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Abstract

A search for the Standard Model Higgs boson is performed with the L3 detector

at LEP. The data sample, corresponding to a luminosity of 55.3 pb�1, was collected

at an average centre-of-mass energy of 182:7 GeV. No Higgs signal is observed,

leading to a lower limit on the Higgs boson mass of 87:6 GeV at the 95% con�dence

level.
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1 Introduction

The mechanism of spontaneous symmetry breaking [1] in the Standard Model [2] gives rise to

a fundamental neutral scalar particle, the Higgs boson. In the Standard Model the mass of

the Higgs boson, MH, is not predicted. Higgs searches in the mass range up to 70 GeV have

been reported by L3 [3] and by other experiments [4]. In this paper, we present the results of

a Higgs search using a data sample collected at an average centre-of-mass energy of 182:7 GeV

that extends the sensitivity to signi�cantly larger Higgs boson masses.

At present LEP energies, the main production mechanism is the Higgs-strahlung process:

e+e� ! Z� ! HZ : (1)

In addition to process (1), there is a small contribution from the W+W� and ZZ fusion reactions

to the H��� and He+e� �nal states, respectively. The main background sources are e+e� !
q�q() and four-fermion �nal states from e+e� !W+W� and e+e� ! ZZ.

2 Data and Monte Carlo Samples

The data were collected by the L3 detector [5] at LEP in 1997. The integrated luminosity is

55.3 pb�1 at an average centre-of-mass energy
p
s = 182:7 GeV.

The signal cross section is calculated using the HZHA generator [6]. For the e�ciency

studies samples of Higgs events are generated using PYTHIA [7] for Higgs masses between

65 and 93 GeV, with a mass step of at most 2 GeV. Between 2000 and 5000 events per �nal

state are generated at each Higgs mass. For the background studies the following Monte

Carlo programs are used: PYTHIA (e+e� ! q�q(), e+e� ! ZZ), KORALW [8] (e+e� !
W+W�), KORALZ [9] (e+e� ! �+��), PYTHIA and PHOJET [10] (e+e� ! e+e�q�q), and

EXCALIBUR [11] (e+e� ! f �f 0f �f 0). The number of simulated background events for the most

important background channels corresponds to at least 100 times the collected luminosity.

The L3 detector response is simulated using the GEANT 3.15 program [12], which takes

into account the e�ects of energy loss, multiple scattering and showering in the detector. The

GHEISHA program [13] is used to simulate hadronic interactions in the detector.

3 Analysis Procedures

The search for the Standard Model Higgs boson at LEP involves four distinct event topologies

produced in the process e+e� ! HZ, namely q�qq�q, q�q���, q�q`+`� (` = e; �; �) and �+��q�q.

Each topology requires its own optimised selection criteria. Since it is expected that a large

fraction (�84%) of Higgs decays contain b-hadrons, the selection criteria for hadronic Higgs

decays are optimised for the H! b�b �nal states.

At least two independent analyses are carried out for each event topology. The analyses

are optimised using approximately one half of the signal and background Monte Carlo samples.

The analysis performances are then evaluated using the other half of the Monte Carlo samples.

All the analyses show similar performance and are described in detail in reference [14]. We

briey describe here the neural network analysis, used for all channels, except for the HZ !
q�q�+�� and HZ! �+��q�q channels, for which a cut-based analysis is used. In both analyses

a preselection is chosen to reduce background while keeping the signal e�ciency high. All

analyses subject the events satisfying the selection criteria to a kinematic �t that imposes
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energy-momentum conservation. The constraint that one of the two reconstructed invariant

masses in the event be close to MZ is also applied. For Higgs masses between 80 and 90 GeV

the mass resolution ranges from 1.5 to 3 GeV [14] depending on the �nal state.

In the neural network analyses event variables are combined into a feed forward neural

network [15], with a number of inputs, hidden nodes and outputs which depends on the speci�c

channel being investigated. All channels include an event b-tagging variable and the �2 of

the event kinematic �t, �2
�t. The event b-tagging variable is a combination of jet b-tagging

probabilities for all the jets in the event [3].

The shape of the neural network output is made independent of the Higgs mass hypothesis.

This is achieved as follows: all the measured variables which depend on the Higgs mass are

divided by the corresponding quantities resulting from the kinematic �t. The reconstructed

Higgs mass, MH
rec, as calculated from the kinematic �t, is combined with the output of the

neural network, NNout, into the purity variable PM for a given Higgs mass hypothesis MH. The

purity is de�ned as follows:

PM =
Ns � fs(MH

rec;MH) � gs(NNout)

Ns � fs(MH
rec;MH) � gs(NNout) +Nb � fb(MH

rec;MH) � gb(NNout)
: (2)

In Eq. (2) Ns and Nb are the number of expected signal and background events after prese-

lection, fs and gs are the one-variable probability density functions of MH
rec and NNout for the

signal, respectively. The corresponding functions for the background are denoted by fb and gb.

In the cut-based analysis of q�q�+�� and �+��q�q, a tighter set of preselection cuts is used.

The variables with the largest distinguishing power between signal and background are the

two b-tagging variables of the jets and the �2 of the mass, �2
MH

= (MH
rec �MH)

2=�2
MH

rec

. They

are used to de�ne three probabilities FJ1 , FJ2 and FM [14]. The �nal discriminant variable is

de�ned as

DM = log (FM � FJ1 � FJ2); for HZ! q�q�+�� selection;

DM = log (FM); for HZ! �+��q�q selection: (3)

4 Event Selection

4.1 The HZ! q�q q�q channel

The signature of these events is four high multiplicity jets. Two of these jets usually contain b

quarks and the other two have an invariant mass consistent with the Z mass.

First, high multiplicity hadronic events with at least 10 tracks and at least 30 calorimetric

clusters are selected, with the visible energy 110 < Evis < 250 GeV and missing momentum

Pmis < 45 GeV. If the maximum energy of a lepton or a photon in the event exceeds 60 GeV,

the event is rejected.

Jets are reconstructed using the JADE clustering scheme [16] with the parameter Ycut =

0.02. Events containing at least four jets are selected. They are then forced to four jets using

the DURHAM [17] algorithm. A kinematic �t imposing four-momentum conservation is applied

to the four jets to improve the di-jet mass resolution. Then a mass �2 is de�ned as

�2
MH

=
(�M �MZ �MH)

2

�2�
+
(�M � jMZ �MHj)2

�2
�

: (4)
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The variables �M and �M are the sum and the di�erence of the di-jet masses for each of the

three possible combinations. Their resolutions are �� = 3 GeV and �� = 5 GeV. The di-jet

combination which gives the minimum �2
MH

is chosen and the pair of jets with the mass closest

to MZ is assigned to the Z. The opening angle between the Z jets is required to exceed 103�.

A total of 321 events pass the preselection, while 315 are expected from the background

processes, with 22% of the events from q�q() process, 75% from WW production, and the rest

from ZZ production. The selection e�ciency is estimated to be 65% for an 87 GeV Higgs signal.

Selection e�ciencies for other Higgs mass values are given in Table 1. The discriminant variable

NNout is constructed using a neural network with 12 input nodes, 24 hidden nodes and 1 output

node. The inputs include multiplicity of tracks and clusters, event shape variables, b-tagging

variables and the event �2
�t. The event Btag distribution for the selected events is shown in

Figure 1a. The neural network output spectrum is presented in Figure 1b. Its shape is almost

independent of the Higgs mass. The invariant mass distribution for events with NNout > 0:5 is

presented in Figure 1c. No indication for a Higgs signal is observed in the mass range under

investigation. The purity distribution for the selected events is shown in Figure 1d. One of the

most signi�cant candidates is shown in Figure 2.

4.2 The HZ! q�q ��� channel

The signature of this process is two acoplanar hadronic jets, usually containing b-quarks, no

isolated leptons and large missing transverse momentum.

High multiplicity hadronic events with at least 4 charged tracks and at least 15 calorimetric

clusters are selected. The energy in the forward calorimeters is required to be smaller than

15 GeV. All clusters in the event are combined to form two hadronic jets using the DURHAM

algorithm [17]. The invariant mass of these jets is required to be between 40 and 115 GeV and

each jet must be at least 16� away from the beam axis. These cuts reduce contributions from

pure leptonic �nal states and from two-photon interactions, e+e� ! e+e�q�q, while keeping a

signi�cant fraction of hadronic events from e+e� ! q�q(), W+W� and ZZ production.

To further reject events from the fermion pair production process e+e� ! q�q(), the trans-

verse momentum is required to exceed 5 GeV. The missing momentum vector must be at least

16� away from the beam axis and the longitudinal momentum must be smaller than 70% of the

visible energy. The opening angle between the two jets is required to be greater than 69�. The

recoiling invariant mass must be between 50 and 130 GeV. The event Btag variable (Figure 3a)

is required to exceed 0.6.

A total of 56 events are selected in data with 50.4 expected background and 74% signal

e�ciency for an 87 GeV Higgs (see Table 1 for other Higgs masses). The discriminant variable

is constructed using a neural network with 8 input nodes, 15 hidden nodes and 1 output node.

The inputs include Btag, angular information, recoiling mass, the two jet masses, transverse

imbalance and the event �2
�t. The neural network output distribution, the invariant mass

distribution for events with NNout > 0:5 and the distribution of the purity variable PM are

shown in Figures 3b, 3c and 3d, respectively. No indication for a Higgs signal is observed.

4.3 The HZ! q�q `+`� (` = e; �) channels

The signature of HZ! q�qe+e� and HZ! q�q�+�� production is an event with a pair of high

energy electrons or muons, with an invariant mass close to MZ, accompanied by two hadronic

jets.
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High multiplicity hadronic events are selected with at least 4 tracks and 20 calorimetric

clusters. A pair of isolated electrons or muons must be present. The energy of each lepton is

required to exceed 15 GeV. The invariant mass of the lepton pair is required to be between 40

and 110 GeV for electrons and between 35 and 125 GeV for muons. If there are more than two

lepton candidates, the two with the highest energies are considered. The opening angle between

the two leptons is required to exceed 103� for electrons and 86� for muons. The invariant mass

of hadronic jets is required to be between 35 and 125 GeV and the opening angle between the

jets must exceed 86�.

In the q�qe+e� channel, 6 events are observed in the data while 5.4 events are expected from

background, with an e�ciency of 75% for an 87 GeV Higgs signal. In the q�q�+�� channel,

2 events are observed in the data while 1.4 events are expected from background, with an

e�ciency of 45% for an 87 GeV Higgs signal (see Table 1 for more details). The discriminant

variable is constructed using a neural network with 6 input nodes, 10 hidden nodes, and 1

output node. The inputs include the event Btag, angular information, invariant mass of leptons

and jets and the event �2
�t. The combined neural network output spectrum for electrons and

muons is presented in Figure 4a. The invariant mass distribution for events with NNout > 0:1

is presented in Figure 4b. Only one HZ ! q�q e+e� candidate event satis�es this requirement.

No indication for a Higgs signal is observed. The neural network output and the invariant mass

are combined in the purity variable PM , as de�ned in Eq.2.

4.4 The HZ! �
+
�
� q�q and HZ! q�q �+�� channels

The signatures of HZ ! �+��q�q and HZ ! q�q �+�� events are similar to those of the HZ !
q�q`+`� (` = e; �) channels.

Tau leptons are identi�ed as low multiplicity jets comprising 1 or 3 tracks and not more

than 5 calorimetric clusters in a cone of 10� half-opening angle around the jet direction. The

measured energy of the decay particles should be at least 4 GeV. The charges of tau candidates

are required to be one and opposite.

As isolation criteria, no more than 3 tracks are allowed in a cone of 30� half-opening angle

around the tau-jet direction and the ratio of the energy measured in the range from 10� to 30�

to the energy measured in the range from 0� to 10� around the direction of the tau-jet should

not exceed 0.3.

High multiplicity hadronic events are selected with at least 9 tracks and 15 calorimetric

clusters. Two jets and two tau candidates with a separation angle of at least 10� are required.

The e�ective centre-of-mass energy [3] should be within 0:5 �
p
s0=
p
s � 0:97 and the missing

momentum vector must be larger than 5 GeV.

The invariant mass of the jets, Mjj, is computed. The invariant mass of the two tau candi-

dates, M�� , is computed as the recoil mass to the jets. Then, using the distribution of the jet

b-tag variables and of the �2
MH

calculated withMH
rec =Mjj andM

H
rec =M�� , the probabilities for

both hypotheses are computed and the most likely combination is retained. The reconstructed

Z mass is required to be between 60 and 118 GeV. A kinematic �t is performed imposing four

momentum conservation and the Z mass constraint for M�� or Mjj, depending on the event

classi�cation. Events with a �2
�t larger than 20 are rejected. Finally, the discriminant variable

DM is computed using �2
MH

and jet b-tagging distributions, as described in Section 3.

Signal e�ciencies for di�erent Higgs masses, background expectations and the number of

observed data events are compared in Table 1. For each of the two �nal states with �+��, two

numbers are given for each Higgs mass value. The �rst is the signal e�ciency of the selection
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designed for that speci�c �nal state. The second, in parenthesis, is the cross e�ciency of the

selection designed for the other �nal state. The distributions of the mass probability FM and

of the reconstructed Higgs mass MH
rec, for the combined q�q�+�� and �+��q�q �nal states, are

shown in Figures 4c and 4d, respectively.

5 Errors on signal and background predictions

The error on the predicted numbers of signal and background events arises from three di�erent

sources: uncertainties on the production cross sections, on the detector response and limited

Monte Carlo statistics.

Theoretical errors on the Higgs boson production cross section due to the uncertainties in

Mtop and �s [18] (� 0:1%), interference e�ects [19] (� 1%) and errors on Higgs decay branching

fractions due to quark masses [20] (� 1%) introduce an uncertainty on the predicted number of

signal events. Experimental uncertainties in the LEP centre-of-mass energy of �0:029 GeV [21]

and in the luminosity measurements of 0.3% account for an additional 0.3% systematic error

on the number of expected signal events.

The main sources of systematic error due to uncertainties in the detector response include

uncertainties on the energy scale of the individual subdetectors, on the global energy scale,

on the tracking e�ciency and on the b-tagging e�ciency. Their magnitude is evaluated by

comparing control data samples with the Monte Carlo predictions. The uncertainties on the

energy scales are estimated using the samples of radiative return to the Z and WW events. The

systematic uncertainty due to the b-tagging is assigned using the calibration sample of hadronic

events at 91 GeV and assuming that the di�erence between data and Monte Carlo distributions

is entirely due to the systematic e�ects. An overall systematic error on the number of signal

events of 4% is evaluated assuming that all the above uncertainties are independent.

The systematic error on the expected number of background events is due to the uncertainty

on both the cross sections and the selection e�ciency for the background processes. The overall

systematic error on the predicted background is estimated to be 10% . It is assumed to be fully

correlated between the di�erent search channels.

The statistical error on the predicted number of both signal and background events due to

limited Monte Carlo statistics is taken into account in the limit calculation.

6 Results

No statistically signi�cant excess of Higgs-like events is observed by any of the analyses. For

illustration purposes, the reconstructed Higgs mass distribution of the 11 most signi�cant can-

didates is shown in Figure 5, where the corresponding distributions for an 87 GeV Higgs signal

and for the background are also shown for comparison. A total of 10.6 events are expected

from background processes.

The distributions of the purity PM for the channels HZ! q�qq�q, q�q���, q�qe+e� and q�q�+��

and the distributions of the discriminant variableDM , for the HZ! q�q�+�� and HZ! �+�� q�q

channels are used in the likelihood function from which the con�dence level is derived using

the technique described in reference [3]. Only bins with a signal-over-background ratio greater

than 0.1 are used in the �nal con�dence level calculation [14].

The con�dence level (CL) is calculated using a large number of Monte Carlo experiments.

The systematic errors on the signal and background expectations are taken into account during
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the generation of these Monte Carlo experiments. In each trial experiment, the total number

of signal and background events is smeared according to a Gaussian distribution with standard

deviation equal to their respective total statistical and systematic error.

The measured (1-CL) as a function of the Higgs boson mass is shown in Figure 6a. The

1-CL values are calculated for Higgs mass hypotheses separated by 0:1 GeV using statistically

independent Monte Carlo samples. To reduce statistical uctuations at each point, an interpo-

lation between a few neighbouring points is applied. Also shown is the median of the (1-CL)

distribution derived from a sample of Monte Carlo experiments, simulated according to the

background spectra only. The (1-CL) distribution is asymmetric; however the probability that,

in absence of a signal, the actual CL will be higher than the median is 50%, by de�nition. The

median represents the sensitivity of the search and reaches 95% CL at 86:8 GeV. For compari-

son the average con�dence level line reaches 95% CL at 85:0 GeV. For Figure 6, the data taken

at the Z resonance, at
p
s = 161 � 172 GeV [3] and the data at

p
s = 183 GeV, presented in

this paper, are combined.

The number of expected signal events and number of signal events excluded at 95% con�-

dence level as a function of the Higgs boson mass are presented in Figure 6b. The lower limit

on the Higgs boson mass is

MH > 87:6 GeV at 95% CL :

The probability to obtain a higher limit is estimated to be 35%. The new lower limit on the

Higgs boson mass improves and supersedes our previously published results [3].
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Table 1: The signal e�ciencies for various Higgs masses, the background expectations and the

number of data events. In parentheses the cross-e�ciencies for the two tau channels are given.

Final state E�ciency for MH = BG DATA

H Z 75 GeV 80 GeV 85 GeV 87 GeV 90 GeV

q�q q�q 0.61 0.65 0.66 0.65 0.66 315 321

q�q ��� 0.76 0.76 0.75 0.74 0.71 50.4 56

q�q e+e� 0.77 0.78 0.80 0.75 0.77 5.4 6

q�q �+�� 0.41 0.44 0.45 0.45 0.48 1.4 2

q�q �+�� 0.17(0.06) 0.15(0.06) 0.14(0.08) 0.15(0.08) 0.14(0.08) 0.7 0

�+�� q�q 0.20(0.03) 0.19(0.06) 0.17(0.07) 0.16(0.09) 0.16(0.09) 1.7 1
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Figure 1: Distributions, shown after the preselection for the q�q q�q channel, of (a) the event

Btag, (b) the neural network output NNout, (c) the invariant mass (for events with NNout > 0:5)

and (d) the purity. The dots indicate the data, the empty histograms show the background

expectations, while the superimposed hatched histograms correspond to a 87 GeV Higgs signal

normalised to the Standard Model cross section.
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Run #    685703    Event #  3598
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Figure 2: A candidate q�q q�q event. The invariant masses of jet pairs are reconstructed to be

79:9 GeV and 93:2 GeV for H and Z jets respectively.
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Figure 3: Distributions, shown after the preselection for the q�q ��� channel, of (a) the event

Btag (before Btag > 0:6 cut), (b) the neural network output NNout, (c) the invariant mass (for

events with NNout > 0:5) and (d) the purity. The dots indicate the data, the empty histograms

show the background expectations, while the superimposed hatched histograms correspond to

a 87 GeV Higgs signal normalised to the Standard Model cross section.
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Figure 4: Distributions, after the preselection for the q�q e+e� and q�q �+�� channels combined,

of (a) the neural network outputNNout and (b) the invariant mass (for events withNNout > 0:1);

and distributions, after the �nal selections for the q�q �+�� and �+�� q�q channels combined,

of (c) the mass probability FM and (d) the reconstructed Higgs mass MH
rec. The dots indicate

the data, the empty histograms show the background expectations, while the superimposed

hatched histograms correspond to a 87 GeV Higgs signal normalised to the Standard Model

cross section.
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Figure 5: The reconstructed Higgs mass distribution of the 11 most signi�cant candidates

selected in the data with NNout > 0.7, 0.5 and 0.1 for the q�qq�q, q�q��� and q�q`+`� selections,

respectively, and with DM > �3 for the q�q�+�� and �+��q�q selections. The corresponding

distributions for an 87 GeV Higgs signal and for the background are also shown for comparison.
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Figure 6: (a) The (1-CL) line for the Higgs signal derived from the data as a function of the

Higgs mass (solid line). The median expectation, derived from the sample of Monte Carlo

experiments, is indicated by the dotted line. (b) The number of expected signal events (solid

line) together with the number of signal events excluded at 95% con�dence level (dashed line).
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