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Abstract

The pair production of the lightest scalar Higgs boson, h, and a pseu-
doscalar Higgs boson, A, was searched for in a data sample containing 10 000
hadronic Z° decays. The search involved both leptonic and purely hadronic
decay channels of each Higgs boson. No signal was found, and limits on the
Higgs boson masses, in the framework of the Minimal Supersymmetric exten-
sion of the Standard Model, are reported up to 35 GeV/c? at 95% c.l., for both
tan@ > 1 and tan8 < 1, where tang is the ratio of the vacuum expectation
values of the two Higgs doublets.
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INTRODUCTION

As often emphasized, LEP offers a unique opportunity to test experimentally the
existence of the Higgs sector. The standard model predicts at least one neutral scalar of
unknown mass but does not forbid the existence of extra Higgs isospin doublets or singlets
which could give rise to physical charged or neutral Higgs bosons!2l. Direct searches
for the standard model Higgs particle [¥ and for charged scalarsl* have been recently
performed by our collaboration.

Supersymmetry offers a good motivation to search for such objects, since this model
needs at least two neutral scalars h and H, one pseudoscalar A and a pair of charged scalars
H*. In the frame of what is usually referred to as the minimal supersymmetric extension
of the standard model (MSSM) (2], couplings and even masses are highly constrained. The
lightest particle is h with mj < mz. All masses and couplings can be expressed in terms
of my and of the angle 3, tan3 being the ratio of vacuum expectations generated in the
two doublet model. In particular a, the mixing angle between the two neutral scalars,
is determined and in the mass range under consideration, is approximately equal to 3.
Conversely, once my and m 4 are fixed, there exist two complementary determinations of

3, $1 and B2 with tanf, =cotfs.

The two Higgs bosons h and A can be produced in association, with the partial width
in this model:

I(Z° — hA) = %)\3 cos*(a — BT,

where ) is the phase space factor:

mp, ma
)\:((l—mi—wi)z_—élz:imi)l/z; Tp = — T4 = ——
mz mpz

ang where: 9 3 \
cos?(a — ) = mj(m% — mj)
m?% (m% + m% — 2mi)

with T',; the partial width for the pair production of one neutrino species.

When m4 ~ my, one has cos?(a — 3) ~ 1 and the production rate is maximal. This
situation occurs when tang differs from 1. For instance, cos?(a — 3) ~ 0.5 corresponds to
tan@ ~ 2.5 (or tang ~ 0.4}, in which case one has m >~ 0.7 m4.

The Bjorken process Z — hZ* also occurs in the model but is suppressed by a factor
sin? (@ — B) compared to the standard model prediction. If tan@ turns out to be close to
1, this process has the most favorable yield and one recovers the standard picture.

For masses below the charm-anticharm threshold, the most interesting decay modes
are those involving two charged particles in the final state. The predicted partial width
into the ptu~ channel is well known but large uncertainties prevail on the v+~ final
statel®l. Therefore a phenomenoclogical approach was used, looking at all possible exclusive
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channels below 2 GeV/c? and using the LUND prediction for the decay of higher mass
gluon-gluon and s3 states. Previous searches have already been performed in this mass
range, in the decays of m, K, B and T(1S) particles®.. Although no signal was observed,
the derived limits are model dependent and cannot completely exclude the presence of a
Higgs boson in this mass range. On the contrary, the present search is free, within the
MSSM, from all the theoretical uncertainties concerning the Higgs boson production rate.

For masses above the charm-anticharm threshold, the scalar and pseudoscalar Higgs
particles will decay preferentially into 77, ¢ and bb with branching ratios given!!! in terms
of the fermion masses and of the mixing angles a and 3. One has :

for h BR(h— 77 : ¢z : bb) = 1: 2.1(cot @. cot 3)% : 19}
for A BR(A— 77 :cg:bb) = 1:2.1(cot B)* : 198}

where 3y is the velocity of the b quark in the Higgs boson rest frame.

In case tanf > 1, cé is suppressed and 77 will dominate h and A decays below bb
threshold. Above this threshold, the 77 branching fraction is about 6 % for both Higgs
bosons. In contrast, if tan < 1, hadronic modes are predominant in the whole mass range.

QCD corrections become very large only in a narrow mass region, very close to the bb
threshold. Recently®], the effect has been computed both for h and A with the conclusion
that A is the most affected. If tang =~ 1, the effect is confined in the mass range 9 < my <
11 GeV/c*.

From the previous discussion, there are two complementary approaches to search for
neutral Higgs bosons. When tanf =~ 1, the standard process Z — hZ* is optimum and
results from our search for the Standard Model Higgs boson (] can be directly applied. If
tanA differs from 1, Z — hA becomes more appropriate if mp-+ma < mz. In case tan8 3 1,
as favoured by theory!!?), tagging of heavy Higgs particles is possible through the r# final
state. This is no more possible when tan3 < 1, a challenging case since the mode hA has
to be searched for in purely hadronic final states, containing primarily charmed quarks
jets.

This paper combines several experimental techniques in an attempt to cover the var-
ious scenarios mentioned above. The analysis is based on data collected by the DELPHI
detector, during the energy scan of the Z° performed at LEP at the end of 1989,

1 DETECTOR

A detailed description of the DELPHI detector, of the trigger conditions and of the
analysis chain can be found in [7]. Here, only the specific properties relevant to the
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following analysis are summarized.

The charged particle tracks are measured in the 1.2 Tesla magnetic field by a set of
three cylindrical tracking detectors: the Inner Detector (ID) covers radii 12 to 28 cm,
the Time Projection Chamber (TPC) from 30 to 122 c¢m, and the Quter Detector (OD)
between 197 and 206 cm. The end-caps are covered by the Forward Chambers A and B, at
polar angles 10° to 36° on each side. A layer of Time-of-Flight (TOF) counters is installed
for triggering purposes around the cryostat containing the superconducting solenoid.

The present analysis relies primarily on charged particle tracks reconstructed using
the TPC, complemented by the ID and OD detectors. This system reconstructs 98%
of the charged particles down to polar angles of 30°. In some small azimuthal regions
which correspond to the six boundaries of TPC sectors, this efficiency drops for energetic
(p>4 GeV/c) particles. The momentum resolution varies from %33: 2.107% x p (GeV/c)
for tracks measured in the ID, TPC and OD detectors to 1072 x p (GeV/c) for tracks
measured in the TPC only.

The electromagnetic energy is measured in the High Density Projection Chamber
(HPC) and by the Forward ElectroMagnetic Calorimeters (FEMC) in the end caps. The
HPC is a high granularity lead gas calorimeter covering polar angles 40° to 140°. For fast
triggering, a layer of scintillation counters is installed after the first 5 radiations lengths of
lead. The FEMC consists of 2x4500 lead glass blocks (granularity 1x1 degree), covering
polar angles from 10° to 36° on each side.

The trigger is based on the ID and OD coincidences, on the HPC and TOF counters,
and on the forward detectors. The track trigger is formed using opposite quadrants of
the OD in coincidence with the ID trigger layer. The counter trigger uses half length
quadrants of TOF counters sensitive to penetrating particles, and HPC counters sensitive
to electromagnetic showers with an energy greater than 2 GeV, arranged in various sets
of back-to-back and majority logics. The forward trigger is made from the same side
Chambers A and B coincidences, combined with the FEMC signals from both sides in a
majority logic. The efficiency of these various triggers is measured with the Z° data, by
analysing the recorded trigger pattern, and is applied to the simulated data. The trigger
efficiency in the barrel region considered thereafter is found to be over 99% for all hadronic
Z° decays and four prong final states, and therefore does not play any critical role in the

following analysis.

2 DATA SAMPLE

Hadronic events were selected as follows :
- the number of charged particle tracks had to be at least five,
- the angle between the reconstructed thrust axis and the beam had to be
greater than 37°, i.e. |cos#} < 0.8.
- all the charged particle tracks had to form at least two clusters, as defined
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by the LUND cluster algorithm!®!, used with default parameters. This cut is
very efficient to eliminate beam gas events.

The charged particle tracks were considered if their momentum exceeded 108 MeV/c
and if their extrapolated distance to the vertex, in the transverse plane and along the beam
axis was less than respectively 4 cm and 5 cm.

The preceding cuts applied to the 1989 data sample collected around the Z° mass lead
to the selection of 9599 hadronic decays.

Low multiplicity events (two to four charged tracks)were selected in the same angular
region and with the same track selection criteria.

3 h-A SEARCH FOR tang > 1
3.1 77 + hadrons final state

Events were searched for in which either the h or the A decayed through a 7F pair.
Such final states are characterized by the presence of two low multiplicity jets, called slim
jets hereafter, and 1 or 2 normal hadronic jets depending on the Higgs bosons mass.

Jets were defined as charged particles clusters, reconstructed by the LUND jet
algorithm(®), used with default parameters.

When each Higgs boson mass is below ~ 30 GeV/c?, the two slim jets are to be found
in the same hemisphere, opposite to the hadronic jets. The event is thus divided into two
hemispheres according to the plane perpendicular to the thrust axis. Above this mass, the
slim jets are still isolated from the hadronic jets but the hemispheric separation is lost.

The selection criteria were thus defined as below :

(i) Either two slim jets and 1 or 2 hadronic jets
(ii) Or one slim jet and two hadronic jets

For case (i), at least one of the slim jets must contain only one charged particle. Its
energy has to be above 3 GeV. The other one can contain up to three charged particles,
to allow for the 3 prong decays modes of the 7 lepton and some level of contamination of
a slim jet by a low momentum fragment of a hadronic jet. When a slim jet contains more
than 1 particle, its mass is required to be below 2 GeV/c?, and the 2 slim jets are required
to be in the same hemisphere and their combined energy to exceed 90 % of the hemisphere
energy.

Case (ii) is relevant in two different domains :

a) when one Higgs boson mass is sufficiently large so that one of the slim jets is buried
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in one hadronic jet. The analysis is quite similar to the one used in the charged Higgs
search and described in detail in [4]. Requiring the angle between the 2 hadronic jets to
be below 90° removes the background from normal hadronic decays.

b) when one Higgs boson mass is sufficiently low so that the 2leptonic jets are merged
into a single slim jet. In this case the slim jet is required to comsist of two particles of
energy higher than 1 GeV, of opposite charge and forming a jet with a mass above 2
GeV/c?. Furthermore, the slim jet must contain all the energy of its hemisphere.

The efficiencies for these selection criteria were computed by a Monte Carlo program
using a hA generator based on LUND Jetset 6.3 for subsequent hadronisation. Gluon
radiation was generated when the Higgs decayed into a ¢§ pair. Each Higgs could decay
either into a bb pair or to a 77, with the appropriate branching ratios for the h and the A.
These efficiencies are displayed in Table 1 for different masses of the Higgs bosons. The
total efficiency is reasonably constant in the whole domain with a mean value of 33 %.

The preceding cuts were then applied to the data sample. Fig. 1 refers to case (i) and
shows the distribution of the sum of the hemisphere energy fractions carried by the two
slim jets. The dashed area is the Monte Carlo prediction of a Higgs signal, which would
give a prominent peak around 1. No candidate remains with an energy fraction above
90%. Fig.2 refers to case (ii-b) and shows the mass distribution for events containing a
jet made of a pair of oppositely charged particles, hemispherically isolated. Here also, the
Higgs and the observed distribution differ significantly and no event passes the cuts with
a jet mass above 2 GeV/c2.

Table 1. Detection efficiency (in %)
for various Higgs boson masses (in GeV/c?)

M, M, 5,20 20, 20 12, 30 20, 30 35,35
case(i) 28 23 25 29 21
case(ii — a) 6 4 3 5 0
case(ii — b) 1 3 6 2 8
Total 35 30 33 37 29

In summary, no candidate was found in any of the selected topologies. From a Monte
Carlo study, the expected number of background events is 0.6+0.3. Limits can therefore
be set at the 95 % confidence level in the my-m4 plane(Fig. 3-a).

For each point in the plane, the h-A partial width and the h and A branching ratios
into 77 are computed as given in the introduction. The efficiency is interpolated from the
numbers displayed in Table 1. The obtained 95% c.l. contour sets limits at the level of 35
GeV/c? except for large A masses and low h mass. However, this domain can be covered
by looking at the reaction Z° — hZ*, where the limits obtained in the search(® for the
standard model Higgs can be used. This negative search leads to the exclusion contour
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plotted as dashed line in Fig. 3-a. The combined exclusion contour is such that Higgs
bosons with masses up to 35 GeV/c? are thus excluded at a confidence level of 95%.

3.2 Four charged particles final state

This final state is relevant when both Higgs boson masses are below the b6 threshold
ie. 10 GeV/c2. A large part of this domain is already excluded by the Z° — hZ* search
(Fig. 3.a). In the remaining domain, the production rate is large and would yield around
500 Higgs boson pairs.

In this region, two prong decays from the r# channel become dominant below the
charm threshold for tan@ <1 and up to the beauty threshold for tan8 > 1. Since only
low masses are involved, events containing 4 charged particles, with two tracks in each
hemisphere were searched for. After requiring a zero total charge for the event, only one
event is left. The angle between the beam and the thrust axis is found to be smaller than
40° and the ratio between the momenta of the two tracks found in the same hemisphere
is found to be below 0.1. This event is therefore unlikely to be a Higgs candidate since
the angular distribution of the Higgs events should be proportional to sin?# and hence
dominant in the barrel region, and the energy of the two tracks coming from a Higgs
decay should be well balanced. The predicted branching fraction of a Higgs boson into
a pair of charged particles is well known from 210 MeV/c? (the ptp~ threshold) to 300
MeV/c? (the 77~ threshold) and, for tan8 >1, between 4 and 10 GeV/c?, when the
77 channel is dominant. Between 300 MeV/c? and 4 GeV/c?, the gluon-gluon channel
plays an important rolel’), and especially until around 2 GeV/c?. In this region between
300 MeV/c? and 2 GeV/c?, the relative abundance of all the allowed exclusive channels
was computed using the isospin conservation rule which applies in the case of a strong
decay mediated by two gluons. The pseudoscalar Higgs boson A decays are found to be
dominated in this mass range by the u¥u™ channel since the two or three pions decays
are not allowed. In this region a conservative branching fraction of 45% into 2 prongs is
used, in good agreement with other similar studies(!®). Above 2 GeV/c?, the LUND 6.3
prediction was used for the gluon-gluon and the s3 channels and yielded comparable two
prong branching fractions in both channels decreasing from 45% at 2 GeV/c? to 15% at 4
GeV/c2.

For Higgs bosons mass below 500 MeV /c?, the two decay particles are emitted very
close to each other and are likely to be merged in a single track by the reconstruction
program. Using the deposited ionisation in the TPC, it was checked that no single track
in 2 prong events gave an ionization compatible with twice the deposition of a minimum
ionizing particle.

The 95% c.l. contour deduced from the 4 prong analysis is reported in Fig. 3-b,
together with the limits obtained with the low mass standard model Higgs search!®], The
excluded domain completely covers the Higgs boson mass range, from 210 MeV/c? to the
beauty threshold.



4 h-A SEARCH FOR tang <1

In this domain, the two Higgs bosons dominantly decay into a ¢ pair. The final state
looked for is thus formed by four charmed jets. Two approaches have been used to search
for such events : the first one is based upon charm tagging, while the second relies on the
four jet topology.

4.1 Charm tagging

The charm tagging method relies on the peculiar kinematic properties of the decay
D*t — 7t D® The low Q value of this decay forces the 77 to be aligned with the D* line
of flight and, therefore, the p; distribution of this low momentum pion has a mean value of
30 MeV/c, instead of the universal 300 MeV/c, where p, is the transverse momentum with
respect to the jet axis. Furthermore, the pion momentum is an almost constant fraction
(7%) of the D* momentum and is therefore around 4% of the jet momentum. This method
was pioneered by the HRS groupl!!] at PEP and has been shownl(!?] to be applicable to
multi-jet events produced at the Z° .

The shaded histogram in Fig. 4.a shows the p? distribution obtained from a Z° — hA
simulated sample, where both Higgs have a 20 GeV/c? mass and decay to cé. Only events
where four jets were reconstructed, using the LUND cluster algorithm[®!, were retained.
The transverse momentum was then computed for each track with respect to the jet axis
obtained using all the other tracks found in the same jet. In this way, the possible bias
towards low p, that could have been induced by including the track itself in the jet axis
computation was removed. Only tracks with a momentum between 5% and 10% of the
visible jet energy were considered. The resulting efficiency for h-A events using the charm
tagging method is (23 + 3) %. The solid histogram in Fig. 4.a shows the p? distribution
obtained in the data sample. No signal was found and an upper limit of 30 D* candidates
can be set at the 95% confidence level, using a fit to these data with two exponentials
indicated by the solid line.

The efficiency of this method is almost mass independent and leads to the exclusion
contour A in Fig. 5. To gain complete confidence in this result, the same method was used
to search for the normal charm-anticharm decays of the Z° . A clear D* peak was obtained
containing 1021427 events and is displayed on Fig. 4b. Both the slope of the signal and its
yield are in good agreement with standard model expectations (light shaded histogram).
The dark-shaded histogram represents the c€ contribution with the characteristic peak
due the D* meson. It is interesting to note that the D* tagging efficiency obtained by this
method is, as expected, 5 times larger than the one obtained by full exclusive reconstruction
of the charmed meson, using the decay chain D** — x#t 4+ D° - »t 4+ K~ #*.



4.2 Four jet topology

" The four jet method described in detail in our H* search!*) can be applied here when
the two Higgs bosons have comparable masses. To start with, only mass differences between
the two Higgs bosons up to 6 GeV/c? were considered, since the production cross-section
falls off rapidly when these two masses become very different from each other. This leads
to the exclusion contour B in Fig. 5.

In a second search, also based on hadronic four jet final states, the requirement of
comparable masses for the two Higgs bosons was relaxed. The method relies on construct-
ing the invariant masses of all pairs of jets in each four jet event, exploiting energy and
momentum conservation constraints to improve the mass resolution for the jet pair masses.
The associated production of the Higgs bosons was then searched for as a peak in the Dalitz
plot of jet pair mass vs. jet pair mass.

In the analysis, both charged particle tracks and calorimeter information from the
HPC were used. The resulting subset of the data contains 4600 hadronic events.

For the clusters recorded in the electromagnetic calorimeter, the energy was required
to be larger than 0.2 GeV.

In addition, the sphericity axis of the event was required to fulfill {cos8] < 0.6.
This cut enhances the signal to background ratio for the expected signal, as the angular
distribution of the Higgs bosons is proportional to sin 8. A four jet reconstruction method
was applied which maximises the four-thrust!*?] (a generalized form of the standard thrust).

Given the four reconstructed jets, energy and momentum conservation constraints for
the full event were then used to compute rescaling coefficients for the momenta of the
jets. It was assumed that the directions of the jet axes were correctly measured. The
coefficients determined in this way were generally of the order of one, otherwise the event
did not fit well the hypothesis of four jets, or these were nearly coplanar. A cut in the
rescaling coefficients ¢;, 0.5 < ¢; < 2.5, was applied.

Finally, the three pairs of jet-jet masses were calculated for each event, and for each
pair, the smallest di-jet mass, M,, was plotted vs. the largest, M;.

The quality of the reconstruction of the jet-jet masses can be judged from Fig.6-a,
which shows the result of applying the four jet reconstruction and rescaling to simulated
Z% — hA — cCcE events, where my = my = 20 GeV/c%. A clear peak is observed at
average masses M, = 19 GeV/c?, M; ~ 20.5 GeV/c?, with a resolution of less than 2
GeV/c?. The difference in the mean values of M, and M; is due to the ordering of the
masses. The wrong mass combinations are seen to contribute to a broad band of entries at
large values of M;. The statistics in the plot has been chosen to correspond to the expected
number of events in a sample of hadronic Z% decays of the present size.

The data (Fig. 6-b) clearly show no prominent peaks of the size of the simulated
signal, apart from the structures at values of M, around 10 GeV/c?2. These are due to
artificially split two jet events and are well reproduced by a Monte Carlo simulation of
standard ¢g events. The data sample itself is used to derive limits for the associated
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production of two Higgs bosons. The mass resolution and reconstruction efficiency for the
hypothetical signal has been evaluated at my = m 4, with values ranging from 10 GeV/c?
to 40 GeV/c?. For my # m,, the minimum of the detection efficiencies evaluated at the
two mass values was conservatively used. Since the expected signal had a much narrower
distribution than the observed variations in the density over the Dalitz plot, limits were
derived for the maximum possible signal in the data at a nominal set of my,m4 values
by subtracting a QCD background evaluated in a large region (20 x 20 GeV?/c*) around
(mp,ma).

The resulting contour corresponding to ms,m4 values that can be excluded at 95%
c. l. is shown as C in Fig. 5.

When the Higgs boson mass increases, the jet reconstruction methods become less
efficient. However, for a mass above 35 GeV/c?, the events become so spherical that
a thrust cut becomes powerful. The 95% c.l. limit can therefore be slightly extended
(contour D) in the large mass domain, by requiring a thrust less than 0.75.

4.3 Low mass search

The exclusion limit obtained from the standard model Higgs searchl®] applies also in
the case tanf < 1 exactly in the same manner as in the case tan@ > 1 and is represented
by the contour E in Fig. 5. For the low mass region, the analysis reported in section 3.2
is valid only below the charm threshold and corresponds to the contour F.

Above the charm threshold, a method based on the difference in the fragmentation
process between a hA event and a ¢f event was used. In the former, no coloured string
is stretched between the two Higgs bosons, whilst in the latter, such a string has been
observed through its breaking, which leads to the production of low momenta particles
at large angles with respect to the thrust axis. Therefore the multiplicity distribution
of charged particles with momentum below 1 GeV/c, emitted at more than 40° from
the thrust axis was studied (Fig. 7a). A good agreement is observed between the data
points and the udscb Monte Carlo prediction (dashed histogram), while Higgs production
{shaded histogram) would lead to a strong enhancement in the first bin which is not
observed. The Monte Carlo prediction based on the Lund 6.3 parton model describes
the data correctly, giving support to the string fragmentation model on which it is based.
The general characteristics such as multiplicity, total energy, thrust of the events with no
particles emitted at large angle are also in good agreement with the udschb prediction. Fig.
7b shows the angular distribution of the thrust axis of these events. Background events
from ¢§ sources should follow a 14cos?6 distribution while events coming from Higgs
production should follow a sin?é dependance. Good agreement is observed between the
data points and the udscb prediction (dashed histogram), while the contribution from a pair
of 10 GeV/c? Higgs bosons represented by the shadowed area is not observed. From these
results, the 95% c.l. exclusion contour G in Fig. 5 was derived. These limits were checked
to be quite insensitive to both the angular and momentum cuts used in this analysis. A
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20% systematic error due to the uncertainty concerning the Higgs fragmentation process
was taken into account.

CONCLUSION

Neutral Higgs bosons pair production was searched in Z° decays using a large variety
of possible final states and negative results are obtained. Limits are given in the framework
of the Minimal Supersymmetric extension of the Standard Model in terms of the masses
of the Higgs bosons h et A, for the two possible cases tan3 > 1 and tan8 < 1. They are
summarized in Fig. 8 where the 95% c.l. excluded region is shown in the plane (m,-tang3),
using our best limits from the various analysis presented in this paper. This is the first
time that such high mass limits are reported¥ in the case tan@ < 1. Higgs bosons are
excluded from 210 MeV/c? up to 35 GeV/c? in a large domain of the parameters. Since
these searches cover a wide variety of possible final states, (77, ¢, 4 jet events), the results
are still constraining outside the MSSM models, although precise mass limits would have
to be derived in each specific case.
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Figures Caption

Fig. 1. z; +z, distribution, where z; is the energy carried by each slim jet divided
by the total energy found in the hemisphere in which the slim jet was observed. One
slim jet must contain only one charged particle track and the other one 2 or 3. The
data are represented by the solid histogram, while the expected signal corresponding to
h-A production, when both Higgs bosons have a 20 GeV/c? mass, is represented by the
hatched area.

Fig. 2. Invariant mass of a pair of opposite charged particles recoiling against two
hadronic jets. The data are represented by the full line, the expectation from udsch events
by the dashed line. The hatched area corresponds to the signal that would be produced
by a pair of 20 GeV/c? Higgs bosons.

Fig. 3. Exclusion contours obtained for tang > 1.

Fig.3-a . The solid line corresponds to the region excluded by the 77 analysis and the
dashed line corresponds to the region excluded by the hZ* search. The hatched contour
gives the combined exclusion limit.

Fig.3-b . Exclusion contour obtained in the low mass region. The dashed curves are
reproduced from Fig. 3-a. The dashed-dotted curve corresponds to the 4 prong analysis.
The hatched contour gives the combined exclusion limit.

Fig. 4 . p? distribution of charged particle tracks relative to their jet axis.

Fig.4-a : The dashed histogram is obtained by the simulation of a pair of 20 GeV/c?
Higgs bosons decaying into ¢ pairs, using four jet events. The solid histogram is the
corresponding distribution in our data sample. The solid line is the fit to this distribution
obtained using two exponential functions of p?.

Fig.4-b : Distribution obtained on two and three jet events. The points correspond
to the real data, the light-shaded histogram to the udscb Monte Carlo prediction and the
dark-shaded histogram to the ¢ contribution only. The solid line is the fit obtained using
two exponentials function as in Fig.4-a.

Fig. 5. Exclusion contours obtained for tang < 1.

The labelled contours are obtained with the following analyses:
Contour A : inclusive D* tagging

Contour B : 4 jet final state (using the method of ref. [4})

Contour C : 4 jet final state

Contour D : Thrust analysis

Contour E : hZ* production

Contour F : 4 prongs final state

Contour G : Tracks at large angle from the thrust axis

The hatched contour corresponds to the combined excluded region.

Fig. 6. Dalitz plot of the smallest M,, and the largest M; invariant jet-jet masses for
4 jet final states.
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Fig.6-a : From the simulation of the production of a pair of 20 GeV/c? Higgs bosons.
Fig.6-b : For the data.

Fig. 7-a. Distribution of the number of charged particles with momentum below 2
GeV/c observed at more than 40° from the thrust axis. The points represent the data,
the dotted histogram the udscb prediction and the hatched area would correspond to the
production of a pair of 10 GeV/c? Higgs bosons decaying into a cZ pair.

Fig. 7-b Angular distribution with respect to the beam axis of the thrust axis, for the
two jets events containing no tracks emitted at large angle of the thrust axis. The points
show the data, the dashed histogram the udschb prediction, and the shaded histogram the
contribution of a pair of 10 GeV/c? Higgs bosons decaying into a ¢ pair.

Fig. 8 Exclusion contours in the plane (m-tang). The hatched contour corresponds
to the excluded region. In the MSSM model, the allowed parameters values are those to
the left of the dashed linell.

Contour 1 : Combined limit obtained in section 3

Contour 2 : hZ* production from ref. [3].

Contour 3 : Contour G obtained in section 4.3

Contour 4 : Contour A obtained in section 4.1

Contour 5 : Contour D) obtained in section 4.2
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