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Abstract 

The final interpretation of the results from DELPHI on the searches for MSSM 
Higgs bosons is presented in the framework of a few benchmark scenarios. The 
experimental results included encompass the searches for neutral Higgs bosons at 
LEPI and LEP2 in final states as expected in the MSSM, as well as LEP2 searches 
for charged Higgs bosons and for neutral Higgs bosons decaying into hadrons. The 
theoretical scenarios are based on the currently most complete calculations of the 
radiative corrections at the two-loop order. Limits are derived on the masses of 
the lightest scalar and pseudoscalar Higgs bosons, h and A, and on tan 13. The 
dependance of these limits with the top quark mass is discussed. 

Contributed Paper for LP 2005 (Uppsala) and HEP-EPS 2005 (Lisbon) 



1 Introduction 

This note presents the final interpretation of the results obtained by DELPHI on the 
searches for Higgs bosons in the whole data set recorded by the experiment. The the­
oretical framework is the Minimal Supersymmetric Standard Model (MSSM) which, as 
compared with the Standard Model, has an extended Higgs sector with two doublets of 
Higgs fields. Two important parameters in this sector are the Higgs doublet mixing an­
gle, a, and the ratio of the doublet vacuum expectation values, tan (3. The two-doublets 
of Higgs fields lead to five physical Higgs bosons, of which three are neutral. In CP­
conserving MSSM models, which is the case of the scenarios considered hereafter, two of 
the three neutral Higgs bosons, denoted h, for the lighter one, and H, are CP-even. The 
third one is a CP-odd pseudo-scalar, denoted A. In e+e- collisions, the dominant produc­
tion mechanism for the CP-even scalars is the s-channel process described in Fig. 1 which 
is complemented by additional t-channel diagrams in the final states where a Higgs boson 
is produced with neutrinos or electrons, which proceed through W+W- and ZZ fusions, 
respectively. On the other hand, the CP-odd pseudo-scalar is produced in association 
with either of the CP-even scalars, as depicted in Fig. 1. Finally, charged Higgs bosons, 
H+ and H-, are also produced in pairs through a similar diagram. 

e h,H e 

Figure 1: Main production processes of MSSM neutral Higgs bosons at LEP. Left: 
associated production of a Z and a CP-even Higgs boson. At LEP1, the intermediate 
Z is on-shell and the final Z is off-shell, while it is the reverse at LEP2. Right: pair­
production of the CP-odd pseudo-scalar A and a CP-even Higgs boson. The exchanged 
Z is on-shell at LEP 1. 

In most of the MSSM parameter space, only hZ and hA productions are kinematically 
possible at LEP energies. These processes have complementary cross-sections since the 
hZZ and hAZ couplings are proportional to sin(a - (3) and cos(a - (3), respectively. If 
kinematically allowed, hZ production dominates at low tan f3 or at large mA, while in the 
rest of the parameter space, it is suppressed with respect to hA pair-production. The third 
neutral Higgs boson, H, in some scenarios and in limited regions of the parameter space, is 
light enough and can be produced with a large HZ or HA cross-section. As the HZZ (resp. 
HAZ) coupling is proportional to cos(a - (3) (resp. sin(a - (3)), HZ production, when 
allowed by kinematics, arises at large tan (3, and HA production at low tan (3. Similarily, 
charged Higgs bosons kinematically accessible at LEP2 energies are predicted in limited 
regions of the MSSM parameter space, typically when A is light, whatever tan (3. The 
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2minimal value of the mass of such charged Higgs bosons is 60 Ge V Ic . 

In the range of masses accessible at LEP - up to 120 (100) GeV Ic2 in mh or mH 

(mA) - and in most of the MSSM parameter space of the scenarios studied hereafter, 
the main decays of the three neutral Higgs bosons are into the pair of heaviest fermions 
kinematically permitted. Below the J.L+ J.L- threshold, a Higgs boson would decay into ff or 
e+e- pairs with a significant lifetime. Above the J.L+ J.L- threshold, the lifetime is negligible 
and Higgs bosons decay at the primary vertex. Up to 3 Ge V Ic2 the main decays are into 
J.L+ J.L- pairs and then into hadronic channels with a large proportion of two-prong final 
states. Above 3 GeV Ic2 the dominant decays are successively into ce, T+T- and finally 
bb pairs for Higgs boson masses above 12 Ge V Ic2

• Besides these decays into fermions, 
there are also regions of the parameter space where one neutral Higgs boson can undergo 
cascade decays to a pair of Higgs bosons, as for example h -+ AA. In some cases, this 

2mode dominates over the decays into S M particles. Finally, above 60 Ge V Ic , charged 
Higgs bosons can decay either into the pair of heaviest fermions allowed by kinematics, 
that is into cs or TV pairs, or into a W*A pair if A is light. 

These different decay channels define the topologies that were searched for to cover the 
MSSM parameter region kinematically accessible at LEP energies. Section 2 describes 
these topologies as well as the definition and a summary of the techniques related to 
confidence levels used in the statistical interpretation of the searches. Section 3 presents 
the definition of the eight CP-conserving MSSM benchmark scenarios studied in this 
note. Compared to our previous results [1], the theoretical calculations are identical, i.e. 
include all dominant two-loop order radiative corrections. But the set of experimental 
searches was enlarged and more MSSM scenarios were included. Results combining all 
searches are presented in section 4. Since the top quark mass has a significant impact on 
the predicted mass spectrum of the neutral Higgs bosons, and hence on the experimental 
exclusion limits, especially that on tan /J, results are derived for several values of this 
mass, namely: mtop = 169.2, 174.3, 179.4 and 183.0 GeV Ic2

. The value of 179.4 GeV 12, 
closest to the present experimental measurement of mtop = 178.0 ± 4.3 GeV Ic2 [2J, has 
been chosen as a reference to quote absolute mass and tan /Jlimits, as well as in most of 
the exclusion plots. 

Experimental results and confidence levels 

The different analyses performed to search for neutral and charged Higgs bosons in the 
whole DELPHI data sample are summarised in Table 1 which lists the final states, 
mass ranges, data samples and the references for more details about the selections and 
their performance. As compared to the set of experimental inputs used in our previous 
interpretation of [1], that one contains in addition the charged Higgs analyses and the 
searches for neutral Higgs bosons decaying into hadrons of any flavour. These latter 
are expected to provide the experimental sensitivity in scenarios where the Higgs boson 
decays into bb pair vanish. As their mass coverage start at low mass, they also increase 
the experimental sensitivity to Higgs bosons below the bb threshold, a region otherwise 
covered only by analyses of subsets of the LEP1 data sample. The same holds for charged 
Higgs boson searches. 

When scanning over the parameter space of a model, confidence levels are computed 
at each point to test the compatibility of data with the hypothesis of background only 
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state range 
(GeY) (GeY /c2 

) (pb-1) info. 
hZ with direct decays 

91. Z -t e+e-, JL+ JL- < 0.21 2.5 no [3] 
91. (h -t yO) (Z -t any) < 0.21 2.5 no [3] 
91. (h -t 2 prongs) (Z -t qq) 0.21 - 2. 0.5 no [4] 
91. (h -t jet) (Z -t e+e-, JL+JL-) 1. - 20. 0.5 no [4] 
91. (h -t jet jet) (Z -t 1+1-, vi) ) > 12. 3.6 no [5] 
91. (h -t jet jet) (Z -t e+e-, JL+JL-, vi)) > 35. 33.4 no [6] 

161.,172. (h -t bb)(Z -t any), (h -t r+r-)(Z -t qq) > 40. 19.9 1d [13] 
183. (h -t bb)(Z -t any), (h -t r+r-)(Z -t qq) > 55. 52.0 1d [14] 
189. (h -t bb)(Z -t any), (h -t r+r-)(Z -t qq) > 65. 158.0 2d [15] 

192.-208. (h -t bb)(Z -t any) > 12. 452.4 2d [16, 17] 
192.-208. (h -t r+r-)(Z -t qq) > 50. 452.4 2d [16, 17] 
189.-208. (h -t hadrons)(Z -t any but r+r-) > 4. 610.4 mix [20] 

hA with direct decays 
91. 4 prongs > 0.4 5.3 no [7] 
91. r+r- hadrons > 8. 0.5 no [8] 
91. r+r- jet jet > 50 3.6 no [9] 
91. bbbb, bbce > 30. 33.4 no [10] 
91. r+r-bb > 16. 79.4 no [19] 
91. bbbb > 24. 79.4 no [18) 
133. bbbb > 80. 6.0 no [12) 

161.,172. bbbb,r+r-bb > 80. 20.0 1d (13) 
183. bbbb,r+r-bb > 100. 54.0 1d [14] 
189. bbbb,r+r-bb > 130. 158.0 2d [15) 

192.-208. r+r-bb > 120. 452.4 2d [16, 17] 
192.-208. bbbb > 80. 452.4 2d [16, 17) 
189.-208. r+r-r+r- > 8. 570.9 1d [18] 
189.-208. bbbb > 24. 610.2 no [18] 
189.-208. hadrons > 8. 610.4 mix [20] 

hZ or hA with h -t AA cascade 
91. Z -t qq < 0.21 16.2 no [11) 
91. (AA -t yOyO) (Z -t any but r+r-) < 0.21 9.7 no [11] 
91. (AA -t ,,) (Z -t any or A -t ,,) < 0.21 12.5 no [11] 
91. (AA -t 4 prongs) (Z -t any or A -t 2 prongs) > 0.21 12.9 no [11] 
91. (AA -t hadrons) (Z -t vi) or A -t hadrons) > 0.21 15.1 no [11] 
91. (AA -t r+r-r+r-) (Z -t vi) or A -t r+r-) > 3.5 15.1 no [11) 

161.,172. (AA -t any) (Z -t qq, vi) or A -t any) > 20. 20.0 1d [13] 
183. (AA -t bbbb) (Z -t qq) > 12. 54.0 1d [14] 

192.-208. (AA -t bbbb, bbce, cece) (Z -t qq) > 12. 452.4 2d [16, 17] 
192.-208. (AA -t cece) (Z -t qq) > 4. 452.4 2d [19) 

H+H­
189.-208. cscs, csrvr , W* Arvr, W* AW*A > 40. 610.4 2d [21] 
189.-208. > 40. 570.8 1d 

Table 1: List of signals expected from MSSM Higgs bosons that were searched for in the 
DELPHI data sample. Indicated for each signal are the centre-of-mass energy, final-state, 
analysed mass range, integrated luminosity, level of discriminant information included in 
the confidence level estimates (none, one- or two-dimensionaL.) and the reference where 
details of the analysis are published. Here h means either of the two CP-even scalars. 
The mass range applies to mh for hZ production, to mh+mA for hA production, to mA 
for h -t AA processes and to mH± for H+H- production. When no upper bound is given, 
the limit given by kinematics or vanishing branching fractions must be understood. 
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and with that of background plus signal as expected from the model. These are calcu­
lated using a modified frequentist technique based on the extended maximum likelihood 
ratio [22] which has also been adopted by the LEP Higgs working group. The basis of 
the calculation is the likelihood ratio test-statistic, Q: 

In Q = -8 + LIn Si + bi 

i bi 

where 8 is the total signal expected and Si and bi are the signal and background densities 
for event i. These densities are constructed using either only expected rates or also addi­
tional discriminant information, which can be one- or two-dimensional. Table 1 presents 
the level of discriminant information for each channel: LEPI results are relying on rates 
only, while LEP2 results mix channels without or with discriminant information. As an 
example, in neutral Higgs boson channels with discriminant information, the first variable 
is the reconstructed Higgs boson mass in the hZ analyses and the sum of the reconstructed 
h and A masses in the hA analyses, while the second variable, if any, is channel-dependent, 
as specified in the references listed in the Table. Charged Higgs analyses use discriminant 
information in a similar way and the definition of their discriminant variables can be 
found in [21]. The searches for Higgs bosons decaying hadronically encompass analyses 
without or with Id discriminant information together with analyses whose selections vary 
with the mass hypothesis. We refer the interested reader to [20] for more details. 

The observed value of Q is compared with the expected Probability Density Functions 
(PDFs) for Q, which are built using Monte Carlo sampling under the assumptions that 
background processes only or that both signal and background are present. The confidence 
levels CLb and CLs+b are their integrals from -00 to the observed value of Q. Systematic 
uncertainties in the rates of signal or background events are taken into account in the 
calculation of the PDFs for Q by randomly varying the expected rates while generating 
the distribution [23], which has the effect of broadening the expected Q distribution and 
therefore making extreme events seem more probable. 

CLb is the probability of obtaining a result as background-like or more so than the one 
observed if the background hypothesis is correct. Similarly, the confidence level for the 
hypothesis that both signal and background are present, CLs+b, is the probability, in this 
hypothesis, to obtain more background-like results than those observed. The quantity CLs 
is defined as the ratio of these two probabilities, CLs+b/CLb. It is not a true confidence 
level, but a conservative pseudo-confidence level for the signal hypothesis. All exclusions 
discussed hereafter use CLs and require it to be 5% for an exclusion confidence of 95%. 
As using CLs instead of CLs+b is conservative, the rate of fake exclusions is ensured to be 
below 5% when CLs is equal to 5%. 

We refer the interested reader to [19] for more details about the handling of the 
experimental inputs prior to the confidence level calculations. The most important issues 
are the estimation of the expected signal and background densities from simulation, the 
use of a linear interpolation to estimate densities at masses, center of mass energies or tan {3 
values not included in the simulation, the way non-independent channels are treated to 
ensure that only independent results are statistically combined, and the way the possible 
simultaneous production of the two CP-even scalar Higgs bosons, hand H, is accounted 
for. Note that in analyses with selections varying with the mass hypothesis, hand H 
signals cannot be combined in the way described in [19]. In that case, only that signal 
with the highest expected exl usion power is retained at each test point. 
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3 The benchmark scenarios 

At tree level, the production cross-sections and the Higgs branching fractions in the 
MSSM depend on two free parameters, tan,8 and one Higgs boson mass, or, alternatively, 
two Higgs boson masses, e.g. mA and mho Radiative corrections introduce additional 
parameters related to supersymmetry breaking. Hereafter, the usual assumption that 
some of them are identical at a given energy scale is made: hence, the SU(2) and U(l) 
gaugino mass terms are assumed to be unified at the so-called GUT scale, while the 
sfermion mass terms or the squark trilinear couplings are assumed to be unified at the 
EW scale. Within these assumptions, the parameters beyond tree level are: the top quark 
mass, the Higgs mixing parameter, IL, the common sfermion mass term at the EW scale, 
M susy , the SU(2) gaugino mass term at the EW scale, M 2 , the gluino mass, mg) and the 
common squark trilinear coupling at the EW scale, A. The U(l) gaugino mass term at 
the EW scale, M I , is related to M2 through the GUT relation MI = (5/3)tan2BwM 2. The 
radiative corrections affect the relationships between the masses of the Higgs bosons, with 
the largest contributions arising from the top/stop loops. As an example, the h boson 
mass, which is below that of the Z boson at tree level, increases by a few tens of Ge V / c2 

in some regions of the MSSM parameter space due to radiative corrections. 

3.1 The scenarios 

In the following, eight benchmark scenarios are considered, as suggested in Ref. [24]. The 
values of their underlying parameters are quoted in Table 2. The first three scenarios are 
those usually studied at LEP. They have been proposed to test the sensitivity of LEP 
to Higgs bosons with either masses close to the kinematical limit or decays difficult to 
detect. Similarly, the five other scenarios are aimed at testing the sensitivity of the Higgs 
boson searches at hadron colliders. It is thus interesting to establish the LEP constraints 
in such models too. 

The first two scenarios, called the mhax scenario and the no-mixing scenario, differ 
only by the value of X t = A - IL cot,8, the parameter which controls the mixing in the 
stop sector, and hence has the largest impact on the mass of the h boson. The mhax 

scenario leads to the maximum possible h mass as a function of tan,8. The no-mixing 
scenario is its counterpart with vanishing mixing, leading to upper bounds on mh which 
are at least 15 Ge V / c2 lower than in the mhax scheme. These two scenarios are quite 
representative of the sensitivity of LEP since the mass limits obtained in these schemes 
with earlier results were only slightly reduced in more general parameter scans [25]. 

The third scenario, called the large IL scenario, has a large and positive value of IL and 
a relatively small value of mg. It predicts at least one scalar Higgs boson with a mass 
within kinematic reach at LEP2 in each point of the MSSM parameter space. However, 
there are regions for which detecting such a Higgs boson is difficult because of vanishing 
branching fractions into b-quarks. The dominant decays in these regions being still into 
hadrons, the main analysis channels suffer from large backgrounds. This scenario was 
designed to test the sensitivity of LEP through analyses that could not benefit from the 
b-tagging capabilities of the experiments. 

Among the five other benchmark scenarios, three are variants of the mhax and no­
mixing scenarios. The sign of IL and that of the mixing parameter have been reversed in 
the two scenarios derived from the LEP mhax scenario. The changes in the Higgs boson 
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scenario Msusy M2 mg I-' X t 
(GeV /c2 ) (GeV /c2 ) (GeV/c2) (GeV /c2 ) (GeV /c2 ) 

mmax 
h 1000 200 800 -200 2 Msusy 

no mixing 1000 200 800 -200 0 
large I-' 400 400 200 1000 -300 
m~ax, I-' > 0 1000 200 800 200 2 Msusy 
m~ax, I-' > 0, X t < 0 1000 200 800 200 -2 Msusy 
no mixing, I-' > 0, large Msusy 2000 200 800 200 0 
gluophobic 350 300 500 300 -750 
small a 800 500 500 2.5 Msusy -1100 

Table 2: Values of the underlying parameters for the eight representative MSSM scenarios 
scanned in this paper. Note that X t is A - J.l cot /3. These scenarios have been studied for 
several values of the top mass quark, mtop = 169.2, 174.3, 179.4 and 183.0 GeV /c2 

. 

mass spectrum and properties are small. The sign of J.l has been reversed and the value 
of Msusy has been doubled in the scenario derived from the no mixing scenario of LEP. 
The higher Msusy scale leads to a few Ge V / c2 increase of the theoretical upper bound on 
mh. The last two scenarios have been proposed to test potential difficult cases for the 
searches at hadron colliders. Hence, the gluophobic scenario presents regions where the 
main production channel at the LHC, gluon fusion, is suppressed due to cancellations 
between the top quark and stop quark loops in the production process. Finally, in the 
small a scenario, important decay channels at the Tevatron and at the LHC, h ~ bb and 
h ~ 7+7-, are suppressed when a is small, which occurs at large tan /3 and moderate mA 

with the chosen set of parameter values. 

mtop (GeV/c2 
) 

scenario 169.2 174.3 179.4 183.0 
m~ax 128.2 132.9 138.6 142.7 
no mixing 112.8 115.5 118.2 120.3 
large J.l 106.1 108.0 110.1 111.6 
mh

ax 
, J.l > 0 128.4 134.1 140.1 144.3 

mhax , J.l> 0, X t < 0 124.5 128.8 134.3 138.2 
no mixing, J.l > 0, large Msusy 117.0 120.2 123.7 126.3 
gluophobic 115.7 118.8 122.0 124.4 
small a 118.5 122.2 126.2 129.1 

Table 3: Maximal value of mh (in GeV /c2 
) in the eight benchmark MSSM scenarios 

studied in this note, as a function of mtop' Radiative corrections include all dominant 
second-order loop terms [26]. The maximum value of mh corresponds approximately to 
the minimum value of mH' 

In all scenarios, the radiative corrections have been computed with all dominant two­
loop order terms included, in the Feynman-diagrammatic approach [26]. As an illustration 
of the different scenarios, Table 3 gives the maximum value of mh allowed by theory in 
each of them, for the four values of mtop' At a given mtop value, the three mhax scenarios 

6 



give the highest upper bounds on mh, the positive Il scenario leading to the maximal 
value. The large Il scenario presents the lowest upper bound, followed in increasing order 
by the no mixing scenario, the gluophobic one, the no mixing scenario with positive Il 
and the small 0: scheme. The maximum value of mh increases significantly with mtop' 

The effect is most important in the three mhax scenarios, and is much smaller in the 
others, especially in the large Il scheme. It must be noted that the maximum value of mh 

corresponds approximately to the minimum value of mH in regions of large HHZ couplings. 
Thus, apart in the three mhax scenarios, the H signal is expected to contribute to the 
experimental sensitivity, e.g. in all other scenarios for a top mass of 169.2 GeV /c2 and in 

2the no mixing and large Il scenarios for a top mass of 179.4 Ge V / c • 

3.2 The procedure 

In each scenario, a scan was performed over the MSSM parameters tan /3 and mAo The 
range in mA spans from 0.02 GeV /~ up to 1 TeV /c2 

• Values of mA leading to unphysical 
negative mass squared values were removed from the scans. Such points are rather rare, 
except in the large Il, gluophobic and small 0: scenarios (see section 4). The range in 
tan /3 extends from the minimal value allowed in each scenario 1 up to 50, a value chosen 
in the vicinity of the ratio of the top- and b-quark masses, which is an example of the 
large tan /3 hypothesis favoured in some constrained MSSM models [29]. The scan steps 
were 1 GeV /c2 in mA and 0.1 in tan/3 in the regions where mh varies rapidly with these 
parameters. At low mA, where the decays modes change rapidly with the Higgs boson 
mass, values tested were 0.02, 0.1, 0.25, 0.5, 1.5 and 3 GeV /c2 

. 

At each point of the parameter space, the hZ, hA and H+H- cross-sections and the 
Higgs branching fractions were taken from databases provided by the LEP Higgs working 
group, Ref. [30], on the basis of the theoretical calculations in Ref. [26], completed by that 
in Ref. [31] for the charged Higgs boson branching fractions. The signal expectations in 
each channel were then derived from the theoretical cross-sections and branching fractions, 
the experimental luminosity and the efficiencies. If necessary, a correction was applied to 
account for different branching fractions of the Higgs bosons between the test point and 
the simulation (e.g. for the hZ process, the simulation was done in the SM framework). 

As discussed in [19, 1], neutral Higgs bosons can have non-negligible widths at large 
2tan /3 when mA is above a few tens of Ge V / c • In this region, the experimental sensitivity 

is dominated by the LEP2 hA analyses dedicated to standard MSSM final-states. To 
account for width effects in these channels, efficiencies derived from simulations with h 
and A widths below 1 GeV /c2 (see e.g. [17]) were applied for tan /3 < 30 only. Above 
that value, efficiencies were linearly interpolated in tan /3 between the efficiencies from 
these simulations and those from simulations at tan /3 = 50 where the Higgs boson widths 
exceed the experimental resolution (typically, 5 Ge V / c2 on the sum of the Higgs boson 
masses). As the Higgs boson widths grow approximately linearly with tan /3 above 30, a 
linear interpolation is valid. The same holds for the discriminant information, for which 
the same interpolation software was used for the PDF interpolation in mass or centre-of­
mass energy [19]. The hZ and HZ channels at large tan /3 are much less affected by width 
effects since in most of the regions where they possibly contribute, their width is below 
the experimental resolution, as shown in [1]. 

1The minimal value of tan f3 is 0.7 in the large J.l scenario and in the no mixing scenario with positive 
J.l and 0.4 in all other schemes. Lower tan f3 values give rise to unphysical negative mass squared values. 
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4 Results 

The regions of the MSSM parameter space excluded at 95% CL or more by combining 
the results of Table 1 are hereafter discussed in turn for each scenario. As a general 
statement valid in all scenarios, most of the exclusion is made by the searches for neutral 
Higgs bosons in final-states as expected from most MSSM models. The searches for 
neutral Higgs bosons decaying hadronically bring a gain in exclusion at high mass in 
the large J.L scenario and, at low masses, in all other scenarios given their more complete 
coverage at low mAo The charged Higgs boson searches complete the exclusion at low mA 
since in that region these bosons become kinematically accessible at LEP2. 

4.1 The mhax scenario 

The excluded regions in the (mh' tan ,8), (mA' tan,8) and (mh' mA) planes are presented 
in Fig. 2 for a top mass value of 179.4 Ge V / c2 . The inclusion of the searches for the heavy 
scalar, H, brings no change in the excluded regions since H is above LEP sensitivity in 
this scenario (see Table 3). Basically, the exclusion is made by the results in the hZ 
(hA) channels in the low (large) tan,8 region while they both contribute at intermediate 
values. As compared to our previous results of Ref. [1J, direct Higgs boson searches leave 
no unexcluded hole any longer at low mh and mAo In Ref. [1] such a hole was excluded 
only by the limit on the Z partial width that would be due to new physics. Here, the hole 
is excluded independently by the searches for charged Higgs bosons, which in that region 
have a mass around 80 Ge V / c2 

, a branching fraction into fermions above 90% and a large 
production cross-section. Altogether, the above results thus establish the following 95% 
CL lower limits on mh and mA for mtop = 179.4 Ge V / c2 

: 

mh > 89.7 GeV /c2 mA > 90.4 GeV /c2 

for any value of tan,8 between 0.4 and 50. The expected median limits are 90.6 Ge V / c2 

for mh and 90.8 GeV /c2 for mAo The observed limit in mA (mh) is reached at tan,8 around 
20 (10), in a region where both the hZ and hA processes contribute. Furthermore, for 
mtop = 179.4 GeV/c2 there is an excluded range in tan,B between 0.9 and 1.4 (expected 
[1.0-1.4]) which is valid for any value of mA between 0.02 and 1000 GeV /c2 

. 

The mtop dependence of the above limits was studied, as summarised in Table 4. The 
mass limits remain unchanged when varying mtop, for mh is insensitive to mtop in the 
region of large tan,8 and intermediate mA where the limits are set. On the other hand, 
the excluded range in tan,B is governed by the maximal value of mh, which is reached 
at large mA where mh is very sensitive to mtop, as illustrated in the top left-hand plot 
in Fig. 2: hence the variation of the limits in tan,8 as reported in Table 4 and Fig. 10. 
It must be noted that for a top mass of 183 Ge V / c2 

, there is no longer any exclusion in 
tan,8 in that scenario. 

4.2 The mhax scenarios with reverse signs of f.-t and X t 

The excluded regions in the (mh' tan,B), (mA' tan,B) and (mh' mA) planes for a top mass 
value of 179.4 Ge V / c2 are presented in Fig. 3 for the mhax scenario with positive J.L and in 
Fig. 4 for the mhax scenario with positive J.L and negative X t . The results are quite similar 
to that in the previous scenario. The third neutral Higgs boson, H, being too heavy does 
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Figure 2: MSSM m~ax scenario: regions excluded at.95% CL by combining the results 
of the Higgs boson searches in the whole DELPHI data sample (light shaded area). The 
dashed curves show the median expected limits. The dark shaded areas are the regions not 
allowed by the MSSM model in this scenario. The dash-dotted lines in the top left-hand 
plot are the theoretical upper bounds for a top mass of 169.2, 174.3 and 183.0 GeV /c2 

(from left to right). 
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Figure 3: MSSM mhax scenario with positive p: regions excluded at 95% CL by com­
bining the results of the Higgs boson searches in the whole DELPHI data sample (light 
shaded area). The dashed curves show the median expected limits. The dark shaded 
areas are the regions not allowed by the MSSM model in this scenario. The dash-dotted 
lines in the top left-hand plot are the theoretical upper bounds for a top mass of 169.2, 
174.3 and 183.0 GeVjc2 (from left to right). 
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Figure 4: MSSM mhax scenario with positive J-L and negative X t : regions excluded at 
95% CL by combining the results of the Higgs boson searches in the whole DELPHI 
data sample (light shaded area). The dashed curves show the median expected limits. 
The dark shaded areas are the regions not allowed by the MSSM model in this scenario. 
The dash-dotted lines in the top left-hand plot are the theoretical upper bounds for a top 
mass of 169.2, 174.3 and 183.0 GeV /c2 (from left to right). 
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not contribute and the charged Higgs channels provide a gain in exclusion at low mh and 
mAo Mass limits are within 200 MeVIc2 from that in the mhax scenario and do not vary 
significantly with mtop, as reported in Table 4. 

To compare observed and median limits, the 95% CL lower limits on mh and mA in 
the mhax scenario with positive J.L for mtop = 179.4 GeVIc2 are: 

mh > 89.5 GeVIc2 mA > 90.3 GeVIc2 

2for any value of tan f3 between 0.4 and 50. The expected median limits are 90.3 Ge V Ic
for mh and 90.4 GeVIc2 for mAo The 95% CL lower limits on mh and mA in the mhax 

scenario with positive J.L and negative X t for mtop = 179.4 Ge V Ic2 are: 

2mh > 89.5 GeVIc2 mA > 90.4 GeVI c

2for any value of tan f3 between 0.4 and 50. The expected median limits are 90.4 Ge V Ic
for mh and 90.6 GeVIc2 for mAo 

On the other hand, the excluded ranges in tan f3 are different, since the three mhax 

scenarios have different theoretical upper bounds on mho For mtop = 179.4 GeVIc2 the 
excluded range in tan f3 in the mhax scenario with positive J.L lies between 0.9 and 1.5 
(expected [0.9-1.5]), while in the mhax scenario with positive J.L and negative X t it spans 
from 0.7 to 1.9 (expected [0.7-1.9]). These limits are valid for any value of mA between 
0.02 and 1000 GeVIc2 • Note that despite the higher maximal value of mh in the mhax 

scenario with positive J.L, the most conservative limits in tan f3 are still derived in the 
mhax scenario, reflecting the differences in the theoretical upper bounds at tan f3 around 
1 (see top left-hand plots in Fig. 2 and Fig. 3). The mtop dependence of the above limits 
is presented in Table 4 and Fig. 10. For a top mass of 183 GeVIc2 , there is no longer 
any exclusion in tan f3 in the mhax scenario with positive J.L, while there is still one in the 
scenario with positive J.L and negative X t due to the lower maximal value of mh in that 
scenario. 

4.3 The no mixing scenario 

The excluded regions in the (mh' tanf3), (mA' tanf3) and (mh' mA) planes for a top mass 
2value of 179.4 Ge V Ic are presented in Fig. 5. In this scenario, if the top is not too 

heavy, the heavy scalar, H, is kinematically accessible at large tan f3 and moderate mA, 
the region where the mass limits in mA and mh are set. Thus, allowing for its production 
increases the sensitivity of the searches. 

The zoom at low mA in the (mh' mA) projection shows that there are three unexcluded 
holes below 4 GeV Ie in mAo The one at low mh is similar to that encountered in the 
mhax scenarios. As compared to our previous results of Ref. [1], this hole is almost fully 
excluded by the searches for charged Higgs bosons. A tiny region close to the theoretical 
lower bound on mh remains unexcluded by the direct Higgs boson searches. However, the 

2limit on the Z partial width that would be due to new physics [32], rnew < 6.6 MeVIc , 

translates, when applied to the hA process, into an excluded region that encompasses 
that area. The two other unexcluded regions have tan f3 below 1.0 and mh between 
59 and 82 GeVIc2

. In that region, mA is below the kinematic threshold mh = 2mA, 
the decay h ~ AA opens and can supplant the h ~ bb mode. Our LEP2 h ~ AA 
searches, covering A masses above the cc threshold (see Table 1), have no sensitivity 
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Figure 5: MSSM no-mixing scenario: regions excluded at 95% CL by combining the 
results of the Higgs boson searches in the whole DELPHI data sample (light shaded 
area). There are three unexcluded regions at low rnA, which are too small to be visible in 
the top left-hand plot. The one at low rnA and rnh is fully excluded by the limit on the Z 
partial width that would be due to new physics [32). The dashed curves show the median 
expected limits. The dark shaded areas are the regions not allowed by the MSSM model 
in this scenario. The dash-dotted lines in the top left-hand plot are the theoretical upper 
bounds for a top mass of 169.2, 174.3 and 183.0 GeV /c2 (from left to right). 
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there. Similarily, charged Higgs bosons, although kinematically accessible with a mass 
between 65 and 80 Ge V / c2

, have a large branching fraction into W* A. As our charged 
Higgs boson searches in these channels assume mA above 12 GeV/c2 (see Table 1), the 
overall experimental sensitivity in that region remains weak and no exclusion at 95% CL 
can be derived (the maximum value of CLs there is 25%). Note that the nearby region 
with mh from 82 Ge V / c2 to the theoretical upper bound on mh is excluded at 95% CL 
by the charged Higgs boson searches through their fermionic decays which dominate the 
W* A mode there. 

The above results thus establish the following 95% CL lower limits on mh and mA for 
mtop = 179.4 GeV/c2

: 

mh > 90.0 GeV /c2 
mA > 90.8 GeV /c2 

for any value of tan,8 between 0.96 and 50. The expected median limits are 90.8 GeV /c2 
for mh and 90.7 GeV /c2 for mAo The observed limits in mA and mh are reached at tan,8 
around 15, in a region where both the hZ and hA processes contribute. Furthermore, 
there are excluded ranges in tan,8, the largest interval for mtop = 179.4 Ge V / c2 being 
between 1.0 and 5.4 (expected [0.8-4.9]) which is valid for any value of mA between 0.02 
and 1000 GeV /c2. 

The mtop dependence of the above limits was studied, as shown in Table 4 and Fig. 10. 
In this scenario, both the mass limits and the excluded range in tan ,8 change when varying 
mtop' Indeed, as already mentioned, the mass limits in mA and mh rely on the searches for 
H, whose mass is very sensitive to mtop in the region where the limits are set. Similarly, 
the maximal value of mh, which governs the limits in tan,8, is reached at large mA where 
mh is very sensitive to mtop (see Table 3). Note that for a top mass of 169 GeV /c2

, mH 

decreases by 3 GeV /c2 in the region where the mass limits are set, making the H signal 
more within the sensitivity of LEP2: the whole parameter space of the no mixing scenario 
is then accessible and found to be excluded at 95% CL, apart from a hole at tan,8 below 
1.0 and mA below 4 GeV /c2 

, which is disfavoured at 75% CL only. 

4.4 The no mixing scenario with positive J1, and large Msusy 

The excluded regions in the (mh' tan,8), (mA' tan,8) and (mh' mA) planes for a top mass 
value of 179.4 Ge V / c2 are presented in Fig. 6. The larger Msusy makes the impact of the H 
signal, and hence the exclusion limits, weaker than in the previous scenario. On the other 
hand, the results in the low mass region, at mA below 4 Ge V / c2

, are similar to that in the 
no mixing scenario. The direct searches leave a tiny unexcluded region at low mh which 
is excluded by the limit on rnew. A second region, at mh between 65 and 72 Ge V / c2

, 

remains unexcluded even when charged Higgs boson searches are included, due to the 
large branching fraction into W* A decays, which are not covered by these searches at 
such low A masses. An exclusion at 85% CL is however achieved in this region. 
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Figure 6: MSSM no-mixing scenario with positive J-t and large Msusy: regions excluded 
at 95% CL by combining the results of the Higgs boson searches in the whole DELPHI 
data sample (light shaded area). There are two unexcluded regions at low rnA, which 
are too small to be visible in the top left-hand plot. The one at low rnA and rnh is fully 
excluded by the limit on the Z partial width that would be due to new physics [32]. The 
dashed curves show the median expected limits. The dark shaded areas are the regions not 
allowed by the MSSM model in this scenario. The dash-dotted lines in the top left-hand 
plot are the theoretical upper bounds for a top mass of 169.2, 174.3 and 183.0 GeV /c2 

(from left to right). 

15 



The above results thus establish the following 95% CL lower limits on mh and mA for 
mtop = 179.4 GeV /c2 

: 

mh > 89.7 GeV /c2 mA > 90.4 GeV /c2 

for any value of tan /3 between 0.88 and 50. The expected median limits are 90.5 GeV /c2 

for both mh and mAo For mtop = 179.4 GeV /c2 there is an excluded range in tan /3 
between 0.9 and 3.4 (expected [0.8-3.3]) which is valid for any value of mA between 0.02 
and 1000 GeV /c2 

• 

The mtop dependence of the above limits is presented in Table 4 and Fig. 10. The 
mass limits vary only slightly with mtop, since in the region where these are set, mh is 
insensitive to mtop while mH, although sensitive to mtop, is very close to the kinematic 
limit. Note also that, contrary to the case of the no mixing scenario, even for a top mass 
of 169 GeV/c2 the parameter space of this scenario is not fully accessible, due to too high 
an upper (resp. lower) bound on mh (resp. mH). The exclusion is thus much weaker than 
in the no mixing scheme. 

4.5 The large fL scenario 

The excluded regions in the large J-L scenario are presented in the (mh' tan /3) and (mA' 

tan /3) planes in Fig. 7 for values of the top quark mass of 174.3 and 179.4 Ge V / c2 
• In 

these figures, the contribution of the H signal and that of the searches for neutral Higgs 
bosons decaying into hadrons of any flavour are highlighted. 

A large fraction of the allowed domain is excluded by the searches for the h, A and H 
Higgs bosons into standard MSSM final states. In particular, given that the theoretical 
upper bound on the h boson mass in that scenario is low (around 110.0 GeV /c2 

, see 
Table 3), the sensitivity of the hZ channels is high even at large tan /3, which explains 
why the excluded region reaches the theoretically forbidden area for large values of tan /3. 
As the value of the upper bound on mh is also the theoretical lower bound on mH at large 
tan /3, allowing for the production of H translates into a significant gain in exclusion. The 
searches for neutral Higgs boson into hadrons of any flavour brings an additional exclusion 
in regions left unexcluded by the standard searches at tan /3 above 10. At moderate mA, 

hZ and hA productions are low due to weak hZZ couplings for hZ and to kinematics for 
hA. On the other hand, HZ production is large but H is decoupled from bb. At larger mA, 

hA and HZ productions are kinematically forbidden, hZ production is large but the h-+bb 
branching fraction vanishes. In both cases, the Higgs boson whose production is allowed 
(H or h) has a large branching fraction into hadrons and a mass close to the sensitivity 
of our searches for neutral Higgs boson decaying into hadrons and fully coupled to the 
Z. This explains why these searches lead to an additional but only partial exclusion in 
these regions. Note that increasing the top quark mass from 174.3 to 179.4 GeV /c2 leads 
to larger an unexcluded area, for there are more points with vanishing h or H branching 
fractions into bb and, as mh and mH increase with mtop, the impact of the searches 
for hadronically decaying Higgs bosons becomes also weaker. However, when combining 
the four LEP experiments, the sensitivity of these searches increases and becomes high 
enough to cover almost entirely these regions of vanishing branching fractions into bb [30]. 

At low masses, there is one unexcluded tiny hole at low mA and tan /3 above 1, which 
is due to the lack of searches for the topology with two jets and hadrons as expected 
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sults of the Higgs boson searches in the whole DELPHI data sample (light shaded and 
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from the hA process with one Higgs boson of mass above the bb threshold and the other 
one with a mass between 1 and 4 GeV /c2 . This point is excluded by the limit on rnew. 

All similar unexcluded holes at low masses present in our previous results [1] are now 
excluded either by the searches for neutral Higgs bosons decaying into hadrons or by the 
searches for charged Higgs bosons. 

4.6 The gluophohic scenario 

The excluded regions in the (mh' tan.8), (mA' tan.8) and (mh' mA) planes for a top mass 
value of 179.4 GeV /c2 are presented in Fig. 8. Although this scenario was designed to 
test Higgs boson searches at hadron colliders, that is a phenomenology very different from 
that of LEP, results are similar to those derived in the previous scenarios. The shape 
of the excluded region is made by the results in the hZ (hA) channels in the low (large) 
tan.8 region while they both contribute at intermediate values. At low mass, the direct 
searches leave one unexcluded hole, below 4 GeV /c2 in mA and at tan.8 around 0.6, which 
is excluded by the limit on rnew. 

The above results establish the following 95% CL lower limits on mh and mA for 
mtop = 179.4 GeV /c2 

: 

mA > 93.2 GeV /c2 

for any value of tan.8 between 0.4 and 50. The expected median limits are 86.6 Ge V / c2 

for mh and 93.3 GeV /c2 for mAo The observed limits in mA and mh are reached at 
tan.8 around 50, in a region where only the hA process contributes. Contrary to the 
other scenarios, the h and A bosons are not degenerate in mass at large tan.8, which 
reflects in the significant difference between the h and A mass limits. Furthermore, for 
mtop = 179.4 Ge V / c2 

, there is an excluded range in tan.8, between 0.5 and 3.7 (expected 
[0.5-3.6]) which is valid for any value of mA between 0.02 and 1000 GeV /c2 • 

The ffitop dependence of the above limits is shown in Table 4 and Fig. 10. As already 
mentioned, the h and A bosons are not degenerate at large tan.8 and moderate mA, the 
region where the mass limits are set. As a consequence, the value of mh at fixed mA and 
tan.8 is observed to vary significantly with mtop in that region. This is the main reason 
of the variations of the mass limits with mtop, an additional effect being the variations of 
mH which is kinematically accessible at low mtop in this scenario (see Table 3). On the 
other hand, the variation of the excluded range in tan.8 is due, as in the other scenarios, 
to the change in the maximal value of mh which is reached at large mA where mh is very 
sensitive to mtop' 

4.7 The small a scenario 

The excluded regions in the (mh' tan.8), (mA' tan.8) and (mh' mA) planes for a top mass 
value of 179.4 GeV /c2 are presented in Fig. 9. The small a scheme is the second example 
of a scenario aiming at testing potential difficult cases for the Higgs boson searches at 
hadron colliders. As mentioned in section 3, this scenario presents regions of the parameter 
space where the h -+ bb and h -+ r+r- decays vanish, which could be a problem at LEP 
too. The results in Fig. 9, similar to those derived in the previous scenarios, show that 
this is not the case. The reason is that at large tan.8, in the region accessible at LEP, 
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Figure 8: MSSM gluophobic scenario: regions excluded at 95% CL by combining the 
results of the Higgs boson searches in the whole DELPHI data sample (light shaded 
area). The unexcluded hole at low mA and tan {3 around 0.6 is fully excluded by the limit 
on the Z partial width [32] that would be due to new physics (red). The dashed curves 
show the median expected limits. The dark shaded areas are the regions not allowed by 
the MSSM model in this scenario. Note in particular the large forbidden region in the 
(mA' tan (3) projection, due to points leading to unphysical h masses. The dash-dotted 
lines in the top left-hand plot are the theoretical upper bounds for a top mass of 169.2, 
174.3 and 183.0 GeV /c2 (from left to right). 
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Figure 9: MSSM small a scenario: regions excluded at 95% CL by combining the results 
of the Higgs boson searches in the whole DELPHI data sample (light shaded area). There 
are a few unexcluded holes at low mh close to the theoretical lower bound, which are all 
excluded by the limit on the Z partial width [32] that would be due to new physics (red). 
The dashed curves show the median expected limits. The dark shaded areas are the 
regions not allowed by the MSSM model in this scenario. Note in particular the large 
forbidden region in the (mA' tan,8) projection, due to points leading to unphysical h 
masses. The dash-dotted lines in the top left-hand plot are the theoretical upper bounds 
for a top mass of 169.2, 174.3 and 183.0 GeV /c2 (from left to right). 
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the h -+ bb branching fraction, although reduced, remains high enough (e.g. above 70% 
in the region where the mass limits are set) to ensure a good sensitivity. Close to the 
theoretical lower bound on mh, the direct searches leave a few unexcluded islands that 
are all excluded by the limit on rnew. 

The above results establish the following 95% CL lower limits on mh and mA for 
mtop = 179.4 GeV /c2 

: 

mh > 82.5 GeV /c2 mA > 96.5 GeV /c2 

for any value of tan/1 between 0.4 and 50. The expected median limits are 81.3 GeV /c2 

for mh and 95.5 GeV /c2 for mAo The observed limits in mA and mh are reached at tan/1 
around 50, in a region where only the hA process contributes. As in the previous scenario, 
the h and A bosons are not degenerate in mass at large tan /1, which reflects in the signif­
icant difference between the h and A mass limits. Furthermore, for mtop = 179.4 GeV /c2 , 

there is an excluded range in tan /1, between 0.5 and 3.1 (expected [0.5-2.9]) which is valid 
for any value of mA between 0.02 and 1000 GeV /c2 

. 

The mtop dependence of the above limits is shown in Table 4 and Fig. 10. As in the 
previous scenario, the value of mh at fixed mA and tan /1 varies significantly with mtop 

in the region where the mass limits are set, which explains the variations of the latter. 
The H signal, being kinematically inacessible for most values of mtop (see Table 3) plays 
no role in this scenario. Finally, the variation of the excluded range in tan /1 is due to 
the change in the maximal value of mh which is reached at large mA where mh is very 
sensitive to mtop­

4.8 Summary 

The lower bounds in mass and excluded ranges in tan /1 discussed in the previous sections 
are summarised in Table 4. The variation with mtop of the excluded ranges in tan /1 is 
further illustrated in Fig. 10. All lower bounds in mass are at the 95% CL, as well as 
each individual (either lower or upper) bound in tan /1. 
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mtop (GeV/c~) 
scenario limits 169.2 174.3 179.4 183.0 

mmax 
h mh (GeV/c~) 89.7 89.7 89.7 89.6 

mA (GeV/c2 
) 90.4 90.4 90.4 90.4 

tantB 0.6 - 2.4 0.7 - 1.9 0.9 - 1.4 none 
mmax

h 

J.t>0 
mh (GeV/c~) 

mA (GeV/c2 
) 

89.6 
90.3 

89.6 
90.3 

89.5 
90.3 

89.6 
90.3 

tantB 0.6 - 2.6 0.7 - 2.0 0.9 - 1.5 none 
m~ax mh (GeV/c2 

) 89.6 89.6 89.5 89.6 
J.t > 0, X t < 0 mA (GeV/c2 

) 90.5 90.4 90.4 90.4 
tantB 0.5 - 3.2 0.6 - 2.4 0.7 - 1.9 0.8 - 1.6 

no mixing mh (GeV/c~) 112.8 90.6 90.0 89.9 
mA (GeV/c2 

) 1000. 91.4 90.8 90.5 
tantB 0.4 - 0.5 0.4 - 0.5 0.4 - 0.5 0.4 - 0.5 

0.8 - 0.9 0.8 - 0.9 0.8 - 0.9 0.8 - 0.9 
1.0 - 50. 1.0 - 9.6 1.0-5.4 1.0 - 4.3 

no mixing mh (GeV /C=l) 89.9 89.8 89.7 89.8 
J.t>0 mA (GeV/c2 

) 90.8 90.6 90.4 90.3 
large Msusy tantB 0.9 - 6.9 0.9 - 4.5 0.9 - 3.4 0.9 - 3.0 
Gluophobic mh (GeV/c2 

) 87.8 87.0 86.4 
mA (GeV /c2 

) 93.0 92.9 93.2 
tantB 0.4 - 9.7 0.4 - 5.2 0.5 - 3.7 

Small a mh (GeV/c2 
) 84.3 83.5 82.5 

mA (GeV /c2 
) 95.0 95.8 96.5 

tantB 0.4 - 6.0 0.4 - 4.0 0.5 - 3.1 

Table 4: 95% CL lower bounds on mh and mA and 95% CL upper and lower bounds in 
tan tB obtained in the different CP-conserving MSSM benchmark scenarios, as a function 
of mtop' Dominant two-loop order radiative corrections are fully included in the theoretical 
calculations. The experimental results encompass searches for neutral and charged Higgs 
bosons in the whole data sample of DELPHI. mtop = 183 GeV /c2 was not studied in the 
gluophobic and small a scenarios. 
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5 Conclusions 

Searches for neutral and charged Higgs bosons in the whole data sample of the DELPHI 
experiment have been combined to derive constraints on a few CP-conserving MSSM 
benchmark scenarios. Experimental results encompass searches for the three neutral Higgs 
bosons in final-states as expected in most MSSM models as well as searches for charged 
Higgs bosons and for neutral Higgs bosons decaying into hadrons of any Havour. The last 
two subsets of results bring an additional gain in sensitivity in restricted regions of the 
parameter space, which is covered mostly by the standard MSSM analyses. Including the 
production of the third neutral Higgs boson translates into a significant gain in exclusion 
in scenarios which makes this boson kinematically accessible at LEP. 

In all benchmark scenarios, the experimental results allow to exclude a large fraction 
of the parameter space, even in scenarios designed to test potential difficult cases (e.g. 
vanishing production cross-sections or decay branching fractions) either at LEP or at 
hadron colliders. Limits on masses of the h and A bosons were deduced as well as upper 
and lower exclusion bounds in tanfi. The dependence of these limits with mtop was studied 
in a range between 169.2 to 183.0 Ge V / c2 

. 

To quote but one result, the following limits at 95% of CL have been established in 
the framework of the mrax scenario with mtop = 179.4 GeV /c2 

: 

mh> 89.7 GeV /c2 and mA> 90.4 GeV /c2 for any tanfi between 0.4 and 50, 
tanfi < 0.9 or tanfi> 1.4 for any mAbetween 0.02 and 1000 GeV /c2 

. 

The mass limits are insensitive to variations of the top quark mass. The excluded 
range in tan fi decreases with increasing mtop and no bound can be set on tan fi at 

2mtop = 183.0 Ge V / c • This scenario provides the most conservative bounds on tan fi 
among the eight models tested. 
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