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Abstract

In the year 2000 the four LEP experiments have collected data at energies between 200 and 209
GeV, for approximately 350 pb−1 integrated luminosity with about 120 pb−1 above 206 GeV.
The LEP working group for Higgs boson searches has combined these data with data sets
collected earlier at lower energies. No statistically significant excess has been observed when
compared to the Standard Model background prediction. The following 95% confidence level
bounds have been obtained. For the Standard Model Higgs boson, the lower bound on the mass
is 113.3 GeV/c2. In the Minimal Supersymmetric Standard Model and from representative scans
of the SUSY parameters, the mass limits mh>90.5 GeV/c2 and mA>90.5 GeV/c2 are obtained
for the light CP-even and the CP-odd neutral Higgs boson, respectively. Furthermore, for a top
quark mass less than or equal to 174.3 GeV/c2, and assuming no (or large) mixing in the scalar-
top sector, the range 0.9<tanβ<7.7 (0.5<tanβ<2.3) is excluded. For charged Higgs bosons
predicted by two-doublet extensions of the Standard Model and decaying only into the channels
H+→cs̄ and τ+ν, a lower bound of 77.4 GeV/c2 is obtained for the mass. In a “fermiophobic”
two-doublet scenario where the decay H→γγ is expected to be enhanced, a lower mass bound
of 106.4 GeV/c2 is obtained. Finally, if the neutral CP-even Higgs boson decays into “invisible”
particles such as neutralinos, the lower bound on the mass is 107.6 GeV/c2.
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1 Introduction

We present combined results from the ALEPH, DELPHI, L3 and OPAL Collaborations on
searches for the Standard Model (SM) Higgs boson, for the neutral Higgs bosons h0 and A0 of
the Minimal Supersymmetric Standard Model (MSSM), and for charged Higgs bosons predicted
by extensions of the SM with two Higgs field doublets (2HD models), “fermiophobic” Higgs
bosons decaying into a pair of photons, and neutral Higgs bosons decaying into “invisible”
particles such as neutralinos. The results are obtained by combining the data collected in the
year 2000 at centre-of-mass energies between 202 and 209 GeV with earlier data collected at
lower energies [1]. The new data represent an integrated luminosity of approximately 350 pb−1

in total, with about 120 pb−1 above 206 GeV.

Unless explicitly specified, all cross-sections, branching ratios and many other physics quan-
tities used in this combination of data are calculated within the HZHA program package, Version
3 [2].

Each experiment has generated Monte Carlo event samples for the Higgs signal and the
various background processes, typically, at 202, 204, 206, 208 and 210 GeV energies. Cross-
sections, branching ratios, distributions of the reconstructed mass and other discriminating
variables relevant to the combination have been interpolated to energies which correspond to
the data sets. In this procedure special care has been taken to the regions of kinematic cutoff
where the signal and background distributions vary rapidly. It has been established that the
interpolation procedures do not add significantly to the final systematic errors.

The statistical procedure adopted for the combination of the data and the precise definitions
of the confidence levels CLb, CLs+b, CLs by which the search results are expressed, are stated
in Appendix A. The main sources of systematic error affecting the signal and background
rate predictions are included taking into account correlations between search channels, LEP
energies and individual experiments. This is done using an extension of the method of Cousins
and Highland [3] where the confidence levels are the averages of a large ensemble of Monte
Carlo experiments, each one with a different choice of signal and background, varied within the
errors.

For the interpretation of the results in the MSSM, the LEP-Higgs working group has adopted
a set of theoretical “benchmarks” [4], which are based on up-to-date calculations of radiative
corrections. The parameters of these benchmark scans are described in Appendix B.

2 Combined searches for the SM Higgs boson

At LEP the SM Higgs boson is expected to be produced mainly via the Higgs-strahlung process
e+e−→ HZ, while contributions from the WW→ H fusion channel, e+e−→ Hνeν̄e, are typically
below 10%. The searches performed by the four LEP collaborations encompass the usual
HZ final state topologies, commonly called ‘four-jet’ (HZ→bb̄qq̄), ‘missing energy’ (bb̄νν̄),
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‘leptonic’ (bb̄e+e− and bb̄µ+µ−), and ‘tau’ channels (bb̄τ+τ− and τ+τ−qq̄). The searches in
the missing energy channel are optimized for Higgs-strahlung, but are also sensitive to the
WW→ H fusion process. From combining the earlier data collected by the LEP experiments
at center of mass energies up to 202 GeV, a 95% CL lower bound of 107.9 GeV/c2 has been
obtained [1]. In this section we present an update of the SM Higgs boson search which includes
the new data collected in the year 2000 at centre-of-mass energies up to 209 GeV.

The analysis procedures of the four LEP experiments producing the inputs for the present
combination are described in individual documents [5, 6, 7, 8, 9]; we merely summarise the
results in Table 1. The large spread in the numbers of selected candidates reflects substantial
differences in the selection methods and optimisation procedures. All events which make an
entry to Table 1 are used below in the calculation of confidence levels and in the limit setting
procedure.

The test-statistic (of Eq. 1 of Appendix A denoted here as Q) versus the test mass mH,
computed for the observed results, is shown in Figure 1. It should have a minimum near the
true Higgs mass. A negative value would indicate some preference for the signal hypothesis and
the more negative the value the more significant the result. The full-line curve representing the
observation is in good agreement with the dashed line representing the background hypothesis,
and deviates from the dotted curves which represent signal + background situations with true
Higgs boson masses fixed at particular values.

The compatibility with background of the result is given by 1 − CLb, which is plotted as a
function of mH in Figure 2. Values of 1−CLb below 5.7×10−7, indicated by the horizontal full
line, corresponding to a 5 standard deviation fluctuation of the background, are considered in
the discovery region. The dotted line shows the expectation in the presence of a signal of true
mass mH; its crossing with the 5σ line at 109.5 GeV/c2 indicates the range of sensitivity of the
presently available data to a discovery.

However, it is not enough just to read off the value of 1 − CLb at the minimum of the
−2ln(Q) to claim a signal since this only gives the probability that the background fluctuated
at precisely that mass, while in principle it could have fluctuated anywhere in the mass region
inspected (which is not already excluded strongly by previous searches and up to the limit of
sensitivity). An estimate based on Monte Carlo studies shows that 1−CLb must be multiplied
by a factor four in the present case, corresponding roughly to the width of the mass search
region divided by the typical mass resolution.

A 95% confidence level lower limit on the Higgs mass may be set by identifying the mass
region where CLs < 0.05, as shown in Figure 3. The median limit expected in the absence of
a signal is 113.4 GeV/c2 and the limit observed by combining the LEP data is 113.3 GeV/c2.
The inclusion of systematic errors, together with their correlations, has decreased the limits by
less than 100 MeV/c2.
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Figure 1: The negative log-likelihood ratio (test-statistic) as a function of mH. The dashed line shows
the expectation for the background-only hypothesis and the full line the values computed from the
observed results. The shaded bands show the 1σ and 2σ probability bands for the signal at the “true”
mass. The expected signal curves (dotted) show the median response away from the true mass for three
different Higgs masses.
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Figure 2: The confidence level CLb as a function of mH. The straight dashed line at 50% and the
shaded bands represent the median result and the ±1σ and ±2σ probability bands expected in the
absence of a signal. The solid curve is the observed result and the dotted curve shows the median
result expected for a signal when tested at the “true” mass. The horizontal line at 5.7× 10−7 indicates
the level for a 5σ discovery.
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Experiment: ALEPH DELPHI L3 OPAL

< 204.5 GeV: Integrated luminosity (pb−1): 10.6 9.0 9.4 9.5
Backg. predicted / Evts. observed 6.4 / 8 12.4 / 9 2.0 / 2 3.2/1

Four-jet: 2.2 / 4 7.1 / 4 1.3 / 1 1.1/1
Missing-energy: 2.2 / 3 4.1 / 4 0.53/ 1 1.6/0
Leptonic (e, µ): 1.4 / 1 0.9 / 0 0.084 / 0 0.36/0
Tau channels: 0.6 / 0 0.3 / 1 0.061 / 0 0.15/0

204.5-205.5 GeV: Integrated luminosity (pb−1): 52.5 53.4 45.4 - 46.5 44.0
Backg. predicted / Evts. observed 31.4 / 26 73.6 / 81 12.0 / 8 14.8/18

Four-jet: 11.2 / 7 42.0 / 53 8.2 / 4 4.9/6
Missing-energy: 9.7 / 10 24.5 / 23 2.9 / 2 7.5/5
Leptonic (e, µ): 7.2 / 5 5.3 / 4 0.47 / 1 1.7/7
Tau channels: 3.3 / 4 1.8 / 1 0.36 / 1 0.72/0

>205.5 GeV: Integrated luminosity (pb−1): 31.1 33.7 27.0 - 28.8 26.5
Backg. predicted / Evts. observed 18.2 / 19 45.9 / 44 8.1 / 8 8.9/2

Four-jet: 6.8 / 7 27.3 / 30 5.5 / 6 3.0/0
Missing-energy: 5.1 / 6 14.2 / 12 1.9 / 2 4.5/1
Leptonic (e, µ): 4.3 / 3 3.3 / 1 0.47 / 0 1.0/1
Tau channels: 2.0 / 3 1.1 / 1 0.26 / 0 0.43/0

Total: Integrated luminosity (pb−1): 94.2 96.1 81.8 - 84.7 80.0
Backg. predicted / Evts. observed 56.1 / 53 131.9 /134 22.1 / 18 26.8 / 21

Four-jet: 20.2 / 18 76.4 / 87 15.0 / 11 8.9 / 7
Missing-energy: 17.0 / 19 42.8 / 39 5.3 / 5 13.6 / 6
Leptonic (e, µ): 12.9 / 9 9.5 / 5 1.0 / 1 3.0 / 8
Tau channels: 5.9 / 7 3.2 / 3 0.69 / 1 1.3 / 0

Events in all channels 56.1 / 53 131.9 / 134 22.1 / 18 26.8 / 21
Limit (GeV/c2) exp. (median) at 95% CL: 112.0(*) 109.2 108.0 109.5
Limit (GeV/c2) observed at 95% CL: 110.8(*) 109.0 107.7 109.5

Table 1: Information related to the searches of the four LEP experiments for the SM Higgs boson at
energies between 200 and 209 GeV (year 2000 data). In the L3 analysis the event selection, and thus
the expected background and observed number of events, depend on the Higgs boson mass hypothesis;
they are given here for mH=110 GeV/c2. (*)In the ALEPH publication the confidence level estimator
used is different from the one used by the other collaborations.
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Figure 3: The confidence level CLs for the signal hypothesis versus mH. The solid curve is the
observed result, the dashed curve the median result expected in the absence of a signal. The shaded
areas represent the symmetric 1σ and 2σ probability bands of CLs in the absence of a signal. The
intersections of the curves with the horizontal line at CLs = 0.05 give the mass limits at the 95%
confidence level.
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As a cross-check of the confidence level calculation procedures, the expected and observed
limits have been calculated independently, using another test-statistic (Method C in [10]). The
observed and expected limits are within ±100 MeV/c2 of the values quoted above.

Figure 4 shows the distribution of reconstructed Higgs masses for a subset of the events
in Table 1. The corresponding background from SM processes and the signal expected from
a SM Higgs boson of 110 GeV/c2 mass are also shown. The figure has been obtained with
the supplementary requirement that the contributions from the four experiments (selecting the
most signal-like set of events) be roughly equal. Since all events enter with equal weight, such a
distribution does not reflect for example differences in mass resolutions, signal sensitivities and
background rates, which characterise the various search channels and individual experiments.
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Figure 4: Reconstructed mass of all candidates from the 4 LEP experiments satisfying (a) S/B >
0.3, (b) S/B > 1.0, (c) S/B > 2.0. The S/B cut applies to the region m > 105 GeV/c2and for mh=
110 GeV/c2.

6



3 Combined searches for the Higgs bosons h and A in

the MSSM

In the MSSM there are two fundamental Higgs field doublets, and the Higgs sector comprises
five physical states: two CP-even neutral Higgs bosons, h and H (mh<mH), one CP-odd neutral
Higgs boson, A, and a pair of charged Higgs bosons, H+ and H−. At LEP energies the h and A
particles are expected to be produced mainly via the Higgs-strahlung process e+e−→ hZ (anal-
ogous to the main MSM production process) or the pair production process e+e−→ hA. The
two processes are complementary: the cross-section of the first is proportional to sin2(β − α)
and that of the second proportional to cos2(β − α) (tanβ is the ratio of the vacuum expectation
values of the two Higgs field doublets and α is a mixing angle in the CP-even Higgs sector).

The combined data of the four LEP experiments are interpreted here within the framework
of a ‘constrained’ MSSM where universal values MSUSY and M2 are assumed for the SUSY
breaking sfermion and gaugino masses, respectively, at the electroweak scale. Combined search
results are given for three new ‘benchmark’ MSSM parameter scans [4], which are described in
Appendix B. The first benchmark corresponds to no-mixing in the scalar-top sector; a second
to large mixing and the parameters tuned to maximise the parameter space along mh (mh-max

hereafter); a third scan (large-µ hereafter) is designed to highlight choices of MSSM parameters
for which the h0 does not decay into bb̄ due to large loop corrections. In all three benchmark
scans the top mass, which has a large impact on the results via radiative corrections, is fixed to
the experimental central value of mt=174.3 GeV/c2 [11], and to two alternative values where
the central value is decreased and increased by the current experimental error of 5.1 GeV/c2.
In each case, the exclusion limits obtained are valid for mt less than or equal to the chosen
value, since the predicted value of mh increases with mt.

The individual searches of the four LEP collaborations for the processes e+e−→ hZ and
e+e−→ hA which include the data taken at

√
s from 200 to 209 GeV (year 2000 data), are

described in [5, 6, 7, 9, 12]. For the process e+e−→ hZ, the searches for the SM Higgs boson
are interpreted in the MSSM while taking into account the reduced cross-section due to the
factor sin2(β − α) and the predicted variations of the decay branching ratios of the h boson in
the scans. For the process e+e−→ hA, the most relevant final states are bb̄bb̄, τ+τ−bb̄ and
bb̄τ+τ−. In the kinematic domain 2mA<mh, besides decaying into the usual fermionic final
states, the h boson can also decay via the process h→ AA. The collaborations have included the
h→ AA decay in their searches either by applying the standard hZ and hA search procedures
with efficiencies calculated for the (AA)Z and (AA)A final states or by performing specific
searches for these final states.

The experimental results are also interpreted in terms of heavy Higgs boson production in
the Higgsstrahlung process when it is favoured. The cross-section for the process e+e−→HZ0

is proportional to cos2(β − α) and may be larger than that for e+e−→hZ0 when the H is
kinematically accessible, which occurs in the large-µ scan. If σ(e+e−→HZ) × Br(H→bb̄) >
σ(e+e−→hZ)×Br(h→bb̄) then the searches are interpreted as searches for HZ0 production and
not hZ0 production, using the appropriate cross-sections and branching ratios for the H instead
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of those for the h. The cross-sections are compared at
√

s = 205 GeV.

The information from the four LEP experiments regarding the searches for e+e−→ hA is
summarised in Table 2 which lists the predicted SM background and the events observed in the
bb̄bb̄, τ+τ−bb̄ and bb̄τ+τ− channels and the 95% CL limits, expected and observed. (For the
e+e−→ hZ process Table 1 is relevant.)

Experiment: ALEPH DELPHI L3 OPAL

<204.5 GeV: Integrated luminosity (pb−1): 10.6 9.0 9.4 9.5
Backg. predicted / Evts. observed 0.4 / 0 5.6 / 4 0.6/2

bb̄bb̄: 0.3 / 0 5.3 / 3 0.5 / 0 0.4/2
τ+τ−bb̄ and bb̄τ+τ−: 0.1 / 0 0.3 / 1 0.2/0

204.5-205.5 GeV: Integrated luminosity (pb−1): 52.5 53.4 38.0 44.0
Backg. predicted / Evts. observed 2.1 / 2 30.3 / 40 2.9/2

bb̄bb̄: 1.3 / 1 28.5 / 39 2.2 / 6 2.0/2
τ+τ−bb̄ and bb̄τ+τ−: 0.8 / 1 1.8 / 1 0.9/0

>205.5 GeV: Integrated luminosity (pb−1): 31.1 33.7 22.7 26.5
Backg. predicted / Evts. observed 1.2 / 3 19.7 / 24 1.8/0

bb̄bb̄: 0.8 / 3 18.6 / 23 1.4 / 0 1.2/0
τ+τ−bb̄ and bb̄τ+τ−: 0.4 / 0 1.1 / 1 0.6/0

Total: Integrated luminosity (pb−1): 94.2 96.1 70.1 80.0
Backg. predicted / Evts. observed 3.7 / 5 55.6 / 68 5.4 / 4

bb̄bb̄: 2.4 / 4 52.4 / 65 4.1 / 6 3.7 / 4
τ+τ−bb̄ and bb̄τ+τ−: 1.3 / 1 3.2 / 3 1.7 / 0

Events in all channels: 3.7 / 5 55.6 / 68 4.1 / 6 5.4 / 4
Limit exp.(median)/obs. for mh (GeV/c2):(*) 90.6 / 91.2 87.0 / 85.1 87.1 / 81.0
Limit exp.(median)/obs. for mA (GeV/c2):(*) 91.0 / 91.6 88.5 / 86.7 87.9 / 81.2

Table 2: Information related to searches of the four LEP experiments for the process e+e−→ hA at
energies from 200 to 209 GeV (year 2000 data). In the L3 analysis the event selection, and thus the
expected background and observed number of events, depend on the Higgs boson mass hypothesis; they
are given here for mH≈mA=95 GeV/c2. (*)In the ALEPH publication the confidence level estimator
used is different from the one used by the other collaborations.

Plots of mh+mA for the candidate events of the four LEP experiments can be seen in
Figure 5 for the τ+τ−bb̄ and bb̄τ+τ− final states.

To search for a possible signal for the neutral Higgs bosons h and A, the MSSM parameters
have been scanned according to the three benchmarks described in Appendix B. Each scan point
is regarded as a hypothetical model, for which the procedure of calculating the test-statistic
X and the confidence levels CLb, CLs+b, CLs has been applied as in the SM case, with the
inclusion of numerous additional search channels from the process e+e−→ hA.
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Figure 5: mh+mA for the MSSM candidate events from the four LEP experiments for the bb̄bb̄ and
τ+τ−bb̄ final states.
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Figure 6 shows the test-statistic X (here Q) for the mh-max benchmark scan, for the par-
ticular case mh≈mA, where only the e+e−→ hA process contributes, since sin2(β − α)≈0. The
heavy Higgs boson is kinematically out of reach for this benchmark scan and does not con-
tribute. If there were a signal with mh≈mA, then the test-statistic would have a minimum at
the corresponding value of mh+ mA. Negative values of the test-statistic show a preference of
the data for the signal hypothesis, and positive values indicate a preference for the background
hypothesis. The expectations are shown for the background and the signal hypothesis as func-
tions of mh+mA, with one- and two-σ bands on the signal expectation. While the test-statistic
is nearly always below that expected for the background hypothesis, it remains positive over
the range to which the combination of the experiments is sensitive to a signal.

Figure 7 illustrates the compatibility of the background hypothesis with the data, quantified
with 1−CLb. The figure illustrates 1−CLb only for signal hypotheses for which mh≈mA, and
for tanβ> 20. The heavy Higgs boson H is taken to be too heavy to be produced at LEP for this
figure. In two places there are excursions below the 2σ line. The excess at mh=mA≈85 GeV/c2

arises from earlier data [1]. For mh=mA≈90 GeV/c2, the candidates accumulate near the
peak of the background from e+e−→Z0Z0 production. Also shown in the figure is the median
expectation for 1−CLb for a signal with mh≈mA. A value of 1−CLb below 5.7× 10−7 would
indicate a discovery with a significance of five standard deviations. If there were a signal with
mh+mA=173.6 GeV/c2and mh≈mA, then LEP would discover it at the 5σ level in 50% of
possible experiments.

Figure 8 illustrates the outcome for CLs, also for mh≈mA, for tanβ> 20, which yields
cos2(β − α) ≈ 1. This quantity tests the consistency of the data with the signal hypothesis
as a function of mh+mA. The expected and observed 95% CL limits on mh+mAare 181.0 and
187.2 GeV/c2. These numbers are not directly comparable with the limits obtained in more
complete scans of the MSSM parameter space because the minimum sensitivity lies not on the
curve mh=mA, but slightly above it.

Figure 9 is the two-dimensional generalisation of Figure 7 where the observed 1 − CLb is
projected onto the (mh, mA) plane (the case of the mh-max benchmark scan, see Appendix B,
is shown). A first hint towards signal-like behaviour would manifest itself as an ‘island’ where
1 − CLb deviates by more than 3σ from the background prediction. No excursions are seen
at the 3σ significance level, although there are three locations where the significance exceeds
2σ. Two of these are on the mh≈mA line, and the significance can be seen in Figure 7. The
third region is only a little over 2σ in significance. The most significant of the regions, that at
mh=mA≈85 GeV/c2, has a value of 1−CLb = 6.0× 10−3, and results from the combination of
earlier data. Data taken in 2000 do not enhance the significance of this region. A Monte Carlo
study was performed to investigate the probability of observing small values of 1 −CLb in the
region of the (mh, mA) plane that was unexcluded for the combination of September 1999 [13],
and which contains the three regions of small 1 − CLb. It was found that the probability of
obtaining 1−CLb ≤ 6.0×10−3 anywhere in the region was 38%. Hence no evidence for a signal
of new physics is inferred from the results of this scan.
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and 2σ probability bands expected in the absence of a signal. The solid curve is the observed result and
the dashed curve shows the median result expected for a signal when tested at the “true” mass sum.
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background prediction; in the domains labeled ≥ 1σ and ≥ 2σ, the observation is above the prediction
by the indicated amount. There are no domains for which the observation exceeds the prediction by
more than 3σ.

Confidence levels are computed using the signal models defined by the three benchmark
scans of Appendix B and 95% CL exclusion limits are derived in the corresponding MSSM
parameter spaces. These are shown in Figures 10, 11, and 12 for the no-mixing, mh-max and
large-µ benchmarks. The limits are presented for tanβ>0.4 and in three parameter projections,
(mh, mA), (mh, tan β), and (mA, tanβ). Besides the limits obtained from the data, the ones
expected on the basis of background Monte Carlo experiments are also shown. For the mh-max

and no-mixing scans, the tan β axis is restricted to a maximum value of 30; the Higgs boson can
have width exceeding the experimental resolution for larger tan β, requiring additional Monte
Carlo estimates of the reconstructed mass distributions. The decay widths of the observable
Higgs bosons remain small in the large-µ scenario; tan β is shown up to 50 for the large-µ
scenario.

In the no-mixing scenario, an unexcluded feature appears2 at low tan β. For mh > 60 GeV/c2

and mA < 10 GeV/c2, the decay h→AA dominates, and the A cannot decay into bb̄ because

2This feature did not appear in previous preliminary work because of a mistake in the handling of branching
fractions during the combination procedure.
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it is kinematically unavailable. The branching ratio Br(h→bb̄) rises with decreasing mh in
this scenario for mA < 10 GeV/c2, and becomes large enough to provide exclusion for mh <
60 GeV/c2. For mh ≈ 85 GeV/c2 at low values of tanβ (between 0.4 and 0.45), h→AA
dominates, and Br(A→bb̄) is suppressed. These regions may be searched in the future using
flavour-independent searces (the A can decay into charm pairs or gluons), and the sensitivity
of the HZ channels can be optimised for mh < 85 GeV/c2.

Results in the large-µ scenario are presented here for the first time. The largest value of mh in
the scan is 107.9 GeV/c2, well within the reach of the LEP experiments this year. Nonetheless,
there are regions for which sin2(β − α) is small and e+e−→hA production is kinematically
suppressed. As a special case for this scenario, the heavy Higgs boson is within kinematic
reach and the signal from it can be used to exclude such points. What remains unexcluded
are points for which Br(h→bb̄) is suppressed, giving way to charm quarks, gluons, and W+W−

decays of the h, with the τ+τ− decays not always enhanced over their standard model values.
These points have mh very near the upper bound allowed by the scenario, so the tau channels
alone cannot exclude them. ALEPH has developed [6] flavour-independent missing-energy and
lepton channels and included them for combination; this provides some constraints on the size
of the remaining unexcluded region, although the separation of signal from background is not
as good as it is for the case h→bb̄. Numerical limits on mh, mA, and tanβ are not provided
for this example scan; a small change in the model parameters can easily push the maximum
mh beyond the kinematic reach of LEP. Its purpose is to identify points which are difficult to
exclude because of the decay branching ratios.
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Figure 10: The 95% CL bounds on mh, mA and tan β, for the no-mixing benchmark, from combining
the data of the four LEP experiments taken at 200 to 210 GeV with earlier data taken at lower energies.
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Figure 12: The 95% CL bounds on mh, mA and tan β, for the large-µ benchmark, from combining the
data of the four LEP experiments taken at 200 to 210 GeV with earlier data taken at lower energies.
The full lines represent the actual observation and the dashed lines the limits expected on the basis of
‘background only’ Monte Carlo experiments. Upper left: projection (mh, mA) for tan β>0.7; upper
right: projection (mh,tan β); lower part: projection (mA,tan β). The first two projections have very
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scenario. The region which is unexcluded is so because the branching ratio of h→bb̄ nearly vanishes
for these points.
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The mass limits obtained for the the mh-max and no-mixing scenarios are presented in
Table 3.

no-mixing mh-max
Limits for mh (GeV/c2)

expected (median) : 92.4 92.2
observed : 90.4 90.5

Limits for mA (GeV/c2)
expected (median): 92.9 92.8
observed : 90.5 90.5

Exclusion in tan β
expected (median): 0.8-8.6 0.5-2.3
observed : 0.9-7.7 0.5-2.3

Table 3: Combined 95% confidence level MSSM limits for mh and mA and excluded ranges in tan β
for the mh-max and no-mixing scenarios. The limits on mh and mA are valid for tan β> 0.9 in the
no-mixing scan and for tan β>0.4 in the mh-max scan. The tan β limits are valid for top masses less
than 174.3 GeV/c2. The quoted limits include the effect of the systematic errors on the experimental
results and their correlations. No theoretical uncertainties from unknown higher-order corrections are
taken into accout.

In obtaining the limits quoted in Table 3, systematic errors have been taken into account
together with their correlations between experiments, data sets at different energies and between
search channels. Their inclusion has the effect of decreasing the expected mass limits by about
300 MeV/c2. The model predictions are made as described in Appendix B, and no uncertainties
due to unknown higher-order corrections are taken into account in deriving the limits.

As a cross-check of the confidence level calculation procedures, the expected and observed
limits have been calculated independently, using another test-statistic (Method B in [10]). The
observed and expected limits are within ±1 GeV/c2 of the values in Table 3.

Based on the above results, we quote the following preliminary 95% CL lower bounds:
mh>90.5 GeV/c2, mA>90.5 GeV/c2. These bounds are valid for tan β>0.9, and for top masses
less than 174.3 GeV/c2. The ranges of tan β excluded for other top mass ranges are given in
Table 4.

4 Combined searches for the charged Higgs bosons

Charged Higgs bosons are predicted by extensions of the SM with two Higgs field doublets
(2HD models) of which the MSSM is a particular case with supersymmetry. At LEP2 energies
charged Higgs bosons are expected to be produced mainly through the process e+e−→H+H−.
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Top quark mass: ≤169.2 GeV/c2 ≤174.3 GeV/c2 ≤179.4 GeV/c2

Exclusion in tanβ
No mixing : 0.9-10 0.9-7.7 0.9-5.5
mh-max: 0.4-2.9 0.5-2.3 0.7-1.9

Table 4: Exclusion in tan β at the 95% confidence level for various top mass ranges. The bound at
0.4 in the mh-max limit for mt=169.2 GeV/c2 is due to the tan β range of the scan.

In the MSSM and at tree-level the H± is constrained to be heavier than the W± bosons but
loop corrections can drive the mass to lower values. Since the sensitivity of current searches is
limited to the range below mW± due to the background from e+e−→ W+W−, any signal for
H+H− would indicate either new physics beyond the MSSM or a rather extreme set of MSSM
parameter values.

The present searches for charged Higgs bosons are placed in the general context of 2HD
models where the mass is not constrained. At tree level the production cross-section is fully
determined by the H± mass [14]; here they are provided by HZHA Version 3. The searches are
carried out under the assumption that the two decays H+→cs̄ and H+→τ+ν exhaust the H+ de-
cay width; however, the relative branching ratio is not predicted. Thus, the searches encompass
the following H+H− final states: (cs̄)(c̄s), (τ+ν)(τ−ν̄) and the mixed mode (cs̄)(τ−ν̄)+(c̄s)(τ+ν).
The combined search results are presented as a function of the branching ratio B(H+→τ+ν).

Details of the searches carried out by the four LEP experiments, using the data collected
at energies between 200 and 209 GeV (year 2000 data), can be found in [15]. These are
summarised in Table 5, together with the 95% CL lower bounds, expected and observed. In
the table we quote the mass limits obtained individually by the four experiments, separately
for B(H+→τ+ν) = 0, 1, and a limit independent of the branching ratio.

Plots of the candidate masses can be seen in Figure 13 for the hadronic and semileptonic
final states.
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In order to search for a possible signal, the test mass mH± has been scanned. The test-
statistic X = −2ln(Q) = ∆χ2 versus the test mass mH± is shown in Figure 14, separately for
the branching ratio B(τ+ν) fixed to 1, 0.5 and 0. The observation is everywhere well within
the 2 sigma band corresponding to the background only hypothesis. The test-statistic is never
negative, apart in regions of masses higher than the ones where we have sensitivity, showing
clearly that no signal is seen.

Figure 15 shows the background confidence level 1 − CLb as a function of mH± , expected
and observed, for B(τ+ν)=1, 0.5 and 0. The observation is mostly within the light-shaded ±2σ
bands of the background prediction, except for some low mass regions, from 60 to 67 GeV/c2

at B(τ+ν)=0.5 and around 66 GeV/c2 at B(τ+ν)=1 that never reach the 3 σ level and are far
from the expectation for a signal.

The mass limits expected and observed are shown in Figure 16. To obtain the limit lines,
the branching ratio B(τ+ν) has been scanned in steps of 0.05, and the limit setting procedure
outlined in Appendix A repeated for each step.

The combined 95% CL bounds are listed in Table 6 for B(τ+ν)=0, 1, and for the weakest
limit obtained for any value of B(τ+ν). Taking the lowest of the observed limits from Table 6,
we choose to quote a 95% CL lower bound of 77.4 GeV/c2 for the mass of the charged Higgs
boson.

These limits have been obtained with the systematic errors taken into account. The error
treatment has shifted the observed mass limits downwards by 1000, 700, and 100 MeV/c2 for
B(τ+ν)=0, 0.5 and 1, respectively.

As a cross-check of the confidence level calculation procedures, the expected and observed
limits have been calculated independently, using another test-statistic (Method C in [10]). The
limits were within ±1.2 GeV/c2 of the quoted values.
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Experiment: ALEPH DELPHI L3 OPAL

Total: Int. luminosity (pb−1): 90.5 74 92.1 87.5
Backg. exp. / Events obs. (*)

(cs̄)(c̄s) : 452.8/438 127.2/147 375.0/391 193.6/171
(cs̄)(τ+ν): 49.2/50 72.5/ 59 71.2/77 92.4/83
(τ+ν)(τ−ν̄): 9.6/4 8.8/ 12 16.9/16 –

Events in all channels: 511.6/492 208.5/218 463.1/484 286.0/254
Limit exp.(median)/ observed (*)

for B=0: 78.4/80.9 76.5/76.7 77.0/77.3 77.2 / 75.4
for B=1: 86.4/82.8 86.5/85.0 81.4/81.6 86.1 / 84.3
for any B: 77.0/76.4 74.4/75.0 76.1/66.3 75.6 / 70.5

Table 5: Individual search results for the e+e−→H+H−final states. The numbers of events correspond
to the data sets taken at energies between 200 and 209 GeV (year 2000 data). (*) The OPAL selection
is mass-dependent; the numbers are given here for mH±= 80 GeV/c2. Also, the OPAL systematic
uncertainty is handled conservatively by reducing the subtractable background by 1 standard deviation.
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Figure 14: The ∆χ2 as a function of mH±, separately for B(τ+ν)=0, 0.5 and 1. In each case,
the dotted line shows the expectation for the background-only hypothesis and the full line the values
computed from the observed results. The shaded areas show the symmetric 1σ and 2σ probability bands
for the background hypothesis.
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Figure 15: The confidence level 1−CLb as a function of mH±, for the branching ratio B(H+→τ+ν)=0,
0.5 and 1 (separate plots). The straight horizontal line at 50% and the shaded bands represent the
mean result and the symmetric 1σ and 2σ probability bands expected in the absence of a signal. The
solid curve is the observed result and the dashed curve shows the median result expected for a signal
when tested at the “true” mass.
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Mass limit in GeV/c2 (95% CL)
B(τ+ν)=0
Limit expected (median) : 79.7
Limit observed : 80.8, “islands”
B(τ+ν)=1
Limit expected (median) : 90.5
Limit observed : 87.7
Any B(τ+ν)
Limit expected (median): 78.5
Limit observed : 77.4

Table 6: The combined 95% CL lower bounds for the mass of the charged Higgs boson, expected and
observed, for fixed and values of the branching ratio B(τ+ν) and for the B(τ+ν) giving the weakest
limit.
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5 Combined search for the process h0 → γγ

In the minimal Standard Model, the single Higgs boson can decay into two photons via a quark-
or W-boson loop [17]. The rate is too small for observation at existing accelerators even for
a kinematically accessible Higgs boson, but other theoretical models can accommodate large
h0 → γγ branching ratios [18]. In the 2-Higgs-Doublet Model of Type I [19], for instance,
a certain value of the parameter α causes the h0 to couple only to bosons [20]. The class
of “fermiophobic” Higgs models includes the more general “Bosonic” Higgs model [21], and
Higgs-Triplet models [22] where the particles formed from the triplet fields are fermiophobic.
For mh < 90 GeV, the fermiophobic Higgs decays primarily into γγ.

The four LEP experiments search for events having two energetic, isolated photons. In
addition, the Z0 decay products are either classified, or, in the case of Z0 → νν̄, acoplanarity
on the photons is required. For the 2000 data, the ALEPH analysis is “global” (the final states
are not listed separately). The analysis procedures of the four LEP experiments producing the
inputs for the present combination are described in individual documents [5, 23, 24, 25, 26]; we
merely summarise the results in Table 7.

As a benchmark for exclusion of Higgs bosons in fermiophobic models, we consider an h0

produced in e+e−→h0Z0 with Standard model production cross section and with the partial
width for h0 → γγ given by the Standard Model, but with the difermion partial widths set to
zero. We have examined two methods [2, 27] of calculating this branching fraction. As [27]
gives slightly more conservative limits, it is the one we use here. Figure 17 shows the combined
data for the four LEP experiments, together with the expected signal for the “benchmark”
fermiophobic Higgs boson of mass 100 GeV. In two cases, data which exist in publications
have not yet been included in the combination. The ALEPH input functions currently have no
background estimate for the 88-189 GeV data, and the background estimate for the 192-210 GeV
data is not subtractable. Therefore, ALEPH results cannot be combined into a calculation of
CLb. Likewise, the OPAL leptonic channel background for the 88-183 GeV data is not available
in the standard input format and is therefore excluded from combinations. The combined data
from DELPHI, L3, and OPAL yield the distribution of 1−CLb shown in Figure 18; there is no
indication of new physics. The 95% confidence level upper limit for BR(h0 → γγ) incorporating
all the combined ADLO data in Table 7 is shown in Figure 19. A benchmark lower mass limit
for fermiophobic Higgs bosons is obtained where the limit curve crosses the benchmark Bγγ(mh)
curve; for the combined ADLO data this limit is 106.4 GeV.
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Experiment: ALEPH DELPHI L3 OPAL

200-209 GeV (Y2000) Luminosity: : 94 pb−1 – – 84 pb−1

Backg. predicted / Evts. observed
Hadronic: – – – 2.6/4
Leptonic: – – – 3.3/7
Missing-energy: – – – 2.2/1
Global: 2.2/2 – – –

192-202 GeV (Y1999):
Backg. predicted / Evts. observed

Hadronic: – 27.7/27 12.5/14 10.9/15
Leptonic: – – – 9.2/5
Missing-energy: – 7.3/7 – 7.6/3
Global: 5.8/6 – – –

189 GeV (Y1998):
Backg. predicted / Evts. observed

Hadronic: – 24.7/26 16.2/10 9.0/10
Leptonic: – – 2.5/5 8.9/7
Missing-energy: – 5.6/8 4.3/3 7.1/5

88-183 GeV (Y1990-97):
Backg. predicted / Evts. observed

Hadronic: – – – 170.9/178
Missing-energy: – – – 9.7/10

Total:
Backg. predicted / Evts. observed

Hadronic: – 52.4/53 28.7/24 185.3/197
Leptonic: – – 2.5/5 21.4/19
Missing-energy: – 12.9/15 4.3/3 20.5/14
Global: 8.0/8 – – –

Events in all channels 8.0/8 65.3/68 35.5/32 227.2/230
Limit (GeV/c2) exp. (median) at 95% CL: 102.0 97.5 98.3 103.5
Limit (GeV/c2) observed at 95% CL: 102.7 96.1 99.9 103.1
Combined Limit ( observed / expected): 106.4 / 105.6

Table 7: Information related to the searches of the four LEP experiments for the process H→γγ at
energies between 88 and 209 GeV.
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Model Higgs boson production rate. The shaded region is excluded; The dashed line is the
predicted benchmark diphoton branching fraction assuming B(h0 → f f̄)=0. The intersection of
the dotted line with the exclusion curve gives a lower limit of 106.4 GeV for the fermiophobic
Higgs model. Also shown (dotted lines) are the median expected limit and the 95% confidence
level zone for the expected limit.
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6 Combined searches for ‘invisible’ Higgs decays

The Higgs may not make is presence obvious. For instance, if there were a neutralino decay
kinematically available it would be likely to dominate the Higgs decay modes, and such decays
would be invisible at LEP. Majoron models also produce dominantly invisible Higgs decay
modes. However, if Higgs bosons are produced through the normal Higgs-strahlung process
then the Z0 can be detected in the normal way, and the presence of the Higgs inferred. The
reconstructed Higgs boson mass is taken to be the mass of the invisible system recoiling from the
visible Z0 decay products and does not depend on model assumptions aside from the assumption
of Higgsstrahlung production.

Searches with this strategy are considered by the LEP Higgs working group for the first
time here. Only 3 experiments, ALEPH, DELPHI and OPAL, had data in a suitable form
for this combination, and of these only ALEPH and OPAL produced data from the 2000 run.
ALEPH results from 189 to 208 GeV/c2, OPAL from 183 to 208, and DELPHI from 183 to
202 GeV/c2 were included. The analysis procedures of the three LEP experiments producing
the inputs for the present combination are described in individual documents [28, 29, 30]; we
merely summarise the results in Table 8. All events which make an entry to Table 8 are used
below in the calculation of confidence levels and in the limit-setting procedure. For the OPAL
limit in the table, 101.1 pb−1 have been used; however, for the LEP-combination, only 74.7 pb−1

were available in the standard inputs.

The reconstructed candidate masses is shown in Figure 20 for the data, signal estimations,
and Standard Model backgrounds, for the combination given in this paper.
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Experiment: ALEPH DELPHI L3 OPAL

Total 2000 Integrated luminosity (pb−1): 94.2 – – 101.1
Backg. predicted / Evts. observed

Acoplanar jets: 3.71 / 6 – – 30.4 / 21
Acoplanar leptons: n.a. – – –

Events in all channels – – 30.4 / 21
Limit (GeV/c2) exp. (median) at 95% CL: 109.5 103.4 – 103.8 (*)
Limit (GeV/c2) observed at 95% CL: 107.2 102.5 – 105.8

Table 8: Information related to the searches of the four LEP experiments for ‘invisible’ Higgs decays
at energies between 200 and 209 GeV (year 2000 data). DELPHI and L3 did not contribute data from
year 2000; the DELPHI limits are from the previous years’ data. As usual, the ALEPH confidence level
estimator is different from that employed here. (*) OPAL quotes the average instead of the median
expected limit

The value of the log-likelihood for the combined experiment is shown in Figure 21. There
are noticeable deviations from the expectation, at the level of about two sigmas.

The consistency of the combined data with the background expectation can be seen in
Figure 22. There is an extreme minimum of 1 − CLb of 0.018 at 110.2GeV/c2, as expected
from the −2 ∗ ln(Q) curve. There is also a maximum of 0.986 at 83 GeV/c2, corresponding to
a deficit of candidates. Each of these deviations is a little over two sigma, and not especially
unusual.

The CLs curve shown in Figure 23 gives the limit on MH assuming a 100% branching ratio
into invisible modes.

The excluded region in the MH v Br(H → X) plane is shown in Figure 24. For most masses
the exclusion is somewhat stronger than expected, but this reverses above 105 GeV/c2. The
combination has not been performed for masses below 80 GeV/c2.
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7 Summary

The LEP working group for Higgs boson searches has updated its previous combined limit for
the mass of the Standard Model Higgs boson including the data collected in the year 2000 at
energies between 200 and 209 GeV, for a total integrated luminosity of approximately 350 pb−1.
In the absence of a statistically significant excess in the data, a new lower bound of 113.3 GeV/c2

has been obtained at the 95% confidence level.

The working group has also searched for a possible signal for the h and A bosons in the
MSSM scenario and produced new combined 95% confidence level limits for mh, mA and tanβ
for two representative MSSM scenarios. For tanβ>0.4 and the top quark mass less than
or equal to 174.3 GeV/c2, the limits mh>90.5 GeV/c2 and mA>90.5 GeV/c2 are obtained.
Within the MSSM scenario which maximises the parameter space in the (mh, tan β) projection,
values of tan β between 0.5 and 2.3 are excluded at the 95% confidence level. This excluded
range shrinks to 0.7-1.9 if the top mass is increased by its current experimental uncertainty
of 5.1 GeV/c2. Although the limits shown are representative for the bulk of possible MSSM
parameter values, these should not be regarded as absolute exclusion limits. In a general scan
where the parameters are allowed to vary independently, some rare combinations predict low
production cross-sections or experimental signatures which make it difficult to separate the
signal from the background.

The search results of the four LEP experiments for charged Higgs bosons predicted by
models with two Higgs field doublets were also combined. These searches assume that the two
decays H+→cs̄ and H+→τ+ν exhaust the H+ decay width. In the absence of a signal, mass
limits are obtained as a function of the branching ratio B(H+→τ+ν). The most general lower
limit, valid at the 95% confidence level for any value of the branching ratio, is 77.4 GeV/c2.

The searches for Higgs boson photonic decays find the data to be consistent with Standard
Model backgrounds throughout the range of sensitivity. For the “benchmark” fermiophobic
Higgs boson, masses below 106.4 GeV are excluded by the four LEP experiments.

The search for ‘invisible’ decays of the Higgs boson has been performed and finds no statis-
tically significant excess. We deduce a lower limit on the existence of a Higgs with the Standard
Model production cross-section and 100% branching ratio into invisible modes of 107.6 GeV/c2.

ALL THE RESULTS QUOTED IN THIS NOTE ARE PRELIMINARY.
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Appendix A: Combined confidence levels

In the SM and the MSSM, the signal and background rates are predicted channel by channel.
The corresponding search results can thus be combined for a better overall sensitivity. Further-
more, datasets from different LEP energies and experiments can also be added. The combined
LEP data are used to test two hypotheses: the background-only (“b”) hypothesis, which as-
sumes no Higgs boson to be present in the mass range investigated, and the signal + background

(“s + b”) hypothesis, where Higgs bosons are assumed to be produced according to the model
under consideration. A global test-statistic X is constructed (see below) which allows the ex-
perimental result Xobserved to be classified between the b-like and s+b-like situations. It utilises
the number of selected events and various distributions which provide discrimination between
signal and background (e.g., the reconstructed mass or b-tag variables). The test-statistic takes
into account experimental details such as detection efficiencies, signal-to-background ratios, res-
olution functions, and provides a single value for a given model hypothesis (e.g., the test-mass
mH in the SM).

To set the scale for X, a large number of Monte Carlo experiments are generated, separately
for the b and the s + b hypotheses, and separately for each model hypothesis (e.g., mH). The
resulting distributions of X(mH) are normalised to become probability density functions, and
integrated to form the confidence levels CLb(mH) and CLs+b(mH). The integration starts in
both cases from the b-like end and runs up to Xobserved; thus CLb(mH) and CLs+b(mH) express
the probabilities that the outcome of an experiment is more b-like or less s+b-like, respectively,
than the outcome represented by the set of selected events.

When performing a search with small expected signal rates, it may happen that the observed
number of candidates is far below the expected background level. In such cases the limit may
extend beyond the range of sensitivity of the search. To prevent a priori such unphysical, but
formally valid, results from occurring, we consider the ratio CLs(mH)=CLs+b(mH)/CLb(mH) as
a conservative approximation to the signal confidence one might have obtained in the absence
of background. The 95% CL lower limit for the SM Higgs mass is defined here as the lowest
value of the test mass mH which yields CLs(mH)=0.05.

The quantity 1 − CLb(mH) is an indicator for a possible signal: a SM Higgs boson with
true mass m0 would produce a pronounced drop in this quantity for mH≈ m0. Values of
1 −CLb < 5.7 × 10−7 (1 − CLb < 2.7× 10−3) would indicate a 5σ (3σ) discovery. Background
fluctuations may also produce such a drop, allowing for some mH a “discovery” beneath the
expected experimental sensitivity. In analogy to the definition of CLs, an additional quantity
(1−CLb)

′ = (1−CLb)/(1−CLs+b) is defined to incorporate information about signal sensitivity
into the discovery estimator. This additional information is provided for informational purposes
where appropriate.

If values of Xobserved (and thus the integration bounds) are obtained from Monte Carlo
simulations of the real experiment, the average expected confidence levels 〈1 − CLb(mH)〉 and
〈CLs(mH)〉 are obtained. Of particular interest are 〈1−CLb(mH)〉 from simulated s+ b exper-
iments and 〈CLs(mH)〉 from simulated b experiments, since these indicate the expected ranges
of sensitivity of the available data set for discovery and exclusion, respectively.
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The test-statistic adopted in the present combination of results is the ratio of the likelihood
function for the s+b hypothesis (x = s(mH)) to the likelihood function for the b hypothesis
(x = 0):

X(mH) =
L(s(mH))

L(0)
, (1)

where the likelihood function is defined by

L(x) =
N∏

i=1

exp[−(xsi(mH)
s(mH)

+ bi)] (xsi(mH)
s(mH)

+ bi)
ni

ni!
×

ni∏

j=1

xsi(mH)
s(mH)

Si(mH, mij) + biBi(mij)

xsi(mH)
s(mH)

+ bi

. (2)

The index i runs over all independent contributions to the combined search result: search chan-
nels of an experiment, searches at different centre-of mass energies, and channels from different
experiments. The symbol N stands for the number of such contributions (“channels” hereafter);
ni is the number of observed candidates in channel i and mij is the value of m, (the recon-
structed Higgs boson mass or any other discriminating variable) in the case of candidate j in
channel i. The quantities si(mH) and bi are the integrated signal and background rates in chan-
nel i with s(mH) =

∑N
i=1 si(mH) and b =

∑N
i=1 bi as the total expected signal and background

in all channels. The functions Si(mH, m) and Bi(m) are the probability distributions for the
signal and background, respectively. The above notation assumes that the background-related
quantities bi and Bi(m) do not depend on mH. If the selection criteria in any one channel are
mH dependent, bi and Bi(m) have to be replaced by bi(mH) and Bi(mH, m).

The above test-statistic makes the most efficient use of the information available in a search
result in a manner similar to the way the principle of maximum likelihood gives the most
efficient estimators of parameters in a measurement.

The calculation of confidence levels is illustrated in Figure 25. In part (a) the probability
distributions of the test-statistic X (designated here by Q) are shown for the s+b and the b

hypotheses. In part (b) the confidence levels CLb, CLs+b and CLs are shown (the latter two
are indistinguishable in the present example); they are obtained by integrating the probability
distributions in (a) from right to left (from most to least background-like). The shaded areas in
part (a) measure the confidence levels which correspond to the 95% confidence level exclusion
limit.
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Appendix B: MSSM benchmark scans

We present limits in the MSSM parameter space for a constrained MSSM with seven pa-
rameters, MSUSY, M2, µ, A, tan β, mA and mg̃. Universal values MSUSY and M2 are assumed
for the SUSY breaking sfermion and gaugino masses, respectively, at the electroweak scale, and
M1 is derived from M2 using the GUT relation M1 = M2(5 sin2 θW /3 cos2 θW ), where θW is
the weak mixing angle. The gluino mass mg̃ is fixed in the scenarios described below in order
to emphasise its effect via radiative corrections to mh. µ is the supersymmetric Higgs boson
mass parameter, and tan β is the ratio of the vacuum expectation values of the two Higgs field
doublets. The parameter A is the common trilinear Higgs-squark coupling parameter, assumed
to be the same for up-type squarks and for down-type squarks. The largest contributions to
mh from radiative corrections arise from top/stop loops, with much smaller contributions from
bottom and sbottom loops.

In the scenarios that follow, it is not A which is specified, but rather the off-diagonal top
mass coefficient in the stop mixing matrix [4] Xt = A−µ cotβ which is set to a fixed value. The
mass of the top quark is taken to be 174.3 GeV, but values smaller and larger by the current
experimental error of 5.1 GeV are also considered in the tanβ exclusions, given in Table 4. The
gluino mass mg̃ affects loop corrections from stops and sbottoms. Three benchmark scenarios
are considered in this paper.

The no-mixing scenario

This scenario assumes that there is no mixing in the scalar top sector, with the following
values and ranges for the parameters: MSUSY = 1 TeV, M2 = 200 GeV, µ = −200 GeV, Xt = 0,
0.4 < tanβ < 50 and mA < 1 TeV. The gluino mass mg̃ is set to 800 GeV.

The mh-max scenario

This scenario is designed to maximise the largest value of mh allowed at each value of tanβ.
The same parameters are chosen as for the no-mixing scenario, except for the stop mixing
parameter Xt = 2MSUSY using the conventions of the two-loop diagrammatic calculation of [32]
or Xt =

√
6MSUSY using the conventions of the renormalisation-group approach of [33]. (For

the no-mixing scenario, Xt = 0 has the same interpretation in both schemes.) It is similar in
spirit to the “maximal mixing” scenario used in previous publications [10], but as it allows for
larger mh values at the same tanβ, it results in more robust excluded intervals of tan β.

The large− µ scenario

This scenario is designed to highlight choices of MSSM parameters for which the Higgs boson
h0 does not decay into pairs of b quarks due to large loop corrections. The parameters chosen
are MSUSY = 400 GeV, µ = 1 TeV, M2 = 400 GeV, mg̃ = 200 GeV, 4 ≤ mA ≤ 400 GeV, Xt =
−300 GeV in both schemes described above. For the Feynman-diagrammatic calculation [32],
mb is set to 3 GeV in order to absorb higher-order QCD corrections, important for controlling
the effects of large sbottom mixing at large µ and tanβ. For the RGE-improved calculation,
the dominant one-loop QCD and SUSY-QCD corrections are resummed to all orders [34]. An
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important feature of this scenario is that mh < 107.9 GeV/c2 over the region of the (mA, tanβ)
plane under consideration. Only in regions where B(h0→bb̄)≈ 0 are there potential weaknesses.

The HZHA program, version 3 [2], has been used to compute the Higgs boson masses,
production cross-sections and decay branching ratios. For the no-mixing and mh-max scenarios
it has been modified to include the diagrammatic calculations of Ref. [32] while for the large-µ
scenario the RGE-approach [33] has been used. For the no-mixing and mh-max scenarios, tanβ
is only investigated up to 30, due to the fact that the h decay width can exceed the detector
resolution. Experimental results currently assume that the Higgs bosons have negligible width;
Higgs bosons with decay widths equal to or larger than the experimental resolution can only
be reconstructed with lower signal/background ratios, yielding weaker limits.
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