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Abstract 

The results of the searches for neutral Higgs boson production in the process e+e- --+ Z* Ho are reported, focusing 
on Higgs boson masses below 70 GeV. The data sample consists of three million hadronic Z” decays collected by the L3 
experiment at LEP from 1991 through 1994. No signal is found leading to a lower limit on the mass of the Standard Model 
Higgs boson of 60.2 GeV at 95% C.L. 

These results are also interpreted in the framework of the General Two Doublet Model and limits on the nonstandard 
Higgs boson production through the process e + - e 4 Z* ho are set. A lower limit of 66.7 GeV at 95% CL. is obtained for 

the case where the Higgs decays into an invisible final state. 

1. Introduction 

The Standard Model [ 1 ] predicts the spontaneous 
breaking of SU( 2) L @ U( 1) r by means of a doublet of 
complex scalar fields 4. Due to the 4 vacuum expec- 

tation value (v.e.v.) the W and Z bosons acquire their 
masses at the expense of three degrees of freedom of 
the field 4. The last degree of freedom is taken by 
a neutral scalar particle: the Higgs boson [ 21. In the 
framework of this model the couplings of the Ho bo- 
son to the fermions and to the gauge vector bosons are 
known but its mass is not predicted. The main produc- 
tion mechanism of the Higgs boson at LEP is predicted 
to be through the decay of the Z boson into an Ho and 
avirtualz” [3],e+e- +Z+HO+Z* -,HO+ff. 

A heavy Higgs boson, with a mass between 10 and 
100 GeV, decays predominantly into a bb pair, al- 
though the branching ratios into cE and ~+r- are not 
negligible. In this paper we use the latest theoretical 

’ Supported by the German Bundesministerium fiir Bildung, Wis- 
senschaft, Forschung und Technologie. 

’ Supported by the Hungarian OTKA fund under contract number 

T14459. 

3 Supported also by the Comisidn Interministerial de Ciencia y 
Technologia. 

4 Also supported by CONICET and Universidad National de La 

Plata, CC 67, 1900 La Plata, Argentina. 

5 Also supported by Panjab University, Chandigarh-160014, India. 

6 Supported by the National Natural Science Foundation of China. 

calculations [4,5] of full one loop radiative correc- 
tions for the Standard Model Higgs production and 

decay. 
In two doublet models, where five scalar physical 

Higgs bosons are predicted (two charged H+H-, two 

neutral CP even, Ho and ho, where the latter is the light- 
est among the two, and one neutral CP odd A’), the 
bremsstrahlung process e+e- -+ Z* ho is still possible, 
but one has to take into account a model dependent 
factor which reduces the production rate. In the Min- 
imal Supersymmetric Standard Model (MSSM [ 61) 
this factor is equal to sin* (p - a) where LY is the mix- 
ing parameter in the CP even Higgs sector while tan p 
is the ratio between the v.e.v. of the two Higgs dou- 
blets. 

In two doublet models the decays of the ho depend 
on many parameters. The branching ratios for the de- 
cay into different fermions depend on tan ,B and CX. If 
kinematically allowed, the decay into a pair of A0 may 
be dominant, thus leading, especially for A0 masses 
close to half the ho mass, to a different signature with 
respect to the standard bremsstrahlung process. In ad- 
dition, the ho may decay into invisible final states [ 71, 
for instance into a pair of xy, where ~7 is the light- 
est neutralino, supposed to be the lightest supersym- 
metric particle and to be stable in R parity conserving 
supersymmetric models. 

The results of earlier searches for a Higgs boson 
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have been published by all the LEP experiments [ 8- 
1 I]. We present here the updated results, obtained with 
all the statistics collected through 1994 around the Z 

peak, on the search for bremsstrahlung production of 
the Higgs boson in the H’vp, H”e+e- and H”,uu+,zu- 
channels in the framework of the Standard Model and 
in the General Two Doublet Model, for Higgs masses 
smaller than 70 GeV. We also report on the search for 
invisible Higgs decays never performed before by L3. 

2. The L3 detector 

The L3 detector [ 121 consists of a siliconmicrostrip 

detector [ 131, a central tracking chamber (TEC), a 
high resolution electromagnetic calorimeter composed 
of BGO crystals, a lead-scintillator ring calorimeter at 
low polar angles [ 141 (ALR) , a scintillation counter 
system, a uranium hadron calorimeter with propor- 
tional wire chamber readout, and an accurate muon 
chamber system. These detectors are installed in a 
12 m diameter magnet which provides a solenoidal 
field of 0.5 T and an additional toroidal field of 1.2 T 
in the forward backward region. The luminosity is 
measured using BGO calorimeters preceded by silicon 
trackers [ 151 situated on each side of the detector. 

3. Data sample and simulation 

In these anaIyses we use 3.05 miIlion hadronic Z 

decays, corresponding to approximately 114 pb-’ of 
integrated luminosity collected by the L3 experiment 
in the period from 1991 through 1994. 

An extensive study of the main background sources 
is performed using Monte Carlo generated events: 
we simulate hadronic Z decays with JETSET [ 161 
and HERWIG [ 171, hadronic events with semilep- 

tonic decays of the b quark with JETSET, two photon 
interactions with DIAG36 [ 181 and LEP4F [ 191, 
~+~events with KORALZ [ 201, Bhabha events with 
BHAGENE3 [ 211 and all possible final states for the 
four fermion processes with FERMISV [ 221. 

The Monte Carlo statistics for hadronic Z decays 
and two photon interactions is about twice the statistics 
of the whole data sample, while for the other processes 
it is many times the statistics of the data. The detector 

response is fully simulated and additional time depen- 
dent detector inefficiencies are taken into account. 

4 . H”vF channel 

4.1. Event reconstruction 

Hadronic events are reconstructed using the infor- 
mation coming from all the subdetectors. The energy 
of the event is obtained taking into account the en- 
ergy deposition in the calorimeters and the momentum 
measured by TEC and the muon chambers. The algo- 
rithm [23] takes into account the difference between 
neutral and charged clusters by different calibration 
constants. 

The distinctive signature of the H% channel is the 
missing energy and two acollinear jets, or three jets 
not lying in the same plane, with no hadronic activity 
recoiling against the Higgs decay products. With in- 
creasing Higgs mass these characteristics become less 
evident and events become very similar to b6 events 
and to qqy events with the photon escaping detection. 

Events are reconstructed by dividing the space into 
two hemispheres separated by a plane perpendicular 
to the thrust axis and forming a jet in each hemisphere. 
We define the acollinearity as the angle in space be- 
tween the two jets and the acoplanarity as the angle 
between the two jets projected onto the R - C#I plane. 
In order to discriminate between the signal and the 
background the following variables are used in the se- 
lection procedure: 

the visible energy (I&), 
the total transverse momentum of the event ( PJJ, 
the total parallel momentum of the event ( PII ), 
the polar angle of the missing momentum of the 

event ( Qmiss ) , 
the jet energies (Ejetl and Ejetz) , 
the jet polar angles (Bjetl and 0j,2), 
the energy deposition in a cone of 60” half-opening 
angle around the vector opposite to the sum of the 
two jet directions in space (Eta), 
the energy deposition (,&&) and the number of 
tracks (NF5) within f2.5” of the missing momen- 
tum direction in the R - 4 plane, 
the ratio between the scalar sum of the particle mo- 
menta transverse to the jet direction and the jet en- 

ergy (Yl = C pl/Ejet)) for the narrow jet ( y,') 
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Fig. 1. Comparisons between data (dots) and Monte Carlo (histogram) for the selected qqr events. a) the distribution of the angle 
between the photon and the missing momentum directions obtained when ignoring the photon in the reconstruction; b) the distribution of 
the ratio between the mass computed from the hadronic system and the mass recoiling to the photon; c) and d) the distributions of the 
energy and of the polar angle of the radiated photon. 

and the broad jet ( y,‘) , where the broad jet is by 
definition the one with the largest ratio yl, 
the sum of the angles between the jets (6123) 

when the event is forced into three jets using the 

LUCLUS [ 161 algorithm, 
the energy deposition in a cone of 25” half-opening 
angle around the missing momentum direction 

(&25)> 
the generalized acoplanarity aG, defined as: rr - 

[Wmln(~j,t,, ejet* ) ) x (T - acoplanarity) 1. 

4.2. Study of physics and instrumental backgrounds 

In order to identify the main sources of physics 
background and to optimize the choice of the vari- 
ables to be used, a Monte Carlo study at the generator 
level is done. Using a selection similar to the final one 
but with looser cuts we reduce the qq background by 
a factor 2 . 105. Half of the events passing this pre- 
selection consist of Z decays into b6 with the follow- 
ing features: energetic neutrinos from semileptonic de- 

cays with a transverse momentum with respect to the 
b quark of more than 1 GeV and often accompanied 
by a hard initial state photon lost in the beam pipe. 
Other hadronic Z decays pass this selection mainly 
when they are badly measured due to the presence of 
very energetic (more than 10 GeV) neutral long lived 
hadrons. 

Besides the physics background, detector inefficien- 
cies can also lead to a missing energy signature thus 
faking signal events. The qqy events with the pho- 
ton hitting an inefficient region in the electromagnetic 
calorimeter constitute the most severe source of in- 
strumental background. To study its influence a spe- 
cial reconstruction is applied to qqy events. An elec- 
tromagnetic cluster, identified as a photon, is removed 
from the reconstruction and the event is then subjected 
to H”vv selection. Fig. 1 shows the comparison of 
the data with the Monte Carlo expectations for reso- 

lution on the missing momentum direction and on the 
hadronic mass, as well as the energy and the angular 
distributions of the radiated photon for the selected 
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events. In all these distributions we observe a good 
agreement between the data and the simulated events. 

The qqr background requires a specific rejection. 
Namely the missing momentum must not point to a 
dead BGO region within 20” from its edge (to allow 
for angular resolution of missing momentum) and E& 
must be less than 2 GeV. The cut on the missing mo- 
mentum direction suppresses the qqy background due 
to dead BGO regions by a factor 10 with an average 
loss of Higgs detection efficiency of 7.8%. The sec- 

ond cut rejects 60% of the remaining background and 
introduces an extra 2.4% inefficiency to the signal. At 
this stage the expected qqr background is reduced to 
approximately 0.35 events. 

4.3. Final selection procedure 

Two important issues for the Higgs searches are the 
a priori choice of the selection criteria and the correct 
estimate of the expected background after the selec- 
tion is applied. The method [23] used in the present 

analysis addresses both these issues. 
First, the search sensitivity is defined as the ratio 

of the signal efficiency and the average Poisson upper 

limit on the signal, 

where k, is the 95% C.L. Poisson upper limit for n 
observed events, Pb (n) is the Poisson distribution for 
observing n events with a background of b events 
and E is the signal efficiency. The parameters b and E 
are functions of the cut values. Parameter b in addi- 
tion depends on the data statistics. In order to obtain 
the analytical parametrization of these functions us- 
ing limited Monte Carlo statistics the number of vari- 
ables is reduced to one in the following manner: for 
a given set of ranges of cuts XfO,,e and Xight (where 
i= Cuti, . . . . Cut,) we define a variable .$ which runs 
from 0 to 1, and is linearly related to all the cut val- 
ues such that when 5 is 0 all the cuts are on the loose 
edge (many background events satisfy the selection) 
and when it is 1 all the cuts are on the tight edge (no 
or few background events pass the selection) : 

Then, we parametrize b(t) with a steeply falling 
analytical function and find that both exponential and 
Gaussian functions provide a satisfactory description. 
The validity of the parametrization is verified using a 
statistically independent Monte Carlo sample. In prac- 
tice the loose-edge values for all cuts are fixed by the 
preselection and the parametrization is done for vari- 
ous tight-edge values used in the next step. 

The search sensitivity is maximized by varying the 

tight-edge values for all the cuts using the MC expec- 
tations for the signal and the background as an input to 
the minimization program MINUIT [24]. In this way 
the correlations between the variables are taken into 
account thus exploiting the full discriminating power 
of a set of variables. As a result of this procedure the 
optimal cut values are defined without using data at 
all. 

4.4. Mass range 50 GeV < MH < 70 GeV 

A preselection of data [23] is performed in order 
to reject badly reconstructed events and beam gas in- 
teractions as well as Z decays with little missing en- 
ergy. This has a very small effect on the Higgs signal 
and is based upon minimal requirements on the en- 
ergy released in the calorimeters and on the quality of 
the charged tracks. Next, rfr- events are rejected by 
requiring at least 6 charged tracks and 15 calorimetric 
clusters. The following cuts are then applied in order 
to reject efe-qq events produced in two photon inter- 
actions. We require less than 15 GeV in the luminosity 
monitor, the transverse momentum ( P_L) greater than 
7 GeV, PAlEvi, greater than 0.13, Pll/Evis less than 
0.4, Evi,/& greater than 0.45, sin(6kS,) greater than 
0.4 and min( Ejetl, Ejetz) /Evi, greater than 0.25. After 
this preselection the remaining background is com- 
posed of hadronic Z decays (98%) and of e+e-qq 
events (2%) with a negligible contribution of ~+r- 
events. 

Finally from the procedure explained in the previ- 
ous section, using a 60 GeV Higgs for optimization, we 
obtain the cut values given in Table 1. No events sat- 
isfy the final selection. The background from r+r-bb 

- - 
is estimated to be 0.02 events and that from vvqq to 
be 0.01 events. These two processes constitute a small 
irreducible background and are not used in the opti- 
mization procedure described in the previous section. 
The number of expected qq background events is es- 
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Fig. 2. a) Number of events selected as a function of the cut vati- 

able 6 in the H”vP channel. The solid line shows the Gaussian 

fit to the Monte Carlo distribution, the arrow indicates the posi- 

tion of the final cut on the variable 5. b) Signal efficiency for 
MH = 60 GeV versus number of expected background events. 

timated to be 0.25 using the analytical approximation. 
Fig. 2a shows the distribution of the number of 

events as a function of the variable 8 for the final 
choice of the cut ranges. The arrow shows the position 
of the 6 value determined by the optimization proce- 
dure which maximizes the search sensitivity. 

The signal efficiencies for a Higgs mass ranging 
from 50 GeV to 70 GeV are shown in Table 2 together 
with the efficiencies in the other channels and the other 
mass ranges analysed. The signal efficiency for MH = 
60 GeV is shown in Fig. 2b as a function of the number 

Table I 

Values of the cuts for the 50-70 GeV H”vF selection determined 

with the optimization procedure described in the text. 

High mass HOVE selection 

acollinearity 

acoplanarity 

0123 

?N’ 

?$- 

b 25 

k” 
m~~(Sin~~j,,*),Sin(~j~~~~ 

< 2.77 rad 

< 2.97 rad 

< 5.86 rad 

< 0.494 

< 0.621 

< 0.74 GeV 

< 7.83 GeV 
> 0.4 

Table 2 

Selection efficiencies for Higgs events in H”z@, H”e+e-and 

Ht’,~+p-channels, as a function of the Higgs mass. 

Higgs mass 

(GeV) 
s (%) 

HOvP 

2 20.1 16.0 8.5 
5 26.3 39.4 21.7 
9 28.6 46.4 27.6 

15 29.6 50.8 25.7 

20 33.0 51.6 29.5 
30 42.3 44.7 37.0 

40 42.0 48.7 37.1 
50 34.8 46.6 36.1 

60 26.6 42.2 32.3 

6.5 16.0 39.9 26.2 

70 9.2 35.8 3.3 

of expected events from the background. 
The systematic uncertainty on the number of ex- 

pected Higgs events arises from the uncertainty on the 
signal efficiency calculation, the theoretical calcula- 
tion of the Higgs boson production cross section and 
branching fractions and the number of hadronic Z de- 
cays used for the normalization. 

The systematic uncertainty on the signal efficiency 
calculation arises from the calibration procedure. The 
effect of the energy calibration is estimated by Gaus- 
sian smearing of the global energy scale by 3% and 
the energy scales of the individual subdetectors by 
5%. These numbers are derived from a comparison be- 
tween the calibration constants obtained using JETSET 

and HERWIG. The effect of the uncertainty in the an- 
gular resolution is evaluated by smearing the jet direc- 
tions by 0.7” for 6 and 1.7” for 4. This is derived from 
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the comparison of data and Monte Carlo qq events. 
The overall effect on the efficiency for a 60 GeV Higgs 
signal is estimated to be 0.35%. 

Table 3 

Values of the cuts for the 15-50 GeV mass Hoz@ selection deter- 

mined with the optimization procedure described in the text. 

Other systematic errors on the number of expected 

Higgs events are estimated to be the following: less 
than 1% due to the theoretical uncertainty on the Higgs 
boson production cross section; less than 1% due to 
the experimental uncertainty on the corrected number 
of hadronic Z decays used for the normalization; 0.7% 

due to the uncertainty on the Higgs decay branching 
ratios; 2.4% on the Higgs detection efficiency due to 
limited Monte Carlo statistics. 

Intermediate mass HOVD selection 

Combining these errors in quadrature with the sys- 
tematic error on the efficiency we obtain a total sys- 
tematic uncertainty of 3.1% on the number of expected 
events for a 60 GeV Higgs signal, which has a small 
effect on the final result. 

acollinearity 

0123 

?$ 

g? 
25 

PL 

Pl l&is 

IPi1 I/&is 

Evi, 
sin ( amiss 1 

min(sin(ej,,l),sintej,,2)) 

mint Ejetl, Ejet2) I&s 
aG 

< 2.69 rad 
< 5.87 rad 

< 0.646 

< 0.74 GeV 

< 7.83 GeV 
> 9.14 GeV 

> 0.344 

< 0.6 

< 53.8 GeV 
> 0.503 

> 0.4 
> 0.25 

< 2.67 rad 

4.5. Mass range 15 GeV < MH < 50 GeV 4.6. Mass range k!H < 15 GeV 

The analysis in this mass region is performed in a 
similar way as in the high mass range. Signal events, 
due to the large amount of missing momentum, are 
very unbalanced and this feature permits a good sep- 
aration from hadronic Z decays. Two photon interac- 
tions with hadronic final states are rejected by requir- 
ing large visible energy and large total transverse mo- 

mentum. 

The signature of the signal in this mass range is 
a monojet coming from the decay of the Ho and the 
absence of any activity in the opposite region of the 

detector. 

We apply on the MC and data samples the same pre- 

selection described in Section 4.4 except for modifica- 
tions concerning the visible energy ( 10 GeV < Eyis < 
80 GeV) and the cut on /PII I/ Evis which is relaxed 
due to the higher momentum imbalance expected for 
this mass range. Applying the same procedure as for 
the high mass case we optimize the efficiency for a 
30 GeV Higgs and we obtain the cut values given in 
Table 3. 

The main backgrounds are due to two photon in- 
teractions, when the detected particles have high to- 
tal transverse momentum, and to r+r- events when a 
neutrino, coming from the decay of the r, takes almost 
the entire available momentum. 

It should be noticed that for MH smaller than 2m, 
the Higgs boson lifetime is very long. This implies 

that most of the times the Higgs decay occurs outside 
the TEC (50 cm of radius) producing events without 
charged tracks. 

The efficiencies for this selection are quoted in Ta- 
ble 2. The systematic errors are evaluated in the same 
way as for the high mass selection. 

We find no candidates in the data collected from 
199 1 to 1994. The expected background is 0.07 events 
from qq and two photon interactions and 0.03 events 
from rfr-bb and vpqq . 

The selection is based on the following criteria: 
presence of a single jet, rejection of yy interaction 
events with an electron observed in the luminosity 
monitor or in the lead-scintillator ring calorimeter and 
requirement of large transverse momentum. 

The visible energy of the event is required to be 
below 60 GeV. To exploit the monojet topology of the 
signal one jet must have at least two good tracks and at 
least 5 GeV of energy while in the opposite hemisphere 
we require absence of charged tracks and an energy of 
at most 3 GeV. In case of two reconstructed jets the 
angle between them must be less than 2.8 rad both in 
space and in the plane perpendicular to the beam axis. 
In addition we require $z’j = 0. 
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To reject T+r-background (three prong decay on 
one side and a very low energy electron on the other 
side) we require the number of good tracks belonging 
to the monojet to be different from three. 

Events coming from yy interactions are rejected 
by tagging the electrons in the very forward region of 
the detector. The events must have less than 3 GeV 
deposited in the luminosity monitor and less than 
0.3 GeV in the ALR, the transverse momentum must 
be greater than 7 GeV and the polar angle of the total 
momentum must be at least 40” away from the beam 
axis. 

The calculation of the signal efficiency in this mass 
range largely depends on the quality of the Monte 
Carlo simulation for the trigger, TEC, ALR and the lu- 
minosity monitor. Various cross checks with the data 
are performed in order to assure the validity of the 
simulation and to estimate the related systematic un- 
certainties. 

Using the redundancy of the different triggers for 
the signal we calculate the effect of trigger efficiency 
from a data sample with similar topological features. 
The trigger efficiency is computed as a function of the 
calorimetric energy released in the detector and is then 
used to weight Monte Carlo events. The efficiency 
loss due to the trigger is significant for Higgs masses 
below 5 GeV. 

The single track inefficiency in the polar angle re- 
gion 33” < 19 < 147” is estimated to be 3.4% us- 

ing the Monte Carlo qq events and 6.1% using three 
prong r decays in the data. The signal efficiency is 
corrected for this difference. The efficiency correction 
factor ranges from -5.4% at MH = 0.1 GeV to -0.5% 
at MN = 15 GeV (see Table 4). 

The noise in the small angle detectors, ALR and 
the luminosity monitor, derived from the study of ran- 
domly triggered events in coincidence with the beam 
crossing, is responsible for a relative loss of efficiency 
of 1.1%. 

Corrected signal efficiencies for the low mass search 
are shown in Table 4. 

The uncertainties on the efficiency correction fac- 
tors related to the ALR, the luminosity monitor and 
the TEC are estimated to be 50% of the correction 
factor itself. In addition the statistical error related to 
the trigger efficiency estimation is taken into account. 
All the other sources of systematic error are evaluated 
in the same way as described before. The combined 

Table 4 

Correction factor due to TEC inefficiency, corrected efficiency and 

total systematic error as a function of MH. 

Mw (GeV) (AE/E)TEC (%) E (%I (fls/E)syst (%) 

0.1 -5.4 3.0 15.4 
0.3 -5.4 14.8 15.4 
0.5 -5.4 13.2 15.4 
2 -5.4 20.1 15.4 
5 -3.4 26.3 10.3 
9 -2.8 28.6 9.0 

15 -0.5 29.6 8.6 

systematic uncertainty is shown in Table 4 for each 
mass point. 

For the low mass search we have analysed the data 
collected by L3 from 1992 to 1994, equivalent to 2.74 
million hadronic Z decays. In this mass range we do 
not include the 1991 data because the ALR was not 
yet installed and this detector is essential to veto 7~ 
interactions. 

We estimate background contributions of 1 .O f 1 .O 
events from ~7 -+ efe-pCL+pU- and 0.11+0.03 events 
from v3ff. All other sources of background investi- 
gated are found to be negligible. 

We find one candidate in the data sample (from 
1994) which has an invariant mass of 3.9 f2.4 GeV, a 
total transverse momentum of 7.06 GeV and a missing 
mass of 82.8 i 3 GeV. This event is consistent with 
the expected two photon background. 

5. H”e+e- channel 

5.1. Mass range 30 GeV < MH < 70 GeV 

The signature of this process is the presence of two 

energetic and well separated electrons coming from 
the virtual Z*, isolated from the Ho decay products. 
The main sources of background are the four-fermion 
process e+e- --) efe-qq and the double semileptonic 
decay Z --+ bb + e+e-X. 

Low multiplicity events, such as e+e- and Q-+Y 
final states, are removed by requiring at least 16 clus- 
ters in the electromagnetic calorimeter. To reduce the 
hadronic background we require that the two most en- 
ergetic clusters have energies greater than 3 GeV and 
that the sum of their energies exceeds 15 GeV; in ad- 
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dition the angle between these two clusters must be 
larger than 40”. 

The identification of electromagnetic particles is 
mainly based on the energy deposition pattern in the 
electromagnetic calorimeter. We use the ratio of the 

energies deposited in a 3 x 3 and in a 5 x 5 crystal 
array both centred on the most energetic crystal in the 
cluster as described in Ref. [ 81. The isolation of the 
electron candidate is ensured by imposing conditions 
on the energy deposited in the electromagnetic and 
hadronic calorimeters between two cones of 5” and 
15’ half-opening angle around the BGO cluster direc- 
tion. To complete the identification of the electrons 
we consider all pairs out of the three most energetic 
electron candidates. We accept the event if there is at 
least one pair with the most energetic cluster match- 
ing in azimuthal angle, within a 4~ cut, with exactly 
one track and the second most energetic cluster with 
at least one track. If the two selected electrons have an 
energy lower than 18 GeV each, they must also have 
opposite reconstructed charges. 

To identify the Higgs boson decay products we ex- 
amine the hadronic jets in the event. Indicating with 
PI the transverse momentum of each electron with 
respect to the nearest jet axis, we require the sum of 
the two PL to be larger than 10 GeV, and the smallest 

one to be at least 1 GeV. In the Hoefee and H”,uufp- 
analyses jets are formed using the jet algorithm de- 
scribed in Ref. [ 251. 

To reject the background from the four fermion 
processes we require that 2M,+,- + Mrecoil exceeds 
80 GeV where M,+,- is the invariant mass of the elec- 
tron pair and Mrecoil is the recoil mass against the two 
electrons. 

The selection efficiencies for the signal are shown 
in Table 2. The relative systematic error on the signal 
efficiency, mainly due to the lepton isolation criteria, 
is always below 3.0%. The systematic error due to the 
limited Monte Carlo statistics is 1.5% for a 60 GeV 
Higgs boson. All other sources of systematic uncer- 
tainty on the number of expected signal events have 
already been described in the H”z+ section. 

Two events pass the above selection criteria. The 
first one, with a recoil mass against the two electrons 
of 31.4 + 1.5 GeV, is from the 1991 data sample; the 
second one, from the 1992 data sample, has a recoil 
mass of 67.6 f0.7 GeV. The main parameters of these 
events have already been reported [ 8,261. 
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Distribution of the mass recoiling against the lepton 

pair for the expected four fermion background and data after the 

final high mass selection of the Hoe+e- channel. b) The /.L+/L- 

recoil mass spectrum of the expected four fermion background 
and data for the low mass H”~+p- search. 

The observed events are consistent with the ex- 
pected background from e+e- -+ e+e-qq processes. 
We expect 3.OhO.7 events for a recoil mass greater 
than 30 GeV estimated using the FERMISV program. 
Less than one Z --f qq event with recoil mass greater 
than 30 GeV is expected. The background from other 
processes is negligible. Fig. 3a shows the recoil mass 
distribution for the expected background and data. 
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5.2. Mass range 4 GeV < MH < 30 GeV 

The analysis in this mass range is performed fol- 
lowing the same criteria as in the high mass search, 
with modifications so as to take into account the dif- 
ferent kinematics. In fact the leptons here have more 
energy than the hadronic system. 

In order to reject efe- and rfr- pairs, we re- 
quire at least 6 clusters in the BGO electromagnetic 
calorimeter and more than two tracks in the TEC. The 

acoplanarity angle of the two electrons must be smaller 
than 179”. If the number of clusters in the BGO is 
lower than 11, we require the number of jets to be 
greater than 2 and the acoplanarity to be smaller than 
175”. The event is also rejected if the third most en- 
ergetic cluster is an electromagnetic one with an en- 
ergy greater than 3 GeV or if it matches with two TEC 
tracks. The latter condition removes photon conver- 

sions with two close electrons. 
To remove hadronic background, we select events 

with less than 50 clusters in the BGO, with the sum of 
the energy of the two most energetic isolated electro- 
magnetic clusters larger than 26 GeV. The selection of 
isolated electromagnetic particles, their identification 
as electrons and TEC matching are based on the same 
criteria as in the high-mass range. 

For the isolation of the electrons with respect to the 
hadronic jets we require the sum of the two PL to be 
greater than 15 GeV and the lowest P_L to be greater 
than 1 GeV. To remove four-fermion events we apply 
the same criteria as for the high mass range. 

The Higgs boson selection efficiencies are shown 
in Table 2. The systematic uncertainties have already 
been described in the high mass section. Nineteen data 
events pass the above selection criteria. These events 
are consistent with the 22.6f 1.5 expected events from 
four-fermion background and less than one expected 
from r+r- background. 

5.3. Mass range hfH < 4 GeV 

We search for a low mass Higgs boson decaying into 
electrons, muons or hadrons. The main background 
sources are the four fermion processes and radiative 
Bhabha events with a photon converting in the beam 
pipe or in the material of TEC. Due to the long lifetime 
of the Higgs boson, for masses below 2m,, an event 
is expected to contain only two acoplanar electrons 

coming from the Z* with no other detected particles 
balancing the missing momentum. The background 
for such events is mainly due to r+r- and radiative 
Bhabha events, with the photon escaping detection. 

In order to remove high multiplicity events we re- 
quire at most 6 TEC tracks, 14 clusters in the BGO 
and 5 clusters in the hadronic calorimeter. The iden- 
tification of the electron pair, from the Z* decay, is 
performed as explained before with the additional re- 
quirement that the total energy of the two most ener- 

getic electromagnetic clusters be more than 30 GeV. 
Then we require electron isolation asking for less than 
3 GeV in the BGO, excluding the electron energy, in a 
cone of 30” half-opening angle around the electron di- 
rection and we require the direction recoiling against 
the two electrons to be away from the beam pipe by 
more than 15”. 

Depending on the Higgs lifetime we may have dif- 
ferent signal event topologies. The Higgs can decay 

inside or outside the TEC and even outside the detec- 
tor. 

To cover the main topoIogies three different selec- 
tions have been used. The first one selects events with 
only two electron tracks, with the acoplanarity angle 
of the two electrons larger than 0.05 radian and with 
no or more than two neutral electromagnetic clusters 
(e+e- (nr) rejection). The second one selects events 
which, besides the electrons, have at least one track 
in the muon chambers. The third one selects events 
with the Higgs decaying inside the TEC. To recog- 
nize this decay the sum of the energies of the hadronic 
and electromagnetic clusters has to be greater than 
1 GeV in the cone of 30” half-opening angle around 
the missing momentum direction. In addition at least 
one charged track must be inside this cone. Radia- 
tive Bhabha events with y conversion are removed by 
defining a y conversion as a single cluster associated 
with 2 tracks. 

We have performed several Monte Carlo simula- 
tions with the Higgs boson decaying into pairs of e, 
,LL, n=, K at various masses in the range MH < 4 GeV. 
The corresponding selection efficiencies are given in 
Table 5. For Higgs hadronic decays in the mass range 
2 - m,, < MH < 2 GeV there are large uncertainties 
in the branching ratios. Based on isospin considera- 
tions we estimate an overall signal efficiency of 9%, 
as a weighted average of the efficiencies for neutral 
and charged hadrons. 
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Table 5 
Selection efficiencies (in %) for a light Higgs boson in the 

H”e+e- channel, for the Higgs decaying into charged particles. 

Higgs mass ( GeV) 

0.01 0.1 0.22 0.3 1.0 3.6 

;: 
-i e+eC 8.2 7.4 - - 13.6 - 

- P+-P-- _ 22.0 - 28.0 24.0 

HO --f ?r+7r- _ _ 9.4 17.0 15.0 

HO -+K+K- - 13.0 16.0 

We find 35 events satisfying this selection, which 
has to be compared with the 26.9 events expected 
from the background (2 1.2 four fermion events and 

5.7 Bhabha events). 

6. H”p+pEc- channel 

6.1. Mass range 15 GeV < MH < 70 GeV 

Ihe main background processes for this channel 
are hadronic events with two semileptonic decays and 
four fermion events e+e- + p”+p-qq. Muons from 
hadronic Z decays are usually included in the jets as- 
sociated with the parton having the semileptonic de- 
cay. Isolation criteria can reduce this background. Four 
fermion processes, especially e+e- --) Z --+ qqr* + 
&.L+~-, where the muon pair tends to have a low in- 
variant mass, constitute an irreducible background for 
this channel. 

We require two muon tracks in the event with a dis- 
tance of closest approach of each extrapolated track to 
the interaction point smaller than 3.5 standard devia- 
tions in both the z and the R - 4 projections. To elim- 
inate low charged multiplicity backgrounds, such as 
p+p-e+e- and ,uUf~lL-7.r+rr-, we require more than 
four tracks and at least 8 calorimetric clusters. A first 
reduction of both hadronic and four fermion back- 

ground is obtained requiring the thrust of the event to 
be smaller than 0.92 and the sum of the two muon 
momenta, p1 + ~2, to be greater than 20 GeV, where 
both p1 and p2 must be larger than 3.4 GeV. 

The final selection concerns the definition of isola- 
tion variables for the muons. For each muon we define: 

ZJ = (Ejet-Pp) /PF where pP is the muon momentum 
and Ejet is the energy of the jet containing the muon. 
We consider two cones of 15” and 3” half-opening 

angles with their axes along the direction of the muon 
and we compute E$E and E$? as the electromagnetic 
energy in these cones, the latter being essentially from 
the muon, and we define: Ebso = EiiE - Egr. In a sim- 
ilar way we define Ehc’ = E&j’, - E!$ in the hadronic 
calorimeter. 

The three variables V, lbso and lhc’ have a good 
rejection power, especially if the correlation between 

the two sets of variables corresponding to the two 
muons is taken into account. Two-dimensional cuts 
on those variables are applied which reject all the 
events in the qq sample and substantially reduce the 
four fermion background. The analysis has been op- 
timized for a Higgs mass of 60 GeV. The values of 
the cuts are the following: Y&,2 < 2.5, Di . 23~. < 

0.25; min(Elbg ,&2bgo) < 200 MeV; I:,“: < 4 GeV, 

Etcl . I?’ < 1 GeV*, where the index refers to the 
muon candidate. 

Selection efficiencies are presented in Table 2. The 
systematic error on the signal efficiency is 6.5%. The 
other sources of systematic error on the number of 
expected signal events have already been described 
in the H”z@ analysis. No events pass the selection 
criteria in the data sample collected from 1991 to 
1994 while the background expected from efe- -+ 
p+,u-qq is 0.6510.11 events for a recoil mass greater 
than 30 GeV; other sources of background give negli- 
gible contributions. 

6.2. Mass range 2 GeV < MH < 15 GeV 

The first requirements for the two muons are the 
same as for the high mass search. In order to elimi- 
nate very low charged multiplicity backgrounds more 
than 2 tracks and at least 7 calorimetric clusters 
are required. On the other hand the high multiplic- 
ity hadronic background is reduced by requiring a 
maximum of 10 tracks. 

A cut of p1 + p2 > 30 GeV is applied, and to re- 
duce the four fermion background with the hadronic 
system coming from the radiated photon, we require 
max(pl,p2) < 43 GeV. To better define the kine- 
matical region of interest we ask the invariant mass 
of the muon system to be greater than 15 GeV and 
the recoil mass, with respect to the muon system, to 
be less than 25 GeV. Finally we apply two isolation 
cuts for the muon with respect to the hadronic system: 
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Table 6 
Number of expected Higgs events in the different channels for the 
high mass search after subtracting one standard deviation of the 
systematic error. 

Eggs mass 
(GeV) 

Channel 

HOYP H”e+e- Hop+/&- 

50 11.30 2.50 1.88 
55 5.30 1.27 0.92 
60 2.17 0.57 0.42 
65 0.553 0.22s 0.145 
70 0.113 0.072 0.006 

min(Dl,Z&) < 0,3andmin(&lbpO,E2bgO) < 250MeV. 
Selection efficiencies are shown in Table 2 and 

their systematic errors are the same as those for the 
high mass selection. The expected background from 
e+e- -+ ,u+p-qq is 1.9 f0.2 events; other sources of 

background give negligible cant-ributions. Two events 
are found in the data sample collected from 1991 
to 1994, one from Ihe 1992 data with a recoil mass 
against the muons of 5.3 i 1 .O GeV and one from the 
1993 data with a recoil mass of 9.6 & 1.0 GeV. The 
spectrum of the ,u+P- recoil mass expected from the 
four fermion background is shown in Fig. 3b together 
with the two candidates. 

7. Results 

7.1. Standard model high mass Higgs 

No evidence for a signal appears in this search. 
No high mass events are observed in the H”vv and 
H”~+,u- channels. The candidates observed in the 
H”e+e- channel, taking into account the mass resolu- 
tion, are not consistent with a Higgs mass of 60 GeV. 
Thus a 95% C.L. limit is set at a mass value where 
the number of expected events is 3. The number of 
expected events has been calculated using a r+~- 
branching ratio for a 60 GeV Higgs boson of 9.0% 
and has been reduced by one standard deviation of the 
systematic error. 

We report in Table 2 the efficiencies and in Table 6 
the number of expected events in the vicinity of the 
limit, reduced by one standard deviation of the sys- 
tematic error, for all the channels. In Fig. 4 we show 

~“““““““““““““““““““‘~ - All channels 

95 % C.L. Line 

0.1 

50 52.5 55 57.5 60 62.5 65 67.5 70 

M, WV) 
Fig. 4. Number of Higgs events expected in the different channels 
and in all the channels together. The 95% confidence level line is 
shown with the Higgs mass limit at 60.2 GeV. 

the number of Higgs events expected in the differ- 
ent channels as a function of the Eggs mass together 
with the 95% confidence level line and with the cor- 
responding Higgs mass limit. 

We obtain a lower limit for the SM Higgs boson 
mass of: 

MH > 60.2 GeV at 95% C.L. 

7.2. Neutral two doublet model Higgs 

The search for the Higgs boson has been extended 
for masses smaller than 50 GeV, because the produc- 

tion rate in two doublet models can be suppressed 
with respect to the Standard Model. Below 50 GeV we 
have used the combination in logical OR of the analy- 
ses for the different mass ranges. The efficiencies for 
the different channels are quoted in Tables 2, 4 and 
5. The drop in efficiency in the houV channel for Mho 

below 2m, (Table 4) is due to the long lifetime of 
the Higgs boson, in which case the Higgs decays out- 
side the TEC and the event does not have the charged 
tracks required by the selection. The reduced statistics 
(without 1991 data) of the H”vV low mass search is 
taken into account by reducing the efficiency for the 
low mass range when combining with the other anal- 
yses. 

No evidence for a signal has been observed. In the 
three channels that have been studied the observed 
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- All channels - 

95 % CL. Line 

M, WV) 

M, (GW 

Fig. 5. a) Number of Higgs events expected in the different 

channels as a function of the Higgs mass. The 95% confidence 
level line is shown with the Higgs mass limit at 60.2 GeV. b) 

95% C.L. upper limit on the ratio between the cross section of the 
bremsstrahlung production of the Higgs boson in the Two Doublet 

Model and that of the SM Higgs boson. In the MSSM this ratio 

is equal to sin* (p - a). 

candidates are consistent with the expected back- 
ground. From this negative result limits are obtained 
in the framework of nonminimal Higgs models. 

Fig. Sa shows the number of expected events, re- 
duced by one standard deviation of the systematic er- 
ror, as a function of the Higgs mass. Fig. 5b shows 
the 95% C.L. upper limit that we obtain on the ratio 
between the cross section of the bremsstrahlung pro- 
duction of the Higgs boson in the Two Doublet Model 
and that of the SM Higgs boson, assuming that the 

Table ‘7 

Selection efficiencies for the process e+e- -+ hinvqq. 

M,,iny ( GeV) E (%) 

0.1 6.8 
5 12.8 

10 18.5 
20 30.1 
30 39.4 
40 39.6 
50 39.5 
60 31.9 
70 32.5 

nonminimal Higgs boson has the same decay branch- 
ing ratios. For Higgs masses below 100 MeV the h”z+ 
channel does not contribute any more and the sensi- 
tivity comes only from the charged leptonic channels. 
For MAO < 100 MeV the number of expected sig- 
nal events is equal to 100 and we set an upper limit 
of 0.1 on the ratio between the cross section of the 
bremsstrahlung production of the Riggs boson in the 
Two Doublet Model and that in the Standard Model. 

7.3. Invisible Higgs decays 

If we consider a nonminimal Higgs boson (hi,“) 
which decays into a final state invisible to the detector, 
produced in association with a Z* which decays into 
,B qq pair, the signature is very similar to that of the 
H’vii channel. The previous analysis for H’vij chan- 
nel which selects only one candidate consistent with 
the expected background is therefore valid also for 
this channel and an upper limit can be derived for the 
production cross section as function of the invisible 
Higgs boson mass. 

Table 7 shows the efficiencies for the process 
e+e- + h’““qq. The hOyi; low mass selection is also 
efficient (about 15% for M,i, = 60 GeV) for Higgs 
invisible decays in association with Z* leptonic de- 
cays (h’““P- ) . This small additional sensitivity is 
taken into account when calculating the limit. The re- 
duced statistics (without 1991 data) of the h”v5 low 
mass search is converted into a reduced efficiency for 
the low mass range when combined with the other 
two h”vii analyses. Fig. 6a shows the number of ex- 
pected events, reduced by one standard deviation of 
the systematic error, and the Higgs mass limit at the 



L3 Collaboration/ Physics Letters B 385 (1996) 454-470 469 

95 % C.L. Line 

I,,.,I”‘.I”“I.“‘I”..I’,‘, 
0 10 20 30 40 50 60 70 

M, WV) 

~....,....,....,....,....,....,.,..I 
0 10 20 30 40 50 60 70 

M, (GW 

Fig. 6. a) Number of events expected for Higgs invisible decays. 

The 95% confidence level line is shown with the Higgs mass 

limit at 66.7 GeV b) 95% C.L. upper limit on the ratio between 

the cross section of the bremsstrahlung production of an invisibly 

decaying Higgs boson and that of the SM Higgs boson. 

95% C.L. Fig. 6b shows the 95% C.L. upper limit 
that we obtain on the ratio between the cross section 
of the bremsstrahlung production of the nonminimal 
Higgs boson with an invisible decay and that of the 
SM Higgs boson. The candidate selected by our se- 
lection is outside the mass range under consideration 
( Mh’” = 82.8 f 3 GeV) and therefore the 95% C.L. 
line is set at 3 events expected. 

Assuming that the cross section is the same as for 
the SM Higgs boson we obtain a lower limit for the 
mass of hi”” of: 

M,+ > 66.7 GeV at 95% C.L. 

8. Conclusions 

We search for the neutral Standard Model Higgs bo- 
son, produced through e+e--+ Z* Ho, using data col- 
lected by the L3 detector from 1991 to 1994, equiva- 
lent to about 3.05 M hadronic Z decays, at LEP e+e- 
collider. Three decay channels of the virtual Z are anal- 
ysed: H’e+e-, H’,x+,u,- and H’zJV. We find no evi- 
dence for a signal in the mass range covered and we 
set a 95% C.L. lower limit on the mass of the Standard 
Model Higgs boson of 60.2 GeV. These searches are 
also interpreted in the framework of the General Two 

Doublet Model and we set an upper limit on the ratio 
between the cross section of the bremsstrahlung pro- 
duction of a nonminimal Higgs boson and that of the 
SM Higgs boson. Invisible decays of the Higgs boson 
are considered and we derive a 95% C.L. lower limit 
on the mass of the Higgs boson of 66.7 GeV for a 
production cross section equal to that of the Standard 
Model. 
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