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Abstract. A search for light Higgs bosons was performed 
using the data sample collected in 1990 by the D E L P H I  
detector at LEP, at centre of mass energies between 88.2 
and 94.2GeV. Using the process e + e - - ~ H  ~ 
+ Z  ~ Z ~ ~ f f  it is possible to exclude the existence 
of the standard model Higgs particle with a mass be- 
tween 0 and 210 MeV/c 2 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 2 irrespective of the value of 
the mixing angle. 

1 Introduction 

The standard model [1] predicts the existence of a neu- 
tral scalar Higgs particle, H ~ as well as its couplings 
to leptons and quarks. However the particle mass, Muo, 
is not constrained by the theory, and the Higgs [2] mech- 
anism remains an unverified ingredient of the standard 
model and its supersymmetric extensions. 

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

e+e - ~ H ~  ~ ~ H ~  (1) 

where the fermion pa i r f f 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 210MeV/c 2. In this mass 
range, the H ~ has a long lifetime. Below a few tens of 
MeV/c 2 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 [3]. Most of 
the limits obtained are affected by important  uncertain- 
ties so that the only mass range reliably excluded [4] 
at the time was between 1.2 and 52 MeV/c 2. 

Searches for light Higgs bosons were reported recent- 
ly by the ALEP H [5], OPAL [6] and L3 [7] experiments 
at LEP. 

2 The DELPHI detector 

A detailed description of the DELPHI  detector, of the 
trigger conditions and of the data reduction can be found 
in [8]. Here, only the specific properties relevant for this 
analysis are summarized. 

Charged particle tracks are measured in a 1.2 T mag- 
netic field, parallel to the beam axis. The tracking device 
in the barrel region consists of three cylindrical 
chambers: the inner detector (ID) which covers radii 
from 12 to 28 cm, the time projection chamber (TPC) 
from 30 to 122cm and the outer detector (OD) from 
197 to 208 cm. For  triggering purposes, a layer of time 
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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. 

The electromagnetic energy is measured by the high 
density projection chamber (HPC) in the barrel region 
and by the forward electro magnetic calorimeter (FEMC) 
in the end caps, both located after the main tracking 
chambers. The HPC is a high granularity lead gas calo- 
rimeter 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 F EMC is com- 
posed 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 coinci- 
dences of the HPC and TOF scintillation counters. De- 
tails about these components can be found in [9]. 

3 Search for a Higgs boson decaying outside the detector 

The average decay length of a light Higgs boson is given 
in meters by the formula 6.3.(40/MHo) 2, where Mno is 
expressed in MeV/c 2. If the H ~ mass is below a few 
tens of MeV/c 2, 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 parti- 
cles 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. Fur- 
thermore, we have to separate possible candidates from 
the radiative events 1 + l-7,  using the different angular 
distributions and the possible detection of the additional 
photon. 

3.1 Selection of Higgs candidates 

The main source of background comes from radiative 
Z ~ leptonic decays in which the photon escapes detec- 
tion: 

e+e - ~ Z  ~  +1- +(7) (2) 

or from ~ pair production with only two charged parti- 
cles in the final state: 

e + e -  ~ Z ~ ~ z + ~- ~ two charged particles. (3) 

Monte Carlo samples of events from reaction (1) and 
from background processes (2) and (3) were used to de- 
fine the selection criteria and to determine their efficien- 
cies, as well as to calculate the trigger efficiency and 
acceptance for process (1). We use the event generator 
described in [10] for the reaction (1) and the event gener- 
ators K O R A L Z  [11] and DYMU3 [12] for the back- 
ground processes. The simulated raw data were passed 
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through the same reconstruction and analysis programs 
as the real data. 

In order to reduce the background coming from the 
radiative Z ~ leptonic decay, including events where the 
photon goes along the beam pipe, we have optimized 
a cut on the leptonic pair acoplanarity (defined as the 
complement of the angle formed by the two charged 
leptons in the plane perpendicular to the beam). This 
cut also reduces the r background events. 

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

1. The event has only two charged particles, both com- 
ing from a region surrounding the collision point within 
i0 cm along the beam direction and within 2 cm in the 
transverse plane. 
2. The particles have a momentum larger than 20 GeV/c 
(in order to reduce contamination from the r back- 
ground) and their trajectories are required to be at more 
than 30 ~ to the beam direction. 
3. The acoplanarity of the final leptons is greater than 
5 ~ Figure 1 shows the acoplanarity distribution for real 
(crosses) and simulated (full line) #+ # - ,  e + e-  and z+ ~- 
events passing selections 1 and 2, with quite satisfactory 
agreement between data and Monte Carlo. 
4. The electromagnetic energy deposits not associated 
to charged tracks do not exceed 2 GeV. This cut elimi- 
nates the leptonic events with a hard radiated photon, 
except those for which the photon remains unseen. 
5. There is no evidence for a shower in the direction 
of the missing momentum. This requirement rejects 
events of type (2) in which the photon is not well detected 
due to gaps between the sensitive regions of the electro- 
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Fig. 1, Dis t r ibu t ion  of the acoplanar i ty  angle for # + # - ,  e+e  and  
T+~ events after selections on m o m e n t u m  and  polar  angle only. 
The  da ta  are shown by crosses and  the Monte -Car lo  by a full 
line. The dashed  line shows the same d is t r ibut ion  for a zero mass  
Higgs boson  

Table 1. Overall detect ion efficiencies for H~ + 1-(/=e, #) 

mHo (MeV/c 2) efficiency (%) 1 = # efficiency (%) 1 = e 

0 23.6 +_0.8 +1.3 21.8 +_0.7 +_1.2 
10 23.3 +_0.8 +_1.3 21.6 +_0.7 +_1.2 
20 19.9 +_0.7 +_1.1 18.4 +_0.6 +_0.9 
30 163 +_0.6 +_0.9 I5.5 +_0.5 +_0.8 
40 12.4 +_0.4 +_0.7 11.5 +_0.4 +_0.6 
50 10.0 +_0.3 +_0.5 9.4 +_0.3 +_0.5 
70 4.8 +_0.2 +_0.3 4.5 _4-0.1 +-0.2 

100 1.24 +_ 0.04 4- 0.06 1.154- 0.04 +- 0.06 

magnetic calorimeters. For  such events, although the 
photon energy is not completely reconstructed in the 
HPC or FEMC modules there is usually evidence 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 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 chan- 
nel and (22.6_+ 0.7)% for the electron channel. The back- 
ground 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 
(96.5_+ 1.3)% for the electron channel, independent of 
the Higgs mass. The quoted uncertainties are purely sta- 
tistical. A conservative 5% systematic uncertainty on 
the selection efficiency was estimated by checking the 
sensitivity of the results to cuts 3 and 4, while a 2% 
systematic uncertainty on the trigger efficiency was esti- 
mated from the trigger simulation program. 

Table 1 shows the overall detection efficiency and the 
related statistical and systematic uncertainties as a func- 
tion of Mno for both channels. 

The data sample used for the analysis is equivalent 
to 53 139 hadronic Z~ and corresponds to an integrated 
luminosity of 2515 n b -  1. Only 4 events survive the first 
four selections, consistent with the expected background 
contamination of 5.9 _+ 1.2 _+ 0.2 events. 

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

Table 2. N u m b e r  of expected events for H ~ l + l -  (l = e, #) 

rn,o (MeV/c 2) N u m b e r  of expected events 

0 12.03 _+ 0.29 + 0.52 
10 11.89 +- 0.29 + 0.51 
20 10.15-t-0.24+_0.44 
30 8.54_+0.21 +-0.37 
40 6.33 +- 0.15 _+ 0.28 
50 5.09 4- 0.12 + 0.22 
70 2.46 +- 0.06 +_ 0.11 

100 0.63 +_ 0.02 +_ 0.03 
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3.2 Results 

The expected number of H~ + l - ( l = e ,  #) events in the 
standard model is given in Table 2 as a function of MHO. 
Figure 2 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 2 
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/c 2, the average decay length of the particle is 
inside the detector. As an example, for a mass of 
100MeV/c z, the rest lifetime is r~  10-1~ which 
corresponds to an average decay length fiVcr of the 
order of 1meter. Below the two muon threshold, the 
particle decays predominantly into an e + e -  pair, the 
branching ratio of the other possible decay, H--,  77 being 
of the order of 10-3 in the standard model with three 
generations 1-13]. Therefore, a Higgs boson decaying in- 
side the detector will lead to a pair of tracks coming 
from the same point (V ~ and recoiling against the decay 
products of a virtual Z ~ produced practically at rest. 
The H ~ is emitted almost isotropically so that the V ~ 
is most often isolated in the event. 

The main sources of background are Z ~ decays in 
which a radiative photon is converted in the detector 
material, hadronic Z ~ decays producing a longlived neu- 
tral hadron or a neutral pion decaying into two photons 
and 77 processes which produce a prompt pair of colli- 
mated tracks. The latter type of background is also ex- 

pected from rare four-fermion processes in which a virtu- 
al photon is radiated from one of the decay products 
of the Z ~ [14]. 

Three analyses were made to take into account, not 
only the leptonic channels, but also the neutrino and 
hadronic Z ~ decays. In all cases, we select Z~ events 
containing a V ~ and apply restrictions on the V ~ decay 
position, momentum, mass and isolation in order to sup- 
press the backgrounds. The same V ~ reconstruction al- 
gorithm is used throughout  the analysis but the restric- 
tions on the V ~ features depend on the channel. 

4.1 V ~ reconstruction 

The V ~ reconstruction method uses the tracking devices 
of the central region of DELPHI.  The detectors con- 
cerned are the time projection chamber (TPC), the inner 
detector (ID) and the outer 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 
with respect to the beam axis. If the tracks cross each 
other, the decay vertex of the pair is taken as the crossing 
point which has the smallest difference in the z coordi- 
nates (that is, coordinates along the beam axis). Two 
tracks are considered as tangential if their minimal dis- 
tance of approach in the transverse plane is less than 
5 mm. In this case, the vertex is defined as the middle 
of the minimal segment between the two tracks in the 
transverse plane; its z coordinate is the average of the 
z coordinates of the segment ends. To keep a pair of 
tracks as a V ~ candidate, the z difference between the 
tracks at the decay vertex must be less than 5 mm and 
the vertex itself must be at least 2 cm away from the 
beam axis. Moreover, the V ~ momentum, defined as the 
sum of the track momenta at the decay vertex, must 
point back to the primary vertex within an angular toler- 
ance of 5 ~ . 

The crucial point for the Higgs boson search is the 
V ~ reconstruction efficiency. When the angle between 
the two V ~ tracks is small (less than about 20mrad), 
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 H v g samples 
for several Higgs masses and we divided the detector 
into five fiducial regions where the efficiency is expected 
to remain the same. The study showed that one cannot 
expect to reconstruct a V ~ decaying more than 80cm 
away from the beam axis because the TPC external radi- 
us is only 120 cm. All the criteria used to define a V ~ 
were tuned both on simulated H v g  and q~ data and 
on the sample of K~ As  and converted photons ob- 
served in real data, to ensure that the actual efficiency 
of detection is well represented by the Monte  Carlo. As 
an example, Fig. 3 shows the distribution of the conver- 
sion radius of photons detected in hadronic Z ~ events. 
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The agreement  between data  and Monte  Carlo is satis- 
factory for the purposes  of the analysis, a l though the 
posit ion of the radiat ing material  is not  perfectly simulat- 
ed. Figure 4 gives the mass spectrum for K~ and As 
showing that  neutral  kaons  are reconstructed with a 
F W H M  equal to 15 MeV/c  2. The agreement  between 
data  and Mon te  Carlo  is adequate  for our  study, even 
though  the observed distributions are shifted by 
2 MeV/c  2. Finally, the V ~ reconstruct ion efficiency in the 
fiducial volume ( R < 8 0 c m ,  4 5 ~  ~ is est imated 
to be (76.0___ 4.0)% for a Higgs mass of  50 MeV/c  2. 

4.2 Higgs boson produced with charged leptons 

Candidates  for the channels HOe + e---+ and H ~  + # -  
must  obey the following selection criteria: 

1. F o u r  tracks reconstructed in the TPC. 
2. Two tracks of  opposite charges and m o m e n t a  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 visible 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 m o m e n t u m  with respect to the 
beam axis and with an isolation angle f rom the closest 
track larger than 40 ~ . 
4. The reconstructed V ~ mass assuming that  bo th  tracks 
are electrons is above 10 MeV/c  2. This cut is in t roduced 
to reduce the main backg round  coming from dilepton 
events with a hard  ~, conver ted in the inner vessel of  
the TPC (4% of a radiat ion length). The reconstructed 
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Table3. Overall detection efficiency and expected signal for 
HOe + e- 

mno (MeV/c 2) Efficiency (%) Expected signal 

25 2.1+0.6+0.2 0.6+0.2+0.1 
50 10.2+1.3+1.0 3.1+0.4+0.3 

1~ 13.9+1.5+1.4 4.3+0.5+0.5 
150 16.5+1.6+1.7 5.1+0.5+0.6 
2~  13.7+1.5+1.4 4.2+0.5+0.5 

Table4. Overall detection efficiency and expected signal ~r  
HO#+# - 

mno (MeV/c 2) Efficiency (%) Expected signal 

25 3.1+0.5+0.3 1.0•177 
50 7.8+0.9+0.8 2.4•177 

1~ 14.7+1.2+1.5 4.5•177 
150 18.2+1.3+1.9 5.6•177 
200 17.6+1.3+1.8 5.4•177 

mass spectrum for such pairs typically lies below 
5 MeV/c 2, as can be seen in Fig. 5. 

The restriction to the central region arises from the need 
for a well controlled trigger efficiency: in this region, 
the trigger efficiencies [15] are (97+2)% in the # + # -  
channel and 100% with a negligible uncertainty in the 
e + e -  channel. The trigger acceptance and the efficiency 
of the selection criteria were monitored on simulated 
events. The overall detection efficiencies including all ef- 
fects are given in Tables 3 and 4, together with the related 
statistical and systematic uncertainties. 

The H~ § z -  final states can be selected in the same 
way if both z 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 z s decay respectively into 1 and 3 charged particles, 
the same selections were applied with the following mod- 
ification for cuts 1 and 2: 

1. Six tracks reconstructed in the TPC. 
2. One isolated track of momentum above 1 GeV/c 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 angle 
between them must be smaller than 60 ~ . 

The trigger efficiency is the same as in the/~+ p -  channel. 
The overall detection efficiencies are shown in Table 5. 

Table 5. Overall detection efficiency and expected signal for 
nOz+z - 

mno (MeV/c 2) Efficiency (%) Expected signal 

25 1.9+0.3+0.2 0.6+0.1+0.1 
50 4.9+0.6+0.5 1.5+0.2+0.2 

100 9.1+0.8+0.9 2.8+0.2+0.3 
150 11.3+0.8+1.1 3.5+0.3+0.4 
2~  11.9+0.8+1.1 3.4+0.2+0.4 
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The main factors explaining the low efficiencies in 
the charged leptonic channels are the restriction of all 
tracks to the barrel region, the H ~ decay probability 
in the fiducial region, the V ~ reconstruction efficiency 
and the requirement on the V ~ isolation. The data sam- 
ple used for the analysis corresponds to an integrated 
luminosity of 2496 n b -  i. No candidate was found. 

4.3 Higgs boson produced with neutrinos 

The branching ratio into the H v q  final state is six times 
larger than into each of the charged leptonic channels, 
and the backgrounds are easily suppressed. 

We first select events with one V ~ and no other 
charged particles, which are mostly forward radiative 
Bhabhas. The following additional selections are then 
applied: 

1. V ~ polar angle in the central region, that is between 
40 ~ and 140 ~ This is a powerful selection against radia- 
tive Bhabhas. 
2. Momentum of each particle of the pair above 
200 MeV/c and V ~ transverse momentum with respect 
to the beam axis above 1 GeV/c, in order to remove 
events from two photon processes. 
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 than 20 GeV in 
the HPC to remove radiative pairs whose tracks are lost 
in the gaps between adjacent sectors of the TPC. 

The main difficulty for this channel is to determine the 
trigger efficiency. It was evaluated conservatively select- 
ing the two relevant triggers with a well controlled effi- 
ciency. 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 com- 
ponents 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 effi- 
ciency is expected to fall faster at low masses than for 
the charged leptonic channels. 

The results are given in Table 6. The main contribu- 
tion to the inefficiency in this channel is the geometrical 
acceptance of the trigger components. As the two trig- 

Table 6. Overall detection efficiencies and total expected signal for 
H~ v~ 

rnno Efficiency 1 Efficiency 2 Expected 
(MeV/c 2) (%) (%) signal 

25 0.6•177 1.6+0.4+0.2 0.7•177 
50 0.3•177 3.5+0.6+0.4 1.1•177 

100 3.5•177 14.0+1.1+1.4 5.5•177 
150 4.8•177 19.6+1.3+2.0 7.7•177 
200 7.5•177 23.3+1.4+2.4 9.9•177 
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gers were not introduced at the same time in the data 
taking, two sets of selection efficiences were computed. 
The first one includes only the trigger component  based 
on the inner and outer detectors, while the second set 
takes both components  into account. The related data 
samples correspond to integrated luminosities of respec- 
tively 722 n b -  a and 387 n b -  1. Only one event fulfills the 
first three selection criteria. This event has two back-to- 
back high energy deposits (43 GeV and 39 GeV) in the 
barrel electromagnetic calorimeter, as well as hits in the 
inner and outer detectors in the direction of the energy 
clusters. It is thus identified as a radiative e + e -  event 
where both electrons remain undetected and is rejected 
by condition 4. 

4.4 Higgs boson produced with hadrons 

The H~ channel may be a good source of H ~ be- 
cause it includes 70% of all H ~  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 rc ~ decays 
( re~ --* 77) as well as from strange neutral hadrons at high- 
er masses (K's and A's). Also, an increase of the contami- 
nation from fake V~ is expected due to the high event 
multiplicities. Therefore, the V ~ definition was modified: 
pairs of tangential tracks are no longer accepted as V ~ 
candidates and the tolerance applied to the angle be- 
tween the V ~ momen tum and its line of flight is de- 
creased 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 extrapolate back to within 5 cm from the 
beam axis in r and within 10 cm from the crossing 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 ~ . 
2. One reconstructed V ~ in the central region, with at 
least 1 GeV/c of transverse m om en t um  with respect to 
the beam axis, the m o m e n t u m  of each particle of the 
pair being larger than 200 MeV/c. 
3. No  charged particle with a momen tum above 
100 MeV/c within a 30 ~ half-angle cone around the V ~ 
direction and no charged particle with a momen tum 
above 1 GeV/c within a 40 ~ half-angle cone around the 
same direction. 
4. Radius of the V ~ decay point greater than 5 cm to 
remove fake V~ and outside the following ranges 
(Fig. 3): 8 c m < r < 1 2 c m  and 2 2 c m < r < 3 4 c m  to re- 
move photon  conversions. To reinforce the suppression 
of converted photons, the reconstructed V ~ mass assum- 
ing that both  tracks are electrons is required to be above 
10 MeV/c 2 (Fig. 5). 
5. V~ whose pro mass ties between 1100 MeV/c 2 and 
l l 3 0 M e V / c  2 or whose e+e  - mass is larger than 
250 MeV/c 2 are excluded, in order to remove long-lived 
neutral hadrons. Using the e + e -  mass instead of the 

Table 7. Overall detection efficiency and expected signal for H~ 

rnno (MeV/c 2) Efficiency (%) Expected signal 

25 0.4+0.2+0.1 2.3+1.3+0.2 
50 1.7+0.4+0.2 9.0+2.0+1.0 

100 2.8+0.5+0.3 15.0•177 
150 2.7+0.6+0.3 14.9•177 
200 2.6+0.6+0.3 14.2•177 

rcrc mass in the last condition removes all K~ without 
losing any Higgs boson in the mass range below 
210 MeV/c z. 

The trigger efficiency for this channel is (100_+ 2)%. The 
overall detection efficiencies are of the order of a few 
percent, which is mainly due to more stringent V ~ selec- 
tion criteria than in the previous sections (see Table 7). 
The analysis was performed on a data sample corre- 
sponding 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 be- 
low 50 MeV/c 2. For  two events, the V ~ is probably a 
7 converted in the beam pipe, which is not rejected by 
cut 4 because of the uncertainty in the measurement  
of the V ~ 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 wall 
of the TPC, so it may be interpreted as a converted 
7 coming from a 7t ~ decay. Finally, the V ~ of the last 
event can be interpreted as a 7 converted in the central 
high voltage plate of the TPC. A study of simulated 
hadronic events shows that the expected background is 
4.0_+2.0 events, which is consistent with what is ob- 
served, including the fact that the e + e -  mass of the re- 
constructed V ~ in the selected background events is 
smaller than 50 MeV/c z. 

4.5 Results 

Figure 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/c 2 < Mno < 210 MeV/c 2. 

The expected Higgs signal in the hadronic channel 
is shown in Fig. 7 together with the previous one. For  
completeness, the 99% confidence level limits on M~o 
were recalculated, combining all channels. To take pro- 
perly into account the non-zero number  of observed 
events and background expectation in the hadronic 
channel, the confidence level at a given Higgs boson 
mass is computed by treating the different channels sepa- 
rately. Each channel is thus described by a confidence 
level as defined in [16], using the expected signal, ex- 
pected background and observed number  of events in 
the considered channel. The confidence levels of all chan- 
nels are then combined. The Higgs mass range excluded 
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at the 99% confidence level then becomes: 

27 MeV/c 2 < Mno < 210 MeV/c 2. 

Decreasing the expected background by one standard 
deviation increases the lower bound of the excluded mass 
range by 2 MeV/c 2. 

5 Conclusions for a standard model Higgs boson 

Figure 8 shows the signal expected from a standard 
Higgs particle, when the analyses in Sects. 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 systematic uncertainties added in quadra- 
ture. The latter account mainly for the uncertainties on 
the Higgs selection efficiencies. Monte Carlo and data 
were compared in the distributions of the most crucial 
variables used in the selection procedure, showing that 
the systematic uncertainty on the Higgs selection efficien- 
cies is about 5% for the analysis in Sect. 3 (see Tables 
1 and 2), while it amounts to 10% for the second analysis 
(see Tables 3 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 c~ and the D E L P H I  measurements [17] for Mz, Fz 
and sin 20w. It was checked that the Higgs production 
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cross section is well behaved down to Mno=0 .  A 5% 
relative uncertainty on the cross section ratio was then 
introduced to account for the missing higher order cor- 
rections. 

Figure 8 also shows the curves obtained when the 
expected signal is decreased by one standard deviation, 
which leaves the preceding conclusion unchanged. 

6 Higgs boson in the MSSM 

The results of the present search can be translated in 
terms of the minimal susy extension of the standard mod- 
el (MSSM) described in [18]. All physical quantities, 
lifetimes, masses and cross sections, depend on two pa- 
rameters. For  this analysis, we choose the mass of the 
lightest scalar Higgs mh and tan f l=v2/v l ,  where/)1 and 
v2 are the vacuum expectations associated to the two 
Higgs doublets needed in MSSM. 

To a good approximation,  the Z~  cross section 
is simply multiplied by a factor sin22fl with respect to 
the standard model predictions. The width F(h-* e § e - )  
is multiplied by tan2fl. One should also take into account 
the decay h ~ 77 which can give large contributions when 
tan fl is lower than 1. The calculation of this term suffers 

from well-known uncertainties coming from light quark 
masses. To be conservative, we use mu = ma = 40 MeV/c 2 
as suggested in [18], which maximizes the two photon 
decay mode and reduces accordingly the efficiency of 
the two analyses. Figure 9 shows the domain excluded 
by the present search. 

For  small values of sin 2 2fl, neutral Higgs bosons may 
be pair-produced through the decay Z ~  hA, where A, 
the CP odd neutral Higgs boson, is approximately de- 
generate in mass with h. The corresponding partial width 
is then given by F(Z~176  In 
the region of interest, h and A will either decay into 
two charged particles, two photons or remain invisible. 
We checked that none of these final states populate sig- 
nificantly 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 ordi- 
nary Z ~  + e -  events since, in most  cases, the two 
charged particles cannot be resolved in the TPC. These 
events are however easily recognized using the d E / d x  
measurements from the TPC wires which would give 
twice the energy deposit expected for relativistic parti- 
cles. This analysis has been already performed in our 
search for heavy stable leptons [19] 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 se- 
lected for the determination of the partial widths in [17]. 
It  will therefore appear  as a residual width, which con- 
tributes 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 F~nv = 469___ 29 MeV/c 2, 
we find that F(Z ~ ~ hA)< 39 MeV/c 2 at the 95% confi- 
dence level. This result is translated into the limits shown 
in Fig. 9 which fully exclude the areas not covered by 
the hZ  ~ analysis. 

Fig. 9. MSSM limits given in terms of mh, the mass of the light 
scalar boson and tan/?. The thick line indicates the domain ex- 
cluded by combining the two searches based on Z ~ h at the 95~ 
confidence level. The thin line (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 leptonic 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/?~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 domain 

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 2 at the 99% confidence level. 

To constrain the MSSM Higgs sector, we combined 
the above analysis with otir measurement  of the invisible 
Z ~ width. Using in addition our previous results on a 
search for heavy MSSM Higgs particles [20], we can, 
for the first time, exclude at the 95% confidence level 
the existence of the lightest neutral Higgs boson, h, with 
a mass between 0 and 28 GeV/c 2, irrespective of the value 
of tan ft. 
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