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We investigate the prospects for the detectability of the Higgs bosons of the minimal supersym-
metric model (MSSM) at future colliders. First we delineate regions of MSSM parameter space where
the various Higgs bosons may be observable at the CERN e+e collider LEP 200 or hadron super-
colliders, assuming (as usual) that Higgs-boson decay modes to supersymmetric particles are not
allowed. We find that, even with optimistic assumptions of detector capabilities, there exist regions
of parameter space where none of the Higgs bosons are visible. Next, we show that there are substan-
tial regions of parameter space where rates for Higgs-boson decays to supersymmetric particles are
large, and even dominant. These decays reduce the rates for conventional Higgs-boson signatures,
thus making conventional detection of Higgs bosons even more difBcult. However, a number of new,
promising modes for Higgs-boson detection have opened up. These include a "gold-plated" Higgs
scalar or pseudoscalar decay to four leptons plus missing energy which may make possible a precise
mass measurement of the lightest and second lightest neutralino. Furthermore, rare decays of the
top quark into a b quark plus three leptons may be visible, and signal charged-Higgs-boson decays
to a chargino plus neutralino.

PACS number(s): 14.80.Gt, 12.10.Dm, 13.85.@k, 14.80.Ly

I. INTRODUCTION

The need to unravel the mechanism for the sponta-
neous breakdown of electroweak symmetry is one of the
main reasons for exploring the TeV energy scale at, for in-
stance, hadron supercolliders such as the Superconduct-
ing Super Collider (SSC) in the United States and the
Large Hadron Collider (LHC) in Europe. In the stan-
dard model (SM) the breaking of electroweak symmetry
is realized by introducing a doublet of spin-0 fields which
acquires a nonzero value in the ground state. A scalar
particle, the Higgs boson, is a relic of this method of
breaking the symmetry and can be searched for at col-
liding hearn facilities [1]. The nonobservation of a signal
[2] for Higgs bosons produced via Z ~ Z* + HsM in the
experiments at the CERN e+e collider LEP has been
translated to a lower bound,

m~, M & 57 GeV,

on the mass of the SM Higgs boson, where HsM is the
physical Higgs boson of the SM.

The fact that the scalar sector of the SM is unsta-

ble to radiative corrections that arise when the SM is
coupled to ultraheavy degrees of freedom as, e.g. , in a
grand unified theory, has led many authors to seriously
consider various alternatives. One such alternative is su-
persymmetry (SUSY) which is the only known symmetry
that can maintain the stability of the scalar symrnetry-
breaking sector [3], provided only that the superpartners
of the known particles are not much heavier than 1
TeV. The search for these sparticles and the develop-
ment of new strategies to find them has been the subject
of much theoretical [4] and experimental [5] activity in
recent years.

Unlike in the SM, the Higgs sector of any supersym-
metric theory contains at least two SU(2) doublets [6].
Within the minimal supersymmetric model (MSSM)[7]
the Higgs sector is completely specified by just two dou-
blets h and h' that couple to the Tq =

2 and Ts = —
2

fermions, respectively. The physical particles, therefore,
consist of two neutral scalars, Hi and Hh (m~, ( m~„),
one pseudoscalar (H„), and a pair of charged bosons
(H+). (In this paper, we let H with no subscript denote
a generic Higgs boson. ) At the tree level, the masses and
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FIG. 1. Regions in the mH„-tanP plane which are ex-
cluded by Higgs-boson searches at LEP, for the decays Z —+

H„H~ and Z'H~. We show excluded regions for mq ——150
(solid) and 200 GeV (dashed). We also show the conservative
and optimistic contours for regions explorable at LEP 200.
The LEP 200 criteria are given in the text.

couplings of all these particles are completely determined
[6] by tan P = —„", and the mass of any one of the bosons,
which we take to be mH, .

Several groups have pointed out that if the top quark
is heavy, radiative corrections from the large t-quark
Yukawa coupling substantially modify the tree-level for-
mulas for masses and mixing patterns in the Higgs sector
[8). This has important implications for MSSM Higgs
boson (as well as other sparticle) searches at LEP. For
instance, the nonobservation of any signal from MSSM
Higgs bosons at LEP [9] can no longer be used to in-
fer any limit on tanP, since the tree-level inequality,

& ~Mz cos(2P)~, on which this bound is based, is
significantly altered.

The region of the AH, vs tanP parameter plane of
the MSSM Higgs sector excluded by the negative results
[9] of the experiments at LEP is shown in Fig. 1. In
our analysis, we have incorporated the effects of radia-
tive corrections due to top-quark Yukawa interactions [8]
using the formulas in Ref. 10. We have used the limit
(1) on the mass of the SM Higgs boson to infer an upper
limit on the production of H~ via Z —+ Z + Ht, taking
into account the differences in the couplings of Hi and
HsM. The MSSM Higgs bosons can also be produced via
Z ~ Hi + H„, which proceeds via gauge interactions.
We have assumed that the nonobservation of this two-
body decay in the total sample of about 2 x 10s Z events
at LEP can be used to infer that mH, + mH„) Mz
[11].It is interesting to see that already the LEP experi-
ments exclude mH„( 40 GeV, regardless of mq or tan P.
Within our framework, this corresponds to mH+ ) 90
GeV, which essentially excludes the possibility of seeing
H+ signals at LEP 200. Finally, we have also shown the
region of this plane that might be probed at LEP 200.
Following Ref. [12], we have made both optimistic and
conservative projections of the reach during this second

Similarly, the measurement [13] of the invisible width of
the Z, I'z (invisible) = 498 6 8 MeV, leads to the bound

EI'z (invisible) ( ll MeV. (2b)

While (2a) limits the production of all sparticles that cou-
ple to the Z, (2b) serves to restrict the rate for the decay
of the Z to a pair of lightest supersymmetric particles
(LSP), which we assume will escape detection [4, 7]. We
take the LSP to be the lightest neutralino (Zi). Further
restrictions come from the negative outcome of searches
for charginos [15) and neutralinos [16] (other than Zi
pairs). The large coupling of the charginos to Z essen-
tially requires that [17)

m~ ) 45 GeV, (2c)

while the published results of the LEP experiments [16]
based on an analysis of just 104 Z decays limit the
branching fraction for the decays, Z —+ ZiZ~ and Z2Z2
to be smaller than a few times 10 4. In view of the vastly
larger sample of Z's available today, we have required
that the branching fraction for the decays Z —+ Z, Z~
(where i and j are not both 1) satisfies

B(Z ~ Z, Z~) ( 5 x 10

Since the masses and couplings of W, and Zz are Fixed by
the parameters, mg, p, and tan P, the constraints (2a)—
(2d) exclude the region of the my-p plane shown in Fig. 2

[18]. Also shown by the dashed line labeled CDF (Col-
lider Detector at Fermilab Collaboration) is the direct
limit on the gluino mass from the nonobservation [19]
of an excess of 2g& events from the production of gluino

phase of LEP. For the former, we have assumed ~s = 190
GeV and taken 0.05 pb as the lower limit for an ob-
servable cross section for either the e+e —+ ZH~ or the
e+e —+ H~H& processes. The conservative estimate as-
sumes ~s = 175 GeV and a lower limit of 0.2 pb on the
cross sections. It is interesting to note that even at LEP
200 a nonobservation of any Higgs-boson signal cannot
be used to infer any bound on tan P, at least for the case
of a very heavy top quark.

The nonobservation of sparticles in Z decays at LEP
further constrains the parameter space of the MSSM. We
remind the reader that within this framework the masses
and relevant couplings of all sparticles are fixed in terms
of just a few additional parameters which we may take
to be (i) the gluino mass, rng (which, we assume, derives
from a common gaugino mass at the unification scale, and
hence, also fixes the SU(2) and U(1) gaugino masses),
(ii) a common mass (m, ~) for all the sfermions, and (iii) a
supersymmetric Higgsino mixing mass 2mi = —p, , which

along with mg and tan P determines the chargino (W~)
and neutralino (Z;) masses and mixing patterns. The
precise measurement of the Z width I'z = 2.487+ 0.010
[13] together with the SM lower bound [14], I'z ) 2.468
GeV leads to a 95FO C.L. upper bound on the contribution
of new particles to the Z width:

&I z ( 35 MeV.
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FIG. 2. Regions in the p-mg plane, which are excluded by
measurements of Z decay properties at LEP, for various values
of tan P (solid curves). Also shown by a dashed line is the
CDF constraint (modified for cascade decays for tan P = 2)
due to lack of missing energy signals in pp collisions. The
dot-dashed curves are contours for m —= 90 GeV for twoW1
values of tanP and correspond to the approximate reach of
LEP 200.

pairs at the Fermilab Tevatron, with the effect of cas-
cade decays of the gluinos incorporated [20]. We have
not shown this for positive values of p, since the LEP
results essentially exclude the whole region that could be
probed at the Tevatron for all values of tan P. Finally,
we have also shown by dot-dashed lines the contours of
m~ ——90 GeV for two extreme values of tanP. This
represents the region of parameter space that might be
probed at LEP 200.

We see from Fig. 1 that there is a large part of the
parameter space that will not be probed even during the
second phase of LEP. Indeed if the parameters are in this
range, the Higgs bosons will have to be searched for at
other facilities such as higher-energy e+e colliders or at
hadron supercolliders such as the SSC and the LHC that
are expected to become operational around the turn of
the century. Already much effort [10,12, 21—27] has been
devoted to the study of the prospects for being able to
search for MSSM Higgs bosons at hadron supercolliders.
The observation that even H~ may be beyond the kine-
matic reach of LEP 200 has provided additional impetus
to these studies. Although an assessment of these studies
forms the subject of the next section, we mention here
that the common result of all the analyses [10, 12, 21] is
that there are ranges of (m~„, tan P) for which there is
no observable signal for any of the Higgs bosons, at LEP
200 or at hadron supercolliders,

Most studies of the signals from MSSM Higgs bosons
assume that these cannot decay into other sparticles.
Whereas this may be natural to assume for Ht, we see
no reason why this should be so for Hh, , 0&, and H+.
Since model calculations show that the lighter charginos
and neutralinos may have masses smaller than or close
to intermediate vector boson masses, the decays of Higgs

bosons into these may be especially important. If these
decays are kinematically accessible, they are often the
dominant decay modes, particularly if the decays to t
quarks are kinematically forbidden. This is because H„
does not couple to vector-boson pairs at the tree level,
whereas the coupling of these to Hh is strongly sup-
pressed by mixing angle factors, especially for larger val-

ues of m~„. Even for Ht, , the decay Ht ~ ZiZi can
be significant [28] although for a limited range of SUSY
parameters.

The SUSY decays of Higgs bosons are important for
two reasons. First, their presence can greatly reduce the
SM decay modes of the Higgs bosons, thereby reducing
the size of the conventional signals via which they might
be detectable at the SSC or the LHC. This can be espe-
cially important for rare decays of Higgs bosons (such as
via the pp mode) for which the signal is already small.
On the positive side, however, the decays of Higgs bosons
into charginos and neutralinos may lead to new chan-
nels for Higgs boson detection. A study of the impact of
SUSY decays of Higgs bosons on their detection at the
SSC and/or LHC forms the main subject of this paper.

The remainder of this paper is organized as follows. In
Sec. II, we review various strategies that have been pro-
posed for Higgs-boson searches at hadron supercolliders
and present our own assessment of the region of param-
eter space that can be probed at hadron supercolliders,
assuming that sparticles are too heavy to be produced in
Higgs boson decays. In Sec. III, we map out the regions
of SUSY parameters, where the decays of Higgs bosons
into charginos and neutralinos may be significant, and
then study how these new decay modes impact on the
signals studied in Sec. II (and much of the literature).
In Sec. IV we assess prospects for detecting the MSSM
Higgs bosons via their SUSY decay modes. We conclude
in Sec. V with some general remarks and a summary of
our results.

II. SEARCH STRATEGIES
FOR MSSM HIGGS BOSONS

Many of the important signatures of MSSM Higgs
bosons are the same as those for the SM Higgs bosons
[1,6]. However, in the MSSM, there are essential differ-
ences that arise from additional "mixing angle factors"
that are absent in the SM.

These mixing angle factors may enhance certain decay
modes (e.g. , H„~ bb, for large values of tanP), while
reducing others (e.g. , Hg ~ ZZ, for large values of mH„)
from their SM expectation. As in the case of HsM, the
optimal strategy to search for MSSM Higgs bosons at
hadron colliders depends on the parameters of the Higgs
sector (in the SM case only on m~, M). We will briefiy
review these and then present the results of our analysis
of the region of parameter space that might be probed
at the SSC and the LHC, assuming that SUSY decays of
all the Higgs bosons are highly suppressed.

As mentioned in Sec. I, we have incorporated the ef-
fects of radiative corrections from t-quark Yukawa inter-
actions in our analysis. The relevant assumptions and
formulas for masses and mixing angles may be found in
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Ref. [10] and will not be repeated here. In this paper
we have, however, also included correction terms of or-

4
der [M,* ln(1 + *, )] to triple Higgs-boson couplings

jthe corrections to other vertices such as HR"W, etc. , do
not grow as mi/M~), again within the effective poten-
tial approximation. We will see below that these correc-
tions can significantly alter the partial width for the Hi Hi
and 15„H„decays of the heavier Higgs bosons, and, thus,
the branching fractions for the experimentally interest-
ing decays. We have checked that, with the replacement
ot ~ —o, (which arises from a difFerence of conventions)

I

and the splitting of the log terms as in (3b) below, to take
into account a possible mass splitting between t~ and the
(tl. , bL, ) doublet, our results are in agreement with Eqs.
(25)—(27) of Ref. [12]. For brevity, we write here the
coupling constant only for the Hh, H+H vertex as this
was not included in Ref. [12]. In the notation of Ref.
[10], we find

(3a)

with,

1 cos(P —a) cos(2P)
A = —ger cos A+

2 coss 6gr
cot Pln 1+ ~ ~

1+ (3b)

We note that the H~H+H vertex can be simply ob-
tained by the replacements sin(a) -+ —cos(a) and
cos(n) ~ sin(n).

Turning to the detection prospects for the Higgs boson,
we will, as in Ref. [10], make optimistic (but technically
possible) assumptions about the detector. Our goal is to
delineate the range of MSSM parameters for which Higgs-
boson detection may or may not be possible even under
optimal conditions. We begin by considering various final
states in turn.

A. H —+ZZ

The decay H ~ ZZ (where both Z bosons decay to
e's or p, 's) provides the "gold-plated" signature via which
it is possible to search for a SM Higgs boson as heavy
as about 800 GeV. In the case of the MSSM, this is no
longer the case because, as m~„(and hence, rn~„) gets
very large, Hh decouples from the vector boson pairs,
while Ht couples to these in the same way as HSM. H„,
of course, has no tree-level coupling to W or Z pairs so
that its detection via the ZZ mode (which occurs via
one-loop effects) may be feasible only for very special
values of SUSY parameters [24]. In our analysis, we have
ignored the possibility of detecting H„~ ZZ decays, and
focused on the possibility of detecting the neutral scalars
in the 4l (l = e or p, ) channel (including decays where
one of the Z bosons may be virtual). We have included a
detection efficiency of 0.35 [23] in our computation of the
4t signal. We have further required that the four leptons
reconstruct the mass of the parent Higgs boson within a
resolution Am given by

Em(4l) = 2.2 GeV+ 0.0145 x m(4t) —200 GeV, (4)

which although optimistic, is technically feasible [23].
For m~ ) 2Mz, the dominant background to the 4t

signal comes from the continuum pair production of lep-
tonically decaying Z"s by qq and gg fusion (via loops)
[29] where the m(4l) accidently falls into the "signal re-
gion" rn~ +Am (which, because of the narrowness of the
Higgs boson, is all confined to within Arn about rn~).

For 125 GeV & m~ & 2Mz, the signal comes from ZZ*
decays, while ZZ* and Zp' are the main backgrounds.
It has been shown [30] that the continuum production
of ZZ' is essentially negligible and the continuum Zp'
contribution to the 4t background [which peaks sharply
at rn(p') = 0] can be removed by imposing a mass cut
on the dileptons from the virtual photon, provided that
m(Z") in the signal is not too small. We consider the 4t
signal to be of interest only if m~ & 125 GeV [31].

As in Ref. [10), we define the signal to be observable if
the 99% confidence level upper limit on the background is
smaller than the corresponding lower limit on the signal
plus background so that

L(cr, + ai, ) —2.32/L(o, + o.i,) & Log + 2 32+Lob,. (5)

where L is the integrated luminosity, and vari, is the back-
ground cross section within a bin of width +b,m centered
at rn~. Note that while this reduces to the usual measure
of the statistical significance ' when the background+La f,

is much larger than the signal, (5) is rather difFerent in
the more general case. Finally, we remark that we have
not considered the II ~ WW mode, which is feasible
for the detection of SM Higgs bosons. The suppression
of the cross section due to mixing-angle factors makes
the 2 jet+ t mode more difficult to detect over quantum-
chromodynamics (/CD) backgrounds.

B. H ~pp
For Higgs bosons in the intermediate mass range, the

pp decay mode provides a promising way to detect the
signal. We assume a mass resolution of +1% for the pp
system (the analysis of Ref. [32] suggests that this is
certainly feasible for the gamma-electron-muon (GEM)
detector at the SSC, regardless of whether BaFq or liquid-
argon calorimeters are used). Except for the incorpora-
tion of radiative corrections to the trilinear Higgs-boson
vertices, our analysis of the pp signal and background
parallels that of Ref. 10, to which we refer the reader
for further details. We mention, though, that the inclu-
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sion of these radiative corrections can have a substantial
effect, especially when tan P is close to unity. In partic-
ular, the rate for the decay Hh, ~ HiHi can change by
large factors, resulting in corresponding enhancement or
suppression of the various promising Hh, decay modes.

We also note that the production of a Higgs boson in
association with a W has been suggested [33] as a possi-
ble way of detecting the intermediate mass Higgs boson
via the leap final state. It has been argued that even
for the MSSM this process results in a higher signal-to-
background ratio [12, 21]. The small number of events
(after cuts to remove backgrounds) leaves very little mar-
gin for error on its normalization. In addition, there may
be several reducible sources of background which have
been considered only at the parton level [12, 21]. In con-
trast, because of the smooth continuum background that
is present for the pp signal, uncertainties in the back-
ground arising from unknown @CD corrections or incom-
plete knowledge of the structure functions will be irrel-
evant, since data on photon pairs outside the region of
the Higgs bump will be bountiful.

C. t -+ bH+

If the top quark is heavy as it now appears to be [34],
the decay t —+ bH+, if kinematically accessible, may pro-
vide [12, 21, 35—37] yet another handle on the Higgs sec-

tor of the MSSM. For tanP &; 1 —2, H+ domi-

nantly decays via H+ ~ wv, so that its production via
t-quark decays is signaled by an excess of 7 leptons over
and above the rate expected from the usual decay chain
t ~ bW, W ~ 7.v. The quantity R i defined by

B(t ~ 7v~b) B(t ~ H+b)B(H+ ~ 7v~)=1+
B(t ~ lvib) B(t ~ Wb)B(W ~ lvi)

=1+AR i (6

(where l = e or p) is expected to be unity in the SM
so that its deviation b,R~i serves as a measure of the
charged Higgs-boson decay mode of the t quark. The
T's are supposed to be identified via their hadronic de-
cays. This has been carefully studied for the LHC [35]
by starting with a sample of tagged tt events (defined by
an ep, sample with pT (e) & 75 GeV and pT (p) & 25 GeV
from the same top quark) and determining the ratio of
the N /Ã„of the number of decays where the other t
quark in the tt pair decays into a p, or a ~. We can then
write [35]

of the particular process. It is then easy to check that
the variance of R is given by A N ~ ~, "~. For mi ——

200 GeV, Felcini [35], via a simulation of 2389 tagged
tt events corresponding to an integrated luminosity of
10 fb i at the LHC, has estimated that eiv „=94Fo
and e~ B(T ~ hadrons) = 35Fo and, further, that for
mH+ = 150 GeV, ',"+ = 1.5. Since R is not dis-
tributed as a Gaussian, we obtain a criterion for observ-
ability of the t ~ bH+ signal at the LHC, assuming an
integrated luminosity of 10 fb by requiring that R &
deviates from its SM value of unity by at least four times
the variance which, for the above choice of parameters,
yields an observable signal if &

" & 0.32. Several re-
TP

marks are in order.
(1) There are additional systematic uncertainties from

errors on tracking efficiency (which aff'ects the number
of detected charged tracks) and energy resolution of the
calorimeter, both of which can affect the number of de-
tected 7's which have not been taken into account.

(2) Obviously, the efficiency of T detection decreases
with mH+, so that if H+ is considerably lighter, the ~
detection efBciency may have been considerably overes-
timated.

While we are aware that spin eKects favor a harder
pion spectrum from the decays of T's in H+ decays (as
compared to W+ decays), and, hence, a higher detection
efficiency, we have [in view of additional uncertainties (1)
and (2), above] conservatively taken '"+—= 1 in our
analysis. In this case, the expression for the fractional

variance of B „simply reduces to ~ + ~ . In the
ltd T

SM, N„250, N ~ 100 for. tagged top events per 10
fb at the LHC, so that our requirement for a detectable
signal at the LHC reduces to

b.R „&0.48 [LHC, 10 fb ].

6R „&0.2 [SSC, 10 fb ]. (7b)

For the LHC operating at the design luminosity of 100
fb /yr, the ten times larger tt sample implies that

AR „&0.15 [LHC, 100 fb ]

We assume similar detection efficiencies at the SSC, since
these are fixed by the event kinematics (and so are more
sensitive to the particle masses than the machine energy).
Thus, N„and N are increased in proportion to the in-
crease in the tt cross section so that at the SSC we require
(after scaling by the square root of the number of events)

R p ——A "+j9,
P

where

A= &R'—+p,

B(7 ~ hadrons)eH+

(6b)

(6c)

would be observable. In view of the simplicity of our es-
timates, we will take (7b) to be the limit of observability
both at the SSC and at the LHC.

D. H —+ 7.f

Here e is the experimental eKciency for the detection

It has also been suggested [12] that it may be possible
to search for the neutral Higgs bosons Hh, and H„via
their decays to T pairs. This is especially interesting be-
cause the detection of pp pairs from H& (which is one of
the few promising ways to search for it) appears feasible
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only if tan P is close to unity [10]. The continuum pro-
duction of Drell-Yan r pairs is an obvious background,
since the neutrinos preclude the possibility of looking for
a rr mass bump. It has, however, been pointed out [38]
that for relativistic r pairs recoiling against hard jets, the
kinematics of the event is sufficiently constrained to al-
low for a measurement of m(rr) with a precision of about
15%. For Hs~, this was studied in Ref. [39], where the
r pairs were detected via the ep, mode. It was concluded
that leptonic decays of the top quark posed a formidable
background for HsM detection.

Based on the fact that the cross section for the produc-
tion of H„(Hp, ) may exceed that for HsM by a factor of
up to about 30 (7), Kunszt and Zwirner have suggested
that it may be possible to detect H„or Hg via their de-
cays to r pairs. It should, however, be remembered that
only high pT Higgs bosons, i.e. , those produced in asso-
ciation with jets, are detectable by this method, so that
the useful cross section will be considerably smaller than
the total cross section for Hi„or H„production. A very
interesting possibility for H„detection might be to study
H„~ Z+Hi (which generally has a large branching frac-
tion if it is kinematically allowed) followed by Hi ~ rr.
The high pz Z then serves to provide the recoil needed
for a measurement of the vv. mass. Furthermore, since
the Z is produced by a two-body decay of H„, its pz dis-
tribution is expected to show a characteristic 3acobian
peak. We are currently investigating the feasibility of this
method as well as of the detectabi!ity of the H„, Hi, ~ rr
mode. Since a careful study is needed before any si~nal
can be claimed, we will conservatively not include this in
the analysis presented in the rest of this paper.

E. Numerical results

We now turn to a study of the regions of the mH„-tan P
plane, where the pp or 4l decays of MSSM Higgs bosons
lead to observable signals at the SSC and/or LHC, as-
suming the criteria for observability described above. In
addition to these, we have required a minimum of 10 (25)
signal events for an integrated luminosity of 10 fb i (50
or 200 fb ). We have fixed my = —ttt = 1 TeV for the
remainder of this section to ensure that the charginos and
neutralinos are all heavy. Although this is not sufficient
to kinematically close all the SUSY channels, our choice
of parameters ensures that the SUSY branching fractions
are negligible. To see this, we recall that the HTV, W~ or

HZ, Z~ couplings occur only via Higgs-boson —Higgsino-
gaugino interactions. For the very large choice of

~ p~, the
lighter W, and Z~ have very suppressed Higgsino compo-

nents, so that the couplings of the Higgs bosons to Wi,
Zq, and Z2 are strongly suppressed.

The regions of the mH„-tan P plane, where the pp
(solid contours) or the 4t (dashed contours) signal is
detectable at the SSC are shown in Fig. 3 (Fig. 4) for
mi ——150 GeV (200 GeV) and for an integrated lumi-
nosity of (a) 10 fb i (corresponding to one year of op-
eration of the SSC at its design luminosity), and (b) 50
fb . Also shown in these 6gures is the region already ex-
cluded by the LEP constraints discussed in Sec. I (solid

contour) as well as our optimistic estimate of the region
that might be probed at LEP 200 (dot-dashed contour).
Unless otherwise denoted by an arrow, the labels are in
side the region where the signal is detectable. Several
features are worth noting.

(1) For mi ——150 GeV, even with our optimistic as-
surnptions about the capabilities of LEP 200 as well as
of the pp mass resolution that might be available at su-
percollider detectors, we see from Fig. 3 that there is a
region (shaded) of large tan P around mH„= 120 GeV,
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FIG. 3. Regions in the m~„-tanP plane, which are ex-

plorable via Higgs searches at the SSC. The region currently

excluded by LEP as in Fig. 1 is indicated by a solid contour.

Regions explorable via searches for pp events are also indi-

cated by solid contours; reaction labels are located within the
explorable region, unless otherwise marked by an arrow. Re-

gions explorable via gold-plated 4l signals are indicated by
dashed contours. Finally, the region explorable by LEP 200
are indicated by dot-dashed contours. The shaded region is

where none of the Higgs bosons of supersymmetry are visible

by any of the considered signals. We take m~ ——150 GeV;
other parameters are listed on the figure. We show plots for

(a) integrated luminosity of 10 aud (b) 50 fb



1068 BAER, BISSET, DICUS, KAO, AND TATA

Hp m~
& &'14

20- 7Y
l

I

Yg t

f
~ +X

10—
8-
6

Cd

I I I I I I I

a) J L dt = 10 fb t

M s =40TeV
mt

——200 GeV

P = -1000 GeV

~= 1000 GeV

where there is no observable signal for any of the MSSM
Higgs bosons either at LEP 200 or at the SSC, even after
five years of operation.

(2) For m&
——150 GeV, m~, is always smaller than 125

GeV so that the light scalar does not contribute to the
4t signal. For mq ——200 GeV, however, Ht ~ 4t decays
are observable over a large part of this plane and serve
to fill a substantial portion of the hole where there was
no observable signal for mq ——150 GeV. In fact, as can
be seen from Fig. 4(b), almost the complete parameter
plane is covered by at least one signal after five years of
operation of the SSC if mq ——200 GeV.

(3) Amusingly, for mt ——150 GeV, the Hb ~ 4t mode
is observable only in those regions where there is at least
one other detectable signal. For mq ——200 GeV, however,
there is a sizable portion of the plane where this is the
only observable mode. It is interesting to note that for
100 GeV( rnH, ( 140 GeV and large values of tan P,
Hb has large couplings to Z pairs, so that the branching
fraction for the decay Hb ~ ZZ' is actually larger (if
mH is in this range) than the real decay mode Hb —+ ZZ
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hR) 0.2t —+ bH+

~SUSY
I

10
I8- I
I

4-
I

I=
2- I

I

H+~ SUSY
) iiilili

0 100 200

tm bH+

~SM modes only

mt=mb + my+

I I I I I I I I I I I I

300 400 500

m„(Gev)

with m~„190 GeV. This, together with the fact that
the Hh production cross section falls with mass is why
the region that can be probed via the 4t decay of Hh, cuts
oK sharply as mH„ is increased.

(4) There are several regions of parameter space where
the signal from more than one of the Higgs bosons is
observable. Simultaneous detection of two, or even all
three, Higgs scalars would provide striking confirmation
of a nonminimal Higgs sector.

The regions of parameter space that can be probed
according to our criterion (7b) for the observability of
the t ~ bH+ decays is to the left of the solid line in
Fig. 5 for (a) mt ——150 GeV, and (b) mq ——200 GeV.
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FIG. 4. Same as Fig. 3, except we have taken m~
200 GeV.

FIG. 5. Regions in the mH„-tanP plane, which are ex-
plorable via searching for t + bH+ followed by H+ —+ ~v,
for (a) mq ——150 and (b) 200 GeV. The region to the left
of the solid curve is where AR & 0.2, where we have taken
my = 1000 GeV, p = 1000 GeV, and mq ——1000 GeV. If in-
stead we take my ——400 GeV and p = —70 GeV, then SUSY
decay modes of H+ open up, and the charged Higgs boson is
only discoverable to the left of the dashed region. The region
to the left of the dot-dashed curve is where H+ —+ SUSY
particles are not allowed, even in the light SUSY parameter
case above. We also show via the vertical dashed line the
phase-space limit for t ~ bH+.
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The vertical dashed curve denotes the kinematic limit for
t -+ bH+ decays. The other curves show how this region
is modified by the decays H+ ~ WiZ, of the charged
Higgs boson, and will be further elaborated on in Sec.
III. The range of mH+ values that can be probed by
looking for an excess of ~ events is smallest for tan P 6.
This refiects the fact that the product of branching ratios
B(t —+ H+b) B(H+ ~ rv) has a minimum there [12,21,
35—37]. Aside from reasons of clarity, we did not see fit
to include these contours in Figs. 3 and 4 because it is
clear that the arguments leading to (7b) are not at the
same level of detail as those for the pp or the 4t signal.
We see that the t —+ bH+ decay can only fill in a small
portion of the hole at very large values of tan P, where
our neglect [10] of the bqua-rk Yukawa coupling in the
calculation of radiative corrections is likely to have the
maximum impact. We should mention, though, that (7b)
applies only for one year of SSC operation and that the
observability limit on AR „would be reduced to 0.09 if
the SSC were to be operated for five years. Finally, we

note that it has been suggested that t ~ bH+ decays
may also be detectable if H+ + cs decays dominate [36]
or by a careful study of the details of the final state in
H+ —+ ~v decays [37]. We have not considered these
possibilities in this paper.

We now consider the prospects for discovering MSSM
Higgs bosons at the LHC. We have redone the analysis
shown in Fig. 3 and Fig. 4 but for a machine energy,
~s = 16 TeV. Our results are shown in Fig. 6 for (a)
mi ——150 GeV, and (b) ivies

——200 GeV. For brevity,
we have shown these only for an integrated luminosity
of 200 fb, corresponding to running the LHC at the
high design luminosity option for two years. We see that
the qualitative features of Figs. 6(a) and 6(b) closely
parallel those of Figs. 3(b) and 4(b). We thus conclude
that if the LHC can be operated at a luminosity of 10s
cm sec i, it will, after just two years, probe only a
slightly smaller region of parameter space as the SSC
(operating at an order of magnitude lower luminosity)
would in five years. We remark that the region where
t -+ H+b decays should be similar at the LHC and the
SSC. In view of the simplifying assumptions that led to
(7b) and (7c), we did not deem it necessary to show the
AR „(0.15 region separately.

To sum up, we have delineated the regions of parameter
space where the signals from the various Higgs bosons of
the MSSM might be detectable at the SSC (Figs. 3—5)
and at the LHC (Figs. 5 and 6), assuming that their
decays into charginos and neutralinos are absent. The
impact of these decays on this analysis forms the subject
of Sec. III.
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FIG. 6. Same as Fig. 3, except we evaluate for the LHC
energy ~s = 16 TeV and integrated luminosity of 200 fb
We show contours for (a) mq ——150 and (b) 200 GeV.

The purpose of this section is to study whether decays
of MSSM Higgs bosons into charginos and neutralinos
have a significant impact on the detectability of the var-
ious signals discussed in Sec. II. We are motivated to
consider this possibility because the supersymmetric de-
cay modes of Higgs bosons can occur at large rates (and
even be the dominant decay modes) in certain regions of
MSSM parameter space. For instance, the SUSY decay
modes, which occur via gauge couplings, may dominate
SM final states such as H —+ bb (which takes place via
Yukawa interactions), or H ~ WW or ZZ (where cou-
plings are suppressed due to mixing-angle factors). Thus,
for values of parameters, where bb or WR' and ZZ are
the main SM decay modes, SUSY decays of Higgs bosons
may be very important. The branching fractions for the
SUSY decays of Higgs bosons were first systematically
studied in Refs. [28] and [40], but without the effects of
the radiative corrections from top Yukawa interactions
incorporated.

We begin by considering the branching fractions for de-
cays of Higgs bosons into charginos and neutralinos. The
branching fractions for H —+SUSY particles are shown in
the p, vs tan p plane in Fig. 7 for (a) Hf, (b) Hh, , (c) H~,
and (d) H+. In this figure, we have fixed rn~, = 200
GeV, mg = 400 GeV, mq ——1000 GeV, and m& = 150
GeV. The branching fraction for SUSY decays of Hh, ,
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H„, and H+ will generally increase if m~„ increases or
my decreases from our default choices. The region al-
ready excluded by LEP experiments is blacked out in
Fig. 7. Finally, the region in between the dashed lines is
where rn~ & 90 GeV, and is the region capable of being
probed at LEP 200; if the MSSM parameters are outside
this region, then ZiZ2 production may be the only SUSY
signal observable at LEP 200. We also see from Fig. 1
that Higgs bosons searches at LEP 200 should lead to a
detectable signal for tan P ( 2 —3, although this conclu-
sion is rather sensitive to the t-quark mass. The following
features are worth noting.

(i) As expected, SUSY decays of Hi are strongly sup-
pressed except for values of p close to the boundary of the
region excluded by LEP. Nevertheless, it is instructive to
note that up to 70%%uo of the decays of even the lighter
scalar may be into SUSY modes for values of parame-
ters allowed by LEP. This, of course, means that its total
width correspondingly increases, so that the branching

fraction for its only detectable decays in Figs. 3 and 4
are significantly reduced. It should be noted that over
much of this region Ht decays only via H~ —+ ZqZp, so
that its decays are invisible [28]. There are, however, re-
gions of SUSY parameters, where the potentially visible

decay, H~ —+ ZpZp is also significant. Finally, we see from
Fig. 7(a) that if charginos are not observed at LEP 200,
the SUSY decays of H~ will be inconsequential, at least
for our choice of my and rnid.

(ii) Turning to the heavier Higgs bosons, we see that
their branching fractions into SUSY modes can be very
substantial for a large part of the allowed region so that
their observable signals shown in Figs. 3, 4, and 5 will

again be significantly reduced. As an example, for p, =
—100 GeV and 3 ( tanP ( 8, the 4t signal from Hh,

decays is reduced to less than 30% of its magnitude in the
absence of SUSY decays. The reduction in the H„—+ pp
signal and the t -+ bH+ ~ b'av signal is qualitatively
similar. We note that unlike the case of H~, the branching

30
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FIG. 7. Branching fractions for (a) IIt ~SUSY, (b) Hh, —+SUSY, (c) H„~SUSY, and (ci) H+ SUSY, in the ~ vs tan p
plane, for m~„= 200 GeV. The blacked out region is excluded by LEP constraints. The region between the dashed lines
corresponds to the approximate reach of LEP 200. We have taken mg = 400 GeV and m~ ——150 GeV.
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fractions for the heavier Higgs bosons to decay into Wi
and Zq may be quite substantial. Whether these decays
lead to observable signals forms the subject of the next
section.

(iii) It is interesting to see that there is a significant
region of parameter space (near p = —150 GeV) that
appears inaccessible at LEP 200 and where the SUSY
branching fractions of Hh, , H„, and H+ are all in excess
of 40 —50'Fo. For positive values of p„such a region is
present only for the decays of H„.

(iv) The SUSY decay modes are especially likely to ob-
scure the detection of H„, which, as we saw in Figs. 3 and
4 was possible [10] only for the pp mode for tan P = 1—3;
here, the H„bb coupling (despite the tan P enhancement)
is still small compared to the gauge coupling that medi-
ates the SUSY decays of H„. This is the reason the SUSY
branching fractions in Fig. 7(c) are quite large (even for
rather large values of ~p~ when tan P is close to unity.

In order to illustrate the impact of the SUSY decays of
Higgs bosons on the observability of their signals at the

SSC we have, as in Figs. 3 and 4, mapped out regions
of the rnH„-tan P plane, where the various Higgs bosons
signals are observable according to the same criteria, but
for the case where the decays to charginos and neutralinos
are not so strongly suppressed. This is shown in Figs. 8
and 9 for mt ——150 GeV and mt ——200 GeV, respectively,
and for an integrated luminosity of (a) 10 fb i and (b) 50
fb . We have fixed my = 400 GeV and p, = —100 GeV,
which is well outside the region probed by LEP or the
Tevatron. In our analysis, we have assumed for simplicity
that the region of parameter space that can be probed
at LEP 200 is unaltered, i.e., the decays of Higgs bosons
to charginos and neutralinos will lead to clear signals.
This should, of course, be independently studied, since

it is possible that Hi decays invisibly to ZiZi, or that if
Hi ~ Wi Wi, the Wi and Zi are rather close in mass so
that the visible decay products are not energetic enough
for detection.

Comparing Fig. 8 (Fig. 9) with Fig. 3 (Fig. 4), we

observe the following.
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modes of the Higgs bosons are allowed.

FIG. 9. Same as Fig. 4 (mt, = 200 GeV) except that we

have taken mg ——400 GeV and p = —100 GeV so that many
SUSY decay modes of the Higgs bosons are allowed.
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(1) The shaded region where none of the usual sig-
nals for the MSSM Higgs bosons are observable can be
considerably larger if SUSY decays of Higgs bosons are
allowed. We remark, however, that a light chargino and
neutralino sector, which can enlarge the "hole, " will also
be more likely to be light enough for detection at LEP
200.

(2) The region where the H„—+ pp signal was observ-
able all but disappears even for five years of operation of
the SSC.

(3) The regions of observability of the Hl ~ pp signal
shrinks noticeably. This is for two reasons. The obvious
one is the increased total width from the SUSY decays. In
addition there may be a significant negative interference
that becomes important when the contribution of the
chargino loops to H~ —+ pp decays becomes important.
The relative importance of these two efFects is parameter
dependent. The Ht —+ 4t contours for mq ——200 GeV
are essentially unaltered, since the H~ width is not sig-
nificantly increased in this case.

(4) Turning to the detectability of Hh, , we see that,
whereas there is a modest reduction of the Hh
region, the range of parameters where the 4l signal is
detectable is considerably reduced. This is because near
the right-hand boundary of this latter region mH~ is quite
large so that the SUSY channels have little phase-space
suppression.

(5) We see from Fig. 9(b) that, for a very heavy top
quark, signals are detectable for essentially all values of
parameters. At present, however, it appears [41] that mq

is likely to be around 140 —150 GeV so that Figs. 3 and
8 are better representatives of the current situation.

(6) Finally, we remark that the size of the shaded re-
gion in which there are no observable signals is not the
only major issue. As mentioned above, the simultaneous
detection of more than one Higgs particle may be nec-
essary before a detection of a nonminimal Higgs sector
can be claimed. If SUSY decays of Higgs bosons occur at
a large rate, this may become a much more formidable
task, at least using the usu'al detection methods.

The corresponding situation for the LHC is illustrated
in Fig. 10 for (a) mq ——150 GeV, and (b) mt, ——200 GeV.
Once again, we have only shown the results for an inte-
grated luminosity of 200 fb ~. A comparison with Fig.
6 shows that the qualitative changes from varying SUSY
parameters and masses are the same at the SSC and the
LHC. As before, we see that for the mt, ——200 GeV case,
there is only a very tiny region where there is no observ-
able signal from any of the neutral Higgs bosons, whereas,
for the mq ——150 GeV case, the size of this region is in-
creased. We should stress though that the results pre-
sented in Figs. 3—10 are dependent upon our optimistic
assumptions about the capabilities of the detectors. It
is necessary to keep this in mind when drawing general
conclusions about the observability of the signals.

We now turn to a study of the effect of the SUSY de-

cays (primarily H+ —+ Wq Zq) on the detectability of the
w signal from the decay of charged Higgs bosons pro-
duced via t ~ bH+. This was studied in Sec. II, where
the region of observability in the mH„vs tan P plane was
mapped out [assuming Eq. (7b) as the limit of observabil-
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FIG. 10. Same as Fig. 5 (LHC energy) except that we
have taken mg = 400 GeV and p = —100 GeV, so that many
SUSY decay modes of the Higgs bosons are allowed.

ity] by the solid line in Fig. 5. The dashed line shows how
this region would shrink if SUSY decays of H+ are acces-
sible. We have shown this for my = 400 GeV, but have
taken p = —70 GeV (rather than p = —100 GeV) to in-
crease the impact on the H+ signal. Of course, charginos
are then just beyond the reach of LEP. The region where
the decay H+ + WqZ~ is kinematically forbidden is also
shown. We see that even for this rather contrived choice
of parameters, the efFect on the region where H+ was
detectable is rather small for mq ——150 GeV, though
somewhat larger for a very heavy t quark. We note that
if the decay chain t —+ bH+, H+ —+ WqZq constitutes
the main decay mode of the top quark, it could have a
dramatic impact on top detection at the Tevatron. While
the visible products from the top decay are essentially the
same as in the SM, the lepton or jets from Wq decay can
be considerably softer (especially if m~ —mz is small)
than those from the decay of the W boson, and so, may
fail to pass the experimental cuts imposed to extract the
top signal.

To sum up, we have seen that there are regions of
SUSY parameter space that are allowed by all existing ex-



47 SEARCH FOR HIGGS BOSONS OF MINIMAL. . . 1073

perimental constraints, for which the branching fractions
for the decays of MSSM Higgs bosons into charginos and
neutralinos is substantial, so that the cross sections for
the usual signals by which these Higgs bosons might be
detected at hadron colliders are reduced. As a result, the
region of parameter space where there is no detectable
signal can become larger. Almost as important is the
fact that the range of parameters where more than one
of the Higgs bosons leads to an observable signal is sig-
nificantly reduced. In particular, the SUSY decays may
vitiate any possibility of the detection of H„, even with
our rather optimistic assumptions of the capabilities of
the detector. A study of whether the SUSY decay modes
lead to new observable efFects forms the subject of the
next section.
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IV. SIGNALS FROM SUPERSYMMETRIC
DECAY MODES OF HIGGS BOSONS

A. Dilepton + gz signatures

The dilepton signal dominantly arises from

H„h, —+ ZgZg —+ /LZgZg

and

H„h, —+ R'gag ~ l,l,vvZgZg.

(8a)

(8b)

There are, in addition, other sources of dileptons from
H& h, ~SUSY; they tend to be subdominant, and we ne-
glect them for simplicity.

The leptons from the decay of Zq in (8a) are always
of the same Havor. Furthermore, they are kinematically
constrained to satisfy m(ll) ( mg —mz . These fea-
tures can be useful in separating signal from background.
In contrast, the lepton pairs from (8b) are generally ex-
pected to have a broad invariant mass distribution which
only cuts off at mH„„—2m& ,'unlike neutralino decays,
the dilepton pairs from charginos can occur with mixed
Havors, e.g. , e+p,+.

We show in Fig. 11 (Fig. 12) the cross section for dilep-
ton events at ~s = 40 TeV from H„(H~) decays vs (a) p,
for mH, = 200 GeV, and vs (b) m~„, for p = —150 GeV.

One eKect of supersymmetric decay modes of Higgs
bosons is to reduce rates for conventional signatures.
One can, however, also examine whether decays of Higgs
bosons into supersymmetric particles can result in new
detection signatures. Purely hadronic decay modes of
Higgs bosons have large backgrounds from multijet pro-
duction, while mixed leptonic-hadronic decay modes have
large backgrounds from heavy flavor (including tt) pro-
duction. For this reason, we will concentrate in this
section upon examining only the most promising signa-
tures, involving purely leptonic 6nal states. Since single
charged lepton anal states of Higgs boson decays have
large backgrounds from W ~ lv and rv, we focus here
on rnulticharged-lepton final states. In this section, to
be specific, we focus mainly on results for SSC energy
(vs = 40 TeV); similar analyses would hold for LHC
energies.
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FIG. 11. Total cross sections for dilepton production from
decays of H„ to charginos and neutralinos (a) vs p for mH„-
200 GeV and vs (b) m~ for p = —150 GeV, for tan P = 2
and 10. The lower curve is dilepton production from the decay
H„—+ ZqZ2, while the upper curve is for the sum of H„~
Z2Zq and H„—+ R pe. We have also taken my ——400 GeV,
m q

= 1000 GeV and m& = 150 GeV ~

We have Axed mg = 400 GeV, m~ = m& ——1000 GeV,
and mq ——150 GeV in these figures. We show curves for
tanP = 2 (solid) and tanP = 10 (dashes). The lower
curve is due only to reaction (8a), while the upper curve
shows the summed cross section from (8a) and (8b).

The dominant SM background to hadronically quiet
dilepton events [42] is from W pair production. The WW
cross section is about 100 pb at SSC energy, which would
yield 10 pb of cross section for l+l' +P& events, where
l, I' = e or p. There would also exist a background from
direct continuum production of chargino and neutralino
pairs [43,44]. We show in Fig. 13 the dilepton background

from (a) pp ~ ZiZq and (b) pp ~ WiWi vs p, for the
same parameters as in Figs. 11 and 12.

From Fig. 11, we note that the dilepton signal from

H„~ZqZq sometimes dominates that from H„—+WqR q

and can range up to the 1-pb level, resulting in 10
events per year at the SSC. From Fig. 12, we see that
the dilepton contribution from Hh, decay only ranges up
to 0.2—0.5 pb. The SUSY background from Fig. 13
is much larger than signal only when p 0, which is
in the LEP-excluded region (see Fig. 2). Outside the
LEP-excluded region, the background from ZqZq is fre-

quently negligible, whereas the background from R'~R"~
can range up to the several pb range, making detection of
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1OO l~

10—1

a signal diKcult. The dilepton invariant mass distribu-
tion from chargino pairs, as well as from W pairs, would
be spread over a large range of values, whereas the dis-
tribution from Z2 decay would be bounded by m, z —rnz .
We conclude that discovery of Higgs decays to SUSY par-
ticles would be diKcult in the dilepton channel, although
perhaps some distortion of the low end of the m(ll) distri-
bution could be measured, which might add con6rmatory
evidence to a signal in a more promising channel.

10
-400 —200 0

& (Gv)
200 400 B. Four-lepton + jgz signatures

1oo
1 I I I 1 I I Next, we turn to the prospects for detecting the MSSM

Higgs bosons via the four-lepton decay modes:

10—1

H„,h, ~ Z,Z, ~ LlZg + l,'l'Zg.

10

t~nP = 2 (.o»d)
tan p = 10 {dashes)

1O
—4

100
I I I I I I I

200 300
mH (Gev)

I I I I & I I I I I

400 500 600

FIG. 12. Same as Fig. 11, except for Hh, decays to dilep-
tons via SUSY particles.
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1O-4
-400 -200 0 200 400
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102
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1oo
-400 —200 0

& (cev)
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FIG. 13. Cross sections for dilepton production from di-

rect production of (a) ZqZ& and (b) Wz Wq, at SSC energy, for
tan P = 2 and 10 vs y, for the same parameters as in Figs. 11
and 12.

The major supersymmetric background comes from the
continuum production of neutralinos, e.g. , Z2Zz produc-
tion. Within the SM, ZZ production is the dominant
source of hadronically quiet 4l events. However, ZZ
events have very little associated QT„ furthermore, the
Z mass reconstruction can also be used as a veto on this
background. Assuming ZZ events are distinguishable
from 4/ events from neutralino pairs, 4W production is
the dominant SM background. The cross section o (4W)
depends on the Higgs sector, but is smaller than 20 fb
[45] at SSC energy, so that we expect ( 0.1 4l events per
year from this source.

The expectation for the total number (i.e. , without
any corrections for detection efficiencies) of 4l events per
10 pb at SSC energy from the ZzZz decays of H„
and Hh, is shown in Fig. 14 and Fig. 15, respectively,
in (a) the p-tanP plane for mH„= 200 GeV, and (b)
m~, -tan P plane for p = —180 GeV. These parameters
roughly maximize the signal. The remaining parameters
are chosen to be my ——400 GeV, mq ——m&™= 1000 GeV,
and m, &

——150 GeV, The blacked out area corresponds
to the region already excluded by experiments at LEP as
discussed earlier.

We see that there are substantial regions of the param-
eter space where the total signal exceeds 10—20 events
per year, with the maximum ranging up into the hun-
dreds. The cross section for the continuum produc-
tion pp —+Z2Z2~llZql'l'Zq of 4/ events is shown vs p in
Fig. 16. We have chosen my ——400 GeV, mq ——m&

——

1000 GeV and illustrated the result for tan P = 2, 5, and
30. Except for the spike at p. ~ 0, which is in the LEP
excluded region, continuum production of Z2 pairs gen-
erally leads to & 10—20 events per year at SSC energy.
We note, however, that unlike Zq pair production via de-
cays of Higgs bosons, continuum production of Z2 pairs
is sensitive to the value of mq for those values of MSSM
parameters for which Zz is dominantly a gaugino (so that
its coupling to Zo is suppressed). This occurs for large
values of p and is illustrated in Fig. 16 by the solid curve,
where rnq = 410 GeV and tan. P = 2. We see that the 4l
background can be much enhanced or suppressed, so that
a measurement of the rate of 4l events will be insufBcient
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Z2Z2 decays are kinematically forbidden for some of the
mH„values inside the shaded region of Fig. 7.

(d) There is a substantial range of parameters for which
4t + Pz decay modes of H„and Hh, signals might be ob-
servable. Thus SUSY decays extend the regions of pa-
rameter space where more than one Higgs boson might
be simultaneously observable. A dedicated simulation of
the signal is needed, however, before definitive conclu-
sions can be drawn.

We should keep in mind that only total rates are
shown for 4t events in Fig. 14 and Fig. 15. The ac-
tual signal will be reduced once experimental cuts are
incorporated. In order to get some idea of the nature
of these events, we have shown the pT distributions of
the four leptons (ranked according to pT) along with the
P& distribution in Fig. 17(a). For illustration, we have
taken mH„——250 GeV, and fixed other parameters to
be my = 400 GeV, m~ = m&

——1000 GeV, p = —100,
tang = 2, and mq ——150 GeV. We see that the fastest
lepton almost always has pz. ) 20 GeV and can therefore
be used as a trigger for the signal. The leptons should be
centrally produced and well separated in angle, since they
come from centrally produced massive scalars or pseu-
doscalars. We also see from the pT distribution of the
slower leptons that the size of the signal will depend on
the detector ability to identify leptons of pT 0—20 GeV
in the central region. In the case where one lepton is
very soft and not identified, the signal is classified as a
3t event. Then the dominant background would be from
3W production, which has been estimated [46] to result
in 64 events per year at the SSC. The leptons from
W decay should be much harder than those from SUSY
decays of Higgs bosons, so that it should be possible to
enhance the signal to background by suitable pT(t) and
PT cuts.

We show in Fig. 17(b) the invariant mass distribution
for like-Bavor dileptons and all four leptons in e+e p+ p,

events from H„—+ ZzZ2 decays. These distributions [47]
at z z and mH —2mz respectively. The

endpoints of these distributions will be smeared some-
what by the effects of finite experimental energy resolu-
tion. However, if the mass of the Higgs boson can be
determined from measuring its pp or ZZ decay modes,
then good resolution of the invariant mass distribution
limits can allow a precise measurement of the Z2 and Zi
mass. This can be very important, since neutralino mass
measurement is otherwise very difBcult, even at e+e
colliders.

C. Rare decay of t —+ bH+ —+ b+ 3l

In addition to the dilepton and four-lepton signals from
the Z~Z~ and Z2Zp decays of neutral Higgs bosons dis-
cussed above, the decay II+ ~ W&+Z2 can potentially
give rise to trilepton decays of the top quark provided the
decay t —+ bH+ is kinematically allowed. Since hadron
supercolliders are essentially top-pair factories, it may
be possible to search for these as rare-decay modes of the
top quark. As discussed earlier, Felcini [35] has already
shown that even with stringent requirements to cleanly
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FIG. 17. Plot of distribution in (a) lepton pT for the four
leptons from H„—+ Z2Z2 -+ 4l + @T, where the leptons are
ordered from largest to smallest pT, for mH„= 250 GeV,
mg = 400 GeV, p = —100 GeV, and tan P = 2. We also
show the gT distribution. In (b), we show like-flavor m(ll)
distribution and m(4l) distribution. If the H„or Hq mass is
known from reconstructing the ZZ or pp mass bumps, then
these distributions can help determine the Z2 and Zy masses.

tag tt events, + 2500 tagged top events are expected at
the LHC for an integrated luminosity of 10 fb . We
therefore conclude that at the SSC it should be possible
to detect rare-decay modes of the top if branching frac-
tions exceed 10 . Toward this end, we have shown in
Fig. 18 the region of parameter space where the branch-
ing fraction for t ~ bH+ —+ bWqZ2 ~ 5+ 3t + gT ex-
ceeds 10 4 and 10 s, for (a) mq ——150 and (b) 200 GeV.
As usual, t denotes an e or p. Here, we have set
my ——400 GeV and mq ——1000 GeV, while we have
also set p = —70 GeV. For much larger values of ~p~,
the charginos and neutralinos become too heavy for the
H+ —+ WiZ2 decay to take place. The region to the left
of the dot-dashed curve is where no supersymmetric de-
cay modes of H+ are allowed. The region to the right
of the dashed line has a charged-Higgs-boson mass too
large for the decay t ~ bH+ to occur.

In such top-pair events, the existence of one top would
be assured via its decay to ep as shown by Felcini; the
other would decay to a final state containing bZ~Zi +
3l. The two Zi's would absorb much of the top rest
mass energy, resulting in a rather soft trilepton energy
spectrum. If detectable, such modes would signal the
presence of not only charged-Higgs-boson decays of top
quarks, but also a supersymmetric decay of the charged
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FIG. 18. Contour plot of branching ratios for t —+ bH+ ~
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p = —70 GeV. The region to the left of the dot-dashed curve
is where H+ ~SUSY particles are not allowed; we also show
via the vertical dashed line the phase-space limit for t —+ bH+.

V. SUMMARY AND CONCLUSIONS

To summarize, in this paper we have made a detailed
study of the detectability of Higgs bosons of MSSM, in-
cluding the case where Higgs bosons decay to charginos
and neutralinos are allowed. First, we mapped out re-
gions of MSSM parameter space already constrained by
precision data from LEP on Z decays. We found that
LEP, and even LEP 200, will not be able to cover the
whole MSSM parameter space in the search for Higgs
bosons.

Hadron supercolliders such as the SSC and I HC will
be able to cover most of the remaining parameter space

Higgs boson. As before, the two leptons from Zq —+ Zq+
tt decay will have m(tt) ( mz —mz, while m(3t) (
mH+ —2mz . Hence if mz r z is known, a massZ1 ZQ Zg
measurement of H+ is possible, if a sufhcient number of
events containing 3l are identified.

via the conventional search for pp, tlap, and 4/ events.
This study was performed in Sec. II, assuming along with
many other authors [10, 12, 21—26] that supersymmetric
decay modes of Higgs bosons are not allowed. In many of
the regions of parameter space, it is possible that more
than one Higgs boson can be discovered, although there
are also regions where only one Higgs boson may be vis-
ible. However, a hole in the parameter space was found,
where none of the Higgs bosons yields an observable sig-
nal.

When working within the framework of the MSSM, it
is not a realistic assumption to neglect the possibility of
supersymmetric decay modes of Higgs bosons. We show
in Sec. III that the branching fractions for the heavier
Higgs bosons (H„, Hp„and H+) into charginos and neu-
tralinos can be not only substantial, but even dominant,
for a wide range of MSSM parameters. This necessitates
a reanalysis of Sec. II, when SUSY decay modes are al-
lowed. It is found that when SUSY decay modes of Higgs
bosons are allowed, the regions of parameter space where
more than one Higgs boson may be visible are decreased.
The hole where no Higgs boson is visible also expands,
due to the decrease of Higgs boson branching fractions
into SM modes. The region where t—+bH+ —+6~v is po-
tentially visible decreases as well.

We investigated in Sec. IV whether the SUSY decays
of Higgs bosons can lead to new modes for detection.
It was found to be very dificult to detect H„or Hh,
via 2t + @7, final states due to large backgrounds from

direct WW and WqWq production. The most promis-
ing case for detecting H„and IIh via SUSY decays is

when H„,h,
—+ ZqZq —+ 4l + Zi Zi, an analog of the gold-

plated HsM —+ ZZ —+ 4t mode. Over some substan-
tial regions of parameter space, the 4t + PT mode leads
to observable rates if detectors can detect relatively soft
isolated leptons. The most dangerous background is di-
rect production of neutralino pairs; however, when the
Hz h ~ 4t + g& signal is large, this background typi-
cally occurs at a much smaller rate. The 4l + 2gT sig-
nal can sometimes fill part of the hole referred to above,
but this is not true in general. An interesting ramifica-
tion of the 4t + 2gT, mode is that it may allow a mass

measurement of the Zq and Zq particles, if the decay-
ing Higgs particle mass is already measured via its pp
or ZZ + 4l mode; such mass measurements are diK-
cult even in the environment of an e+e supercollider.
Finally, it is found that if t ~ bH+ decays are allowed,
there exist regions of parameter space where a rare decay
of t ~ bH+ ~ W&Zz ~ b+ 3t + 2g& may be observable,
again, if there exists sufficient detection capability for
low pT leptons (pT 2—10 GeV). This would signal the
decay of charged Higgs to SUSY particles, and could con-
ceivably allow an mH+ mass measurement, if one already
knows mz .

Zg
In an analysis such as the present one, where one

must explore a multidimensional parameter space, one
must select a limited number of parameter choices of
the MSSM; a complete scan of parameter space is not
possible. We should mention here that the size of the
multilepton signals from supersymmetric decays of Higgs
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bosons discussed above can be considerably greater than
shown in Figs. 11, 12, 14, and 16. To see this, we re-
call that we have, throughout our analysis, assumed that
m~ = m, t- ——rn„-.It is well known [4, 7], though, that
in models with a common sfermion mass at the unifica-
tion scale, sleptons are considerably lighter than squarks.
Ross and Roberts have obtained such a sparticle mass
spectrum in a recent analysis [48]. This has important
implications for the decays of neutralinos: in particu-
lar, if either the parent and daughter neutralinos in the
decay Z~ —+ Z; + ff are dominantly gauginolike, the
ZZ, Z& coupling is suppressed by mixing angles, so that
the sfermion exchange contribution to neutralino decay
can dominate. If, further, sleptons are much lighter than
squarks, the leptonic branching ratios of neutralinos can
be substantially enhanced. For our specific case, if ]li[ is
very large, Zz and Z2 are both gauginolike, while Z3 and
Z4 are essentially Higgsinolike; in this case, the ZZqZ2
coupling is doubly suppressed.

Ross and Roberts find [48], assuming mt ——160 GeV,
that my 354 GeV, mq 360 GeV, mt 210 GeV,
mH„264 GeV, and tan P = 21. For this spectra, by
examining Figs. 3 and 6, we find that only one SUSY
Higgs should be visible via conventional modes at the
SSC and/or IHC: that is the Ht ~ pp. However, for

this spectra, the H„and Hg can have large branching
fractions to charginos and neutralinos, depending on the
value of p, . Furthermore, as [li[ is varied from 100 to
500 GeV, the branching ratio for Z2 ~ Zill can vary
between near 0 to ~ 30%. In contrast, most of the
analysis of this paper has used parameters for which

B(Zq ~ Zill) 6% (due to Z propagator domination
of decay modes). Hence, the 2l + Pz, signal could be en-
hanced by a factor of 5, while the 4l + g& signal rates
could be enhanced by factors of ~25. Of course, signals
from continuum neutralino production will be enhanced
by similar factors. This should be kept in mind when
evaluating the feasibility of the multilepton signals from
SUSY decays of Higgs bosons.
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