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Abstract

A search for the Standard Model Higgs boson was performed in the data
sample of around 1 million hadronic Z0 decays recorded in 1991 and 1992 with
the DELPHI detector at LEP. The Higgs boson was searched for through its
production in association with either neutrinos, electrons or muons. Four low
mass events remain after the selections in the charged leptonic channels, that

are likely to be due to background, especially four fermion processes. These
results restrict the mass of the Standard Model Higgs boson to be larger than
55.7 GeV/c2 at the 95 % con�dence level.
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1 Introduction

This paper describes the search for the Standard Model Higgs boson in the data
collected in 1991 and 1992 by the DELPHI detector at LEP.

The Higgs boson is searched for through its production in association with a virtual Z0

boson, which subsequently decays into either neutrinos, electrons or muons. These three

channels make only 26% of all possible production modes, but the corresponding �nal
states can be disentangled from the background while keeping a reasonable e�ciency.
This is not the case in the two other modes with a Z0 boson decaying into taus or
hadrons. As our previous published result [1] excluded a Higgs boson with a mass up to
38 GeV/c2, the present analysis is restricted to the high mass region, where the Higgs
boson is expected to decay mainly into a b�b pair. The �nal states to be selected are then
characterized by a high hadronic multiplicity with either missing momentum or a pair of
muons or electrons. Moreover, at high mass, the Higgs boson is expected to be weakly
boosted so that the hadron system mostly splits into jets.

2 Data samples

The data sample recorded by DELPHI in 1991 and 1992 corresponds to an integrated
luminosity of 34.6 pb�1 i.e. to about 1 million hadronic Z0 decays [2], which represents

ten times the statistics of the 1990 data sample used in our previous publication on the
same subject [1]. Updates of this result using the 1991 and 1992 data have already been
reported in conferences [3,4]. The results of the other LEP experiments on the Higgs
boson search can be found in ref. [5].

The selection criteria are de�ned using simulated data samples of the Higgs particle
production process [6] at masses ranging from 35 to 70 GeV/c2 in 5 GeV/c2 steps, and of
the background contributions from hadronic Z0 decays and from four fermion processes
e+e� ! `+`�q�q (` = e; �; � ) [7]. The cross sections of the four fermion processes have
been corrected by a factor 0.7 to take into account the initial state radiation which is not

included in the generator. Non-dominant channel-dependent sources of background are
also studied. They will be discussed in the corresponding sections.

The samples generated for the Higgs signal in each channel amount to 1000 events
at each mass, except at 55 and 60 GeV/c2 for which samples at least twice as big were
generated. Two million hadronic Z0 decays were generated, providing twice the statistics
of the real data sample. Finally, the simulated samples of four fermion events with
muons, electrons and taus in the �nal state amount to 5000, 5000, and 1250 events
respectively, with an equal number of events per quark avour. Given the di�erent
kinematical selections applied at the generation level in each channel to avoid divergences

in the cross sections, these samples correspond to what is expected from e+e�q�q, �+��q�q
and �+��q�q events with integrated luminosities 181, 44 and 7 times higher than the
present one, respectively.

3 Experimental setup

The apparatus is described in detail in ref.[8] which also gives the performance of the
detector. In the following, we briey mention the components which are relevant to the
present analysis.
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Tracks of charged particles are reconstructed in the inner detector, the time projection
chamber and the outer detector in the barrel region. In the end caps, the reconstruction

is achieved by the time projection chamber and the forward chambers. The microvertex
detector provides additional precise points in the barrel region and is used to reconstruct
precise secondary vertices and impact parameters. Neutral particle energies are measured
in the electromagnetic and hadronic calorimeters. Muons are identi�ed in three planes
of drift chambers in the barrel region and two planes of drift chambers in the end caps.

As in any analysis dealing with missing energy, ine�cient regions of the apparatus are
important for the search in the neutrino channel. The three following regions deserve
special care :

- the electromagnetic calorimeter has a 1.52� hole around 90� in the polar angle �
to lodge the central sti�ening ring of the solenoid cryostat. Scintillator counters
partially �ll this gap and serve as a veto against photons.

- the barrel and forward parts of the electromagnetic calorimeter are not adjacent, to
allow cable extraction. The corresponding � range (37� < � < 40:5� and 139:5� <
� < 143�) is covered only by the hadronic calorimeter.

- the tracking coverage is poor below 20�. Charged particles emitted at low angles
are detected by the forward electromagnetic and hadronic calorimeters, and by the

luminometer.

In the subsequent analysis, these weak regions will be de�ned by the following �ducial
cuts in the polar angle � :

- the \90� region" by a window of a few degrees (depending on the analysis) around
90�,

- the \40� region" by the following range in � : 33� < � < 43� and 137� < � < 147�,
- the \forward region" by a 30� or 15� cone (depending on the analysis) around the
beam axis.

4 Neutrino channel

The Higgs boson production in association with neutrinos has the largest cross-section
of the three channels considered in this analysis. The experimental signature is a high
mass unbalanced hadronic system, generally composed of two acollinear and acoplanar
b-jets. The main background comes from hadronic Z0 decays with missing energy and
momentum due to particles escaping detection (neutrinos, long lived hadrons), and from
bad energy reconstruction or particle losses in the regions of the apparatus with poor
detector coverage. A large number of variables is necessary to reject this background. In
such conditions, standard analysis methods based on sequential selections generally lead

to a low e�ciency. Two methods are used to improve the background suppression and
the selection e�ciency, both attempting to optimize the use of the discriminating power
of the analysis variables. Section 4.1 describes the results of the analysis with a neural
network while section 4.2 is devoted to a probabilistic approach.

Both analyses use charged particles with momenta greater than 100 MeV/c and neutral
particles with energies above 100 MeV to compute the selection variables, such as, for
instance, the event invariant mass, the total transverse momentum with respect to the
beam axis, global shape variables etc. These selected particles are also used to specify the

jet content of the events. This is done in three ways. First, events are divided into two
hemispheres with respect to the plane perpendicular to the thrust axis and the neutral
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and charged particles in each hemisphere are summed up to build what will be referred
to as \hemispheric jets". A jet search is also performed using the cluster algorithm

LUCLUS [9], with the minimum distance between two clusters, djoin, kept to its default
value of 2.5 GeV/c. Jets resulting from this search will be referred to as \jets" with no
other quali�cation. Finally, in order to check the event features in the three-jet topology
the same cluster algorithm is also applied with a number of jets �xed to three.

4.1 Neural network analysis

A preselection is made in order to remove the bulk of the background and to feed the
neural network with events in the region of the variable space that contains the signal.
We �rst select events with an invariant mass between 20 GeV/c2 and 70 GeV/c2, at least
�ve charged particles and a sphericity exceeding 0.02.

As a second step, events are kept if the acollinearity of the two hemispheric jets is
greater than 8�, if the smallest angle between any jet and the missing momentum exceeds
15� and if the total energy carried by charged particles (hereafter referred to as total
charged energy) is above 12 GeV.

As the Higgs boson is expected to decay predominantly into a b�b pair, the microvertex
detector can be used to discriminate against the background from Z0 decays into light
quarks (which represent 78% of the hadronic decays) by bene�tting from the lifetime of
the b-hadrons. The vertex detector coverage being about 70% of the full solid angle, the
selected events are divided into subsamples with and without information in the vertex
detector. To belong to the �rst sample, events are required to be in the acceptance of the
vertex detector, namely the polar angle of the thrust axes in both hemispheres de�ned by
the plane perpendicular to the event thrust axis must satisfy j cos �j < 0:65. In addition,
events must contain at least three tracks, each one with a minimumof two well associated

hits in the vertex detector.
The two subsamples populate di�erent angular regions of the detector. The sample

with vertex detector information is largely contained in the barrel region, while the second
sample is predominantly located in the forward regions. The amount of background in
the two samples is di�erent, resulting in di�erent selections at some point in the analysis.
Thus, in order to remove a small component of events with low total transverse momentum
and with few charged particles, there is an additional preselection for the sample without
vertex detector information which requires events to have more than 8 charged particles
and a total charged energy greater than 17 GeV.

The acceptance of the above selections for H0��� events at 55 GeV/c2 is 81.2%, while
approximately 98.5% of the hadronic Z0 decays are rejected. Figure 1 shows a comparison
between real data and simulated q�q events at this stage of the analysis for a set of selected
variables, de�ned in the next subsections. Both samples are normalised to the same
number of events. The agreement is good. To illustrate the discriminating power of the
variables, the unnormalised distributions for a 55 GeV/c2 Higgs boson are also shown.

4.1.1 The Neural Network

After the preselection, a neural network is used to distinguish signal events from the
dominant q�q background. The same network processes the samples with and without

information in the vertex detector. It is of the feed-forward type with back-propagation
of errors [10]. It has one input layer with 15 nodes and 2 intermediate layers with 8 and
3 nodes, respectively, which converge to the output node.
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The network is trained to separate the signal from a 55 GeV/c2 Higgs boson from the
Z0 ! q�q() background. To decide which variables to feed to the network a step-wise

linear discriminant analysis is �rst performed which at each stage includes the variable
seen to give the largest improvement in the discrimination. The network is then trained
to give an output value close to one for signal events and close to zero for background
events. The following variables, in the order given by the linear discriminant analysis,
are used as input nodes in the neural network :

- the sum of the opening angles of the three pairs of jets when forcing three jets to be
reconstructed,

- the energy carried by neutral particles (hereafter referred to as neutral energy) within
30� of the beam axis,

- the sum of the positive longitudinal momentum components along the second eigen-
vector of the sphericity tensor in the c.m.s. of the observed particles,

- the acollinearity between the two hemispheric jets (see �gure 1(a)),
- the missing transverse momentum with respect to the beam axis (see �gure 1(b)),
- the energy within 40� of the missing momentum direction,
- the charged energy within 30� of the beam axis,
- the total observed energy,

- the sum of the positive longitudinal momentum components along the sphericity
axis in the c.m.s. of the observed particles,

- the total longitudinal momentum along the beam axis,
- the total invariant mass (see �gure 1(c)),
- the energy within 20� of the missing momentum direction,
- the neutral energy within 15� of the beam axis,
- the number of unassociated track elements in the outer tracking detector within 45�

of the missing momentum direction,

- the cosine of the polar angle of the thrust axis.

Prior to the actual analysis, the learning capacity of the network and the number of
training cycles are investigated to optimize the performance and to prevent over-training.
The number of learning epoques is chosen as 1500. The neural network is then trained
on a sample of simulated qq() events and on a sample of H0��� events at 55 GeV/c2,
after preselection criteria are applied. The two samples, before preselection, amount to
1.5 million and 3000 events, respectively.

The resulting network is then applied to the real data, to the whole sample of 2.1
million simulated q�q events and to Monte Carlo samples of the other types of backgrounds,
such as �+��q�q events and two photon events. For the latter, a sample corresponding to
0.73 times the integrated luminosity is used. The network is also applied to independent
reference samples of simulated signal events with di�erent masses of the Higgs particle, to
obtain the selection e�ciencies. From the study of the rejection power and the selection
e�ciency of the network, we choose to require the output of the network to be greater
than 0.95 for an event to be considered further. This criterion accepts 65.8% of H0���
events at 55 GeV/c2 and reduces the background by a factor 430.

As can be seen in �gure 2, a very good overall separation between background and
signal is achieved with the neural network, but it has to be supplemented by additional
cuts for su�cient discrimination against the background. These additional selections are
de�ned so that no events remain in the simulated background samples. They are di�erent
for events with or without information in the vertex detector.
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4.1.2 The sample with vertex detector

The additional selections consist in a quality cut, in the requirement of a b-signature
and in three topological cuts. Since events with information in the vertex detector are
contained in the barrel region which has good hermeticity, the only possible source of
instrumental background is the reconstruction. Events with a signi�cant amount of en-
ergy (above 8 GeV) due to reconstruction problems caused by spiraling particles are thus
removed.

In order to de�ne the b-signature, the signed impact parameters of the charged particle
tracks with respect to the �tted vertex are divided by their errors. The sum of the three

largest values is then required to exceed 4. The e�ect of this criterion was checked on
simulated q�q events. Applying the preselection and the b-tagging condition leads to the
following avour composition in the sample with vertex detector information : 30% of
light avours u; d; s, 20% of c�c pairs and 50% of b�b pairs.

The topological cuts are the following :

- the acoplanarity of the two hemispheric jets (see �gure 1(d)) is required to exceed
7�,

- the sum of the opening angles of the three pairs of jets when forcing three jets to be
reconstructed, S�, is required to be less than 358.5�,

- the complement to 180� of the maximum angle between any two jets with energy
above 2 GeV, �, is required to be greater than 14� in space (see �gure 1(e)) and
greater than 2� when projected onto the plane transverse to the beam.

These selections eliminate all the simulated backgrounds and leave no event in the data
sample. The result is shown in table 1 where the number of events after each criterion in

the selection is given. The selection e�ciency for the signal is normalised to the complete
sample of simulated H0��� events at 55 GeV/c2.

Selection criteria MC H0��� MC q�q MC 4 fermions MC 2 Real data

Preselection 41.6% 2783 4.1 2.8 2342
Network output 26.9% 8.2 0.4 0 7

Quality 26.7% 8.1 0.4 0 6
Impact parameter 25.3% 5.8 0.3 0 3
Acoplanarity 23.4% 2.6 0.1 0 1

S� cut 23.1% 2.6 0 0 1

� cut 21.0% 0 0 0 0

Table 1: Neural network analysis : e�ect of the selections on simulated H0��� events at
55 GeV/c2, simulated q�q, �+��q�q and two photon events, and real data, for the sample
with vertex detector information. The selection e�ciency is normalised to the total
number of H0��� events at 55 GeV/c2 and the various background samples are normalised
to the integrated luminosity of the real data sample.
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4.1.3 The sample without vertex detector

The background situations di�er in the barrel and forward regions. The barrel region
has good hermeticity and redundant track information, while the forward region lacks a
vertex detector, has incomplete electromagnetic calorimetry in the 40� region and limited
detector coverage close to the beam axis. Furthermore, a number of background processes,
such as two photon and beam-gas interactions, mainly populate the forward region. This
makes the background higher in the forward region and leads to a more stringent selection
than in the barrel region.

In addition to the reconstruction quality cut mentioned in the previous section, other

variables describing energy deposits in the neighbourhood of weak detector regions are
included and quality criteria are applied to remove events with lost or badly reconstructed
particles :

- the neutral energy deposited within 30� of the beam axis is required to be less than
12 GeV. If the cosine of the polar angle of the thrust axis is between 0.67 and 0.82
a stricter cut of 8 GeV is applied,

- the charged energy deposited within 30� of the beam axis is required to be less than

23 GeV. If the cosine of the polar angle of the thrust axis is between 0.67 and 0.82
a stricter cut of 11 GeV is applied,

- the neutral energy in the 40� region (as measured by the hadronic calorimeter and
the electromagnetic calorimeter modules at the edge of the hole) should not exceed
10 GeV,

- the charged energy detected in the 40� region should not be more than 65% of the
total charged energy,

- the charged energy within 2� of the plane transverse to the beam (the weak 90�

region) must be less than 15 GeV.

Selection criteria MC H0��� MC q�q MC 4 fermions MC 2 Real data

Preselection 39.6% 10969 11.8 20.7 10395
Network output 26.5% 22.8 0.6 0 25

Quality 20.6% 13.6 0.4 0 13
Pmiss activity 19.0% 6.8 0.4 0 8
Acoplanarity 17.7% 2.5 0.4 0 0

S� cut 17.5% 2.1 0.1 0 0

� cut 17.4% 1.3 0.1 0 0
RMS(pT ) 16.7% 0 0 0 0

Table 2: Neural network analysis : e�ect of the selections on simulated H0��� events at
55 GeV/c2, simulated q�q, �+��q�q and two photon events, and real data, for the sample
without vertex detector information. The selection e�ciency is normalised to the total
number of H0��� events at 55 GeV/c2 and the various background samples are normalised

to the integrated luminosity of the real data sample.
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Moreover, to ensure that no remaining activity exists in the region pointed at by the
missing momentum :

- the total charged and neutral energy contained in a cone with a half opening angle
of 20� (40�) around the missing momentum are required to be less than 0.9 GeV
(4 GeV),

- the number of unassociated track elements in the outer tracking detector within 45�

of the missing momentum direction has to be less than 5.

The following topological cuts are then applied :

- the ratio between the total energies in the two hemispheres must be less than 4,
- the acoplanarity of the two hemispheric jets (see �gure 1(d)), must be greater than
8�,

- the sum of the opening angles of the three pairs of jets when forcing three jets to be
reconstructed, S�, is required to be less than 358.5�,

- the complement to 180� to the maximum angle between any two jets with a jet

energy above 2 GeV, �, (see �gure 1(e)) is required to be greater than 7� in space,
- in each hemisphere de�ned with respect to the plane perpendicular to the sphericity
axis in the centre of mass system of the observed charged and neutral particles, the
RMS of the distribution of the particle transverse momenta (RMS(pT )) with respect
to the sphericity axis is required to be less than 0.95 GeV/c.

These cuts remove all the simulated backgrounds and leave no candidates in the data.
Table 2 shows the number of events surviving at di�erent stages in the analysis. The

signal selection e�ciency is normalised to the total number of simulated H0��� events at
55 GeV/c2.

4.1.4 Final e�ciencies and systematic uncertainties

Combining the analyses performed on the samples with and without vertex detector
information leads to the total selection e�ciencies summarized in table 3, which also
presents the related statistical and systematic uncertainties.

The systematic uncertainties are expected to originate from biases in the reconstructed
energies and momenta and in the track reconstruction. Furthermore, an inaccurate de-
scription of the insensitive detector regions in the simulation is also a source of systematic
error. The estimation of the individual contributions is carried out by varying the fol-
lowing parameters and evaluating the e�ect on the selection e�ciency :

- the charged particle momenta are smeared according to the experimental momentum
resolutions, namely �(1=p) = 0:0008 (GeV/c)�1 in the barrel region and �(1=p) =
0:004 (GeV/c)�1 in the forward region,

- the electromagnetic energy is varied by 5%,
- the hadronic energy is varied by 5%,
- the tracking e�ciency is decreased by 5% by randomly dropping tracks,
- the overall calorimeter e�ciency is decreased likewise by 5% by randomly dropping
neutral showers,

- the insensitive region around 40� is enlarged by approximately 40% and assigned a
detection e�ciency of 30%.

The results are presented in table 4. They are independent of the Higgs particle mass.
Adding the di�erent contributions in quadrature yields 1.6%.



8

Statistical Systematic
mH0 E�ciency uncertainty uncertainty

(GeV/c2) (%) (%) (%)

35 34.8 � 1.6 � 1.6
40 40.0 � 1.6 � 1.6
45 44.1 � 1.6 � 1.6
50 42.9 � 0.6 � 1.6
55 37.7 � 0.7 � 1.6

60 28.4 � 0.5 � 1.6
65 16.9 � 0.7 � 1.6
70 8.4 � 0.9 � 1.6

Table 3: Neural network analysis : Higgs boson selection e�ciency in the neutrino channel
as a function of the Higgs boson mass.

4.2 Probabilistic analysis

The usual selection method [1,3] based on successive cuts applied to a set of discrim-
inating variables is e�cient if the signal and the background are well separated so that
the cuts remove most of the background but only a small part of the signal. Otherwise,
it is necessary to introduce a large number of di�erent variables with more severe cuts,
resulting in a low e�ciency for the signal.

The main drawback of this method is that, when events are rejected from one part of
the multidimensional space spanned by the discriminating variables, no use is made of
the information in other parts of the variable space where there may be an additional sep-
aration between signal and background distributions. The second drawback, connected
with the former, is that the method of cuts prevents the use of variables for which the
signal and background distributions have a large overlap.

For the Higgs boson search in the neutrino channel, such overlaps are expected in
many variables. First, ine�ciencies in the energy measurement (particle losses or bad
reconstruction) tend to smear the distributions. Furthermore, as the Higgs boson mass

increases, signal events look more and more like hadronic events. These were the reasons
for developing a new analysis method.

4.2.1 Description of the method

The analysis starts by selecting a set of discriminating variables. Each of these vari-

ables is then turned into a new variable with the following properties :

a) the new variable takes its values between 0 and 1,
b) it has a at distribution for the background process, i.e. for q�q events,

c) it has an asymmetric distribution with an excess below 0.5 for the signal events.

If x refers to the value taken by the initial variable, the new variable is the probability

function P (x) obtained by integrating the probability density function �(t) of the initial
variable in q�q events. This de�nition ful�lls conditions a) and b). Condition c) is achieved
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Uncertainty source Variation (%) Systematics (%)

Momentum resolution see text 0.83
Electromagnetic energy 5. 0.59

Hadronic energy 5. 0.68
Tracking e�ciency 5. 0.72

Calorimeter e�ciency 5. 0.58
Insensitive region 40. 0.39

Total 1.58

Table 4: Neural network analysis : individual contributions to the systematic uncertainty
on the Higgs boson selection e�ciency in the neutrino channel.

by integrating �(t) over the region where most of the signal is expected. As an example,
P (x) would be de�ned by :

P (x) =

Z
t>x

�(t) dt (1)

if the signal populates the upper part of the variable distribution. Examples of such
variables are the acollinearity of the two hemispheric jets or the missing transverse mo-

mentum, as shown in �gure 1. The probability density function �(t) is extracted from the
q�q background Monte Carlo distributions, so that P (x) gives the probability to observe a
value of the initial variable greater than x in the background process. By construction,
the distribution of P (x) is at for the q�q background and peaks at low values for the
H0��� signal. Figure 3 shows the distribution of P (x) for the acollinearity and the missing
transverse momentum for real data and simulated H0��� at 55 GeV/c2. One can see that
the real data distribution can be approximated by a constant, and thus corresponds to
the q�q model, while on the contrary the signal distribution is asymmetric and presents

an excess below 0.5.
A global event variable can also be de�ned, giving the probability for the event to be

consistent with the background process. In principle, it should be proportional to the
product of all functions P (x) and so be uniformly distributed, provided all variables are
uncorrelated. This global variable accumulates all the di�erences between the signal and
the background in the individual variables and gives the possibility to achieve a desired
e�ciency or purity by applying a single cut. Such an approach has been used to tag
b-quarks in hadronic Z0 decays using as discriminating variables the impact parameters
of the charged particles [11].

For the Higgs boson search, the product of the probability functions does not give
good discrimination due to the unavoidable correlations between the di�erent variables
used in the analysis. Probability functions of correlated variables, when multiplied, give
a global probability peaked at low values for the background instead of the expected at
distribution. Events falling in this peak cannot be removed without a large loss in the
signal selection e�ciency.
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In our analysis, a global variable W is de�ned instead as the sum of the probability
functions. Namely, for K selected discriminating variables, labelled by i, we have :

W =
KX
i=1

Pi(x) (2)

For the background, any Pi(x) distribution is at by de�nition and for a large number

K of uncorrelated variables the distribution of W should be Gaussian with the following
mean and variance :

�W = K=2 �2
W
= K=12 (3)

As W is a sum of probabilities, it is less sensitive to the correlations between the
variables and if these are moderate (in practice they do not exceed 0.5), the shape of
the W distribution can, with good accuracy, be approximated by a Gaussian. The mean
value will be the same as in equation (3). The variance will di�er from that in equation
(3) but may still be predicted provided the values of the correlations are known. The
weak sensitivity to the correlations of the individual variables and the predictable shape

of the distribution for the background process are the two main reasons for using the W
variable for the Higgs boson search.

For the signal, the shape of theW distribution cannot be predicted on general grounds
but, due to the asymmetry in the distribution of each individual probability function, the
W spectrum is also shifted with respect to the background distribution, accumulating
the di�erences of all discriminating variables.

Figure 5 shows the W distribution corresponding to the 14 discriminating variables
which enter the probabilistic analysis, as will be described in detail in the following
subsections. The background distribution for simulated q�q events is shown as a solid line

histogram, together with the real data (dots). Both distributions are reasonably well
�tted by a Gaussian while the corresponding distribution for simulated H0��� events at
55 GeV/c2 is signi�cantly di�erent. The mean value and the variance both for the real
data and the simulated q�q events agree with the expected values (�W = 14=2 = 7, �W =q
14=12 ' 1:08) within the error limits, which means that the e�ect of the correlations

is small.
As the shape of the background distribution is predictable, the expected background

remaining in a sample of N events after a selection on W, W <W0, can be estimated as
follows :

Nexp = N �G
�W0 � �W

�W

�
G(x) � 1p

2�

Z x

�1

e�t
2=2 dt (4)

For the Higgs boson search, we choose a value ofW0 such that the expected background
in the tail of the simulated q�q distribution is less than one. This value will be denoted
W0(1) in the following.

In order to remove the bulk of the background and apply the probabilistic analysis to
events which are in the same region of the variable space as the signal, a preselection step
is introduced. As a consequence, the cut value W0(1) for 1 expected background event
increases due to the decrease of the total number of events N . If with such a selection
the suppression factor for signal events is much less than for the background, the increase
of W0(1) can even lead to an overall increase of the selection e�ciency.



11

4.2.2 Quality and preselection criteria

Quality criteria are �rst applied, in order to discard badly reconstructed events in
which some particles are lost in the ine�cient regions of the detector. The discriminating
variables for these events acquire unexpected values which are strongly correlated and
would give a non-Gaussian tail in theW distribution. The quality criteria may be divided
in the following groups:

� Low mass events : events are rejected if the event mass is less than 30 GeV/c2

and the transverse momentum is less than 11 GeV/c.
� Missing particles at 90� : events are rejected if the missing momentum points at

90� (j cos �misj < 0:1) and if one of the following conditions is ful�lled:
- the total electromagnetic energy does not exceed 16% of the total energy,
- the di�erence in � between the thrust axis and the missing momentum direction
is less than 25�.

� Missing particles at 40� : events are rejected if the thrust direction points at the
40� region, as de�ned in section 3, and if the total charged energy in the correspond-
ing � range exceeds 11 GeV.

� Missing particles in forward directions : events with particles lost in the for-

ward directions comprise the bulk of the background in the neutrino channel. Events
are discarded if any of the following conditions is ful�lled :
- the energy in a 30� (15�) cone around the beam direction is greater than 20 GeV
(2 GeV).
- more than 70% of the neutral energy of the event is deposited in a 30� cone around
the beam direction,
- the missing momentum lies inside a 35� cone around the beam direction and cor-
responds to more than 35% of the total energy.

� Quality of the reconstruction :

- a large number of hadronic showers not associated to a charged particle track
or to a shower in the electromagnetic calorimeter is likely due to noise in the
hadronic calorimeter. Events are rejected if the number of unassociated showers
in the hadronic calorimeter is greater than 6,
- hits reconstructed in the outer tracking detector which have not been associated
to any track may indicate a lost track. If the number of unassociated hits registered
in the outer detector in a 45� cone around the missing momentum is greater than
25, the event is also rejected.

The preselection step consists in requiring the following conditions :

- the event mass is less than 70 GeV/c2,
- the acollinearity of the two hemispheric jets is greater than 10�,

- the acoplanarity between the two hemispheric jets is greater than 3�. If the jet search
gives more than 2 jets, this cut is increased to 10�,

- the absolute value of the cosine of the angle between the thrust direction and the
missing momentum direction should be less than 0.95,

- the maximum angle between any two jets is less than 170�,
- the minimum angle between the missing momentum and any jet should be greater
than 40�,

- S�, the sum of the opening angles of the three pairs of jets, when the event is forced
into three jets, is less than 353�,

- the minimal angle between any two jets when the event is forced into three jets
should be in the range: 10� < �min < 90�.
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These selections leave 176 events in the real data sample and 382 simulated q�q events
in a sample of twice as many events. The e�ciency for a 55 GeV/c2 Higgs particle is

48%.

4.2.3 Probabilistic analysis

The remaining events are analysed using the probabilistic method described in sec-

tion 4.2.1. The complete set of 14 discriminating variables is the following :

- the event mass,
- the event transverse momentum with respect to the beam axis,
- the acollinearity of the two hemispheric jets,
- the acoplanarity of the two hemispheric jets,
- S�, as previously de�ned,
- the sum of the two hemispheric jet masses,

- the minimum opening angle of a cone containing 80% of the event energy,
- the maximum between j cos �misj and jcos�thrj where �mis (�thr) is the missing mo-
mentum (thrust axis) polar angle,

- the maximum opening angle between any two jets,
- the maximum angle between the directions of any two jets projected onto the trans-
verse plane to the beam,

- the variable �PT as explained below,
- the missing mass squared,
- the ratio of the total charged energy to the total energy,

- the b-tagging variable LPB, as de�ned below.

The variable �PT is de�ned in the centre of mass system of all observed charged and
neutral particles. The sphericity axis of the system is �rst determined and the event is
divided in two hemispheres by a plane perpendicular to this axis. �PT is de�ned in the
hemisphere with the larger number of particles as the RMS of the distribution of the
particle transverse momenta with respect to the sphericity axis.

The variable LPB is the absolute value of the logarithm of the event b-tagging proba-

bility de�ned from the impact parameters of the charged particles. As already mentioned
in section 4.2.1, the probabilistic method can also be applied to b-tagging. In that case
the discriminant variables are the impact parameters of the charged particles, divided
by the related errors. The signal to select is the Z0 decay into b�b pairs while the back-
ground process consists of the other hadronic decays of the Z0 boson. As the correlations
are low, the event b-tagging probability is computed from the product of the individual
probability functions. As is the case for the W variable, the b-tagging probability mea-
sures the probability to obtain the observed values of the discriminant variables in the

background process, namely the probability to obtain the observed impact parameters
in processes without b-quarks. Events containing b-quarks will be characterized by a low
probability, typically below 10�2. Figure 4 shows the distributions of LPB for real data
(dots), simulated q�q (solid line) events and H0��� events at 55 GeV/c2 (dashed line). A
clear di�erence is seen between the H0��� and q�q processes. On the other hand, a big
suppression factor cannot be achieved with any cut on this variable due to the presence
of b-quarks in q�q events and to the limited e�ciency of the b-tagging. As an example,
a cut on LPB at 2 (3) leads to an e�ciency of 34% (20%) and a purity of 86% (95%)
on q�q events. The corresponding selection e�ciency is 49% (32%) on H0��� events at

55 GeV/c2. So this variable can hardly be used in a standard method with cuts, but it
naturally �ts in the probabilistic approach.
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Selection criteria MC H0��� MC q�q MC 4 fermions MC 2 Real data

Preselection 73.6% 2944 4.3 138 3262
Quality cuts 62.2% 1005 2.1 4.7 1014
Acoplanarity 55.6% 598 1.7 4.3 603

min angle thrust/Pmiss 52.6% 442 0.9 4.0 421
min angle jet/Pmiss 50.4% 226 0.5 3.6 210
min jet/jet angle 48.2% 191 0.2 1.8 176

W < 4. 35.0% 1 0.1 0 0

Table 5: Probabilistic analysis : e�ect of the selections on simulated H0��� events at
55 GeV/c2, simulated q�q, �+��q�q and two photon events, and real data. The simulated
background samples are normalised to the number of hadronic Z0 decays contained in
the initial data sample.

For each discriminating variable, the probability function Pi(x) is built as described
in section 4.2.1 with the corresponding density function computed from the simulated
q�q sample remaining after the preselection step. The distributions of the W variable

calculated from equation (2) for the real data and the simulated q�q and H0��� events at
55 GeV/c2 are shown in �gure 5. The �t to the real data distribution by a Gaussian is also
shown. The results of the Gaussian �ts to the real data and simulated q�q distributions
are the following :

real data : �RD
W

= 7:05� 0:08 �RD
W

= 1:12� 0:05

simulated q�q : �MC
W

= 6:94 � 0:06 �MC
W

= 1:17 � 0:03:

The cut limitW0(1), computed from the mean value and variance of the Gaussian �t to
the simulated q�q distribution is 4.0. Below this limit there is no observed event in the
real data. The smallest W value in this sample is 4.31. The simulated q�q sample gives
two events below the threshold, which corresponds to one event after normalisation to
the real data statistics, as expected.

Table 5 shows the e�ect of the selections on real data, simulated H0��� events at
55 GeV/c2 and simulated samples of the background processes : q�q , �+��q�q and 

events. For the latter, a sample corresponding to 1.1 times the present integrated lu-
minosity is used. The preselection in the table refers to a subset of the preselection
criteria described in the previous section, namely : mass < 70GeV=c2; acollinearity >
10�; max jet=jet angle < 170�; S� < 353�. The e�ect of each of the remaining preselec-
tions is given in the table after the quality cuts are applied. The same loose preselection
criteria are used in �gures 3 and 4.

The Higgs boson selection e�ciencies are shown in table 6 as a function of the boson
mass with the related statistical and systematic uncertainties. The latter are estimated
from the di�erences in the Gaussian parameters obtained for the real and simulated data,
namely : �RD

W
� �MC

W
= 0:11 � 0:10, �RD

W
� �MC

W
= �0:05 � 0:06. Varying the Gaussian

parameters within these deviations leads to a new value ofW0(1) and thus to a change in

the selection e�ciency. Systematic uncertainties around 2% are obtained at each mass,
with roughly equal contributions from the shifts in the mean value and in the variance.
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Statistical Systematic
mH0 E�ciency uncertainty uncertainty

(GeV/c2) (%) (%) (%)

35 35.5 � 1.5 � 1.8
40 41.0 � 1.6 � 1.5
45 41.1 � 1.6 � 1.8
50 38.7 � 0.9 � 1.7
55 35.0 � 0.8 � 1.5

60 25.5 � 0.8 � 1.8
65 14.6 � 1.2 � 2.1
70 6.9 � 0.9 � 1.5

Table 6: Probabilistic analysis : Higgs boson selection e�ciency in the neutrino channel
as a function of the Higgs boson mass.

The use of a limited data sample to estimate the Gaussian parameters �MC
W

and �MC
W

leads to an uncertainty in the q�q background expectation of 1 event. To take this e�ect
into account, the Gaussian mean value and variance are varied within the error limits
obtained from the �t. This translates into a di�erent number of selected events in the

simulated q�q sample. The di�erence between this number and one is then taken as the to-
tal uncertainty on the one background event expectation. The �nal expected background
from q�q events is thus 1.0 � 0.3.

Table 5 shows that four fermion events with taus in the �nal state also give some back-
ground to the Higgs boson search in the neutrino channel. The expected background from
this source is found to be 0.13 � 0.08 (stat) � 0.02 (syst). The systematic uncertainty
on this estimate takes into account a 2% uncertainty on the selection e�ciency, a 2%
uncertainty on the normalisation and a 15% uncertainty on the four fermion production

cross-sections.

4.3 Conclusions on the neutrino channel analyses

The neutrino channel is the most di�cult one to analyse due to the inherent back-
ground in the detection of missing energy. The two independent analyses performed in
this channel achieve similar selection e�ciencies. The neural network analysis selects no

event both in the real data sample and in a sample of 2.1 million simulated background
events. This means that less than 1.4 events are expected from the background at the
95% con�dence level. On the other hand, the probabilistic analysis selects no event in
the real data sample with an expected background of 1.1 � 0.3 events.

The overlap between the two analyses was checked. About 75% of the selected signal
events are common to both analyses. This reects the fact that the two analyses are
di�erent and do not use identical sets of variables so that they select the signal in di�erent
regions of the parameter space. A more e�cient selection can be achieved by combining
the two methods. Table 7 presents the selection e�ciencies obtained by keeping events
which pass either neutrino analysis. To take into account the correlations between the
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Statistical Systematic
mH0 E�ciency uncertainty uncertainty

(GeV/c2) (%) (%) (%)

35 45.4 � 1.6 � 3.4
40 50.0 � 1.6 � 3.1
45 52.5 � 1.6 � 3.4
50 50.0 � 0.9 � 3.3
55 45.6 � 0.8 � 3.1

60 34.5 � 0.9 � 3.4
65 22.0 � 1.3 � 3.7
70 10.6 � 1.0 � 3.1

Table 7: Higgs boson selection e�ciencies in the neutrino channel when the neural network
and probabilistic analyses are combined.

two analyses, their systematic uncertainties are added linearly to de�ne the systematics
uncertainties in the combined analysis.

5 Charged leptonic channels

The experimental signature of a Higgs boson in the charged leptonic channels consists
of a pair of isolated and oppositely charged leptons recoiling against a high multiplicity
hadronic system. Due to the lepton isolation, di�erent lepton identi�cation criteria can
be used for the two leptons of a pair, leading to a high dilepton selection e�ciency and a

small contamination from pions. The main backgrounds in the charged leptonic channels
are the semi-leptonic decays of heavy avour pairs as well as four fermion events with
leptons in the �nal state. Lepton isolation alone rejects almost all of the �rst background
while the dominant contribution from the other is reduced by requiring energetic leptons
with a large opening angle and a minimum mass for the rest of the event. Details of the
analyses in the electron and muon channels are given in sections 5.2 and 5.3 respectively.

5.1 Dilepton identi�cation

5.1.1 Electron identi�cation

The electron identi�cation combines the information from the electromagnetic
calorimeter, the momentum measurement from the tracking devices and the measure-
ment of the energy loss by ionization in the time projection chamber. Two identi�cation
levels are de�ned, referred to as �rm and loose tags.

A charged particle is accepted as a �rm electron candidate if the corresponding track
matches a shower of more than 3 GeV in the electromagnetic calorimeter and the ratio of
the shower electromagnetic energy to the track momentum is greater than 0.3. In order
to increase the geometrical acceptance of the identi�cation criteria, a charged particle not
identi�ed as a muon and pointing to a dead region of the electromagnetic calorimeter is
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considered as a loose candidate if the energy loss measurement is consistent with what is
expected from an electron.

In the Higgs boson search, pairs of charged particles of opposite charges are de�ned as
dielectrons if one is identi�ed as a �rm electron and the other as either a �rm or a loose
electron. If an event contains more than two possible electrons, only the best identi�ed
are considered, and among them only the two most energetic ones are kept.

5.1.2 Muon identi�cation

The muon identi�cation relies only on the information provided by the muon chambers.
Three identi�cation levels are de�ned, referred to as loose, standard and tight tags. All
tags have been devised with a hadronic environment in mind. The loose tag has the
highest e�ciency, the standard one is intended to provide a good e�ciency with little
contamination while the tight tag aims at yielding high purity muon samples.

All tags require a good match in space between the extrapolation of a charged particle's
track and the re�tted track obtained when muon chamber hits close to the original track
are included in the �t. This translates for each tag into di�erent cuts applied to the
normalised �2 between the extrapolated and �tted tracks. In addition, the standard and
tight tags require at least one hit in the muon chamber planes located outside the iron
of the hadronic calorimeter, in order to reinforce the selection of penetrating tracks.

The tagging e�ciencies for muons above 5 GeV/c produced in hadronic Z0 decays,
as estimated from the simulation, are 85%, 75% and 58% for the loose, standard and

tight tags respectively, with misidenti�cation probabilities of hadrons as muons of 1.7%,
1.0% and 0.7%. In the Higgs boson search, the main point is the dimuon identi�cation
e�ciency. We therefore de�ne as a dimuon candidate any pair of charged particles of
opposite charges, with one particle tagged at any of the three levels while the second one
has to be either standard or tight.

5.2 Electron channel analysis

A preselection keeps events with at least 6 charged particles of momentum greater
than 0.2 GeV/c and coming from the interaction region within 10 cm along the beam
direction and within 4 cm in the transverse plane. Two of them must have momenta
above 4 GeV/c, opposite charges and have to be classi�ed as a possible dielectron as
de�ned in section 5.1.1.

As the electron energy measurement is a�ected by radiation losses due to the material
in front of the calorimeters, all electron candidates are \dressed" using neutral showers
surrounding their trajectories, within some angular range. We use a cut in � of �3� and
an asymmetrical cut in � depending on the track momentum and taking into account
the track curvature. The �nal value of the electron momentum is given by the energy of
the dressed shower if it is 1.5 times greater than the track momentum. Otherwise, it is
de�ned as the mean of the track momentum and the dressed shower energy.

In order to specify the event topology, a jet search is made in the hadronic system
recoiling from the dielectron using the cluster algorithm LUCLUS [9] with the resolution
parameter kept to its default value. The background is then further reduced by requiring
the following conditions to be ful�lled :

a) the energy deposition in the hadronic calorimeter of the �rm electron in the dielectron
(or any of them if both are �rm candidates) does not exceed 5 GeV,
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b) one of the electrons has a momentum above 10 GeV/c while the other has a mo-
mentum above 5 GeV/c,

c) the opening angle between the two electrons is greater than 30�,
d) the isolation angle with respect to the closest jet is greater than 40� for one electron

and greater than 20� for the other,
e) the angle between the dielectron plane and at least one of the two most energetic

jets is greater than 5�, in order to avoid fake jets due to converted photons emitted
along the directions of the two electrons,

f) the invariant mass of the hadronic part of the event is greater than 10 GeV/c2.

Table 8 summarizes the e�ect of the selections on real data, simulated q�q and four
fermion events and simulated H0e+e� events at 55 GeV/c2. The distributions of the
main analysis variables are shown in �gure 6 for real and simulated data. Figure 6(a)
gives the energy spectrum of the most energetic electron in events passing the preselection,
�gure 6(b) shows the dielectron opening angle in events passing the preselection and the

dielectron identi�cation requirement and �gure 6(c) shows the isolation angle of the most
isolated electron in the dielectron, in events ful�lling in addition selections b) and c).

A discrepancy between simulated q�q events and real data appears in table 8 after the
electron identi�cation is applied. As shown in �gure 6(a) this disagreement is located at
low energy in the electron energy spectrum and disappears after the requirement on the
electron momenta, as indicated on line 3 of table 8.

Selection criteria Real data MC q�q MC 4 fermions MC H0e+e�

Initial sample 924173 924173 12.3 1000
Electron identi�cation 8490 11648 7.6 535
Electron momenta 2448 2608 5.7 486
Isolation angles 44 29 3.4 391
Opening angle 6 2.5 2.5 379
Jet mass 4 2.5 1.3 378
Jet-dielectron angle 3 2.5 1.2 366

Table 8: E�ect of the selections on real data, simulated q�q and e+e�q�q four fermion events

and simulated H0e+e� events at 55 GeV/c2. The background samples are normalised to
the number of hadronic Z0 decays in the initial real data sample.

Table 9 shows the signal selection e�ciency as a function of the Higgs boson mass with
the related statistical and systematic uncertainties. The e�ciency drop at high mass is
due to the requirement of an energetic electron. As the Higgs boson mass increases, the
mass of the recoiling virtual Z0 boson decreases and so does the energy of the decay

electrons. The systematic errors are estimated by varying the selection criteria in the
following way :

- each angular cut is varied by � 1 �,
- the cut on the momentum of the most energetic electron is varied between 9 and

11 GeV/c,
- the cut on the momentum of the other electron is varied between 4.4 and 5.6 GeV/c,
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- the cut on the ionization loss is varied by � 1%,
- the recoil mass cut is varied between 7.5 and 15 GeV/c2.

Statistical Systematic
mH0 E�ciency uncertainty uncertainty

(GeV/c2) (%) (%) (%)

35 38.5 �1.5 +1:1 �1:7
40 36.9 �1.5 +0:9 �2:3
45 37.2 �1.5 +0:7 �1:6
50 35.6 �1.5 +0:9 �1:6
55 36.6 �1.5 +1:1 �2:3
60 32.4 �1.5 +1:3 �3:0
65 29.8 �1.4 +1:8 �3:5
70 17.1 �1.2 +5:5 �7:5

Table 9: Higgs boson selection e�ciency in the electron channel as a function of the Higgs

boson mass.

Three candidates are left in the real data sample. One of them has two well identi�ed
isolated electrons in the barrel electromagnetic calorimeter with energies of 32.5 GeV and
16.5 GeV. The most precise estimate of the corresponding Higgs boson mass is obtained
after a kinematical �t imposing energy-momentum conservation to the electron and jet
four momenta. The �tted mass of this �rst candidate is found to be (15.4 +3:8

�3:2) GeV/c
2.

The second candidate has an electron of 15.2 GeV in the barrel region while the other one
has a measured energy in the forward calorimeter of 46.1 GeV, signi�cantly higher than
the momentum measured in the tracking devices, namely 31.6 GeV/c. The �tted mass
is (19.2 +3:7

�2:3) GeV/c
2. The third candidate has electrons of 9.3 GeV and 31.0 GeV, and

a mass of (18.9 +4:8
�1:9) GeV/c

2. The features of these events are summarized in table 12,
which also includes the one candidate from the analysis of the 1990 data sample [1].

Five simulated q�q events survive the selection in a sample of 1.83 million simulated
hadronic Z0 decays. The electron candidates in these events are either wrongly identi�ed
electrons due to the overlap between  rays from �0 decays and high energy charged

hadrons, or arise from hadronic interactions in the electromagnetic calorimeter leading
to high energy photons. The background from b�b events is included in the previous q�q
sample. Nevertheless, we studied this background source in detail, using simulated b�b
events with the b-quarks decaying semileptonically. No background event was found in a
Monte Carlo sample containing as many b�b pairs as expected with the present integrated
luminosity.

Another important background source is the four fermion production with electrons
in the �nal-state, as shown in table 8. This background is predicted to be 1.17 � 0.13
(stat) � 0.18 (syst). The systematic uncertainty on this estimate takes into account a

2% uncertainty on the selection e�ciency, a 2% uncertainty on the normalisation and a
15% uncertainty on the four fermion production cross-sections.
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5.3 Muon channel analysis

As a �rst selection, we require events with at least six charged particles of more than 0.1
GeV/c coming from a region surrounding the collision point within 10 cm along the beam
direction and within 5 cm in the transverse plane. Since the muons accompanying the
Higgs particle are typically energetic, we select all pairs of oppositely charged particles
with momenta greater than 5 GeV/c and with an opening angle greater than 30� in order
to suppress the contributions from sequential leptonic decays of b-quarks and from four
fermion events with the muon pair arising from the decay of a virtual photon.

We then apply the muon identi�cation criteria to both particles of each selected pair

and keep only dimuon candidates as de�ned in section 5.1.2. A jet search is applied to the
system of particles recoiling from the dimuon, using the cluster algorithm LUCLUS [9]
with the resolution parameter kept to its default value. The remaining background is
further suppressed by requiring :

a) the number of jets recoiling against the dimuon to be at least 2,
b) the missing mass to the dimuon, computed from the muon momenta, to be greater

than 15 GeV/c2,

c) the visible mass of the system recoiling against the dimuon, to be greater than
10 GeV/c2,

d) the momentum of the most energetic muon of the pair, to be greater than 10 GeV/c,
e) the angle of the most isolated muon of the pair to the closest jet to be greater than

40 �,
f) the angle of the other muon of the pair to the closest jet to be greater than 20 �.

Selections (a) to (c) provide a strong selection against the four fermion background in
which muons come from the decay of a Z0 boson while quarks are produced from a virtual
photon emitted by one of the muons. They also reject any remaining background from
tau pairs and radiative muon pairs with hard photons converted in the material of the
detector. Selection (d) reduces the background from both b�b pairs and four fermion events
with the muon pair produced by a virtual photon, which are expected to give mostly low
momentum muons. Selections (e) and (f) are intended to suppress the remaining b�b
background which leads to muons contained in jets.

Table 10 shows the e�ect of these successive cuts on the real data sample and on

samples of simulated q�q events, four fermion events with muons in the �nal-state and
H0�+�� events at 55 GeV/c2. The di�erence between the Monte Carlo predictions and
the data, as can be seen on line 5 of table 10, is accounted for by lower muon tagging
e�ciencies and contaminations in the simulation. The agreement between the real data
and simulated q�q is reasonable : as an example, �gures 7(a) to (e) illustrate the compar-
ison for the variables used in selections (b) to (f), respectively. The preselection criteria
and selection (a) have been applied. To illustrate the discriminant power of the analysis
variables and the di�erence between the two main sources of background, �gure 7 also

presents the expected distributions for a 55 GeV/c2 Higgs particle and for four fermions
with muons in the �nal state.

The selection e�ciency as a function of the Higgs boson mass is shown in table 11 with
the related statistical and systematic uncertainties. The selection e�ciency is almost in-
dependent of the boson mass up to 60 GeV/c2 and starts decreasing at 65 GeV/c2 mainly
because of selection (d). The systematic uncertainties on the e�ciency are evaluated by
varying the selection criteria in the following way :

- each angular cut is varied by � 1 �,
- the missing mass cut is varied by � 3 GeV/c2,
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Selection criteria Real data MC q�q MC 4 fermions MC H0�+��

Initial sample 983483 983483 103.0 2000
preselection with dimuon 1233 1087 6.7 1254

nb jets � 2 1206 1087 4.7 1254
missing mass � 15 GeV/c2 1195 1087 3.2 1253
recoil mass � 10 GeV/c2 1191 1087 3.0 1252

p1 � 10 GeV/c 792 731 2.4 1250

max(�
jet
1
; �

jet
2
) � 40� 5 2.7 1.7 1201

min(�
jet
1
; �

jet
2
) � 20� 1 0 1.5 1090

Table 10: E�ect of the selections on real data, simulated q�q and �+��q�q four fermion
events and simulated H0�+�� events at 55 GeV/c2. The background samples are nor-
malised to the number of hadronic Z0 decays in the initial real data sample.

- the recoil mass cut is varied by � 7 GeV/c2,
- the cuts on the muon momenta are varied according to the momentum resolu-
tion, namely �(1=p) = 0:0008 (GeV/c)�1 in the barrel region and �(1=p) = 0:004
(GeV/c)�1 in the forward region.

No variation of the muon identi�cation e�ciency is introduced since the simulation leads
to underestimated e�ciencies.

Statistical Systematic
mH0 E�ciency uncertainty uncertainty

(GeV/c2) (%) (%) (%)

35 54.6 � 1.6 +0:4 �0:8
40 54.3 � 1.6 +0:4 �1:2
45 54.3 � 1.6 +0:3 �0:9
50 52.8 � 1.6 +0:4 �0:7
55 54.5 � 1.1 +0:7 �0:6
60 54.0 � 1.1 +0:7 �0:6
65 48.2 � 1.6 +0:9 �0:8
70 37.7 � 1.5 +1:4 �2:7

Table 11: Higgs boson selection e�ciency in the muon channel as a function of the Higgs
boson mass.

As can be seen from table 10, no event survives the selections in the sample of two
million simulated hadronic Z0 decays. Other sources of background, such as �+��(),
�+��() events or four fermions with taus in the �nal state do not contribute to this
channel after the selections. At the preselection level after dimuon identi�cation, these

backgrounds amount to 8.0, 3.7 and 0.8 events, respectively. After selection (d), they
give 0.38, 0.9 and 0.03 events, respectively. These estimates are obtained from samples
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of simulated muon and tau pairs which correspond to 2.6 and 6.5 times the integrated
luminosity. The sample of simulated four fermions with taus in the �nal state is as

presented in the introduction.
One candidate is found in the data, having two well identi�ed, isolated, high energy

muons. The corresponding Higgs boson mass, computed from the muon momenta, is 27.8
� 1.9 GeV/c2. The event features are summarized in table 12. Its topology is consistent
with what is expected from four fermion events with muons in the �nal state. This
process gives an expected background of 1.48 � 0.20 (stat) � 0.23 (syst), in agreement
with the observation. The systematic uncertainty on this estimate takes into account a
2% uncertainty on the selection e�ciency, a 2% uncertainty on the normalisation and a
15% uncertainty on the four fermion production cross-sections.

5.4 Conclusions on the charged leptonic channels

Due to the large number of events accumulated, the background from hadronic Z0

decays and four fermion processes is present in the charged leptonic channels. Four events
are selected from the sample of 1 million hadronic Z0 decays recorded in 1991 and 1992,
in agreement with the expected background of 2.5 q�q events and 2.7 four fermion events.
The candidate features are summarized in table 12 which also includes the candidate
in the electron channel from the 1990 sample. The recoil masses of the �ve events are

spread over a wide range and do not exceed 40 GeV/c2. The global b-quark content of the
four events in the 1991-1992 sample was checked by applying the probabilistic b-tagging
method described in section 4.2.3. None of the candidates is tagged.

Year channel p1 (GeV/c) p2 (GeV/c) Mrec(GeV/c
2) �jet1 �jet2 !ll

90 e+e� 31.5 � 1.7 21.3 � 1.4 35.4 � 5.0 100� 43� 140�

92 e+e� 32.5 � 1.7 16.6 � 1.2 15.4 +3:8
�3:2 122� 102� 98�

92 e+e� 15.2 � 1.2 46.1 � 2.0 19.2 +3:7
�2:3 142� 41� 148�

92 e+e� 9.3 � 0.9 31.0 � 1.7 18.9 +4:8
�1:9 137� 166� 34�

92 �+�� 25.1 � 0.5 18.5 � 0.4 27.8 � 1.9 120� 118.5� 56�

Table 12: Features of the �ve events selected in the charged leptonic channels in the
whole data sample recorded by the DELPHI experiment from 1990 to 1992. p1 and p2
are the lepton momenta, Mrec is the recoiling mass from the dilepton, �jet1 and �jet2 are
the lepton isolation angles with respect to the closest jet and !ll is the dilepton opening

angle.
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As an additional check, �gure 8 shows a comparison between real data and simulated
q�q , �+��q�q and e+e�q�q processes with the following loose selections :

- charged multiplicity above 8 (6) in the muon (electron) channel;
- dimuon or dielectron identi�cation;
- lepton momenta above 5 GeV/c;
- dilepton opening angle above 10�;
- isolation angle of the most isolated lepton above 40�;
- isolation angle of the less isolated lepton above 20�.

A total of 37 events remain in the real data sample while the expected backgrounds are
25.4 q�q events and 7.6 four fermion events. Radiative leptonic pairs contribute about
0.5 event at the end of these selections and have been ignored in �gure 8 which shows
the mass distribution of the system recoiling against the dilepton, computed from the
lepton momenta by requiring energy-momentum conservation. The real data spectrum
agrees with the background expectation both in the absolute normalisation and in the
shape. Hadronic Z0 decays are expected to populate the high mass region while four
fermion events have a at distribution over the whole mass range. A study of the other

analysis variables shows that, in most of the hadronic events remaining at this point, the
dilepton has a low opening angle, as expected from sequential leptonic decays of b-quarks
for example. Most of these events are eliminated by the tight selection (greater than
30�) on the opening angle of the dilepton. This is not the case for the remaining four
fermion events which have at distributions in most of the analysis variables, as shown
in �gures 6 and 7, and thus tend to give an irreducible background to the Higgs boson
search in the charged leptonic channels.

6 Limit on the mass of the Standard Model Higgs

boson

The search for the Standard Model Higgs boson in the data sample recorded by the
DELPHI detector in 1991 and 1992 identi�es four candidate events in the charged leptonic
channels. The total expected background from hadronic Z0 decays and four fermion
processes is 6.3 � 0.5. The four candidates in the charged leptonic channels are scattered

in mass and occur in the low mass region where the signal is expected to be a few tens
of events. Moreover, there is no evidence of b-quarks in any of them. For these reasons,
these four candidates can be attributed to the background.

This search can be translated into a limit on the Higgs boson mass at the 95% con�-
dence level. For 1991 and 1992 data, the results of the combined analysis in the neutrino
channel and the results of the analyses in the electron and muon channels are used. The
corresponding e�ciencies as a function of the Higgs boson mass are shown in �gure 9(a).
The Standard Model parameters obtained from DELPHI data [2] are used to predict the

cross sections for the Higgs boson production from the computation of ref. [12]. This
calculation is made in the improved Born approximation with an e�ective �(Q2). It in-
cludes initial state radiative corrections through exponentiation [13] and a triangle vertex
correction [14] with a top quark mass of 200 GeV/c2. To obtain the expected signal from
the production of a Higgs particle, we use as a conservative normalisation the numbers
of hadronic decays recorded during periods where the subdetectors relevant to each anal-
ysis were fully operational, that is 966303, 924173 and 935616 hadronic decays for the
neutrino, electron and muon channels, respectively. For data taken in 1990, the expected
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number of events already published [1] is used. It contributes only up to a mass of
50 GeV/c2.

Before calculating mass limits, the expected number of events is lowered by one stan-
dard deviation to allow for the uncertainties on the Higgs boson selection e�ciencies
presented in the previous sections as well as for the uncertainties on the Higgs boson
production cross-section and decay branching ratio (� 2%) and on the normalisation to
hadronic Z0 decays (� 0.5 %). All uncertainties are added quadratically. Figure 9(b)
shows the resulting total expected signal as a function of the Higgs boson mass, together
with the 95% con�dence level line. The expected signal at a Higgs particle mass of 50,
55, 60 and 65 GeV/c2 is 7.9 � 0.4, 3.6 � 0.2, 1.4 � 0.1 and 0.41 � 0.05, respectively.
Thus, comparison of the expected signal with the 95% con�dence level restricts the Higgs

boson in the framework of the Standard Model to have a mass greater than 55.7 GeV/c2.
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Figure 1: Distributions of the main variables used in the neural network analysis of the
neutrino channel. The preselections described in the text have been applied. Plots on
the left show a comparison between real data (dots) and simulated q�q events (solid line)
normalised to the number of real data events. Plots on the right show the expected
unnormalised distributions for a 55 GeV/c2 Higgs boson.
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Figure 2: Distribution of the output of the neural network displaying the separation be-
tween the signal and the background. The simulated q�q events (solid line) are normalised
to the data (dots). The shaded area is the expected output for a 55 GeV/c2 Higgs boson.



27

DELPHI

10

10 2

10 3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Acollinearity probability function

N
um

be
r 

of
 e

ve
nt

s 
/ 0

.0
5

a)

10 2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Missing transverse momentum probability function

N
um

be
r 

of
 e

ve
nt

s 
/ 0

.0
5

b)

Figure 3: Probability function distributions of two of the variables used in the proba-
bilistic analysis of the neutrino channel : (a) acollinearity of the two hemispheric jets,
(b) missing transverse momentum with respect to the beam axis. The quality and loose
preselection cuts described in the text have been applied. Dots stand for real data while
the solid line histograms show the expected unnormalised distributions for a 55 GeV/c2

Higgs boson.
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Figure 4: Distribution of the b-tagging variable, LPB, for real data (dots), simulated
q�q events (solid line) and simulated H0��� events at 55 GeV/c2 (dashed line). The qual-
ity and loose preselection cuts described in the text have been applied. The simulated
q�q sample is normalised to the number of hadronic decays in the initial data sample while
the normalisation of the signal distribution is arbitrary.
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Figure 5: Distribution of the event global probability W after quality and preselection
criteria (see text), for real data (dots), simulated q�q events (solid line) and simulated
H0��� events at 55 GeV/c2 (dashed line). The simulated q�q sample is normalised to the
number of hadronic Z0 decays in the initial data sample while the normalisation of the
signal distribution is arbitrary. The superimposed curve is the result of a �t to the real
data distribution by a Gaussian.
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Figure 6: Distributions of the main variables used in the analysis of the electron channel.
Di�erent selections are applied to the three distributions, as described in the text. Plots
on the left show a comparison between data (dots) and simulated q�q events (solid line)
normalised to the number of hadronic decays in the initial data sample. Plots on the right
show the expected distributions for a 55 GeV/c2 Higgs boson (solid line, not normalised
to the real data) and for four fermions (shaded area, normalised to the initial number of
signal events).
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Figure 7: Distributions of the main variables used in the analysis of the muon channel
after the selections described in the text. Plots on the left show a comparison between
real data (dots) and simulated q�q events (solid line) normalised to the number of hadronic
decays in the initial data sample. Plots on the right show the expected distributions for a
55 GeV/c2 Higgs boson (solid line, not normalised to the real data) and for four fermions
(shaded area, normalised to 5 times the initial number of signal events except in a) for
which a factor 20 is used for more clearness).
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Figure 8: Mass distribution of the recoiling system from the dilepton in events passing
less severe selections than in the analysis. Real data (dots) are compared to the total
background expectation from hadronic Z0 decays and four fermion processes with elec-

trons or muons in the �nal state (solid line histogram). The shaded area indicates the
four fermion contribution.
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Figure 9: a) Higgs boson selection e�ciencies as a function of the Higgs boson mass for
the analysis performed on 1991 and 1992 data. b) Expected signal (in the three analysed
channels and in total) normalised to the whole data sample recorded by DELPHI from
1990 to 1992. The total expected signal has been decreased by one standard deviation.


