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We present the techniques of the calculations of the 1-loop radiative
corrections to the neutral MSSM Higgs boson masses and production cross
sections in the on-shell renormalization scheme. We discuss possible appli-
cations to the analysis of experimental results from LEP1 and the expected
physics potential of LEP2 and the NLC.
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1. Introduction

The search for Higgs particles is one of the most challenging problems of
experimental particle physics. Particular attention is given to the search for
the Higgs bosons with properties predicted by the Minimal Supersymmetric
Standard Model (MSSM). Numerous results of searches for Higgs bosons in
the framework of the MSSM are reported from the LEP1 experiments [1].
The next phase of the LEP programme, LEP2, has been started reaching the
energy of collisions /s > 2mw [2]. The physics potential of the et e~ Next
Linear Collider, NLC, running at energies, /s > 500 GeV, is intensively
discussed [3].

A realistic analysis of the phenomenology of the MSSM Higgs sector
has to include radiative corrections [4-11]. Several approaches have been
developed to compute radiative corrections to the tree-level approximation:

e the Effective Potential Approach (EPA) [5],
e the Renormalization Group Equations (RGE) approach [6, 7], and
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e the Full 1-loop Diagrammatic Calculations (FDC) in the on-shell renor-
malization scheme [8-10].

We concentrate on the last method (FDC), which provides a systematic
renormalization programme for the Higgs sector in the MSSM and is useful
in several ways. First, FDC provides a “reference frame” for the other two
methods which use certain approximations. It takes into account the vir-
tual effects of all possible MSSM particles and includes contributions which
have yet been neglected in the EPA, such as gauge sector contributions,
momentum-dependent effects in Green’s functions, and genuine 1-loop cor-
rections to 3- and 4-point functions [8, 9]. Thus, the accuracy of different
methods in various regions of the parameter space is now well checked.

Previous interpretations in the MSSM of searches for Higgs bosons,
which are performed by the LEP experiments 1], are based on common
assumptions:

1. Radiative corrections to the MSSM Higgs boson masses, production
and decay rates are considered in the EPA approximation, in its most
simplified version. Only the leading part of the contribution arising
from the top quark and from its supersymmetric scalar partner, stop,
is considered.

2. The MSSM parameter space is strongly constrained by neglecting the
dependence on most of the SUSY particle masses and couplings. In
the most simplified version of the EPA, only one free SUSY parameter,
m; is considered.

We improve the interpretations of existing experimental results and perspec-
tives of future searches for the neutral MSSM Higgs bosons. First, we in-
terpret existing LEP1 data and simulations of detector efficiencies expected
for LEP2 and the NLC using more accurate theoretical calculations of the
production and decay rates of h°, H° and A° in the FDC approach, and
then we compare the results with the EPA predictions. Second, we study
the effect of using a larger set of parameters describing the MSSM, taking
into account the existing experimental constraints on the SUSY parameters.
We discuss three main aspects of the neutral MSSM Higgs boson searches:
implications of the existing experimental data from LEP1!, perspectives of
the searches at LEP2, and at the NLC.

2. Method of calculations

In this Section we define our renormalization scheme for the Higgs sector
of the MSSM. In general we follow the notation and conventions of Ref. [14],

! The results presented here are based on the published measurements from the L3
collaboration {12}
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where the full lagrangian and the complete set of Feynman rules for the
MSSM is given. The Higgs potential has the well known form:

Vo = miH Hy + miH,H; — m3, (EabH1H2+cc)

1 — _ —
+ §(gf+g§)(HlH1*Hsz)2+§9§lHlﬁ'z I?. (1)

The renormalization constants are defined as follows:

mf — Zgi(m?+ém}), m?, - ZHI/ZZHI/Z(mgz + 6miy),
v; — Z}LI/?(W -0v), g1 Z1Z§3/291, g2 — Zzzp}s/?g:z,

H;— Z}/’H;, B, — ZY’B,, W,— Z*w,. 2)

With the fields and parameters renormalized as indicated above, we intro-
duce a gauge fixing term (in a generalized R¢ gauge) expressed in terms
of the renormalized quantities. We choose to work in the gauge “infinites-
imally” different from the ’t Hooft-Feynman gauge. Therefore we set the
R¢ gauge parameters as

ey — 14862y (3)

and use 6§iB W as finite counterterms.

The counterterms defined above can be used to renormalize the gauge
and Higgs boson sectors of the MSSM. Their finite parts must be fixed by
choosing appropriate renormalization conditions. Below we specify our “on-
shell”renormalization scheme. The quantities with a hat (which are finite)
are obtained from the divergent quantities (without a hat) by adding the
counterterms.

1. Gauge bosons sector. We write the 1—PI two point functions of the
massive gauge boson and photon propagators as

k+EkY

i <gm/ kklj )HT (k2)+l 5 HL (ka)
i (9K - k*k¥) I, (k) (4)

and we impose the following renormalization conditions

i (k2 =0)=0 Re H;FV (k? = MW) =0
2 _ 2 M2) = (5)
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Thus, the tree level masses of the W* and Z° bosons are the physical ones,
the on-shell photon has no mixing to Z° and the residuum of the photon
propagator equals to unity [15]. The finite counterterms 55?’W are used
to locate poles of the longitudinal parts of the gauge boson propagators at
M3,, M% and 0, respectively.

2. Tadpoles. In order to make contact with the effective potential approach
of Ref. [5] (which uses Landau gauge) we want to work with the fields H°
and h° which have vanishing vacuum expectation values order by order in
perturbation theory. We therefore require that the sum of the tree and loop
tadpoles vanishes. We fix dv; (in the dimensional reduction regularization
scheme) by the formula:

1 2

dv; = 1 (47r)2 (3g§ + gf) v; (m + v — log 471‘) (6)

and cancel the remaining parts of the tadpoles by the counterterms dm?2
and dm3.

3. Pseudoscalar sector. Because the mass of the A° is usually chosen to
parameterize the Higgs sector of the model, we require that the on-shell A°
does not mix with the Z°. We write the corresponding mixed propagator
as2

- p Thp (p?) =12 (7)
and demand
Re Sip (M3) = 0. (8)

The finite “counterterms” 65;’% again can be used to cancel the v — G°

mixing at p? = 0. To determine §m?, we require:
Re Spp (M3) =0. (9)
In addition we can arrange for
Re 5% (M3) =0, Re L3 (Mf)=0 (10)

in order to determine the three independent constants 665, §¢3V® and
sey.

2 This is a compact version of the standard notation: Xhp = Zzo 40, X%, = goge,
2_15'25 = ZhGHO etc.
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4. We perform the renormalization of the fermion sector in the same way as
it is usually performed in the Standard Model [15], i.e. we require, that e =

9192/1/9% + g2 is equal to the electric charge as measured in the Thompson
limit, that is e?/47 = 1/137.036.
In the MSSM the corrections to the Higgs boson masses are expected to

be large. Therefore we determine the masses as the exact poles of the scalar
Higgs boson 2 x 2 matrix propagator:

Re | (5" - ml — S3506) (o - my - EB6Y) - (£569)] =
(11)

Such definition of the physical Higgs masses means that a summation has
been performed over all 1-P reducible self-energy diagrams with one-loop
segments.

3. Parameter space of the MSSM

The most general version of the MSSM Lagrangian contains a large num-
ber of free parameters. Most of the parameters describing SUSY particles
(referred to as SUSY parameters) have small impact on the Higgs sector.
Using numerical simulations, we identified which parameters are important
for the Higgs boson phenomenology. These parameters have been varied
independently:

e (mp,ma) or (my,mu) — the investigated Higgs boson mass combina-
tions.

® mg, — the common mass parameter for all squarks. The assumption of
the same mass parameters for the three squark generations has a small
effect. Results depend mostly on the stop mass parameter and only
weakly on the masses of other sfermions.

e mg — the gaugino mass. We assumed the commonly used GUT relation
for the SU(2) and U(1) gaugino masses: my) = 2 tan? fw msuy(2)
mgy(2) = Mg. This assumption also has a little impact on results.

e 1 — the mixing parameter of the Higgs doublets in the superpotential.

e A - the mixing parameter in the sfermion sector. As for ms, only one
universal parameter is considered for all generations. The mixing is
proportional to Amgg.

Throughout our paper, the top quark mass is fixed to mg; = 175 GeV [16]. In
order to study the effect of the variation of the SUSY parameters described
above we scan them in the ranges given in Table I.
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TABLE I
Ranges of SUSY parameters used for independent variation in the study of the
MSSM neutral Higgs boson searches.

Parameter | myq (GeV) | mg (GeV) b (GeV) A
Range 200—1000 | 200—1000 | —500—500 | —1—+1

The parameters shown in Table I are the input parameters for the calcu-
lations of the physical sfermion, chargino, and neutralino masses. Some
parameter combinations can be unphysical (e.g. negative squark masses) or
experimentally excluded. Such cases are removed by imposing the following
constraints: stop and chargino are required to be heavier than mz/2, and
the neutralino to be heavy (or weakly coupled) in agreement with the bound
on contributions to the Z° width beyond the MSM: AI'$a* < 31 MeV [17].
An additional constraint is applied on tan 3, defined as the ratio of the vac-
uum expectation values of the Higgs doublets. In our approach tang is a
function of my, ma and the SUSY parameters listed in Table 1. Tree-level
experimental bounds on tan 3 are assumed to hold approximately, and its
value is constrained to 0.5 < tan 3 < 50. The lower bound is based on [18].
The variation of the upper bound has no significant effect on the results.
The lower bound on tan 3 affects the theoretically allowed regions in the
(mn,ma) and (my,ma) planes.

4. Excluded mass regions at LEP1

In order to derive precise bounds on h® and A° masses, the limits on the
Higgs boson production rates given in [12] have been used. In the mass plane
(mn,m4a), each point with a step size of 1 GeV up to Higgs boson masses
of 120 GeV has been analyzed separately. For each mass combination, the
production cross sections of the reactions ete~ — h%Z% — hOff, ete™ —
h®A°, and the branching ratios for h® and A® decays have been computed
as a function of the parameters described in Sec. 33. Then, the number of
expected Higgs boson events for each investigated final state and each mass
bin has been calculated. The following channels are taken into account:

1. h° production in bremsstrahlung processes:
ete™ — hOZ% o h%te~, houtu~, homv

® The possibility of Higgs boson production via bremsstrahlung off b-quark
e*e™ — bb — bbh® is not discussed. This channel could be significant for large
values of tan3. Also the fusion of WY W™ is not considered as it is negligible for
LEP1 and LEP2 energies. On the contrary, this reaction could become significant at
the NLC (3].
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2. h®A0 pair-production processes:

ete™ — hPA° — 7+7=7tr= 7+7-bb, bbbb.

For my, > 2mp:

ete= — hPA® - ACA9AC — bbbbbb.
In addition, a combined LEPI limit on non-standard Z° decays has been
applied: AI'P®* <31 MeV at 95% CL [17]. A given (my,m4) combination is
excluded if for all SUSY parameter sets (from the ranges defined in Table I
and for fixed m, = 175 GeV) the expected number of events in at least one
of the channels is excluded at 95% CL.
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Fig. 1. Excluded mass regions at LEP1. Left plot — individually excluded mass
regions for various searches (“GT”- Z° lineshape; “SM” Z° — Z%*h?). Right plot —
combined excluded regions: dotted line: EPA (epsilon approximation), thin solid
line: FDC (heavy SUSY parameters only), thick solid line: FDC (scan over SUSY
parameters), very thick line: new unexcluded region in FDC.

Left plot of Fig. 1 shows regions in the (my,m4) plane which are excluded
by the individual channels listed above. A comparison of the individual and
combined excluded regions in left and right plots of Fig. 1 shows that the
sum of the partial exclusion regions is smaller than the combined one. This
is due to the scanning over the SUSY parameters. For fixed (my,ma), one
can find the parameter combinations for which the cross section for a given
channel is particularly low. It is unlikely that the cross sections are very low
in all channels simultaneously, owing to the well-known complementarity of
the cross sections of ete~ — h9Z° and ete~ — h%AP° reactions. This
complementarity holds approximately even after the inclusion of non-leading
vertex corrections.
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Right plot of Fig. 1 shows the regions in the (mp,ma) plane that can
be excluded by the simultaneous analysis of all channels. Three regions are
distinguished:

(i) Excluded regions after performing a full scan over the SUSY parameter
space and using the FDC method in cross section and branching ratio
calculations;

(it) as above, but varying only ms, and assuming that the other SUSY
parameters are constrained to the values shown in Table II. This is
done for comparison with the EPA approximation;

(111) excluded regions with radiative corrections calculated in the simplified
EPA (“epsilon approximation”) [12], where only the leading corrections
from the top and stop loops are taken into account. In this case results
depend on myq only. The range 175 GeV < mgq < 1000 GeV is used.

TABLE 11

Fixed heavy SUSY parameters used for comparison with the EPA results

Parameter | myq (GeV) m, (GeV) p (GeV) A
Value 1000 1000 100 0

Right plot in Fig. 1 reveals an interesting result for the excluded re-
gions in the (my,ma) plane. The full scan over the SUSY parameter space
(thick solid line) gives, in comparison with the epsilon approximation (dot-
ted line, (#ii), a substantial additional triangle-shape unexcluded mass range
for 45 GeV < my < 80 GeV and 25 GeV < my, < 50 GeV, which is marked
with a bold solid line.. The existence of this region can be understood in the
following way: in the range my, + ma < mgz the reaction ete~ — hCA0is
allowed kinematically and both main discovery channels ete~ — h0Z%,
and ete™ — hOAC contribute. If radiative corrections reduce the cross
section of one of them below the experimental sensitivity, the complemen-
tary cross section will be large enough to exclude this mass combination.
The unexcluded triangle begins just above the my + ma = mgz limit. In
this range the bremsstrahlung cross section ete™ — h%Z% can be small
for some SUSY parameters. We identify points where it is suppressed by a
factor of 25 compared with the MSM prediction for e*e™ — H{gyZ2%*. The
complementary process is already forbidden kinematically, thus no signal
can be observed. Low unexcluded my values are obtained for low physi-
cal stop masses of the order of O(50 — 200 GeV) and large mixing in the
sfermion sector (4 = +1, large p), when the splitting between the left and
right stop masses is large. The other SUSY parameters have smaller influ-
ence on the shape of the unexcluded region. With increasing my, the cross
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section for the ete™ — h9Z%* reaction becomes less sensitive to the SUSY
parameters and similar to the ete™ — HYygyZ%* cross section (calculated
at mp = mye ) because of the decoupling effect [7]. The difference be-

tween cross sections calculated in the MSSM and MSM decreases as 1/mj}.
Above mp = 100 GeV the bremsstrahlung production of h9 is sufficient to
establish, independent of the SUSY parameters, the Higgs mass bound of
55 GeV. Even in this range of my, for special SUSY parameter combina-
tions (outside the values defined in Table I), a light h® can escape detection
for very large squark mixing.

Right plot in Fig. 1 shows that the regions obtained in approaches (i)
(thin solid line) and (iii) (dotted line) are similar. The excluded area in
(ii) is only slightly larger than in (i71). The few GeV distance between the
lines reflects the difference in the my, values calculated in the EPA and the
FDC. This shows that the EPA result can be approximately recovered for
a specific set of SUSY parameters given in Table I

The sizes of the excluded regions presented in Fig. 1 are rather insensitive
to the choice of a lower bound on tan 3. The tan§ values from the range
0.5-1 are projected to my, values ranging from 60 to 80 GeV, which is almost
entirely above the reach of LEP1.

5. LEP2 discovery potential

Four production reactions relevant for LEP2 ete~ — h9Z% h%A° and
ete™ — HOZ° HOPAC have been investigated based on sensitivities given
in [13]. Each point in the (my,ma) plane has been analyzed separately
with a step size of 5 GeV. For each fixed mass combination (or fixed mu
and tan ), the production cross sections of all the four reactions have been
calculated for /s = 175, 190 and 210 GeV as a function of the parameters
listed in the Sec. 2. When the first signal is visible, h? and H° are indis-
tinguishable owing to low production rates and similar signatures. As a
consequence, a given point in the parameter space is accessible at LEP2 if
at least one of the cross sections on7, oha, OHz Or opa is larger than the
expected experimental sensitivity. A linear interpolation has been used to
obtain the sensitivity for mass combinations between simulated mass points.
Four regions are distinguished in the (my,m4) and (ma,tan 3) planes:

(A) The sensitivity region where, by direct searches, a Higgs signal cannot
escape detection, for any choice of the SUSY parameters from the
ranges given in Table I and for fixed top quark mass of 175 GeV.

(B) The region where the perspectives of direct searches depend on the
SUSY parameters. This means that searches can have sensitivity or
not, depending on the specific choice of these parameters.
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(C) The non-sensitivity region where no signal can be found independent
of the choice of the SUSY parameters.

(D) The theoretically disallowed region in the (my,ma) parameterization
where (my,mp) combinations are not allowed in the MSSM for any
choice of SUSY parameters and requiring tan 3 > 0.5.

The mass regions where at least one CP-even Higgs boson can be discovered

at LEP2 for /s = 175, 190 and 210 GeV are shown in the (mp,ma) and

(ma,tan 3) planes in Fig. 2.
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Fig. 2. Regions of detectability of h® at LEP2 in the (mn,ma) (left plot) and
(ma,tan 3) (right plot) planes. For the description of regions (A)~(D) see text.

The effects of increasing center-of-mass energy can be clearly seen in the
left plot of Fig. 2. A substantial region (B) reflects an uncertainty in the
discovery potential connected with the variation over the SUSY parameters.
The border between the regions (B) and (C) is largely set by the kinematical
bound for the bremsstrahlung process ete~ — h°Z° and depends strongly
on the available center-of-mass energy. The upper bound of region (C) de-
pends mainly on the top quark mass. For ma > 100 GeV, region (B) forms
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a band about 10 GeV wide, tangent to the kinematical bound. The second
part of region (B) lies in the intermediate region my ~ ma < 120 GeV.
For some combinations of the SUSY parameters even h° as light as about
60 GeV can escape detection. Cross sections in this region are not much
below the detection sensitivities and a fine-tuned experimental analysis can
probably cover the low-my, part of region (B).

Right plot in the Fig. 2 shows the same results in the (ma,tan 3) plane.
The regions (A) are similar for /s = 175 and 190 GeV. For /s = 210 GeV
the bound of region (A) shifts by about 15 GeV to about 70 GeV. For
/5 =175 GeV a large region (C) reflects the fact that there is no possibility
to discover a MSSM scalar for ma > 60 GeV and tan 3 > 5. Region (C)
shrinks to small isolated area for \/s = 190 GeV and it is entirely replaced
by region (B) for \/s = 210 GeV. This shows that for the higher center-of-
mass energies the bremsstrahlung reaction ete~ — h%Z° can be observed
even for large ma values, with the exception of some choices of the SUSY
parameters. For /s = 210 GeV a small additional region (A) appears
around the ma = 100 — 120 GeV and tan 38 > 40 due to H° contributions.

Concluding, if the top quark mass is close to or higher than the central
value of CDF measurements [16], even for \/s = 210 GeV and £ = 500 pb™!
LEP2 cannot perform a decisive test of the MSSM. Most of the allowed
(mn,ma) plane is covered, but some mass regions remain out of reach also
for this machine configuration.

6. Discovery potential of the NLC

In the analysis of the physics potential of the NLC we use a center-
of-mass energy of /s = 500 GeV and an estimated sensitivity of 10 fb
for all ete~ — h9Z°, 'H°Z°, h®A°, and HCPA° channels [3]. Assuming a
total luminosity of the NLC of £ = 30 fb=!, this sensitivity corresponds
approximately to a discovery of a signal if more than 300 events are produced
(before selection cuts are applied). Under these assumptions the NLC can
cover entirely the MSSM parameter space and at least one Higgs boson
must be found or the MSSM is ruled out. This conclusion holds for a
simultaneous search for the pair production reactions ete™ — h®A% HOA®
and for the bremsstrahlung reactions ete™ — hOZC® HOZ°. The reaction
ete™ — hYZ0 alone is not sufficient because the cross section for this process
is too low to be discovered for some parameter choices. At the NLC good
chances exist to find more than one Higgs boson if its mass is not too large.
Figure 3 (left plot) illustrates the perspectives of finding the heavier CP-even
Higgs bosons H®. Regions (A)—(D) are defined as in Sec. 4. Some fraction
of the parameter space for my < 100 GeV is covered by searches for H°
bremsstrahlung only. The remaining region can be covered by searches for
HOAO pair-production up to about mp + my < 400 GeV.
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The discovery of more than one Higgs boson most clearly distinguishes

the MSSM from the MSM. The important conclusion resulting from the
analysis of the production rates of the neutral MSSM Higgs bosons at the
NLC is that either h° alone, or all three neutral MSSM scalars h®, H® and

A° could be found simultaneously.
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Fig. 3. Left plot: regions of detectability of H® at the NLC. Right plot: regions
of simultaneous detectability of h®, H® and A® at the NLC. For the description of

regions (A)—(D) see text.

This is due to the complementarity of the couplings Z°Z°h®, ZOHCA®
and Z°ZOHO®, Z°h®A°. For m, > 100 GeV the cross section for the ete™ —
Z°h° process and the h® decay branching ratios are close to the MSM pre-
dictions [7]. In the same mj range, the Z°H®A° coupling is strong and
ZOZ°H° is weak, thus H® can only be produced in association with A° in
the ete™ — HCAY reaction. For smaller A® masses and some SUSY pa-
rameter choices, h® bremsstrahlung cannot be observed. In this case the
Z°Z°H° and Z°h%A° couplings are large and both process are kinemati-
cally allowed. Again all three neutral MSSM scalars could be detected.
This conclusion also holds after taking into account the WTW~ fusion:
ete™ - WHW~vw — vih®(H®), since the WHW~h°(H®) and Z°Z°h°(HO)
couplings are proportional. The right plot of Fig. 3, region (A), shows that
all three scalars could be observed up to ma & 200 GeV. For mp = 90 GeV
and ma = 180 GeV a small region (B) exists, where the perspectives of the
simultaneous h®, H® and A° discovery depend on the SUSY parameters. For

larger my only h° can be found, region (C).
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7. Conclusions

Aspects of searches for neutral supersymmetric Higgs bosons at present
and future ete™ colliders have been presented. Full 1-loop diagrammatic
calculations of radiative corrections to the Higgs particle production and
decay rates are applied. The dependence of the results on all important
model parameters is investigated. In addition to the stop mass, which is
the most important free parameter in previous studies, several other SUSY
parameters are varied independently. This variation changes significantly
the results compared with the simpler EPA approach. We show that for
fixed and heavy SUSY particle masses (and small left-right sfermion mass
splitting) the results of the EPA can approximately be recovered in the
FDC. Nevertheless, differences of the order of few GeV on the investigated
Higgs mass bounds also exist in this case. Using detailed experimental
results and performing a full scan over the MSSM parameters, the differences
become large. For LEP1, FDC gives in comparison with EPA an additional
unexcluded region for my, & 25 — 50 GeV and my ~ 45 — 80 GeV.

For LEP2, the possibilities of a discovery of the lightest supersymmetric
scalar depend strongly on the achievable center-of-mass energy. For my >
120 GeV, h® with the mass in the range mp < (v/s—100) GeV could always
be found. In the my, range from (y/s — 100) GeV up to the kinematical
bound, perspectives of discovery depend on the specified set of the MSSM
parameters.

At the NLC even at the most unfavourable parameter choice at least
one MSSM neutral Higgs boson should be found or the MSSM is ruled out.
The NLC has good chances to discover more than one Higgs particle, and
most likely either one or all three MSSM neutral scalars could be observed.
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