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Abstract. Searches for the neutral Higgs bosons h® and A° are used to obtain limits on the Type II Two
Higgs Doublet Model (2HDM(II)) with no CP-violation in the Higgs sector and no additional particles
besides the five Higgs bosons. The analysis combines approximately 170 pb~! of data collected with the
OPAL detector at /s = 189 GeV with previous runs at /s & mz and /s ~ 183 GeV. The searches are
sensitive to the h®, A® — ¢, gg, 777~ and h® — A°A° decay modes of the Higgs bosons. For the first
time, the 2HDM(II) parameter space is explored in a detailed scan, and new flavour independent analyses
are applied to examine regions in which the neutral Higgs bosons decay predominantly into light quarks

or gluons. Model-independent limits are also given.

1 Introduction

In this study approximately 170 pb~' of the data! col-
lected by the OPAL detector at LEP at 189 GeV centre-

# and at TRIUMF, Vancouver, Canada V6T 2A3
b and Royal Society University Research Fellow
and Institute of Nuclear Research, Debrecen, Hungary
and University of Mining and Metallurgy, Cracow
and Heisenberg Fellow
now at Yale University, Dept of Physics, New Haven, USA
& and Department of Experimental Physics, Lajos Kossuth
University, Debrecen, Hungary
" and MPI Miinchen
! now at MPI fiir Physik, 80805 Miinchen
J and Research Institute for Particle and Nuclear Physics, Bu-
dapest, Hungary
X now at University of Liverpool, Dept of Physics, Liverpool
L69 3BX, UK
''and University of California, Riverside, High Energy Physics
Group, CA 92521, USA
™ and CERN, EP Div, 1211 Geneva 23

! The searches presented here use subsets of the data sam-
ple for which the necessary detector components were fully
operational. At /s ~ 189 GeV approximately 188 pb~! were

c
d
e
f

of-mass energy are combined with 58 pb™! of data taken at
the Z° pole and 53 pb~ ! of data at /s = 183 GeV to search
for neutral Higgs bosons [1-3] in the framework of the
Type II Two Higgs Doublet Model with no CP—violation
in the Higgs sector and no additional particles besides
those arising from the Higgs mechanism (2HDM(II)) [4,
5]. A model-independent scheme, in which no assumption
is made on the structure of the Higgs sector, is also anal-
ysed.

In the minimal Standard Model (SM) the Higgs sec-
tor comprises only one complex Higgs doublet [1] result-
ing in one physical neutral Higgs scalar whose mass is a
free parameter of the theory. However, since there is no
experimental evidence for the Higgs boson, it is impor-
tant to study extended models containing more than one
physical Higgs boson in the spectrum. In particular, Two
Higgs Doublet Models (2HDMs) are attractive extensions
of the SM since they add new phenomena with the fewest
new parameters; they satisfy the constraints of p =~ 1 and
the absence of tree-level flavour changing neutral currents,
if the Higgs-fermion couplings are appropriately chosen.

collected and 170 pb™! analysed, varying by +2% from channel
to channel, depending on the detector components required
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In the context of 2HDMs the Higgs sector comprises five
physical Higgs bosons: two neutral CP-even scalars, h®
and H° (with my, < my), one CP-odd scalar, A°, and two
charged scalars, H*.

The most general CP—invariant Higgs potential, having
two complex Y = 1, SU(2);, doublet scalar fields ¢ and
@9, is given by [4-6]

V(¢1,02) = s1(¢]dr — ) + ko (g — v3)?
+rsl(@]d1 — o) + (6hd2 —v3)]°
+ral(6]61)(9h2) — (81¢2)(6h61)]
+h5[Re(d]d2) — viva]® + re[Im (g 62)]*, (1)

where the vacuum expectation values, v;, are non—negative

real parameters and the couplings, k;, are real parameters.
The physical masses at tree level are given by:

1
m%l,h D) {Mll + Moo £ \/(Mll — Ma2)? + 4M1,|(2)

m3 = ke(vi +v3), mise = ka(vd +03), (3)
where

Mll = 4(/@1 + :‘423)’()% + ,"65?]% (4)

Moy = 4(:“&2 =+ 53)’03 + :‘€5’U% (5)

Mz = (4ks + K5)v102. (6)

The Higgs mixing angle, «, is obtained from

. My — Mag
cos2a = ) (7)
\/(Mu — M22)2 + 4./\/1%2
sin 2 = 2Ma (8)

VM1 — Mas)2 + 4M3,

and the angle ( is defined as the ratio of the vacuum
expectation values, v; and vo, of the two scalar fields,
tanf = vg /vy, with 0 < g < 7/2.

At the centre-of-mass energies accessed by LEP, the h°
and A° bosons are expected to be produced predominantly
via two processes: the Higgs—strahlung process eTe™ —
h°Z% and the pair-production process ete”—h%A°%. The
cross-sections for these two processes, onz and opa, are
related at tree-level to the SM cross-sections by the fol-
lowing relations [6]:

ete”—hZ% : ouy = sin?(8 — ) Ulsfll\éla 9)
ete”—=h%A% : gup = cos?(f —a) A O—Is-ll\Z/Ia (10)

where O'IS{I\Z/I is the Higgs—strahlung cross-section for the

SM process ete™—HZ),Z°, and X = Aif/{)éf[ﬂm%/s—i—
Azn]} accounts for the suppression of the P-wave cross-sec-
tion near the threshold, with Ai; = (1 —m7 /s +m?/s)? —
4m?m§ /s? being the two—particle phase—space factor.
Within 2HDMs the choice of the couplings between
the Higgs bosons and the fermions determines the type
of the model considered. In the Type II model the first
Higgs doublet (¢1) couples only to down—type fermions
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and the second Higgs doublet (¢3) couples only to up—type
fermions. In the Type I model the quarks and leptons do
not couple to the first Higgs doublet (¢1), but couple to
the second Higgs doublet (¢2). The Higgs sector in the
minimal supersymmetric extension of the SM [6,7] is a
Type II 2HDM, in which the introduction of supersym-
metry adds new particles and constrains the parameter
space of the model.

In a 2HDM the production cross-sections and Higgs
boson decay branching ratios are predicted for a given
set of model parameters. The coefficients sin(3 — a) and
cos?( — a) which appear in (9) and (10) determine the
production cross-sections. The decay branching ratios to
the various final states are also determined by « and (.
In the 2HDM(II) the tree-level couplings of the h® and A°
bosons to the up— and down—-type quarks relative to the
canonical SM values are [6]

_ cosa — sin o
hOcc : hobb : —

" sing3’ cos 3

, A%z :cotB, A%bDb:tanp,

(1)
indicating the need for a scan over the range of both an-
gles when considering the different production cross-sec-
tion mechanisms and final state topologies.

In the analysis described in this paper, detailed scans
over broad ranges of these parameters are performed. Each
of the scanned points is considered as an independent sce-
nario within the 2HDM(II), and results are provided for
each point in the (my, ma, tanf, «) space. The final-state
topologies of the processes (9) and (10) are determined by
the decays of the Z°, h® and A° bosons. Higgs bosons cou-
ple to fermions with a strength proportional to the fermion
mass, favouring the decays into pairs of b—quarks and tau
leptons at LEP energies. However, with values of o and
tang close to zero the decays into up—type light quarks and
gluons through quark loops become dominant, motivating
the development of new flavour independent analyses.

Section 2 contains a short description of the OPAL de-
tector and the Monte Carlo simulations used. The data
samples and the final topologies studied are discussed in
Sect. 3. The new flavour independent searches for ete™—
h%Z° and ete™—h0AC are covered in Sects.4 and 5, re-
spectively. The model-independent and 2HDM interpre-
tations of the searches are presented in Sects. 6 and 7, re-
spectively. In Sect. 8 the results are summarised and con-
clusions are drawn.

2 OPAL detector and Monte Carlo samples

The OPAL detector [8] has nearly complete solid angle
coverage and excellent hermeticity. The innermost detec-
tor of the central tracking is a high-resolution silicon mi-
crostrip vertex detector [9] which lies immediately out-
side of the beam pipe. Its coverage in polar angle? is

2 OPAL uses a right-handed coordinate system where the +z
direction is along the electron beam and where +x points to
the centre of the LEP ring. The polar angle, 0, is defined with
respect to the 4z direction and the azimuthal angle, ¢, with
respect to the horizontal, +z direction
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|cos@| < 0.9. The silicon microvertex detector is sur-
rounded by a high precision vertex drift chamber, a large
volume jet chamber, and z—chambers to measure the z co-
ordinates of tracks, all in a uniform 0.435 T axial magnetic
field. The lead-glass electromagnetic calorimeter and the
presampler are located outside the magnet coil. It pro-
vides, in combination with the forward calorimeter, the
gamma catcher, the MIP plug, and the silicon-tungsten lu-
minometer [10], geometrical acceptance down to 25 mrad
from the beam direction. The silicon-tungsten luminome-
ter serves to measure the integrated luminosity using small
angle Bhabha scattering events [11]. The magnet return
yoke is instrumented with streamer tubes and thin gap
chambers for hadron calorimetry and is surrounded by
several layers of muon chambers.

Events are reconstructed from charged particle tracks
and energy deposits (“clusters”) in the electromagnetic
and hadron calorimeters. The tracks and clusters must
pass a set of quality requirements similar to those used
in previous OPAL Higgs boson searches [12]. In calculat-

ing the total visible energies and momenta, F.;s and ]3\,15,
of events and individual jets [13], corrections are applied
to prevent the double counting of energy of tracks with
associated clusters [14].

A variety of Monte Carlo samples has been gener-
ated in order to estimate the detection efficiencies for
Higgs boson production and background from SM pro-
cesses. Higgs production is modelled with the HZHA gen-
erator [15] for a wide range of Higgs masses. The size of
these samples varies from 500 to 10,000 events. The back-
ground processes are simulated, typically with more than
50 times the statistics of the collected data, by the fol-
lowing event generators: PYTHIA [16] (qq(y)), gredf [17]
and for the study of the systematic errors EXCALIBUR
[18] (4-fermion processes); BHWIDE [19] (eTe™ (v)); KO-
RALZ [20] (uTpu~ () and 7777 (v)); PHOJET [21]; HER-
WIG [22], and Vermaseren [23] (hadronic and leptonic
two-photon processes (y7)). The hadronisation process is
simulated with JETSET [16] with parameters described in
[24]. The cluster fragmentation model in HERWIG is used
to study the uncertainties due to quark jet fragmentation.
For each Monte Carlo sample, the detector response to the
generated particles is simulated in full detail [25].

3 Data samples
and final state topologies studied

The present study relies on the data collected by OPAL
at /s & my, 183 and 189 GeV. The data collected at
the Z° pole provide useful information in 2HDM scenarios
where the Higgs bosons are light; these data have been
extensively analysed in previous OPAL publications [26—
28]. Higgs search results assuming SM decays from OPAL
can be found in [29] and [30] for /s ~ 183 and 189 GeV,
respectively. In addition, at /s ~ 189 GeV, new flavour
independent channels are analysed for the first time to
explore final state topologies in which no assumption is
made on the quark flavours arising from the Higgs bo-
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son decays. Detailed descriptions of the flavour indepen-
dent analyses are given in Sects. 4 and 5 for the processes
ete™—h"Z° and ete™—hYA°, respectively.

The channels studied in [29] and [30] using b-tagging,
together with those looking for 7—leptons, provide useful
information in regions of the 2HDM(II) parameter space
where the Higgs bosons are expected to decay predomi-
nantly into bb and 777~ pairs. At /s = 183 and 189 GeV,
for the process ete™—h"Z° the following final states are
considered: h°Z°—bbqq, bbvo, bbrT 7, 7777 qq, bbete™
and bbut . The 2HDM(II) process h%Z°—A°A%Z0, fol-
lowed by A°—bb, is included when kinematically allowed.
In addition, the 2HDM(II) associated production process,
ete™—=Ah followed by A°h®—bbbb, A°h®—bbrtr-
(or 777 bb) and h®A°—=AYA9A% —bbbbbb, is studied.

At /s = my the following final states are interpreted
in the framework of the 2HDM(II): h°Z°—qqvy, qqr 7,
7+77qq, qgete™ and qqutp, as well as A°h®—qqrtr—
(or 7777 qq), and h®A°—A®ACA®—bbbbbb, if h®—+AYA°
is kinematically allowed.

The luminosity, the number of candidate events, the
expected SM backgrounds, and the efficiencies for each
of these h°Z% and h°A° channels at 183 and 189 GeV
centre-of-mass energy are given in Tables 1 and 2, re-
spectively. The signal detection efficiencies for the process
h9Z%—AYA%Z0 can be found in [29,30]. The detection effi-
ciencies quoted in Tables 1 and 2 are given as an example
for specific values of my and m,. When scanning the pa-
rameter space the efficiency is calculated for each point
in the (my, ma) plane for each of the final states consid-
ered. In the tau channel two different final state topologies
are studied, in which h®—bb, Z°—7T7~ and h®—rtr—,
7Z9—qq, providing different efficiencies, as shown in Ta-
ble 1. The effect of the tau polarisation has also been
included. The dominant contributions to the systematic
errors on the signal and background efficiencies come from
the uncertainty related to b-tagging [29,30].

4 Flavour independent searches for
ete”—h9Z°

This section describes the searches for the ete™—h%Z°
process at /s= 189 GeV in the following final states:
hZ°—qqqq and ggqq (the four—jet channel), h°Z°—qqui
and ggri (the missing-energy channel), hZ%—qqrtr—
and gg7 7~ (the tau channel), h%Z%—qgete™ and ggete™
as well as h'Z°—qquTpu~ and ggutp~ (the electron and
muon channels). A new flavour independent selection has
been developed for the four—jet channel. The other chan-
nels follow closely the analyses described in [30] but do
not make use of b-tagging information.

4.1 The four—jet channel

The search in the four—jet channel is a test mass dependent
analysis using a binned maximum likelihood method. In
order to obtain high sensitivity over a wide range of Higgs
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Table 1. The h°Z° channels: the number of events for the data, the total expected
background normalised to the integrated luminosity of the data, and the detection effi-
ciency for a Higgs boson decaying only into bb or 7777, for typical masses close to the
kinematical limits of 85 and 95 GeV at /s = 183 and 189 GeV, respectively. Two sep-
arate efficiencies are shown in the tau channel for the two processes h®—bb, Z2°—7 7~
and h®—7777, Z°—qg. The first error is statistical and the second systematic

Channel h°Z°—  Luminosity [pb™'] Data Total bkg. Efficiency [%]

V5 = 183 GeV

bbqg 54.1 7 49402406  392+0.72+1.2
bbuvi 53.9 0 1.56 £ 0.134+0.18  47.940.4+0.2
bbrtr~ 41.7+£254+1.8
rad 53.7 1 1.34£0.140.2 349491 414
bbeTe™ 53.7 0 0.37+0.07+£02 68.9+08+0.9
bbutu~ 53.7 1 0.3+0.064+0.1  74.6+0.7+0.7
Vs =189 GeV
bbqg 172.1 24 19.9408+29  47.0+08+1.6
bbuvi 171.4 10 6.940.5+0.6 42.6£1.141.1
bbrtr~ 44.6 +1.84+2.0
rag 168.7 3 40405409 398415+ 21
bbeTe™ 172.1 3 264+02+0.5 66.3+1.14+1.3
bbut ™ 169.4 1 21401404 783+ 1.14+1.1

Table 2. The h®A° channels: the number of events for the data, the total expected
background normalised to the integrated luminosity of the data and the signal effi-
ciency for (mn, ma)=(70 GeV, 70 GeV) and (80 GeV, 80 GeV) in the h® A°—bbbb
and bbrT77 channels and for (mu, ma)=(60 GeV, 30 GeV) and (70 GeV, 20 GeV)
in the hA°—A°A°A° bbbbbb channel at /s= 183 and 189 GeV, respectively. The
first error is statistical and the second systematic
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Channel A°’h°—  Luminosity [pb~'] Data Total bke. Efficiency [%)]
V5 =183 GeV

bbbb 54.1 4 2924+02+0.5 50.3+0.7+2.0

bbrtr~ 53.7 3 1.50+0.1+0.2 447+1.6+1.8

bbbbbb 54.1 2 2.34+0.2+0.03 36.0+2.16+1.8
Vs = 189 GeV

bbbb 172.1 8 80+05+14 4844+0.7+£39

bbrtr~ 168.7 7 49+06+16 453+1.5+23

bbbbbb 172.1 5 87+1.0+25 454+22+43

boson masses, several likelihood analyses are performed.
Each of these is dedicated to test a specific Higgs mass hy-
pothesis. The test masses are chosen from my= 60 GeV
up to mp= 100 GeV in steps of 1 GeV, significantly less
than the expected mass resolution for the Higgs boson,
which is 2 to 3 GeV. Signal Monte Carlo events have been
generated and reconstructed for each of these test masses.
Each likelihood is defined by reference histograms made
from the background Monte Carlo samples and the signal
Monte Carlo events generated at the corresponding mass.
All data events are then subjected to each of the 41 result-
ing likelihood analyses, and those passing the selection are
counted as candidates for masses in a window of +0.5 GeV
centered on the respective test mass. A single event can

be a candidate at a variety of different test mass values,
and the candidates found in the data are not identical for
all mass hypotheses between 60 and 100 GeV.

Correct assignment of particles to jets plays an es-
sential role in separating one of the main backgrounds,
W+H+W~—qqqq, from the signal process, as well as in ac-
curately reconstructing the mass of Higgs bosons in sig-
nal events. The jet reconstruction method is explained in
[30]. The initial preselection, designed to retain only events
with four distinct jets, is unchanged with respect to the
four—jet channel in [30] and is independent of any mass
hypothesis.

The following selection criteria and the likelihood make
explicit use of the mass hypothesis:
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(1) A kinematic fit which is applied to test the ete™ —
h%Z° hypothesis imposes energy and momentum con-
servation. Additionally one of the dijet masses is con-
strained to myz within its natural width and the other
dijet mass is constrained to the tested mass of the
Higgs boson (ZH-Fit). This fit is applied to all six
possible jet associations and for at least one of these
combinations it is required to converge with a y2-
probability larger than 107°. The candidate mass is
later calculated using the jet association which yields
the highest y2-probability.

(2) To discriminate against W W™ background, the ratio
of the matrix element probability for Higgs—strahlung
[31] and the matrix element probability for WHW~—
production as implemented in EXCALIBUR [18] is re-
quired to be larger than 1.2 x 10~4. When calculating
the matrix element probability for Higgs—strahlung it
is necessary to assign the measured jets to the original
partons. Which jets belong to the decay products of
the Z° and which to the Higgs is determined by the
best y2-probability of the kinematic fit described in
criterion (1). As it remains unknown whether the Z°
decays into up—type or down—type quarks and which
jet belongs to the quark and which to the anti—quark,
the matrix element is averaged over all these combina-
tions. Also, the matrix element probability for W W~
production is averaged over all possible jet-parton as-
signments. For both matrix element probabilities the
four-vectors after a four—constraint (4C) fit, impos-
ing energy and momentum conservation, are used as
input.

The following six variables are combined with a binned
likelihood method [32], with one class for the signal and
two for the 4-fermion and the 2-fermion backgrounds:

(a) The logarithm of the ratio of the matrix elements for
Higgs—strahlung (MEzy) and for WTW ™ production
(MEww).
The logarithm of the matrix element probability for
the Higgs—strahlung process. In contrast to the kine-
matic fits, the matrix element also contains angular
information, which allows one to distinguish kinemat-
ically between eTe™—h°Z° and 7070™) production, if
my, is in the region of mz. While variable (a) mainly
discriminates against WTW™ events, variable (b)
helps to select events compatible with a signal hypoth-
esis. The correlations between (a) and (b) are small.
(c) The logarithm of the x?-probability of the ZH-Fit to
the Higgs—strahlung hypothesis of selection criterion
(1). Only the jet association that gives the highest fit
probability is considered.
The logarithm of the y2-probability resulting from a
kinematic fit (WW-Fit), which in addition to energy
and momentum conservation forces both dijet masses
to be equal to the mass of the W boson. Only the
jet association that gives the highest fit probability is
considered.
(e) The difference between the largest and the smallest
jet energies in the event.

(b)
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(f) The logarithm of an event weight, MEqcp, formed
[33] from the tree level matrix element for the process
ete”—qqqq, qqgg [34], to reduce QCD background.

In Fig. 1 the distributions of the likelihood input variables
are shown for the difficult case in which my~ mw.

The distributions of the final likelihood £"% are shown
in Fig. 2 for test masses of 75 and 95 GeV. Candidates for
signal production are required to have £" > 0.6 for all
test masses. In Table 3 the numbers of observed and ex-
pected events, together with the detection efficiencies for
a Higgs signal with a mass of 80 GeV, are given. Figure 3
compares the number of candidate events obtained after
the likelihood selections for the different test masses with
the expected background evaluated from Monte Carlo sim-
ulations. In the region of 75 GeV, the number of expected
background events rises to more than 200. This is due to
the presence of WHW ™~ events, where the mass of one of
the W bosons is constrained to the mass of the Z°, which
reduces the other dijet mass by a few GeV compared to
the nominal value. The candidate masses are calculated
from the momenta resulting from a 5C fit requiring en-
ergy and momentum conservation and forcing one of the
dijet masses to my. Figure 4 shows the efficiency as a func-
tion of the Higgs mass for decays to b—quark, c-quark and
gluon pairs separately as well as for a mixed sample ac-
cording to SM branching ratios. For my, between 80 and
95 GeV the efficiency reaches about 40 to 45% for quarks
and 35% for gluons. For small values of my, it drops to 25%
due to the relatively large amount of initial state radia-
tion that accompanies Higgs—strahlung when my, is con-
siderably lower than the kinematic limit, i.e. \/s—mz. For
the limit calculation, the efficiencies have been fitted to a
polynomial function of my, for each flavour separately, and
at each mass point the lowest fitted polynomial is used.
The signal selection efficiencies are affected by the un-
certainties given below, expressed in relative percentages
and shown as an example for a Higgs mass of 75 GeV. The
systematic errors have been evaluated as follows: for each
variable, the distributions obtained from the background
Monte Carlo samples have been compared to those in the
data. Then all Monte Carlo events (including the signal
samples) have been reweighted so that the mean values of
data and background distributions become the same and
so that the sum of all weights is equal to 1. The relative
deviations in the number of events which pass the selec-
tion obtained by reweighting according to the different
variables have been added in quadrature and amount to
5.5%. The same procedure has been applied to the kine-
matic likelihood variables, yielding an uncertainty of 2.0%.
The uncertainty on the error parameterisation of the jet
momenta used in the kinematic fits has been evaluated
by varying the energy and angular resolutions by +10%,
the energy scale by + 1% and the centre—of-mass energy
by £0.3 GeV, each time repeating all kinematic fits. This
leads to an uncertainty of 6.4%. Since the steps in the test
mass are chosen to be smaller than the expected mass res-
olution, the deviation in efficiency due to the interpolation
between test masses amounts only to 0.7%. The total sys-
tematic uncertainty on the signal selection efficiency has
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been calculated by adding the above sources in quadrature
yielding 8.7%. All of these error contributions have been
evaluated for masses of 60 and 90 GeV as well, leading to
total systematic uncertainties of 9.8% and 7.1%, respec-
tively. The Monte Carlo statistical error is about 2%.
The following uncertainties on the two major back-
ground sources are taken into account (the first num-
ber corresponds to the 4-fermion, the second number to
the qq(v) background, both for a test mass of 75 GeV):
the uncertainty from modelling of the preselection cuts is
evaluated as described above and amounts to 5.2%/4.5%.
For the likelihood wvariables this procedure leads to an
uncertainty of 1.2%/1.6%. Varying the error parameter-
isations, energy scale and centre—of-mass energy for the
kinematic fits yields an uncertainty of 3.0%/8.1%. Differ-

Fig. la—f. Input variables of the
four—jet channel likelihood selection for
mp= 80 GeV. The OPAL data are in-
dicated by dots with error bars (statis-
tical errors), the 4-fermion background
by lighter grey histograms, and the 2-
fermion background by darker grey his-
tograms. All MC distributions are nor-
malised to the integrated luminosity
of the data. The estimated contribu-
tion from an 80 GeV SM Higgs boson,
scaled up by a factor of 10, is shown
with a dashed line in each case

-1.5 -1
In(M EQCD)

-05

ent Monte Carlo generators have been used to evaluate the
background from 4-fermion events (EXCALIBUR instead
of gredf) and QCD events (HERWIG instead of PYTHIA)
resulting in an uncertainty of 2.2%/12.3%. The total sys-
tematic uncertainty on the residual background estimate
amounts to 10.3%. For test masses of 60 and 90 GeV the
total systematic uncertainties amount to 12.4% and 8.3%,

respectively. The largest Monte Carlo statistical error is
1.3%.

4.2 The missing—energy channel
This analysis is nearly identical to a previous one, of which

a detailed description can be found in [29], with the excep-
tion that the b—tagging is not applied. The preselection is
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Fig. 3. Number of events that pass the four—jet channel se-
lection at each test mass. The number of candidates found
in the data is indicated by dots with error bars (statistical er-
rors), and the darker and lighter grey histograms correspond to
the number of events expected from 2-fermion and 4-fermion
backgrounds, respectively. The expected contribution from a
Higgs boson with a mass equal to the test mass, assuming SM
cross—sections and branching ratios, is shown by the hatched
histogram. All MC distributions are normalised to the inte-
grated luminosity of the data. Each bin corresponds to a dif-
ferent analysis of the same data, leading to a strong correlation
between neighbouring bins

unchanged. The same kinematic variables used previously,
as well as the acollinearity angle and the total missing
transverse momentum, are combined using a likelihood
technique. In Fig. 5, the resulting signal likelihood distri-
bution is shown for the data, SM backgrounds, and an

at each test mass. The triangles, squares and crosses corre-
spond to independent samples where the Higgs boson decays
exclusively to b—quark, c—quark or gluon pairs, respectively.
For the limit calculation, efficiencies have been fitted to a poly-
nomial function of my, for each flavour separately, and at each
mass point the lowest fitted polynomial is used (black line)

example signal at my, = 80 GeV. The signal likelihood is
required to be larger than 0.4 for an event to be selected
as a Higgs candidate.

The reconstructed mass in selected events is evaluated
using a kinematic fit constraining the recoil mass to the
7Y mass. The numbers of observed and expected events?
are given in Table 3, together with the selection efficien-
cies for an 80 GeV Higgs. The selection efficiency has been

3 In the calculation of the efficiencies and backgrounds in
the missing—energy channel, a 2.5% relative reduction has been
applied to the Monte Carlo estimates in order to account for
accidental vetoes due to accelerator related backgrounds in the
forward detectors
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Fig. 5. Likelihood output of the missing energy channel se-
lection. The OPAL data are indicated by dots with error bars
(statistical errors), the 4-fermion background by the lighter
grey histogram, and the 2-fermion background by the darker
grey histogram. The estimated contribution from an 80 GeV
Higgs with SM cross—section and branching ratios is shown as
a hatched histogram. All MC distributions are normalised to
the integrated luminosity of the data

estimated from Monte Carlo samples generated separately
for b-quark, c—quark and gluon pairs. The efficiency is the
lowest and the width of the reconstructed Higgs mass is
the largest for c-quark pairs and therefore they are used in
the limit calculation. For an 80 GeV Higgs, the efficiency
is (51.04£1.7(stat.)£1.3(syst.))%. The efficiency has been
optimised for Higgs masses between 70 and 90 GeV. Out-
side this range, the efficiency decreases and reaches about
20% for masses of 60 and 100 GeV. For b—quarks, the effi-
ciency is about 5% (relative) higher throughout the whole
mass range. A total of 47 data events pass the selection,
while 44.5+1.4(stat.)£+3.0(syst.) events are expected from
SM background processes. The systematic error has been
evaluated as in [29], but b-tagging related errors have been
omitted.

4.3 The tau channel

The preselection, the tau lepton identification using an ar-
tificial neural network, and the two—tau likelihood, L.,
used in this channel are unchanged with respect to the
analysis described in [30]. Since b-tagging information is
not used, for the final selection the likelihood L(qgr*77)
[30] is used and required to exceed 0.8. Additionally, the
X2-probability of a kinematic fit, which constrains the
invariant mass of the two 7’s to my, should be larger
than 1072, since this analysis is designed to be sensi-
tive to hadronic Higgs boson decays and to Z'—77~.
In Fig. 6 the resulting likelihood distributions are shown
for the data, SM backgrounds, and an example signal at
my = 80 GeV. The numbers of observed and expected
events are given in Table 3, together with the selection
efficiencies for an 80 GeV Higgs. The signal detection
efficiency has been evaluated for b—quark, c—quark and
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Fig. 6. Likelihood output of the tau channel selection for
events satisfying the h°Z°—qgr™ 7~ kinematic hypothesis.
OPAL data are indicated by dots with error bars (statistical
errors), 4-fermion background by the lighter grey histogram,
and 2-fermion background by the darker grey histogram. The
contribution expected from an 80 GeV Higgs with SM cross—
section and branching ratios is shown as a hatched histogram.
All MC distributions are normalised to the integrated luminos-
ity of the data

gluon pairs separately and at each mass the lowest value
is taken for the limit calculation. For an 80 GeV Higgs
boson it amounts to (28.7 + 1.5(stat.)+ 2.7(syst.))% after
all the selection requirements. For lower and higher Higgs
masses, the efficiency drops to about 20% at my,= 50 GeV
and my= 100 GeV. Two events survive the likelihood cut,
which can be compared to the expected background of
3.4 £ 0.5(stat.) = 0.7(syst.). The systematic errors quoted
above for signal and background are evaluated with the
method described in [29], with the contributions from frag-
mentation and decay multiplicity of b—quarks omitted.

4.4 The electron and muon channels

The preselection cuts and kinematic likelihood K are iden-
tical to the analysis described in [29]. Because the present
analysis is intended to be independent of the flavour of
the Higgs decay products, no b—tagging is applied and K
is used as the final selection variable, which should exceed
0.3 for the electron and 0.65 for the muon channel. Fig-
ure 7 shows the distribution of K for the electron (a) and
the muon (b) channel.

The signal selection efficiency has been evaluated and
fitted for each flavour separately. For the limit calcula-
tion, the lowest of these efficiencies at each mass point
has been used. For an 80 GeV Higgs boson it amounts
to (55.4+1.6(stat.)+0.6(syst.))% for the electron channel,
and (59.3+1.5(stat.)£0.7(syst.))% for the muon channel.
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Fig. 7. a The electron and b the muon channel likelihood

distributions. The OPAL data are indicated by dots with er-
ror bars (statistical), the 4-fermion background by lighter grey
histograms, and the 2-fermion background by darker grey his-
tograms. The contributions expected from an 80 GeV Higgs
with SM cross—section and branching ratios are shown as
hatched histograms. All MC distributions are normalised to
the integrated luminosity of the data

In the electron channel, the efficiency lies between 50%
and 55% for all Higgs masses between 60 and 95 GeV,
and drops to 27% for a Higgs mass of 100 GeV. In the
muon channel, the efficiency is between 55% and 70% for
all Higgs masses under consideration.

The numbers of observed and expected events are
given in Table 3, together with the detection efficiency for
an 80 GeV SM Higgs boson. The selection retains 7 events
in the electron channel and 3 in the muon channel. The
total background expectation is 4.7£0.2(stat.)£1.4(syst.)
events in the electron channel and 4.74+0.1(stat.)+
0.9(syst.) events in the muon channel.

The systematic errors quoted above for signal and
background are evaluated with the method described in
[29]. The largest contribution to the systematic error on
the background expectation is due to differences between
various Monte Carlo generators.

4.5 Summary of the flavour independent searches
for ete~—h0Z°

The total numbers of candidates accepted after the pres-
election and the flavour independent likelihood cut, com-
pared to the expected SM backgrounds as well as the de-
tection efficiencies for a hadronically decaying Higgs bo-
son with a mass of 80 GeV, are summarised in Table 3,
together with the expected number of signal events in
the 2HDM(II) for the case of o = 0, tanf = 1.0 and
mp = 80 GeV. The total number of observed candidates
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for an 80 GeV Higgs boson is 246, while the background
expectation amounts to 231.3 & 4.4(stat.) = 18.0(syst.).

The mass distributions for candidates found in the
data as well as for the background expected from the SM
for all flavour independent channels are shown in Fig. 8a.
The same mass distributions without the four—jet channel
contribution are shown in Fig. 8b.

5 Flavour independent search
for ete~—hCA°

We have searched for the process ete™—h%A0 in the final
states qqqq, ggqq and gggg. The signal is characterised
by events with four well-separated jets with character-
istic invariant masses of the dijet pairs originating from
the h° and the A°. The dominant background is from the
process eTe” = WT W~ —qqqq. The second-largest contri-
bution comes from ete”—Z%/y—qq with multiple hard
gluon radiation producing a four—jet final state.

This search is designed to be sensitive over a large
portion of the (my, ma) plane, and the kinematic signa-
tures of signal events depend strongly on my, and my. For
this reason, a loose selection is performed first, retaining
four-jet hadronic events with partial rejection of WTW~
and Z°Z°% events. The main discrimination, however, is
achieved by constraining candidate events to the signal
mass hypothesis (my and ma), and using the logarithm
of the resulting x? as the discriminant variable in the limit
calculation instead of the reconstructed dijet masses. This
choice of variable also incorporates naturally the measure-
ment uncertainties on the reconstructed masses and sim-
plifies the interpolation of its shape as a function of my,
and ma.

5.1 Selection

Candidate events must first satisfy the requirements of a
preselection and then a loose selection based on a likeli-
hood variable which is built out of reference distributions
of reconstructed quantities for events passing the prese-
lection. The following criteria are applied ((1)—(4) prese-
lection, (5) selection):

(1) Each candidate event is required to be classified as
a hadronic final state [35] with an effective centre-of-
mass energy v/s' exceeding 150 GeV. The jet resolu-
tion parameter in the Durham scheme [13] y34 is re-
quired to be larger than 0.003 in order to select events
with four distinct jets.

(2) Each jet must have at least three tracks.

(3) The x? probability of a 4C fit, requiring energy and
momentum conservation, must be greater than 1075,
to ensure that the mass reconstructions used to isolate
the signal do not suffer from poor measurement or
energy loss from initial state radiation.

(4) A 6C kinematic fit is performed requiring energy and
momentum conservation and also that the invariant
masses of the dijet pairs are equal to mw. The 6C fit
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Table 3. The h°Z° channels for the flavour independent analysis: the numbers
of events selected in the data at /s = 189 GeV, expected background from SM
processes normalised to the data luminosity (given for each channel), the minimal
detection efficiencies for a Higgs boson with a mass of 80 GeV decaying to quark
or gluon pairs and the expected number of signal events within the 2HDM(II)
for the case of a = 0, tan = 1.0 and my = 80 GeV, after the preselection and
the flavour independent likelihood cut. In the case of the four—jet channel, after
preselection, the numbers of events are given for the selection with an 80 GeV

test mass
Cut Data Total bkg. qq(y) 4-fermion Efficiency [%] Signal
Four—jet Channel £ = 174.1 pb~!
Preselection 1568 1521 379 1142 87.4 31.8
(1) 696 649 117 532 65.3 23.8
(2) 648 600 116 484 64.1 23.3
Likelihood 187 174 28 146 35.4 12.9
Missing—energy Channel £ = 171.8 pb™!
Preselection 111 101 18 83 63.4 6.5
Likelihood 47 44.5 0.6 43.9 51.0 5.3
Tau Channel £ = 168.7 pb~ !
Preselection 185 156 55 101 49.1 0.8
Likelihood 2 3.4 0.1 3.3 28.7 0.5
Electron Channel £ = 172.1 pb~*
Preselection 152 153 84 69 77.8 1.4
Likelihood 7 4.7 0.1 4.5 55.4 1.0
Muon Channel £ = 169.4 pb~!
Preselection 22 22 14 8 78.8 1.3
Likelihood 3 4.7 0.0 4.7 59.3 1.0
OPAL
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Fig. 8a,b. Mass distributions for selected data events and SM background expectation a for all channels and b for all channels

except the four—jet channel. OPAL data are indicated by dots with error bars (statistical) while the background contributions
from the various channels are shown in different shades of grey. For the four—jet channel the 90 GeV analysis is shown
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Table 4. The h’A° channel for the flavour independent anal-
ysis: the numbers of events selected in the data at /s = 189
GeV, expected background from SM processes normalised to
the data luminosity of 172.1 pb™!, the minimal detection ef-
ficiencies for my = 30 GeV, ma = 60 GeV and the expected
number of signal events within the 2HDM(II) for the case of «
=0, tanB = 1.0, myp = 30 GeV and ma = 60 GeV after each
step of the selection

Cut Data Total bkg. qq(y) 4-fermion Efficiency Signal

(%]
(1) 1953 1885.0 537.8 1347.2 51.2 14.9
(2) 1593 1532.0 410.1 1121.9 47.9 13.9
(3) 1497 1446.3 376.1 1070.2 44.3 12.9
(4) 904 895.0 329.2 565.8 40.0 11.6
(5) 573 553.2 238.5 314.7 38.5 11.2

X2 probability of each of the three possible jet combi-
nations is required to be less than 0.01, to reduce the
background from hadronic WHW~ decays.

A likelihood composed of five variables is computed.
These variables are the jet resolution parameter ys4,
the event-shape variable C' obtained from the eigen-
values of the sphericity tensor [36], the smallest angle
between any two jets in the event, the logarithm of
the QCD matrix element MEqcp [34], and the largest
X2 probability of three 5C kinematic fits constrain-
ing energy and momentum and requiring the equality
of the masses of the two dijet systems (three possi-
ble pairings). The QCD matrix element used is the
maximum of the matrix elements considering all pos-
sible assignments of observed jets to partons in the
ete™—qqqq and e+e*—>q(jgg processes. The first four
variables are designed to separate the signal from the
qq background. The last variable provides rejection
of the diboson backgrounds from WTW~ and Z°Z°
events surviving the 6C fit probability requirement
(4). Although its use reduces the efficiency for signals
with my = my, the sensitivity to signals with my #
my is enhanced. The signal samples used to form ref-
erence distributions for the likelihood are a mixture of
samples in the kinematically accessible region of the
(mn, ma) plane with my, ma > 30 GeV. The dis-
tribution of this likelihood variable for the data, SM
backgrounds, and a representative signal with my =
30 GeV and m = 60 GeV is shown in Fig. 9. The like-
lihood variable is required to exceed 0.1 for selected
events.

In Table 4 the numbers of events passing the require-
ments after each step, (1) to (5), are given, together with
the expected SM backgrounds from 4-fermion and
2-fermion processes. The lowest estimated efficiencies, for
my = 30 GeV and ma = 60 GeV, corresponding to the
bbbb final state, and the number of expected signal events
in the 2HDM(II) for the case of o = 0, tanf = 1.0, my
= 30 GeV and ma = 60 GeV, are shown in the last two
columns.
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Fig. 9. Likelihood distribution for the flavour independent
ete™—h%A° channel. The OPAL data are indicated by dots
with error bars (statistical error), the 4-fermion background
by the lighter grey histogram, the 2-fermion background by
the darker grey histogram and a representative signal for my,
= 30 GeV, ma = 60 GeV by the dashed histogram. All Monte
Carlo distributions are normalised to the data luminosity and
the signal is scaled by a factor of 100

The selection efficiency is estimated with the Monte
Carlo simulation at a discrete set of reference points in the
(mn, ma) plane. The efficiency function is interpolated by
considering the three closest reference points. A plane in
the (my, ma, efficiency) space is formed containing those
three points, which allows the efficiency for an arbitrary
intermediate (my, ma) signal hypothesis to be computed.
The interpolated efficiency function is shown in Fig. 10
for the final-state flavour assignment with the lowest effi-
ciency. The efficiency is low near my, = ma = mw because
of the difficulty in distinguishing hadronic h°A° decays
from hadronic WTW ™~ decays. The veto of WTW ™ events
reduces the efficiency in the entire (mp, ma) plane be-
cause incorrect jet assignments in h” A® events can produce
interpretations consistent with the WTW™ hypothesis.
Conversely, the WHTW~ veto reduces the background of
incorrectly-paired WTW ™ events everywhere in the (my,
ma ) plane. The efficiency for low my, and my is reduced
because of the requirement that the event should have four
distinct jets, which helps to reject the qq background.

After the selection, 573 candidates remain in the data,
as compared with the SM expectation of 553.2438.2
events.

5.2 Discriminant variable

The invariant masses of jet pairs may be used to sep-
arate possible h%A° signals from the WW~ and qqgg
backgrounds. There are six possible assignments of pairs



The OPAL Collaltoration: Two Higgs Doublet Model and model independent interpretation

140 160
m, [GeV]

P
120

Fig. 10. Lowest efficiency contours for the flavour indepen-
dent search for hadronic hA® events. The efficiency is taken to
be zero for mp+ma> 189 GeV

of jets to h® and A° bosons, and there is no constraint
from a known mass such as that of the Z° used in the
ete™—=h0Z° channels. All six possible interpretations of
each selected event are tested for consistency with a pos-
sible signal. When computing the confidence level for ex-
cluding a model hypothesis, only a single interpretation of
each candidate in the data and Monte Carlo samples may
be used. The choice of jet pairing depends on the my and
ma of the hypothesised signal.

For each event passing the selection, a 4C kinematic fit
constraining energy and momentum conservation is per-
formed. For each of the assignments of jet pairs to bosons,
the reconstructed my and ma are computed, along with
their covariance matrices. For each hypothetical my and
ma considered in the limit computation, each event is
assigned the jet pairing with the smallest x? value result-
ing from the difference of the measured and hypothesised
myp and mp, and the error matrix of the measurement.
The logarithm of the smallest x? is then used as the dis-
criminating variable when computing limits because the
signal to background ratio depends strongly on the value
of log x?. Figure1l shows the distribution of logx? for
selected data events, the SM expectation, and the signal
for four mass hypotheses. The signal shown corresponds to
the ete™ —h%A%—gggg process because of its poorer mass
resolution compared with that obtained for final states
with quarks.

For my = ma = mw, the separation between the signal
and the background is poor, while for lower values of my, or
mp the separation is better. The resolution on the recon-
structed sum of the dijet masses is approximately 2.4 GeV,
while for the difference it is approximately 6.2 GeV. The
best sensitivity to the signal is in regions of (my, ma ) with
dijet mass sums different from 2mvy. The test mass spac-
ing is determined by the model scan grid used when com-
puting the limits — no discretization is introduced within
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the analysis. The scan grid used to compute limits has a
finer spacing than the mass resolutions on the candidates.
All candidates are considered at all test mass hypotheses
— they simply appear at different locations in the log x2
histogram. The distribution of the x? variable for the sig-
nal and backgrounds changes slowly with the test mass
hypothesis and is interpolated between Monte Carlo sam-
ples generated at different test masses.

Systematic uncertainties have been considered on the
signal and background normalisation and shapes. The
ete”—=WTW™ cross-section is taken to be uncertain at
the level of 2% from a comparison of the predictions of
the GENTLE and EXCALIBUR calculations. The selec-
tion efficiency for ete™—WTW™ events is uncertain at
the level of approximately 1%, from sensitivity to frag-
mentation modelling in hadronic W decays and from com-
parisons of the selection variables in data and Monte Carlo
[37]. The background from Z°/y —qq(v) has an 11% un-
certainty [38], which includes the uncertainty on the se-
lection efficiency and on the four—jet rate in qq events,
which is the dominant contribution. The 4-fermion back-
ground from two neutral vector gauge bosons has been
estimated using the grc4f Monte Carlo generator for the
central value, and its uncertainty has been estimated by
comparing the results obtained with the grcd4f and EX-
CALIBUR generators. Scaling these uncertainties by their
fractional contributions to the background of this selec-
tion and adding the results in quadrature yields an uncer-
tainty on the background normalisation of 6.9%. Monte
Carlo statistics accounts for only a 1% relative error on
the background.

The uncertainty on the signal efficiencies is dominated
by the flavour dependence, with the highest selection ef-
ficiency for the gggg final state. The bbbb and cccc final
states have very similar selection efficiencies. The lowest
signal efficiency at each mass hypothesis is used in the
limit calculations.

A more significant effect on the modelling of the signal
is the uncertainty in the reconstructed mass resolution, as
this affects the shape of the log x? distribution of the signal
and hence the limits. Similar performances are achieved
in Monte Carlo simulations of the bbbb and cccc final
states, but the gggg final state has on average a positive
shift of one unit of log x? relative to the four-quark final
states because the resolution is poorer for reconstructing
masses from gluon jets. The conservative approach of us-
ing the log x? distribution of gggg signal final states has
been adopted when computing the limits.

6 Model-independent interpretation

The results of all the individual search channels at the
studied centre—of—-mass energies are combined statistically
to provide 95% confidence level (CL) limits in a model-
independent interpretation in which no assumption is
made on the structure of the Higgs sector. The limits
are extracted using the same method applied in previous
OPAL publications [32,39].
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Model-independent limits are given for the cross-sec-
tion of the generic processes ete™— S°Z° and ete ™ —
SOPY, where S° and P° denote scalar and pseudo-scalar
neutral bosons, respectively?. The limits are conveniently
expressed in terms of scale factors, s and ¢? [29], which
relate the cross-sections of these generic processes to SM
cross-sections (c.f. (9), (10)):

osz = §° U%\Z/I, (12)
osp = 2 X oPy. (13)

Figure 12 shows the 95% CL upper bound for s? as a
function of the S° mass, obtained from:

a__ NE
> (e £ ofy)

where N§Z is the 95% CL upper limit on the number of
possible signal events in the data, € is the signal detection
efficiency, L is the integrated luminosity, and the sum runs
over the different centre-of-mass energies of the data and
the different channels. In Fig. 12a only the flavour indepen-
dent channels described in Sect.4 and the channels anal-
ysed at the Z° pole are used to extract a 95% CL upper

4 Throughout this paper numerical mass limits are quoted
to 1.0 GeV precision

M, =30, m, =60 GeV f

Fig. 11. Distribution of log x? of the
mass constraint for the flavour inde-
pendent eTe”—h%A° channel for four
hypotheses of (mn, ma). The OPAL
data are indicated by dots with er-
ror bars (statistical errors), the 4-
fermion backgrounds by lighter grey
histograms and the 2-fermion back-
ground by darker grey histograms.
The ete”—h®A°—gggg signals are
shown with arbitrary normalizations by
dashed histograms

limit on s2-BR(S°—hadrons). In Fig. 12b the SM Higgs
branching ratios for the S° are assumed and search chan-
nels with b—tagging are used. In the region mg < 30 GeV
the high energy data (LEP2) have little exclusion power
while for mg > 50 GeV the Z° data (LEP1) contribute lit-
tle to the determination of the experimental limit. The s?
limit is calculated only for mg > 5 GeV, since below this
mass value the direct search rapidly loses sensitivity and
the limit is extracted by a different method [40], which
makes use of the electroweak precision measurements of
the Z° width and provides an s? limit of about 0.5 x 1072.

The limit on mg for s> = 1 assuming SM branching
ratios is 91 GeV in complete agreement with the result
obtained by the SM search [30] at /s~ 189 GeV. A limit
of 75 GeV on mg for s? = 1 is obtained when assuming a
100% hadronic branching ratio. This weaker limit is partly
due to the presence of candidates around mg = 80 GeV as
can be seen from the different behaviour of the observed
and expected limit in Fig. 12a.

Iso-contours of 95% CL upper limits for ¢? in the S°
and P° mass plane are shown for the processes S°P?—
qqqd, gegqq and gggg in Fig. 13a, and for eTe™— SOPO—
bbbb and bbrt7~ in Figs. 13b and c, respectively, assum-
ing a 100% branching ratio into the specific final states.
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with N§¥' being the 95% CL upper limit for the number of
signal events in the data. The results obtained in Figs. 13a
and b are symmetric with respect to interchanging of SO
and P?, while those obtained for 77~ bb are not. For this
reason, the results for 77~ bb are presented with the mass
of the particle decaying into 777~ along the abscissa and
that of the particle decaying into bb along the ordinate.
The irregularities of the iso-¢? contours are due to the
presence of candidate events. Along the diagonal, for ¢? =
1, a lower bound is extracted using the b-tagging channels
on the masses at mg = mp =~ M +,- =~ myg > 78 GeV at
95% CL. In the hypothesis of S° P° decaying to hadrons
with a 100% branching ratio, a lower bound of mg = mp >
61 GeV is obtained along the diagonal for ¢ = 1. Note
the small region 30 < mp, mg < 40 GeV in Figs. 13a and
b which is excluded by the flavour independent search but
not when using only bbbb channels.

As the ¢? parameter could possibly be greater than one
in specific models, a contour for ¢? < 1.3 is also shown in
Fig. 13.

7 Two Higgs Doublet Model interpretations

The interpretation of the searches for the neutral Higgs
bosons in the 2HDM(II) is done by scanning the param-
eter space of the model. Every (my, ma, tan8, «) point
determines the production cross—section and the branch-
ing ratios to different final states. An updated version
of the HZHA Monte Carlo generator [15] that includes
the 2HDM(II) production cross—sections and branching
ratios for Higgs decays has been used to scan the pa-
rameter space. This generator includes next-to-next-to-
leading order QCD corrections and next-to-leading or-
der electroweak corrections. The branching ratios obtained
were cross—checked with the results of another generator
[41] in which QCD corrections are computed only up to
next-to-leading order. The comparison showed good agree-
ment between the results of the two programs.

channels with b-tagging and assuming

mSO[GeV] SM Higgs branching ratios for the S°

The results of all the individual search channels® at the
studied centre—of-mass energies are combined statistically
to constrain the 2HDM(II) parameter space. Although the
flavour independent channels supply a unique way to in-
vestigate parameter space regions where the branching ra-
tio h%—bb or A°—bb is highly suppressed (e.g., low a and
tan/ regions), they have a poor sensitivity with respect to
the b—tagging channels outside these regions. The use of b—
tagging information substantially reduces the background
coming from WHW~ events and improves the sensitivity
to observe Higgs bosons even in regions of the 2HDM(IT)
parameter space where only small branching ratios for
h®—bb are expected. The expected confidence level is cal-
culated alternatively including only the b—tagged or non—
b-tagged channels: for each parameter space point, either
the flavour independent or the b-tagging analysis is then
chosen for the extraction of the limits, depending on which
provides the better expected confidence level.

The parameter space covered by the present study is:

— 1 <my <100 GeV, in steps of 1 GeV

— 5 <ma <100 GeV, in steps of 1 GeV,
100 < mp < 500 GeV, in steps of 5 GeV;
0.5 < ma < 2.0 TeV, in steps of 0.5 TeV

— 0.4 < tanf < 58.0, in steps of 1° in 8

- a=0,—7/8,—7/4,—-37/8 and —7/2

The values of a are chosen to extend the analysis to
the particular cases of maximal and minimal mixing in the
neutral CP-even sector of the 2HDM(II) (o = —m/4 and
—7/2, respectively) and of BR(h—bb) = 0 (o = 0). A
more complete picture of the model is obtained by study-
ing two more intermediate values of «. For tanf < 0.4 ra-
diative corrections become unstable. Below ma~ 5 GeV
the direct search in the ete™—h%A° channel cannot be
included since the detection efficiency vanishes, and the
constraint from the total Z° width provides very limited
exclusion since the contribution is too small. The other
two free parameters of the model, my and my+, are set
at values of 200 GeV, above the kinematically accessible

5 For the case h’Z°—bbr ™7~ and h°Z° =777 qq (tau chan-
nel) two different efficiencies are applied, according to the final
state topologies studied
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Fig. 13a—c. Upper limits at 95% CL for ¢® a for the S°P®—qqqq, ggqq and gggg search channel assuming the hadronic
branching ratio for both S° and P? to be 100%, b for the S°’P°—bbbb search channel assuming the bb branching ratio for both
S% and P° to be 100%, and ¢ for the S°P°—bbr 7~ search channel assuming a 100% branching ratio for this final state. The
invariant masses of the tau-lepton pair and b—jet pair in c are denoted by m., and my;, respectively. The iso-contour lines are
at values of ¢ < 1.3, 1.0, 0.5 and 0.3 in a, ¢ < 1.3, 1.0, 0.5, 0.3, 0.15, 0.12 and 0.1 in b and ¢ < 1.3, 1.0, 0.5, 0.3, 0.15, 0.1,

0.008 and 0.003 in c, respectively

region in the present study at LEP. A scan over values of
the masses my and my+ up to 2 TeV has been performed
and no change has been observed in the expected pro-
duction cross section and branching ratios to final state
topologies of h® and A°.

The production of any neutral low mass scalar parti-
cle in association with the Z° was investigated in a pre-
vious OPAL publication [42] and, for my < 9.5 GeV, a
mass-dependent upper limit on the Higgs boson produc-
tion cross—section was obtained. This limit translates di-
rectly into an upper limit on the 2HDM(II) production
cross—section for my below 9.5 GeV. Another powerful
experimental constraint on extensions of the SM is the
determination of the total width of the Z° boson at LEP
[40]. Any possible excess width obtained when subtracting
the predicted SM width from the measured I value can
be used to place upper limits on the cross—section of Z°
decays into final states with h® and A° bosons [43]. An ex-
pected increase of the partial width of the Z is evaluated
for each scanned parameter space point in the 2HDM(II);
if it is found to exceed the experimental limit, the point is
excluded. The two constraints discussed above are treated
together and are referred to as Z° width in the rest of the
paper, since for low my, values most of the excluded re-
gions are obtained from the constraints derived from I7.

The direct searches for the process ete™—h0Z°
(efe™—h%AY%) in the Z° data contribute mainly in the
mp< 50 GeV (m< 60 GeV) region. Since the flavour in-
dependent h°Z° and h®A° analyses have been performed
in the mass regions my,> 60 GeV (for the tau and miss-
ing energy channel, m,> 30 GeV) and my, ma> 30 GeV,
respectively, only b-tagging channels using higher energy
data are applied below these masses; however these chan-
nels have no detection efficiency for m,< 30 GeV. The
flavour independent analyses provide exclusion for the

whole tan( range and for the tanf<1 regions for a = 0
and o = —7/8, respectively. In Figs. 14(a—e) the excluded
regions in the (my, ma) plane are shown for the five chosen
values of «, together with the calculated expected exclu-
sion limits. A particular (my, ma, &) point is excluded at
95% CL if it is excluded for all scanned values of tang.
Different domains of tan3 are studied and described be-
low: a) 0.4 < tan8< 58.0 and b) 0.4 < tanf < 1.0 or 1.0
< tanf< 58.0, for which enlarged excluded regions are
obtained.

a) 0.4 < tanf< 58.0 (darker grey area):

— The poor sensitivity of the Z° channels below my, <
10 GeV causes a sharp cut in the exclusion plots at
this my, for @ > —m/2. The exclusion in this region
is extracted from the total width of the Z° boson, as
explained above. Both the h°Z? and h°A° production
processes contribute to the natural width of the ZO°.
While an excess, induced by the h%Z° process, extends
the exclusion region to any value of ma, the exclusion
provided by the h?A° process is kinematically limited
to the region where ma + my < mgz. The contribution
of the h°Z° production cross—section to the Z° width
depends on the argument (5 —«), and it becomes large
enough for this process alone to provide exclusion in
different tan domains for the « values considered.

— For @ = 0 and —7/8, most of the exclusion is provided
by the channels at /s = my, where no b-tagging was
applied. In fact, the flavour independent analyses at
/s =~ 189 GeV have a limited sensitivity because of
the presence of the WTW~ background events. The
line at my, ~ 57 GeV in Fig. 14D is a result of the Z°
data kinematic constraint.

— The presence of candidates in the four—jet and 777~ b-
tagging hYA° channels at /s = 189 GeV at my,, ma ~
80 GeV, due to the WTW~ background, is clearly re-
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Fig. 14a—e. Excluded regions in the
(mn, ma) plane, a—e, for « = 0, —7/8,
—m/4, —37/8 and —m/2, respectively,

flected in Fig. 14c. The unexcluded region at (my, ma)
~ (60, 90) GeV in 14d is due to the presence of candi-
dates in the four—jet b-tagging h°A° channel.

— The shape of the exclusion plot in Fig. 14e for my <
35 GeV is related to the kinematical constraint on the
h%A° production in the Z° data, which for a = —7/2
and large tang is the only allowed process, since the
hZ° production cross—section vanishes when 3 — a ~
w. For my > 35 GeV, the high energy data open a
new kinematic region and are able to exclude large
(mn, ma) areas, as can be seen by the sharp line in
Fig. 14e.

— The (my, ma) points below the semi-diagonal defined
by my> 2ma, for which the process h®—+AYA° is kine-
matically allowed, can only be excluded for tan3 > 0.5
values by the high energy channels. In fact, for very low
values of tan/3 the branching ratio for A°—bb vanishes,
causing unexcluded regions in Figs. 14c, 14d and 14e,
which are excluded by the Z° data flavour independent
analyses below my, ~ 60 GeV.

b) 0.4 < tan8 < 1.0 (lighter grey area) and 1.0 < tanS<
58.0 (hatched area):

— As discussed above, as a consequence of the variation
of the h°Z% production cross—section with tang in the
my < 10 GeV region, for « = —7/8 in Fig. 14b, the
my > 7 GeV region is excluded for all values of mp in

0 04<tanfB< 58
] 04<tanfs< 10
1.0<tanf < 58
---- expected

together with the expected exclusion
limits. A particular (mn, ma, «) point
is excluded at 95% CL if it is excluded
for all scanned values of tan3. Three
different domains of tan8 are shown:
the darker grey region is excluded for
all values 0.4 < tan8< 58.0; addi-
tional enlarged excluded regions are ob-
tained constraining 0.4 < tang < 1.0
(lighter grey area) or 1.0 < tanf<
58.0 (hatched area). Expected exclu-
sion limits are shown for 0.4 < tan8<
58.0 (dashed line)

the tanf < 1.0 domain. For « = —7/4 and —3/8m, the
my < 10 GeV region is excluded for all values of ma
only in the tang < 1.0 domain.

— At a =0 and a = —7/8 and small values of tang the
production cross—section for the process ete™—h0Z°
is highly suppressed. For my, > 40 GeV, constraining
tang > 1.0, larger excluded regions are obtained, as
can be seen in Figs. 14a and b (hatched areas).

— The presence of candidates in the four—jet and 77~
b-tagging hYA® channels at \/s= 189 GeV at my,, ma
~ 80 GeV, corresponding to the WTW~ background,
is clearly reflected in Figs. 14¢, d and e. For « = —7/4
and o = —37/8 this region is unexcluded even for tan
> 1.0, while for tang < 1.0 it is excluded due to a large
expected production cross—section. For a = —7/2, the
production cross-section becomes small and this do-
main is unexcluded for tan8 < 1.0, as can be seen in
Fig. 14e.

In Fig. 15 the excluded regions in the (my, ma) plane
independent of o are given together with the calculated
expected exclusion limits. A particular (my, ma) point is
excluded at 95% CL if it is excluded for all scanned values
of tanf and «. Different domains of tan( are shown: 0.4 <
tanf < 58.0 (darker grey area), 0.4 < tanf < 1.0 (lighter
grey area) and 1.0 < tanf < 58.0 (hatched area), for which
enlarged excluded regions are obtained. The rectangular
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region 1 < my, < 44 GeV for 12 < ma < 56 GeV is ex-
cluded at 95% CL independent of « and tan3. The cross
hatched region shows the exclusion provided by the con-
straints on the width of the Z° common to all the scanned
values of o and tang.

In Figs. 16(a—e) the excluded regions in the (tan8, my)
plane are shown for the five chosen values of «, together
with the calculated expected exclusion limits. A particular
(mp, tanf, o) point is excluded at 95% CL if it is excluded
for all scanned values of ma . There are two regions shown,
the whole domain 5 GeV < ma < 2 TeV (darker grey area)
and a restricted domain for which 5 < ma < 60 GeV
(lighter grey area). The exclusion contours for ma < 60
GeV are larger for all « values, and entirely contain the 5
GeV < ma< 2 TeV excluded areas.

In Figs. 16a and b, the unexcluded regions at low tang
and my < 10 GeV reflect the behaviour in Figs. 14a and
b in the (my, ma) plane for the same values of «, for
my < 10 GeV and ma > 60 GeV. Similarly, the remain-
ing three values of o show a complementary behaviour
at large tang, reflecting the corresponding exclusion re-
gions in the (my, ma) plane, Figs. 14c, d and e. In the
ma < 60 GeV contours the same regions are obviously
excluded. The h°Z° production cross—section contribution
to the Z° width is not large enough to exclude the small
region tan3> 10, 7 < my < 10 GeV in Fig. 16b. In Fig. 16e
the two unexcluded regions in the lighter grey area (5 <
ma < 60 GeV) at my, = 10 and 35 GeV are projections
of the two regions unexcluded at the same m;, values in
Fig. 14e (darker grey area), for ma < 10 GeV and mp <
60 GeV, respectively.

In Fig. 17 the excluded regions in the (ma, tan/3) plane
are shown for different values of «, together with the ex-
pected exclusion limits. A particular (ma, tans, «) point
is excluded at 95% CL if it is excluded for all scanned
values of my. There are three regions shown, correspond-
ing to different m; domains that are subsets of one an-
other, namely: 1 < my, < 90 GeV (darker grey area), 1
< my < 75 GeV (lighter grey area) and 1 < my, < 60
GeV (hatched area). The lower the my, upper value anal-
ysed, the larger the excluded (ma, tans) region. The unex-
cluded regions for ma > 60 GeV in Figs. 17(b—e) gradually
increase with decreasing . There is an exact correspon-
dence between the largest excluded tanf value and the
excluded regions at my, < 10 GeV in the (my,, tang) pro-
jections in Figs.16(b—e). The line at ma ~ 30 GeV for
tanf > 1.0 in the exclusion region for m; < 90 GeV in
Figs. 17d and e corresponds to the horizontal line at ma
= 30 GeV in the tanf > 1.0 contour in Figs. 14d and e.
The small island at 35 < ma < 39 GeV and 1.0 < tang
< 2.0 in Fig.17e is the reflection of a candidate in the
hA%—7F7-bb channel at \/s= 183 GeV with ma ~ 37
GeV and my, ~ 80 GeV.

8 Conclusions

A general analysis of the 2HDM(II) with no CP—violation
and no extra particles besides those of the SM and the
five Higgs bosons has been performed for the first time.
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Fig. 15. Excluded (ma, mn) region independent of «, to-
gether with the expected exclusion limit. A particular (ma,
my) point is excluded at 95% CL if it is excluded for 0.4 <
tan3 < 58.0 (darker grey region), 0.4 < tang8 < 1.0 (lighter
grey region) and 1.0 < tan8 < 58.0 (hatched region) for any
a. The cross—hatched region is excluded using constraints from
Iz only. Expected exclusion limits are shown as a dashed line
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Large areas of the parameter space of the model have been
scanned. In the scanning procedure the dependence of the
production cross—sections and branching ratios on the an-
gles av and 3, calculated with next-to-next-to-leading order
QCD corrections and next-to-leading order electroweak
corrections, has been considered.

In addition to the standard OPAL b-tagging analy-
ses, new flavour independent channels for both the Higgs—
strahlung process, ete™—h%Z°% and the pair-production
process, ete”—h%AC have been analysed, providing ac-
cess to regions of parameter space in the 2HDM(IT) where
h° and A? are expected to decay predominantly into up—
type light quarks and gluons (e.g. a = 0).

OPAL data collected at /s ~ mgz, 183 and 189 GeV
have been interpreted both in the context of the 2HDM(II)
and in a model-independent approach where both SM
branching ratios and 100% hadronic branching ratios were
assumed.

The 2HDM(IT) parameter space scan, for 1 < my <
100 GeV, 5 GeV < my < 2 TeV, —71/2 < a < 0 and
0.4 < tang < 58.0, leads to large regions excluded at the
95% CL in the (mp, ma) plane as well as in the (my,
tan@) and (ma, tanB) projections. The region 1 < my, <
44 GeV and 12 < ma < 56 GeV is excluded at 95% CL
independent of o and tan( within the scanned parameter
space.

In the model-independent approach for eTe™— S°Z0°,
lower bounds at 95% CL are obtained for s?> = 1 of 91
GeV assuming SM branching ratios and 75 GeV assuming
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100% hadronic branching ratios. In the case of the generic
processes S’PC — bbbb and S°P° — bb 77—, a lower
bound at 95% CL of mg = mp > 78 GeV is extracted
along the diagonal for ¢ = 1 assuming 100% branching
ratios for the individual final states, while assuming the
S% PO hadronic branching ratios to be 100% gives mg =
mp > 61 GeV.
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Fig. 16a—e. Excluded regions in the
(tans3, my) plane, a—e, for a= 0, —7/8,
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together with the expected exclusion
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regions shown correspond to the whole
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grey area) and a restricted domain for
which 5 < ma < 60 GeV (lighter grey
area). The exclusion regions for ma <
60 GeV entirely contain the 5 GeV <
ma< 2 TeV excluded areas. Expected
exclusion limits are shown for 5 GeV <
ma< 2 TeV (dashed line)
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QL F together with the calculated expected
% C B 1< mh < 90 GeV exclusion limits. A particular (ma,
+ 10 & - - 1 1<m.< 75GeV tan3, a) point is excluded at 95% CL if
= a=-T72 3 h it is excluded for all scanned values of
C ] Y 1< m, < 60 GeV mu. The three contours correspond to
1 RO - 1 < mp <90 GeV (darker grey area), 1
E T i eXpeCted < mn <75 GeV (lighter grey area) and
0 20 40 60 80 100 1 < mpu < 60 GeV (hatched area). Ex-
pected exclusion limits are shown for 1
Ma [GeV] < mp < 90 GeV (dashed line)
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