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In superstring-inspired E6 supergravity models, the mass of the lightest Higgs scalar (Hl ) is ex-
pected to be below —170 GeV if E6 is broken directly to a rank-5 subgroup and below -210 GeV
if intermediate scales of —10' GeV are allowed. We show that if the mass of the additional neu-
tral gauge boson Z ' is less than about 600 GeV, then —10 —10' Z '~Z HI pairs may be expect-
ed per 10 pb ', the annual integrated luminosity anticipated at the proposed 40-TeV pp supercol-
lider. This large rate allows us to use the clean Z ~ll decays as a trigger for the Higgs-boson
search. We find that even if HL ~tt decays dominate, a signal-to-background ratio substantially
exceeding unity is expected for reasonable experimental resolutions on the measurement of Z tt
and tt invariant masses. We further show that for a wide range of parameters, HL can decay into
chargino and neutralino pairs. These decays lead to hadron-free Z +missing pr (Itr) events which
may stand out over the Z Z background and also to spectacular Z +n lepton+Itr events (n (4)
which are almost free of standard-model backgrounds.

I. INTRODUCTION

The discovery' of anomaly-free superstring theories
has provided a tremendous impetus for the study of the
low-energy effective field theory resulting from the
compactification from ten to four dimensions. This is
generally believed to be a supergravity theory based on
the gauge group E6, with all the chiral superfields trans-
forming as the 27 or 27* representation of the gauge
group. ' E6 is broken by the Hosotani mechanism to
the low-energy gauge group, which has rank )S (Refs. 2
and 3). These models, therefore, contain at least one ex-
tra neutral gauge boson Z ' which may be relatively
light.

The extra Z boson(s) may be searched for in the
CERN collider data. Absence of their signals implies
that Mz ) 105—140 GeV depending on the mass of exot-
ic fermions in the model. From the analysis of the
effective number of light-neutrino species that can be ac-
commodated without spoiling the successful predictions
of nucleosynthesis for the abundance of light elements, it
has been claimed that Mz )400 GeV (Ref. 9) for the
rank-5 model of Ref. 6. If a larger number of neutrino
species can be accommodated by the data, as suggested
in Ref. 10, considerably smaller (Mz ) 300 GeV) values
of Z ' mass are allowed.

The existence of an extra boson opens up the possibili-
ty that the cross section for the production of other new
particles may be resonance enhanced. In particular, it
has been suggested" that it may be possible to search for
the Higgs boson produced via the decay Z '~Z +H.
Apart from the fact that the cross section is greatly

enhanced, the leptonic decay of Z can serve as a trigger
for the Higgs-boson search.

The Higgs sector of the low-energy theory is quite
complicated. Although no upper bounds on the mass of
the lightest scalar can be derived from just the structure
of the low-energy potential, fairly restrictive bounds can
be obtained if some general assumptions are made. For
instance, if we assume that there is no new physics inter-
vening between the weak scale and the grand-unification
scale, the requirement that all couplings remain pertur-
bative implies that there be a scalar with mass 5 170
GeV in all models with SU(3)XSU(2)XU(1)XU(1) as
the low-energy gauge group. ' If we further require that
supersymmetry (SUSY) breaking effectively occurs only
due to gaugino masses, the bound is strengthened to 110
GeV (Ref. 12). In models with an intermediate scale
MI —10' GeV, the weaker requirement that the Higgs-
boson coupling remain perturbative in the range from
M~ to Mt translates to a bound of 210 GeV (Ref. 12).
We thus see that for a wide class of models, the decay
Z '~Z +HI (HL is the lightest Higgs boson) is likely
to be possible unless it is suppressed by small couplings.
This coupling arises from the two-gauge-boson —two-
Higgs-boson vertex where one of the Higgs fields is set
equal to its vacuum expectation value. It is thus of the
form gauge coupling XMz)& a factor depending on the
U(1) charges and Higgs-boson mixing angles plus small
corrections due to Z -Z ' mixing. We find a nonvanish-
ing value of this coupling independent of Mz even when
the Z -Z ' mixing is zero."'

The purpose of this paper is to explore the possibility
of discovering the Higgs boson by studying the decay of
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HL~WW,

HL, ~Z&Z&, Z j Z2 and ZzZ2, (1.2)

have substantial branching fractions. If Z& is indeed the
lightest supersymmetric particle, as is expected in many
models, it will escape detection. Thus an event with
Z ' —+Z HL —+Z +Z~Z& will contain a Z with large
pz- recoiling against nothing with the pz having a Jacobi-
an peak characteristic of the two-body decay of the Z '.

Since we require the Z produced via Z '~Z +HL
to decay leptonically, the main standard-model back-
ground comes from Z pair production with one of the
Z 's decaying via Z ~vv. We do not consider the pos-
sibility of triggering on hadronic decays of Z since
these have large QCD backgrounds. '

Finally, we come to signals resulting from HL ~ WW,
Z, Z„and Z2Z, . If the W and Z2 decay leptonically
this gives rise to characteristic multilepton events free
from hadronic activity. It is further argued (see Sec. III)
that in the class of models where SUSY breaking is dom-
inantly due to gaugino masses, the hadronic decays of
Z2 are strongly suppressed so that Z2 almost exclusively
decays via

Z ' at a multi-TeV hadron collider using the associated
Z as a trigger for the Higgs-boson signal. The cross
section for pp ~Z 'X ~Z HLX is sensitive to the
masses and mixing angles of the model. For the rank-5
model the Z HL cross section at +s =40 TeV varies
between 1 and 25 pb for Mz ——400 GeV and is typically
ten times smaller for Mz ——800 GeV. This corresponds
to an annual rate of —10 —10 Z HL pairs at the pro-
posed Superconducting Super Collider (SSC), assuming
an integrated luminosity of 10 pb ' per year.

As we have already discussed, it is rather unlikely that
the decays HL ~ W+ W or Z Z will be kinematically
accessible. Unless the top quark is very heavy, the dom-
inant Higgs-boson decay is HL ~tt. This gives rise to tt
pairs in association with Z with M,—,

=m& and
M o —=Mz . The dominant background, which comesZ tt

Ofrom gg ~Z tt has been estimated by Gunion and
Kunzst. ' We will see that, with reasonable values of
resolution for Mz, —, and M,-„ the signal exceeds the back-
ground, provided the top quark can be identified with
reasonable efficiency.

In the class of models we are considering, for
Mz -0.5 TeV, there is a large range of parameters for
which the light chargino (W) and the two lighter neu-
tralinos (Z&, Z2) have mass & 50 GeV so that the decays

or
Z2~Z)ll (1.3a)

Z2 ~Z) vv (1.3b)

The low-energy superpotential for superstring-
motivated models is purely cubic and the breaking of
electroweak symmetry is achieved by the introduction of
a field N that is a singlet under SU(3)c X SU(2)L X U(1)r
but transforms nontrivially under the additional gauge
group. In addition to N, there are two doublets of
Higgs fields H and H whose vacuum expectation values
give masses to the T3L ——+—,

' and T3+ —
2

fermions, re-
spectively. Although there is a replication of the fields
N, H, and H in each of the generations, we can always
work in a basis where only one set of N, H, and H devel-
op vacuum expectation values, n /&2, v /&2, and v l&2,
respectively. ' The scalar potential and the mass ma-
trices have been worked out in the literature. ' ' In
general, this depends on the charge assignment of the ex-
tra U(1), but in the limit that n »v, v, the eigenvector
for the lightest Higgs boson can be written as

HL ——(1—y )' (cosPHz+sinPH z )+yN& (2.1)

with tanp=v lv and the Hz, H z, and Nz denoting the
real parts of the H, H, and N. In Eq. (2.1), y «1 as
long as Mz »Mz as will be assumed in the rest of this
paper. ' The couplings of HL to the usual Z boson and
the boson of the extra U(1) group can be readily written
as

The decays (1.3a) lead to multilepton signals, whereas
decays (1.3b) add to the Z + missing pr(Pr) signal dis-
cussed for HL ~Z

&
Z

&
decay.

The rest of this paper is organized as follows. In Sec.
II we study the Z 'Z HL vertex and present our results
for the cross section for pp~Z 'X~Z HLX that may
be expected at a 40-TeV pp collider. The branching frac-
tions for the various decays of the Higgs boson are stud-
ied in Sec. III. The discussion presented here is quite
general and so is also applicable for studying supersym-
metric Higgs-particle signatures when the Higgs particle
is produced by other processes. The decays of W and
Z2 are discussed in Sec. IV. The rates for the various
signals resulting from Z '~Z HL at the SSC and the
corresponding backgrounds are discussed in Sec. V. We
conclude in Sec. VI with some general remarks and a
summary of our results.

II. HIGGS-BOSON PRODUCTION
VIA Z ' DECAYS

X =2gz»n~w~z+1 —y (Qacos P—Q~sin P)Z„Z'"HL+ 2gzMz+1 yZ„Z"Hz—
2M

+gzs1n g~
Rz

+I —y (Qz sin p+Q~ cos p)+Qz ny Z&Z'"HL (2.2)

In Eq. (2.2), Q are the U(1) charges of H, H, and N, and

gz ——g /cosgw, where g is the SU(2) gauge coupling.
Equation (2.2) can now be used to derive the couplings
of HL to the mass eigenstates. For n »v, U the mixing

I

between the Z and Z ' bosons can be neglected for our
purposes. Then Z ' is a mass eigenstate with mass
Mz ——Q~ gz sin Own and a coupling to the Higgs bo-
son given by the first term in Eq. (2.2).
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The charges Q that appear in Eq. (2.2) are, in general,
model dependent. If we assume that E6 is directly bro-
ken to the low-energy group without any intermediate
scale, the embedding of U(1) is unique and we have
QH

————,', QH = ——', , and Q~= —,'. All the U(1) coupling
constants are g'=g tanO~. If intermediate scales are al-
lowed, U(1) may be embedded differently so that the Q
values may be quite different. As an illustration we may
consider the model with the Y' hypercharge considered
in Ref. 7. In this model, a large Majorana mass is al-
lowed for v' and, hence, this model allows a possible
solution for the neutrino mass~roblem. The charges Q
are given by QH

———3/&24, QH = 2/&24—, and

Q& ——5/&24. We now turn to our predictions for the
decay rate for Z '~Z +HL.

In order to discuss this, we first have to fix the various
parameters that enter Eq. (2.2). Since we are primarily
interested in the case Mz »Mz (or equivalently
n »v, v), y 50.3' so that (1 —y )' =1. Furthermore,
in the class of models we are considering, tanP) 1 (Refs.

I

6 and 7). For the model of Ref. 6, since
~ QH ~

&
~ QH

~

this means that the coupling never vanishes for any
value of P. If gaugino masses are the dominant source
of SUSY breaking, the favored values of P tend to be
large (tanP=2. 5) so that the effect of cancellation be-
tween the QH and QH terms is rather small. On the oth-
er hand, for the model of Ref. 7,

~ QH ~
&

~ QH ~

so that
the HL Z Z '

coupling vanishes for tan P=QH/QH =—', .
This introduces a large uncertainty in the cross section
for Z +HL production.

Yet another uncertainty in the branching fraction for
Z '~Z +Hi comes from the number of exotics that
can be produced by Z ' decay. If all the members of
each of the three generations of 27 can be produced
without phase-space suppression in Z ' decays, the total
Z ' width is increased' by a factor -4 so that the
Z +Hi cross section is suppressed by the same factor.

The partial width I (Z2~Z, +HL) can be readily
computed from the couplings in Eq. (2.2). We find

(Mz, +Mz, —MH )

r(Z, Z, +H, )=
48~ Mz 3 4Mz Mz2 2 1

(Mz, Mz, MH ), (2.3)

where A is the magnitude of the ZzZ&HL coupling
which can be read off from Eq. (2.2). The function A. is
given by

A, (x,y, x)=x +y +z —2xy —2yz —2zx . (2.4)

The cross section for Z +HI production by pp col-
lisions at &s =40 TeV is shown in Fig. 1 as a function
of the Z ' mass for the model of Ref. 6. We note the
following features.

(i) Except near the kinematic threshold, the cross sec-
tion is rather insensitive to the Higgs-boson mass.

(ii) The cross section is sensitive to v/v (=tanP). In
this model it increases with P and is over five times
larger for P=80' as compared with /3=45 . The real sit-
uation is probably somewhere in between.

(iii) In order to illustrate the effect of the opening up
of the decays of Z ' into the exotic fermions of E6, we
have also shown the Z +HI production cross section
for the case when Z ' decays into a11 the exotic fermions
of three generations for @=45'. As we have discussed,
this depresses the cross section by about four as is seen
in the lowest curve in the figure.

(iv) For comparison we also show the standard-model
Z tt background where we have required M,—, =100+15
GeV and have assumed that the invariant mass of the
Z tt system can be measured with a precision of 5%. In
this case, the background is smaller than the signal even
in the most pessimistic case [see (iii) above] unless

Equation (2.3) has been written so as to allow for general
mixing between Z and Z '. In the zero-mixing limit we
have considered in this paper, Z2 ——Z ', Z& ——Z, and

A =2gzsinOii Mzt/1 —y (QHcos P—QH»n P) .

Ms=40 TeV

IO—

F4

N I—
CL

b

O.l—

I

200
I

400 600

Ztt

IOOO
I

800
M, (GeV)

FIG. 1. Total cross section for pp~Z '~Z HL at &s =40
TeV as a function of Mz for the model of Ref. 6. In all but
the lowest dashed-double-dotted curve, the exotic decays of the
Z ' are supposed to be kinematically forbidden. The dashed
curve shows the standard-model background to Z tt produc-
tion, with M,—, =100+15 GeV and Mz~r=Mz+S%%uo. For both
signal and background we imposed a rapidity cut ~y ~

&4 on
the Z, t, and t We used the Eich. ten-Hinchliffe-Lane-Quigg pa-
rametrization of the parton distributions and m, =40 GeV.

Mz &430 GeV. The effect of varying these resolutions
will be discussed in Sec. V.

If we take all model uncertainties into account, in

models where E6 breaks directly to a rank-5 group, the
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Z +HL production cross section is known only up to a
factor -25. We note that Z ' cannot decay into gaugi-
nos or gauge bosons, at least in the limit of no mixing
with the Z . It could decay into the Higgs-fermion
components of the mass eigenstates of the gauge-Higgs-
fermion system, but that uncertainty is included in the
factor -25 just discussed. We have also assumed that
the decay of Z ' into the supersymmetric partners of
quarks and leptons is kinematically forbidden.

For the model of Ref. 7, the Z +HL cross section is,
in general, smaller than shown in the figure. The rela-
tive suppression can easily be worked out by inserting
the appropriate values of U(1) charges. For example, if
p=45' it is just —,

' of that shown in Fig. l. As we have

already mentioned, the Z +Hz cross section can vanish
in this model.

As a guide to the magnitude of the Z +HI cross sec-
tion, we will take the P=45' curves shown in Fig. 1.
This may well be a realistic value of the cross section
since the increase in cross section due to higher, and
presumably more realistic, values of P is compensated by
the decrease in the branching fraction for Z ~Z +HI
due to additional Z ' channels being open. We then see
that for a Z ' mass between 400 and 750 GeV, the
Z +HI cross section varies between 4 and 0.4 pb corre-
sponding to 4&10 —4&(10 Z +HL pairs per year at
the SSC. This event rate may well be higher by as much
as a factor of 5.

III. THE DECAYS OF THE LIGHT
HIGGS BOSON

As we have discussed in the Introduction, in super-
string models without any intermediate scale, HI can
have a mass up to —170 GeV. It is, therefore, quite
likely that the decay HL ~tt is kinematically allowed. If
HL can decay only to the usual quarks and leptons, the
tt mode would dominate and, thus, the tt Z final state
would be the only accessible signal for Z '~Z +HL.
In SUSY models, however, the Higgs bosons couple to
the gauge-Higgs-fermion sector via gauge interactions
and so it is possible for the Higgs boson to decay into
the charged (W) and neutral (Z;) mass eigenstates of this
sector with substantial branching fractions. Further-
more, the Higgs scalars also have direct gauge couplings
(via D-term interactions) to scalar-quark and scalar-

lepton pairs so that the decays HL~qq or l l may be
possible. A study of the supersymmetric decay modes of
the Higgs boson in superstring-motivated models forms
the subject of this section.

We first consider the couplings of the Higgs boson to
the gauge-Higgs-fermion sector of the theory. This sec-
tor consists of 12 neutral and 4 charged fermions that
can mix to produce the chargino and neutralino eigen-
states. The charged sector contains the SU(2) gaugino
and one charged-Higgs-fermion combination for each of
the three generations, whereas the neutralino sector con-
tains the SU(2), U(1), and U(1) gauginos and one set of
field H, H, and % for each generation. ' ' ' If, as dis-
cussed in Sec. II, we work in a basis where only one set

of the fields H, H, and X develop vacuum expectation
values (VEV's), the charged sector breaks up into two
disconnected sectors; the gauginos mix only with the
Higgs-fermion fields that develop VEV's so that the diag-
onalization' ' is as usual SU(2) X U(1) supergravity
grand unified theories (GUT's). In the same basis, the
neutralino sector also splits into two disconnected sec-
tors, with the gauginos mixing only with the neutral
doublets and singlets whose scalar partners develop a
VEV; i.e., the relevant part of the neutralino mass ma-
trix is 6&(6 (Refs. 16 and 17). If, as assumed in this pa-
per, n »v, v (so that Mz »Mz) the U(1) gaugino and
the field X also decouple and we are left with a 4)&4 rna-
trix for the SU(2) and U(1) neutral gauginos and the two
neutral Higgs fermions H and H

The resulting 2 & 2 chargino mass matrix and the 4 & 4
neutralino mass matrix have the same form as in usual
SUSY theories except that the Higgs-fermion mass term
arises from the term AHHiY in the superpotential when
X develops a VEV. The diagonalization of the charged
sector can be done analytically and has been considered
by several authors. The neutral sector has to be diago-
nalized numerically. Here we present the relevant cou-
plings of the scalar HL to the mass eigenstates of the
gauge-Higgs-fermion system in terms of their eigenvec-
tor components using the notation of Ref. 21.

The couplings to the charginos come only from the H
and H content of HL [see Eq. (2.1)] whereas the coupling
to the neutral sector can in principle also involve the
singlet component X. The latter would couple only to
the N fermion and the U(1) gaugino. Since the amount
of the N fermion and the U(1) gaugino in the light neu-
tralinos is negligible, we ignore this contribution to the
coupling. The Lagrangian relevant for the two-body de-
cays of HL then takes the form

X =+ I yHL ~ —,
' g g —ff+g +2SW W

+ yX"Z;( —iy, )
' 'Z,

17J
(3.1)

Here 0; =0 (1) if the Z; has a positive (negative) eigen-
value in the mass matrix and 0 =0(1) if the W has a
positive (negative) eigenvalue in the chargino mass ma-
trix. Finally, v i', vz', v3', and v4' are the H, H, SU(2)
and U(1) gauge fermion components in Z;. The
coe%cients Uz' are obtained numerically. Analytic ex-
pressions for yL and yz in terms of the parameters that
enter the mass matrix may be found in Ref. 21 (see Ref.
23).

where i, j label the various (Majorana) mass eigenstat=s
of the neutralino system and f is any quark or lepton.
In Eq. (3.1), the constants S and X'J are known in terms
of the eigenvectors and are given by

8S= —,'( —1) (cosP cosyl siny~ +sinP cosy' sinyI ), (3.2)

&'=( —1) ' ' ,'( cvsP o—v", sinP)—(gvg' —g'vg') .

(3.3)
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In our computations we assume a common gaugino
mass at the unification scale so that the SU(3), SU(2),
and U(1) gaugino masses p; are related by

The partial widths for HL
W pairs and Z;Z~ can now
plings in Eq. (3.1). We find

to decay into fermion pairs,
be computed using the cou-

3 Pi
5 (xi

P2 P3
0!2 CX3

(3.4)
2 2

r(HI. ~ff )= &c
32m Mw2

(1—y) 1—
3/2

4m'
ma ~

m~

with a; being the fine-structure constants of the ap-
propriate component of the gauge group. Thus, only
one of the gaugino masses is an independent parameter.
We take this to be gluino mass m =

~ p& ~

. Our inputs
at the scale M~ are fixed by +EM ——», , sin 0~——0.22,
and a3 ——0. 136 corresponding to six flavors of quarks
with A=0. 2 GeV.

2

r(H, @F')= g s'(I —y') 1—
4~

and

4m~
2ma

m&,

(3.5)

(3.6)

2 2

r(H, Z, Z, )=, Im„—[m,— +( —I) m,— ] IX (m„,m,—,m,— ),J+ J' )z'&+~ z izz z z

8nm~ I j I

(3.7)

where Xc in Eq. (3.5) is 1 (3) if f is a lepton (quark),
b, ;J =1, (—,') if Z; and ZJ are different (the same) neutrali-

nos and the function A, in Eq. (3.7) is as defined in Eq.
(2.4).

The masses and couplings of W and Z; are all fixed in
terms of three parameters, m&, the angle P, and the
effective HH mass term A, n /&2= e The—va. lue of n is
fixed by the Z '

mass, but the value of A, is essentially
free except for upper bounds. ' Perturbative unification
without intermediate scales implies A, & 0.95 (for a top
quark -40 GeV) corresponding to m~ &170 GeV. If
SUSY breaking is dominantly due to gaugino masses, the
upper bound on k moves down to 0.35 yielding'
m& &110 GeV. In models with an intermediate scale
—10' GeV, A, values up to 1.2 (m& &220 GeV) are al-
lowed. ' In principle, therefore, the Higgs-fermion mass
term is independent of Mz. For Mz -0.5 TeV, e sub-
stantially exceeds M~ unless A. is very small. For illus-
trative purposes, we have chosen 4M~ as a typical value
of e. The effects of varying e will be discussed shortly.

The branching fractions for HL decays into top
quarks, W pairs and Z;ZJ pairs are shown in Fig. 2 as a
function of the gluino mass. For definiteness we have
fixed the Higgs-boson mass to be 130 GeV and the top-
quark mass to be 40 GeV. The branching fractions are
shown for tanP= + 1, + 3, —1, and —3. The
minimum gluino mass in each of the cases is shown so
that m~ ~ 35 GeV as is implied by the CERN SppS col-
lider data. For each value of tanP, e and m, the char-

gino and neutralino mass matrices have been diagonal-
ized to obtain the masses and the coupling. The partial
widths and the resulting branching fractions have then
been computed from Eqs. (3.5) —(3.7). The decay width
into bottom-quark pairs, though not shown, has been in-
cluded in the computation.

We see that the branching fractions into the W and Z
modes can be substantial when these are kinematically
allowed. Although the particular value of m& at which
the super symmetric decays of HL are kinematically

suppressed depends on tanP, these decays are important
for an interesting range of gluino masses. Of course, this
range increases with m~.

We see that the supersymmetric decays of HL may
contribute as much as half of its decay width at least for
a=4M~. This, of course, leads to the possibility of in-
teresting new signatures for the intermediate-mass Higgs
boson. The supersymmetric modes are maximal for
tanP=1 and are strongly dependent on the relative sign
of tanP and e. (A simultaneous change of the signs of
tanP and e leaves the branching fractions of HL unal-
tered. ) We note here that for the values of tanP
favored by the model of Ref. 6, the SUSY decay modes
are the smallest of the 'four cases shown in the figure [see
Fig. 2(d)].

We now turn to the dependence of the Higgs-boson
branching fractions on e, shown in Fig. 3 for fixed values
m =300 GeV and tanP= l. In order to understand this

g
dependence, we recall that the couplings of the Higgs
boson to the gauge-Higgs-fermion system arise from the
Higgs-boson —Higgs-fermion —gaugino coupling. The
coupling of HL to the two mass eigenstates arises from
the gaugino content of one and the Higgs-fermion con-
tent of the other. This structure is clearly rejected in
Eq. (3.2) where siny and cosy are the gaugino and
Higgs-fermion components of 8', and in Eq. (3.3) where
the components u&' and u2' refer to the Higgs-fermion
components of Z; whereas u3' and u4' denote its gaugi-
no components. ' For values of e much larger than M~,
the SU(2) and U(1) gauginos are (almost) the two lightest
eigenstates (for the values of gaugino masses considered
here), so that the couplings of these to HI exist only by
virtue of the small Higgs-fermion content of Z& and Z2.
Because this Higgs-fermion content falls off as 1/e for
large e, the supersymmetric decays of HI become unim-
portant, as seen in Fig. 3, although they may be
kinematically allowed. For smaller values of e, these de-
cays become very important. As can be seen in Fig. 3,
for @=200 GeV, m =300 GeV, and tanP=45 (corre-
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FICj'. 2. Branching fractions for HL decays as a function of the gluino mass, for mH ——130 GeV, m, =40 GeV, @=4M~. The de-
cay HL ~bb, though not shown in the figure, was taken into account for the computation of the total decay width of HL . The
minimal gluino mass is chosen such that m~ =35 CxeV.

sponding to mw ——35 GeV), the width into the WW
mode even exceeds that into the tt mode.

Before closing this section we should point out that
the D terms induce model-dependent couplings of Higgs
scalars to scalar-fermion pairs. In this paper we have as-
sumed that all the scalar quarks and leptons are too
heavy to be produced via HL decays. It is perfectly pos-
sible that the scalar neutrinos (vL) may be light and yet
have escaped experimental detection. The D-term cou-
pling of ML to vL vt pairs from the usual SU(2)XU(1)
exactly vanishes, but that from U(1) does not. Although
the coupling is model dependent, we have checked that
it is bounded from above so that the branching fraction
for this decay cannot be much above 7.5% per genera-
tion although it may be very small. We will neglect this
decay in the rest of this paper. However, we note that
scalar-neutrino (and other scalar-quark and -lepton)
pairs couple to the heavier Higgs scalars even via the D
terms of the usual SU(2)&U(1) and may be important
for their decays.

IOO—

g
10

Q.I—
200 300 400 500

~ (GeV)
600 700

FIC)'. 3. Branching fractions for HL decays as a function of
e for m-=300 CJeV. Values of the other parameters and nota-
tions are as in Fig. 2.
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IV. THE DECAYS OF 8' AND Zg

In order to classify the signals resulting from HL de-
cays, we need to know the branching fractions for the
decays of W and Zz. These decay into a lepton-scalar-
lepton or a quark-scalar-quark pair if these decays are
kinematically allowed. Otherwise, they decay via three-
body modes, W~lvZI or qq 'ZI, and Zz~llZ&, qqZI
or vvZI, which are mediated by virtual gauge bosons or
virtual scalar quarks or scalar leptons. The decay
Zz~vvZI is severely suppressed if ZI =y. The decays
Zz~udW or lvW which are mediated by virtual 8'ex-
change, can be important in some cases, as will be dis-
cussed later. The branching fractions are rather model
dependent and it is the study of these that forms the sub-
ject of this section.

As we have discussed in the last section, the Higgs-
fermion mass term which comes from the VEV of the
singlet field substantially exceeds Mw. For the range of
8' Z&, and Zz masses such that the decays of HL into
these are kinematically allowed, the SU(2) and U(1) gau-
gino masses cannot be too large. In this case, the
Higgs-fermion content of these lighter-mass eigenstates
is at most a few percent. ' ' This means that the cou-
pling of the Z to the neutralino states ZI and Zz are
suppressed by two factors of the (small) Higgs-fermion
mixing in the neutralino mass eigenstates [recall that
couplings of Z to neutral gauge-fermion components
are forbidden by SU(2))&U(1)]. Thus for the relevant
choice of parameters, the Z Z;Z, (i,j =1,2) couplings

are only —10 —10 of the Z WW or WBZ; cou-
plings which are of normal gauge strength. We can
therefore neglect the virtual Z contributions to the de-

I

(4.1)

(4.2a)

Bz — (i )' —&2g'v 4",
l

aild

I

v'2 (4.2b)

(4.2c)

Bz. =0
I

(4.2d)

The notation is as defined in the discussion following Eq.
(3.3). The partial width for the decay Z&~ffZ) can
now be readily calculated. We find

2mz (2~)~

with

(4.3)

cays Z2~ ffZ) (here f denotes a quark or lepton).
The couplings that enter the computation of the de-

cays of W and Zz may be found in Ref. 21 except for the
couplings of W and Z; to the leptons. The couplings of
W to leptons are obviously the same as to the quarks

with the replacement u~v and d~/. The Z;II and

Z, vv couplings are given by (f =I, v)

rs . f —
p

= 1+vs
Xz f~ i Az——fi-Z~ . f +iBzf ~Z f+H.c.

and

—,
'

I
~i. I

=2
I Az I I Az I

[g(mz, m&, mz )+( —1) '+ 'p(mz, m&, mz )] (4.4a)

=2
I Bz, I I Bz, I

[4(mz, mj, mz )+( —1) '+ 'p(mz, m~, mz )] . (4.4b)

(4 3)~ &c= 1 (3) if f is a lepton (quark). The functions g and y in Eq. (4.4) are as defined in Fq (3.2) of Ref. 21.
Finally, the partial widths for the decay of W have been obtained by numerically integrating the spin-average
squared matrix element, which reads, in the notation of Ref. 21,

1 W dZIu
—,
' IM(W duZ)) =—

I A~
I I Az

4u - Wd-Z]
+ I

A w"
I

'
I

A z'
I

'
d

4+,[( IX(' )
I'+

I
YI ) I')(W u Z) &+W &Z).u) —( IXI' )

I' —
I

Yt ) I )m~mzDw'

mwmz
+2Xt )YI' )(W' u Z).d —W.d Z) u)]+4Re(A"- A — A-"*A-*) u. d

0

&2g Re[( i) 'A~A—z' ]
4[2(XI )+ Yt )

)u. Wd. Z) —m~mz (XI )
—Yt )

)u.d]
I

D„-Dw

&2g Re[( —i) ' A ~' Az ]
4[2(XI )

—YI ))d Wu. Z) —m~mz (XI )+YI ))u.d]
1
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where the denominators are given by

D„=(W —d ) —m„ (4.6a)

Dd ——(
W' —u) —m~

2 2

L
(4.6b)

D~=(W —Z, ) —M«. (4.6c)

(4.7a)

m, =m 0 +0. 138m& —0.23 cos(2P)Mz +az Mz

(4.7b)

m, =ma +0.384m +0 5cos(2.p)Mz +ai Mz

(4.7c)

m ~mo +3.6m (4.7d)

Here mo is a common supersymmetry-breaking scalar
mass and the gluino mass m is equa1 to the universal
gaugino mass m &&& at the unification scale. The last two
terms in Eqs. (4.7a) —(4.7c) come from the SU(2)&(U(1)
and U(1) D terms, whereas the second term comes from
the renormalization of the masses from the unification

In Eqs. (4.5) and (4.6), the particle labels denote the
four-momenta of the particles. The corresponding ma-
trix element for the leptonic decays of W can be ob-
tained from Eq. (4.5) via the substitution u ~v and
d~l. We note that the color factor has not been in-
cluded in Eq. (4.5).

The decay widths depend on the scalar-quark and
-lepton masses. In E6 supergravity GUT's, these are
given by

m, =ma +0.384m —0.27cos(2p)Mz +ai Mz

scale down to the weak scale. The U(1) D terms obvi-
ously depend on the U(1) charges of the particles and
hence are model dependent. Again assuming n ~&U, U,

the coeScients aL and az are given by —0. 1 and 0.2, re-
spectively, for the model of Ref. 6, whereas for that of
Ref. 7 we have aL ——0.2 and a& ——0. 1. We note that in
Eq. (4.7d) we have neglected the D terms for the scalar
quarks in comparison with the other terms. We have
also neglected the small difference in the evolution of the
masses (the second term) in the two models.

The ratio of mo to m&&2 depends on the mechanism
for supersymmetry breaking which, it is fair to say, is
not yet understood. Some authors ' have argued that
gaugino masses are the dominant source of SUSY break-
ing so that mo=0, whereas nonzero scalar masses (51
TeV) have been suggested by other authors. In the ab-
sence of a clear understanding of the mechanism for su-
persymrnetry breaking, we have assumed that gaugino
and scalar masses are about equal at the unification scale
so that in the calculation of the mass spectrum we as-
sume mo ——m . This is the only place where this as-'
sumption is used in the paper.

Before proceeding with the numerical computation of
the branching fractions, we note that if the scalar-quark
and -lepton masses are all very large (&&M~), the de-
cays Z2 —+Iv8'and udge' which can be mediated by vir-
tual 8 s as well as virtual scalar leptons or scalar
quarks, may be important ' since the O'Z2W vertex is
not suppressed by small mixing angles. This decay is
only important when the smallness of the phase space
for the Zz —+8' decay is made up by the smaller propa-
gator suppression of the W exchange relative to the
scalar-quark or -lepton exchange, i.e., when M~ &&m

~L

m~, m . We have, therefore, retained only the 8'-
L.

' ~L

exchange contribution in the computation of this decay.
The partial width is given by

&c 2~'g 4

PZ2~ff 'W)=
2mz (2~) ~ 3

(m- +m — —Mg —Zm- E)
Z2 8' Z2

X I( /
&&

& /
+

f
I'&

& f
)[3(mz +m~ )mz E —4mz E —2mz m~2]

—3(
/

X&
& /

—
/

F&
& /

)mz m~(mz +m~ —2mz E)I,
2 2 2

(4.8)

where the integral over the 8 energy E ranges from m~
to (m —2+m- ~)/2mz . Here we have neglected all

2 2

quark and lepton masses. The conjugate decay,

Z2 ~ff 'W also occurs at the same rate.
The branching fractions for 8' and Z2 decays can now

be computed using Eqs. (4.3)—(4.8). The result for two

typical models is shown in Table I for a range of~au-
gino masses (mg) for which the decays HL ~WW' or

Z;Z~ are significant. We have also restricted our choice
of parameters so that the gaugino and scalar masses at
the unification scale and. the Z ' mass are all compara-
ble. In our computation, we have assumed that the top
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TABLE I. The percentage branching fractions for Z 2 and 8' decays for the models of Refs. 6 and 7 (in parentheses) with the
scalar masses as described in the text. Note that the Z 2~e+e denotes the branching fraction to just electrons so that the total
charged-lepton branching fraction is thrice that shown. The Z &~8'branching includes both Z &~lv8'and qq 8'decays. The 8'
branching fraction shown is also for just one family of leptons. The parameters have been chosen so that there is a substantial
branching fraction for HL into the W and Z; modes. We have also required that Mz is not very different from the
supersymmetry-breaking scale mo ——m-. (The model of Ref. 7 always gives a branching fraction of 11%%uo since the scalar masses are
too heavy for the contribution of the graphs mediated by scalar exchanges to be significant. )

U/V

m-

(GeV)

mz
1

(GeV)

mz
2

mw

(Gev) (Gev)

Mz'

(GeV) e+e
Z2

qq 8 ~evZ&

—1

—1

—1

+1
+1
+1
+1
—3
—3
—3
+3
+3
+ 3
+3

100
200
200
200
400
200
400
100
200
200
200
400
200
400

14
28
28
12
39
12
39
14
27
27
18
43
18
43

47
71
71
37
82
37
82
38
62
62
40
88
40
88

44
69
69
29
77
29
77
36
61
61
37
86
37
86

250
250
500
250
250
500
500
250
250
500
250
250
500
500

30 (26)
26 (26)
27 (25)

1 (2)
(7)
(1)
(6)

14 (23)
22 (22)
21 (21)

7 (10)
12 (12)

(9)
11 (12)

(5)
18 (15)
19 (14)
6 (3)

31 (27)
15 (1)
36 (23)
58 (16)
31 (28)
36 (25)
62 (43)
59 (56)
84 (29)
63 (54)

2 (18)
4 (6)
1 (14)

(2)
4 (4)
1 (2)

(5)
1 (16)
3 (5)
1 (11)
7 (10)
5 (5)
3 (16)
4 (7)

88 (90)
46 (48)
82 (94)
44 (54)

12 (16)
1 (1)
5 (28)
1 (2)

21
12
13
12
11
12
11
21
12
13
12

11
13
11

quark is too heavy to be produced via 8' and Zz decays.
We see that 8' typically decays into the leptonic mode

with a branching fraction of 11—13% per lepton family.
This is because the scalar quarks and leptons are sub-
stantially heavier than Mw for most values of mg and

Mz so that the S'branching fractions are essentially the
same as those of the W boson. An exception to this is
the case where m& and Mz are relatively small, since in
this case the masses of el and vL are about Mw for the
model of Ref. 6. On the other hand, for the model of
Ref. 7, the scalar masses are always large (note that the
U(1) D terms always increase the mass in this case [see
Eqs. (4.7)] so that the W-exchange amplitude dom-
inates).

We now turn to a discussion of Zz decays. We see
that the sign of v /u (of course, this sign could be ab-
sorbed in other entries in the mass matrix; only the rela-
tive sign of v/u and Ep2 is relevant, so v/v = —1 should
be understood to mean this relative sign is negative) is an
important factor in determining the decay pattern of
Zz. For negative values of v/v, Zz decays via the 8'-
gaugino (W) mode less than 1% of the time, whereas for
positive values of v /v, this decay is substantial for both
the models considered. This is because m- —m — and

Z~ W

hence the partial width for Zz~& decay is sensitively
dependent on the sign in the mass matrix. For v/v =1,
this mass difference is largest, and the branching fraction
into the 8' mode may even exceed 90%. We mention
here that in our computation of the Zz~8 decays, we
have included only the contributions from those ampli-
tudes where the decay is kinematically possible, includ-
ing masses of 0.5, 1.5, and 1.732 GeV for the strange
quark, charmed quark, and ~ lepton, respectively. In ac-
tual computation of the partial width, however, we have

neglected matter fermion masses so that the Zz~8'
branching fractions in Table I are somewhat overes-
timated. The W branching fractions of the Zz are some-
what larger for the model of Ref. 7 as compared with
that of Ref. 6, since the larger scalar masses lead to
smaller widths for the Zz~Z& decays.

For v /v & 0, where Zz —+ W decays are negligible, the
Zz~vvZ& and llZ& decays dominate the hadronic de-
cays since the scalar leptons are much lighter than the
scalar quarks. We see that the branching fraction into
the charged-lepton modes is substantial (as high as 30%
per lepton (lavor) with a substantial part of the
remainder of the decays being via Zz~vvZ&. The
latter, of course, add to the Z +gfT signal that primarily
comes from the invisible HL ~Z&Z& decay of the Higgs
boson. For large positive values of v /v, the Zz~vvZ&
decay dominates the charged-lepton decay. This is, in

part, because Z& is no longer "photinolike" which it was
for v /v & 0. For this case the coupling eeL Z

&
is

suppressed by mixings in much the same way as vvLZ&
is suppressed when Z& =y. Furthermore, in the model
of Ref. 6, ez tends to be heavy due to the large U(1) D
term. This accounts for the rather large difference in the
branching fractions for the two models. Finally, if the
gluino mass is large, the scalar electrons and scalar neu-
trinos tend to become degenerate so that the difference
between the two models is greatly reduced, as can be
seen in the m =400 GeV entries in the table.

g.
To summarize, we see from Table I that for almost the

whole range of parameters considered, Zz dominantly
decays leptonically in both the models. (The one excep-
tion to this is the case v /v =1, in which case Zz ~8'
decays dominate. ) This leads to potentially
background-free lepton pair+ Z events essentially free
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from hadronic activity and also to events with Z +jr.
The topologies of these events and a discussion of some
of the backgrounds forms the subject of the next section.

V. SIGNALS FOR HIGGS BOSONS
FROM Z ' DECAYS AT THE SSC

In previous sections we have analyzed the production
and subsequent decays of the Higgs boson produced via
the decay Z '~Z +HL. We saw that a variety of in-
teresting signals are possible, depending on the parame-
ters of the model ~ Here we study the backgrounds to
these signals, and assess the prospects of discovering the
lightest neutral Higgs boson at the SSC. Since we are
working within the framework of an E6 supergravity
GUT, we have assumed that the decays of Hi into
gauge-boson pairs are kinematically suppressed. '

As we have already seen, for a Z ' mass in the vicinity
of 0.5 TeV, a typical value in this class of models, as
many as 10 —10 Z HL pairs may be annually expected
at the SSC. This large event rate allows us to use the
clean Z ~l+I (l =e,p) decays as a trigger for the
Higgs-boson signal. Our analysis naturally divides up
into signals from the standard tt decay of the Higgs bo-
son and those from its supersymmetric decays. We con-
sider each of these in turn.

(a) HL ~tt decays. Assuming that the top quark is
not too heavy, the decay HI ~tt dominates the Higgs-
boson decays; thus Z tt events, with the mass of the Z tt
system peaking around Mz and that of the tt subsystem
around m~, would be a signature for the decay
Z '~Z +HI. We note here that the Z ', if it exists,
will almost certainly be discovered via Z '~l+I (Ref.
33) so that by the time a search for its Higgs-boson de-
cay mode is carried out, Mz and I z will be well deter-
mined. This will, of course, facilitate the Higgs-boson
search and reduce some of the theoretical uncertainty in
the prediction of the Z Hz production cross section.
We have already seen (see Fig. 1) that the cross section
for associated Z —Higgs-boson production is substantial
and so the crucial factor in determining whether Hz can
be identified at the SSC is the size of the backgrounds to
Z tt production.

The background dominantly comes from gluon-gluon
fusion and quark-antiquark annihilations, with

Mz~r Mz' and M,—,
—m&. The former was first comput-

ed by Gunion and Kunzst. ' We have independently
evaluated this and also the contribution from qq annihi-
lation. For Mz -0.5 TeV, the quark contribution is
typically 15—20%%uo of that of the gluons, whereas for
Mz ——1 TeV, qq annihilation dominates gg fusion by a
factor of about 2. The qq contribution dominantly
comes from the two Feynman diagrams where the Z is
radiated off the initial quarks; the two diagrams where
the Z is radiated off the Anal t-quark lines are relatively
suppressed since the gluon propagator is —1/Mz, —, as
opposed to 1/M, —, in the case of initial-state radiation.
This also explains why the qq contribution dominates the
gluon contribution at Mz ——1 TeV even though the rela-
tive luminosities change only by a factor of about 2; the
dominant qq graphs tend to give small M,-„whereas re-

quiring M,—,-m~ —130 GeV cuts out most of the gg con-
tribution. The resulting background, assuming

Mzir =Mz'+5% and M,—, =m~+15 GeV, is shown as the
dashed curve in Fig. 1 for m~ ——100 GeV and m, =40
GeV. We have used the structure functions of Eichten
et al. though very similar results are obtained using
those of Duke and Owens (set I) with A=0. 2 GeV.
We have also incorporated a cut

~ y ~

&4 on the rapidi-
ties of Z, t, and t. We see that for these resolutions, the
signal is well above the background, over almost the
whole range of parameters considered even after allow-
ing for the uncertainties in the Z HL cross sections dis-
cussion in Sec. II. We note here that a larger Mz yields
better signal-to-background ratios since the background
cross section increases very fast with decreasing Mz«
due to the rapid increase of gluon luminosity.

It is clear that the background crucially depends on
the experimental resolution that can be attained on the
measurement of Mz, —, and M,—,. To study the effect of
these resolutions on the background, we show the Z tt
background cross section for different bin widths around
m& and Mz in Table II. Here we have fixed Mz ——500
GeV and m~ ——130 GeV. We see that the cross sections
scale almost perfectly with the size of the bins except for
the largest (80—160 GeV) bin around m~ where the
lower end of the bin is at the phase-space boundary for
m, =40 GeV. In this bin the cross section is smaller
than that obtained by naive scaling as may be expected.

TABLE II. The cross section in pb from gluon fusion and qq annihilation (in parentheses) for

pp ~Z tt at &s =40 TeV„with Mz„- and M, —, in the bins around 500 and 130 GeV, respectively.

M,—,

(GeV)

Mz, —,

(GeV) 490-510 480-520 450-550

125-135
120-140
115-145
110-150
100-160
80-160

0.072
0.14
0.22
0.29
0.43
0.48

(0.013)
(0.025)
(0.038)
(0.050)
(0.075)
(0.099)

0.15 (0.025)
0.29 (0.050)
0.44 (0.076)
0.58 (0.10)
0.87 (0.15)
0.96 (0.20)

0.39 (0.065)
0.77 (0.13)
1.16 (0.19)
1.53 (0.26)
2.31 (0.38)
2.57 (0.51)
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From Fig. 1, for Mz ——500 GeV, we see that our esti-
mate of the signal ranges from 0.5 pb to ~10 pb, de-
pending on the assumptions. We thus see that signal-
to-background ratios exceeding unity are possible for a
wide range of parameters, allowing for reasonable exper-
imental resolutions on the measurement of Mz, —, and M,—, .

We have also considered the possibility of enhancing
the signal relative to background by looking at various
distributions. The transverse-momentum distribution of
the signal Z is shown as the solid line in Fig. 4(a). We
have taken Mz ——500 GeV and mH ——130 GeV, with the
normalization of the signal being determined using
P=45 in the model of Ref. 6 and B(HL ~tt)=100%
The corresponding normalization for other parameters
can be read off from Fig. 1 or from Eqs. (2.2) and (2.3).
The Jacobian peak at

pTZ ~ (Mz™zmH ) I2Mz1/2 2 2 2

h4

CL

b

10

-2
10

-st
10

a)—

corresponding to the two-body decay of Z '
is clearly

evident. An accurate measurement of its position would
enable us to determine the Higgs-boson mass. Also
shown in the figure are the corresponding distributions
for the background for two choices of mass resolution
(dashed lines). The lower curve corresponds to
M,—,

=mH+10 GeV, Mzii =Mz +10 GeV while the
higher curve corresponds to M,—, =mB+30 GeV,
Mz, —,

——Mz+50 GeV. We note that the Jacobian peak is
smeared for the case of the latter (probably more realis-
tic) choice of resolution so that by looking for Z tt
events in the vicinity of the Jacobian peak one can
enhance the signal-to-background ratio by an additional
factor of around 4.

The distribution of azimuthal opening angle (P„-) be-
tween t and t is shown in Fig. 4(b) for both the signal
and the background for the same parameters as in Fig.
4(a). We see that for the case of the poorer resolution
the P,—, distribution of the background significantly
differs from that of the signal. If this angle can be ex-
perimentally measured, a further enhancement of the
signal relative to background may be possible. We men-
tion here that for the case of a +10 GeV resolution on
Mz, —, and M,—, (lower curves in Fig. 4), the signal and
background have more or less similar distributions so
that additional enhancement factors are not possible.
However, the background, in this case, is sufficiently
small that this is of no consequence. We also note that
we have also studied the distribution of 6rz, the angle be-
tween the Z and the beam, and also that of the
minimum of the angle between the Z and t or Z and t.
Both these distributions are virtually identical for signal
and background so that no additional enhancement of
signal-to-background ratio is possible. We conclude that
it would be possible at the SSC to identify an
intermediate-mass Higgs boson produced via Z '

~Z +HL decays by looking for the tt decays of HL,
assuming reasonable resolutions on the mass of the Z tt
and tt systems. We now turn to the possibility of identi-
fying HI via its rarer supersymmetric decays.

(b) Supersymmetric decays of Ht. We have seen in
Sec. III that as many as 50% of the Higgs bosons may

10
0

!
100

PT (GeV)
Z

500

-2
10

~& z~t

10

10
0 00

t( tt (degrees)

120

FIG. 4. (a) The transverse-momentum distribution d o. /dp&z
for the Z boson and (b) the distribution of the azimuthal angle

(P,—,) between the t and t quarks produced via pp~Z '~Z tt

(solid) and pp~gg, qq~Z tt (dashed curves). The solid curve
is for the model of Ref. 6 with Mz ——500 GeV, mH ——130 GeV,
and P=45 assuming that the Z ' boson can only decay into
standard fermions. The dashed curves have been obtained with
M,—,

= 130+30 GeV, Mz, —,
——500+50 GeV (upper curve), and

M,—, =130+10GeV, Mz, —,
——500+10 GeV (lower curve). Again a

rapidity cut
t y t

&4 has been imposed on Z, t, and t. The top-
quark mass is taken to be 40 GeV.
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decay via supersymmetric modes, HL ~Z&Z&, HL
~Z&Zz, HL ~ZzZz, and HL ~ 8'8' even if we restrict
ourselves to those parameters which yield m~ ~ 35 GeV.
We can classify the signals resulting from HL decays ac-
cording to the final states as follows. Since we assume
Z

&
escapes detection, we have

HL ~Z, +Zi (pr )

HL Z, +Z, Z, + llZ, (dilepton+P'T )

~Z
~ +vvZ

~ (Pr )

~Z
& +qqZ i [jet(s)+fr ],

HL ~Zz+Zz~Z, ll+Z, ll (4 leptons+gfz-)

~Z, ll +Z, vv (dilepton+gfT )

~Z i VV+ Z i VV (PT )

Ziqq+Ziqq lj«(s)+(A)]
~Z, qq+Z, vv [jet(s)+(gfr)]

(5.1)

(5.2a)

(5.2b)

(5.2c)

(5.3a)

(5.3b)

(5.3c)

(5.3d)

(5.3e)

~Z, qq+Z, ll [jet(s)+ lepton(s)+ (gfr )],

HL ~WW~Z&1v+Z& 1v (dilepton+p'T )

~Z
~
l v+Z, qq

' (lepton+jet(s)+p'r )

(5.3f)

(5.4a)

~Z, qq '+Z&q'q [jet(s)+fr] .
(5.4b)
(5.4c)

In addition we may also have the Zz~ W events dis-
cussed in the last section so that we have

HL —+Z1+Zz —+Z I + 8'qq '

~Z)+ 8'lv

(s.sa)

(5.5b)

and a long list for 8 decays from ZzZz events which we
do not include for brevity. In Eqs. (5.1)—(5.5)„we have
not explicitly included the Z boson which is present in
all the events.

Here we concentrate on events that are essentially free
of hadronic activity (except for QCD radiative correc-
tions and multiple scattering) since these have smaller
standard-model backgrounds. This reduces our
classification of event topologies resulting from
Z' ~Z +HL decays to the following.

(A) Z +gfr events from (5.1), (5.2b), and (5.3c).
(B) Z +dilept no+gfzevents f-rom (5.2a), (5.3b), (5.4a),

and (5.5b) if W decays leptonically.
(C) Z + n lepton +Pr events with n ) 3 from (5.3a)

and from Zz pairs events with one Zz~llZ& and the
other Zz~lv8', 8'~lvZ&. Such events are also possi-
ble if both Zz's decay into the lvR'mode. The Zz~8'
decays are interesting since they lead to the possibility
Z2~ep+PT, though only in -2%%uo of the Z~ & de-
cays.

We remind the reader that we trigger on the leptonic
decays of Z so that the events are at least free from
QCD backgrounds. We now consider the rates and
backgrounds for each of the three classes of events, in
turn.
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FIG. 5. Transverse-momentum distribution d o. /dp&z for

the Z boson from pp ~Z '~Z +HI with Hi decaying in-
visibly (solid curves) and pp~qq~Z Z with one of the Z 's

decaying via Z ~vv (dashed curve). The solid curves are for
the model of Ref. 6 with Mz ——300 and 500 GeV, respectively,
assuming that invisible decays account for 10% of the total HL
decay width. The values of the other parameters are as in Fig.
4. The rapidities of the Z bosons have been constrained to

(A) Z +p'T euents W. e see from Figs. 2 and 3 that the
branching fraction for HL ~Z

&
Z

&
production can

exceed 20% if U/U &0. We also see from Table I that
there is a substantial branching fraction for Zz to decay
invisibly, particularly for U/U =3. In this case, about
half or more of the HL ~Z&Zz signal contributes to the
invisible decay of HL . Thus, at least for U /v & 0, the in-
visible decays of the Higgs boson constitute 8 —20%%uo of
its branching fraction. Here, as in the subsequent dis-
cussion, we assume that the supersymmetric decays of
HL are not kinematically suppressed. The p T distribu-
tion of the Z from these events, of course, has a Jacobi-
an peak as before and is shown in Fig. 5 for P=45 in
the model of Ref. 6 assuming that HI decays invisibly

10% of the time. The background dominantly comes
from Z Z events with one of the Z 's decaying invisi-
bly via Z ~vv, and the other leptonically. The pT dis-
tribution of the visible Z from the background is shown
as the dashed curve in the figure. We see that for a Z '

mass of 0.5 TeV, the Jacobian peak sticks well above the
background, whereas for Mz ——300 GeV it is just below
the background. We emphasize again that the signal
may be as much as a factor of 10 bigger due to a larger
production cross section (see Fig. 1) and/or bigger
branching fraction of HL into the invisible mode. For
the normalization shown in the figure (corresponding to
about the middle of the band in Fig. 1), we may expect a
signal cross section of -0.01 pb for Mz ——0.5 GeV after
taking into account a 6% branching fraction for Z ~ee
or pp. This corresponds to about 100 Z ~e+e or
p+p +PT events per year at the SSC, assuming an an-
nual integrated luminosity of 10 pb '. We remind the
reader that a higher rate may be possible if HL ~v v de-
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cays are kinematically accessible since a light scalar neu-
trino is expected to decay invisibly. These events are
all free from hadronic activity and should be observable
over the standard-model background.

Before proceeding to discuss events of the (B) and (C)
types, we note that HI ~Z i Zz, ZzZz, or WW can also
lead to quiet dilepton events if one of the Zz or both the
W's decay leptonically and the Z produced in associa-
tion with HL decays via Z ~vv. In this case the dilep-
ton mass gives a broad distribution bounded by
m — —m — for events from Zz decay. The decay

Z2 Z~

Hz ~WW gives a comparable number of dileptons for
v/v &0. For these decays, however, it is not possible to
enhance the signal via a Jacobian peak construction
since both Z and the escaping Z i contribute to PT.
The dominant background to these topologies comes
from W+W with both 8 s decaying leptonically. We
have not studied this background and so we will not dis-
cuss these events any further.

(B) Z +dilepton events. As we have just seen, the
case v /v &0 was characterized by the substantial invisi-
ble decay of HL. The case v/v &0, as can be seen from
Table I is characterized by the very substantial
(20 —30%) branching fraction of Zz into each family of
charged leptons. This leads to the possibility of four-
lepton+gfT events, with two of the leptons making up
the Z mass while the other leptons make a broad distri-
bution in invariant mass. In addition, there would be a
small number of events from the Zz~W decays (5.4a)
and (5.5b), where at least one of the leptons would be
rather soft. For v /v &0, HL branching fractions into

WW, ZzZi, and ZzZz pairs are —8 —20%, 1 —2%, and
5 —12 %, respectively. Folding this with model-
dependent branching fractions of -4%, 40—60% and

10—20% for the WW, Z, Z2, and Z2Z2 systems to de-

cay into dileptons+PT (see Table I), we find a rate of
20—70 ll+(Z ~1'I ') events per 10 pb ' at the SSC,
again assuming a Z HL production cross section of -2
pb. We emphasize that these events are very clean and
should stand out. Standard-model backgrounds to these
come from W+ W Z production, with both 8 s decay-
ing leptonically. We have not estimated these in this pa-
per. We note that events of the type (8) would also be
present for u/u ~0. In this case, the smallness of the
branching fraction for Zz~llZ& is compensated by the
increase in that for HL ~Z i Zz. A comparable event
rate may be expected.

(C) Z +n lepton events, n & 3. Major sources of these
events are the decays (5.3a) and (5.5b). The contribution
from Zz ~ W decays is small since it requires the lepton-
ic decay of Z2 as well as W (branching fraction -4%).
The decays HL ~ZzZz have the largest branching frac-
tions for v/u &0 for which the branching fraction is be-
tween 5 —12% when the decay is kinematically possible.
For this sign of u /v, the charged-leptonic branching
fraction for Zz decay is 0.15—0.3 per family. Again as-
suming a Z HI production cross section of 2 pb, 10—50
six charged-lepton events (lepton means e or p) with two
of the leptons making up Z are expected annually at
the SSC. For the other sign of u/v, the rate of multilep-

ton events is small from all the sources considered.
In addition to the clean events discussed above, there

will be a number of Z +multijet + pT and Z
+multijet + lepton + p'T events mostly comin~ from W

decays. Here W may originate from HI ~WW or from
Zz ~ W decays. Typical branching fractions for

HL —+ WW are 10—20 %. Folding this with the W
branching fraction shown in Table I, we find, assuming a
2-pb cross section for Z HL production, that there are
—100 multijet+ (Z ~ll)+pT events per 10 pb

' at
the SSC and about half as many jet(s) + lepton

+ (Z ~ll)+PT events from WW decays of Ht. We
emphasize that there are standard-model sources for
these event topologies so that it would be difficult to iso-
late HL events without a detailed background analysis.

In summary, we have seen that the supersymmetric
decays of the Higgs boson lead to a number of very
characteristic multilepton + gfT events which may be
present if W and Zz are light enough to be produced in

these decays. These events would be present in addition
to the Z tt events and would serve to corroborate the
Higgs-boson signal. We also note that we have assumed
in our analysis that the t quark is light enough to be pro-
duced via HL decays. If this is not the case, the super-
symmetric decays of HL discussed in Sec. III become
dominant unless they are kinematically inaccessible. It
seems unlikely though that the decay HL ~Z&Z& would
be kinematically disallowed so that the large branching
fraction for the invisible decay of the Higgs boson may
well serve to provide a clear signature. Finally, we note
that if m~ is large enough for it to decay into gauge-
boson pairs (although this is not expected in the class of
models considered), three-gauge-boson production with
the mass of the three-particle system peaking at Mz and
of the two-particle system peaking at m~ may provide a
clear signature.

VI. SUMMARY AND CONCLUDING REMARKS

In this paper we have studied promising new signals
for the detection of the lightest Higgs boson (HL) pro-
duced via the decay Z '~Z HL (Refs. 11 and 13) where
Z ' is the extra neutral gauge boson that is expected to
be present in the currently popular E6 supergravity mod-
els. We have shown that if the mass of Z ' is less than
about 0.6 TeV, in excess of 10 —10 Z HL pairs would
be expected to be produced annually at a 40-TeV pp col-
lider such as the SSC, assuming an integrated 1uminosity
of 10 pb '/yr. As discussed in Sec. I, HL is expected
to be relatively light' (& 170 GeV if E6 breaks directly
to a rank-5 group and 5 210 GeV if we allow for an in-
termediate scale —10' GeV), so that the decay
Z '~Z +HI is unlikely to be kinematically
suppressed, especially in view of the cosmological mass
bound Mz &330—400 GeV (Refs. 9 and 10) obtained
from the successful predictions of nucleosynthesis.

This relatively small mass of HL also implies that its
decay into gauge-boson pairs is likely to be kinematically
suppressed, so that the decay HI ~tt will dominate un-
less the top-quark mass exceeds m~/2. A Higgs boson
lighter than 40—60 CxeV should be discovered at CERN
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LEP I (Ref. 37) while LEP II should be able to probe
Higgs-boson masses up to —100 GeV (Ref. 38). In most
of our analysis, we have, therefore, assumed that the
Higgs-boson mass is large enough so that it can decay
into tt pairs with m, =40 GeV but not into W+ W and
Z Z pairs. As is well known, there is no clean signa-
ture for detecting such an intermediate-mass standard-
model Higgs boson at the SSC, with the possible excep-
tion of the decay of a fourth-generation pseudoscalar
quarkonium into a Z —Higgs-boson pair.

In the E6 models we are considering the Z ' resonance
leads to a vastly enhanced rate for associated
Z —Higgs-boson production. In Sec. II we have dis-
cussed in detail the various theoretical uncertainties in
the estimate of this cross section. Our results are shown
in Fig. 1. We see that in spite of model uncertainties of
a factor of about 20, more than 10 Z Hl pairs are ex-
pected annually at the SSC for a wide class of models
and for Mz -0.5 TeV. This large event rate allows us
to trigger on the clean leptonic decay of the Z in
searching for the Higgs-boson signal. If Hl decays via
HL ~tt, the signal is characterized by a Z tt final state
with Mzti Mz' and M,—, -mH. Assuming a reasonable
efficiency for top-quark identification and reasonable
values of experimental resolutions on the measurement
of Mz, —, and M,—, (see Table II) we have shown that a
signal-to-background ratio substantially exceeding unity
can be achieved for a wide range of parameters. For
mH ——130 GeV and Mz -0.5 TeV, about 600—15000
tt+(Z ~l+l ) signal events may be expected annually
at the SSC if the HI decays exclusively into tt pairs.

In Sec. III we have considered the possibility of super-
symmetric decays of Hi . We have shown that if
Mz »Mz, HL decays into the lightest chargino pair
and into the two lightest neutralinos can be as large as
65% even assuming that m ~ & 35 GeV. The exact
branching fractions into the various modes depend sensi-
tively on the model parameters and are summarized in
Figs. 2 and 3.

We have studied the subsequent decays of 8' and Z2
in Sec. IV. We find that W decays leptonically about
one-third of the time almost independently of our as-
sumptions. The decays of Zz, however, are much more
model dependent; Z2 may decay dominantly into
charged leptons, invisibly into vvZ &, or via the
Z2 ~ Wl v and Z2 ~ Wud modes. The corresponding
branching fractions are summarized in Table I. We see
that the hadronic decays Z2 ~Z

& qq are relatively
suppressed. This is because the scalar quark, in this
class of models, is much heavier than the scalar neutrino
and the scalar lepton. We note here that the branching
fractions shown in the table are sensitive to our assump-
tion that the scalar-fermion mass and the gaugino mass
at the unification scale are about equal. If the ratio of

mo to m»2 is much smaller than one, ' eL and vL can
become quite light in the model of Ref. 6 because of the
negative U(1) D terms. In this case, the Z2 decay pat-
terns may be quite difI'erent. This is quite straightfor-
ward to incorporate.

The supersymmetric decays of HL lead to additional
interesting signatures for the process Z '~Z +HL .
The invisible decays of HL produced in association with
Z (which is identified via its leptonic decay) lead to
about 100 Z ~l+l events per year with Z recoiling
against Pr at the SSC, if Mz -0.5 TeV. The standard-
model background comes from Z -pair production with
one of the Z 's decaying into charged leptons and the
other into neutrinos. As seen from Fig. 5, the signal has
a Jacobian peak which sticks out well over the back-
ground for Mz ——0.5 TeV and is just below the back-
ground for Mz ——0.3 TeV. In addition, the decays of
Hl into WW Z

& Z2 and Z2Zz pairs in conjunction with
Z ~l+l decays lead to about 20—70 characteristic
four-lepton + pT events and about 10—50 spectacular
six-lepton+PT events (only if u/U &0) that are essen-
tially free of hadronic activity. We emphasize here that
the supersymmetric decays of HL may be important in
searching for the Higgs boson via other processes.

To conclude, we have shown that the decay
Z '~Z +HI leads to promising new ways of detecting
the intermediate-mass Higgs boson at the SSC if the
mass of Z ' is 300—700 GeV. In addition to the dom-
inant Z tt signal, supersymmetric decays of the Higgs
boson may also lead to clean Z +PT and
Z +multilepton + p'T signatures.

Note added in proof. After completion of this paper, it
was recognized that the 12X12 neutral-fermion sector,
the 4&(4 charged-fermion sector, and the 9&&9 neutral-
Hills-boson sector do not, in general, decouple as stated
in Ref. 16 and the unpublished version of Ref. 17. Rath-
er, there are two possible vacuum solutions, only one of
which leads to the decoupling assumed in this paper.
The results of this paper are thus valid in the class of
models extensively discussed in the literature ' ' ' '

where the neutralino sector does break up as assumed.
A further discussion of this point may be found in the
published version of Ref. 17 and in Ref. 41.
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