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Abstract

A search for light Higgs bosons was performed using the data sample col-
lected in 1990 by the DELPHI detector at LEP, at centre of mass energies
between 88.2 and 94.2 GeV. Using the process ete™ — H® + Z%, Z% — ff | it
is possible to exclude the existence of the Standard Model Higgs particle with
a mass between 0 and 210 MeV/c? at the 99% confidence level. Extending this
analysis to the Minimal Supersymmetric Standard Model restricts the lightest
neutral Higgs boson to masses above 28 GeV/c? irrespective of the value of the
mixing angle.
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1 Introduction

The Standard Model() predicts the existence of a neutral scalar Higgs parti-
cle, H°, as well as its couplings to leptons and quarks. However the particle
mass, Myp, is not constrained by the theory, and the Higgs(®! mechanism re-
mains an unverified ingredient of the Standard Model and its supersymmetric
extensions.

At LEP, the H° may be created by the process

ete” —» HY 4+ 2% — H? + ff (1)

where the fermion pair ff can be either leptons or quarks.

This paper reports on the search for a Higgs boson with a mass below
the threshold for the H° to decay into a muon pair, namely 210 MeV/c%. In
this mass range, the H® has a long lifetime. Below a few tens of MeV/c? it is
likely to decay outside the detector while at higher mass it may decay inside
the detector far from the interaction point. Two complementary analyses
were made to cover the full mass range. The results can be extended to
restrict the mass range for a neutral Higgs boson in the framework of the
Minimal Supersymmetric extension of the Standard Model (MSSM).

Many searches for a light Higgs boson were reported by experiments done
before LEP started®). Most of the limits obtained are affected by important
uncertainties so that the only mass range reliably excluded ¥ at the time
was between 1.2 and 52 MeV/c?.

Searches for light Higgs bosons were reported recently by the ALEPHE!,
OPALE! and L3[7 experiments at LEP.

2 The DELPHI detéctor

A detailed description of the DELPHI detector, of the trigger conditions and
of the data reduction can be found in ref.[®). Here, only the specific properties
relevant for this analysis are summarized.

Charged particle tracks are measured in a 1.2 Tesla magnetic field by
three cylindrical tracking chambers : the Inner Detector (ID) which covers
radii from 12 to 28 cm, the Time Projection Chamber (TPC) from 30 to
122 ¢cm and the Outer Detector (OD) from 197 to 208 cm. For triggering
purposes, a layer of Time Of Flight (TOF) counters is installed beyond the
coil. The end caps are covered by the Forward Chambers A and B (FCA
and FCB), at polar angles between 10° and 30° on each side.
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The electromagnetic energy is measured by the High density Projection
Chamber (HPC) in the barrel region and by the Forward ElectroMagnetic
Calorimeter (FEMC) in the end caps, both located after the main tracking
chambers. The HPC is a high granularity lead gas calorimeter covering polar
angles from 40° to 140%. A layer of scintillators is installed after the first 5
radiation lengths and used for fast triggering. The FEMC is composed of
lead glass blocks covering polar angles from 10° to 36°,

Unless otherwise stated, two trigger components were used in the analysis.
The first one requires a back-to-back coincidence of OD quadrants together
with any signal from the ID. The second one is made by coincidences of the

HPC and TOF scintillation counters. Details about these components can
be found in ref.[®.

3 Search for a Higgs boson decayixig outside
the detector

The average decay length of a light Higgs boson is given in meters by the
formula 6.3 * (40 / Myo)?, where Mpgo 'is expressed in MeV/cZ. If the H°
mass is below a few tens of MeV/c%, the particle has a very long lifetime
and is likely to decay outside the detector. The small effect of a missing
low mass H° can only be detected in the decay of the Z°* to a muon or
electron pair. Therefore, we restrict the search in this analysis to light Higgs
particles produced in association with a muon or electron pair and which
decay outside the components of the detector that are sensitive to electrons
or photons. To detect the small additional effect due to a missing low mass
H® on the Z% decay products, we require the leptonic pair to have a large
acoplanarity (defined as the complement of the angle formed by the leptonic
pair in the plane perpendicular to the beam) and no other electromagnetic
activity isolated from the two charged leptons.

3.1 Selection of Higgs candidates

The main souré_e of background comes from radiative Z° leptonic decays in
which the photon escapes detection :

ete™ - Z° - 1117 + (%) (2)

or from 7 pair production with only two charged particles in the final state :

ete™ — Z° — 7717 — two charged particles o (3)
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In the first case, the photon may not be properly measured if it goes
through the detector gaps.

Monte Carlo samples of events from reaction (1) and from background
processes (2) and’(3) were used to define the selection criteria and to de-
termine their eﬂicwncxes, as well as to calculdte the trigger efficiency and
acceptance for process(1). We use the event generator described in ref.["”!
for the reaction (1) and the event generators KORALZ 1!l and DYMU3 [*2]
for the background processes.’ The simulated raw data were passed through
the same reconstruction and analysis programs as the real data.

An event is considered as a Higgs candidate if the followmg requirements
are fulfilled :

1.

The event has only two charged partmles, both coming from a reglon
surrounding the collision point within 10 cm along the beam direction
and within 2 cm in the transverse plane.

The particles have a momentum larger than 20 GeV/c (m order to
reduce contamination from the 7 background) and their trajectories
are required to be at more than 30° to the’ bea.m dlrectmn

. The acoplanarity of the final leptons is greater than 5° This cut rejects

most of radiative leptonic Z° decays where the photon goes. along the
beam pipe, as well as 7 background events. Fig.1 shows the acopla-
narity distribution for real (crosses) and simulated (full line) ptp~,
ete~ and 7t~ events pasiififf selections 1 and 2. The a.greement be-

" tween data and’ Monte Carlo is sa.t1sfactory

The electroma.gnetm energy depos1ts not assocmted to cha.rged tracks

do not exceed 2 GeV. This cut eliminates the leptonic events with

a hard radiated photon, except those for which the photon' remains
unseen.

. There is no evidence for a shower in the direction of the missing momen-

tum. This requlrement rejects events of type (2) in which the ‘photon
is not well detected due to gaps between the sensitive regions of the
electromagnetlc calorimeters. For such events, although the photon
energy is not completely reconstructed in the HPC or FEMC modules

there is usually ev1dence of its presence

After applying selections 1 to 4 to samples of simulated events of types
(1), (2) and (3), the fraction of background dilepton pairs which survive the
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selection criteria, is (0.12 + 0.02)%, while the Higgs selection efficiencies for
a zero mass Higgs, are (25.5+ 0.7)% for the muon channel and (22.6 4+ 0.7)%
for the electron channel. The background contamination is further reduced
to (0.05 + 0.01)% by the last selection (5) without affecting the selection
efficiencies for a zero mass Higgs.

The trigger efficiency corrected for the acceptance for this analysis was
determined from our simulation. It was found to be (92.5 + 1.7)% for the
muon channel and (96.511.3)% for the electron channel, independent of the
Higgs mass. The quoted uncertainties are purely statistical. The systematic
uncertainties on the selection and trigger efficiencies were estimated to be
5% and 2% respectively.

Table 1 shows the overall detection efficiency and the related statistical
and systematic uncertainties as a function of Mye for both channels.

The data sample used for the analysis is equivalent to 53139 hadronic
Z°% and corresponds to an integrated luminosity of 2515 nb™. Only 4 events
survive the first four selections, consistent with the expected background
contamination of 5.9 + 1.2 4 0.2 events.

The 4 candidates show evidence for a converted photon in the direction
of the missing momentum and are therefore rejected by the final selection 5.

3.2 Results

The expected number of H?l*]1- (1=e,u) events in the Standard Model is
given in table 2 as a function of Mpo. Figs2 shows the expected signal. Given
the fact that no candidate survives the selection procedure, a light Higgs
boson is excluded up to a mass of 52 MeV/c? at the 99% confidence level,

4 Search for a Higgs boson decaying inside
the detector

If the mass of the Higgs boson is larger than a few tens of MeV/c2, the average
decay length of the particle is inside the detector. As an example for a mass
of 100 MeV/c?, the rest lifetime is 7° = 0.5 1071 s, which corresponds
to an average decay length Bver of the order of 1 meter. Below the two
muon threshold, the particle decays predominantly into an e*e” pair, the
branching ratio of the other possible decay, H — vy being of the order of
107? in the Standard Model with three generations '3, Therefore, a Higgs
boson decaying inside the detector will lead to a pair of tracks coming from
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the same point (V°) and recoiling against the decay products of a virtual Z°
produced practically at rest. As.a consequence, the Z% decay products are
emitted almost isotropically with respect to the H? line of flight, so that the
V? is most often isolated. ‘

The main sources of background are Z° decays in which a radlatlve photon
is converted in the detector material, hadronic Z° decays producing a long-
lived neutral hadron or a neutral pion decaying into two photons and vy
processes which produce a prompt pair of collimated tracks. The latter type
of background is also expected from rare four-fermion processes in which a
virtual photon is radiated from one of the decay products of the 70 14,

Three analyses were made to take into account all possible Z% decay
channels. In all cases, we select Z°-like events containing a V° and apply
restrictions on the V° decay position, momentum, mass and isolation in
order to suppress the backgrounds. The same V° reconstruction algorithm is
used throughout the analysis but the restrictions on the V? features depend
on the channel.

4.1 V?° reconstruction

The V® reconstruction method uses the tracking devices of the central re-
gion of DELPHI. The detectors concerned are the Time Projection Chamber
(TPC), the Inner Detector (ID) and the OQuter Detector(OD). A search is
made for pairs of tracks of opposite charge, which either cross each other or
are tangential in the transverse plane. Two tracks are considered as tangen-
tial if their minimal distance of approach in the transverse plane is less than
5 mm. The difference between the z coordinates of the two tracks at the
crossing point or at the point of closest approach must be less than 5 mm.
Moreover, this point itself must be at least 2 cm away from the beam axis.
Finally, the V° momentum must point back to the primary vertex within an
angular tolerance of 5°.

The crucial point for the Higgs boson search is the V° recomstruction
efficiency. When the angle between the two V° tracks is small (less than about
20 mrad), which is the case for a very low mass Higgs particle, the two tracks
cannot be separated in the neighbourhood of the decay point. Coordinates
are poorly measured in this region, which affects the pattern recognition.
The V° reconstruction efficiency is then strongly dependent on the radial
position of the decay vertex, on the V° polar angle, and on the mass of the
decaying particle. To study this efficiency, we used simulated Hiv samples
for several Higgs masses and we divided the detector into five fiducial regions
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where the efficiency-is expected to remain the same. The study showed that
one cannot expect to reconstruct a V° decaying more than 80 cm away from
the beam axis because the TPC external radius is only 120 cm. All the
criteria used to define a V® were tuned both on simulated Hv¥ and qq data
and on the sample of K%, As and converted photons observed in real data, to
ensure that the actual efficiency of detection is well represented by the Monte
Carlo. As an example, fig.J shows the distribution of the conversion radius
of photons detected in hadronic Z° events. The agreement between data and
Monte Carlo is satisfactory for the purposes of the analysis. Fig.{ gives the
mass spectrum for K% and As showing that neutral kaons are reconstructed
with a FWHM equal to 15 MeV /c?. The agreement between data and Monte
Carlo is adequate for our study, even though the observed distributions are
shifted by 2 MeV/c?. Finally, the V° reconstruction efficiency in the fiducial
volume (R < 80 cm, 45° < § < 135°) is estlmated to be (76 0+4. 0)% for a
Higgs mass of 50 MeV/c2.

4.2 Higgs boson produced with charged leptons

Candidates for the channels H%%e~ and Ho,u p~ must obey the following
selection criteria :

1. Four tracks reconstructed in the TPC.

2. Two tracks of opposite charges and momenta larger than 3 GeV/c,
each of them lying in the central region (i.e. with polar angles between
40° and 140°) and coming from the interaction point. The total vis-
ible energy of the two tracks must be larger than 10 GeV and their
acolinearity angle smaller than 60°.

3. A reconstructed V° in the central region, with at least 500 MeV/c
of transverse momentum with respect to the beam axis and with an
isolation angle from the closest track larger than 40°.

4, The reconstructed V° mass assuming that both tracks are electrons is
above 10 MeV/c?. This cut is introduced to reduce the main back-
ground coming from dilepton events with a hard 4 converted in the
inner vessel of the TPC (4% of a radiation length}). The reconstructed
-mass spectrum for such pairs typically lies below.5 MeV / ¢, as can be
seen in fig.5. ' :



The restriction to the central region arises from the need. for a well
controlled trigger eﬂ‘icaency : in this region, the trigger efficiencies (18] are
(97 + 2)% in the ptp~ channel and 100% with a negligible. uncertalnty in
the e*e™ channel. The trigger acceptance and the efficiency of the selection
criteria were monitored on simulated events. The overall detection efficien-
cies including all effects are given in ‘tables $ and 4, together with the related
statistical and systematic uncertainties.

The H°r+7~ final states can be selected in the same way if both 7 decays
yield only one charged particle, since the cut on the acolinearity angle is
loose enough (60 °). To extend the analysis to topologies where the two Ts
decay respectively into 1 and 3 charged particles, the same selections were
applied with the following modification for cuts 1 and 2 :

1. Six tra.cks reconstructed in the TPC

2. One isolated track of momentum above 1 GeV/ ¢ and three tracks of
momenta above 100 MeV/c contained in a 20° half-angle cone around
their resultant momentum axis. - This axis and the direction of the
isolated particle must lie in the central region and the acolinearity
a.ngle between them must be smaller than 60 °.

The tugger efﬁc1ency is the same as in the pru cha.nnel The overa.ll
detectmn efficiencies are shown in table 5.

The data sa,mple used for the analysm in the charged leptomc channels
_corresponds to an mtegrated lurm_nosaty of 2496 nb‘ - No cand1da.te was
found.:

4.3 Higgs boson produced with neutrinos . .

The branching ratio into the H°% final state is six times larger than into each
of the charged leptonic cha.nnels, and the backgrounds are easily suppressed
We first select events with one VO and no other chatged particles, which
are mostly forward radiative Bhabhas. The following additional selections
are then applied :. o

1. V° polar angle in the central region, that is between 40° and 140° This
is a powerful selection agmnst radiative Bhabha.s

2. Momentum of each particle of the pair above 200 MeV /¢ and V° trans-
verse momentuin with respect to the beam axis above 1 GeV/c, in order
to remove events from two photon processes.’
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3. No energy deposition in the luminosity monitor nor in the forward
electromagnetic calorimeters to remove Bhabhas and events from two
"photon processes.

4. No back-to-back deposits of more thaﬁ_ 20 GeV in the HPC to remove
radiative pairs whose tracks are lost in the gaps between adjacent sec-
tors of the TPC.

The main difficulty for this channel is to determine the trigger efliciency.
It was eévaluated conservatively selecting the two relevant triggers with a well
controlled efficiency. The first one requires a coincidence between at least
one trigger layer of the Inner Detector and at least two different sectors of
the Outer Detector. Its efficiency is (94 £ 2)%. The second one is a single
track trigger requiring at least one track fully contained in one sector of the
TPC. Its efficiency is (95+2)%. These trigger components are only sensitive
to V% decaying respectively before the Inner Detector and before the very
beginning of the TPC. For this reason, the overall detection efliciency is
expected ‘to fall faster at low masses than for the charged leptonic channels.
The results are given in table 6. As the two triggers were not:introduced
at the same time in the data taking, two sets of selection efficiencies were
computed. The first one includes only the trigger component based on the
Inner and Quter Detectors, while the second set takes both components into
account. The related data samples correspond to integrated luminosities of
respectively 722 nb~! and 387 nb~!. Only one event fulfills the first three
selection criteria. This event has two back-te-back high energy deposits (43
GeV and 39 GeV) in the barrel electromagnetic calorimeter, as well as hits
in the Inner and Quter Detectors in the direction of the energy clusters.
It is $hus identified as a radiative ete” event where both electrons remain
‘undetected and is rejected by condition 4.

4.4 Higgs boson produced with hadrons

The Hqq(g) channel may be a good source of H® because it includes 70% of
all H*ff channels. One must search for hadronic Z° events with at least one
isolated V°. This channel suffers from a very large background, arising mostly
from the photons produced in 7° decays (7° — yv) as well as from strange
neutral hadrons at higher masses (K’s and A’s). Also, an increase of the
contamination from fake V% 'is expected due to the high event multiplicities.
Therefore, the V° definition was modified : pairs of tangential tracks are
no longer acccepted as V° candidates and the tolerance applied to the angle
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between the V? momentum and its line of flight is decreased from 5° to 2°.
The event selection criteria are then the following :

1.

- At least six charged tracks with momenta above 100 MeV /c and with

polar angles between 25° and 155°. The tracks extra.polate_ back to
within 5 cm from the beam axis in » and within 10 cm from the cross-
ing point in z. The total charged energy in each of the two forward-
backward hemispheres exceeds 3 GeV, while the total charged energy
of the event exceeds 15 GeV. The polar angle-of the sphericity axis lies
between 30° and 150°. |

One reconstructed V° in the central region, with at least 1 GeV/c of
transverse momentum with respect to the beam axis, the momentum
of each particle of the pair being larger than 200 MeV/c. '

. No charged particle with a momentum above 100 MeV/c within a 30°

half-angle cone around the V° direction and no charged particle with
a momentum above 1 GeV/c within a 40° half-a.ngle cone around the
same direction.

Radius of the V° decay point greater than 5 cm to remove fake V%s and
outside the following ranges (fig.9) : 8 cm<r<12 cm and 22 cm<r<
34 cm to remove photon conversions.. To reinforce the suppression
of converted photons, the reconstructed V® mass assuming that both
tracks are electrons is required to be above 10 MeV/<? (fig.5).

V% whose pm mass lies between 1100 MeV/ ¢ and 1130 MeV/c? or
whose e*e~ mass is larger than 250 MeV/ c? are excluded, in order to
remove long-hved neutral hadrons. Using the ete™ mass instead of the
7 mass in the last condition removes all K% without losing any Higgs
boson in the mass range below 210 MeV /c?.

The trigger efficiency for this channel is (100 * 9)% and the overal detec-
tion efficiencies are of the order of a few percent (see table 7). The analysis
was performed on a data sample corresponding to an integrated luminosity
of 2109 nb~!. Four events satisfied the selection criteria. For all of them,
the reconstructed e*e~ mass of the V° candidate is below 50 MeV /c?. For
two events, the V° is probably a v converted in the beam pipe, which is not
rejected by cut 4 because of the uncertainty in the measurement of the Ve
decay radius. The V° of the third event is accompanied by a soft photon
close to the direction of its momentum, and its vertex is very near the inner
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wall of the TPC, so it may be interpreted as a converted + coming from a n°

decay. Finally, the V° of the last event can be interpreted as a 4 converted
in the central high voltage plate of the TPC. A study of simulated hadronic
events shows that the expected background is 4.0 4+ 2.0 events, which is
consistent with what is observed, including the fact that the e*e~ mass of
the reconstructed V° in the selected background events is smaller than 50

MeV /2.

4.5 Results

Fig.6 shows the expected Higgs signal in the leptonic channels only, as a
function of the Higgs boson mass. No candidate being observed, the following
Higgs mass range can be excluded at the 99% confidence level :

33 MeV/c2 < Mpo < 210 MeV/c?

The expected Higgs signal in the hadronic channel is shown in fig.7 to-
gether with the previous ome. For completeness, the 99% confidence level
limits on Mpyo were recalculated, combining all channels. To take properly
into account the non-zero number of observed events and background expec-
tation in the hadronic channel, the confidence level at a given Higgs boson
mass is computed by treating the different channels separately. Each chan-
nel is thus described by a confidence level as defined in ref.l'], using the
expected signal, expected background and observed number of events in the
considered channel. The confidence levels of all channels are then combined.
The Higgs mass range excluded at the 99% confidence level then becomes :

27 MeV/c?* < Mypo < 210 MeV/c?

Decrea.smg the expected background by one standard deviation increases

the lower bound of the excluded mass range by 2 MeV /c?

5 Conclusions for a Standard Model Higgs
boson

Fig.8 shows the signal expected from a standard Higgs particle, when the
analyses in sections 3 and 4 are combined, using only the leptonic channels.
‘The full range below the muon threshold is excluded at more than 99%
confidence level.

The error bars indicated in the figure contain both statistical and sys-
tematic uncertainties added in quadrature. The latter account mainly for
‘the uncertainties on the Higgs selection efficiencies. Monte Carlo and data
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were compared in the distributions of the most crucial variables used in the
selection procedure, showing that the systematic uncertainty on the Higgs
selection efficiencies is about 5% for the analysis in section 3 (see tables 1
and 2), while it amounts to 10% for the second analysis (see tables J to 7).
The other large contribution comes from the uncertainty on the ratio of the
Higgs boson to the hadronic Z° production cross sections, which is used to
normalize the Monte Carlo results to the data when computing the expected
signal. Both cross sections were calculated at lowest order, using the value
1/128 for a and the DELPHI measurements 07 for Mgz, I'z and sin®8w. It
was checked that the Higgs production cross section is well behaved down
to Mpo = 0. A 5% relative uncertainty on the cross section ratio was then
introduced to account for the missing higher order corrections. '

Fig.8 also shows the curves obtained when the expected signal is de-
creased by one standard dev1a.t10n, Wthh leaves the precedmg conclusion
unchanged

6 Higgs boson in the MSSM

The results of the present search can be translated in terms of the Mim-
mal Susy extension of the Standard Model (MSSM) described in ref.'®]. All
physical quantities, lifetimes, masses and cross sections, depend on two pa-
rameters. For thlS analysis, we choose the mass of the lightest scalar Higgs
mp, and tan @ = vy/vy, where v, and v; are the va.cuum expectatlons associ-
ated to the two Higgs doublets needed in MSSM.

To a good approximation, the Z%h cross section is simply multlphed
by a factor sin’ Zﬂ with respect to the standard model predictions. The
width I'(h—ete™) is multlphed by tan? $. One should also take into account
the decay h — vy which can give la.rge contributions when ta.nﬂ is lower
than 1. The calculation of this term suﬁ'ers from well-known uncertmntles
coming from light quark masses. To be conservative, we use m, = mg = 40
MeV/c? as suggested in ref.'¥], which maximizes the two photon decay mode
and reduces accordingly the efficiency of the two analyses. Fig.9 shows the
domain excluded by the present search.

For small values of sin? 23, neutral Higgs bosons may be pair-produced
through the decay Z° — hA, where A, the CP odd neutral Higgs boson, is
approximately degenerate in mass with h. The corresponding partial width is
then given by ['(Z° — hA)~0.5T(Z% — v¥) cos? 2/3. In the region of interest,
h and A will either decay into two charged particles, two photons or remain
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invisible. We checked that none of these final states populate significantly
the final states .of the standard channels. For instance, if h and A decay
rapidly into e*e™, the final state may fulfill the selection criteria imposed on
ordinary Z° — e*e™ events since, in most cases, the two charged particles
cannot be resolved in the TPC. These events are however easily recognized
using the dE/dx measurements from the TPC wires which would give twice
the energy deposit expected for relativistic particles. This analysis has been
already performed in our search for heavy stable leptons’® and shows that
there are no such events.

We conclude that, in all cases, the hA final state does not correspond
to any hadronic or leptonic channel selected for the determination of the
partial widths in ref.'"). It will therefore appear as a residual width, which
contributes to the so-called invisible width. Assuming the standard model
value with three neutrino generations for the invisible width, one may deduce
an upper limit for the hA contribution. Using T, =469429 MeV/c?, we
find that T'(Z° —hA)<39 MeV/c? at the 95% confidence level. This result
is translated into the limits shown in fig.9 which fully exclude the areas not
covered by the hZ® analysis.

7 Conclusions

Combining the search for an invisible Higgs boson with the search for a Higgs
boson decaying into a V° inside the detector, we can exclude the existence
of the Standard Model Higgs boson in the mass range between 0 and 210
MeV/c? at the 99% confidence level.

To constrain the MSSM Higgs sector, we combined the above analysis
with our measurement of the invisible Z° width. Using in addition our pre-
vious results on a search for heavy MSSM Higgs particles 2% we can, for the
first time, exclude at the 95% confidence level the emstence of the lightest
neutral Higgs boson, h, with a mass between 0 and 28 GeV/c?, irrespective
of the value of tan 3.
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Table 1: Overall detection efficiencies for H1*1~ (1=e,u)

myo (MeV /c?)

efficiency (%) l=p

efficiency (%) 1=e

0
10
20
30
40
50
70

100

23.6 08 +£1.3
23.3 £ 08 +£1.3
19.9 £ 0.7 £ 1.1
16.7 + 0.6 + 0.9
124 + 0.4 £ 0.7
10.0 = 0.3 £ 0.5
48 + 0.2 £ 0.3
1.24 4 0.04 £ 0.06

21.8 £ 0.7 £1.2
21.6 £ 0.7 £ 1.2
18.4 £ 0.6 £ 0.9
15.5 £ 0.5 £ 0.8
11.5+ 0.4 £ 0.6
9.4+ 0305
4.5+ 0.1 +0.2
1.15 + 0.04 & 0.06

Table 2: Number of expected events for H21*1~ (1=e,u)

mpe (MeV/c?)

number of expected events

0
10
20
30
40
50
70

100

12.03 & 0.29 + 0.52
11.89 + 0.29 + 0.51
10.15 £ 0.24 + 0.44
8.54 + 0.21 £+ 0.37
6.33 4 0.15 + 0.28
5.09 + 0.12 + 0.22
2.46 + 0.06 + 0.11
0.63 + 0.02 + 0.03
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Table 3: Overall detection efficiency and expected signal.for H“e*‘é‘

mye (MeV/c?)

. efficiency (%)

| expected signal.

25
50
100
150
200

21+ 0.6 + 0.2

1102 £ 1.3 + 1.0

139+ 1514
16.5 + 1.6 + 1.7

(137 +15%1.4

0.6:+ 0.2 £ 0.1
31+£04403]
434+ 05+05[
51+05+06|

4.2 + 0.5+ 05]

Table 4: Overall detection efficiency and expected signal for

+ ., -

mypo (MeV/c?)

efficienicy (%)

expected signal-

Hep*p

25
50
100
150
200

3.1+ 05+0.3
7.8 4+ 0.9 & 0.8
147+ 1.2+ 1.5

1182+13+1.9

176 1.3 £ 1.8

1.0 £ 02+ 0.1
24 4+03+03
45+ 0405
5.6 + 0.4.1 0.6

54+ 04106

Table 5: Overall detectibn ef_ﬁc,iencyuand expécted sigixa.l for

myo (MeV/c?)

efficiency (%)

expected signal | |

HOrtr™

25
50
100
150
200

1.9+ 03+02
4.9+ 0.6 £ 0.5
9.1 + 0.8+ 0.9
113+ 08+ 1.1
11.9 + 0.8 + 1.1

0.6 +0.1+0.1
1.5+ 02+ 0.2
2.8 + 0.2 + 0.3
3.5+ 0.3 £ 0.4

3.44+024+04

Table 6: Overall detection efficiencies and total expected signal for H°vv

mpo (MeV/c?) | efficiency 1 (%) | efficiency 2 (%) | expected signal
25  [06+02+01| 1.6+04+0.2 [0.7+01+0.1
50 0.3+024+01| 35+06+04 |1.1+£02+0.1
100 35+06+04]140+£11+14|55+05405
150 48 +074+051196+13+20]|7.7+06+0.7
200 75+ 09+08[233+144+24199+06+0.9

Table T: Overall detection efficiency and expected signal for H%qgq

myo (MeV/c?)

efficiency (%)

expected signal

25
50
- 100
150 .
200

128%+0.5+03

04 +02+0.1
1.7 404 £ 0.2

2.7+ 0.6 + 0.3
2.6 + 0.6 + 0.3

23113 £0.2
9.0 £ 2.0 £ 1.0

150 £ 28+ 1.6
149 £35+ 1.6

14.2 + 3.4 £ 1.6
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Figure Captions "

Figure 1 : Distribution of the acoplanarity angle for u*tu~, ete~ and
77 events after selections on momentum and polar angle only. The data
are shown by crosses and the Monte-Carlo by a full line. The dashed line
shows the same distribution for a zero mass Higgs boson. ‘

Figure 2 : Numbers of selected H® events predicted using the Standard
Model. The error bars represent the systematic and statistical uncertainties
added in quadrature. The 99% confidence level for the possﬂ)le signal is
given by the dashed line.

Figure 3 : Conversion radius for ys produced in hadronic Z° decays, as
observed in real data (points) and simulated data (histogram). Six regions
can be recognized : vacuum chamber (1), beam pipe and vertex detector (2),
Inner Detector jet chamber (3) and trigger chamber (4), Time Projection
Chamber inner vessel (5) and gas volume (6). The initial samples of real and
simulated hadronic events are normalized to each other.

Figure 4 : Mass spectrum of K% and As reconstructed as V% in hadronic
Z° decays. The (nr) invariant mass of a V% is calculated assuming that both
particles of the pair are pions while the (pm) invariant mass is calculated
assuming that the more energetic particle of the pair is a proton. The distri-
butions for the real data (crosses) and for the simulated ones (histogram) are
normalized to each other, to check the resolutlon of the V° reconstruction
algorithm.

Figure 5 : Mass spectrum for converted s observed in the same data
sample of hadronic Z° decays as in fig.9. The points stand for real data and
the histogram for simulated ones. The initial samples of real and simulated
hadronic events are normalized to each other.

Figure 6 : Expected Higgs signal for leptonic channels only. The statis-
tical and systematic uncertainties are added in quadrature. The 99% con-

fidence level limit (straight line) corresponds to 4.6 events, which excludes
the mass range from 33 MeV/c? to 210 MeV /c?.

Figure 7 : Expected Higgs signal for leptonic and hadronic channels to-
gether. The statistical and systematic uncertainties are added in quadrature.
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The 99% confidence level limit (straight line) corresponds to 6.3 events, which
excludes the mass range from 27 MeV/c? to 210 MeV/c%. When decreasing
the background expectation by one standard deviation, the 99% confidence
level limit becomes 7.0 events which leads to a 2 MeV/c? increase of the
lower bound of the excluded mass range.

Flgure 8 Expected Higgs signal from the combined lepton channel anal-
yses. The entire mass range below 210 Mev/c? is excluded at more than 99%
confidence level for'a'Standard Model Higgs boson. Decreasing the expected ..
signal by one sta.nda.rd deviation leads to the dashed curves. .

Figure 9 : MSSM limits given in terms of my, the mass of the light scalar
boson and tan 4. “The thick line indicates the domain excluded by combining
the two searches based on Z°h at the 95% confidence level. The thin lme.(a)
gives the domain excluded by our search for a Higgs boson decaying outside
the detector, while line (b) corresponds to the V° search using only leptoni¢
decays of the Z°.

The two dark grey domains are excluded at the 95% confidence level by
the invisible width measurement. The light grey domain at tan 8 ~0.5 is also
excluded at the 95% confidence level by combining the hZ% and the invisible
width limits.

The hatched area indicates the domain excluded only by the hZ% search
with no overlap with the invisible width doma.ln :
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