

mHp, ' it can be as large as -0.3 of the total at mHp -3
deg deg

TeV. The tt mode tends to be dominant (if allowed) for
small m p decreasing slowly as the XP modes turn on at

3

high m p. Finally, the H2H2 mode becomes very strong
3

for m p &0. 14 TeV, where the tt mode becomes phase-
3

space forbidden. VH modes are never important since
the H's to which Hd, g

couples are more or less degenerate
with the H„,g itself. Conclusions are similar to those for
the H~: the gg fusion mode cross section is possibly
sufficient for detection of the Hd, at the SSC out to
m p -0.5 TeV; when important the Xg modes are the

dog

most useful; however, it may be necessary to employ rare
decay modes (in particular the yy mode ) when SM fer-
mion decay modes are dominant at small m

3

(5) H+: For low masses it is clear that H+ decays pri-
marily to tb making detection very difficult except at an
e+e collider. As m + passes -0.3 TeV the X+X
modes can become up to 50%%uo of the decays and may al-
low detection of the H+ at a hadron collider as well as at
an e+e collider; further study is required to be more
definite. Finally, we note the increasing importance of
VV modes (dominated by W+Z') in H+ decays as
m +-m p becomes large. These would have a clean

signature at a hadron collider if at least one of the Vs de-
cayed leptonically, but the associated event rate would be
very low, due to the ~0.05 pb cross section at the SSC
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(Ref. 26} for m ~ 2 2 TeV, where the VV modes become
H

significant. Overall, detection at an e+e collider is

probably only limited by the phase space for H+H pair
production while at a hadron collider it is limited by the
region of m + over which the gb~H t and gb~H+t
cross section is substantial. (At the SSC, the latter cross
sections are of reasonable size, i.e, ~ 1 pb, out to about
m +-0.8 TeV.)

The challenge for the heavy Higgs boson is obvious.
We must fully explore the final states which arise from
the above myriad of possible decays. For all the heavy
Higgs bosons we must note that many of their decay
products —e.g., neutralinos, charginos, Z, Z', and other
Higgs bosons —will in turn decay. The resulting final

states are clearly very complex and backgrounds must be
carefully explored. This task will be difficult and will re-
quire detailed Monte Carlo calculations work on the part
of our experimental colleagues.

VIII. CONCLUSIONS

We have investigated the Higgs-boson and
neutralino/chargino mass spectra of the simplest E6-
based grand unification model, and explored implications
for the production and detection of the Higgs bosons.
The highly constrained nature of the model implies that
predictions need only be explored as a function of a few

parameters. In this paper we have chosen these parame-
ters to be (1) the mass of the Z'; (2) the ratio of Higgs-
doublet vacuum expectation values, tanP= vz/v „' (3) the
mass of the pseudoscalar Higgs boson, m o,' (4) the value

3

of the supersymmetric coupling parameter A, ; and (5) the
gluino mass M . As discussed in Ref. 5, the new e +e

colliders are likely to place constraints on Z-Z mixing
that, combined with the strong theoretical preference for
U2 & U„will imply that the Z' mass must be ~0.5 TeV.
In addition, the model becomes somewhat unnatural if
mz. & 1 TeV. Thus we have largely focused on the
representative value of mz. ——0.6 TeV. For such a
moderate Z' mass the same probable future e+e con-
straints are likely to constrain (in the context of this mod-
el} tanP to be near 1; we have chosen tanP= l. 1 for most
of our analysis. Results for larger values of tanP are not
very different so long as tanP~3. Regarding the gluino
mass, we have focused on a representative value of
M =0.5 TeV, typical of the values appropriate for this

g
model. Again, a value of M that is much larger than 1

TeV would be unnatural in the context of the theory.
The remaining two parameters are those most funda-

mentally connected to the Higgs sector. We showed in
Sec. II how the Higgs spectrum is essentially completely
determined by a choice for m o. At each m o only a

3 3

narrow range of A, values and, consequently, other
Higgs-boson masses are possible. Particularly interesting
is the lightest Higgs scalar boson, the H2, whose mass is
bounded from above and could be extremely light. In ad-
dition, there is the Hz Higgs scalar which is always ap-
proxirnately degenerate with the Z', the charged Higgs

bosons H —,and the remaining scalar Higgs boson Hd, ,
which are approximately degenerate in mass and have
m o —m + —m 0, except at small m 0. VariousH3'

theoretical constraints suggest strongly that m o - 1
3

TeV. Since the neutralino/chargino sector is an impor-
tant component of Higgs-boson decays, we also investi-

gated the mass spectrum of this sector as a function m

(no parameters beyond those mentioned already are re-
quired) and found masses that were highly correlated
with the Higgs-boson and Z' masses.

We then proceeded to investigate the production of all
the Higgs bosons. Since H2, Hd, ~, H*, and H3 all have
fermion couplings very similar to those that would be ap-
propriate to a standard-model Higgs boson, these will be
copiously produced via gg fusion (or gb ~tH+ )at a —had-
ron collider up to masses of the order of 0.5 TeV (assum-
ing m, ~ 100 GeV). The Hz couples only to the exotic h

quarks of the model, and this coupling is small unless the
Z' is quite light. It is likely to have a very marginal gg
fusion cross section. Turning to the VV couplings of the
Higgs bosons, we found that only the light H2 has sub-
stantial couplings to WW and ZZ. Thus, the other Higgs
bosons cannot be easily produced using standard-model
mechanisms that rely on these couplings. In particular,
the VV fusion mechanism at both e+e and hadron col-
liders is never important, and high mass Higgs bosons
will be very inaccessible. Also absent (except for the H2 )

is the bremsstrahlung mechanism of V*~V+H, which
is very useful for a SM Higgs boson at an e+e collider.

However, the existence of the Z' does open up the pos-
sibility of an important new source of Higgs-boson pro-
duction: namely, production of a large number of Z"s
followed by Z' H2Z, Hd, Z, or H +—8'—.The associat-
ed couplings are generally substantial, and the Z' decays
could potentially reveal important information regarding
the Higgs sector of the underlying E6-breaking scheme.
Backgrounds to searching for such decays will be least
severe at an e+e rnachine. However, if large numbers
of Z"s are not available, or if a given Higgs boson has
mass higher than Z', then we would have to rely on the
standard production modes just discussed. We have seen
that this presents a problem for producing the Higgs bo-
sons other than the H2 at an e+e collider. (Of course,
H can be pair pro—duced if light enough. )

Returning to hadron colliders, we found that the fusion
mechanisms, gg ~H3, Hd, ~,Hz and gb ~tH—+, yield sub-
stantial cross sections up to moderate Higgs-boson
masses. However, if these Higgs bosons coupled only to
SM heavy-fermion channels, there would clearly be no
possibility of discovering them at the SSC, except at very
low masses where production rates are high enough that
rare decay modes might be useful. Fortunately, at
moderate and larger masses, various exotic decay modes
become important and are often dominant, especially su-
persymrnetric modes involving neutralinos and chargi-
nos. Such decay channels were explored in detail in Sec.
VII.

At either an e+e or hadron collider, the importance
of supersymmetric decay modes for all Higgs bosons oth-
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er than the Hz implies that the search for Higgs bosons

at future colliders may well become a branch of super-
symmetric phenomenology. Other evidence for super-
symmetry may already be available, although, if squarks
and gluinos should turn out to be very heavy, it is cer-
tainly possible that supersymmetric decay products of the
Higgs bosons may be the first direct evidence for super-
symmetry. At a minimum, information on the Higgs-
boson sector will provide extremely useful consistency
checks and will be crucial to pinning down the details of
the underlying supersymmetric theory. A careful evalua-
tion of Higgs-boson detection possibilities in the plethora
of exotic modes awaits further work, but we are cautious-
ly optimistic for those situations where adequate produc-
tion rate is available. Unless an e+e collider has
sufficient energy and luminosity to produce a large num-
ber of Z "s and the Higgs bosons other than the H& are
light enough to be produced in its decays, it is likely that
a hadron collider will provide more complete access to
the full Higgs spectrum of an E6-based model.
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APPENDIX: HIGGS-BOSON COUPLINGS
TOHV, HH, AND Jg

1. HHVcouplings

Let us first enumerate the HHV couplings. These may
be obtained from the SSVV (S represents a scalar field
and V a vector field) portion of the Lagrangian. One ex-
pands H, ,H2, and N, in terms of the vacuum expecta-
tion values v, , U2, and n, plus physical mass eigenstates
fields. The exact results may be easily summarized. Our
couplings (denoted by gi,zz) are defined with all parti-
cles in-going, as the coefficient of (p p') Ev—where p is
the (incoming) momentum of H and p' is the (incoming)
momentum of H'. We first give couplings involving a
charged W. We find

+g
g~+z+~ = [cosPH~(2) —sinPH (1)],

a =2, deg, Z', (A 1 )

g + +,= [cospHi(2)+sinpH3(1)] .
3

Turning to the couplings to a neutral Z or Z', we first
note that CP forbids all couplings other than ZH+H
and ZH3H (a=2,deg, Z'), where Z =Z or Z'. The inix-

ing of the neutral gauge bosons leads to slightly more
complicated formulas than in the 8'case. We find

—cos5 cos219~ tan0~sin5
(1—Scos P)

cosO gr 3

(A2)

—lg
g 0

3@ 2 cosO~

sin8@ sin5
[5H3(3)H (3)—4H3(2)H (2)—H3(1)H (1)]—cos5[H3(1)H (1)—H3(2)H (2)]

where a runs over 2,deg, Z', the Z' couplings are obtained by the replacements —cos5~sin5 and sin5~cos5. In the
above, the H are the eigenvectors defined in Sec. IV A. Note in particular that the exact expression for H3(i)
(i = 1,2, 3) is given in Eq. (20).

2. HHH couplings

We turn now to the HHH couplings. These are rather complicated, but can be summarized in a relatively compact
fashion using the eigenvectors defined in Eq. (A20). We first introduce the notation

H
&&

{i,j,k)=
I i j,k I perms

H (i)Hp(j)H (k), {A3)

for a,p, y=2, deg, Z', where i,j,k can take on the values 1,2,3, and the summation runs over all inequivalent permuta-
tions of fixed i,j,k values. That is, the sum consists of six terms if i,j,k are distinct, three terms if two of the three i,j,k
indices are equal, and one term if i =j =k. For example, ~ (1,1,2)=3H2(l)H (2) after summing over three terms.
We then find that the Feynman rule couplings for three neutral scalars take the form
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gH H 0 —— —[ —",ginII p3, (3,3,3)+(3g uz+ —",g, uz+ 3g' vz)Hap~(2, 2, 2)
2 2

+(3g u, +-,'-g, u, +3g' v, )II p (I, 1, I)+(4A, v ——',og, u )H p (3, 3,2)

+(4A, v, ——,'g, v, )H p~(3, 3, 1)+(4An ,
——",g, n)H p (2, 2, 3)

+( —2A, A)H p (3,2, 1)+(4k n —,'g—&n)H p (1, 1,3)

+( —g Ul +4k, Ul + qgiu) —g Ui )II pr{2,2, 1)

+( g uz+4A "z+9giuz —g' vz)II pr(1, 1,2) (A4)

where a, p, and y can take on any of the values 2,deg, Z'. The couplings involving the H3 and H+ are som—ewhat
different. First, parity forbids all but H3H3H and H+H H (a=2,deg, Z') couplings. Second the structure of the al-
lowed couplings is somewhat different. For the H& couplings we define

II33 (i,j,k)=H3(i)83(j)H (k)

and obtain

(A5)

gHOHpH ——
I
—9'g)nII33 (3,3,3)+(g uz+ ", g, uz—+g' uz)H33 (2, 2, 2)

3 3 a 2 2

+(g v, + —,'g, u, +g' v, )H (1, 1, 1)+(4A. vz ——",g, uz)1133 (3, 3, 2)

+(4A, v) ——,'g lul )H33 (3,3, 1)+(4iL n —', g nl)H—3(32, 2, 3)

+(4XA)[H33 (3,2, 1)+H33 (2, 1,3)+H» (3, 1,2)]+ (4An ——,'g,, n)H33 (1,1,3)

+( —g u, +4k, u, + —,'g, u, —g u, )I133a(2,2, 1)

+( —g vz+4A, uz+ —,g, vz —g uz)H33a(1, 1,2)(, (A6)

where 0, can take on any of the values 2,deg, z'. Finally, for the 8—couplings it is convenient to introduce the two-
component eigenvector

sinP
H+=H =—

p

in terms of which we define

(A7)

H+ (i,j,k)=H+(i)H (j)H (k),

where i,j run over 1,2 and k can take on the values 1,2,3. For the couplings involving H —we find

—1.—[ (g vz+ —",g, vz+g''v, )H+ (2, 2, 2)+(g u, + —,'g, u, +g''u, )H+ (1, 1, 1)0 0 0

+(4A. n ——',Og, n)II+ (2, 2, 3)+(2A.A)[H+ (1,2, 3)+H+ (2, 1,3)]

+(4A, n —', g, n)II+ (1, 1,—3)+(g u, + —', g, v, —g' u, )II+ (2, 2, 1)

+(g u +—,'g, v —g' zu )H {1,1,2)+(gzu, —2k v, )[H (2, 1,2)+II (1,2, 2)]

+(gzu —2izu )[II (2, 1, 1)+H (1,2, 1)]I, (A9)
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where a can take on any of the values 2,deg, Z'. By sub-

stituting the asymptotic forms for the H 's given in Eq.
(A20), we obtain the results given in the text. Our nu-

merical analysis of the Higgs branching ratios uses exact
results for the H .

pairs we obtain

L Rg.--.—.
H =QvPL+QJPR

j a
(A13)

where i,j take on the values 1,2 and +=2,deg, Z', 3. The

Q matrices are given by

3. HXg couplings

The couplings of the Higgs bosons to the chargino and
neutralino pair channels are determined in terms of the
diagonalizing matrices discussed in Sec. III, U, V, and X.
It is not too difficult to state the results for all the
relevant couplings. First, for the charged-Higgs-boson
couplings to a neutralino/chargino pair we have

Q;, =i) —[V,2U, *,H (2)+ V,*, U, 2H (1)]v'2

U,*,V,',H (3),

QR (QL)»

and g and g' are de6ned by

(A14)

(A15)

where PL R
——(1+y5)/2, i =1—6, j =1,2,

(A10) +1, (x=3
—1, a =2,deg, Z',

(A16)

Q,' = —g cospN;*, V,", +k sinpN, 6 V,*2

+v 2cospV~2( 3N;3g, ————,'N;*zg —
—,'N, *,g), (All)

and

Q 1"= —g sinPN;4UJ, + A, cosPN;6U~z

+v 2sinpU 2( ——,'N, 3g, + ,'N;2g'+ —,'N—,,g) . (A12)

For the coupling of neutral Higgs bosons to chargino

+l, Ex=3

+1, +=2,deg, Z' .

Finally, for the coupling of neutral Higgs bosons to neu-
tralino pairs we obtain Feynman-diagram level couplings:

g;-O,-O„=Qj' L+Qj'" R (A17)

where i,j take on the values 1-6, and a=2,deg, Z', 3. Of
course, the neutralinos are Majorana particles and only
i )j need to be considered. The Q" matrices are given by

Q,,
" =[i) [( ,'N, 4N,'g, —,'N, "4N,'2g'+—,'—N,'4N,*,g)H —(1)

+( ,'N;st'~i+ 2N;~N—~2g' ——2N—;~N', g)H (2)—,'iV'sN 3g, H (3)]

+g' —[N&N'&H (1)+N6N4H (2)+N4N "5H (3)]I+Ii~j I
2

(A18)

and 0 1 0
1 0 0

0
0

0
0

0
0

Q«R (QttL)» (A19)
0 0 v'2 0 0

l

v'2
with i) and i)' defined as in Eq. (A16).

It is, of course, again possible to obtain asymptotic ex-
pressions for all the above couplings. For this purpose
we need only combine the asymptotic results for the H 's

from Eq. (A20) with asymptotic results for the neutralino
and chargino diagonalizing matrices, X, and U, V. We
give below the leading asymptotic terms in these three
matrices obtained in the approximation where

0 0 1

v'2

0 0 0

0 0 0

0 0

E —E

v'2 v'2

1 1

v'2 v'2

—1

v'2

0

0

(A21)

I I
gU ),gU2, g U ],g U2 ((A, n (A20)

1 0
U= V=

l
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0 0 0 0 ++2 + ~ 7 +5 +H H 7 +2 + +
3 1 2 H (A22)

The columns for U and V appear in the order O' —,H =-,

while those for X are in the order 8'3 8 +] H] H2 X].
The rows are ordered according to increasing eigenstate
mass at large I 0. This ordering is appropriate once

3

m, is beyond the region where level crossing occurs (see

Figs. 3 and 4). However, these same forms for X, U, and
V are also approximately valid at lower m 0 if one is

careful to (1) imagine labeling the rows according to
eigenstate composition; or (2) reorder the rows according
to the mass ordering (of the various eigenstates) appropri-
ate to the given m 0 value. An examination of this ma-

3

trix quickly reveals the eigenstate basis discussed in the
text. In particular, we see the identifications:

-O -0 -0 -0 —+X ] —Xg)7 +4—XN
1 1

X IX 5.'—(cp+sp),0 0. ig

2 2

0~ 0X3X6.. i —(cp+sp)+ (cp+4sp)2V'2 12

X,X6. —(cp —sp),=0-0. g
2&2

Xog'6: 2v'2 12
——(cp+sp) — (cp+4sp)

X2X6: —(cp —sp) .
=o- o.

2v'2

=p- 0X4X5. i —(cp sp—)+ (cp 4sp—)2v'2

X2X,. (cp+sp),=o-o. ig

2 2

(A23)

0 0+3—+N +8 '
1 1

0 06= H +H
1 2 (2) Hd, :

at large mHo. We stress again, however, that if we use
3

the latter eigenstate notation the N, and U, V matrices
remain approximately the same nonasymptotically, and
the eigenbasis states retain their identity, to first approxi-
mation, for all m 0, as discussed in Sec. III, so long as

3

Eq. (A20) is true. [For instance, at mz ——0.6 TeV,
n —1.42 TeV, and m 0 &240 GeV is required before the

minimum value of A, is such that gU, g kn. In fact, impos-
ing m 0) 40, we find that k;„ is large enough that Eq.

2

(A20) is true for all m 0 at this value of mz. ] As dis-
H3

cussed previously, which of the eigenbasis states corre-
sponds to a given 7; mass-ordered eigenstate depends
upon where in A, and m 0 parameter space one is look-

H3

]rig.
Using the above matrix forms we may compute the

neutralino and chargino couplings to the Higgs bosons.
The following results are not only very accurate asymp-
totically, but also provide good approximations for all
m o to the extent discussed above. Couplings not given

3

below are small, becoming -0 in the asymptotic limit.
We employ the notations cp=cosP and sp =—sin/3. We
shall use the asymptotic mass eigenstate labeling; the
reader must use the translation table of Eq. (A22)
nonasymptotically. Asymptotically, we find for the neu-

tral Higgs bosons the following left-handed couplings, Q,"
or Q~' . Right-handed couplings are obtained by the

operators (A15) and (A19).
(1) 8 :

X, X2+:

y2X+, :

lgc p
v'2

—lgs p

v'2

X',X 0, :
2v'2 (cp+sp) — (4cp+sp)

X (X 5'. —(Cp —sp)
=0-O.

2v'2

=0-p . A,
X 3X 6. l —( cp —sp ) + (4cp —sp )

2V'2

X,X,: (cp+sp),=O-0. —g
2v'2

=o- o. Eg
X2X5. —(cp —sp),2v'2

X 04X60:
g]
12

—(cp —sp) — (4cp —s )

X2X6. —(cp+sp) .=0-O. g
2 2

0 0.X 4X 5: —l —(cp+sp)+ (4cp+sp)2v'2 12

(A24)

lgS p
X ] X 2 ~ ~ 7v2

(3) Hz':

X2 X]+:

X 3X 5

lgC p
v'2

2v'2 12
—(cp —sp ) — (cp —4$p )

+X2X2. v2

X 3X 3yX 4X 4 6g] (A25)
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(4) H:
gCp

X 1 X2

asymptotically results for both Q't and Q 1".
(l) Left-handed H+ couplings:

=0-+ g Plg C

1 2 '

gSp
X 2 X

XX': lgC p
v'2

X0X' i

X,X s: —(cp+sp),
=0-0.

2&2

2v'2
—(cp —sp)+ (4cp —sp) Pg;: A,sp

~&+ 3"'p
A,spXg 2 .' 1,—+ 3glCpv2

(A27)

2 2
—(cp+sp) — (4cp+sp)

X 1X 6: —(cp —sp),
=o- o.

2 2

(A26)
XosX 1+:

X op,':

—lgC p
v'2

—gCp

v'2

X 4X s ~

2v'2
—(cp —sp) — (4cp

—sp )
12 (2) Right-handed H+ couplings:

X2X s. —(cp+sp),
=o- o.

2 2

0 0. g&
X4X6.'i / —(cp+sp)+ (4cp+sp)2v'2

lg S=0-+ g P
1 2

lgSp

v'2

X2X6. —(cp —sp) .
=p —p lg

2 2
X 03','. A,Cp

v2 + 6glcp
(A28)

Note that the Hd, and H3 couplings can be simply ob-
tained from those given for H, : (a) for the Hd, we take
the H2 couplings and perform the operation
[cp~ sp, sp~c—p]; (b) for the H3 couplings we begin
with the H2 couplings and perform the substitutions

[cp~sp, sp~cp, A~ —I] and multiply all couplings by
an overa11 —i.

For the charged Higgs boson, the left- and right-
handed couplings are not trivially related. We quote

c
X 4X 2 .'—l —+ —g1Cp
=0-+ . p

6

X5X+.

0

—lgS p
v'2

—gsp

This completes the discussion of the HX I couplings.
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