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Abstract

Searches for HZ production with the Higgs boson decaying into an invisible final state have been performed with the data
collected by the DELPHI experiment up to the centre-of-mass energy of 183 GeV. The hadronic and muon pair final states
of the Z boson were analysed. From the absence of signal, upper limits on the cross-section and the corresponding Higgs
boson mass limits were set at 95% confidence level. The results are interpreted as excluded parameter regions in the
framework of the minimal supersymmetric standard model and in the simplest Majoron model with one Higgs doublet and
one Higgs singlet field. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

This paper presents a search for the production of
efe” —» HZ withZ —» qgor u"u~ and the
Higgs boson decaying into stable non-interacting
particles rendering it invisible (see Fig. 1). The
search was carried out with the data accumulated by
DELPHI at s = 183GeV. The DELPHI analyses at
Vs = 161-172 GeV [1] have been taken into ac-
count in deriving the results. The other LEP experi-
ments have also performed searches in this channel
[2].

The process being studied is possible in the Mini-
mal Supersymmetric Model (MSSM) [3] when Higgs
decaying into neutralinos ¥ are open and R-parity
is conserved, i.e. the lightest supersymmetric particle
(LSP) is x{ which is stable and invisible. Detailed
information about these decay modes can be found
in [4]. Invisible Higgs boson decay modes can be
envisaged in other supersymmetric [5] and non-su-
persymmetric extensions of the Standard Model
(SM). The Majoron-type models [7,8] are taken here
as a specific example. The characteristic feature of
these models is the presence of complex SU(2) X
U(D) singlet scalar fields. The spontaneous breaking
of the global U(1) lepton number symmetry leads to
the occurrence of a Goldstone boson, the Majoron J,

1 On leave of absence from IHEP Serpukhov.
2 Now at University of Florida

which couples only to right-handed neutrinos and
which may have large couplings to the Higgs bosons.
The singlet field can generate mass terms for neutri-
nos.

The DELPHI detector and its performance are
described in detail in [9,10]. Analyses of hadronic
and muon pair channels are described in Sections 2
and 3, respectively. The results are interpreted in
Section 4.

2. Hadronic channel

At s = 183GeV, the cross-section for the HZ
production varies from 1.0 pb for m, = 60 GeV /c?
to 0.21 pb for m, =90 GeV /c?, and 70% of the Z
decays into hadronic final states. The signature of an
invisible Higgs boson decay is a pair of acoplanar
and acollinear jets with a mass compatible with the Z
mass, and a missing energy and momentum of the
invisible decay.

The data sample corresponds to an integrated
luminosity of 50.6 pb~! which satisfies the detector
quality status criteria applied in this analysis. The
background process e*e”— ff(ny) and processes
leading to four-fermion final states (Z/y)*(Z/v)",
W* *W~™ *, Wey, and Ze"e~ were simulated using
the Monte Carlo generator PYTHI A [11], whilst the
TWOGAM program [12] was used to describe the
two-photon interactions. The simulated signal sam-
ples were prepared with the HZHA program [13]. For
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Fig. 1. Feynman graph describing the signal process, in which the
Higgs particle decays into two lightest supersymmetric particles or
two Majorons.

this analysis, samples of Higgs boson masses be-
tween 60 and 90 GeV /c? in 5 GeV /c? steps were
used. Both signal and background events were pro-
cessed through the full DELPHI detector simulation
and reconstruction programme.

2.1. Particle and event selection procedure

Event variables were computed using recon-
structed particles that satisfy the following criteria.
Charged particles were defined as reconstructed
tracks with momenta above 100MeV /c, extrapolat-
ing to within 4 cm from the primary vertex in R¢
and within 10 cm in z Neutra particles were de-
fined either as calorimeter showers without associ-
ated tracks or as interaction or decay vertices in the
tracking volume (e.g. converted photons and V parti-
cles). The low-energy thresholds depended on the
type of particle with the minimum at 100 MeV.

The event topology of the signal channel resem-
bles the Hvwr channdl analysed in [17], therefore
similar event variables were used, except that no
beauty flavour signature was required. The main
kinematic variables are the estimated energy of a
photon radiated in the beam direction E, (normalized
to the expected energy of a photon recoiling against
a real Z), the total visible energy E,, the thrust
value in the rest system T, and the scaled acopla-
narity 1094 0,p- N Order to enhance the discrimina-
tion against W*W~ events, the missing transverse
momentum P, the acollinearity, the largest trans-
verse momentum between any particle and a jet, and
the smallest jet mass of the event were used. For the
last two variables, the particles were clustered in jets
with the LUCLUS [11] routine, with the default scaled

invariant mass parameter y;, = m2,;,/Ez< = 0.05.
Acollinearity and acoplanarlty were defined as 180
degrees minus the angle between the two main jet
directions in space, and in the plane transverse to the
beam, respectively. The acoplanarity was then multi-
plied by the sine of the polar angle of the jet closest
to the beam (scaled acoplanarity).

The iterated nonlinear discriminant analysis pro-
gram (IDA) [14] was applied to calculate a second-
order polynomia of event variables, thirteen in total.
The polynomial specifies a surface which maximizes
the separation between signal and background in the
event variable space, and its values can be used as
weights for signal events.

2.2. Preselections

Preselections were defined in three steps A, B and
C. The agreement between the data and the simula-
tion was checked at each step.
A: To select multihadronic annihilation events, the
following criteria were applied
the number of charged particles should be at
least nine;

- one or more tracks should extrapolate back to
within 200 um of the event vertex, in the
plane transverse to the beam axis. The event
vertex was cal culated using good quality tracks
with the additional constraint of beam spot
determined by the beam position monitors and
the event vertices of proximate events;

- the total energy carried by charged particles
should be greater than 0.1 E_,, and the visi-
ble mass should exceed 50 GeV /c?.

B: Photon hermeticity
A veto algorithm based on the hermeticity counter
signals was applied in order to reject events with

Table 1

Haq channel: minimum and maximum permitted values in prese-
lection C. M, is the visible mass, P, is the momentum of the
most isolated particle, other variables are explained in the text

Variable Min Max

Pr - 60 GeV /¢
Myis - 103 GeV / ¢?
Acollinearity 10° 85°

Pisol - 42GeV /cC
10910 Oacop 0.6 -

T 0.83 -
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Table 2
Hqg channel: data and simulated background rates after different steps of the anaysis
Selection Data Total MC WHTW- Weu, qdy zz* Zete vy + Bhabha
step A 6246 6156 +21 691.8 + 0.6 177+ 0.1 4918+ 1 46.1+0.2 36.7+ 0.9 450 + 20
step B 5974 5879 +21 6424+ 14 16.8 + 0.1 4725+ 3 441+ 04 345+1.0 420 + 20
step C 244 222 +5 611+ 14 11.2+0.2 1225+ 1.2 36+02 10+03 23+5
1st IDA 35 40 +1 220+ 0.9 70+0.2 81+03 25+02 0.0 0.0
final 13 105+ 05 51+04 27+01 14+01 14+01 0.0 0.0

an on-shell Z and missed or poorly reconstructed
photons at large polar angles. These scintillator
counters are installed at polar angles of 90 de-
grees (the connection between two detector
hemispheres) and 40 degrees (the gap between
the barrel and forward electromagnetic calorime-
ters) where a photon can escape undetected. The

rate of hadronic events of this type is about 1.5

pb. In the fina selection, the algorithm reduces

the residual background of 3.5+ 0.2 events of
this kind to 0.8 & 0.1 events, with a relative loss
of 6% in the signal efficiencies.

C: Signal region preselection

A loose selection based on the most discriminant

variables was applied to define the signal region.

The ratio of expected signal and background is of

the order of 0.05 after this step. The requirements

are listed in Table 1.

The agreement between the data and the smula-
tion rates after each preselection step is shown in
Table 2; the corresponding signal efficiencies are
shown in Table 3. The data and simulation rates
agree within about 5% after steps A and B. The
distributions of several event variables are shown for

Table 3
Hqg channel: signal efficiencies after different steps of the analy-
sis

Selection  Efficiency [%] for different my, (GeV /c?)
60 65 70 75 80 85 90

step A 949 936 939 933 926 931 909
step B 885 875 864 857 848 863 841
step C 704 706 709 686 666 674 529
1st IDA 569 610 613 630 610 620 479
final 244 305 359 403 433 442 277
+ (stat.) 14 15 15 16 16 16 14
+(syst) 24 31 36 40 43 44 28

step Cin Fig. 2. The observed and expected rates are
within 1.5 o of each other after step C. The system-
atic uncertainties quoted in the final hadronic selec-
tion will be described in Section 2.4.

2.3. Discriminant functions and mass reconstruction

The simulated events passing preselection C were
used for calculating the first IDA function which has

DELPHI

events
o
=
—

events

a) DATA : 244 events +

MC : 2223 events

0.85 0.9 0.95 1

Thrust
0 +
0.5 1 1s 0 20 40 60 . 80
log, ,(acoplanarity) acollinearity (degree)

Fig. 2. A comparison of data (dots) and simulated background for
the six variables, defined in the text, in the Hqg channel after
presclection C. The thin histogram line is the sum of qgy
(hatched), 4-fermion background (double hatched), yy and a
small contribution from Bhabha processes. The thick line is the
expected signal distribution for an 80 GeV /c? Higgs boson with
arbitrary scale.
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the distribution shown in Fig. 3a. At this stage an
unbiased comparison of the data and simulation can
be made only in the range of the weight variable
where the possible signal contribution is negligible.
A good agreement between the data and the simu-
lated background is observed. As input for the sec-
ond iteration a cut was applied keeping 90% of the
signal. The distribution of the weight after the sec-
ond iteration is shown in Fig. 3b. The weight distri-
butions as well as the signal and background esti-
mates are obtained from simulation samples that are
statisticaly independent from the samples used in
computing the IDA functions.

The invariant mass of the invisible system, the
recoil mass, was determined by requiring energy and
momentum conservation and by constraining the in-

DELPHI

DATA : 244 events

events
[
N

50 MC : 222.3 events

30
20

10 -

X \ S U TINNANK .
2 -15 -1 05 0 05
Weight output after IDA1

141D)  pata : 35 evens

events

12 + MC : 39.6 events

Weight output after IDA2

Fig. 3. The weight from the first (a) and second (b) step of the
iterative discriminant analysis (IDA) for the Hqg channel. The
applied cuts are shown as vertical lines. The thick line is the
expected signal distribution for an 80 GeV /c? Higgs boson,
normalized to the luminosity, scaled up by factors of ten and two
in (@ and (b), respectively. The dots represent the data and the
background is defined as in Fig. 2.

variant mass of the visible system to the Z mass. The
recoil mass is thus expressed as:

]

M M

Mo = ( Ecms — _ _

VIS VIS
where p is the missing momentum. The distributions
of the second weight function versus the recoil mass
are shown in Fig. 4a for the data and in Fig. 4b for
the expected background. The data are in agreement
with the prediction from background simulation and
no structure is observed in the recoil mass distribu-
tion, shown in Fig. 4c.

The minimum value required for the second IDA
weight function, the working point, was chosen by
optimizing the expected exclusion limit (see Section
4). The best expected limit was obtained for the
working point shown by the dashed and thick lines
in Figs. 3b and 4ab, respectively. The distributions
of the recoil mass in Fig. 4c are projected for the
events above the working point. The efficiencies and
expected number of background events are summa-
rized in Tables 2 and 3, together with the observed
data.

2.4. Results from hadronic channel

The selected data sample consists of 13 events,
with an expected background of 10.5 + 0.5(stat.) +
2.0(syst.). The largest background component in the
final selection consists of W*W ™ pairs with one W
boson decaying into hadrons and the other one into
Tv with alarge amount of energy escaping in neutri-
nos.

The systematic uncertainties in the background
are expected to be dominated by the imprecision of
the detector simulation in reproducing tails of event
variable distributions. These effects were studied by
smearing the distributions of reconstructed particle
multiplicities in the simulation. The amount of parti-
cle level smearing was specified by the small devia-
tions observed between the data and simulation in a
high statistics sample of hadronic Z events (s = m,)
collected in the same experimental conditions. These
smearings were applied in particle classes of differ-
ent type, momentum, and polar angle. A background
uncertainty of 20% was estimated in the working
point selection. Other sources of systematics are
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The thick line is the expected signal distribution for an 80 GeV /c? Higgs boson, normalized to the luminosity and added on top of the

background. The dots represent the data and the background is defined as in Fig. 2.

negligible with respect to this value. The systematic
uncertainties in the efficiencies were checked using a
signa-like event sample of hadron jet topologies
which were tagged by the presence of isolated parti-
cles (Ieptons from W W™ decays or isolated pho-
tons in qq(ny) events). The event variables were
computed using the hadronic systems recoiling
against the tag particles and were passed through the
selection. The agreement between the data and simu-
lation limits the uncertainties in the signal efficien-
ciesto + 10% relative.

3. Muon channel
The Hu't u represents 3.4% of the HZ final

states. The experimental signature of the HZ(Z —
u ") final states is a pair of acoplanar and

acollinear muons, with an invariant mass compatible
with the expectation from Z — u* u~decays. The
signal and background simulations were made with
the same programs as for the hadronic channel. The
analysed data sample corresponds to an integrated
luminosity of 53.9 pb~1.

3.1. Particle and event selection

Charged particles were selected with similar crite-
ria as those in the hadronic channel. Tracks with
momenta above 120% of the beam momentum or
with large momentum errors (Sp/p greater than
100%) were rejected. Neutra particles were selected
if their energy in the calorimeters was above 100
MeV.

Events were required to have no more than five
charged particles. The two fastest particles were
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taken as lepton candidates and had to have opposite
charges and momenta greater than 10 GeV /c. Other
charged particles had to have momenta below 5
GeV /c. Thisrecovered HZ(Z —» u* u™) eventswith
two muons accompanied by an electron pair coming
from the conversion of a fina state photon. Cosmic
ray events were rejected by requiring an acollinearity
of the two lepton candidates greater than 1°. At least
one hit in the vertex detector associated with the
fastest charged particle was aso required in order to
reduce triggers caused by cosmic rays. In addition,
the energy of charged particles had to be greater than
0.25Ys. At this level, 97.0% of the Bhabha events
and 99.8% of the yy events were rejected.

Muon identification was performed for the two
fastest particles in the event to reduce Bhabha and
4-fermions background further. The identification
was provided primarily by the algorithm described in
[10] which relies on the association of charged parti-
cle tracks to signals in the barrel and forward muon
chambers. The same agorithm has been extended to
the surrounding muon chambers. The longitudinal
profile of the energy deposition in the hadron
calorimeter was also considered, including the cath-
ode read-out information, in order to improve the
identification efficiency. The performance of the
muon identification at Vs = 183 GeV was cross-
checked using simulated Z - u*u~(y) and Z —
77 (y) events. After the muon identification, the
dominant background comes from w*u (y) and
vy — utu~ processes. No Bhabha events survive.

Two thirds of the remaining two-photon processes
are suppressed by sdlecting a momentum of the
faster muon greater than 41 GeV /c, and lower than
74 GeV /c. Then, the visible mass of the event was

Table 4

required to lie between 79 GeV /c? and 96 GeV /c?.
At this level of selection, the dominant background
consists of u*u”y events with a photon radiated
along the beam pipe. The two-fermion and two-pho-
ton backgrounds were suppressed after reecting
events with an acoplanarity of the muon pair with
respect to the beam axis below 1.45°. The acollinear-
ity of the muon pair must also be larger than 2.3° and
below 62°. The sum of the momenta in the plane
transverse to the beam axis was required to be
greater than 31 GeV /c. The missing momentum had
to be greater than 12 GeV /c and below 51.5 GeV /c,
and its direction had to deviate from the beam axis
by more than 4.5°.

The above requirements were obtained by a step-
wise optimization in which each cut value is varied
at a given efficiency in search of the minimum
background, iterating over the variables until a stable
selection is achieved. The optimization was per-
formed on half of the simulated samples and the
selection was then applied to the remaining half to
define unbiased efficiency and background estimates.
Higgs boson masses from 60 to 95 GeV /c? were
considered in the optimization. The working point,
i.e. the optima combination of efficiency and back-
ground, was determined by minimizing the expected
limit, see Section 4.

3.2. Results from muon channel

Table 4 details the effect of the selections on the
data and the simulated samples contributing to the
background. The agreement of the data with the
simulation was satisfactory after cosmic ray rejec-
tion. This can aso be seen in Fig. 5, which shows
the distributions of the acoplanarity and the

Hu*u~ channel: effect of the selections on data, simulated background, and simulated signal events at Vs = 183 GeV. Efficiencies are
given for an m,, = 80 GeV /c? simulation. The zero quantities have been cross-checked by ignoring the muon identification cut with no

new entries at the end

Selection Data Total wWHrw- zz* wtu (y) Zete vy Bhabha Hutu™
background ™ (y) Wer, (%)
anti-cosmics 3035 3091 + 13 52.1 257 337 109 630 2056 86.1
w identification 402 408 + 4 11.8 1.26 230 4.76 160 0 83.2
lepton momenta 143 143+ 3 9.50 0.94 101 2.45 29.7 0 80.4
dimuon mass 49 512+ 15 214 0.20 45.6 0.87 2.39 0 66.1
event shape 3 2.98 + 0.35 142 0.15 112 0 0.30 0 63.4
miss. momentum 2 174+ 0.25 124 0.15 0.35 0 0 0 63.2
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Fig. 5. Hu"™ w~ analysis: Distributions of the acoplanarity (&), (b) and of the acollinearity (c), (d) of the two muon candidates after the
rejection of cosmic ray events. Distributions of the momentum of the fastest muon (e), (f) and of the visible mass (g), (h) after muon
identification. The plots on the left show a comparison between /s = 183 GeV data (points) and simulated background events (solid line)
normalized to the experimental luminosity. The light grey area represents the contribution from the 4-fermion background, the dark grey the
contribution of Bhabha and 2-photon processes, and the white area the contribution of 11(y)(DY MU3 generator). The plots on the right show
the unnormalized expected distributions for a Higgs boson of 80 GeV /c?.

acollinearity of the two lepton candidates after the
cosmic ray rejection, the momentum of the fastest
muon, and the visible mass of the event after the
muon identification. At the end of the analysis, the
expected background comes mainly from W*W~,

and amounts to 1.74 + 0.25(stat.) + 0.59(syst.)
events. The signa efficiencies for different Higgs
boson masses are given in Table 5.

Two events were left in the data after the final
selection, compared to 1.74 expected from the simu-
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Table 5

Hu*u™ channg: efficiency of the selection at Vs =183 GeV as
a function of the mass of the Higgs boson. The uncertainties are
due to simulation statistics

my, (GeV /c?) Efficiency [%]
60 341+10
65 528+ 1.1
70 585+0.7
75 59.8+1.0
80 63.2+1.0
85 62.0+0.7
90 59.1+0.7
95 37.0+1.0

lation. In both events, the two muons are clearly
identified in the barrel muon chamber and by the
cathode readout of the hadron calorimeter. The kine-
matical variables of these events are shown in Table
6.

The systematic uncertainties on the number of
events expected for the signal and background were
estimated by smearing the selection criteria by
amounts corresponding to the differences between
the mean values of the data and simulation distribu-
tions of the event variables. In order to have further
sengitivity to generator level effects, the four-fermion
processes obtained with the PYTH A and EXCAL-
| BUR [16] generators were compared at each step of
the selection. A systematic uncertainty of +0.59
events in the expected background at the working
point was assigned, which includes effects from
efficiency uncertainties.

4. Interpretation

A confidence level method was used for optimiz-
ing the working points and deriving the limits. The

Table 6

confidence at which the signal hypothesis can be
rejected (CL,) was caculated with the technique of
modified frequentist likelihood ratio [15], using the
reconstructed recoil mass distributions as the event
statistic. In this procedure, working points of the two
non-overlapping channels Hgq and Hu* uw~ were
chosen by maximizing the expected limit. The ob-
served rates of events and their recoil mass distribu-
tions were then combined for cross-section and mass
limits at the 95% CL,. The DELPHI 161-172 GeV
results of event counting in the hadronic channel [1]
were included in the likelihood ratio. These data sets
correspond to an integrated luminosity of 19.7 pb~?.
One event was observed with an expected total
background of 2.2 events and with signal efficiencies
in the 14-25% range.

4.1. Cross-section limit

The observed and expected upper limits on the
cross-section for the process e"e™— Z(anything)-
H(invisible) were calculated as a function of the
Higgs mass. This model-independent result is shown
in Fig. 6a. From the comparison with the SM Higgs
boson cross-section and assuming a branching frac-
tion of the Higgs boson into invisible particles,
BR,,, = 100%, the expected and observed lower
mass limits are 80.9 GeV /c? and 76.1 GeV /c?,
respectively.

The invisible branching fraction can be assumed
to be a free parameter while keeping the relative SM
decay probabilities for the visible decays. In this
case, the searches for visible and invisible Higgs
bosons can be combined, and the excluded region in
the (BR;,, .My ) plane is determined assuming SM
production cross-sections. Using the DELPHI limits
on the visible cross-section [17] a lower mass limit

Hu* pu~ channel: the selected events. Columns p(u,) and p(u,) are the muon momenta. Columns p.;s and 6, ae the missing
momentum and polar angles of the missing momentum vectors, respectively. M,;(fit) and M, (fit) are the fitted invariant masses of the

visible and recoil systems, respectively

p( ) p( ) Acollinearity Acoplanarity Prnis Ormis M,;fit) Miss(fi)

GeV /c GeV /c ° ° GeV /c ° GeV /c? GeV /c?
event 1 57.2 41.2 44.1 64.1 39.8 70 90.0 £+ 2.7 749 + 43
event 2 64.2 32.2 10.4 159 32.7 88 914 + 2.7 79.7 £ 5.1
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Fig. 6. (8) The 95% CL upper limit on the cross-section of the process e* e~ — Z(anything) H(invisible) as a function of the Higgs boson
mass. The dashed-dotted line shows the Standard Model cross-section. (b) Limits on myas a function of the branching ratio into invisible
decays, assuming a (1 — BR) branching ratio into standard visible decay modes. (¢) Excluded area in the MSSM M, vs. u plane for
m, =m, and tanB = 1.65. (d) Limit on sin% as a function of the Higgs boson mass a 95% CL. S and H are the Higgs bosons in the
Majoron model with expected production rates for large tanB. In this case, the Higgs boson decays only invisibly.

of 76.1 GeV /c? is found, independent of the frac-
tion of invisible decays, as is apparent from Fig. 6b.
In computing these limits, the overlap between the
Standard Model Hvv and the invisible Higgs boson
hadronic selections have been resolved, by using
only one at the time: the invisible hadronic mode in

the region BR;,, > 50%, and Hvv in the region
BR;,, < 50%.
4.2. MSSM parameter space exclusion

In the MSSM the Higgs sector is extended to two
isodoublets of scalar fields. This leads to the exis-
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tence of five physical Higgs particles. two CP-even
bosons h and H, one CP-odd boson A, and two
charged Higgs particles H *. The h boson, being the
lightest of these five, may be accessible at LEP2
energies.

The MSSM parameters describing the branching
ratio of h into invisible states are tan 3, the ratio of
the Higgs field vacuum expectation values, the gaug-
ino mass parameter M,, assumed to be unified with
the mass term M,, and the Higgs mixing parameter
. In addition to the kinematical constraints, i.e. the
Higgs and neutralino masses, weak isospin conserva-
tion in the Higgs boson decay requires that the LSPs
are not pure Higgsino or gaugino states, and there-
fore the branching ratio into neutralinos is largest at
M, =| u|. For small tang, the decay of the lightest
Higgs boson into a pair of LSPs is favoured, leading
to invisible final states. In fact, it turns out that
whenever the parameters allow an invisible decay,
the branching ratio is likely to be near 100%. The
MSSM h boson production cross-section is propor-
tional to the SM Higgs boson cross-section with a
ratio sin?( 8 — a). The mixing parameter « is de-
fined by m,, m, and tang.

The program HDECAY [18] was used to caculate
the branching ratio for the lightest Higgs boson into
LSPs. Assuming tanB = 1.65 and m, =m, a scan
can be made over the two remaining parameters M,
and w. A point in the MSSM parameter space is
excluded if it satisfies the requirement

o(h—inv) = ogy(hZ) - sin’( B— «a)

-BR(h—inv) > o (limit) .

The 95% CL excluded region, with the specified
parameter values, is shown in Fig. 6¢. The parameter
region overlaps the exclusion region from direct
searches for charginos and neutralinos [6].

4.3. Majoron model

The cross-section limits can be used to set a limit
on the Higgs bosons in a Majoron model with one
Higgs boson doublet ¢ and one singlet n [7,8].

Mixing the real parts of ¢ and n leads to two
massive Higgs bosons:

H = ¢g Cc0sO — g sing,

S= ¢y SN6 + my CcosH,

where 6 is the mixing angle. The imaginary part of
the singlet field is identified as the Majoron which
decouples from the fermion and gauge sector but
might have large couplings to the Higgs bosons. The
free parameters of this model are the masses of the
two Higgs bosons (H and S), the mixing angle 6,
and the ratio of the vacuum expectation values of the
¢ and 7 fields (tanB = v, /v,).

The production rates of the H and S are reduced
with respect to the SM Higgs boson by factors of
cos? and sin’d respectively. The decay widths of
the H and S into the heaviest possible fermion-anti-
fermion pair are reduced by the same factor and their
decay widths into a Majoron pair are proportional to
the complementary factors (cos?d for S and sin®9 for
H). We concentrate on the case where the invisible
Higgs boson decay mode is dominant (tang large).
The excluded region in the mixing angle versus
Higgs boson mass plane is shown in Fig. 6d.

5. Conclusion

In a data sample of 54 pb~lcollected by the
DELPHI detector at centre-of-mass energies of Vs =
183GeV two Hu*u~ candidates were found with
an expected background of 1.7 + 0.2(stat.) +
0.2(syst.) events, and 13 Hqg events were selected
with an expected background of 10.5 + 0.5(stat.) +
2(syst.) events.

Combining these analyses and the earlier DELPHI
LEP2 results, the mass limit for Higgs bosonsis 76.1
GeV /c¢? with a Standard Model cross-section. This
limit is valid for an arbitrary fraction of invisible
Higgs boson decays. In the Maoron model with one
doublet and one singlet, a large region in the Higgs
boson mass versus the mixing angle plane is ex-
cluded beyond the reach of LEP1.
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