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E. Lançon28, M.-C. Lemaire28, E. Locci28, P. Perez28, J. Rander28, B. Tuchming28, B. Vallage28, A.M. Litke29,
G. Taylor29, C.N. Booth30, S. Cartwright30, F. Combley30,†, P.N. Hodgson30, M. Lehto30, L.F. Thompson30,
A. Böhrer31, S. Brandt31, C. Grupen31, J. Hess31, A. Ngac31, G. Prange31, C. Borean32, G. Giannini32, H. He33,
J. Putz33, J. Rothberg33, S.R. Armstrong34, K. Berkelman34, K. Cranmer34, D.P.S. Ferguson34, Y. Gao34,43,
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85 Dipartimento di Fisica, Università di Milano and INFN-MILANO, Via Celoria 16, 20133 Milan, Italy
86 Dipartimento di Fisica, Univ. di Milano-Bicocca and INFN-MILANO, Piazza della Scienza 2, 20126 Milan, Italy
87 IPNP of MFF, Charles Univ., Areal MFF, V Holesovickach 2, 180 00, Praha 8, Czech Republic
88 NIKHEF, Postbus 41882, 1009 DB Amsterdam, The Netherlands
89 National Technical University, Physics Department, Zografou Campus, 15773 Athens, Greece
90 Physics Department, University of Oslo, Blindern, 0316 Oslo, Norway
91 Dpto. Fisica, Univ. Oviedo, Avda. Calvo Sotelo s/n, 33007 Oviedo, Spain
92 Department of Physics, University of Oxford, Keble Road, Oxford OX1 3RH, UK
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Abstract. The four LEP collaborations, ALEPH, DELPHI, L3 and OPAL, have searched for the neu-
tral Higgs bosons which are predicted by the Minimal Supersymmetric standard model (MSSM). The
data of the four collaborations are statistically combined and examined for their consistency with the
background hypothesis and with a possible Higgs boson signal. The combined LEP data show no signifi-
cant excess of events which would indicate the production of Higgs bosons. The search results are used
to set upper bounds on the cross-sections of various Higgs-like event topologies. The results are inter-
preted within the MSSM in a number of “benchmark” models, including CP-conserving and CP-violating
scenarios. These interpretations lead in all cases to large exclusions in the MSSM parameter space. Ab-
solute limits are set on the parameter tanβ and, in some scenarios, on the masses of neutral Higgs
bosons.
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1 Introduction

One of the outstanding questions in particle physics is
that of electroweak symmetry breaking and the origin of
mass. The leading candidate for an answer is the Higgs
mechanism [1] whereby fundamental scalar Higgs fields
acquire nonzero vacuum expectation values and sponta-
neously break the electroweak symmetry. Gauge bosons
and fermions obtain their masses by interacting with the
resulting vacuum Higgs fields. Associated with this de-
scription is the existence of massive scalar particles, the
Higgs bosons.
The standard model [2] requires one complex Higgs

field doublet and predicts a single neutral Higgs boson of
unknown mass. After extensive searches at LEP, a lower
bound of 114.4GeV/c2 has been established for the mass
of the standard model Higgs boson, at the 95% confidence
level (CL) [3].
Supersymmetric (SUSY) [4] extensions of the standard

model are of interest since they provide a consistent frame-
work for the unification of the gauge interactions at a high
energy scale and for the stability of the electroweak scale.
SUSY is also a basic ingredient of models such as Super-
gravity and Superstring which aim at a unified description
of all fundamental forces, including the gravitational force.
It is remarkable that the predictions of SUSY extensions of
the standard model are found to be compatible with exist-
ing high-precision data [5].
In SUSY, each of the standard model fermions has

a bosonic superpartner “sfermion”, and each boson has
a fermionic superpartner “gaugino” or “Higgsino”. These
additional particles, if they exist, have several virtues.
Their presence modifies the renormalisation group evolu-
tion of the gauge couplings, improving the convergence of
the couplings at a unique (GUT) energy. The new par-
ticles lead to a naturally light Higgs boson (close to the
electroweak energy scale) since the divergent loop contri-
butions of the standard model particles are almost com-
pletely compensated by corresponding contributions from



The LEP Collaborations et al.: Search for neutral MSSM Higgs bosons at LEP 555

the superpartners (the compensation would be perfect if
SUSY were an exact symmetry). SUSY models also pro-
vide a perfect cold dark matter candidate, the neutralino,
which arises from the mixing of the neutral gaugino and
Higgsino fields.
TheMinimal Supersymmetric standardmodel (MSSM)

(reviewed, e.g., in [6]) is the SUSY extension with minimal
new particle content. It requires two Higgs field doublets
and predicts the existence of three neutral and two charged
Higgs bosons. The lightest of the neutral Higgs bosons is
predicted to have a mass less than about 140GeV/c2 in-
cluding radiative corrections [7]. This prediction provided
a strong motivation for the searches at LEP energies.
Most of the experimental investigations carried out in

the past at LEP and elsewhere were interpreted in MSSM
scenarios where CP conservation in the Higgs sector was
assumed. In such scenarios the neutral Higgs bosons are
CP eigenstates. However, CP violation in the Higgs sector
cannot be a priori excluded [8]. Scenarios with CP vio-
lation are theoretically appealing since they provide one
of the ingredients needed to explain the observed cosmic
matter-antimatter asymmetry. The observed size of CP
violation in B and K meson systems is not sufficient to
drive this asymmetry. In the MSSM, however, substan-
tial CP violation can be induced by complex phases in
the soft SUSY-breaking sector, through radiative correc-
tions, especially from third-generation scalar quarks [9]. In
such scenarios the three neutral Higgs mass eigenstates
are mixtures of CP-even and CP-odd fields, with pro-
duction and decay properties different from those in the
CP-conserving scenarios. Hence, the experimental exclu-
sions published so far for the CP-conserving MSSM sce-
narios may be weakened by CP-violating effects. There is
currently one publication on searches interpreted in CP-
violating scenarios [10].
In this paper we describe the results of a statistical

combination based on the searches of the four LEP collabo-
rations [10–13], which was carried out by the LEPWorking
Group for Higgs Boson Searches. These searches include all
LEP2 data up to the highest energy, 209GeV; in the case
of [10, 12] they also include the LEP1 data collected at en-
ergies in the vicinity of 91 GeV (the Z boson resonance).
The combined LEP data show no significant signal for
Higgs boson production. The search results are used to set
upper bounds on topological cross-sections for a number of
Higgs-like final states. Furthermore, they are interpreted in
a set of representative MSSM “benchmark” models, with
and without CP-violating effects in the Higgs sector.

2 The MSSM framework

The LEP searches and their statistical combination pre-
sented in this paper are interpreted in a constrainedMSSM
model. At tree level, two parameters are sufficient (besides
the known parameters of the standard model fermion and
gauge sectors) to fully describe the Higgs sector. A con-
venient choice is one Higgs boson mass (mA is chosen in
CP-conserving scenarios andmH± in CP-violating scenar-

ios), and the ratio tanβ = v2/v1 of the vacuum expecta-
tion values of the two Higgs fields (v2 and v1 refer to the
fields which couple to the up- and down-type fermions).
Additional parameters,MSUSY,M2, µ, A andmg̃, enter at
the level of radiative corrections. MSUSY is a soft SUSY-
breaking mass parameter and represents a common mass
for all scalar fermions (sfermions) at the electroweak scale.
Similarly,M2 represents a common SU(2) gaugino mass at
the electroweak scale. The “Higgs mass parameter” µ is the
strength of the supersymmetric Higgs mixing;A=At =Ab
is a common trilinear Higgs-squark coupling at the elec-
troweak scale and mg̃ is the mass of the gluino (the super-
partner of the gluons). Three of these parameters define
the stop and sbottom mixing parameters Xt =A−µ cotβ
and Xb =A−µ tanβ. In CP-violating scenarios, the com-
plex phases related to A and mg̃, arg(A) and arg(mg̃), are
supplementary parameters. In addition to all these MSSM
parameters, the top quarkmass also has a strong impact on
the predictions through radiative corrections. In this pa-
per, three fixed values are used in the calculations: mt =
169.3, 174.3 and 179.3GeV/c2. For the purposes of illus-
tration,mt = 174.3GeV/c

2 is used in producing the figures
(unless explicitly specified otherwise), which is a previous
world-average value [14] and which is within the current
experimental range of 172.7± 2.9GeV/c2 [15]. The influ-
ence of the top quark mass on the exclusion limits is dis-
cussed in Sects. 5 and 6 along with the other results.
The combined LEP data are compared to the predic-

tions of a number of MSSM “benchmark” models [16].
Within each of these models, the two tree-level parame-
ters, tanβ and mA (in the CP-conserving scenarios) or
mH± (in the CP-violating scenarios) are scanned while the
other parameters are set to fixed values. Each scan point
thus represents a specific MSSM model. The ranges of the
scanned parameters and the values of the fixed parameters
are listed in Table 1 for the main scenarios studied. The
first five models represent the main benchmarks for CP-
conserving scenarios while the last model, labelled CPX ,
is a benchmark model for CP-violating scenarios. Some
variants of these benchmark scenarios, which are also in-
vestigated, are presented in the text below.
The scan range of tanβ is limited by the following con-

siderations. For values of tanβ below the indicated lower
bounds, the calculations of the observables in the Higgs
sector (masses, cross-sections and decay branching ratios)
become uncertain; for values above the upper bounds, the
decay width of the Higgs bosons may become larger than
the experimental mass resolution (typically a few GeV/c2)
and the modelling of the kinematic distributions of the sig-
nal becomes inaccurate1. The scan range of mA is limited
in most cases to less than 1000GeV/c2; at higher values the
Higgs phenomenology is insensitive to the choice ofmA.

1 The DELPHI Collaboration included the variation of the
Higgs boson decay width with tan β in their simulation for
tanβ between 30 and 50. With increasing tan β, DELPHI ob-
served an increase of the mass resolutions and hence a loss in
the signal detection efficiencies; but this was compensated by
the increase of the cross-sections, such that DELPHI found no
significant drop in the overall sensitivity.
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Table 1. Parameters of the main benchmark scenarios investigated in this paper. The values of tan β and the mass
parameters mA (in the CP-conserving scenarios) or mH± (in the CP-violating scenarios) are scanned within the
indicated ranges. For the definitions of A and Xt, the Feynman-diagrammatic on-shell renormalisation scheme is
used in the CP-conserving scenarios and the MS renormalisation scheme in the CP-violating scenarios

Benchmark parameters
(1) (2) (3) (4) (5) (6)

mh-max no-mixing large-µ gluophobic small-αeff CPX

Parameters varied in the scan
tanβ 0.4–40 0.4–40 0.7–50 0.4–40 0.4–40 0.6–40
mA (GeV/c

2) 0.1–1000 0.1–1000 0.1–400 0.1–1000 0.1–1000 –
mH± (GeV/c

2) – – – – – 4–1000

Fixed parameters
MSUSY (GeV) 1000 1000 400 350 800 500
M2 (GeV) 200 200 400 300 500 200
µ (GeV) −200 −200 1000 300 2000 2000
mg̃ (GeV/c

2) 800 800 200 500 500 1000

Xt (GeV) 2MSUSY 0 −300 −750 −1100 A−µ cotβ

A (GeV) Xt+µ cot β Xt+µ cot β Xt+µ cotβ Xt+µ cotβ Xt+µ cotβ 1000
arg(A) = arg(mg̃) – – – – – 90◦

For a given scan point, the observables in the Higgs sec-
tor are calculated using two theoretical approaches, both
includingone-andtwo-loopcorrections.TheFeynHiggs2.0
code [17] is based on a Feynman-diagrammatic approach
anduses theon-shell renormalizationscheme.TheSUBHPOLE
calculation and its CP-violating variant CPH [18] are based
ona renormalization-group improvedeffectivepotential cal-
culation [19] and use theMS scheme2.
In the CP-conserving case, the FeynHiggs calcula-

tion is retained for the presentation of the results since it
yields slightly more conservative results (the theoretically
allowed parameter space is wider) than SUBHPOLE does.
Also, FeynHiggs is preferred on theoretical grounds since
its radiative corrections are more detailed than those of
SUBHPOLE.
In the CP-violating case, neither of the two calculations

is preferred on theoretical grounds. While FeynHiggs con-
tains more advanced one-loop corrections, the CPH code has
a more precise phase dependence at the two-loop level. We
opted therefore for a solution where, in each scan point, the
CPH and FeynHiggs calculations are compared and the cal-
culation yielding the weaker exclusion (more conservative)
is retained. However, we also discuss in Sect. 6 the effect of
using separately either one or the other of the two calcula-
tions. Rather large discrepancies between the two codes are
found in calculating the partial width for the Higgs boson
cascade decay Γ (H2→H1H1) (H1 andH2 are the lightest
and the second-lightest neutralMSSMHiggs bosons). Aim-
ing at conservative exclusion limits, therefore, the CPH for-
mula for thisdecaywasalsousedwithintheFeynHiggscode.
All codes are implemented in a modified version of

the HZHA program package [21], which takes into account
initial-state radiation and the interference between iden-
tical final states from Higgsstrahlung and boson fusion
processes.

2 New developments in this approach are implemented in the
code CPsuperH [20].

2.1 CP-conserving scenarios

Assuming CP conservation, the spectrum of MSSM Higgs
bosons consists of two CP-even neutral scalars, h and H
(h is defined to be the lighter of the two), one CP-odd
neutral scalar, A, and one pair of charged Higgs bosons,
H±. The following ordering of masses is valid at tree level:
mh < (mZ,mA) < mH and mW± < mH± . This ordering
may be substantially modified by radiative corrections [7]
where the largest contribution arises from the incomplete
cancellation between top and scalar top (stop) loops. The
corrections affect mainly the neutral Higgs boson masses
and decay branching ratios.
In e+e− collisions at LEP energies, the main produc-

tion processes of h, H and A are the Higgsstrahlung pro-
cesses e+e−→ hZ and HZ and the pair production pro-
cesses e+e−→ hA and HA (in most of the MSSM param-
eter space only the hZ and hA processes are possible by
kinematics). The fusion processes e+e−→ (WW→ h)νeν̄e
and e+e−→ (ZZ→ h)e+e− play amarginal role at LEP en-
ergies but they are also taken into account in the derivation
of the results.
The cross-sections for Higgsstrahlung and pair produc-

tion can be expressed in terms of the standardmodel Higgs
boson production cross-section σSMHZ . The following expres-
sions hold for the processes involving the lightest scalar
boson h:

σhZ = sin
2(β−α)σSMHZ (1)

σhA = cos
2(β−α)λ̄σSMHZ . (2)

Here α is the mixing angle which diagonalises the CP-even
Higgs mass matrix (at lowest order it can be expressed in
terms ofmA,MZ and tanβ) and λ̄ is a kinematic factor:

λ̄= λ
3/2
Ah /
[
λ
1/2
Zh

(
12M2Z/s+λZh

)]
(3)
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with

λij = [1− (mi+mj)
2/s][1− (mi−mj)

2/s] , (4)

where s is the square of the centre-of-mass energy. The
cross-sections for the processes involving the heavy scalar
boson H are obtained by interchanging the MSSM sup-
pression factors sin2(β−α) and cos2(β−α) in (1) and
(2) and replacing the index h by H in (1)–(3). The Hig-
gsstrahlung and pair production cross-sections are comple-
mentary, as seen from (1) and (2). At LEP energies, the
process e+e−→ hZ is typically more abundant at small
tanβ and e+e−→ hA at large tanβ, but the latter process
can be suppressed also by the kinematic factor λ̄.
The following decay features are relevant to the neu-

tral MSSM Higgs bosons. The h boson decays mainly to
fermion pairs, with only a small fraction ofWW∗ and ZZ∗

decays, since its mass is below the threshold of the on-shell
processes h→WW and h→ ZZ. However, for particular
choices of the parameters, the fermionic final states may
be strongly suppressed. The A boson also decays predom-
inantly to fermion pairs, independently of its mass, since
its coupling to vector bosons is zero at leading order. For
tanβ > 1, decays of h and A to bb̄ and τ+τ− pairs are
preferred while the decays to cc̄ and gluon pairs are sup-
pressed. Decays to cc̄may become important for tanβ < 1.
The decay h→ AA may be dominant if allowed by kine-
matics [22]. Higgs boson decays into SUSY particles, such
as sfermions, charginos or invisible neutralinos, are sup-
pressed due to the high values of the SUSY-breaking scale
MSUSY which have been chosen.
In the following we describe the CP-conserving bench-

mark scenarios [16] which are examined in this paper. The
corresponding parameters are listed in Table 1.

2.1.1 The mh-max scenario

In the mh-max scenario the stop mixing parameter is set
to a large value, Xt = 2MSUSY. This model is designed to
maximise the theoretical upper bound on mh for a given
tanβ and fixed mt and MSUSY (uncertainties due to un-
known higher-order corrections are ignored). This model
thus provides the largest parameter space in the mh direc-
tion and conservative exclusion limits for tanβ.
We also examine a variant of this scenario where the

sign of µ is changed to positive, since, in the context of
SUSY extensions of the standard model, a positive sign of
µ is favoured by presently available results on (g−2)µ [23,
24]. This variant is labelled mh-max (a) below. Further-
more, we examine the case where, besides changing the
sign of µ to positive, the sign of the mixing parameter Xt
is changed to negative. This choice of parameters gives bet-
ter agreement with measurements of the branching ratios
and of the CP- and isospin-asymmetries for the process
b→ sγ [16, 25]. This variant is labelledmh-max (b) below.

2.1.2 The no-mixing scenario

In the no-mixing scenario the stop mixing parameter Xt
is set to zero, giving rise to a relatively restricted MSSM

parameter space. Like in the mh-max scenario, we also ex-
amine a variant of the no-mixing scenario where the sign
of µ is changed to positive. At the same time, we raise
MSUSY to 2 TeV in order to enlarge the allowed parameter
space [16]. In the case of this variant, which is labelled no-
mixing (a) below, the scan in tanβ is done only from 0.7
upward, due to numerical instabilities, at lower values, in
the diagonalisation of the mass matrix.

2.1.3 Special scenarios

Some scenarios were designed to illustrate choices of the
MSSM parameters for which the detection of Higgs bosons
at LEP, at the Tevatron and at the LHC is expected to be
difficult a priori due to the suppression of some main dis-
covery channels [16].

– The large-µ scenario is constructed in such a way that,
while the h boson is accessible by kinematics at LEP
for all scan points, the decay h→ bb̄, on which most
of the searches at LEP and at the Tevatron are based,
is typically strongly suppressed. For many of the scan
points the decay h→ τ+τ− is also suppressed, such that
the dominant decay modes are h→ cc̄, gg and WW∗.
The detection of Higgs bosons thus relies mainly on
flavour- and decay-mode-independent searches. More-
over, for some of the scan points, the e+e−→ hZ process
is suppressed altogether by a small value of sin2(β−α).
In such cases, however, the heavy neutral scalar H is
within reach (mH < 111GeV/c

2) and the cross-section
for e+e−→ HZ, proportional to cos2(β−α), is large; the
searchmay thus proceed via the heavyHiggs bosonH.
– The gluophobic scenario is constructed in such a way
that the Higgs boson coupling to gluons is suppressed
due to a cancellation between the top and the stop loops
at the hgg vertex. Since at the LHC the searches will
rely heavily on producing the Higgs boson in gluon-
gluon fusion, and since the mass determination will rely
in part on the decays into gluon pairs, such a scenario
may present experimental difficulties.
– In the small-αeff scenario the couplings governing the
decays h→ bb̄ and h→ τ+τ− are suppressed with
respect to their standard model values by a factor
− sinαeff/ cosβ (αeff is the effective mixing angle of
the neutral CP-even Higgs sector including radiative
corrections). This suppression is most prominent for
tanβ > 15 and 170<mA < 350GeV/c

2. (One should
note that in most models which fall in this domain, all
three neutral Higgs bosons are beyond the kinematic
reach of LEP.)

2.2 CP-violating scenarios

In CP-violating MSSM scenarios the three neutral Higgs
mass eigenstates Hi (i= 1, 2, 3) do not have well defined
CP quantum numbers. Each of them can thus be pro-
duced by Higgsstrahlung (e+e−→HiZ) via the CP-even
field component and in pairs (e+e−→HiHj (i �= j)). The
relative rates depend on the choice of the parameters de-
scribing the CP-even/odd mixing.
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Table 2. A typical parameter set which is difficult to address
by the present searches. The results of the two calculations,
FeynHiggs and CPH, are given for a centre-of-mass energy of
206 GeV. The main input parameters are listed in the first two
lines; all other input parameters correspond to theCPX bench-
mark scenario and are listed in the last column of Table 1. The
output masses mH1 , mH2 and the relevant topological cross-
sections are listed in the lower part

Parameters FeynHiggs CPH

H+ (GeV/c2) 129.0 129.0
tan β 5.0 5.0

mH1 (GeV/c
2) 38.1 33.4

mH2 (GeV/c
2) 105.4 102.4

σ(H1Z→ bb̄Z) (pb) 0.0051 0.0019
σ(H2Z→ bb̄Z) (pb) 0.0156 0.0197
σ(H2Z→H1H1Z→ bb̄bb̄Z) (pb) 0.0866 0.0978
σ(H1H2→ bb̄bb̄) (pb) 0.0066 0.0094

Experimentally, the CP-violating scenarios are more
challenging than the CP-conserving scenarios. For a wide
range of model parameters, the coupling of the lightest
Higgs boson H1 to the Z boson may be suppressed. Fur-
thermore, the second- and third-lightestH2 andH3 bosons
may both have masses close to or beyond the kinematic
reach of LEP. Also, in CP-violating scenarios, the decays
to the main “discovery channels”, H1→ bb̄, H2→ bb̄ and
H2 →H1H1 → bb̄bb̄

3, may have lower branching ratios.
One therefore anticipates less search sensitivity in the CP-
violating scenarios than in the CP-conserving scenarios.
An example illustrating this situation is given in Table 2.
The cross-sections for Higgsstrahlung and pair produc-

tion are given by [9]

σHiZ = g
2
HiZZ

σSMHZ (5)

σHiHj = g
2
HiHjZ

λ̄σSMHZ (6)

(in the expression for λ̄, (3), the indices h and A have to be
replaced byHi andHj). The couplings

gHiZZ = cosβO1i+sinβO2i (7)

gHiHjZ =O3i(cos βO2j− sinβO1j)

−O3j(cosβO2i− sinβO1i) (8)

obey the complementarity relation

3∑
i=1

g2HiZZ = 1 (9)

gHkZZ = εijkgHiHjZ (10)

where εijk is the usual Levi–Civita symbol.

3 Regarding the decay properties, the CP-violating scenarios
maintain a certain similarity to the CP-conserving scenarios al-
though the branching ratios are, in general, different. The light-
est mass eigenstate H1 predominantly decays to bb̄ if allowed
by kinematics, with a small fraction decaying to τ+τ− and cc̄.
The second-lightest Higgs boson H2 may decay to H1H1 when
allowed by kinematics; otherwise it decays preferentially to bb̄.

In CP-violating scenarios, the orthogonal matrix Oij
(i, j = 1, 2, 3) relating the weak CP eigenstates to the mass
eigenstates has non-vanishing off-diagonal elements. These
elements, giving rise to CP-even/odd mixing, are propor-
tional to

m4t Im(µA)

v2M2SUSY
(11)

with v =
√
v21+ v

2
2. Substantial deviations from the CP-

conserving scenarios are thus expected for small MSUSY
and large Im(µA), which are obtained if the CP-violating
phase arg(A) takes values close to 90◦. Furthermore, the
effects from CP violation strongly depend on the precise
value of the top quark mass [15].
The parameters of the benchmark model CPX have

been chosen [18] to maximise the phenomenological differ-
ences with respect to the CP-conserving scenarios. Con-
straints from measurements of the electron and neutron
electric dipole moments [26] were also taken into account.
The basic set of parameters is listed in the last column
of Table 1. Note that the scan of mH± started at 4 GeV/c

2

but values less than about 100GeV/c2 give unphysical re-
sults and are thus considered as theoretically inaccessible.
The parameters which follow have been varied one-by-

one while all the other parameters were kept at their stan-
dard CPX value.

– Top quark mass: mt = 169.3, 174.3, and 179.3GeV/c
2,

embracing the current experimental value, mt = 172.7
±2.9GeV/c2 [15].
– The CP-violating phases: arg(A) = arg(mg̃) = 0

◦, 30◦,
60◦, 90◦ (CPX value), 135◦ and 180◦ (the values 0◦ and
180◦ correspond to CP-conserving limits).
– The Higgs mass parameter: µ = 0.5, 1.0, 2.0 (CPX
value) and 4.0 TeV.
– The SUSY-breaking scale: MSUSY = 0.5 TeV (CPX
value) and 1.0 TeV. The proposal of the CPX sce-
nario [18] predicts a weak dependence on MSUSY if
the relations |A|= |mg̃|= µ/2 = 2MSUSY are preserved.
This behaviour is examined by studying a model where
MSUSY is increased from 0.5 TeV to 1 TeV and the
values of A,mg̃ and µ are scaled to 2000GeV, 2000GeV
and 4000GeV, respectively.

3 Experimental searches

The searches carried out by the four LEP collaborations
are based on e+e− collision data which span a large range
of centre-of-mass energies, from 91GeV to 209GeV. The
searches include the Higgsstrahlung and pair production
processes, ensuring, by their complementarity, a high sen-
sitivity over the accessible MSSM parameter space. It is
important to note that the kinematic properties of the sig-
nal processes are to a large extent independent of the CP
composition of the Higgs bosons. This implies that the
same topological searches can be applied to study the CP-
conserving and CP-violating scenarios. For Higgsstrahlung
this is natural since only the CP-even components of the
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Higgs fields couple to the Z boson. In pair production in-
volving CP-even and CP-odd field components, the simi-
larity of the kinematic properties (e.g., angular distribu-
tions) arises from the scalar nature of the Higgs bosons.
Small differences may occur from spin-spin correlations be-
tween final-state particles but these were found to have
no noticeable effect on the signal detection efficiencies. We
therefore adopt in the following a common notation for
the CP-conserving and CP-violating processes in whichHi
(i= 1, 2, 3) designate three generic neutral Higgs bosons of
increasing mass, with undefined CP properties; in the CP-
conserving limit (arg(A) = arg(mg̃) = 0

◦), these become
the CP eigenstates h, A, H (the correspondence depends
on the mass hierarchy).
In each of the four LEP experiments, the data analysis

is done in several steps. A preselection is applied to re-
duce some of the largest backgrounds, in particular, from
two-photon processes. The remaining background, mainly
from production of fermion pairs and WW or ZZ (pos-
sibly accompanied by photon or gluon radiation), is further
reduced by more selective cuts or by applying multivari-
ate techniques such as likelihood analyses and neural net-
works. The identification of b-quarks in the decay of the
Higgs bosons plays an important role in the discrimina-
tion between signal and background, as does the kinematic
reconstruction of the Higgs boson masses. The detailed
implementation of these analyses, as well as the data sam-
ples used by the four collaborations, are described in the
individual publications. A full catalog of the searches pro-
vided by the four LEP collaborations for this combination,
with corresponding references to the detailed descriptions,
is given in Appendix A.

3.1 Search topologies

Searches have been carried out for the two main signal
processes, the Higgsstrahlung process e+e−→H1Z (which
also apply in some cases to e+e−→H2Z) and the pair pro-
duction process e+e−→H2H1.
(a) Considering first the Higsstrahlung process e+e−→
H1Z, the principal signal topologies are those used in the
search for the standard model Higgs boson at LEP [3],
namely:

– the four-jet topology, (H1→ bb̄)(Z → qq̄), in which the
invariant mass of two jets is close to the Z boson mass
mZ while the other two jets contain b-flavour;
– the missing energy topology, (H1 → bb̄, τ+τ−)(Z →
νν̄), in which the event consists of two b-jets or identi-
fied tau decays and substantial missing momentum and
missing mass, compatible withmZ ;
– the leptonic final states, (H1→ bb̄)(Z → e+e−, µ+µ−),
in which the invariant mass of the two leptons is close to
mZ ;
– the final states with tau-leptons, (H1 → τ+τ−)(Z →
qq̄) and (H1→ bb̄, τ+τ−)(Z → τ+τ−), in which either
the τ+τ− or the qq̄ pair has an invariant mass close to
mZ .

Most of these signatures are relevant for Higgs boson
masses above the bb̄ threshold and rely on the identifi-
cation of b-quarks in the final state. Searches for lighter

Higgs bosons, listed in Appendix A, use signatures which
are described in the specific publications. In some regions
of the MSSM parameter space, the H1→ bb̄ decay may
be suppressed while decays into other quark flavours or
gluon pairs are favoured. The above searches are there-
fore complemented or replaced4 by flavour-independent
searches for (H1 → qq̄)Z in which there is no require-
ment on the quark-flavour of the jets. Finally, the searches
for Higgsstrahlung also include the Higgs cascade decay
e+e− →H2Z → (H1H1)Z, giving rise to a new class of
event topologies. These processes may play an important
role in those regions of the parameter space where they are
allowed by kinematics.
(b) In the case of the pair production process, e+e−→
H2H1, the principal signal topologies at LEP are:

– the four-b final state (H2→ bb̄)(H1→ bb̄);
– the mixed final states (H2 → τ+τ−)(H1 → bb̄) and
(H2→ bb̄)(H1→ τ+τ−);
– the four-tau final state (H2→ τ+τ−)(H1→ τ+τ−).

The Higgs cascade decay, e+e− →H2H1 → (H1H1)H1,
gives rise to event topologies ranging from six b-jets to six
tau-leptons. Most of these searches are relevant for Higgs
boson masses above the τ+τ− threshold. Similarly to the
Higgsstrahlung case, the above searches for pair produc-
tion are complemented or replaced, whenever more effi-
cient, by flavour-independent searches.

3.2 Additional experimental constraints

If the combination of the above searches is not sufficiently
sensitive for excluding a given model point, additional con-
straints are applied; these are listed below.

– Constraint from the measured decay width of the Z bo-
son, ΓZ , and its possible deviation,∆ΓZ , from the stan-
dard model prediction. The model point is regarded as
excluded if the following relation between the relevant
cross-sections is found to be true:

∑
i

σHiZ(mZ)+
∑
i,j

σHiHj (mZ)>
∆ΓZ
ΓZ
·σ totZ (mZ) ,

(12)

where∆ΓZ = 2.0MeV [27] stands for the 95%CL upper
bound on the possible additional decay width of the Z
boson, beyond the standard model prediction, and σtotZ
is the Z pole cross-section.
– Constraint from a decay mode independent search for
e+e−→H1Z [28]. The model point is regarded as ex-
cluded if the condition

σHiZ > k(mHi) ·σ
SM
HZ (13)

is fulfilled, where k(mHi) is a mass-dependent factor
which scales the standardmodelHiggs production cross-
section to the value that is excluded at the 95%CL.

4 The replacement is necessary whenever the overlap in terms
of selected events is important, in order to avoid double-
counting.
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– Constraint froma search for lightHiggsbosonsproduced
by the Yukawa process5. The model point is regarded
as excluded if the predictedYukawa enhancement factor
ξ(mH1), defined in [29], is excluded by this search. To be
conservative, theweaker of the two enhancement factors,
for CP-even andCP-odd couplings, is used.

These additional constraints are particularly useful at
smallmH1 andmH2 , below the bb̄ threshold.

3.3 Statistical combination of search channels

The statistical method by which the topological searches
are combined is described in [3, 30].
After selection, the combined data configuration (dis-

tribution of all selected events in several discriminating
variables) is compared in a frequentist approach to a large
number of simulated configurations generated separately
for two hypotheses: the background (b) hypothesis and the
signal-plus-background (s+ b) hypothesis. The ratio

Q= Ls+b/Lb , (14)

of the corresponding likelihoods is used as the test statistic.
The predicted, normalised, distributions of Q (probability
density functions) are integrated to obtain the p-values [31]
1−CLb = 1−Pb(Q ≤ Qobserved) and CLs+b = Ps+b(Q ≤
Qobserved); these measure the compatibility of the observed
data configuration with the two hypotheses. Here Pb and
Ps+b are the probabilities for a single experiment to ob-
tain a value of Q smaller than or equal to the observed
value, given the background or the signal-plus-background
hypothesis. More details can be found in [3].
Systematic errors are incorporated in the calculation of

the likelihoods by randomly varying the signal and back-
ground estimates in each channel6 according to Gaussian
error distributions and widths corresponding to the sys-
tematic errors. For a given source of uncertainty, correla-
tions are addressed by applying these random variations
simultaneously to all those channels for which the source of
uncertainty is relevant. Errors which are correlated among
the experiments arise mainly from using the same Monte
Carlo generators and cross-section calculations for the sig-
nal and background processes. The uncorrelated errors
arise mainly from the limited statistics of the simulated
background event samples.
In a purely frequentist approach, the exclusion limit is

computed from the confidence CLs+b for the signal-plus-
background hypothesis: a signal is regarded as excluded at
the 95% CL, for example, if an observation is made such
that CLs+b is lower than 0.05. However, this procedure

5 Note that, in the case of DELPHI, the Yukawa channels are
not used as external constraints but are combined with the other
search channels.
6 The word “channel” designates any subset of the data in
which a search has been carried out. These subsets may cor-
respond to specific final-state topologies, to data sets collected
at different centre-of-mass energies or to the subsets of data
collected by different experiments.

may lead to the undesired situation in which a large down-
ward fluctuation of the background would exclude a sig-
nal hypothesis for which the experiment has no sensitivity
since the expected signal rate is too small. This problem is
avoided by using the ratio

CLs = CLs+b/CLb (15)

instead of CLs+b. We adopt this quantity for setting exclu-
sion limits and consider a givenmodel to be excluded at the
95% CL if the corresponding value of CLs is less than 0.05.
SinceCLb is a positive number less than one,CLs is always
larger than CLs+b and the limits obtained in this way are
therefore conservative.

3.4 Comparisons of the data
with the expected background

The distribution of the p-value 1−CLb over the parameter
space covered by the searches provides a convenient way of
studying the agreement between the data and the expected
background and of discussing the statistical significance of
any local excess in the data. While a purely background-
like behaviour7 would yield p-values close to 0.5, much
smaller values are expected in the case of a signal-like
excess. For example, a local excess of three or five stan-
dard deviations would give rise to a p-value 1−CLb of
2.7×10−3 or 5.7×10−7, respectively.
One has to be careful, however, when interpreting these

numbersasprobabilities for local excessesoccurringover the
extendeddomains coveredby the searches. For example, the
probability for a fluctuation of three standard deviations to
occur anywhere in the parameter space is much larger than
the number 2.7×10−3 just quoted. A multiplication factor
has to be applied to the probability 1−CLb which reflects
the number of independent “bins” of the parameter space;
this factorcanbeestimatedfromthetotal sizeoftheparame-
ter space and the experimental resolutions.For example, the
searchesfortheHiggsstrahlungprocesse+e−→H1Z,cover-
ing the range 0<mH1 < 120GeV/c

2with amass resolution
∆mH1 of about 3 GeV/c

2, would yield about twenty fairly
independent mass-bins of width 2∆mH1 ; hence, a multipli-
cation factor of about twenty. Much bigger multiplication
factors are expected in the searches for the pair production
process e+e−→H2H1with two independent search param-
eters (masses).
These simple considerations do not take into account,

for example, possible correlations from resolution tails ex-
tending over several adjacent bins or correlations between
different searches sharing candidate events. A more elab-
orate evaluation of the multiplication factor has therefore
been performed. A large number of background experi-
ments was simulated, covering the whole parameter space,
using realistic resolution functions and taking correlations
into account. From these random experiments, the prob-
ability to obtain 1−CLb smaller than a given value, any-
where in the parameter space of a given scenario, has

7 Single, background-like, experiments have values of 1−CLb
uniformly distributed between zero and one.



The LEP Collaborations et al.: Search for neutral MSSM Higgs bosons at LEP 561

Fig. 1. Contours of the observed p-values, 1−CLb, indicating the statistical significances of local excesses in the data. Plots a
and b refer to the CP-conserving MSSM benchmark scenario mh-max and plots c and d to the CP-violating scenario CPX . For
each scenario, the parameter space is shown in two projections. Regions which are not part of the parameter space (labelled “The-
oretically Inaccessible”) are shown in light-grey or yellow . In the medium-grey or light-green regions the data show an excess of
less than one standard deviation above the expected background. Similarly, in the dark-grey or dark-green regions the excess is
between one and two standard deviations while in the darkest-grey or blue regions it is between two and three standard devia-
tions. In plots c and d, two small regions with excesses larger than three standard deviations are shown in white. The dashed lines
show the expected exclusion limit at 95% CL. The hatched areas represent regions where the median expected value of CLs in the
background hypothesis is larger than 0.4; apparent excesses in these regions would not be significant

been determined (the mh-max scenario was taken for this
study). A scale factor of at least 60 was obtained in this
manner. According to this estimate, the probability of ob-
serving a background fluctuation of three standard devia-
tions anywhere in the parameter space of a given scenario
(e.g., mh-max ) can be 16% or more. Also, to observe two
fluctuations with two standard deviations turns out to be
more likely than to observe only one.
Figure 1 shows the distribution of the p-value 1−CLb,

determined from the present combined searches, for the
CP-conserving benchmark scenario mh-max and the CP-
violating scenario CPX . Over the largest part of the pa-
rameter space, the local excesses are smaller than two stan-
dard deviations. In themh-max scenario, the lowest value,
1−CLb = 1.3×10−2, lies within the vertical band at mh
around 100GeV/c2 and corresponds to 2.5 standard devi-
ations. This excess, and a less significant excess at about

115GeV/c2, come from the Higgsstrahlung search; both
are discussed in [3] in the context of the search for the
standardmodel Higgs boson. In the CPX scenario, one ob-
serves two small regions at mH1 ≈ 35–40 GeV/c

2, mH2 ≈
105GeV/c2 and tanβ ≈ 10, where the significance exceeds
three standard deviations; they arise from the search for
the pair production process.
The exact position and size of these fluctuations may

vary from one scenario to the other. In Tables 3 and 4 we
list the parameters of the most significant excesses for all
CP-conserving andCP-violating benchmark scenarios con-
sidered in this paper. The largest fluctuation of all has
a significance of 3.5 standard deviations; its probability is
estimated as 3.6% at least, when the scale factor of 60 or
more is applied.
From these studies one can conclude that there is a rea-

sonable agreement between the data and the simulated
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Table 3. The most significant excesses with respect to the predicted back-
ground, for each of the CP-conserving benchmark scenarios. Columns 2
to 6 show the mass parameters (in GeV/c2) and tanβ at which the ex-
cess occurs. Column 7 gives the corresponding p-values 1−CLb. In the last
column, the significances of the excesses, in standard deviations, are listed

Benchmark mh mH mA mH± tan β 1−CLb σ
(st.dev.)

mh-max 99 253 169 184 0.7 1.3×10−2 2.5
mh-max (a) 99 277 156 171 0.6 1.4×10−2 2.5
mh-max (b) 99 345 310 319 0.9 1.6×10−2 2.4
no-mixing 99 165 152 171 3.7 1.4×10−2 2.5
no-mixing (a) 99 134 114 138 5.4 1.1×10−2 2.5
large-µ 59 108 67 104 3.1 1.0×10−2 2.6
gluophobic 56 124 69 105 4.1 5.5×10−3 2.8
small-αeff 60 121 75 109 5.5 2.4×10−3 3.0

Table 4. The most significant excesses with respect to the predicted background in the CP-violating benchmark
scenario CPX and its variants. The first column indicates either the CPX scenario or the parameter value which
differs from the standard CPX set listed in the last column of Table 1. Columns 2 to 6 show the mass parameters
(in GeV/c2) and tan β at which the excesses occur (the more conservative of the CPH and FeynHiggs calculations is
used). Columns 7 and 8 give the corresponding p-values, 1−CLb, using in turn the CPH and FeynHiggs codes (note
the overall agreement of the two calculations in this respect). In the last column, the significances of the excesses,
in standard deviations, are listed

mH1 mH2 mH3 mH± tan β 1−CLb 1−CLb σ
(CPH) (FeynH.) (st.dev.)

CPX scenario 35–40 105 120 120 10 1×10−3 2×10−3 3.1
[1ex] mt= 169 GeV/c

2 40 100 125 120 10–15 8×10−4 9×10−4 3.3
mt= 179 GeV/c

2 95 125 145 155 3 4×10−3 4×10−3 2.9
mt= 183 GeV/c

2 95 130 150 155 3 4×10−3 4×10−3 2.9
arg(A)=arg(mg̃) = 0

◦ 40 95 125 115 12 8×10−4 1×10−3 3.1
arg(A) = arg(mg̃) = 30

◦ 45 100 125 110 10-20 1×10−3 1×10−3 3.1
arg(A) = arg(mg̃) = 60

◦ 45 95 130 115 5-20 5×10−4 6×10−4 3.5
arg(A) = arg(mg̃) = 135

◦ 40 105 120 110 > 20 2×10−3 3×10−3 3.0
arg(A) = arg(mg̃) = 180

◦ 95 130 170 170 6 4×10−3 4×10−3 2.9
µ= 500 GeV 95 100 125 130 1 4×10−3 4×10−3 2.9
µ= 1000 GeV 95 110 125 135 2 5×10−3 5×10−3 2.8
µ= 4000 GeV 95 180 330 300 4 5×10−3 5×10−3 2.8
MSUSY=1TeV 95 105 145 130 2 4×10−3 4×10−3 2.9
MSUSY=1TeV, scaled 40 105 120 130 10 2×10−3 2×10−3 3.1

background, with no compelling evidence for a Higgs boson
signal, and that the excesses observed are compatible with
random fluctuations of the background.

4 Limits on topological cross-sections

In this section we present upper bounds on the cross-
sections for the most important final-state topologies ex-
pected from the Higgsstrahlung process e+e−→H1Z and
the pair production process e+e−→H2H1. These can be
used to test a wide range of specific models.
We define the scaling factor

S95 = σmax/σref , (16)

where σmax is the largest cross-section compatible with the
data, at the 95% CL, and σref is a reference cross-section.
For the topologies motivated by Higgsstrahlung, σref is
taken to be the standard model Higgs production cross-
section; for final states motivated by the pair production
process, σref is taken to be the MSSM Higgs production
cross-section of (2) with the MSSM suppression factor set
to 1. Numerical values for the cross-section limits are listed
in Appendix B.
Figure 2 shows the upper bound S95 for final states mo-

tivated by the Higgsstrahlung process e+e−→H1Z (the
figure is reproduced from [3]). In part (a), the Higgs boson
is assumed to decay into fermions and bosons with branch-
ing ratios as given by the standard model. Contributions
from the fusion processes WW→H1 and ZZ→H1, ac-
cording to the standard model, corrected for initial-state
radiation, are assumed to scale with energy like the Hig-
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Fig. 2. The 95% CL upper bounds, S95 (see
text), for various topological cross-sections mo-
tivated by the Higgsstrahlung process
e+e−→H1Z, as a function of the Higgs bo-
son mass (the figure is reproduced from [3]).
The full lines represent the observed limits.
The dark (green) and light (yellow) shaded
bands around the median expectations (dashed
lines) correspond to the 68% and 95% proba-
bility bands. The horizontal lines correspond
to the standard model cross-sections. In part a
the Higgs boson decay branching ratios are as-
sumed to be those predicted by the standard
model; in part b the Higgs boson is assumed to
decay exclusively to bb̄ and in part c exclusively
to τ+τ−. In part c, the discontinuity at about
30 GeV/c2 arises because at lower masses only
one of the LEP experiments is contributing to
the cross-section limit

Fig. 3. Contours of the 95% CL
upper bound, S95 (see text), for
various topological cross-sections
motivated by the Higgsstrahlung
cascade process e+e− → (H2 →
H1H1)Z, projected onto the (mH2 ,
mH1) plane. The scales for the
shadings are given on the right-
hand side of each plot. In plot a
the H1 boson is assumed to decay
exclusively to bb̄ and in plot b ex-
clusively to τ+τ−; in plot c it is
assumed to decay with equal prob-
abilities to bb̄ and to τ+τ−
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gsstrahlung process. In part (b) it is assumed that the
Higgs boson decays exclusively to bb̄ and in part (c) exclu-
sively to τ+τ−. Besides representing bounds on topological
cross-sections, this figure also illustrates the overall agree-
ment between the data and the expected background from
standard model processes. The largest deviations observed
barely exceed two standard deviations.
Figure 3 shows contours of S95 for the cascade pro-

cess e+e−→H2Z → (H1H1)Z, projected onto the (mH2 ,
mH1) plane, assuming that the H2 boson decays exclu-
sively to H1H1. In part (a) it is assumed that the H1
boson decays exclusively to bb̄ and in part (b) exclusively
to τ+τ−. In part (c), as an example, an equal mixture
of H1 → bb̄ and H1 → τ+τ− is assumed, which implies
25% bb̄bb̄Z, 25% τ+τ−τ+τ−Z and 50% bb̄τ+τ−Z final
states. The sensitivity of the bb̄bb̄Z channel starts at the
bb̄ threshold and extends almost to the kinematic limit.
In the τ+τ−τ+τ−Z channel the sensitivity is altogether
weaker (the discontinuities reveal the limited and inho-
mogeneous mass coverage of the four experiments in this
channel).

Fig. 4. The 95% CL upper bounds, S95 (see text), for various topological cross-sections motivated by the pair production process
e+e−→H2H1. The bounds are obtained for the particular case where mH2and mH1are approximately equal. Such is the case,
for example, in the CP-conserving MSSM scenario mh-max for tan β greater than 10 and small mH2(≡mA). The abscissa is the
sum of the two Higgs boson masses. The full lines represent the observed limits. The dark (green) and light (yellow) shaded bands
around the median expectations (dashed lines) correspond to the 68% and 95% probability bands. The curves which complete the
exclusions at low masses are obtained using the constraint from the measured decay width of the Z boson, see Sect. 3.2. Plot a:
the Higgs boson decay branching ratios correspond to themh-max benchmark scenario with tanβ = 10, namely 94%H1→ bb̄, 6%
H1→ τ

+τ−, 92% H2→ bb̄ and 8% H2→ τ
+τ−; plot b: both Higgs bosons are assumed to decay exclusively to bb̄; plot c: one of

the Higgs bosons is assumed to decay exclusively to bb̄ and the other exclusively to τ+τ−; plot d: both Higgs bosons are assumed
to decay exclusively to τ+τ−

Figure 4 shows S95 for final states motivated by the
pair-production process e+e−→H2H1, for the particular
case where the masses mH2 and mH1 are approximately
equal. Such is the case, for example, in the CP-conserving
MSSM scenario mh-max for tanβ larger than about 10
and small mH2 (≡mA). In part (a), the H2 and H1 decay
branching ratios correspond to the mh-max benchmark
scenario with tanβ = 10 (see the caption for the exact
values); in part (b), both H2 andH1 are assumed to decay
exclusively to bb̄; in part (c), one Higgs boson is assumed
to decay exclusively to bb̄ while the other exclusively to
τ+τ−; in part (d), H2 and H1 are both assumed to decay
exclusively to τ+τ−. At low masses, the exclusion limits
are completed using the constraint from the measured de-
cay width of the Z boson (see Sect. 3.2). This figure also
illustrates the overall agreement between the data and the
expected background from standard model processes since
the largest deviations are within two standard deviations.
Figure 5 shows contours of S95 for final states motivated

by the process e+e−→H2H1, projected onto the (mH2 ,
mH1) plane. In part (a), both Higgs bosons are assumed to



The LEP Collaborations et al.: Search for neutral MSSM Higgs bosons at LEP 565

Fig. 5. Contours of the 95% CL up-
per bound, S95 (see text), for var-
ious topological cross-sections moti-
vated by the pair production pro-
cess e+e− →H2H1, projected onto
the (mH2 , mH1) plane. The scales in
terms of the shadings are given on the
right-hand side of each plot. In plot
a both Higgs bosons are assumed to
decay exclusively to bb̄ and in plot b
exclusively to τ+τ−. In plot c the H2
boson is assumed to decay exclusively
to bb̄ and the H1 boson exclusively
to τ+τ− and in plot d the H1 bo-
son is assumed to decay exclusively
to bb̄ and the H2 boson exclusively to
τ+τ−. The dashed lines represent the
approximate kinematic limits of the
processes

Fig. 6. Contours of the 95% CL up-
per bound, S95 (see text), for various
topological cross-sections motivated
by the pair production cascade pro-
cess e+e− → (H2 →H1H1)H1, pro-
jected onto the (mH2 , mH1) plane.
The scales in terms of the shadings
are given on the right-hand side of
each plot. In plot a the H1 boson is
assumed to decay exclusively to bb̄
and in plot b exclusively to τ+τ−. In
plot c the H1 boson is assumed to de-
cay with equal probability to bb̄ and
to τ+τ−. The dashed line in part a
represents the approximate kinematic
limit of the process
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decay exclusively to bb̄ and in part (b) exclusively to τ+τ−.
In parts (c)/(d), the H2/H1 boson is assumed to decay ex-
clusively to bb̄ while the other boson is assumed to decay
exclusively to τ+τ−.
Figure 6 shows contours of S95 for the cascade process

e+e− →H2H1 → (H1H1)H1, projected onto the (mH2 ,
mH1) plane, assuming that the H2 boson decays exclu-
sively to H1H1. In part (a), the H1 boson is assumed

to decay exclusively to bb̄ and in part (b) exclusively to
τ+τ−. In part (c), as an example, an equal mixture of

H1→ bb̄ andH1→ τ+τ− is assumed, which implies 12.5%
bb̄bb̄bb̄, 37.5% bb̄bb̄τ+τ−, 37.5% bbτ+τ−τ+τ− and 12.5%
τ+τ−τ+τ−τ+τ− final states.
A word of caution is in place concerning the correla-

tions which exist between some of the above cross-section
limits which arise from overlapping candidates in the cor-
responding selections. Such correlations are present, for ex-
ample, between b-tagged and flavour-independent searches
of a given experiment or between searches addressing dir-
ect decays (e.g. H1Z → bb̄bb̄) and cascade decays (e.g.
(H2→H1H1)Z → bb̄bb̄bb̄); they may be a source of prob-
lems if several of the cross-section limits are used in con-
junction to test a given model. Note, however, that these

Table 5. Lower mass bounds and exclusions in tan β, at 95% CL, obtained in the
case of the CP-conserving MSSM benchmark scenarios, for three values of the top
quark mass. In each case, the observed limit is followed, between parentheses, by
the value expected on the basis of Monte Carlo simulations with no signal. tanβ
for mt = 183.0 GeV/c

2 or larger. The no-mixing scenario is entirely excluded for
mt = 169.3 GeV/c

2 or smaller. In the no-mixing scenario and for mt larger than
169.3 GeV/c2, the quoted mass limits are only valid for tanβ ≥ 0.7 and the exclusion in
tan β is only valid for mA larger than about 3 GeV/c

2. The large-µ scenario is entirely
excluded for mt = 174.3 GeV/c

2 or smaller

Benchmark mt(GeV/c
2) mh (GeV/c

2) mA (GeV/c
2) Exclusions of

scenario tan β

mh-max 169.3 92.9 (94.8) 93.4 (95.1) 0.6–2.6 (0.6–2.7)
174.3 92.8 (94.9) 93.4 (95.2) 0.7–2.0 (0.7–2.1)
179.3 92.9 (94.8) 93.4 (95.2) 0.9–1.5 (0.9–1.6)

mh-max 169.3 92.7 (94.9) 93.1 (95.1) 0.7–2.1 (0.7–2.2)
(a) 174.3 92.7 (94.8) 93.1 (95.1) 0.7–2.1 (0.7–2.2)

179.3 92.6 (94.8) 93.1 (95.1) 0.9–1.6 (0.8–1.7)
mh-max 169.3 92.8 (94.8) 93.2 (95.2) 0.5–3.3 (0.5-3.5)
(b) 174.3 92.6 (94.9) 93.4 (95.1) 0.6–2.5 (0.6–2.7)

179.3 92.6 (94.8) 93.4 (95.1) 0.7–2.0 (0.7–2.1)
no-mixing 169.3 excl. (excl.) excl. (excl.) excl. (excl.)

174.3 93.6 (96.0) 93.6 (96.4) 0.4–10.2 (0.4–19.4)
179.3 93.3 (95.0) 93.4 (95.0) 0.4–5.5 (0.4–6.5)

no-mixing 169.3 93.2 (95.2) 93.4 (95.4) 0.7–7.1 (0.7–9.3)
(a) 174.3 92.8 (94.9) 93.1 (95.1) 0.7–4.6 (0.7–5.1)

179.3 92.8 (94.9) 93.1 (95.0) 0.7–3.5 (0.7–3.8)
large-µ 169.3 excl. (excl.) excl. (excl.) excl. (excl.)

174.3 excl. (excl.) excl. (excl.) excl. (excl.)
179.3 109.2 (109.2) 225.0 (225.0) 0.7–43 (0.7–43)

gluophobic 169.3 90.6 (93.2) 95.7 (98.2) 0.4–10.3 (0.4–21.5)
174.3 90.5 (92.3) 96.3 (98.0) 0.4–5.4 (0.4–6.4)
179.3 90.0 (91.8) 96.5 (98.2) 0.4–3.9 (0.4–4.2)

small-αeff 169.3 88.2 (90.0) 98.2 (99.6) 0.4–6.1 (0.4–7.4)
174.3 87.3 (89.0) 98.8 (100.0) 0.4–4.2 (0.4–4.5)
179.3 86.6 (88.0) 99.8 (100.7) 0.5–3.2 (0.5–3.4)

correlations are properly taken into account in the model
interpretations which follow.

5 Results interpreted in CP-conserving
MSSM scenarios

In this section, the search results are interpreted in the
CP-conserving benchmark scenarios presented in Sect. 2.1.
The exclusion limits, which are shown in the figures below
at the 95% CL and the 99.7% CL, are obtained from the
values of CLs (see (15)), for an assumed top quark mass of
mt = 174.3GeV/c

2. The exclusion limits are presented in
four projections of the MSSM parameter space. The limits
expected on the basis of Monte Carlo simulations with no
signal, at the 95% CL, are also indicated. The exact mass
bounds and exclusions for tanβ are listed in Table 5, for
three values ofmt.
The exclusions for the mh-max benchmark scenario

are shown in Fig. 7. In the region with tanβ less than
about five, the exclusion is provided mainly by the Hig-
gsstrahlung process, giving a lower bound of about
114GeV/c2 for mh. At high tanβ, the pair production
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Fig. 7. Exclusions, at 95%
CL (medium-grey or light-
green) and the 99.7% CL
(dark-grey or dark-green),
in the case of the CP-
conserving mh-max bench-
mark scenario, for mt =
174.3 GeV/c2. The figure
shows the theoretically in-
accessible domains (light-
grey or yellow) and the
regions excluded by this
search, in four projections
of the MSSM parameters:
a: (mh,mA);b: (mh, tan β);
c: (mA, tan β); d: (mH± ,
tanβ). The dashed lines in-
dicate the boundaries of
the regions which are ex-
pected to be excluded, at
95% CL, on the basis of
Monte Carlo simulations
with no signal. In the (mh,
tanβ) projection (plot b),
the upper boundary of the
parameter space is indi-
cated for three values of the
top quark mass; from left
to right: mt = 169.3, 174.3
and 179.3 GeV/c2

process is most useful, providing limits in the vicinity of
93 GeV/c2 for both mh and mA. For mh in the vicinity
of 100 GeV/c2, one observes a deviation between the ex-
pected and the experimental exclusions. This deviation,
which is also present in other CP-conserving scenarios,
is due to the excess in the Higgsstrahlung channel which
was discussed in [3] and gives rise to the vertical bands
in Fig. 1a and b. Note that the mass bounds obtained are
largely insensitive to the top quark mass.
The data also exclude certain domains of tanβ. This

is best illustrated in the (mh, tanβ) projection (plot b)
where the upper boundary of the parameter space along
mh is indicated for three values of mt; the intersections of
these boundaries with the experimental exclusions define
the regions of tanβ which are excluded. The exclusion in
tanβ, as a function of the assumed top quark mass, is sum-
marised in Fig. 8.
One should be aware that the upper boundary of the

parameter space along mh also depends moderately on
the choice of MSUSY. For example, changing MSUSY from
1 TeV to 2 TeV would broaden the parameter space by
about 2 GeV/c2 along mh, with corresponding effects on
the exclusions in tanβ. This observation holds for all CP-
conserving scenarios which follow.
Figures 9 and 10 show the same set of plots for the

two variants, a and b, of the mh-max scenario introduced
in Sect. 2.1.1. The change of the sign of the Higgs mass

Fig. 8. Domains of tan β which are excluded at the 95% CL
(light-grey or light-green) and the 99.7% CL (dark-grey or dark-
green), in the case of the CP-conserving mh-max benchmark
scenario, as a function of the assumed top quark mass

parameter µ or of the mixing parameter Xt barely affect
the mass limits; differences occur, however, in the exclu-
sions of tanβ (see Table 5). Note, in Fig. 9, the small do-
mains at mh between 60 and 75 GeV/c

2, small mA and
tanβ < 0.9 which are excluded at the 95% CL but not at
the 99.7% CL.



568 The LEP Collaborations et al.: Search for neutral MSSM Higgs bosons at LEP

Fig. 9. Exclusions in the case of
the CP-conserving mh-max bench-
mark scenario, variant a (see
Sect. 2.1.1). See the caption of
Fig. 7 for the legend. Note the
small domains at mh between 60
and 75 GeV/c2, small mA and
tan β< 0.9 which, although ex-
cluded at the 95% CL, are not
excluded at the 99.7% CL

Fig. 10. Exclusions in the case
of the CP-conserving mh-max
benchmark scenario, variant b (see
Sect. 2.1.1). See the caption of
Fig. 7 for the legend
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Fig. 11. Exclusions in the case
of the CP-conserving no-mixing
benchmark scenario. See the cap-
tion of Fig. 7 for the legend. Note
the small domain at mh between
75 and 80 GeV/c2, small mA and
tan β < 0.7 which is not excluded
at the 95% CL

Fig. 12. Exclusions in the case
of the CP-conserving no-mixing
benchmark scenario, variant a (see
Sect. 2.1.2). See the caption of
Fig. 7 for the legend. In the hatched
domain (tan β < 0.7), the contri-
butions from top and stop quark
loops to the radiative corrections
are large and uncertain. Note the
small domain at mh between 56
and 72 GeV/c2, small mA and
tan β < 1 which, although excluded
at the 95% CL, is not excluded at
the 99.7% CL
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Fig. 13. Exclusions in the case of
the CP-conserving large-µ bench-
mark scenario (see Sect. 2.1.3). See
the caption of Fig. 7 for the legend.
In the hatched domain (tanβ <
0.7), the contributions from top
and stop quark loops to the radia-
tive corrections become large and
uncertain; hence, no exclusions can
be claimed there

The exclusions for the CP-conserving no-mixing bench-
mark scenario are shown in Fig. 11. In this scenario, the
theoretical boundaries of the parameter space are more re-
stricted than in the mh-max scenario. As a consequence,
large domains of tanβ are excluded for all the top quark
masses considered. Note the relatively strong variation of
the exclusion limits with mt in this scenario (see Table 5),
which is caused by the proximity of the experimental lower
bound ofmh from the Higgsstrahlung searches and the the-
oretical upper bound ofmh.
An interesting feature of this scenario is that, for mh

larger than about 100GeV/c2 and large tanβ, the heavy
scalar boson H is within kinematic reach. Moreover, the
cross-section for the process e+e−→ HZ is increasing with
tanβ, resulting in an improved search sensitivity; this
explains the nearly circular shape of the expected limit
in Fig. 11b.
Note the small domain at mh between 75 and

80 GeV/c2, small mA and tanβ < 0.7, barely perceptible
in the plots, which is not excluded in this scenario at 95%
CL (this domain is excluded for mt = 169.3GeV/c

2). The
branching ratio for h→ bb̄ is small and the decay h→ AA
is dominant in this region. The A boson, with mass be-
low the τ+τ− threshold, may decay to final states which
are not sufficiently covered by the present searches. For
this reason, the mass limits given in Table 5 for this sce-
nario and formt larger than 169.3GeV/c

2 are valid only for
tanβ ≥ 0.7. Conversely, for mt larger than 169.3GeV/c2,
the quoted exclusion of tanβ is valid only for mA larger
than about 3 GeV/c2.

Figure 12 shows the exclusion plots for the a variant
of the no-mixing scenario introduced in Section 2.1.2. The
change of sign of the Higgs mass parameter µ and the
increase of the weak SUSY-breaking scale from 1 TeV to
2 TeV affect only the theoretical bounds of the parameter
space but barely change the mass limits, except for mt =
169.3GeV/c2. There are moderate changes though in the
exclusions of tanβ. In the hatched domain (tanβ < 0.7),
the contributions from top and stop quark loops to the
radiative corrections are large and uncertain; hence, no ex-
clusions can be claimed there.
The exclusions for the large-µ benchmark scenario are

shown in Fig. 13. As mentioned in Sect. 2.1, this scenario
was constructed to test the sensitivity of LEP to MSSM
scenarios which may be a priori difficult to handle exper-
imentally since the Higgs boson decays to bb̄ are largely
suppressed. It turns out that the flavour-independent and
decay-mode-independent searches are sufficiently powerful
to exclude all such situations at 95% CL, for top quark
masses up to 174.3GeV/c2. There remains a thin strip at
tanβ larger than about 10 and running from mA of about
100 to about 200GeV/c2, which is excluded at the 95%
CL but not at 99.7% CL because the suppression of the
bb̄ channel is particularly strong in that region. This strip
is found to grow with increasing mt and becomes grad-
ually non-excluded at the 95% CL. Other small, weakly
excluded, regions are located atmh ≈ 60GeV/c2 and small
mA, and along themh ≈mA “diagonal” of plot a.
Similar plots are shown in Figs. 14 and 15 for the glu-

ophobic and small-αeff scenarios defined in Sect. 2.1.3.
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Fig. 14. Exclusions in the case
of the gluophobic benchmark sce-
nario (see Sect. 2.1.3). See the cap-
tion of Fig. 7 for the legend

Fig. 15. Exclusions in the case
of the CP-conserving small-αeff
benchmark scenario (see
Sect. 2.1.3). See the caption of
Fig. 7 for the legend



572 The LEP Collaborations et al.: Search for neutral MSSM Higgs bosons at LEP

Fig. 16. Exclusions, at 95% CL
(medium-grey or light-green) and the
99.7% CL (dark-grey or dark-green),
for the CP-violating CPX scenario
with mt = 174.3 GeV/c

2. The fig-
ure shows the theoretically inacces-
sible domains (light-grey or yellow)
and the regions excluded by the
present search, in four projections of
the MSSM parameter space: (mH1 ,
mH2), (mH1 , tan β), (mH2 , tanβ)
and (mH+ , tan β). The dashed lines
indicate the boundaries of the re-
gions expected to be excluded, at the
95% CL, on the basis of Monte Carlo
simulations with no signal. In each
scan point, the more conservative
of the two theoretical calculations,
FeynHiggs or CPH, is used

These scenarios were designed to test situations which can
be problematic at the Tevatron and LHC colliders. In both
cases, large domains of the parameter space are excluded
by the LEP searches.

6 Results interpreted
in CP-violating MSSM scenarios

In this section, the search results are interpreted in the CP-
violating benchmark scenario CPX presented in Sect. 2.2,
and in some variants of CPX where the basic model pa-
rameters are varied one-by-one.Note that in these scenarios
mH3 is always larger than120GeV/c

2, exceptwhere theCP-
violating phases arg(A) = arg(mg̃) are put to 0

◦ or 180◦.
The experimental exclusions for the CPX benchmark

scenario are shown in Fig. 16, in four projections. For large
mH2 , the H1 is almost completely CP-even; in this case
the limit onmH1 is close to 114GeV/c

2, the limit obtained
for the standard model Higgs boson [3]. For example, for
mH2 larger than 133GeV/c

2, one can quote a lower bound
of 113GeV/c2 for mH1 . Large CP-odd admixtures to H1
occur, however, for smallermH2 , giving rise to domains at
lowermH1 which are not excluded.
The exclusion is particularly weak for tanβ between

about 3.5 and 10. Here, the signal is spread over sev-
eral channels arising from the Higgsstrahlung and pair-
production processes, including the H2→H1H1 cascade
decays, which give rise to complex final states with six
jets. The parameter set of Table 2 is a typical example of

this situation. This is illustrated in Fig. 17 where the main
final-state cross-sections are plotted as a function of tanβ
(the FeynHiggs calculation is used). In general, these sig-
nal contributions cannot be added up statistically because
of a large overlap in the selected events; hence, a relatively
low overall detection efficiency is expected. Moreover, one
of the experiments presents a local excess of about two
standard deviations in this domain of tanβ and for mH1
of about 45GeV/c2 [10], which lowers the exclusion power

Fig. 17. Cross-sections, as a function of tanβ, for some of the
dominant signal processes, in the CP-violating scenario CPX ,
using the FeynHiggs calculation, with a centre-of-mass energy of
202 GeV,mt = 175 GeV/c

2, andmH1 between 35and 45 GeV/c
2
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Fig. 18. Exclusions, in the case of the CP-
violating CPX scenario, for the two theoretical
approaches, CPH and FeynHiggs. See the caption
of Fig. 16 for the legend. In part a the CPH calcu-
lation is used and in part b the FeynHiggs calcu-
lation. In part c the procedure is adopted where,
in each scan point of the parameter space, the
more conservative of the two calculations is used

Fig. 19. Exclusions, in the case of the CP-
violating CPX scenario, for three top quark
masses: mt = 169.3, 174.3 and 179.3 GeV/c

2.
See the caption of Fig. 16 for the legend
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Fig. 20. Exclusions, in the case of the
CPX scenario with various CP-violating
phases, arg(A) = arg(mg̃): 0

◦, 30◦, 60◦, 90◦

(the CPX value), 135◦ and 180◦. See the
caption of Fig. 16 for the legend. In the
hatched region in part f the calculations are
uncertain (see text)

below the expectation. Nonetheless, the region defined by
mH1 < 114GeV/c

2 and tanβ < 3.0 is excluded by the data
(see Fig. 16b) and a 95% CL lower bound of 2.9 can be
set on tanβ in this scenario. The two distinct domains
in Fig. 16b, at moderate tanβ, withmH1 < 15 GeV/c

2 and
30 GeV/c2 <mH1 < 55 GeV/c

2, which are not excluded at
the 95% CL, are found to be excluded, respectively, at the
50% CL and 66% CL.
Figure 18 illustrates the exclusions in the (mH1 , tanβ)

projection, using the CPH calculation (part a) and the
FeynHiggs calculation (part b). Differences occur mainly
at large tanβ where the FeynHiggs calculation predicts
a larger Higgsstrahlung cross-section and hence a better
search sensitivity than the CPH calculation. The two dis-

tinct domains at moderate tanβ, with mH1 < 15GeV/c
2

and 30 GeV/c2 < mH1 < 55 GeV/c
2, which are not ex-

cluded at the 95% CL, are found to be excluded, respec-
tively, at the 55% CL and 77% CL using the CPH calcula-
tion, and at the 50% CL and 66% CL, respectively, using
the FeynHiggs calculation. A third domain appears in
part b at higher mH1 (where the CPH calculation indicates
no exclusion power at all); this domain is excluded at the
42% CL using FeynHiggs.
As explained in Sect. 2, neither of the two approaches,

CPH or FeynHiggs, are preferred on theoretical grounds.
For this reason, part (c) of this figure was obtained by
choosing in each scan point of the parameter space the
more conservative of the two approaches, i.e., the one for
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Fig. 21. Exclusions, for the CP-violating CPX
scenario with various values of the Higgs mass
parameter µ: 500 GeV, 1000 GeV, 2000 GeV
(the standard CPX value) and 4000 GeV. See
the caption of Fig. 16 for the legend. In the
hatched region in part d the calculations are
uncertain (see text)

Fig. 22. Exclusions, for the CP-violating CPX
scenario with various values of the soft SUSY-
breaking scale MSUSY. a: MSUSY = 500 GeV
(the standard CPX value); b: MSUSY =
1000 GeV while all other parameters are kept
at their standard CPX values; c: MSUSY =
1000 GeV while A,mg̃ and µ are “scaled” to
2000 GeV, 2000 GeV and 4000 GeV, respec-
tively. See the caption of Fig. 16 for the legend
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which the less significant exclusion is observed. The same
procedure was adopted in Fig. 16 and in all the figures
which follow.
The significant impact of the top mass on the CP-

violating effects, indicated by (11), is illustrated in Fig. 19
where the (mH1 , tanβ) projection is shown for three values
of mt. With increasing mt, one observes a reduction of
the exclusion power, especially in the region of tanβ be-
tween 3.5 and 10. No lower bound onmH1 can be quoted in
this domain. In plot (a) (for mt = 169.3GeV/c

2), the two
domains with mH1 < 15 GeV/c

2 and 30 GeV/c2 <mH1 <
55 GeV/c2 are excluded at the 60% CL and 88% CL, re-
spectively. (The levels of exclusion for the two domains
which appear in plot (b) (for mt = 174.3GeV/c

2), have
been quoted above, in the discussion of Fig. 16.)
Figure 20 illustrates the exclusion in the (mH1 , tanβ)

plane as a function of the CP-violating phases, arg(A) =
arg(mg̃), which are varied together. For phase angles close
to 0◦, the experimental exclusions are similar to those
in the CP-conserving scenarios (see, for example, Fig. 7
but note the differences in the allowed parameter space).
Sizable differences are observed for larger phase angles,
especially for arg(A) = arg(mg̃) = 90

◦ (the CPX value).
At arg(A) = arg(mg̃) = 180

◦ (another CP-conserving sce-
nario), the allowed parameter space is excluded almost
completely. Note however that in the hatched region, with
tanβ greater than about 12, the calculation of the bottom-
Yukawa coupling has large theoretical uncertainties; hence
no exclusion can be claimed in this domain.
In Figure 21, the value of the Higgs mass parameter µ

is varied from 500GeV through 1000GeV and 2000GeV
(the CPX value) to 4000GeV. At small values, the CP-
violating effects are small (see (11)) and the exclusion
power is strong (as in the CP-conserving case). For µ larger
than 2000GeV and large tanβ, the FeynHiggs and CPH
calculations both provide bottom-Yukawa coupling in the
non-perturbative regime, giving rise to negative values for
the square ofmH1 and to other unphysical results. For µ≤
2000GeV this regime sets in only at tanβ larger than 40
whereas for µ= 4000GeV this situation already occurs at
tanβ abowe 20. Hence, in Fig. 21d, the hatched domain
should not be considered as being integrally part of the al-
lowed parameter space.
Figure 22 illustrates the dependence on the soft SUSY-

breaking scale parameter,MSUSY , which is increased from
theCPX valueof500GeVinpart (a) to1000GeVinpart (b).
This decreases the CP-violating effects (see (11)) and leads
to a larger exclusion. The “scaling” behaviour mentioned
in Sect. 2.2, namely the relative insensitivity of the exclu-
sions to changes inMSUSY as long as the relations |At,b|=
|mg̃| = µ/2 = 2MSUSY are preserved, is qualitatively con-
firmed by comparing parts (a) and (c) of the figure.

7 Summary

The searches for neutral MSSM Higgs bosons described in
this paper are based on the data collected by the four LEP
collaborations, ALEPH, DELPHI, L3 and OPAL, which

were statistically combined by the LEPWorking Group for
Higgs Boson Searches. The data samples include those col-
lected during the LEP 2 phase at e+e− centre-of-mass en-
ergies up to 209GeV; two experiments also provided LEP
1 data, at energies in the vicinity of the Z boson resonance.
The searches address a large number of final-state topolo-
gies arising from the Higgsstrahlung process e+e−→H1Z
and from the pair production process e+e−→H2H1. The
combined LEP data do not reveal any excess of events
which would indicate the production of Higgs bosons. The
differences with respect to the background predictions are
compatible with statistical fluctuations of the background.
From these results, upper bounds are derived for the

cross-sections of a number of Higgs-like event topologies.
These upper bounds cover a wide range of Higgs boson
masses and are typically well below the cross-sections pre-
dicted within the MSSM framework; these limits can be
used to constrain a large number of theoretical models.
The combined search results are used to test several

MSSM scenarios which include CP-conserving and CP-
violating benchmark models. These models are motivated
mainly by physics arguments but some of them are con-
structed to test specific situations where the detection of
Higgs bosons at the Tevatron and LHC colliders might
present experimental difficulties. It is found that in all these
scenarios the searches conducted at LEP exclude sizeable
domains of the theoretically allowed parameter space.
In the CP-conserving case, lower bounds can be set

on the masses of neutral Higgs bosons and the value of
tanβ can be restricted. Taking, for example, the CP-
conserving scenario mh-max and a top quark mass of
174.3GeV/c2, values of mh and mA less than 92.8GeV/c

2

and 93.4GeV/c2, respectively, are excluded at the 95%CL.
In the same scenario, values of tanβ between 0.7 and 2.0
are excluded, but this range depends considerably on the
assumed top quark mass and may also depend onMSUSY.
In the CP-violating benchmark scenario CPX and

the variants which have been studied, the combined LEP
data show large domains which are not excluded, down
to the lowest mass values; hence, no absolute limits can
be set for the Higgs boson masses. The excluded do-
mains vary considerably with the precise value of the top
quark mass and the MSSM model parameters. For ex-
ample, in the CPX scenario with standard parameters and
mt = 174.3GeV/c

2, tanβ can be restricted to values larger
than 2.9 at the 95% CL.
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Appendix A: Catalog of searches

The searches of the four LEP collaborations which con-
tribute to this combined analysis are listed in Tables 6
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to 13. The list is structured into two tables per experiment,
one for the Higgsstrahlung process e+e−→H1Z and one
for the pair production process e+e−→H2H1. In each of
these tables, the upper part contains the final states of the
direct process and the lower part contains, where it applies,
those of the cascade processH2→H1H1.
The final-state topologies are listed in the first col-

umn. In the notation adopted, H1 represents the light-
est and H2 the second-lightest neutral Higgs boson. In
the CP-conserving case, H1 is identified with the CP-
even eigenstate h and H2 is identified with the CP-odd
eigenstate A, except in the case of the cascade process
H2 →H1H1 which is identified with h→ AA. The sym-
bol q indicates an arbitrary quark flavour, u, d, s, c or
b. “Hadrons” include quarks and gluons. In the missing

Table 6. Summary of the ALEPH searches for the Higgsstrahlung process e+e−→H1Z. The top part
of the table lists the searches originally developed for the standardmodel Higgs boson. The bottom part
lists flavour-independent searches where the decays of the Higgs boson into a quark pair of any flavour,
a gluon pair or a tau pair were considered; the signal efficiencies were evaluated for all indicated hadronic
decays of the Higgs boson. In the cases of the (τ+τ−)(qq̄) and leptonic channels listed in the flavour-
independent part, the event selections of the standard model Higgs boson searches were used

√
s(GeV) L (pb−1) Mass range (GeV/c2) Ref.

H1Z→ (. . . )(. . . ) mH1
(bb̄)(qq̄), (bb̄, cc̄, ττ, gg)(νν̄) 189 176.2 75–110 [32]
(any)(e+e−, µ+µ−) 189 176.2 75–110 [32]
(bb̄)(τ+τ−), (τ+τ−)(qq̄) 189 176.2 65–110 [32]
(bb̄)(qq̄, νν̄) 192–202 236.7 60–120 [33]
(bb̄, τ+τ−, cc̄, gg)(e+e−, µ+µ−) 192–202 236.7 60–120 [33]
(bb̄, τ+τ−, cc̄, gg)(τ+τ−), (τ+τ−)(qq̄) 192–202 236.7 60–120 [33]
(bb̄)(qq̄) 199–209 217.2 75–120 [11, 34]
(bb̄, τ+τ−, cc̄, gg,WW )(τ+τ−, νν̄) 199–209 217.2 75–120 [11, 34]
(bb̄, τ+τ−, cc̄, gg)(e+e−, µ+µ−) 199–209 217.2 70–120 [11, 34]

(bb̄, cc̄, ss̄, gg)(qq̄) 189 176.2 40–100 [35]
(bb̄, cc̄, ss̄, gg)(νν̄) 189 176.2 60–100 [35]
(bb̄, cc̄, ss̄, gg)(e+e−, µ+µ−) 189 176.2 60–115 [32, 35]
(τ+τ−)(qq̄) 189 176.2 65–110 [32]
(bb̄, cc̄, ss̄, gg)(qq̄) 192–202 236.7 40–110 [35]
(bb̄, cc̄, ss̄, gg)(νν̄) 192–202 236.7 60–116 [35]
(bb̄, cc̄, ss̄, gg)(e+e−, µ+µ−) 192–202 236.7 60–115 [33, 35]
(τ+τ−)(qq̄) 192–202 236.7 60–120 [33]
(bb̄, cc̄, ss̄, gg)(qq̄) 199–209 217.2 40–115 [35]
(bb̄, cc̄, ss̄, gg)(νν̄) 199–209 217.2 75–120 [35]
(bb̄, cc̄, ss̄, gg)(e+e−, µ+µ−) 199–209 217.2 70–120 [11, 34, 35]
(τ+τ−)(qq̄) 199–209 217.2 60–120 [11, 34]

Table 7. Summary of the ALEPH searches for the pair production process e+e−→H2H1. The
searches are restricted to |mH2 −mH1 | less than about 20 GeV/c

2

√
s (GeV) L (pb−1) Mass range (GeV/c2) Ref.

H2H1→ (. . . )(. . . ) (mH2 +mH1)/2

(bb̄)(bb̄), (τ+τ−)(bb̄), (bb̄)(τ+τ−) 189 176.2 65–95 [32]
(bb̄)(bb̄), (bb̄, τ+τ−, cc̄, gg)(τ+τ−),
(τ+τ−)(bb̄, τ+τ−, cc̄, gg) 192–202 236.7 60–

√
s/2 [33]

(bb̄)(bb̄), (bb̄, τ+τ−, cc̄, gg)(τ+τ−),
(τ+τ−)(bb̄, τ+τ−, cc̄, gg) 199–209 217.2 75–

√
s/2 [11, 34]

energy channel, in addition to the H1Z →H1νν̄ pro-
cess, the W fusion process H1νeν̄e (including interfer-
ence) is also considered; similarly, in the leptonic chan-
nel, in addition to the H1Z →H1�+�− process, the Z
fusion process H1e+e− (including interference) is also
considered.
The contributions based on LEP1 data (from two ex-

periments only) can be identified by their value “91” in
the second column which indicates the e+e− collision en-
ergy,

√
s(GeV); the LEP1 data used in this combination

represent an integrated luminosity L of about 125 pb−1.
The LEP2 data span an energy range between 133GeV and
209GeV; they represent an integrated luminosity of about
2400 pb−1. The integrated luminosities for the individual
searches are listed in the third column.
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Table 8. List of the DELPHI searches for the Higgsstrahlung processes e+e−→H1Z and H2Z

√
s (GeV) L (pb−1) Mass ranges (GeV/c2) Ref.

e+e−→H1Z→ (. . . )(. . . ) mH1

(any)(e+e−, µ+µ−), (V0)(any) 91 2.5 < 0.21 [36]
(2 prongs)(qq̄) 91 0.5 0.21–2 [37]

(jet)(e+e−, µ+µ−) 91 0.5 1–20 [37]

(jet jet)(�+�−, νν̄ ) 91 3.6 12–50 [38]

(jet jet)(e+e−, µ+µ−, νν̄ ) 91 33.4 35–70 [39]

(bb̄)(any), (τ+τ−)(qq̄) 161,172 19.9 40–80 [40]

(bb̄)(any), (τ+τ−)(qq̄) 183 52.0 45–95 [41]

(bb̄)(any), (τ+τ−)(qq) 189 158.0 65–100 [42]
(bb̄)(any) 192-209 452.4 12–120 [43, 44]

(τ+τ−)(qq) 192-209 452.4 45–120 [43, 44]

(qq̄, gg)(qq̄, νν̄ , e+e−, µ+µ−) 189-209 610.4 4–116 [45]

e+e−→H2Z→ (H1H1)Z→ (. . . )(. . . ) mH2 mH1

(any)(qq̄) 91 16.2 12–70 < 0.21 [46]

(V0V0)(any but τ+τ−) 91 9.7 0.5–55 < 0.21 [46]
(γγ)(any) 91 12.5 0.5–60 < 0.21 [46]
(4 prongs)(any) 91 12.9 0.5–60 0.21–10 [46]
(hadrons)(νν̄) 91 15.1 1–60 0.21–30 [46]

(τ+τ−τ+τ−)(νν̄) 91 15.1 9–73 3.5–12 [46]
(any)(qq̄, νν̄) 161,172 20.0 40–70 20–35 [40]
(bb̄bb̄)(qq̄) 183 54.0 45–85 12–40 [41]

(bb̄bb̄, bb̄cc̄, cc̄cc̄)(qq̄) 192-208 452.4 30–105 12–50 [43, 44]
(cc̄cc̄)(qq̄) 192-208 452.4 10–105 4–12 [47]

Table 9. List of the DELPHI searches for the pair production process e+e−→H2H1

√
s (GeV) L (pb−1) Mass ranges (GeV/c2) Ref.

e+e−→H2H1→ (. . . )(. . . ) mH2 mH1

4 prongs 91 5.3 0.2–10 0.2–10 [39]

(τ+τ−)(hadrons) 91 0.5 4–35 4–35 [48]

(τ+τ−)(jet jet) 91 3.6 25–42 25–42 [49]
(bb̄)(bb̄), (bb̄)(cc̄) 91 33.4 15–46 15–46 [38]

τ+τ−bb̄ 91 79.4 4–70 4–70 [47]
bb̄bb̄ 91 79.4 12–40 20–70 [50]

bb̄bb̄ 133 6.0 40–68 35–73 [51]

bb̄bb̄, τ+τ−bb̄ 161,172 20.0 40–70 35–75 [40]

bb̄bb̄, τ+τ−bb̄ 183 54.0 50–80 25–105 [41]

bb̄bb̄, τ+τ−bb̄ 189 158.0 65–90 40–115 [42]

τ+τ−bb̄ 192-208 452.4 50–100 60–150 [43, 44]
bb̄bb̄ 192-208 452.4 12–100 40–190 [43, 44]

τ+τ−τ+τ− 189-208 570.9 4–90 4–170 [50]
bb̄bb̄ 189-208 610.2 12–70 30–170 [50]
quarks or gluons 189-208 610.4 4–170 4–170 [45]

e+e−→H2H1→ (H1H1)H1→ (. . . )(. . . ) mH2 mH1

(γγ)(γγ) 91 12.5 0.5–60 < 0.21 [46]
(4 prongs)(2 prongs) 91 12.9 0.5–60 0.21–10 [46]
(hadrons)(hadrons) 91 15.1 1–60 0.21–30 [46]

(τ+τ−τ+τ−)(τ+τ−) 91 15.1 9–60 3.5–12 [46]
(any)(any) 161,172 20.0 40–70 20–35 [40]
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Table 10. List of the L3 searches for the Higgsstrahlung processes e+e−→H1Z and H2Z

√
s (GeV) L (pb−1) Mass ranges (GeV/c2) Ref.

e+e−→H1Z→ (. . . )(. . . ) mH1

(bb̄)(any),(τ+τ−)(qq̄) 189 176.4 60–100 [52]

(bb̄)(any),(τ+τ−)(qq̄) 192–202 233.2 60–110 [53]
(bb̄)(any),(τ+τ−)(qq̄) 203–209 217.3 60–120 [54]

(bb̄, cc̄, gg)(any) 189 176.4 60–100 [55]
(bb̄, cc̄, gg)(any) 192–202 233.2 60–110 [55]
(bb̄, cc̄, gg)(any) 204–209 214.5 60–120 [55]

e+e−→H2Z→ (H1H1)Z→ (. . . )(. . . ) mH2 mH1

(H1→bb̄,cc,gg)(qq̄) 189 – 209 626.9 30 – 85 10 – 42 [56]

Table 11. List of the OPAL searches for the Higgsstrahlung processes e+e−→H1Z and H2Z

√
s (GeV) L (pb−1) Mass ranges (GeV/c2) Ref.

H1Z→ (. . . )(. . . ) mH1

(bb̄)(qq̄) 161–172 20.4 40–80 [59, 60]
(bb̄)(qq̄) 183 54.1 40–95 [61]
(bb̄)(qq̄) 189 172.1 40–100 [62]
(bb̄)(qq̄) 192–209 421.2 80–120 [63]
(bb̄)(νν̄) 161–172 20.4 50–70 [59, 60]
(bb̄)(νν̄) 183 53.9 50–95 [61]
(bb̄)(νν̄) 189 171.4 50–100 [62]
(bb̄)(νν̄) 192–209 419.9 30–120 [63]

(bb̄)(τ+τ−), (τ+τ−)(qq̄) 161–172 20.4 30–95 [59, 60]
(bb̄)(τ+τ−), (τ+τ−)(qq̄) 183 53.7 30–100 [61]

(bb̄)(τ+τ−), (τ+τ−)(qq̄) 189 168.7 30–100 [62]
(bb̄)(τ+τ−), (τ+τ−)(qq̄) 192–209 417.4 80–120 [63]

(bb̄)(e+e−), (bb̄)(µ+µ−) 183 55.9 60–100 [61]

(bb̄)(e+e−), (bb̄)(µ+µ−) 189 170.0 70–100 [62]
(bb̄)(e+e−), (bb̄)(µ+µ−) 192–209 418.3 40–120 [63]

(qq̄, gg)(τ+τ−, νν̄), (τ+τ−)(qq̄) 91 46.3 0–70 [64, 65]
(qq̄, gg)(e+e−, µ+µ−) 91 46.3 20–70 [64, 65]

(any)(e+e−, µ+µ−) 161–172 20.4 35–80 [59, 60]
(qq̄, gg)(qq̄) 189 174.1 60–100 [66]
(qq̄, gg)(qq̄) 192–209 424.2 60–120 [67]
(qq̄, gg)(νν̄) 189 171.8 30–100 [66]
(qq̄, gg)(νν̄) 192–209 414.5 30–110 [67]
(qq̄, gg)(τ+τ−), (τ+τ−)(qq̄) 189 168.7 30–100 [66]

(qq̄, gg)(τ+τ−), (τ+τ−)(qq̄) 192–209 418.9 60–115 [67]
(qq̄, gg)(e+e−, µ+µ−) 189 170.0 70–100 [66]

(qq̄, gg)(e+e−, µ+µ−) 192–209 422.0 60–120 [67]

e+e−→H2Z→ (H1H1)Z→ (. . . )(. . . ) mH2 mH1

(qq̄qq̄)(νν̄) 91 46.3 10–75 0–35 [64, 65]
(bb̄bb̄)(qq̄) 183 54.1 40–80 10.5–38 [61]
(bb̄bb̄)(qq̄) 189 172.1 40–100 10.5–48 [62]
(bb̄bb̄)(qq̄) 192–209 421.2 80–120 12–mH2/2 [10]
(bb̄bb̄)(νν̄) 183 53.9 50–95 10.5–mH2/2 [61]
(qq̄qq̄)(νν̄) 189 171.4 50–100 10.5–mH2/2 [62]
(bb̄bb̄)(νν̄) 199–209 207.2 100–110 12–mH2/2 [10]

(bb̄bb̄)(τ+τ−) 183 53.7 30–100 10.5–mH2/2 [61]
(bb̄bb̄)(τ+τ−) 189 168.7 30–100 10.5–mH2/2 [62]

(cc̄cc̄, gggg, cc̄gg, cc̄τ+τ−, ggτ+τ−,
τ+τ−τ+τ−)(νν̄, e+e−, µ+µ−) 189–209 598.5 45–86 2–11 [68]
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Table 12. List of the L3 searches for the pair production process e+e−→H2H1

√
s (GeV) L (pb−1) Mass ranges (GeV/c2) Ref.

e+e−→H2H1→ (. . . )(. . . ) mH2 mH1

(bb̄)(bb̄), (bb̄)(τ+τ−), (τ+τ−)(bb̄) 189 176.4 50–95 50–95 [57]
(bb̄)(bb̄), (bb̄)(τ+τ−), (τ+τ−)(bb̄) 192–202 233.2 50–105 50–105 [58]
(bb̄)(bb̄), (bb̄)(τ+τ−), (τ+τ−)(bb̄) 204–209 216.6 50–110 50–110 [56]

Table 13. List of the OPAL searches for the pair production process e+e−→H2H1. The symbols Σ
and ∆ stand for the mass sum mH2 +mH1 and mass difference |mH2 −mH1 |

√
s (GeV) L (pb−1) Mass ranges (GeV/c2) Ref.

H2H1→ (. . . )(. . . ) mH2 mH1 Ref.

(bb̄)(bb̄) 130–136 5.2 Σ : 80–130 ∆ : 0–50 [60]
(bb̄)(bb̄) 161 10.0 Σ : 80–130 ∆ : 0–60 [59, 60]
(bb̄)(bb̄) 172 10.4 Σ : 80–130 ∆ : 0–60 [59, 60]
(bb̄)(bb̄) 183 54.1 Σ : 80–150 ∆ : 0–60 [61]
(bb̄)(bb̄) 189 172.1 Σ : 80–180 ∆ : 0–70 [62]
(bb̄)(bb̄) 192 28.9 Σ : 83–183 ∆ : 0–70 [10]
(bb̄)(bb̄) 196 74.8 Σ : 80–187 ∆ : 0–70 [10]
(bb̄)(bb̄) 200 77.2 Σ : 80–191 ∆ : 0–70 [10]
(bb̄)(bb̄) 202 36.1 Σ : 80–193 ∆ : 0–70 [10]
(bb̄)(bb̄) 199–209 207.3 Σ : 120–190 ∆ : 0–70 [10]
(bb̄)(bb̄) 199–209 207.3 Σ : 100–140 ∆ : 60–100 [10]

(bb̄)(τ+τ−), (τ+τ−)(bb̄) 161 10.0 40–160 52–160 [59, 60]

(bb̄)(τ+τ−), (τ+τ−)(bb̄) 172 10.4 37–160 28–160 [59, 60]

(bb̄)(τ+τ−), (τ+τ−)(bb̄) 183 53.7 Σ : 70–170 ∆ : 0–70 [61]

(bb̄)(τ+τ−), (τ+τ−)(bb̄) 189 168.7 Σ : 70–190 ∆ : 0–90 [62]

(bb̄)(τ+τ−), (τ+τ−)(bb̄) 192 28.7 Σ : 10–174 ∆ : 0–182 [10]

(bb̄)(τ+τ−), (τ+τ−)(bb̄) 196 74.7 Σ : 10–182 ∆ : 0–191 [10]

(bb̄)(τ+τ−), (τ+τ−)(bb̄) 200 74.8 Σ : 10–182 ∆ : 0–191 [10]

(bb̄)(τ+τ−), (τ+τ−)(bb̄) 202 35.4 Σ : 10–174 ∆ : 0–182 [10]

(bb̄)(τ+τ−), (τ+τ−)(bb̄) 199–209 203.6 Σ : 70–190 ∆ : 0–90 [10]

(qq̄)(τ+τ−), (τ+τ−)(qq̄) 91 46.3 12–75 10–78 [64, 65]
(qq̄)(qq̄), (qq̄)(gg),
(gg)(qq̄), (gg)(gg) 192–209 424.0 Σ : 60–175 ∆ : 0–113 [69]

e+e−→H2H1→
(H1H1)H1→ (. . . )(. . . ) mH2 mH1

(bb̄bb̄)(bb̄) 91 27.6 40–70 5–35 [64, 65]
(bb̄bb̄)(bb̄) 130–136 5.2 55–65 > 27.5 [60]
(bb̄bb̄)(bb̄) 161 10.0 55–65 > 20.0 [59, 60]
(bb̄bb̄)(bb̄) 172 10.4 55–65 25–35 [59, 60]
(bb̄bb̄)(bb̄) 183 54.1 30–80 12–40 [61]
(bb̄bb̄)(bb̄) 189 172.1 24–80 12–40 [62]
(bb̄bb̄)(bb̄) 199–209 207.3 Σ : 90–200 ∆ : 40–160 [10]

6τ , 4τ2q, 2τ4q 91 46.3 30–75 4–30 [64, 65]

Responding to the increasing data samples and e+e−

energies, the searches were gradually upgraded or replaced
so as to become more efficient in detecting Higgs bosons of
higher masses. The mass ranges where the searches are rel-
evant are listed in the next column(s). In the last column,
references are given to the publications where the details of
the searches can be found.

Appendix B: Limits on topological
cross-sections

The tables presented below summarise the 95% CL up-
per bounds, as a function of the Higgs boson masses,
of the scaling factor S95 defined in the text (see (16)).
Tables 14, 15 and 16 refer to final-state topologies aris-
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Table 14. The 95% CL upper bound, S95, obtained for the normalised ross-section (see text) of the Higgsstrahlung process
e+e−→H1Z, as a function of the Higgs boson mass. The numbers listed in this table correspond to the observed limit (full line)
in Fig. 2, which is reproduced from [3]. In the columns labelled (a) the Higgs boson is assumed to decay as in the standard model;
in columns (b) it is assumed to decay exclusively to bb̄ and in columns (c) exclusively to τ+τ−

mH1 (a) (b) (c) mH1 (a) (b) (c)

(GeV/c2) (GeV/c2)

12 0.0204 0.0154 0.0925 66 0.0236 0.0218 0.0287
14 0.0176 0.0143 0.0899 68 0.0236 0.0218 0.0287
16 0.0158 0.0134 0.0923 70 0.0271 0.0246 0.0287
18 0.0150 0.0131 0.0933 72 0.0291 0.0274 0.0271
20 0.0156 0.0139 0.1060 74 0.0320 0.0301 0.0297
22 0.0177 0.0156 0.1080 76 0.0421 0.0380 0.0351
24 0.0194 0.0174 0.1110 78 0.0469 0.0424 0.0350
26 0.0207 0.0186 0.1140 80 0.0435 0.0410 0.0316
28 0.0223 0.0195 0.1110 82 0.0467 0.0475 0.0281
30 0.0203 0.0181 0.0893 84 0.0539 0.0585 0.0222
32 0.0193 0.0173 0.0796 86 0.0762 0.0816 0.0257
34 0.0191 0.0172 0.0682 88 0.112 0.118 0.0296
36 0.0241 0.0187 0.0653 90 0.153 0.152 0.0331
38 0.0299 0.0235 0.0634 92 0.179 0.175 0.0354
40 0.0333 0.0267 0.0615 94 0.229 0.214 0.0491
42 0.0367 0.0297 0.0599 96 0.239 0.220 0.0570
44 0.0378 0.0310 0.0594 98 0.256 0.233 0.0565
46 0.0387 0.0328 0.0572 100 0.244 0.216 0.0582
48 0.0391 0.0337 0.0575 102 0.237 0.216 0.0588
50 0.0363 0.0316 0.0445 104 0.255 0.227 0.0704
52 0.0386 0.0344 0.0454 106 0.263 0.223 0.0896
54 0.0387 0.0349 0.0464 108 0.266 0.227 0.110
56 0.0384 0.0360 0.0403 110 0.297 0.244 0.144
58 0.0390 0.0367 0.0427 112 0.435 0.343 0.212
60 0.0398 0.0365 0.0456 114 0.824 0.640 0.410
62 0.0293 0.0264 0.0444 116 1.41 1.79 1.79
64 0.0278 0.0258 0.0394

Table 15. The 95% CL upper bound, S95, obtained for the normalised cross-section (see text) of the
Higgsstrahlung cascade process e+e−→ (H2→H1H1)Z→ (bb̄bb̄)Z, as a function of the Higgs boson
masses mH1 andmH2 . The numbers correspond to the contours shown in Fig. 3a

mH2(GeV/c
2) mH1(GeV/c

2)

10 15 20 25 30 35 40 45 50 55
20 0.020
25 0.026
30 0.037 0.046
35 0.048 0.042
40 0.053 0.056 0.051
45 0.066 0.059 0.046
50 0.087 0.058 0.048 0.049
55 0.11 0.055 0.050 0.050
60 0.29 0.103 0.094 0.094 0.053
65 0.30 0.099 0.091 0.088 0.084
70 0.25 0.098 0.097 0.095 0.083 0.059
75 0.34 0.11 0.10 0.11 0.10 0.096
80 0.39 0.13 0.14 0.14 0.13 0.12 0.13
85 0.52 0.20 0.20 0.20 0.21 0.19 0.18
90 ≥ 1 0.23 0.23 0.23 0.27 0.26 0.24 0.28
95 ≥ 1 0.29 0.27 0.29 0.31 0.29 0.28 0.30
100 ≥ 1 0.30 0.29 0.31 0.30 0.27 0.28 0.29 0.29
105 ≥ 1 0.27 0.32 0.36 0.40 0.36 0.31 0.35 0.35
110 ≥ 1 0.44 0.54 0.55 0.96 0.97 ≥ 1 ≥ 1 0.89 ≥ 1
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Table 16. The 95% CL upper bound, S95, obtained for the normalised
cross-section (see text) of the Higgsstrahlung cascade process e+e−→
(H2→ H1H1)Z → (τ

+τ−τ+τ−)Z, as a function of the Higgs boson
masses mH1 and mH2 . The numbers correspond to the contours shown
in Fig. 3b

5 10 15 20 25 30 35 40 45

10 0.26
15 0.033
20 0.048 0.32
25 0.070 0.076
30 0.10 0.11 0.38
35 0.18 0.19 0.51
40 0.22 0.22 0.40 0.39
45 0.30 0.31 0.49 0.49
50 0.18 0.38 0.66 0.66 0.63
55 0.18 0.37 0.68 0.69 0.68
60 0.20 0.38 0.95 0.96 0.96 0.94
65 0.20 0.38 ≥ 1 ≥ 1 ≥ 1 ≥ 1
70 0.21 0.43 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
75 0.19 0.46 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
80 0.20 0.44 0.83 0.83 0.83 0.83 0.84 0.84
85 0.25 0.56 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1

Table 17. The 95% CL upper bound, S95, obtained for the normalised cross-section (see text) of
the pair production process e+e−→H2H1, as a function of the Higgs boson mass summH1 +mH2 .
The bounds are given for the particular case where mH2 andmH1 are approximately equal. This oc-
curs, for example, in the CP-conserving MSSM scenariomh-max for tan β greater than 10 and small
mH2 (≡mA). The numbers listed in this table correspond to the four plots in Fig. 4 (see the cor-
responding labels). For mH1 +mH2 less than 30 GeV/c

2, the bounds are derived from the measured
decay width of the Z boson, see Sect. 3.2. Columns labelled (a): the Higgs boson decay branching ra-
tios correspond to themh-max benchmark scenario with tan β = 10, giving 94% for H1→ bb̄, 6% for
H1→ τ

+τ−, 92% for H2→ bb̄ and 8% for H2→ τ
+τ−; columns (b): both Higgs bosons are assumed

to decay exclusively to bb̄; columns (c): one Higgs boson is assumed to decay exclusively to bb̄only and
the other exclusively to τ+τ−; columns (d): both Higgs bosons are assumed to decay exclusively to
τ+τ−

mH1+mH2 (a) (b) (c) (d) mH1+mH2 (a) (b) (c) (d)

(GeV/c2) (GeV/c2)

0 0.0237 0.0237 0.0237 0.0237 105 0.0243 0.0213 0.0354 0.0300
5 0.0238 0.0238 0.0238 0.0238 110 0.0297 0.0250 0.0418 0.0313
10 0.0242 0.0242 0.0242 0.0242 115 0.0472 0.0387 0.0484 0.0332
15 0.0248 0.0248 0.0248 0.0248 120 0.0682 0.0599 0.0409 0.0348
20 0.0255 0.0255 0.0255 0.0255 125 0.0676 0.0542 0.0493 0.0387
25 0.0266 0.0266 0.0266 0.0042 130 0.0688 0.0541 0.0524 0.0429
30 0.0054 0.0054 0.0018 0.0043 135 0.0618 0.0478 0.0571 0.0604
35 0.0044 0.0041 0.0018 0.0043 140 0.0669 0.0524 0.0660 0.0665
40 0.0029 0.0026 0.0021 0.0048 145 0.0600 0.0540 0.0506 0.0739
45 0.0033 0.0030 0.0021 0.0051 150 0.0798 0.0726 0.0591 0.0847
50 0.0036 0.0034 0.0017 0.0055 155 0.0967 0.0895 0.0696 0.0995
55 0.0043 0.0042 0.0016 0.0067 160 0.136 0.125 0.0847 0.118
60 0.0055 0.0057 0.0016 0.0083 165 0.179 0.122 0.175 0.144
65 0.0073 0.0070 0.0010 0.0097 170 0.323 0.237 0.234 0.188
70 0.0097 0.0106 0.0021 0.0117 175 0.352 0.294 0.245 0.269
75 0.0142 0.0163 0.0029 0.0134 180 0.765 0.596 0.408 0.391
80 0.0203 0.0227 0.0043 0.0165 185 0.838 0.702 0.582 0.700
85 0.0357 0.0383 0.0101 0.0198 190 1.04 0.855 0.764 1.07
90 0.0527 0.0522 0.0292 0.0247 195 1.93 1.81 1.10 2.88
95 0.0520 0.0493 0.0400 0.0266 200 6.97 6.47 3.49 5.29
100 0.0298 0.0257 0.0370 0.0283



The LEP Collaborations et al.: Search for neutral MSSM Higgs bosons at LEP 583

Table 18. The 95% CL upper bound, S95, obtained for the normalised cross-section (see text) of
the pair production process e+e−→H2H1→ bb̄bb̄, as a function of the Higgs boson massesmH1 and
mH2 . The numbers correspond to the contours shown in Fig. 5a

mH2(GeV/c
2) mH1(GeV/c

2)

10 15 20 25 30 35 40 45 50

15 ≥ 1 0.012
20 ≥ 1 0.013 0.010
25 ≥ 1 0.017 0.013 0.011
30 ≥ 1 0.015 0.013 0.012 0.020 0.023
40 ≥ 1 0.016 0.018 0.022 0.028 0.039 0.043
45 ≥ 1 0.029 0.029 0.026 0.037 0.048 0.067 0.041
50 ≥ 1 0.035 0.026 0.042 0.044 0.069 0.043 0.035 0.028
55 ≥ 1 0.063 0.056 0.076 0.071 0.058 0.050 0.038 0.030
60 ≥ 1 0.075 0.084 0.098 0.051 0.051 0.050 0.044 0.039
65 ≥ 1 0.14 0.13 0.10 0.065 0.064 0.070 0.068 0.069
70 ≥ 1 0.20 0.16 0.11 0.072 0.074 0.066 0.072 0.071
75 ≥ 1 0.23 0.13 0.14 0.076 0.075 0.083 0.066 0.093
80 ≥ 1 0.26 0.19 0.12 0.078 0.089 0.072 0.064 0.093
85 ≥ 1 0.26 0.17 0.13 0.095 0.080 0.070 0.071 0.10
90 ≥ 1 0.18 0.13 0.11 0.073 0.070 0.076 0.081 0.13
95 ≥ 1 0.20 0.13 0.095 0.073 0.078 0.081 0.11 0.15
100 ≥ 1 0.21 0.12 0.092 0.085 0.091 0.12 0.16 0.18
105 ≥ 1 0.16 0.13 0.12 0.11 0.13 0.18 0.20 0.20
110 0.297 0.16 0.14 0.15 0.14 0.17 0.20 0.20 0.19
115 0.338 0.22 0.20 0.20 0.18 0.20 0.21 0.21 0.23
120 0.355 0.28 0.25 0.23 0.22 0.22 0.23 0.27 0.36
125 0.409 0.29 0.26 0.25 0.22 0.25 0.29 0.40 0.51
130 0.494 0.35 0.32 0.32 0.24 0.32 0.46 0.57 0.72
135 0.617 0.44 0.42 0.42 0.36 0.51 0.67 0.84 0.98
140 0.696 0.57 0.53 0.66 0.62 0.83 0.97 ≥ 1 ≥ 1
145 0.811 0.73 0.80 ≥ 1 0.94 ≥ 1 ≥ 1 ≥ 1 ≥ 1

65 70 75 80 85 90 95 100 105

65 0.067
70 0.082 0.078
75 0.10 0.10 0.098
80 0.11 0.11 0.14 0.14
85 0.12 0.14 0.16 0.15 0.21
90 0.17 0.16 0.17 0.25 0.24 0.41
95 0.19 0.21 0.30 0.35 0.44 0.51 0.64
100 0.21 0.31 0.39 0.42 0.43 0.74 ≥ 1 ≥ 1
105 0.32 0.42 0.55 0.53 0.90 ≥ 1 ≥ 1 ≥ 1 ≥ 1
110 0.47 0.55 0.63 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
115 0.56 0.65 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
120 0.64 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
125 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
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Table 19. The 95% CL upper bound, S95, obtained for the normalised cross-section (see text) of the
pair production process e+e−→H2H1→ τ

+τ−τ+τ−, as a function of the Higgs boson masses mH1
andmH2 . The numbers correspond to the contours shown in Fig. 5b

mH2(GeV/c
2) mH1(GeV/c

2)

5 10 15 20 25 30 35 40 45 50

5 0.00041
10 0.00047 0.00035
15 0.0036 0.0032 0.0032
20 0.0033 0.0035 0.0037 0.0040
25 0.0037 0.0039 0.0043 0.0043 0.0046
30 0.0052 0.0058 0.0045 0.0047 0.0055 0.0060
35 0.0060 0.0058 0.0056 0.0065 0.0070 0.0081 0.0084
40 0.0063 0.0064 0.0071 0.0070 0.0078 0.0092 0.011 0.0099
45 0.0079 0.0068 0.0066 0.0083 0.0088 0.011 0.011 0.012 0.016
50 0.0096 0.011 0.0086 0.0089 0.011 0.011 0.015 0.018 0.017 0.018
60 0.013 0.012 0.011 0.014 0.017 0.019 0.022 0.022 0.024 0.024
65 0.015 0.015 0.015 0.016 0.019 0.022 0.023 0.023 0.024 0.026
70 0.019 0.017 0.017 0.021 0.021 0.022 0.023 0.024 0.025 0.033
75 0.023 0.023 0.021 0.023 0.024 0.024 0.025 0.028 0.031 0.035
80 0.028 0.026 0.024 0.025 0.025 0.026 0.030 0.032 0.036 0.041
85 0.032 0.029 0.028 0.027 0.030 0.031 0.032 0.035 0.040 0.043
90 0.033 0.031 0.028 0.030 0.031 0.032 0.035 0.041 0.045 0.049
95 0.037 0.034 0.031 0.034 0.036 0.037 0.041 0.047 0.050 0.054
100 0.040 0.036 0.036 0.037 0.038 0.044 0.048 0.053 0.059 0.062
105 0.045 0.040 0.042 0.043 0.047 0.052 0.055 0.065 0.068 0.072
110 0.051 0.044 0.050 0.053 0.054 0.057 0.062 0.076 0.081 0.085
115 0.055 0.050 0.060 0.065 0.064 0.069 0.074 0.083 0.089 0.105
120 0.067 0.060 0.071 0.075 0.077 0.083 0.085 0.093 0.12 0.145
125 0.075 0.071 0.086 0.084 0.089 0.097 0.109 0.12 0.17 0.198
130 0.085 0.088 0.10 0.10 0.11 0.13 0.14 0.16 0.20 0.317
135 0.11 0.11 0.13 0.15 0.16 0.16 0.19 0.23 0.31 0.436
140 0.14 0.13 0.18 0.19 0.21 0.23 0.26 0.30 0.50 ≥ 1
145 0.18 0.18 0.25 0.26 0.28 0.33 0.42 0.59 ≥ 1 ≥ 1
150 0.25 0.26 0.35 0.37 0.42 0.51 0.69 ≥ 1 ≥ 1 ≥ 1

55 60 65 70 75 80 85 90 95 100

55 0.021
60 0.025 0.028
65 0.030 0.033 0.036
70 0.033 0.039 0.039 0.042
75 0.038 0.040 0.044 0.048 0.049
80 0.043 0.049 0.047 0.051 0.057 0.064
85 0.048 0.050 0.055 0.061 0.071 0.075 0.097
90 0.053 0.059 0.065 0.077 0.080 0.10 0.14 0.21
95 0.059 0.067 0.076 0.080 0.10 0.14 0.21 0.38 0.70
100 0.069 0.077 0.086 0.11 0.15 0.21 0.39 0.71 ≥ 1 ≥ 1
105 0.083 0.096 0.11 0.15 0.22 0.39 0.73 ≥ 1 ≥ 1 ≥ 1
110 0.11 0.13 0.16 0.21 0.39 0.76 ≥ 1 ≥ 1 ≥ 1 ≥ 1
115 0.14 0.20 0.27 0.36 0.79 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
120 0.19 0.28 0.49 0.83 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
125 0.26 0.53 0.65 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
130 0.46 0.85 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
135 0.89 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
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Table 20. The 95% CL upper bound, S95, obtained for the normalised cross-section (see text) of
the pair production cascade process e+e−→ (H2→H1H1)H1→ (bb̄bb̄)bb̄, as a function of the Higgs
boson masses mH1 and mH2 . The numbers correspond to the contours shown in Fig. 6a

mH2(GeV/c
2) mH1(GeV/c

2)

10 15 20 25 30 35 40 45 50 55 60

20 ≥ 1
25 0.096
30 0.11 0.17
35 0.13 0.075
40 0.028 0.034 0.19
45 0.15 0.047 0.034
50 0.063 0.063 0.029 0.039
55 0.074 0.087 0.042 0.055
60 0.11 0.12 0.099 0.086 0.12
65 0.25 0.17 0.13 0.14 0.13
70 ≥ 1 0.15 0.14 0.13 0.12 0.13
75 0.72 0.17 0.16 0.14 0.13 0.13
80 0.99 0.18 0.14 0.11 0.11 0.12 0.13
85 ≥ 1 0.19 0.15 0.13 0.14 0.14 0.16
90 ≥ 1 0.19 0.15 0.15 0.15 0.16 0.15 0.17
95 ≥ 1 0.20 0.17 0.17 0.16 0.15 0.17 0.20
100 ≥ 1 0.22 0.20 0.19 0.18 0.18 0.20 0.23 0.30
105 ≥ 1 0.26 0.22 0.21 0.23 0.24 0.27 0.32 0.38
110 ≥ 1 0.30 0.26 0.27 0.28 0.31 0.36 0.40 0.43 0.55
115 ≥ 1 0.35 0.32 0.33 0.33 0.38 0.43 0.47 0.54 0.70
120 ≥ 1 0.43 0.39 0.39 0.42 0.46 0.50 0.58 0.71 0.93 ≥ 1
125 ≥ 1 0.53 0.49 0.48 0.51 0.56 0.63 0.77 0.99 ≥ 1 ≥ 1
130 ≥ 1 0.66 0.59 0.62 0.64 0.72 0.86 ≥ 1 ≥ 1 ≥ 1 ≥ 1
135 ≥ 1 0.82 0.66 0.75 0.84 0.98 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
140 ≥ 1 ≥ 1 0.90 0.96 0.98 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1

Table 21. The 95% CL upper bound, S95, obtained for the
normalised cross-section (see text) of the pair production cas-
cade process e+e−→ (H2→H1H1)H1→ (τ

+τ−τ+τ−)τ+τ−,
as a function of the Higgs boson masses mH1 and mH2 . The
numbers correspond to the contours shown in Fig. 6b

mH2(GeV/c
2) mH1(GeV/c

2)

5 10 15 20

10 0.0006
15 0.0016
20 0.0017 0.011
25 0.0018 0.0019
30 0.0021 0.0021 0.013
35 0.0024 0.0025 0.017
40 0.0009 0.0016 ≥ 1 ≥ 1
45 0.0010 0.0019 ≥ 1 ≥ 1
50 0.0013 0.0023 ≥ 1 ≥ 1
55 0.0017 0.0029 ≥ 1 ≥ 1
60 0.0024 0.0043 ≥ 1 ≥ 1
65 0.0058 0.014 ≥ 1 ≥ 1

ing from the Higgsstrahlung processes e+e−→H1Z and
e+e− → (H2 →H1H1)Z; Tables 18 to 21 refer to those
arising from the pair production processes e+e−→H2H1
and e+e−→ (H2→H1H1)H1. The corresponding figures,
showing the same results, are mentioned in the table
captions.
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