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1 Introduction

As long as bosonic decay channels are kinematically closed, the Standard Model (SM)
Higgs boson decays preferentially into the heaviest accessible fermion pair. This leads to
dominance of the bb decay mode in most of the Higgs boson mass range accessible at
LEP. In extensions to the SM, however, the Higgs boson couplings to b-quarks might be
suppressed. This can occur for example in the general Two Higgs Doublet Model (2HDM)
[1] or in the Minimal Supersymmetric Standard Model (MSSM) [2]. Suppressed couplings
to b-quarks are also possible in special composite models [3], in which the dominant Higgs
boson decay channel is gluonic. The searches for the SM Higgs boson at LEP strongly
rely on the identification of b-quarks to separate possible signal production from most
of the backgrounds and would therefore have a reduced sensitivity to the final states
predicted by such alternative models. To test these models experimentally, dedicated
searches are presented, that are independent of the gluon or quark flavour into which the
Higgs boson decays. Rather than stating the results in one precise theoretical framework,
model-independent bounds on production cross-sections are derived that allow to test a
wide class of models.

Two Higgs boson production processes are studied in this paper: the so-called Hig-
gsstrahlung process (eTe”™—hZ) and the pair production of two Higgs bosons (ete™—hA),
as predicted in all extensions of the Standard Model Higgs sector beyond one doublet.
As usual, h denotes the lightest CP-even Higgs boson, while A is its CP-odd partner.

The paper is organized as follows. The common framework and search strategy is
described in Section 2 followed by an overview of the experimental setup and the data-
sets in Section 3. The search for hZ production, using the fully hadronic final state, the
final state with 2 jets and missing energy, and the final states with two jets and isolated
leptons (electrons or muons), is described in section 4. The search for hA pair production
is described in section 5. In section 6, the various analyses are combined to give flavour-
independent results on the hZ and hA cross-sections, as a function of the Higgs boson
mass(es). Section 7 contains the conclusions of the paper.

2 General strategy

Since the analyses presented here cannot rely on the powerful background suppression
offered by b-quark identification, kinematic event information needs to be used exten-
sively. Simultaneously, since it is intended to present results that are independent of
the partonic nature of the Higgs boson decays, care must be taken not to bias the anal-
yses towards a given flavour. The present section summarizes the procedures used to
ensure this flavour-independence of the results; details for every analysis are given in the
corresponding section.

To achieve good sensitivity to hZ production over a large Higgs boson mass range,
from 4 GeV/c? up to the kinematic limit, the four-jet and missing energy channels are
optimized in several domains of mass. The lepton channel however, has comparatively
small background and a single analysis is sufficient to cover the whole mass range.

In the case of the search for hA production, three separate analysis streams are de-
signed to achieve sensitivity to all event topologies, depending on the masses of the
two Higgs bosons, and thereby cover a large portion of the (my,ma)-plane (satisfying
my,ma>4 GeV/c? as in the hZ search).

The most efficient way to exploit the mass information of the events depends on the
final states. The hZ four-jet channel and the hA analysis do not associate a single mass



to every event, because the choice of the jet pairing is not unique. A given event is thus
compatible with several mass hypotheses. All events must be evaluated differently at ev-
ery signal mass hypothesis, as a function of their compatibility with this hypothesis. The
lepton and neutrino channels are on the contrary unambiguous, and the event information
is summarized in a single estimator, independently of the signal mass hypothesis.

To ensure flavour-independence of the results, care is taken not to bias the search
towards a specific hadronic decay mode of the Higgs boson. When comparing final states
with quarks and gluons, sizable and competing effects arising from the different hadroniza-
tion properties of quarks and gluons have to be considered. The higher multiplicity of
gluon jets results in an increased selection efficiency for the gluonic final state while at
the same time, mainly in the fully hadronic final states, the many additional particles
induce a worse dijet mass resolution when compared to quarks, because of more frequent
wrong particle to jet association.

For each final state, Higgs boson decays into gluons and quarks are evaluated, and at
each Higgs boson mass hypothesis, the decay-mode resulting in the weakest expected
cross-section exclusion limit in the absence of a signal is considered as the flavour-
independent result. Details are given in Section 6.

Note that the differences in hadronization properties between light and heavy quarks
are smaller than the differences between light quarks and gluons. In particular, the
multiplicity ratio of b-quark to light quark jets is around 1.1, whereas the gluon to light-
quark multiplicity ratio is around 1.4 [4]. For this reason the paper speaks of quarks
without specifying their flavour. In practice, gluon jets are most often compared to light
quark jets, the latter having the smallest pre-selection efficiency because of their lower
average multiplicity.

In the case of heavy quarks, the energy lost in the form of escaping neutrinos from
leptonic decays could in principle deteriorate the mass reconstruction when the Higgs
boson(s) decays into these flavours. However, in the lepton and fully hadronic channels,
the Higgs boson mass reconstruction is obtained from kinematic fits that exploit energy
and momentum conservation between the initial and the final state, and the effect of
the escaping neutrinos is very small. The neutrino channel, which cannot rely on these
methods, needs to consider all quark flavours explicitly.

When no signal is found, upper bounds on the production cross-section times the
branching fraction into hadrons are extracted for both production processes as a func-
tion of the Higgs boson masses. These bounds are expressed in terms of reference
cross-sections, defined as follows. The production rate of any final state initiated by
ete”—hZ can be expressed in terms of the SM hZ cross-section [5]. The reference cross-
section for ete”—hA is obtained by computing this process in the 2HDM, in the absence
of any mixing in the Higgs sector, and depends only on electroweak parameters and the
h and A Higgs boson masses (the computation was performed using HZHA [6]). Suppres-
sion terms coming from branching fractions and possible suppression of the Higgs boson
couplings to the Z (such factors are hereafter denoted by BR and R, respectively) all
factorize, and are hidden in a generic (model-independent) suppression factor :

OhZ—Z+had — O']fg[ X ha X BR(h — had)
= Ufy X C%(hﬂhad);
OhAhad = 043 X Rua x BR(h — had) x BR(A — had)

ref 2 X
i X Cha_hads



where had stands for hadrons. Our results will be expressed in terms of C’%(hﬁhad) and
C/%A—ﬁmd'

Although the traditional CP-conserving Higgs boson nomenclature is used throughout
the paper, part of the results can also be extended to the context of CP-violating Higgs
sectors. For hA production, the parity and charge conjugation properties of the Higgs
bosons do not play any role in the decay kinematics. The results on C7, ., should
therefore be understood as relevant to the pair production of any two Higgs bosons (i.e.
hih; — had), regardless of their CP properties and the Higgs bosons mass hierarchy. On
the contrary, our results on eTe”—hZ assume standard quantum numbers for the Higgs
boson. Non-standard Higgs boson parity properties would imply different polarization of
the associated Z boson, thereby affecting the angular distributions of the bosons and the
selection efficiencies. Our results for this channel should therefore be used with care.

3 Detector, data samples and simulation

A detailed description of the DELPHI detector and the performance of its sub-systems
can be found in [7]. For LEP2, the vertex detector was upgraded [8] and a set of scintillator
counters (veto counters) was added to veto photons in blind regions of the electromagnetic
calorimetry, at angles of 40, 90 and 140 degrees from the beam axis.

The data samples used were collected by DELPHI during the last 3 years of LEP
operation (1998 to 2000), and are clustered around seven centre-of-mass energies (see
Table 1). In September 2000, one of the twelve sectors of the main tracking device of
DELPHI underwent an irremediable failure. The corresponding change in sensitivity has
been taken into account using dedicated simulation samples.

year 1998 1999 2000
Vs (GeV) | 188.6 | 191.6 1955 199.5 201.6 | 205.0 206.5
L (pb71) 158.0 | 25.9 76.9 84.3 41.1 82.0 1422

Table 1: Integrated luminosities collected by the DELPHI detector at various cen-
tre-of-mass energies during the period 1998-2000.

Background samples

For the hZ channel, two-fermion background events are simulated using the KK2F [9]
generator, while WPHACT [10] is used for four-fermion final states (see [11] for the specific
DELPHI implementation). For the hA analysis, prepared during an earlier stage of
this work, the two-fermion and four-fermion SM backgrounds are simulated using the
PYTHIA [12] and EXCALIBUR [13] generators respectively. Background from two-photon
events is generated using PYTHIA.

hZ signal samples and data-sets

The hZ analysis uses the data from all seven centre-of-mass energies listed in Table 1.
The HZHA generator is used to generate hZ signal samples at the centre-of-mass energies
of Table 1 and at masses from 40 to 120 GeV /c? with a step size of 2.5 GeV /c?. Z boson
decays into quarks, neutrinos, electrons and muons are simulated, and the Higgs boson is
made to decay into either a pair of gluons, or a pair of light quarks (s-quarks in practice).



The results obtained for Higgs boson decays into light quarks generalize to all quark
flavours in the four-jet and lepton channels, as discussed in the previous section. For the
missing energy channel, Higgs boson decays into c-quarks and b-quarks are simulated as
well. Below 40 GeV/c?, signal samples were generated every 5 GeV/c? in mass.

hA signal samples and data-sets

The hA analysis uses the data sets in Table 1, except for the two sets with smallest
luminosities. The simulation of the hA production process also uses the HZHA generator
in the Higgs boson mass range my,,ma >4 Ge\//c2 and myp+ma <180 GeV/cQ, using a grid
of 5 GeV/c? if at least one of the masses is below 30 GeV/c? and 10 GeV /c? otherwise.
Higgs boson decays into gluon pairs or light quark pairs are simulated, as was done for
the hZ four-jet search.

4 Search for hZ production

For this search, most of the analyses used to search for a hadronically decaying Higgs
boson are adapted from existing analyses set up on other subjects in DELPHI. In most
cases only a brief description of the main parts in the analysis is given, and a reference
is made to the publication where the analysis is described in more detail.

4.1 The fully hadronic channel

For the fully hadronic channels the Higgs mass range is divided in two regions, below
and above 40 GeV/c?, each with a dedicated analysis. This is done to cope with the
changing topology when going from a heavy to a light Higgs boson mass, for which the
jets from the Higgs boson decay cannot always be resolved. The final state then presents
three reconstructed jets, rather than four.

Higgs boson masses above 40 GeV /c?

The selection used to analyze the four-jet channel in the ete™—ZZ cross-section mea-
surement [14] is adapted to test the hypothesis of Higgs boson production indepen-
dently of the flavour of its decay products. After a hadronic, multi jet pre-selection,
the only remaining backgrounds are from ZZ and WW four-quark final states, and four
jets arising from qq production with hard final state gluon radiation (hereafter denoted
as qq(y) events). A combined variable, Py, is constructed at each Higgs boson mass
hypothesis to select the corresponding signal using event topology and reconstructed dijet
masses.

The event topology, jet kinematics and inter-jet distances are used to distinguish between
the more cigar-like qq() events and the more spherical four-fermion events (including the
hZ signal). From the reconstructed jets, a constrained fit is performed, requiring energy
and momentum conservation between the initial and final state. The fitted jet-momenta
are then used to extract the reconstructed dijet masses for each of the possible jet pair-
ings. The uncertainties on the fitted momenta and their correlation matrix are taken
into account in that procedure. The masses and their uncertainties are used to compute,
for each event, the probability that the event is compatible with the hypotheses: WW,
77, qq(7), or hZ with a specific Higgs boson mass. For all channels the expected dijet



mass distributions are known analytically. In the case of hZ production, the expected
mass distributions change with the Higgs boson mass hypothesis so that the analysis is
automatically optimal for each mass hypothesis. Finally, for each jet, the probability
that it originated from a b-quark fragmentation relative to a light quark (or gluon) is
computed [15]. This information is only used to enhance the sensitivity to events with a
Z boson decaying into a pair of b-quarks. In the dijet assumed to originate from the Higgs
boson this information is not used, thereby ensuring flavour-independence. The method
employed to combine the various mass and b-tagging probabilities using likelihood ratio
products is described in [14].

The number of observed events is compared in Table 2 with what is expected from
background and an hZ(h—qq) signal for a few Higgs boson masses, after a cut on Pryiges
chosen as to maximize the product of signal efficiency and purity. Examples of the prob-
ability distributions, when adding all data, are shown in Figure 1, for Higgs boson masses
of 75, 90 and 105 GeV /c?, respectively. The dominant background depends on the tested
mass. For a 90 GeV/c? mass hypothesis for example, ZZ production will dominate the
high purity region, while for mass hypotheses below 80 GeV /c? background from ZZ pro-
duction is negligible.

The systematic uncertainties are dominated by the uncertainty in the modeling of the
four-jet rates of qq(+y) processes [16]. This uncertainty is conservatively taken to be 10%
over the full Higgs boson mass range. The effect of other systematics, evaluated in detail
in [14], are negligible compared to this.

my (GeV/c®) | enz(%) hZ(h—qq) | SM (no hZ)  observed
40 31.3 154.6 635.0 659
50 30.1 132.3 522.8 532
60 51.9 197.1 1784.1 1824
70 78.6 249.3 0457.3 o476
80 54.2 136.0 1681.7 1764
90 54.6 96.2 957.4 970
100 47.0 41.1 368.5 372
110 33.9 9.4 87.6 75

Table 2: Fully hadronic channel: the number of observed events compared to what is
expected from background and signal (Z—qq and h—qq, assuming a SM hZ cross-section)
for a few Higgs boson masses, after a cut on Pryjges for which the product of signal efficiency
and purity is maximal. Using the combined set of simulated events at all centre-of-mass
energies, the statistical uncertainties on both the signal efficiency and background level
are below 1%.

At each Higgs boson mass hypothesis the distribution of Piyges for background and
signal are used for the statistical evaluation of the compatibility of the data with the
simulation, following the procedure described in [22].

Higgs boson masses below 40 GeV /c?

Below 40 GeV/c? in Higgs boson mass, fully hadronic events tend to become more
three-jet like, since the decay jets of the Higgs boson are not always resolved due to



the large boost. This region in mass is therefore covered by the three-jet hA analysis,
described in more detail in section 5.1. Efficiencies and discriminant variable distributions
are determined from hA signals with the A mass fixed to the Z mass. A few hZ samples
have been simulated to verify the validity of this procedure, which was found to be correct
within the systematic errors estimated in the hA three-jet channel, despite the slightly
different Higgs boson angular distributions.
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Figure 1: Distributions of the combined Higgs probabilities, Piggs, for the fully hadronic
hZ final state at Higgs boson masses of 75, 90 and 105 GeV /c? respectively (from top to
bottom). For illustrative purposes, all data from 189 to 208 GeV have been added.



4.2 The missing energy channel

The event topology in the missing energy channel changes significantly as a function
of the Higgs boson mass. For Higgs masses below 40 GeV/c? a monojet final state is
expected while for masses above 40 GeV/c? the jets are expected to be well separated,
resulting in a two jet final state. For both topologies a dedicated analysis is constructed
and is described below. As a further optimisation, the analysis for two-jet final states is
optimised in three different mass regions.

4.2.1 Mono jet final states

The analysis used to measure the Zy* — qqu cross-sections [20] is adopted without
major modifications to test the hypothesis of low mass (my < 40 GeV/c?) Higgs boson
production in the missing energy channel with subsequent decays into hadrons of any
flavour. After a pre-selection [20] to reduce background events from 7, Bhabha and
Z~ processes, three selections are designed, focussing on different expected topologies as
a function of the mass of the Higgs boson.

The first selection is optimized to probe very low Higgs boson masses, using an explicit
cut on the visible mass of the event, which is required to be below 6 GeV /c?. The second
selection exploits the large energy imbalance of hvv final states: events are split into
two hemispheres according to the plane perpendicular to the direction of the thrust axis,
and are required to have one of the hemispheres containing at least 99% of the total
visible energy in the event. The third selection, which is less efficient at very low masses
because of an explicit cut on the charged particle multiplicity, is mainly based on a
topological requirement: events are forced into a two jet configuration and an upper cut
on the opening angle of the two jets was set at 78 degrees. All three selections use the
information from the veto counters, by rejecting events with hits in veto counters far
away from energy depositions in calorimeters or reconstructed tracks. The three analyses
are combined on an event-by-event basis, by selecting events that pass any of the three
selections.

The reconstructed visible mass spectra is used as the discriminant variable for the
statistical evaluation of the compatibility of the data with the simulation for different
Higgs boson mass hypotheses, following the procedure described in [22]. No specific
mass cuts are applied for different Higgs boson mass hypotheses. The most important
remaining background sources are Zv* and Wer. The lefthand plot in Figure 2 shows
the distribution of the reconstructed visible mass for data and background simulation.
Maximum Higgs boson signal efficiencies are around 65% and dropped to 40% for masses
below 5 GeV/c? and above 40 GeV /c? as can be seen in the righthand plot of Figure 2.

The systematic uncertainty on the predicted background level for this final state is
9%, obtained by changing the various selection criteria within their uncertainties, taking
into account the effects from the differences between data and simulation in kinematic
distributions relevant for the analysis. The uncertainty also includes a 5% contribution
from the statistical uncertainty on the simulated background sample [20]). The uncer-
tainty on the signal selection efficiency, estimated by using different simulation programs,

is 5%.
4.2.2 Two jet final states

The search for events with two jets and missing energy, compatible with a Z boson
decaying into two neutrinos, follows closely the analysis applied to search for an invisibly
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Figure 2: The lefthand plot shows the distribution of the invariant mass of the hadronic
system after the qqui event selection. Dots stand for data while the solid histogram
describes the expected background. For illustrative purposes, all data from 189 to 208
GeV have been added. In the righthand plot the selection efficiency is shown as a function
of the mass of the Higgs boson at the highest centre-of-mass energy.

decaying Higgs boson produced together with a Z boson that decays into hadrons as
described in [17]. To obtain a good performance over the whole mass range from 40 to 115
GeV/c?, three mass windows (low, intermediate and high) are defined and each is treated
with a dedicated analysis. To reduce background originating from qq(-y) and vy processes,
a common pre-selection is applied as described in [17], followed by the rejection of events
with more than two identified leptons. After this step, two jets are reconstructed from all
particles in the event using the DURHAM clustering algorithm. The final discrimination
is achieved in the three analysis streams with an Iterative Discriminant Analysis (IDA)
[18], using two steps. After the first IDA step, a cut on the IDA output is made to
remove a large part of the background while retaining 90% of the signal. The IDA is then
retrained on the events passing this selection. To ensure flavour-independence, the IDA is
trained simultaneously on s, cé and bb flavours, resulting in a comparable performance
for all flavours.

Low mass analysis

In the low mass analysis, twelve variables are used to obtain a highly discriminant IDA
output. These are: the scalar and vector sum of all reconstructed particles’” momenta,
projected in the transverse plane; the visible energy; the thrust of the event; the energy
of the least energetic jet in the three-jet configuration; the difference between the Fox-
Wolfram moments H2 and H4 [19]; the energy and the momentum of the most isolated
particle; the opening angle of the two jet axes; the angle between the plane formed by the
two jet axes and the beam axis; the missing mass and the highest transverse momentum
of a particle with respect to its jet. The IDA was trained over the whole mass range from

40 to 67.5 GeV /c?.
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Intermediate mass analysis

The analysis in the intermediate mass range uses the same twelve variables as in the low
mass analysis, except for the energy of the least energetic jet in the three-jet configuration,
which is replaced by the event b-tag probability as defined in [15]. Also in this analysis
the IDA has been trained over the whole mass range from 70 to 87.5 GeV /c?.

High mass analysis

The same twelve variables as in the intermediate mass analyses are used in the high mass
analysis, although with slightly different selections cuts that remove the tails in the input
distributions to the IDA. To avoid training on events beyond the kinematical limit of the
hZ process, the mass range for the training of the IDA has been varied for the different
centre-of-mass energies. The mass range is from 92.5 to 97.5 GeV/c? for 188.6 GeV data,
from 92.5 to 107.5 GeV/c? for 191.6 to 201.6 GeV data and finally, from 92.5 to 115
GeV /c? for 205 to 206.5 GeV data.

Mass reconstruction and the final discriminant variable

The mass of the dijet system, which corresponds to the mass of the Higgs boson, is
computed with a Z-mass constraint for the missing mass as in [17]. The distribution of
the reconstructed Higgs boson mass for background and signal events is used, for each
Higgs boson mass hypothesis separately, to select candidate events from within a mass
window that is optimized to maximize the product of efficiency and purity.

The agreement between data and simulations at this stage is illustrated in Table 3
which compares the number of observed events with what is expected from background
and signal (h—qq) at a few Higgs boson masses.

The discriminant variable computed in the second step of the IDA after this mass
selection is used as the final discriminating variable. The distributions of the IDA variable
after the second iteration are shown in Figure 3 for data, background and signal events,
for three different Higgs boson mass hypotheses, namely 75, 90 and 105 GeV/c?, and
combining all data. In that figure it is also shown that, although the resolution on the
two jet invariant mass is worse for gluonic Higgs boson decays than for quark decays, the
large charged track multiplicity in signal events from h—gg results in a better separation
between background and signal for gluon decays.

Systematics

The estimation of the systematic uncertainties also follows closely what was done in
the search for invisible Higgs boson decays [17]. The dominant contribution originates
from uncertainties in the description of the energy flow reconstruction, which is important
for the estimation of the qq() background. Calibration data taken at a centre-of-mass
energy close to the Z-pole are used to evaluate these systematics using a method described
in [14,17]. The effect on the background varies from year to year due to different detector
operating conditions such as imperfect calibration and alignment. The uncertainties are
in the range of 5.7% to 12.6% for the low mass analysis, 6.2% to 10.2% for the intermediate
mass range and 4.0% to 8.2% for the high mass range, depending on the centre-of-mass
energy. Compared to these, the uncertainties on the background level due to the choice
of jet clustering algorithm and the b-tagging procedure are very small.
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my (GeV/c?) | enz(%) hZ(h—qq) | SM(no hZ)  observed
40 44.1 62.4 5.5 6
20 40.7 51.2 8.7 8
60 39.7 43.1 16.2 18
70 43.0 39.0 82.8 72
80 45.8 32.9 165.2 155
90 50.6 25.5 257.9 238
100 44.6 11.2 121.4 124
110 42.0 3.3 66.9 76

Table 3: Missing energy channel, two jet final state: the number of observed events
compared to what is expected from background and signal (Z—wvr and h—qq, assuming
a SM hZ cross-section) for a few Higgs boson masses after a set of mass cuts to optimize
the separating power for each tested Higgs boson mass. Using the combined set of
simulated events at all centre-of-mass energies, the statistical uncertainties on both the
signal efficiency and background level are below 1%.

The total systematic error on the signal efficiency coming from jet clustering, b-tagging
and the mismodelling of the energy flow is between 1 and 3% with the largest error for
the low mass analysis.
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Figure 3: Distributions of the discriminant variables used in the missing energy channel,
after a set of mass cuts optimized to maximize the separating power for each Higgs boson
mass hypothesis The distributions shown here correspond to Higgs boson mass hypotheses
of 75, 90 and 105 GeV /c? from top to bottom respectively. For illustrative purposes, all

data from 189 to 208 GeV have been added.
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4.3 Two jets and a pair of isolated leptons

The qgete™ and qqutp~ channels are analysed in the same way as in the ete™ — 77,
Z~* cross-section measurements [14,20]. Events are selected by sequential cuts, initially
without explicit conditions on the invariant mass of the leptonic or hadronic system. The
particle identification criteria were carefully tuned to maximize the efficiency of selecting
leptons and the signal to background ratio.

The final discriminating variable for the statistical evaluation of the compatibility of
the data with the simulation, following the procedure described in [22], is the recon-
structed mass of the hadronic system after different mass cuts to enhance the possible
contribution of the hZ signal. These mass cuts take into account both the varying mass
resolution of the signal and the changing background level from the ZZ and Z~* processes
that dominate these topologies.

The distribution of the reconstructed mass of the hadronic pair when the mass of the
lepton pair is within 15 GeV /c? of the Z mass is shown in Figure 4 for the qge*e™ and
qqut e~ channels separately. In Tables 4 and 5, the signal efficiencies for these channels
are displayed and the number of observed events is compared to what is expected from
background and from h—qq signals.
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Figure 4: Distribution of the reconstructed mass of the hadronic pair when the mass of
the lepton pair is within 15 GeV/c? of the Z mass. The left(right) plot represents the
qqete” (qqut ) channel. For illustrative purposes, all data from 189 to 208 GeV have
been added.

The systematic uncertainties that are considered include the uncertainty in the lepton
identification and the uncertainty on the signal selection efficiency. Combined with the
statistical uncertainty on the simulated sample, these effects result in a relative systematic
uncertainty in selecting qgete™ and qqu* ™ events of 5%. The uncertainty on the small
residual background rate is dominated by the MC statistics and amounts to 15%.
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5 Search for hA production

The search for hA production in the flavour-independent hypothesis is designed to
cover a large part of the kinematically accessible h and A mass range, and is based on
general kinematic features such as event shapes and detailed mass information. Again,
the significantly higher multiplicity in gluon decays results in a higher selection efficiency
for the gluon final state, but also results in a worse mass resolution when compared to
quark jets. To minimize biases that may arise from these competing effects, the selection
efficiencies are determined using hA — light quarks samples, while the mass resolution
is evaluated with samples of hA — gluons.

5.1 Analysis streams

A first pre-selection is applied to all events, requiring at least 20 charged particle
tracks, a total reconstructed energy greater than 60% of the centre-of-mass energy, and
an effective centre-of-mass energy after initial state radiation [23] greater than 150 GeV.
The efficiencies of the multiplicity cut are typically 98% for the hA — light quarks signal
samples, and 100% for the hA — gluons samples. In the rest of the analysis, it is necessary
to consider separately three different sets of criteria, to achieve good performance over a
large range in the (my,ma)-plane, as described below.

Four jets

Close to the kinematic limit and when both Higgs bosons have comparable masses, a
four-jet topology is expected. To analyse this topology, events are clustered into four jets
with the DURHAM algorithm [21]. All jets are required to have an invariant mass larger
than 2 GeV/c?, and to contain at least two charged particles. Events are retained in
this stream if their thrust is below 0.85 and if the product of the smallest jet energy and
inter-jet angle (called Ejjnamin) is greater than 10 GeV-rad. Dijet invariant mass infor-
mation is used to reject events compatible with WW production as in [14], requiring the
corresponding probability, called Pyww, to be less than 0.01. This proves helpful not only
in the case of my, = ma ~ 80 GeV/ c? but also for other masses, where WW production
contributes to the expected background through wrong jet pairings.

Three jets

With increasing mass difference between the h and the A, the events tend to become
more three jet-like, since the decay jets of the lighter Higgs boson cannot always be
resolved. The same behavior is observed if h and A both have low masses, because of the
larger boost in this case. To analyse this topology, only events with thrust values between
0.70 and 0.92 are kept. Events are then clustered into four jets, and the compatibility with
WW production is tested as in the four-jet stream. The remaining events are clustered
into three jets. As before, all jets are required to have a mass larger than 2 GeV/c? and
to contain at least two charged particles.

Three jets with high thrust

Finally, if both Higgs bosons are very light (below 30 to 40 GeV /c?), signal events tend
to become cigar-like. Events are selected in this analysis stream if they have a thrust >
0.92, and are clustered into three jets, each jet having to satisfy the same quality criteria
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as above. As the dominant background comes from two-quark processes the kinematic
compatibility with W-pair events is not tested.

Distributions of the variables used (thrust, Ei0min and Pww) are shown in Figure
5 for signal masses relevant to these three analysis streams. Their performances and
complementarity are illustrated in Table 6, where mass-averaged efficiencies, obtained
for the different categories of signal events, are summarised. As discussed above, these
efficiencies are obtained assuming h and A decays into light quarks. From comparisons
with a number of signal samples assuming b-quark decays of the Higgs bosons, the quark
flavour-dependence of the efficiencies is smaller than 2%. The efficiencies obtained with
gluonic Higgs boson decays are higher by a factor up to 1.2 in the three jet and four jet
analyses, and by a factor up to 2 in the high thrust analysis. The numbers of observed
data and expected background events are shown in Table 7.

5.2 Final discriminant variable

In all three analysis streams, a four-constraint fit is performed on the selected events,
requiring total energy and momentum conservation. A discriminant variable is then built
from the reconstructed jet and dijet masses and their errors, by minimising the following
quantity:

2 2
2 o ml,rec - ml,test m2,rec - m2,test
X (ml,testa m2,test) - + )

defined for each event, over all possible pairing combinations. In the above expression,
M1 rec is the mass of a given dijet, ms . is the mass of the opposite dijet in the four-jet
stream, and of the opposite jet in the other streams, and dm,, are the corresponding
errors as obtained from the kinematic fit. This discriminant variable is computed for data
and background, for each test mass configuration (mj test, Mo test), on a 1x1 GeV/ c? grid
in the (my,ma)-plane and projected into histograms as illustrated in Figure 6. The range
and bin size of the histograms is the same for all analysis streams and mass configura-
tions.These histograms are used for the statistical evaluation of the compatibility of the
data with the simulation, following the procedure described in [22].

To determine the shape of the signal distributions at mass configurations that are
not simulated, the histograms are linearly interpolated, bin by bin, between the three
closest simulated points. This procedure is adopted in this particular case, because the
discriminant variable is designed to have a slowly varying distribution for the signal as a
function the signal mass. The validity of this procedure is demonstrated in section 5.3.

5.3 Systematic uncertainties

Sources of systematic uncertainties affecting this analysis are related to imperfect
simulation of the detector and of SM processes, to residual flavour-dependence of the
selections, and to the signal interpolation procedure. All effects are discussed below.

The numerical differences at preselection level between the observed data and the
expectation from SM processes are taken as a first contribution to the uncertainty on
the background prediction. For every subsequent selection variable, the difference of the
average values of the corresponding distributions in data and simulation is computed;
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the selection cut is then varied by an amount given by this difference. This procedure
leads to an estimated systematic uncertainty on the backgrounds of 5% in the four-jet
and three-jet streams, and 10% in the high-thrust stream. The higher uncertainty in this
stream is mainly due to the observed numerical discrepancy after the preselection.

As stated earlier, the flavour-dependence of the selection efficiencies is estimated by
comparing the results obtained for gluon decays, light quark decays, and b-quark decays.
The pre-selection efficiency is slightly worse (by at most 2%) in the case of light quark
decays, and is applied to the gluon decays as well. The remaining selections have a flavour-
dependence of less than 2%. This number is taken as a contribution to the systematic
uncertainty on the signal rate.

The lefthand plot of Fig. 7 shows a comparison of a simulated distribution with the
one that was obtained by interpolating between two neighbouring generated points. The
shapes are well reproduced. To quantify more precisely what accuracy can be expected
from this procedure, the previous exercise is repeated on a large number of simulated
mass configurations. In each case, the bin contents of the simulated and interpolated
histograms are compared. The distribution of the true-to-interpolated bin content ratio
has a spread of 5%, which is taken as a second contribution to the systematic uncertainty
on the signal rate. Note that this is a conservative estimate as the real interpolation is
over smaller intervals than the 20 GeV /c? used in the estimate.

Finally, the righthand plot of Figure 7 shows the probability density function of the
discriminant variable obtained for quarks and gluons, at the mass point (110,30). As
expected, a worse mass resolution on gluon jets translates into a somewhat reduced
discriminating power (this is true for all mass points). The present analysis, with a pre-
selection determined on light-quark signal samples and a kinematic analysis calibrated on
gluon samples, thus has no bias towards a given flavour that would invalidate the results
when considering other hadronic decays of the Higgs bosons.

6 Results

Results from the different analyses and topologies have been combined, and the sta-
tistical compatibility of the data with a possible Higgs boson signal has been evaluated
using the likelihood ratio technique [22] that was also used in other Higgs boson searches
in DELPHI (see ref. [24] for an example). The inputs to this procedure from all channels
and analyses are constructed for each of the simulated Higgs boson mass hypotheses.
During the fine scan over all Higgs boson mass hypotheses, the inputs corresponding to
the nearest simulation point are used, where the signal level is scaled to the correct SM
signal cross-section for this particular Higgs boson mass, and the various confidence levels
are then computed by changing the hZ cross-section with respect to its SM value (see
Section 2). The inputs from all channels are quickly reviewed for the hZ and hA analyses
separately in the next sections. Over the whole studied mass range the natural width of
the Higgs boson is assumed to be much smaller than the resolution on the reconstructed
mass (~ 1-3 GeV/c?).

No evidence for Higgs boson production has been observed and results are presented
in terms of excluded cross-sections (at 95% confidence level) as a function of the Higgs
boson masses. The results are presented separately for hZ and hA production both with
direct decays of the Higgs bosons into hadrons.
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6.1 Excluded cross-sections for hZ production

At each simulated Higgs boson mass hypothesis, the inputs from the various channels
to the likelihood analysis have been constructed. For masses below 40 GeV /c? the fully
hadronic channel provides the distribution of its discriminant variable, y?(m;, ms), for
background simulation and hZ signal (as shown in Fig.1), while for the missing energy
channel there is no discriminant variable, and only the number of expected events from
background and the hZ signal are provided for each Higgs boson mass hypothesis. For
masses above 40 GeV /c? two analyses provide the distribution of a discriminant variable
for background and signal: the distribution of Ppiges(my) for the fully hadronic channel
(as shown in Fig.6) and the distribution of the second IDA output after a set of mass
cuts for the missing energy channel(see Figure 3). The final state with two jets and a
pair of isolated leptons provides for each mass hypothesis the number of expected events
from background and the hZ signal.

Cross-section limits have been computed for Higgs boson decays into either gluon or
quark pairs and the flavour-independent result at each mass is then given by the weak-
est exclusion. For masses above 40 GeV/c?, the quark pair result provides the most
conservative exclusion. The transition between the hZ fully hadronic and the hZ three-
jet analysis and between the two missing energy channels is at m,=40 GeV/c?, a mass
where the performance of these channels is comparable. In Figure 8 the excluded cross-
section for a Higgs boson with purely hadronic decays is shown, normalised to the SM
cross-section. Observed and expected limits agree well over a wide range of masses. The
largest discrepancy occurs for a Higgs boson mass close to 30 GeV/c? where an excess
of 2.65 o is observed (the excess is around 2.5 o when the result is averaged over the
mass resolution at that particular Higgs boson mass hypothesis). The excess is shared by
two channels: the missing energy channel contributes around 2 ¢, and the low-mass fully
hadronic channel contributes around 1.5 ¢. Checks that have been performed on the jet
angular distributions do not favour a signal interpretation of the excess. The confidence
level in the background hypothesis is shown in Figure 9.

Table 8 gives the mass limits for a Higgs boson with a SM production cross-section
which exclusively decays into either quark or gluon pairs and, as a comparison, the results
achieved in the SM Higgs boson searches [24].

6.2 Excluded cross-sections for hA production

At each simulated Higgs boson mass hypothesis, the inputs to the likelihood analysis
are constructed using the distribution of the discriminant variable, x?(mi, m,), for back-
ground simulation and hZ signal as shown in Figure 6. The three different hA analysis
streams have been combined to search for Higgs boson pair production. The three-jet
stream and the high-thrust stream are statistically independent and are combined as such
in the result derivation. The overlap between these selections and the four-jet stream is
solved by choosing the strongest expected exclusion performance for each mass point.

No evidence for signal was observed. Figure 10 displays regions excluded at the 95% CL
in the (my,ma)-plane, for a few fixed values of C?, , .. When both Higgs boson masses
are comparable and when the production cross-section is maximal, the combinations with
mu+mabelow ~140 GeV/c? are excluded. When one of the Higgs boson is very light,
the mass of the other boson is constrained to be either below 4 GeV/c?, the threshold of
hA searches, or above 108 GeV/c?, in the case C7, ;.5 = 1. The 3-jet and high-thrust
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analysis streams allow a significant portion of the mass plane to be excluded even when
the production cross-section is smaller than 25% of the maximal rate.

These results are valid in the case of direct Higgs boson decays into hadrons. When the
intermediate h—AA decay mode opens (the corresponding kinematic domain is illustrated
by the dashed lines in Figure 10), the six-parton final state may become dominant. The
sensitivity of the present analyses to this topology has not been evaluated.

As stated in the introduction, the hA exclusions are valid independently of the parity
properties of h and A, and in particular may be interpreted in the context of a CP-
violating Higgs sector.

7 Summary

DELPHI used LEP2 data to search for Higgs bosons with hadronic decays of any
flavour. No signal has been found in either of the two main production mechanisms
(ete™—Z* —hZ and ete”—Z* —hA) studied, in a broad range of masses extending from
4 GeV/c? to close to the kinematic limit.

For the hZ process, cross-sections larger than about 10-60% of the expected SM values
have been excluded in the range of masses from 4 to 100 GeV/c?, independent of the
flavour of the Higgs boson decays. Under the assumption of a production cross-section
equal to that in the SM, observed and expected lower mass limits at the 95% CL of 108.0
GeV/c? and 110.6 GeV/c? have been obtained, respectively.

For the hA process, a large part of the available mass range have been excluded,
independent of the flavour of the Higgs boson decays. In the case of full production
strength and 100% branching fraction into hadrons (i.e. C?, ., . = 1), the excluded
region extends roughly up to mj a= 108 GeV/c? for the heavier Higgs boson, when the
lighter one has a mass below 10 GeV/c?. When both masses are equal, my 4 < 70
GeV/c? is excluded. Even for reduced cross-sections, significant portions of the mass
plane remain excluded.
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my (GeV/c?) | enz(%) hZ(h—qq) | SM(no hZ) observed
40 599.8 14.2 1.6 3
50 61.8 12.9 1.1 2
60 63.3 114 1.5 3
70 63.4 9.5 2.3 4
80 66.1 7.9 17.6 18
90 69.5 5.8 23.3 18
100 68.2 2.8 16.3 11
110 64.2 0.8 1.9 3

Table 4: Final state with two jets and a pair of isolated electrons: the number of observed
events with electrons in the final state compared with the expectation from background
and signal (Z—ete™ and h—qq, assuming a SM hZ cross-section) for a few Higgs boson
masses, after the mass cuts that maximize the separating power for each tested Higgs

boson mass.

my (GeV/c?) | enz(%) hZ(h—qq) | SM(no hZ)  observed
40 77.1 18.1 1.5 3
50 77.5 16.1 2.3 4
60 78.5 14.1 2.0 3
70 76.8 11.5 3.3 3
80 78.0 9.3 20.0 16
90 80.6 6.7 25.6 20
100 81.1 3.3 17.8 18
110 76.8 0.9 3.1 2

Table 5: Final state with two jets and a pair of isolated muons: the number of observed
events with muons in the final state compared with the expectation from background
and signal (Z—p*p~ and h—qq, assuming a SM hZ cross-section) for a few Higgs boson
masses, after the mass cuts that maximize the separating power for each tested Higgs

boson mass.

ena (%) (four-jet) | ena(%)(three-jet) | ena(%)(high-thrust)
four-jet events ~ 70 ~ 45 0-5
three-jet events ~ 50 ~ 70 0-5
high-thrust events 0-5 0-5 10-15

Table 6: Efficiencies of the three analysis streams in the hA search applied to three classes
of signal events, defined as: Four-jet: both my and ma > 60 GeV/c?; high-thrust: both
my and ma < 30 GeV/c?; three-jet: remaining cases.
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hA search: data to Monte Carlo comparisons at the pre-selection level, for the
used in the three selection streams. In the right part, the dots represent the
data, the light(dark) histogram corresponds to the expected four-fermion(two-fermion)
background. The top plots display the thrust distributions, and how they differ for various
signal mass hypotheses. The middle and bottom plots show respectively E.inaumin, which
is used in the four-jet stream and the variable -log,,(Pww), used in both the four-jet and
the three-jet stream. The discriminating power is indicated by showing the distributions



centre-of-mass energy | 189 GeV | 196 GeV | 200 GeV | >204.5 GeV
four-jet stream :

expected background 433.5 221.3 259.0 634.5
observed events 459 248 232 642
three-jet stream :

expected background 1593.3 750.6 797.0 1894.3
observed events 1585 736 772 1824

high-thrust stream :

expected background 1384.9 642.5 654.3 1516.3
observed events 1331 612 607 1450

23

Table 7: Numbers of observed events and expected background in the hA search summed
over all considered data-sets, and for each analysis stream. The statistical uncertainty
on the background estimates is 2%.

expected observed

lower limit  lower limit

(GeV/c?) (GeV/c?)
DELPHI (h—qq) 108.0 110.6
DELPHI (h—gg) 109.2 111.0
DELPHI (SM decay) 113.3 114.1

Table 8: The expected and observed 95% CL lower limits (in GeV/c?) on the mass of a
hadronically decaying Higgs boson, assuming its cross-section is identical to that in the
SM. The results of the SM Higgs boson search are also given for comparison.
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Figure 6: hA search: distributions of the variable x?(my, m,) for the data and expected
background (left) and signals (right). The upper plots show the discrimination obtained
for a (my,ma) = (70,60) hypothesis in the four-jet stream. The central plots show the
discrimination obtained for a (my,ma) = (100,20) hypothesis, in the three-jet stream.
The lower plots show the discrimination obtained for a (my,ma) = (30,20) hypothesis,
in the high-thrust stream. In each distribution, overflows have been included in the last

bin.
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Figure 7: The lefthand plot shows with the solid line the distribution of the variable
x%(m1, my) for the compatibility with a (110,40) mass hypothesis when interpolating from
the nearest simulated samples at (110,30) and (110,50) GeV /c?. Tt is compared with the
"true’ (dashed line) distribution from a simulated sample at (110,40). The righthand plot
shows the same distribution for two different simulated samples: a Higgs boson decaying
into either qq (solid line) or gg (dashed line) to indicate the worse mass resolution for a
purely gluonic final state. In each distribution, overflows have been included in the last

bin.
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Figure 8: Excluded hZ cross-section at 95% confidence level relative to that of the SM
Higgs boson as a function of the Higgs boson mass in case of direct decay of the Higgs
boson into hadrons. The observed exclusion (solid line) is shown together with the median
exclusion expected in the absence of signal (dashed line). The bands correspond to
the 68.3% and 95% confidence intervals for the expected limit from background-only
experiments.
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Figure 9: Confidence levels in the background hypothesis as a function of the Higgs bo-
son mass, computed with the likelihood ratio technique [22]. Curves are the observed
confidence (solid) and expected median (dashed) confidence from background-only ex-
periments, while the bands correspond to 68.3% and 95% confidence intervals for the
expected 1-CLy, from background-only experiments.
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Figure 10: Excluded regions in the (my,ma)-plane at 95% confidence level, for Higgs
cross-sections and branching ratios into hadrons such that C?, ., . =1 (light grey), 0.50
(intermediate grey), and 0.25 (dark grey). The dashed lines indicate the border where
intermediate decays of heavy into a pair of lighter Higgs bosons open kinematically.



