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Abstract. Unexcluded mass regions are revealed by an analysis of Higgs boson searches at LEP2 in the
framework of the MSSM. Previous interpretations of the LEP2 data for Higgs boson searches are based
on only a few combinations of supersymmetric parameters. An independent variation of the relevant
supersymmetric parameters is performed. Cancellation effects of production cross sections can occur and
thus some parameter regions are not excluded in this more general framework. The combined luminosity
from the four LEP experiments is required to exclude most of the critical parameter combinations. The
sensitivity reach for the 1997 LEP data-taking at 183 GeV is studied.

1 Introduction

The search for Higgs particles is one of the most challeng-
ing problems of experimental particle physics. At present,
no Higgs bosons have been found and lower bounds on
Higgs boson masses are established from direct searches.
The most stringent bounds come from the LEP collider,
which ran at

√
s ≈ 183 GeV in 1997. In the Minimal

Standard Model (MSM) one Higgs boson is predicted.
Particular attention is given to the search for the Higgs
bosons with properties predicted by the Minimal Super-
symmetric Standard Model (MSSM). The Higgs sector of
the MSSM contains five physical Higgs bosons, one neu-
tral CP-odd scalar, A, two neutral CP-even scalars, h and
H, and two charged scalars, H±. At least one of them,
the lighter CP-even scalar h, is expected to be relatively
light (mh ≤ 130–140 GeV) and its discovery could be the
first signal for supersymmetry. Consequently, this study
focuses on the interpretation of searches for the neutral
Higgs bosons within the MSSM.

After six years of data-taking at the Z resonance
(LEP1), the LEP machine energy was increased (LEP2),
first to 130 GeV in fall 1995, and successively to 172 GeV
in 1996 and then to 183 GeV in 1997. This article focuses
on the data collected at

√
s = 161 to 172 GeV with a to-

tal luminosity of about 21 pb−1 for each LEP experiment,
and at 183 GeV with a total luminosity of about 55 pb−1.
Recent results of searches for Higgs bosons are reported
from the LEP experiments ALEPH [1], DELPHI [2], L3
[3], and OPAL [4]. For example, initial LEP2 results were
summarized in [5–8], and final results from LEP1 were
reviewed in [9].

A realistic analysis of the phenomenology of the MSSM
Higgs sector has to include radiative corrections [10–16].

At the tree level, the Higgs sector of the MSSM can be
effectively parameterized in terms of two free variables,
for example, the masses of two Higgs bosons. After the
1-loop corrections are included, Higgs boson masses and
couplings depend also on the top quark mass and the ad-
ditional unknown parameters of the MSSM. Throughout
the paper, these unknown parameters are referred to as
SUSY parameters. Several approaches have been devel-
oped to compute radiative corrections to the tree-level ap-
proximation, the Effective Potential Approach (EPA) [11],
the Renormalization Group Equations (RGE) approach
[12,13], and the Full 1-loop Diagrammatic Calculations
(FDC) in the on-shell renormalization scheme [14,15]. Full
analytic 1-loop corrections are calculated in the EPA and
good agreement with the FDC of neutral Higgs bosons
masses is found [17]. A simple approximation scheme for
radiative corrections to the neutral Higgs boson masses
gives very good precision [18].

While the Higgs boson masses are approximated well,
for the cross sections only FDC take into account the vir-
tual effects of all possible MSSM particles, such as gauge
sector contributions, momentum-dependent effects in 2-
and 3-point Green’s functions, and genuine 1-loop correc-
tions to 3-point functions. A detailed description of the
FDC is given in [14]. The importance of a complete pa-
rameter scan with FDC has already been pointed out [19].
Although the numerical evaluations with the FDC method
are time consuming, this method is chosen for this study.

For the 1996 data, the LEP experiments [1,2] have
given limits for two or three sets of SUSY parameters,
proposed as a benchmark test [20], varying basically the
mixing parameter in the scalar top sector. Experimental
searches should rely as little as possible on theoretical as-
sumptions. Therefore, a less constrained parameter space
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compared to previous analysis of Higgs boson searches at
LEP2 is considered. Using the FDC allows the exploration
of the dependence of the masses and couplings of the Higgs
bosons on all soft breaking parameters in the MSSM La-
grangian. Some relations and simplifications are applied
in order to decrease the number of free parameters, af-
ter checking that the results in the Higgs sector are not
sensitive to those assumptions. Three cases of the neutral
MSSM Higgs boson searches are studied and the sensitiv-
ity of one experiment [2] is assumed to be valid for the
four experiments:

– The mass regions excluded from the LEP2 data are
determined for the center-of-mass energies of

√
s = 161

to 172 GeV and the luminosity of 21 pb−1.
– The excluded regions are compared for one experiment

and four experiments combined.
– The discovery or exclusion potential from the four LEP

experiments with a total luminosity of about 200 pb−1

and
√

s = 183 GeV is determined.

2 Parameter space of the MSSM

The most general version of the MSSM Lagrangian con-
tains a large number of free parameters. Most of the SUSY
parameters have little impact on the Higgs sector. Us-
ing numerical simulations, important parameters for the
Higgs boson phenomenology are identified. These param-
eters have been varied independently:

– (mh,mA) – the investigated Higgs boson mass combi-
nations.

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

– mg – the gaugino mass. The commonly used GUT re-
lation for the SU(2) and U(1) gaugino masses is as-
sumed: mU(1) = 5

3 tan2 θWmSU(2), mSU(2) = mg. This
assumption has little impact on the results.

– µ – the mixing parameter of the Higgs doublets in the
superpotential.

– A – the mixing parameter in the sfermion sector. As for
msq only one universal mixing parameter is considered
for all squark generations. The mixing term is defined
as Amsq + µ/ tanβ.

The CDF and D0 collaborations reported direct evidence
for the top quark, compatible with a mass of 175.6 ±
5.5 GeV [21]. Throughout this study, the top quark mass is
fixed at mt = 175 GeV. In order to study the effect of the
variation of the SUSY parameters described above they
are scanned in the ranges given in Table 1. The change of
the limits shown in Table 1 has only a small effect on the
results discussed in the following sections. Further uncer-
tainties on the results are due to 2-loop corrections for the
MSSM Higgs boson masses. The maximal value of the h
mass is reduced when 2-loop corrections are included [22–
24]. The leading 2-loop terms have not been calculated for

Table 1. Ranges of SUSY parameters used for indepen-
dent variation in the study of the MSSM neutral Higgs boson
searches

Parameter msq (GeV) mg (GeV) µ (GeV) A

Range 200–1000 200–1000 −500–500 −1–1

the FDC, but it is expected that they improve the 1-loop
results in the same way as in the EPA and RGE approach
[25]. No significant effects on cross section reductions in
the FDC are expected, unless the kinematic production
limit is reached.

The parameters shown in Table 1 are the input param-
eters for the calculations of the physical sfermion, chargino,
and neutralino masses. Some parameter combinations can
be unphysical (e.g. negative squark masses) or experimen-
tally excluded. Such cases are removed by imposing con-
servative constraints on stop and chargino masses. For the
LEP1 limit, the neutralino was required to be heavy (or
weakly coupled) in agreement with the bound on contribu-
tions to the Z width beyond the MSM [26]. No theoretical
constraints on the MSSM are assumed.

An additional constraint is applied on tanβ, defined
as the ratio of the vacuum expectation values of the Higgs
doublets. Although at the 1-loop level tanβ is renormali-
zation-scheme-dependent, this dependence is rather weak
[14]. Tree-level experimental bounds on tanβ are assumed
to hold approximately, and its value is constrained to
0.5 ≤ tanβ ≤ 50. The lower bound is described, for ex-
ample, in [27]. The variation of the upper bound has no
significant effect on the results. In this approach tan β is
a function of mh, mA and the SUSY parameters listed in
Table 1. The lower bound on tanβ affects the theoreti-
cally allowed regions in the (mh,mA) planes. The change
of tanβ > 1 to tanβ > 0.5 extends the theoretically al-
lowed region for the h mass by about ∆mh = 20 GeV for
mh > mA.

3 Excluded mass regions at LEP

In order to derive bounds on h and A masses, the limits
on the Higgs boson production rates given in [2] have been
used. In the mass plane (mh,mA), each point with a step
size of 1 GeV up to Higgs boson masses of 120 GeV has
been analyzed separately. For each mass combination, the
production cross sections of the reactions e+e− → hZ,HZ,
e+e− → hA,HA, and the branching ratios for h and A de-
cays have been computed as a function of the parameters
described in Table 1. The cross section limits from the
following channels [2] are taken into account:

1) h production in bremsstrahlung processes:

e+e− → hZ? → he+e− , hµ+µ− , hνν , hqq .

2) hA pair-production processes:

e+e− → hA → τ+τ−bb , bbbb .
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Fig. 1. MSSM exclusion for
√

s = 161 to 172GeV and
L = 21pb−1. The region excluded by LEP1 (black), the newly
95% CL excluded region at LEP2 (grey), the region where the
exclusion depends on the SUSY parameter set (dotted space),
the region with no sensitivity (white), and the theoretically not
allowed region (black) are shown

For mh > 2mA:

e+e− → hA → AAA → bbbbbb .

The parameter regions mA < 10 GeV or tanβ < 1, where
experimental sensitivity cannot rely on bb signatures, re-
quire additional experimental attention. In this case study,
the same cross-section limits are assumed to be approxi-
mately valid in these regions. The LEP1 limits from a pre-
vious study [19], which performed a scan over the SUSY
parameters, are implemented.

A given (mh,mA) combination is excluded if for all
SUSY parameter sets (from the ranges defined in Table 1
and for fixed mt = 175 GeV) the expected cross sections
are larger than the limits in at least one of the production
reactions.

For fixed (mh,mA), the parameter combinations are
identified for which the cross section for a given produc-
tion process is particularly low. It is unlikely that the cross
sections are very low in all processes simultaneously, owing
to the well-known complementarity of the cross sections
of e+e− → hZ and e+e− → hA reactions. This comple-
mentarity holds approximately even after the inclusion of
non-leading vertex corrections. Figure 1 shows five regions
in the (mh,mA) plane:

(A) the region excluded by LEP1 (black),
(B) the newly 95% CL excluded region (grey),
(C) the region where the exclusion depends on the SUSY

parameter set (dotted space),
(D) the region with no sensitivity (white), and
(E) the theoretically not allowed region (black).

The full scan over the SUSY parameter space gives
no limit on the pseudoscalar mass, and a weaker limit
on the scalar mass compared to the limits given in [1,2]
where only two or three sets of SUSY parameters were
considered.

The existence of newly unexcluded regions can be un-
derstood in the following way: The unexcluded region be-
gins just above the mh+mA = mZ limit for mh < 60 GeV.
In this range the bremsstrahlung cross section e+e− → hZ
can be small for some SUSY parameters. The complemen-
tary process e+e− → hA is reduced kinematically, thus
no signal can be observed. Low unexcluded mh values
are obtained for low physical stop masses of the order
of O(200 GeV) and large mixing in the sfermion sector
(A = ±1, large µ). In such cases the splitting between
the left and right stop masses is large. Low unexcluded
mA values are found for small tanβ values. Examples of
unexcluded SUSY parameter combinations leading to sup-
pressed bremsstrahlung cross sections and large mh and
mA mass differences are given in Table 21. A comparison
of these cross sections with calculations based on [24] leads
to the observation that the examples are unexcluded due
to the parameter scan, and not due to FDC effects.

With increasing mA, the cross section for the e+e− →
hZ reaction becomes less sensitive to the SUSY param-
eters and similar to the e+e− → HMSMZ cross section
(calculated at mh = mHMSM) because of the known de-
coupling effect [13]. The difference between cross sections
calculated in the MSSM and MSM decreases as 1/m4

A.
Above mA ≈ 100 GeV the bremsstrahlung production of
h is sufficient to establish, independent of the SUSY pa-
rameters, the MSM Higgs mass bound of about 66 GeV
[2].

In order to determine in a first approximation the ex-
clusion reach of the four LEP experiments combined, the
same variation is repeated with four times the luminos-
ity and constant efficiency. Figure 2 shows that the mass
region where the sensitivity depends on the set of SUSY
parameters is largely covered at the 95% CL when the data
of the four LEP experiments are combined. A lower mass
limit of about 60 GeV on the CP-even Higgs boson is set,
while no mass limit on the CP-odd Higgs boson exists (for
small mA values, unexcluded parameter combinations ex-
ist for 0.5 < tanβ < 1). For large mA, the combined LEP
mass limit [28] on the MSM Higgs of 77.5 GeV is recov-
ered.

4 Outlook for 183GeV data

In the previous study [19], which applied a parameter scan
as performed in this work, the production reactions rele-
vant for LEP2 e+e− → hZ,hA and e+e− → HZ,HA were
investigated based on sensitivities given in [29]. Each point
in the (mh,mA) plane was analyzed separately with a step
size of 1 GeV. For each fixed mass combination (mh,mA),
the production cross sections of all the four reactions were
calculated for

√
s = 175, 190, and 210 GeV with 500 pb−1

as a function of the parameters listed in Table 1.

1 Other definitions in the literature are mg = M2 ↔ 0.5M2,
and µ ↔ −µ. For the two examples, the chargino and neu-
tralino masses are: 1) mχ̃+ = 199, 513GeV, mχ̃0 = 94, 199,
508, 509GeV, and 2) mχ̃+ = 208, 510GeV, mχ̃0 = 96, 208,
501, 512GeV
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Table 2. Examples of unexcluded parameter combinations in the MSSM. Cross sections for Higgs
boson bremsstrahlung and pair-production are given for

√
s = 161 and 172GeV. All masses are

given in GeV and cross sections in pb

mh mA mt msq mg µ A tan β mt̃1 mt̃2 σ161
hZ σ161

hA σ172
hZ σ172

hA

52.7 63 175 200 100 −500 1 6 220 299 0.46 0.24 0.41 0.23
74.5 12 175 1000 100 −500 0 0.66 948 1079 0.0 0.11 0.57 0.10
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Fig. 2. MSSM exclusion for
√

s = 161 to 172GeV and
L = 84pb−1 corresponding to the data of the four LEP ex-
periments. The region excluded by LEP1 (black), the newly
95% CL excluded region at LEP2 (grey), the region where the
exclusion depends on the SUSY parameter set (dotted space),
the region with no sensitivity (white), and the theoretically not
allowed region (black) are shown

While all the simulations were based on the LEP2
planning, in 1997, first high-energy data were recorded:√

s = 183 GeV with about 200 pb−1. After the luminosity
and center-of-mass energy are known, much more precise
predictions than in the earlier study can be made. Each
point in the (mh,mA) plane has been analyzed separately
with a step size of 1 GeV.

For Higgs boson bremsstrahlung and pair-production,
the same detection sensitivities as achieved at the 172 GeV
data-taking [2] are assumed. Figure 3 shows five regions
in the (mh,mA) plane:

(A) the region excluded by LEP1 (black),
(B) the 95% CL sensitivity or exclusion region (grey),
(C) the region where the sensitivity or exclusion depends

on the SUSY parameter set (dotted space),
(D) the region with no sensitivity (white), and
(E) the theoretically not allowed region (black).

For large mA the limit on mh is equal to the limit
on the MSM Higgs boson. Independent of the SUSY pa-
rameter choice, lower mass limits on CP-even and CP-
odd Higgs bosons could be set. For the combined data of
the four LEP experiments, these limits are about mh >
76 GeV and mA > 83 GeV.
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Fig. 3. MSSM prospects for
√

s = 183GeV and L = 200 pb−1.
The region excluded by LEP1 (black), the 95% CL sensitivity
or exclusion region at LEP2 (grey), the region where the sensi-
tivity or exclusion depends on the SUSY parameter set (dotted
space), the region with no sensitivity (white), and the theoret-
ically not allowed region (black) are shown

5 Conclusions

Current mass limits from searches for Higgs bosons at
LEP2 are studied by using a large scan over the MSSM
parameter space. Full 1-loop diagrammatic calculations of
radiative corrections to the Higgs particle production are
applied. The dependence of the results on all important
model parameters is investigated. Weaker mass limits on
scalar and pseudoscalar Higgs bosons are set in compar-
ison with previous studies. The combined luminosity of
four LEP experiments significantly reduces the large pa-
rameter region where the exclusion depends on the SUSY
parameters.

For the data of the 1997 LEP2 run, detailed studies for
non-minimal Higgs bosons are presented and, even for un-
favorable SUSY parameter combinations, large (mh,mA)
parameter regions are covered.
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Note added in proof: The results in this paper have
been presented previously [8]. Since then the OPAL collab-
oration has performed a similar scan for their data corre-
sponding to the total luminosity used in Fig. 1, and comes
to similar conclusions [30].
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