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Searching for CP-even Higgs bosons of the minimal supersymmetric model at hadron supercolliders
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The branching ratios and supercollider cross sections of the two CP-even Higgs scalars h and H of
the minimal supersymmetric model (MSSM) are computed (including the effects of leading log radiative
corrections). The "gold-plated" Higgs-boson decay into ZZ ~l l l+ l is analyzed at the CERN
Large Hadron Collider and Superconducting Super Collider, and the regions of MSSM Higgs sector pa-
rameter space where the h or H can be detected in this mode are delineated. The prospects for Higgs-
boson detection as a function of the detector resolution are discussed. The viability of other decay
modes for detecting the h and H is briefly considered.
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I. INTRODUCTION

A crucial issue for the future of high-energy physics is
whether the combination of the CERN e+e collider
LEP-200 and the hadron supercolliders CERN Large
Hadron Collider (LHC) and the Superconducting Super
Collider (SSC) will make it possible to unravel the nature
of the Higgs sector [1]. LEP-200 will discover the stan-
dard model (SM) Higgs boson if it is lighter than about 90
GeV. The SSC and LHC will be sensitive to heavier
Higgs-boson masses, though detection throughout the
intermediate-mass region from m~ to 2m~ will certainly
require the examination of several Higgs-boson
production/decay modes and an integrated luminosity of
L =10 fb ' at the SSC (and considerably more luminosity
at the LHC). However, various theoretical arguments
suggest that the sector responsible for electroweak sym-
metry breaking will be more complicated than that of the
minimal standard model. Among the theoretical ap-
proaches which go beyond the standard model, "low-
energy" supersymmetry is particularly attractive and
preserves the elementarity of the Higgs bosons. In the
minimal supersymmetric extension of the standard model
(MSSM), the Higgs sector contains the following physical
states: two CP even Higgs sca-lars (h and H with
m&0~ m o), one CP odd Higgs sca-lar ( A ), and a

charged Higgs pair (H —). In this paper, we focus on the
phenomenology of the neutral CP-even scalars.

In the MSSM, all tree-level properties of the Higgs bo-
sons can be computed as a function of m 0, the mass of
the CP-odd scalar, and tanP=u2/v, , where u2 (v, ) is the
vacuum expectation value of the neutral Higgs field
which couples to up- (down-)type quarks. For example,
given m „, and tanP we may compute the masses of
h, H, and H —and the angle e which arises in the diag-
onalization of the CP-even Higgs-boson mass matrix.
(The angle a appears in various couplings of the Higgs
bosons to quarks, vector bosons, etc. [1].) Recently, one-

loop radiative corrections to Higgs-boson masses and
couplings have been obtained [2—7]. One finds that in
addition to m„o and tanP, Higgs-boson masses and cou-

plings also depend on other parameters of the MSSM
which enter through virtual loops. In particular, the ra-
diative corrections can be quite large for m, ~120 GeV
and the corresponding squark masses above (say) 500
GeV. For example, at tree level one finds that m„o mz,
implying that h could be discovered at LEP-200 (assum-
ing sufficient energy and luminosity). Including radiative
corrections, this tree-level bound is increased by a term
that grows as m, ln(M,-/m, ). One finds that m„oS110
(140) GeV for m, = 150 (200) GeV and M-, = 1 TeV. Some
of the Higgs-boson couplings are also shifted by
significant factors. As a result, for large enough m„
failure to discover the Higgs boson at LEP-200 will not
rule out the MSSM. In this case, it will be crucial to
search for the h at the SSC and LHC. Even if the light
Higgs boson were discovered at LEP, it would almost
certainly possess couplings nearly identical to the Higgs
boson of the standard model. Then, in order to distin-
guish the MSSM Higgs sector from that of the standard
model, it would be necessary to search for the other phys-
ical Higgs-boson states of the MSSM. Below, we will
focus on the search for the H .

The search for the H at the SSC and LHC is prob-
lematical. The reason for this is connected with the
strength of the H coupling to vector-boson pairs, which
governs much of the phenomenology of Higgs-boson
detection. First, consider the H ZZ and H S"+8'
tree-level coupling s. These are both proportional to
cos(P —a), which can be expressed in terms of m„, and

tanP. One finds that for large m„v, this coupling de-

creases as mz/m o and rapidly approaches zero. Over
A

nearly the entire range of parameter space, the coupling
of H to 8'+8' and ZZ is significantly suppressed,
which severely limits prospects for its discovery at the
SSC and LHC. Radiative corrections to the tree-level re-
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suits are incorporated in the following way. The com-
plete one-loop leading log radiative corrections to the
CP-even Higgs-boson mass matrix have been obtained
[7]. When this mass matrix is diagonalized, we obtain the
radiatively corrected CP-even Higgs-boson masses and
mixing angle a as a function of m„o, tanp, m„and
Msvsv which denotes a common scale for
supersymmetry-breaking masses, such as M-, . From this,
one obtains the radiatively corrected result for cos(p —a).
We exhibit the results of such a calculation in Figs. 1 and
2. Note that the radiatively corrected cos(p —a) still falls
rapidly as m 0 increases but is larger than the corre-

A

sponding tree-level value. This will have the effect of en-
larging the region of parameter space in which the H
can be detected at the SSC and LHC.

In searching for the H at a hadron supercollider, the
cleanest signature is the "gold-plated" decay
H ~ZZ~l+1 1+1 (H ~41 for short). The viability
of this signature depends critically on the overall branch-
ing ratio into the 4I mode. For example, the standard
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FIG. 2. The value of cos'(P —a) as a function of m o for

tanp=2 aud 20. The tree-level result is shown by the dash-dot
curve. The two other curves include the one-loop leading log
radiative corrections to cos(P —a) and m 0 (as m„o is varied)

with m, =150 GeV (dashes) and m, =200 GeV (solid), and
M-, = 1 TeV (squark mixing has been neglected).
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FIG. 1. Mass contours in the m 0-tanp parameter space for
H and h with m, =200 and m, =150 GeV. The H contours
begin with 141 GeV (110 GeV) for m, =200 GeV (150 GeV),
with the remaining contours being those for m 0=150, 200,
250, 300, and 350 GeV. The h contours run from 10 GeV in
steps of 10 GeV to a maximum value of 130 GeV (100 GeV) for
m, =200 GeV (150 GeV). These curves include the one-loop
leading log radiative corrections with M-, =1 TeV (squark mix-

ing has been neglected).

model Higgs boson (TI) ) can be detected in this mode for
130~m 0

& 800 GeV at the SSC with an integrated lumi-
no

nosity of 10 fb ' [1]. Note that for m o&2mz, one of
the Z bosons is off shell, and the lower limit quoted above
corresponds to the point at which the branching ratio
into the 41 mode is too small. (In contrast, the upper lim-
it quoted above arises from the fact that the production
cross section decreases with m, . ) In the case of the

MSSM, the H —+41 decay width is severely suppressed
(over a large region of parameter space) in comparison to
that of P . As a result, the H can be detected at a had-
ron collider via H ~41 only over a portion of the model

parameter space. In this paper, we demonstrate that the
region of parameter space allowing such detection at the
SSC is surprisingly large, especially if the top-quark mass
is large and 30 fb ' of data (i.e., three times the standard
SSC yearly integrated luminosity) can be accumulated
[g]

There are a number of facts that are responsible for
allowing H detection in the 41 mode over much of
parameter space. First, recall that I (H —+ZZ)0

= I (Tt'1 ~ZZ)cos (p —a) [1]. As a result of the
cos (p —a) suppression noted above, the H —+ZZ decay0

width is suppressed over nearly all of the model parame-
ter space. Nevertheless, 8(H ~ZZ) remains close to
the corresponding value for the P as long as0

I (H ~ZZ) ~ I (H ~QQ), where Q is the heaviest
quark kinematically allowed in H decays. In practice,
this is always the ease for m o 2m, as long as tanP isH t

0not very large (thereby enhancing greatly the H ~bb de-
cays). Second, the generally much smaller values of
I (H ~ZZ, W+W ) as compared to I ($ ~ZZ,
W+ W ) (with m o

=m 0) imply that the H is a veryH
narrow resonance below tt decay threshold. In fact, for
the m 0 values considered in this paper, the total 0H
width is always smaller than the experimental resolution
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employed in Sec. III for the 41 channel. This has the
consequence that in the region m o) 2mz the

qq, gg ~ZZ ~41 background is much smaller than in the
case and is entirely determined by the detector resolu-

tion in the 41 channel. For our computations in this pa-
per we will consider two possibilities for the 41 mass reso-
lution I ""(which is a slowly varying function of Mzz ): a
conservative choice based upon early design parameters
for the Solenoidal Detector Collaboration (SDC) detector
[9] and a more optimistic possibility. Of course, for
m 0 & 2mz continuum backgrounds to the 41 mode are

essentially negligible (as in the case of the P ) provided
the resolution in the 4l channel is reasonable [10]. In this
region, detectability of the H is determined entirely by
the absolute event rate.

The main sources for H production are gluon-gluon
fusion into H or H QQ (where Q =t or b quark); they
provide an ample event sample at the SSC and LHC. The
relative importance of these fusion mechanisms depends
crucially upon both m, and tanP. The process gg ~H is
dominant over most of the relevant m 0 range unless

tanP is large. For large tanP, the H tt coupling is
suppressed, thereby significantly reducing the size of the
(normally) dominant t-quark loop contribution to
gg~H . The gg~H tt mechanism turns out to vary
with tanP much like the gg ~H process, but it is always
much smaller; nonetheless, for completeness it is included
in our cross-section computations. In contrast, the

gg ~H bb mechanism tends to be dominant for large
values of tanP where the H bb coupling is enhanced.
Indeed, at large tanP the production cross section for the
H can be even larger than that for a P of similar mass.
On the other hand, an enhanced H bb coupling at large
tanP implies an enhanced value for I (H ~bb ) which re-
sults in a further suppression of 8(H +4l). For la—rge
enough tanP at a given value of m„o, this latter suppres-

sion is the dominant effect, and H detection in the 41
mode may become impossible.

Radiative corrections to the MSSM Higgs sector can
have a significant impact on the phenomenology of h .
In particular, if the h is somewhat heavier than the Z it
will not be observable at LEP-200. In Fig. 3 we plot con-
tours in m„o-tanP parameter space corresponding to
several choices for the number of events obtained after
including a detection efficiency of 25%. Values of
m, =200 and 1SO GeV are considered with M-, =1 TeV;
squark mixing is neglected. ' If one adopts the criterion
that 25 observed events are needed for discovery, then
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there are substantial portions of parameter space for
which discovery of the h is not possible using either
h Z- or h A -associated production. For large m, the
region for which LEP-200 will discover the h is quite re-
stricted. Turning to the SSC and LHC, the detectability
of h ~41 is determined almost entirely by whether m oh

is sufficiently above mz so that the h ~ZZ*~41 decay
has an adequate branching ratio. (The production cross
section for the h from the various gluon-gluon fusion
processes noted previously is generally quite substantial. )

Of course, the h will be a narrow resonance.
In Sec. II, we survey the branching ratios of H and h"

(including the leading log radiative corrections) and their
primary production cross sections. In Sec. III, we exam-
ine the gold-plated 41 detection mode for the H and h

and determine the range of MSSM parameter space for
which detection is possible. Brief remarks concerning
detection of the H —+ and other channels for detection of

'The results of Fig. 3 have been obtained using the complete
leading log radiative corrections to the MSSM Higgs-boson
masses and couplings given in Ref. [7]. It is interesting to note
that the parameter-space regions outlined in Fig. 3 are quite
sensitive to the precise form of these corrections. For example,
if one only includes the leading m, corrections, the region of pa-
rameter space where h detection at LEP-200 is possible would

shrink.

FIG. 3. Event number contours in I o-tang parameter space

for e+e ~h Z and e+e ~h A at LEP-200 with &s =200
GeV and an integrated luminosity of L=500 fb '. Results are
presented for the two top-quark mass values of m, =150 and

m, =200 GeV. We have taken M-, =1 TeV and have neglected

squark mixing. We have included an average detection
efticiency factor of 25%. The event number for each contour
shown is given on the figure. Assuming that discovery is possi-
ble if at least 25 events remain after including the detection
e%ciency, there is a substantial region where neither process is

viable.
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the H and h are given in Sec. IV. Final conclusions are
presented in Sec. V. Complementary work concerning
the search for Higgs bosons of the MSSM at the SSC and
LHC appears in Ref. [11].

II. BRANCHING RATIOS AND CROSS SECTIONS
FOR THE CP-EVEN HIGGS SCAI.ARS
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In this section, we will present the two key ingredients
for assessing the detectability of the CP-even Higgs bo-
sons of the MSSM: namely, their branching ratios to a
variety of channels and their production cross sections.

A. Branching ratios

In this section, we collect results for the branching ra-
tios of the h and H of the MSSM. The relative branch-
ing ratios of the various channels will determine the feasi-
bility of numerous possible Higgs-boson signatures at the
SSC and LHC. The basic tree-level formulas for the vari-
ous decay rates can be found in Ref. [1]. Here, we im-
prove on these results by incorporating the complete
leading log one-loop radiative corrections in the calcula-
tion. First, we compute the leading log radiative correc-
tions to the running quartic Higgs-boson self-couplings.
We impose supersyrnmetric boundary conditions at
p=MsUsY, the scale which characterizes the typical size
of supersymmetry-breaking masses (e.g., squark and gau-
gino masses). At p=MsUsv, these couplings are related
to gauge couplings. We then use renormalization-group
equations to run the Higgs-boson self-couplings and
gauge couplings down to p=m, . Finally, we decouple
the top-quark and run the couplings down to mz. We
can then express the physical-Higgs-boson masses and
self-couplings in terms of the Higgs-boson self-couplings
evaluated at mz. We diagonalize the radiatively correct-
ed CP-even Higgs-boson mass matrix to obtain the mix-
ing angle a, which appears in the couplings of the Higgs
boson to the quarks, leptons, and gauge bosons. Details
of this procedure and the relevant formulas can be found
in Ref. [7].

We compute the h and H branching ratios as a func-
tion of m„o and m 0, respectively, by varying m 0 (start-

ing from m„0=0), for various choices of tanp and m, .
The scale of supersymmetry breaking (e.g., the common
squark mass) is taken to be MsUsv=l TeV, and tL t/(-
mixing is neglected. It is expected that
1-tanp& m, //mb, so we have chosen two representative
values: tanp=2 and 20. We will present results for
m, =150 and 200 GeV. Supersymmetric particles are as-
sumed to be suSciently massive so that associated two-
body decay channels are kinematically forbidden and
loops involving such particles contribute negligibly to
one-loop-induced couplings. Finally, we note that the
QCD correction to Higgs-boson decay to bb has been in-
cluded. This e6'ect is roughly a 50% reduction from the
non-QCD-corrected width, and is mostly attributable to
the running of the b-quark mass from 2mb to the Higgs-
boson mass. Our results for the h are shown in Figs. 4
and 5 and those for the H in Figs. 6 and 7. Below ZZ
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CieV and for tanP=2 and 20. One-loop radiative corrections
have been included as described in the text. The notation for
the curves is that specified in the caption for Fig. 4.

(WW) threshold, the curves labeled ZZ (WW) corre-
spond to the case in which one of the Z ( 8') bosons is vir-
tual.

We briefly note a number of important features of
these results. First, in the case of the h we find that
there is a tiny region near the lower limit of m„0 for
which h ~A A decay is kinematically possible, and in
that region it is completely dominant. Once m„0 be-

comes large enough that this decay is forbidden, the bb
mode is always dominant, followed by the ~+~ mode.
Typically, gg and cc are the next largest modes (but
significantly below r+r ). When m&o approaches its

upper limit, ZZ» and 8'8" modes can be significant. In
this region the one-loop-induced decays yy and Zy have
branching ratios of order 10 . However, we note that
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m&0 must be very near to its maximum allowed value in

order that its couplings approach those for a standard
model P of the same mass. In this case, all the branch-
ing ratios approach those of the P at the corresponding
mass.

Turning to the H, we observe a plethora of channels,
especially at the smaller value of tanP. For the very
smallest allowed m o values (corresponding to small m„o
values), the two most important modes are H ~h h

and H ~A A, where the former is completely dom-
inant for tanP=2, but the latter becomes competitive at
tanP=20. At tanP=2, the H ~h ho mode typically
continues to dominate until m 0 passes the tt threshold,
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FIG. 7. Branching ratios for the 0 computed for m, =200
GeV and for tang=2 and 20. One-loop radiative corrections
have been included as described in the text. The notation for
the curves is that speci6ed in the caption for Fig. 6.

except for a region of moderate m & where it is kinemati-

cally suppressed or forbidden. At tanP=2, we also see
that 8'W and ZZ decays remain important below tt
threshold (as noted earlier), and bb decays are almost
never above 20%. For tanP=2, the tt channel is dom-
inant when not kinematically suppressed or forbidden.
At tan@=20, the systematics are quite different. Once
n 0 is above the very small range near its lower bound

where h h and A A modes combine to dominate the
H decays, bb decays take over, even above tt threshold.
Moreover, (at tanP=20) the r+r branching ratio is typ-
ically of order 10%, whereas ZZ and WW channels never
exceed 1%%.

In Sec. III we will primarily make use of the branching
ratios to ZZ. In Sec. IV we will comment on some of the
implications of the other decay modes for MSSM Higgs-
boson searches at the SSC and LHC.

B. Cross sections

In computing production cross sections for h and H
we have included three processes: gg —+h (H ),
gg +h (H —)+bb, and gg +h (H )—+tt. The latter is
never very important for inclusive h, H production, but
is presented here since it plays an important role in
searches for the h and H in the lyy final-state mode
that will be briefly discussed in Sec. IV and is analyzed in
detail in Ref. [12]. The WW fusion cross sections are al-
ways substantially smaller than the total cross section
from other subprocesses. In the case of the h, the WW
fusion cross section is not significant simply because m„o
is relatively small, and either the gg ~h or gg ~h +bb
cross section is generally much larger. In the case of the
H, WW fusion is negligible over much of parameter
space since the H WW coupling is generally strongly
suppressed, as illustrated in Fig. 2. The H WW coupling
is only a significant fraction of standard model strength if
m o is not very far above its lower limit and tanP is large.

In this latter region of parameter space, m 0 is

suSciently low so that the gg ~H +bb cross section is
much larger than the 8 W~H cross section. The
8'*~Wh process yields an even smaller cross section as
compared to the processes already discussed, and will not
be presented. It does, however, play a role in h detec-
tion in the above-mentioned Iyy mode. The 8 *~8'H
cross section is generally very small due to the suppres-
sion of the H WWcoupling constant.

Returning to the primary production processes, we
would like to make note of a few calculational details.
The gg~Higgs boson +bb cross section has been com-
puted in the bb fusion approximation, valid in the limit

~In fact, the bb fusion approximation overestimates the cross
section somewhat, particularly in the Higgs-boson mass range
below 500 GeV (e.g. , see Ref. [13]). We have also not included

the effects of higher-order QCD corrections, which enhance the

cross section and are often summarized by a K factor larger
than l.
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of mii;, »2mb. In this calculation, o(bb ~Higgs bo-
son) is proportional to the width I (Higgs boson~bb },
which we have computed including the QCD corrections
of Ref. [1] (see also Ref. [14]). The effect of these QCD
corrections is to reduce o (bb ~Higgs boson) by about a
factor of 2 due to the decrease of the running b-quark
mass for mz; z, &)2mb. For the gg~Higgs boson +tt
cross section we employ the exact tree-level result
(without QCD corrections}, which has been computed in
Ref. [15].

Cross sections for the primary Higgs-boson production
processes are displayed in Figs. 8-10. From the plots of
h production, we see that for m„o very near its upper
limit all cross sections approach the corresponding cross
section for a standard model Higgs boson of the same
mass. More generally, as m 0 (and m„o) becomes large,
all the h couplings approach those of the standard mod-
el Higgs boson [e.g., in this limit sin(p —a }~1,as can be
seen from Fig. 2]. Coupled with the growing significance
of the ZZ* decay mode when m„o approaches its upper
limit (as noted in Sec. II A), we conclude that only in this
latter parameter regime can the h ~41 decay signature
be significant. Turning to the H, we see that for
tanp(1, the gg~H fusion mechanism is dominant and

exceeds that obtained for a standard model Higgs boson
of the same mass. At tanp= 1, the H and standard mod-
el Higgs-boson gg fusion cross sections are relatively
similar, but for large tanp the gg~H cross section is
substantially suppressed below the standard model

gg —+I)(I result. However, we also observe that when tanp
is large the gg~H bb cross section becomes greatly
enhanced, and can even exceed cr(gg ~P ) for a standard
model Higgs boson of the same mass. Thus, if h or H
(or both} lie in the intermediate Higgs-boson mass region,
the raw number of Higgs-boson events per year at the
LHC and SSC is substantial. Of course, whether these
Higgs-boson events are observable depends critically on
the specific signature and the corresponding back-
grounds.

III. THE GOLD-PLATED FOUR-LEPTON DISCOVERY
CHANNEL

A. The H and h signals

In this section we present our computations for the
number of 4l events resulting from H and )'i production
and decay at the SSC and LHC, including one-loop radia-
tive corrections to the MSSM Higgs sector. The main
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FIG. 9. The cross sections for gg~Higgs boson +bb as a function of Higgs-boson mass. The different cases and curve notation
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efFect of the radiative corrections compared to tree-level
predictions is to modify the values for m„o, mHo, mH~,
and a (a is the mixing angle obtained upon diagonalizing
the CP-even sector) found for given input values of m„rr
and tanp. Corrections to the trilinear Higgs-boson self-
couplings can also be important but play only a small role
here. In the previous section we have evaluated the par-
tial decay rates of the H and h into its most important
channels.

In our computations, we again consider m, =1SO and
m, =200 GeV and adopt supersymmetric parameters as
specified in Sec. II. As is evident from Figs. 4-7, the
minimum values of m„o and m 0, as well as the max-

imum value of m„o, depend significantly upon both m,
and tanp, even when all other parameters are fixed.

In computing production cross sections for the H we
have included three processes: gg ~H, gg ~bbH, and

gg ~ttH, as described in Sec. II B. The latter is always
much smaller than gg~H, but it is included for com-
pleteness. We have employed the Harriman-Martin-
Roberts-Stirling set-B [HMRS(B)] [16] distribution func-
tions (AMs=0. 19 GeV, where MS denotes the modified

minimal subtraction scheme) and have obtained raw cross
sections and event rates before any cuts. We have com-
puted event rates at both the LHC and SSC for an in-

tegrated luminosity of L=30 fb ' after summing over
I =e,p channels. This choice of L is made on the basis
that it is a reasonable expectation for three years running
at the SSC. We have estimated the effects of realistic
detector cuts and efficiencies using results quoted in the
SDC letter of intent (LOI) [9] as follows.

(1) For the first lepton from each Z we have included a
detection efficiency (for a lepton in the detector coverage
region) of 0.85. For the second lepton from each Z the
SDC LOI indicates that the detection requirements can
be relaxed, leading to a detection efficiency of 0.95.

(2) To eliminate random backgrounds, isolation is re-
quired for each lepton. The SDC LOI quotes an
efficiency of 0.95/lepton for their isolation procedure.

(3) Finally, we must include the efficiency for finding all
four charged leptons inside the detector coverage of
IyI & 2.5, denoted e„.

The net efficiency factor is then

E=(0.95 X0.85 ) X (0.95 ) X 6 =0.53 1 X E

where we have adopted the approximate value of
E'y 0.70, independent of Higgs-boson mass. This esti-
mate is based upon SDC studies performed in Ref. [17]
and agrees with our Monte Carlo results. Thus, the raw
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Carlo calculation (and multiplying by experimental
efficiencies). Scaling to the lower LHC energy has been
performed using the results of the latter Monte Carlo
program and the same experimental eSciencies. In addi-
tion, it is necessary to know what resolution in the 41-
invariant mass is possible. We shall give results for two
extreme assumptions. First, we consider the conservative
values obtained in the SDC LOI of I "'=4.8 GeV at
m41=200 GeV and I "'=14.0 GeV at m41=400 GeV.
(I "' for other invariant masses is obtained by linear in-
terpolation or extrapolation. } We shall also give results
for technically feasible, but certainly optimistic, choices
of I "'=2.2 GeV at m41 =200 GeV and I "'=5.1 GeV at
m4I =400 GeV. The conservative and optimistic possibil-
ities for I "' are labeled below by I and II, respectively.
In computing the signal versus background rates, we
shall integrate over a bin size of 2I '" in order to include
essentially 100% of the signal events coming from the
(very narrow) Higgs-boson resonance. For 41 masses
below 2mz, we do not compute the irreducible 41 back-
ground from the ZZ continuum. As noted earlier, stud-
ies [10] have shown that it is essentially negligible by vir-
tue of the fact that one of the Z's must be produced off
shell. In addition, cuts can be implemented that are high-
ly eScient for the signal but virtually eliminate other
Zl+1 backgrounds.

signal rates will be multiplied by a factor of roughly 0.35
in computing realistic detector event rates.

Finally, as previously noted, for H masses below 2mz,
the signal event rate can still be substantial by virtue of
the Ho~ZZ'~41 decays, in which one of the Z's is off
shell. This possibility is included in our computations.

B. The ZZ continuum background

The only background that we shall explicitly include is
qq, gg~ZZ~41. Other backgrounds are much smaller
once the isolation and other cuts delineated in the SDC
LOI are imposed. In computing the number of back-
ground events at the SSC we employ the results of Figs.
17 and 18 of the SDC LOI, which include all the above
mentioned efBciencies as well as the requirement that
there be two lepton pairs, each with mII =mz+10 GeV.
We have checked these background rates using a Monte

3The continuum ZZ background employed by the SDC
analysis does not include one-loop QCD corrections. However,
the QCD corrections are less than 30go for ZZ-iuvariant masses

less than 400 GeV [18]and do not alter our conclusions.

FIG. 10. The cross sections for gg~Higgs boson +tt as a function of Higgs-boson mass. The different cases and curve notation
are as described for Fig. 8.
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C. Results
10'

I
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1"',vent Hate, 1.==30 fb, &~AC
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Our results for the H are summarized in a series of
figures. First, we consider results obtained for the SSC.
In Figs. 11 and 12 we display the 4l event rates (including
the efficiency factor of @=0.35) from H production and
decay at the SSC with L=30 fb ' for m, =150 and 200
GeV, respectively. Results for various values of tanP are
illustrated. Also displayed for masses above 2mz is the
minimum event number as a function of mass that is re-
quired to obtain a 4o. statistical significance, assuming
the conservative and optimistic 41 mass resolutions I i"
and I &I'. As mentioned earlier, the background is essen-
tially negligible below 2mz. We adopt the criterion that
15 observed events would constitute an identifiable signal.
From these two figures, it is evident that for tanP ~ 3 the
H can generally be detected via its 41 decays in the en-
tire region 2mz &m o&2m, . Further, event rates are
often adequate for a substantial region both below and
above this range as well, especially for the small and
moderate tanP values. For m, =150 GeV, as tanP in-
creases beyond 3, one rapidly loses sensitivity to the H
except in the region of m 0-200 GeV, and by tanP=20
detection of the H ~41 decays becomes impossible for
all values of m o. In contrast, for m, =200 GeV the re-

gion of IH082mz retains adequate event rate (at least 15

events, but more typically two or three times this num-
ber) all the way up to tanP=20.

Of course, these figures can easily be adjusted for
different possible values of the accumulated luminosity L.
If only L=10 fb ' is available, then detection limits for
H ~41 can be read off by looking for the points at which
the signal and minimum 4cr event rate curves cross after
decreasing the signal event rate curves by a factor of &3
(equivalent to decreasing the signal curves by a factor of
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FIG. 11. 41 event rates for L=30 fb ', a=0.35, and m, = 150
GeV at the SSC compared to the minimum number required for
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I &" and I i&' (see text). Other supersymmetric-model parameters
are specified in the text.
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3 and the minimal 40. event rate curves by a factor of
&3). By performing this exercise, one easily sees that,
with only L=10 fb ', detection of H ~4I would be
difficult for tanP-3 in some of the mass region
m 0 8 Zm, . Nonetheless, for m 0 near (but below) 2m„
the H would still be observable.

Using the results of Figs. 11 and 12 we can determine
the region of m „0-tanP parameter space corresponding to
a detectable signal for H ~4l. For m o&2mz, we plot
in Fig. 13 contours corresponding to various fixed values
for the ratio Sl&B, where S is the H ~41 event rate
and 8 is the background event rate as described in Sec.
III B. As indicated in Figs. 11 and 12 (and as discussed
above), we choose Sl&B =4 as our criterion for
discovery. For mHO&2mz, there is essentially no back-

ground, and our criterion for discovery corresponds to 15
signal events. In this mass region, the labels on a contour
are given by —,', times the number of signal events. In this
way contours labeled by the number 4 always correspond
to our discovery limit. All event rates include the
eSciency reduction factor of a=0.35. We give results for
m, =150 and 200 GeV, assuming L=30 fb ' at the SSC
and the choice of I',". We see from Fig. 13 that a search
for H ~41 decays at the SSC will probe a large region of
the overall parameter space of the Higgs sector of the
MSSM, provided significant integrated luminosity is ob-
tained. Clearly a large value for m, would be an advan-
tage in that much more of parameter space could be
probed.

Turning now to the h, we do not present explicit event
rates as a function of m„o since the results are easily sum-

marized. For m, =150 GeV, even for large tanP and
m 0, the h is never heavy enough for the h ZZ* —+41

4We choose to examine S/&B rather than S/&S+B since it
is probable that B will be well determined from the background
measured away from the Higgs-boson resonance peak region.

m~0 (C.ev)

FIG. 12. 4l event rates for L= 30 fb ', a=0.35, and m, =200
GeV at the SSC compared to the minimum number required for
a 4o effect. Notation as in Fig. 11.



46 SEARCHING FOR CP-EVEN HIGGS BOSONS OF THE. . .

SSC, L=30 fb '
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detection mode to have an adequate event rate (15 events
after including efficiencies) to allow its detection. In
contrast, for m, =200 GeV, and for all tanP values con-
sidered, m„o always eventually becomes substantially

larger than mz as m o is taken large. Further, for large

enough m 0 the h couplings become standard model

like. Thus, one obtains in excess of 15 events over a very
substantial region of the m tt-tang parameter space

A

plane. Contours for the h appear in Fig. 13. As above,
since m&0&2mz, the labels on a contour are given by —'

15

times the number of signal events, so that the number 4
always corresponds to our discovery limit. From these
contours, we see that detection of h ~41 at the SSC for
m, =150 is simply not possible. Even if L=100 fb ' of
integrated luminosity is accumulated there is no region of
parameter space for which one obtains more than three
1 0A- events after including the a=0.35 detection eSciency.
In contrast, at m, =200 GeV, the 0 ~41 and h ~41
discovery regions combine to guarantee that at least one
or the other will be found at the SSC (for L=30 fb ') for
any m„tt-tanp parameter combination, and for some

choices of these parameters detection of both the h and
H will be possible.

At the LHC, event rates for H ~41 and h ~41 are
typically smaller by a factor of between 4 and 5.5, de-
pending upon the Higgs-boson mass. Meanwhile, the
ZZ~4l continuum background (to the H decays for
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servative 41 mass resolution I &" is adopted, and experimental
detection efficiency of @=0.35 is assumed. Our discovery cri-
terion corresponds to the S/&B =4 contour lines. Values em-
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specified in the text. Results for other integrated luminosities
can be determined by noting that S/&B scales according to
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e s on a contour are given by —,5 times the number of signal
events. In this way contours labeled by the number 4 always
correspond to our discovery limit.
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5WWe note that this conclusion is very sensitive to the exact
value predicted for the upper limit of the h mass at large taup
and m o. %'e have used only leading log formulas for the radia-

tive corrections, which wi11 differ from the exact one-loop result
by a few GeV. For example, at m, =150, if h were 5 GeV
heavier than given by our results then h ~41 decays would be
detectable over a large segment of the corner of parameter space
where both m „tt and tanP are large. Of course, this area of pa-

rameter space would quickly close if m, (and therefore m 0)
h

were slightly reduced in value.
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FIG. 14. Contours in tanp-m tt parameter space for the LHC

( s =16 TeV) with L=30 fb '. Our discovery criterion corre-
sponds to the contours labeled by the number 4. See the caption
to Fig. 13 for further details.
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m, )Zmz) decreases only by roughly a factor of 2, im-

plying a factor of V2 decrease in the 4cr event-level cri-
terion. (For H or b mass below 2mz we continue to re-
quire at least 15 events. ) Therefore, the regions of the pa-
rameter space over which the H and h can be detected
at the LHC are significantly smaller than those which can
be covered by the SSC for the same L=30 fb ' integrat-
ed luminosity. These regions are shown in Fig. 14. One
observes that even for m, =200 GeV there are two sec-
tions of the m „o-tanP parameter space where neither the

H nor the h can be detected at the LHC. These two
sections are given approximately by m „0& 60 GeV,
tanP ~ 2.5 and 120& m„o & 180 GeV, tanP ~ 3 —4, respec-

tively. As previously illustrated in Fig. 3, the region of
small m„, with tanP above about 3 is one in which b

(and A ) detection at LEP-200 will be possible for
1.=500 pb ' in the e+e ~Z*~h A process. But the
region of moderate m „0-150GeV with tanP above 3—4
is one for which none of the neutral MSSM Higgs bosons
will be detected at LEP-200 (for m, =200 GeV).

Of course, the 4l mode is not the only means by which
the SSC and LHC might be sensitive to the MSSM Higgs
sector in the above particular regions of parameter space.
We now turn to a brief summary of other possible
scenarios for detection of the MSSM Higgs bosons.

IV. OTHER CHANNELS FOR HIGGS DETECTION

As remarked earlier, the 4l mode is not the only one
that can be considered for detection of the CP-even neu-
tral Higgs bosons of the MSSM. A particularly impor-
tant possibility is detection of either the h or H in the
two-photon decay mode. This is explored in Ref. [12],
where it is shown that tth associated production, fol-
lowed by t~Wb~lvb decay and h ~yy decay, is
detectable throughout much of parameter space, even for
the relatively modest M resolution of the SDC detector
[9]. In contrast, it is shown in both Refs. [12] and [19]
that, due to the large qq, gg~yy continuum back-
ground, detection of inclusive h production followed by
decay to yy requires M~~ resolution that is significantly
better than the planned resolution for the SDC detector.
In particular, a resolution in M of order 1 —2 GeV is re-
quired in order for the inclusive h ~yy mode to be vi-
able over a significant region of parameter space. Turn-
ing to the heavier CP-even scalar, there is only a very
narrow region of parameter space in which H ~yy can
be detected in the processes described above.

The h can also be produced as a decay product of
heavier states For exam. ple, in the case of moderate tanP
the decay mode A —+Zh has a very large branching ra-

It is not excluded that another SSC detector and one or more
of the LHC detectors could have the required resolution.

tio for m„p&2m, (see, for instance, Refs. [1,20]). If
efficient tagging of the b quarks from h ~bb decay is
possible, then the A and h could be detected in the
l+ l bb final state.

Other channels that deserve exploration are apparent
from the branching ratio curves (Figs. 4—7). Perhaps
most notable among these is the ~+~ decay mode,
which is generally quite significant ( —10%) for both the
h and H . Detection of the CP-even neutral Higgs bo-
sons in this channel when the Higgs-boson mass is in the
vicinity of mz will almost certainly be very difficult due
to the large Z ~~+~ background. Therefore,

detection is not likely to be viable. If m 0 is

sufficiently above mz and the production cross section is
large enough (which requires tanP~ 10 in order that the
bb fusion cross section is greatly enhanced), detection of
the ~+~ decay mode may turn out to be feasible both in
the e+p and the e,p+~-jet final states. Some initial in-
vestigation of the viability of the related A ~~
detection channel can be found in Ref. [11].

At moderate tanP, the tt decay mode of the H is dom-
inant if kinematically allowed, and one can consider the
detection of tttI associated production, followed by
H ~tt The ttt. t (4t) continuum QCD background cross
section is of similar size to the 4t rate obtained from the
Higgs-boson signal [21]. Consequently, if one could
efficiently trigger on the 4t final state in such a way as to
eliminate the many (much larger) reducible backgrounds,
isolation of an H signal in this channel might be possi-
ble. In the case where 2m o&m o&2m, and tanP is not

too large, H ~h h is the dominant H decay mode.
Then, tWt ~8'+ W bbbbbb could provide a viable sig-
nature, especially if m „o is already known. Highly

efficient b tagging would be required in order to trigger
on the 8'+W 6b final state in order to discriminate
against backgrounds.

Evaluation of the viability of all of the above modes re-
quires detailed Monte Carlo simulations, including detec-
tor effects and a realistic assessment of QCD back-
grounds. However, we are optimistic that the signatures
discussed above will provide at least weak signals for the
CP-even Higgs bosons in the regions of parameter space
that we have outlined.

Although not the main topic of this paper, it is of in-
terest to note that for large m, the region over which
t ~H+b decays can be detected in tt production events is
non-negligible. Indeed, so long as this decay is not
kinematically suppressed or forbidden, studies [22] sug-
gest that it will be easily detected because of the 1arge
number of top quarks produced. In fact, Ref. [23] asserts
that t ~H+b decays will be detectable in the tang ~0.5
region so long as B(t~H+b) ~0.003. This is yet anoth-
er example in which the detectability of the MSSM Higgs
bosons improves as m, becomes larger. Indeed, for
m, =200 GeV one will be able to observe at least one (or
in some regions, two or more) of the relatively clean
Higgs-boson production-detection modes H ~4l, h
~41, tth ~lyy, or t~H+b throughout essentially all
of m„o-tanP parameter space, at both the SSC and the

LHC.
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V. CONCLUSIONS

Our most important conclusion is that the SSC with
L=30 fb ' is capable of detecting H +4—1 decays so long
as 2mz & rrt 0&2ttt, and tanP&3. Sensitivity to masses

and tanP values outside these ranges is also non-
negligible, and, in fact, is quite substantial for m, =200
GeV when m o &2m, . The region of the m„o-tang pa-

rarneter space in which this decay can be detected is illus-
trated in Fig. 13. We have also noted that if m, =200
GeV, the radiative correction to the h mass is
sufficiently large (when M-, —1 TeV) that h ~41 decays

are detectable over a large region of parameter space
(also illustrated in Fig. 13). Of course, it is important to
remember that we have assumed that the neutralinos and
charginos of the MSSM are sufBciently heavy that the
Higgs bosons possess no supersymmetric decay modes. If
allowed, such channels would tend to dominate the
Higgs-boson decays, and new detection methods would
have to be devised.

In our analysis, we have adopted detector eSciencies
and resolutions that are typical of the SDC detector as
proposed in the SDC LOI. We have shown that techni-
cally feasible improved resolution in the 41-invariant mass
would be helpful in extending the range of m 0 that can

be covered at a given tanP, but it would not provide a
dramatic increase. Event rate is far more critical, and if
only L=10 fb ' of accumulated luminosity were ob-

tained, or if the detector rapidity coverages (assumed to
be ~y~ & 2.5 in our analysis) were decreased, our ability to
detect the H in the 4l mode would generally be marginal
for m o values near 2m, when tanP ~ 4, and some of the

accessibility of the h in the case where m, =200 GeV
would be eliminated.

At m, =200 GeV the discovery regions for the H and
h combine so that at least one of the two CP-even Higgs
bosons of the MSSM will be discovered for any choice of
m„o and tanP. This is not the case at rn, =150 GeV.
Indeed, for m, &150 GeV an important goal will be to
determine if the H ~41 search considered here can be
combined with searches for other MSSM Higgs-boson de-
cays, many of which were outlined in Sec. IV, so as to
guarantee that the SSC is capable of discovering one or
more of the MSSM Higgs bosons. Alternatively, by con-
sidering a suitable combination of modes, one could hope
to demonstrate that if none are found at the SSC then the
MSSM would be ruled out.
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