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Abstract

This note presents the interpretation of the results obtained by DELPHI at
both LEP1 and LEP2 on the searches for MSSM neutral Higgs bosons, in the
framework of a few benchmark scenarios. The interpretation is based on the same
experimental inputs as the note submitted one year ago at the summer conferences
on a similar subject, but uses updated theoretical calculations with more complete
two-loop order radiative corrections. Limits on the h and A masses and on tan
are derived and their dependence on the top quark mass is presented.
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1 Introduction

This note deals with the interpretation of the results obtained by DELPHI on the searches
for neutral Higgs bosons in the whole data set recorded by the experiment. The theoretical
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 angle, o, 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 ete™ collisions, the dominant production 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 WtW~ 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.
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Figure 1: Main production processes of MSSM neutral Higgs bosons at LEP. Left:
associated production of a 7Z and a CP-even Higgs boson. At LEP1, the intermediate
7 is on-shell and the final 7 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
7, is on-shell at LEP1.

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
hZ7 and hAZ couplings are proportional to sin(a — ) and cos(a — 3), respectively. If
kinematically allowed, hZ production dominates at low tan 3 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.

In the range of masses accessible at LEP - up to 120 (100) GeV/c? in my, or my
(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 u*u~ threshold, a Higgs boson would decay into v+ or
ete™ pairs with a significant lifetime. Above the u ™ threshold, the lifetime is negligible
and Higgs bosons decay at the primary vertex. Up to 3 GeV, the main decays are into
putp~ pairs and then into hadronic channels with a large proportion of two-prong final
states. Above 3 GeV, the dominant decays are successively into ce, 777~ and finally bb
pairs for Higgs boson masses above 12 GeV. 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 mode
dominates over the decays into SM particles.

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 three MSSM benchmark scenarios studied in this note. Results
combining LEP1 and LEP2 searches are presented in section 4 and compared with our
previous results [1] which used identical experimental results but different theoretical cal-
culations. In the present note, these have been updated to include all dominant two-loop
order radiative corrections. This leads to significant changes in the Higgs boson masses
and properties, and hence in the results. Another change with important consequences
in the theoretical calculations is the recent update of the experimental value of the top
quark mass, M., = 178.0 + 4.3 GeV/c? [2], to be compared with the previous estimate,
Mep = 174.3 £ 5.1 GeV/c*, that was used in Ref. [1]. The impact on the results of this

updated measurement is discussed in section 4.

2 Experimental results and confidence levels

The different analyses performed to search for neutral Higgs bosons in the whole DEL-
PHI 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.
This set of experimental inputs is identical to that used to derive our previous interpre-
tation of [1]. Thus, changes in the results will reflect only the changes in the theoretical
framework.

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
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 [19] which has also been adopted by the LEP Higgs working group. The basis of
the calculation is the likelihood ratio test-statistic, Q:

s; +b
bi

an:—S—I—Zln

where the S is the total signal expected and s; and b; are the signal and background
densities for event 1. These densities are constructed using either only expected rates or
also additional discriminant information, which can be one- or two-dimensional. Table 1
presents the level of discriminant information for each channel: LEP1 results are relying
on rates only, while LEP2 results mix channels without or with discriminant information.



NG final state range L disc.  ref.
(GeV) (GeV/c?) (pb™1) info.
h7Z with direct decays
91. Z—ete  utu~ < 0.21 2.5 no [4]
91. (h = V%) (Z — any) < 0.21 2.5 no [4]
91. (h — 2 prongs) (Z — qq) 0.21 — 2. 0.5 no [5]
91. (h — jet) (Z — ete™, utu™) 1. —20. 0.5 no [5]
91. (h — jet jet) (Z = 1T17,vi ) > 12. 3.6 no [6]
91. (h — jet jet) (Z — ete™, utp=, vv) > 35. 33.4 no [7]
161.,172. (h — bb)(Z — any), (h — 7+77)(Z —= qq) > 40. 19.9 1d [14]
183. (h — bb)(Z — any), (h — 7777)(Z — qq) > 55. 52.0  1d  [15]
189. (h — bb)(Z — any), (h — 7777)(Z — qq) > 65. 158.0 2d  [16]
192.-208. (h — bb)(Z — any) > 12. 4524 2d  [17, 3]
192.-208. (h — 7777)(Z — qq) > 50. 4524 2d  [17, 3]
hA with direct decays
91. 4 prongs > 0.4 5.3 no 8]
91. 7777 hadrons > 8. 0.5 no [9]
91. 7T jet jet > 50 3.6 no [10]
91. bbbb, bbce > 30. 334  no [11]
91. 7+tr~bb > 16. 794  no [1]
91. bbbb > 24, 79.4 no [18]
133. bbbb > 80. 6.0 no [13]
161.,172.  bbbb, 7t7~bb > 80. 20.0 1d [14]
183. bbbb, 7+r~bb > 100. 54.0 1d [15]
189. bbbb, 7tr~bb > 130. 158.0  2d [16]
192.-208. 7F77bb > 120. 4524 2d  [17, 3]
192.-208. bbbb > 80. 452.4  2d  [17, 3]
189.-208. rrr 7t~ > 8. 570.9 1d [18]
189.-208. bbbb > 24, 610.2  no [18]
hZ or hA with h — AA cascade
91. Z — qq < 0.21 16.2 no [12]
91. (AA — VOVY) (Z — any but 7F77) < 0.21 9.7 no [12]
91. (AA — vy) (Z — any or A — v7) < 0.21 12.5 no [12]
91. (AA — 4 prongs) (Z — any or A — 2 prongs) > 0.21 12.9 no [12]
91. (AA — hadrons) (Z — vv or A — hadrons) > 0.21 15.1 no [12]
91. (AA = 7t 7ty (Z = vv or A = 7777 > 3.5 15.1 no [12]
161.,172.  (AA — any) (Z — qq, vv or A — any) > 20. 20.0 1d [14]
183. (AA — bbbb) (Z — qq) > 12. 540  1d  [15]
192.-208.  (AA — bbbb, bbcg, ccce) (Z — qq) > 12. 4524 2d  [17, 3]
192.-208. (AA — ccee) (Z — qq) > 4. 4524 2d [1]

Table 1: List of signals expected from MSSM neutral 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 refer-
ence where details of the analysis are published. Here h means either of the two CP-even
scalars. The mass range applies to my, for hZ production, to my+ma for hA production

and to my for h — AA processes.

kinematics or vanishing branching fraction must be understood.

When no upper bound is given, the limit given by



In all such channels, 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.

The observed value of Q is compared with the expected Probability Density Functions
(PDFs) for @, 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 CLy, and CLgyy, are their integrals from —oo 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 [20], which has the effect of broadening the expected Q distribution and
therefore making extreme events seem more probable.

CLy, 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, CLgy}, is the probability, in this
hypothesis, to obtain more background-like results than those observed. The quantity CL
is defined as the ratio of these two probabilities, CLgyy,/CLy. It is not a true confidence
level, but a conservative pseudo-confidence level for the signal hypothesis. All exclusions
discussed hereafter use CLg and require it to be 5% for an exclusion confidence of 95%.
As using CLg instead of CLgyy, is conservative, the rate of fake exclusions is ensured to be
below 5% when CLy is equal to 5%.

We refer the interested reader to [1] for more details about the handling of the ex-
perimental inputs prior to the confidence level calculations. The most important issues
are the estimation of 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, h and H, is accounted
for.

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 3 and one Higgs boson mass, or, alternatively,
two Higgs boson masses, e.g. mya and my. 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(1)
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, u, the common sfermion mass term at the EW scale,
Mgysy, the SU(2) gaugino mass term at the EW scale, M,, the gluino mass, mg, and the
common squark trilinear coupling at the EW scale, A. The U(1) gaugino mass term at
the EW scale, My, is related to My through the GUT relation M; = (5/3)tan*6y M,. 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 GeV/c?
in some regions of the MSSM parameter space due to radiative corrections.

3.1 The scenarios

In the following, three benchmark scenarios are considered, as suggested in Ref. [21].
These are quite representative since the limits obtained in these schemes with earlier
results were only slightly reduced in more general parameter scans [17, 22]. The values of
the underlying parameters in the three scenarios are quoted in Table 2.

The first two scenarios, called the m*®* scenario and the no-mixing scenario, differ
only by the value of X; = A — pcot 3, the parameter which controls the mixing in the stop
sector, and hence has the largest impact on the mass of the h boson. The m{™* scenario
leads to the maximum possible h mass as a function of tan 4. The no-mixing scenario is
its counterpart with vanishing mixing, leading to upper bounds on my, which are at least
15 GeV/c? lower than in the m{*** scheme.

The third scenario, called the large i scenario, has a large and positive value of y and
a relatively small value of mj. 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 the Higgs bosons cannot be detected because of vanishing

branching fractions into b-quarks.

scenario Miop Musy Mo mg W X,
(GeV/c?) (GeV/c?) (GeV/c?) (GeV/e?) (GeV/c?)  (GeV/c?)
mp'*¥ scenario 174.3 1000 200 800 -200 2 Musy
no-mixing 174.3 1000 200 800 -200 0
large p 174.3 400 400 200 1000 -300

Table 2: Values of the underlying parameters for the three representative MSSM scenarios
scanned in this paper. Note that X; is A — pcot 3.

The values of the underlying parameters are identical to that used in our previous
results [1] but the radiative corrections have been computed with all dominant two-loop
order terms included, in the Feynman-diagrammatic approach [23]. In the m** and no
mixing scenarios, which were already based on Feynman-diagrammatic calculations in
Ref. [1] (calculations taken from Ref. [24]), the change lies in more complete two-loop
order corrections. In the large p scenario, which was relying on the renormalization group
equation approach in Ref. [1] (calculations taken from Ref. [25]), the change is both in
the calculation framework and in the order of the corrections.

In order to illustrate the effect of the additional correction terms, Fig. 2 and Fig. 3
compare a few properties of the Higgs bosons in the two subsequent versions of the two-
loop order corrections. The models in these figures are the no mixing and mp** scenarios
for a top quark mass of 174.3 GeV/c?. Fig. 2 is extracted from our previous note [1]. The
figures focus on a few points that are relevant to understand the results obtained in the
different scenarios. The figures about masses and cross-sections underline the importance
of the signal from the heavy CP-even scalar, H, which can be kinematically accessible at
LEP?2 energies with a large HZ production cross-section at large tan # and moderate m 4.

The width curves demonstrate that neutral Higgs bosons can have a width exceeding
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Figure 2: A few properties of the three neutral Higgs bosons of the MSSM in the no
mixing and m{"** scenarios with my,, = 174.3 GeV/c*. Dominant two-loop order radiative
corrections are partly included, as in [1]. Top: H and h masses and H, h and A production
cross-sections at large tan 3. Middle: h and H width as a function of m, and tan .
Bottom: h branching fractions as a function of mjy at low to moderate values of tan 3.

Decays into bb (solid lines) and AA (dashe% lines) are compared.
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Figure 3: Same as in Fig. 2 except that all dominant two-loop order radiative corrections

are included [23].



Meop (GeV/c?)
scenario rad.co. 169.2 174.3 179.4 183.0
mp®* scenario  old [24]  125.0 129.0 133.8 -
new [23] 128.2 1329 138.6 141.3
no-mixing old [24] 111.7 114.3 116.9 -
new [23] 112.8 115.5 1184 -
large old [25] 106.3 107.9 109.7 -
new [23] 106.1 108.0 110.1 -

Table 3: Maximal value of my, in the MSSM m'®*, no mixing and large p scenarios for
two sets of radiative corrections and for a few values of my.p. 183 GeV/c* was studied
only in the MSSM mp*®* scenario with new radiative corrections. The maximum value of
my, corresponds approximately to the minimum value of my.

the experimental resolution at large tan 3. At moderate my, this affects the h and A
bosons and thus the hA production mode, but not the HZ one. At large ma width
effects become negligible for the h boson so that the hZ production mode, which is the
only possible dominant mode in that region, is not affected. Finally, the figures about
branching fractions compare the no mixing and m'* scenarios at low tan 3. In the mp®*
scenario, the h branching fraction into bb always remains significant while in the no mixing
scenario, it decreases at very low tan ( at the profit of the branching fraction into AA.
Comparing Fig. 2 with Fig. 3 reveals that the main effect of the more complete radiative
corrections is an increase of the maximum (resp. minimum) allowed value of the h (resp.
H) boson mass at fixed tan 3. As a consequence, the experimental sensitivity in tan (3
and that in my are expected to decrease. The cross-section curves in Fig. 2 and Fig. 3
show indeed that the HZ production cross-section drops by a factor two when improved
corrections are included. On the other hand, the width effects are similar, allowing for
the same treatment as in our previous interpretation [1] and the difference between the
no mixing and m'*** scenarios at low tan 3, although reduced, remains qualitatively the
same.

The impact of the new set of radiative corrections is further illustrated in Table 3 which
gives the maximum value of my, allowed by theory in the three scenarios, for the two sets
of radiative corrections and for a few values of my,,. The effects on the maximum value
of my, of the change in top quark mass and the improved corrections are similar and are
both in the direction of an increase. They are most important in the m{*®* scenario where
they are each around 5 GeV/c?. The effect is much smaller in the other two scenarios. It
must be noted that the maximum value of my, corresponds approximately to the minimum
value of my in the first two scenarios, independently of tan 3, and to the minimum value

of my allowed at large tan 3 in the large p model.

3.2 The procedure

In the three benchmark scenarios, a scan was performed over the MSSM parameters
tan 3 and my. The range in my spans from 0.02 GeV/c?, up to the maximal value
allowed by each scenario [21], that is up to Mgy, which is 1 TeV/c* in the m™* and

no-mixing schemes, and 400 GeV/c* in the large p scenario (see Table 2). The range in



tan 3 extends from the minimal value allowed in each scenario ! 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 8 hypothesis favoured in some constrained MISSM models [26]. The scan steps
were 1 GeV/c? in my and 0.1 in tan 3 in the regions where my, varies rapidly with these
parameters. At low my, 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/c%.

At each point of the parameter space, the hZ and hA cross-sections and the Higgs
branching fractions were taken from databases provided by the LEP Higgs working group,
Ref. [27], on the basis of the theoretical calculations in Ref. [23]. 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).

For the hA channels, to account for non-negligible widths of the h and A bosons at
large tan 3, efficiencies derived from simulations with h and A widths below 1 GeV/c?
(see e.g. [3]) 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 sim-
ulations at tan 3 = 50 where the Higgs boson widths exceed the experimental resolution
(typically, 5 GeV/c? on the sum of the Higgs boson masses). As the Higgs boson widths
grow approximately linearly with tan § 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 [1]. As mentioned
earlier, the hZ and HZ channels at large tan 3 are much less affected by such an effect
since in most of the regions where they possibly contribute, their width is below the
experimental resolution, see Fig. 3.

4 Results

The regions of the MSSM parameter space excluded at 95% CL or more by combining
the results of Table 1 are discussed in turn for each scenario.

4.1 The m"® scenario

The excluded regions in the (my, tan 3), (ma, tan 8) and (my, my) planes are presented
in Fig. 4. 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 Tab. 3). Basically,
the exclusion is made by the results in the hZ (hA) channels in the low (large) tan 3
region while they both contribute at intermediate values. The zoom at low my in the
(mn, ma) projection reveals an unexcluded hole at low my, and tan 3 above 7, thus in
a region dominated by hA production. This hole is due to the lack of a search for the
hA mode when m, is below the ™y~ threshold and decays far from the primary vertex
or when my is between the ytpu~™ threshold and 3 GeV/c? and my, is above 10 GeV/c?
so that a two-jet two-prong final state is to be expected. However, the limit on the Z
partial width that would be due to new physics [28], '™ < 6.6 MeV/c?, translates, when

!The minimal value of tan 3 is 0.7 in the large u scenario and 0.4 in the other two schemes. For lower
values, some parameter combinations give rise to unphysical negative mass squared values.
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Figure 4: MSSM m™* scenario: regions excluded at 95% CL by combining the results
of the hZ and hA searches in the whole DELPHI data sample (light shaded area). The
unexcluded region at low my is too small to be visible in the top left-hand plot. Dots
indicate the additional exclusion brought by the limit on the Z partial width that would
be due to new physics [28]: the unexcluded region at low my is thus fully excluded. 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 (resp. dotted) line
in the top left-hand plot is the theoretical upper bound for a top mass of 179.4 (resp.

183.0) GeV /™.
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applied to the hA process, into an excluded region that encompasses the holes left by the
direct searches.

Altogether, the above results thus establish the following 95% CL lower limits on my,
and ma:

my > 89.7 GeV/c? ma > 90.4 GeV/c?

for any value of tan 3 between 0.4 and 50. The expected median limits are 90.7 GeV /c¢?
for my and 90.8 GeV/c* for ma. The observed limit in ma (my) is reached at tan /3
around 20 (10), in a region where both the hZ and hA processes contribute. Furthermore,
there is an excluded range in tan 3 between 0.72 and 1.94 (expected [0.80-1.75]) which is
valid for any value of ma between 0.02 and 1000 GeV /.

When compared to our previous results of Ref. [1], the mass limits are stable but
the excluded interval in tan 3 is reduced (see Tab. 4 and 5). The reason is that the
more complete radiative corrections have no impact on the value of my, in the region of
intermediate ma, where the mass limits are set. On the other hand, the excluded range
in tan ( is governed by the maximal value of my, which is reached at large ma where my,
is very sensitive to the additional corrections.

The my,p dependence of the above limits was also studied, as summarised in Table 5.
The effect of myep 1s similar to that of the new radiative corrections. The mass limits
remain unchanged when varying myep, for my is insensitive to my.p in the region where
the limits are set. On the other hand, the maximal value of my, is very sensitive to myqp,
as illustrated in the top left-hand plot in Fig. 4: hence the variation of the limits in tan 3
as reported in Table 5 and Fig. 5. It must be noted that for a top mass of 183 GeV/c?,
there is no longer any exclusion in tan j3.

4.2 The no mixing scenario

The excluded regions in the (my, tan 3), (ma, tan 8) and (my, my) planes are presented
in Fig. 6. As pointed out in Fig. 3, in this scenario the heavy scalar, H, is kinematically
accessible at large tan § and moderate my, the region where the mass limits in m, and
my, are set. Thus, allowing for its production increases the sensitivty of the searches, as
shown in the top plots of Fig. 6. There are two unexcluded holes below 4 GeV/c? in
ma. The one at low my, similar to that encountered in the previous scenario, is excluded
by the limit on ™Y, The second unexcluded area corresponds to tan 3 below 0.8 and
my between 69 and 85 GeV/c?. In that region, my is below the kinematic threshold
mp = 2my, the decay h — AA opens and supplants the h — bb mode, as can be seen in
Fig. 3. Our LEP2 h — AA searches having sensitivity down to the cc threshold in my
(see Table 1), the region below ma = 4 GeV/c? remains unexcluded. The above results
thus establish the following 95% CL lower limits on my, and may:

mp > 90.6 GeV/c? ma > 91.4 GeV/c

for any value of tan 3 between 0.8 and 50. The expected median limits are 91.1 GeV /c¢?
for both my and my. The observed limits in my and my, are reached at tan  around
15, in a region where both the hZ and hA processes contribute. Furthermore, there is an
excluded range in tan 3 between 0.8 and 9.36 (expected [0.88-6.97]) which is valid for any
value of my between 0.02 and 1000 GeV /.
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Meop (GeV/c?)

scenario limits 169.2 174.3 179.4
m"®* scenario | my, lower lim. (GeV/c?) 89.7 89.7 89.7
ma lower lim. (GeV/c?) 90.5 90.5 90.5

tan # excluded range 0.4 -2.87 0.54-2.36 0.65-1.94
no-mixing | my lower lim. (GeV/c?) 111.7 92.0 90.2
ma lower lim. (GeV/c?) 1000. 93.0 90.9

tan # excluded range 0.8-50. 08-936 0.8-5.72

Table 4: A reminder of the 95% CL lower bounds on my, and m, and excluded ranges
in tan B obtained in the MSSM m?* and no mixing scenarios, as a function of myp,
when dominant two-loop order radiative corrections are only partly included. This table

is extracted from

our previous results [1].

Meop (GeV/c?)

scenario limits 169.2 174.3 179.4 183.0
m®* scenario | my, lower lim. (GeV/c?) 89.7 89.7 89.7 89.7
ma lower lim. (GeV/c?) 90.4 90.4 90.4 90.4
tan 3 excluded range  0.59 - 2.36  0.72-1.94 0.97 - 1.44 none
no-mixing my, lower lim. (GeV/c?) 112.8 90.6 90.0
ma lower lim. (GeV/c?) 1000. 91.4 90.6

tan 3 excluded range 0.8 - 50. 0.8-936 0.8-5.30

Table 5: Updated 95% CL lower bounds on my, and my and excluded ranges in tan 3 ob-
tained in the MISSM m"®* and no mixing scenarios, as a function of my,p,, when dominant

two-loop order radiative corrections are fully included.
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Figure 5: myo, dependence of the ranges in tan 3 excluded at 95% CL in the m"** scenario
(top) and in the no mixing scenario (bottom).
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Figure 6: MSSM no-mixing scenario: regions excluded at 95% CL by combining the
results of the h, A and H searches in the whole DELPHI data sample (light shaded and
hatched areas). The hatched area in the top plots is that excluded by the searches for
the heavy scalar Higgs boson, H. There are unexcluded regions at low ma which are too
small to be visible in the top left-hand plot. Dots indicate the additional exclusion from
the limit on the 7 partial width that would be due to new physics [28]: the unexcluded
region at low mya and my, is thus fully excluded. 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 line in the top left-hand plot is the theoretical upper
bound for a top mass of 179.4 GeV/c*.
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When compared to our previous results of Ref. [1], the mass limits are reduced but
the excluded interval in tan /3 is stable (see Tab. 4 and 5). The reason for the decrease
of the mass limits is that the more complete radiative corrections lead to an increase of
the value of my in the region of intermediate ma and large tan 3 (see Figs. 2 and 3),
which translates into a loss of sensitivity in this region where the mass limits are set. On
the other hand, the maximal value of my, which governs the exclusion in tan 3, is weakly
affected by the additional corrections (see Tab. 3) and so is the excluded range in tan j3.

The my,, dependence of the above limits was studied, as shown in Table 5 and Fig. 5.
In this scenario, both the mass limits and the excluded range in tan 3 change when varying
Miop- Indeed, as already mentioned, the mass limits in ma and my, rely on the searches for
H, whose mass is very sensitive to my,p in the region where the limits are set. Similarily,
the maximal value of my, which governs the limits in tan 3, is reached at large ma where
my, is very sensitive to myop (see Tab. 3). Note that for a top mass of 169 GeV/c?, my
decreases by 3 GeV/c? in the region where the mass limits are set, making the H signal
more within the sensitivity of LEP2: the large tan 3 region of the no mixing scenario is
then fully accessible and found to be excluded.

4.3 The large ;1 scenario

The excluded regions in the large p scenario are presented in the (my, tan3) and
(ma, tan 8) planes in Fig. 7, for two values of the top quark mass, namely 174.3 and
179.4 GeV/c*. A large fraction of the allowed domain is excluded by the searches for the
h, A and H Higgs bosons. In particular, given that the theoretical upper bound on the h
boson mass in that scenario is low (around 110.0 GeV/c?, see Tab. 3), the sensitivity of the
h7 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. Moreover, the value of the upper
bound on my, is also the theoretical lower bound on my at large tan 3, which explains
why allowing for the production of H translates into a significant gain in exclusion.
There are however several unexcluded holes. At low m, and tan  above 1, these are
due to the lack of searches for the topology with two jets and hadrons as expected 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/c%. These points are all excluded by the limit on T™¢".
At low my and tan 8 below 1, the hole observed for a top quark mass of 179.4 GeV/c?
corresponds to large hZ and HA production cross-sections, but h, although above the bb
threshold is decoupled from bb, while H and A are in the same mass range as above,
that is with no corresponding experimental search. Note that for a top quark mass of
174.3 GeV /c?, the h branching fraction into bb is a bit increased, leading to the exclusion
of the hole. There is another larger unexcluded region at higher masses and tan 3 above
10. At moderate my (around 100 GeV/c?), hZ and hA productions are low due to weak
hZ77 couplings for hZ and to kinematics for hA. On the other hand, HZ production is
large but H is decoupled from bb. At larger m, hA and HZ productions are kinematically
forbidden, hZ production is large but the h—bb branching fraction vanishes. In this area,
the Higgs boson whose production is allowed (H or h) has a large branching fraction into
hadrons. Testing these points with the results from the searches for hadronic decays of
Higgs bosons produced in the hZ or HZ modes will be dealt with in a forthcoming paper.
Finally, when compared to our previous results [1], the non-excluded region is slightly
larger and modified, due to the additional corrections and the new theoretical calculation
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Figure 7: MSSM large u scenario: regions excluded at 95% CL by combining the results
of the h, A and H searches in the whole DELPHI data sample (light shaded and hatched

areas). Results are shown for two values of the top mass, 174.3 and 179.4 GeV/c*.

The

hatched areas are excluded when the searches for the heavy scalar Higgs boson, H, are
taking into account. The unexcluded regions at low m and tan 3 above 1 are all excluded
by the limit on the 7 partial width that would be due to new physics [28]. The dashed

curves show the median expected limits.
allowed by the MSSM model in this scenario.

16

The dark shaded areas are the regions not



framework. Similarily, increasing the top quark mass from 174.3 to 179.4 GeV/c* leads
to a larger unexcluded area, for there are more points with vanishing h or H branching
fractions into bb.

5 Conclusions

Combining the results of the searches for the three MSSM neutral Higgs bosons performed
in the whole data sample of the DELPHI experiment establishes the following limits at
95% of CL in the framework of the m[™* scenario with my., = 174.3 GeV /c*:

mp> 89.7 GeV/c* and ma> 90.4 GeV/c* for any tan 3 between 0.4 and 50,
tan § < 0.72 or tan( > 1.94 for any mybetween 0.02 and 1000 GeV /.

The mass limits are insensitive to variations of the top quark mass in the range between
169.2 and 183.0 GeV/c*. The excluded range in tan 3 decreases with increasing myop. As
an example, with my,, = 179.4 GeV/c?, the upper and lower bounds on tan 3 becomes
0.97 and 1.44, respectively, and no bound can be set on tan 3 at my, = 183.0 GeV/c?.

In the no mixing scenario with my,, = 174.3 GeV/c?, the limits are:

mp> 90.6 GeV/c* and ma> 91.4 GeV/c*  for any tan 3 between 0.8 and 50,
tan 4 < 0.80 or tan( > 9.36 for any mybetween 0.02 and 1000 GeV /.

The higher mass limits in the no mixing scenario come from the signal from the heavy
CP-even scalar, H, which, in that scenario, is within the sensitivty of LEP2 in the
region of the MSSM parameter space where the mass limits are set. Both the mass
and tan @ limits are sensitive to the value of the top quark mass. As an example, with
Miop = 179.4 GeV/c?, the lower bounds on my and ma becomes 90.0 and 90.6 GeV/c?,

respectively, and the upper and lower bounds on tan 3 becomes 0.80 and 5.30, respectively.

Finally, the same results, when applied to the large p scenario allow to exclude a large
fraction of the parameter space. In particular, including the production of the CP-even
scalar translates into a significant gain in exclusion in this scenario. The non-excluded
regions are due to vanishing h or H branching fractions into bb. The exclusion contour
has a moderate dependence on the top quark mass value.
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