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Abstract

A search for neutral and charged Higgs bosons has been performed in the data
collected by the DELPHI detector at centre-of-mass energies of 161 GeV and
172 GeV. The analysis assumes either the pair-production of charged Higgs
bosons, H�, or the production of the lightest neutral Higgs boson, h, with
either a Z or a neutral pseudoscalar Higgs boson, A. All �nal state topologies
expected from the decay of h and A into hadrons or a pair of � leptons, and
from the decay of H� into a pair of quarks or a ��� pair have been considered.
Lower limits at the 95% con�dence level have been obtained on the Higgs boson
masses. The limits are 66.2 GeV/c2 for h in the Standard Model, 59.5 GeV/c2

for h and 51.0 GeV/c2 for A in the minimal supersymmetric extension of the
Standard Model and 51.5 GeV/c2 for H� in the general two-doublet scheme for
H� branching fractions into hadrons below 0.8.

(To be submitted to Zeit. Phys. C)
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1 Introduction

This paper summarizes the searches for neutral and charged Higgs bosons performed
in the data sample collected in 1996 by the DELPHI detector at centre-of-mass energies
of 161 GeV and 172 GeV. After an introduction concerning the signal properties, the
data samples and the experimental setup, the analyses for each �nal state are described
in Sections 2 to 5 for the neutral Higgs bosons and in Section 6 for the charged Higgs
particles. The results are presented in Section 7.

1.1 Signal production and decay

Despite the great success of the electroweak predictions of the Standard Model (SM),
its crucial scalar sector remains unprobed. It may be only an e�ective theory valid at the
low energies probed so far, but not valid at higher energies. It is therefore sensible to base
the Higgs boson searches on more general theories. In the framework of a model with two
Higgs �eld doublets, which is the easiest extension of the scalar sector of the SM, there
are �ve physical Higgs scalars from the Higgs mechanism. Besides two charged Higgs
particles, H+ and H�, there are two CP-even scalars h and H, with a mixing angle �,
and one CP-odd pseudoscalar A. In e+e� collisions, these particles are produced mainly
via Z exchange in the s-channel. Charged Higgs bosons are pair produced, while there
are two complementary production modes for the neutral Higgs particles, e+e� ! hZ
and e+e� ! hA. If one production is suppressed by mixing, the other is enhanced. The
SM picture with only one neutral Higgs scalar, h, produced in the process e+e� ! hZ,
is included in this description.

Supersymmetry [1] can solve severe problems of the SM such as the naturalness or the
hierarchy problems. Its simplest implementation, the minimal supersymmetric extension
of the Standard Model (MSSM), is a particular case of a two Higgs �eld doublet model.
The number of free parameters in the scalar sector is only two at tree level, usually chosen
to be tan�, the ratio of the vacuum expectation values of the two doublets, and mA .
Higher order corrections introduce dependences on other parameters, such as the top
quark and the top squark masses. These parameters have an inuence on the hZ and hA
production cross-sections. As an example, for low tan � values, the hZ mode dominates
and the Higgs boson sector is close to that of the SM, while the associated production of
hA increases with tan �.

In contrast to the SM Higgs boson, the possible mass range for the lightest MSSM
neutral Higgs particle is tightly constrained: mh � 130 GeV/c2 [2]. This result includes
radiative corrections computed at the two-loop order and uses the experimental value of
the top quark mass. For low tan� values the constraint is tighter, mh � 105 GeV/c2 [2],
and within the reach of the LEP2 program at its maximum energy. Searches at LEP1
with the DELPHI detector [3] have been turned into lower limitsy at the 95% con�dence
level of 39 GeV/c2 on mA and 44 GeV/c2 on mh in the MSSM. At large tan �, the
exclusion limit on mA reaches the kinematic limit of 45 GeV/c2. In the SM, the 95%
con�dence level lower limit on mh based on LEP1 data from the DELPHI detector [4]
is 55.7 GeV/c2.

In both the SM and the MSSM, the dominant decays of such heavy neutral Higgs
bosons into standard particles are those into b�b and �+�� pairs. As an example, in
the SM, a 60 GeV/c2 Higgs scalar has a branching fraction of 85.6% into b�b and 8.8%
into �+��. The search for neutral Higgs bosons described below is thus restricted to the

yfor tan� above unity, assumingmt = 170 GeV/c2, msquark = 1 TeV/c2, and two-loop radiative corrections.
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dominant �nal state topologies, four jets or two acollinear jets with either missing energy
or a pair of charged leptons. The four-jet signature and the � channels are expected from
both hZ and hA, while the other signatures come from hZ only. Beyond the SM, Higgs
bosons can decay into a pair of invisible products (e.g. a pair of lightest supersymmetric
particles), and can be detected only through the hZ mode.

In contrast to the hZ and hA cross-sections, the production cross-section of the charged
Higgs boson depends only on its mass in any model with two Higgs �eld doublets, while
its decay branching ratios are model dependent. An analysis in the general two-doublet
scheme is thus possible. Previous results from DELPHI [5], based on LEP1 data,
excluded charged Higgs bosons of mass up to 43.5 GeV/c2 at the 95% con�dence level.
At such masses, there are only two decay channels, into either a cs or a ��� pair. This
leads to three possible �nal states: four jets, two jets and one tau lepton, or a pair of tau
leptons. All three �nal states have been investigated.

1.2 Experimental setup

The detector consists of a cylindrical part covering the barrel region (with polar an-
gle, �, typically from 40� to 140�) and two end caps covering the forward regions. A
large superconducting solenoid provides a magnetic �eld of 1.2 T inside the central track-
ing volume. In the barrel region, tracks of charged particles are reconstructed in the
microvertex detector, the inner detector, the time projection chamber and the outer de-
tector, reaching an average momentum resolution �(1=p) of 0:57 � 10�3 (GeV=c )�1 for
45 GeV/c muons. In the forward region, the reconstruction is achieved by the time pro-
jection chamber, the inner detector and the forward drift chambers, with a momentum
resolution of 1:31 � 10�3 (GeV=c )�1. The polar angle acceptance of the whole tracking
system is 20� < � < 160�.

The microvertex detector, as well as improving the momentum resolution by a factor of
two, also provides precise measurements of impact parameters and secondary vertices. As
compared to the setup described in [6], the three layers of the microvertex detector have
been extended down to 25� in �. Typical precisions of the impact parametermeasurements
are 26�m in the transverse plane, and 47�m along the beam direction for tracks emitted
at 90� in �. The time projection chamber can also provide charged particle identi�cation
by measurement of the energy loss, which is most useful in the low momentum range,
below the domain covered by the ring imaging Cherenkov detectors.

Neutral and charged particle energies are measured in the electromagnetic and
hadronic calorimeters, whose coverage in � starts at 8� and 11� respectively. The energy
resolutions are 0:32=

p
E and 0:12=

p
E in the barrel and forward electromagnetic calorime-

ters respectively, where E is expressed in GeV, and 1:3=
p
E in the hadron calorimeter.

Particles emitted at angles below 10� are detected in the small angle calorimeter devoted
to luminosity measurement, whose acceptance lies between 1:69� and 10:8�. The her-
meticity of the electromagnetic calorimetry is improved by photon taggers which cover
the gap between the barrel and forward regions at � ' 40�, the weak region at � ' 90�

and some azimuthal gaps in the barrel calorimeter acceptance.
Finally, muons are identi�ed by their penetration through the iron yoke of the hadron

calorimeter to planes of drift chambers located partly inside and partly outside the yoke.
The barrel region is equipped with three planes of drift chambers while the end caps con-
tain two planes. One surrounding layer of limited streamer tubes completes the coverage
between the barrel and forward regions at � ' 50�.

More details about the apparatus and its performance can be found in references [6,7].
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1.3 Data samples

The integrated luminosities collected in 1996 are 10.0 pb�1 at 161.3 GeV, 1.1 pb�1 at
170.3 GeV and 8.9 pb�1 at 172.3 GeV. No distinction is made in the analysis between
the last two energies. Background simulations are normalised to the luminosities corre-
sponding to good running of the time projection chamber, that is 9.9 pb�1 at 161 GeV
and 10.0 pb�1 at 172 GeV. In the missing energy channels (sections 3, 6.1 and 6.2), good
running of the calorimeters is also required and the useful luminosities are 9.7 pb�1 at
161 GeV and 10.0 pb�1 at 172 GeV.

The selection criteria were de�ned using simulated data samples of the signal and
background processes. Initial state radiation, which produces energetic photons at centre-
of-mass energies above the Z peak, is included in all generators. Signal events from
neutral Higgs boson production were generated using the HZHA program [8]. The t-
channel production of the CP-even scalar h in the neutrino and electron channels (`fusion
diagrams'), which has an important e�ect only close to the kinematic limit, is not included
in the simulation.

Samples were generated for the hZ channels h�+��, he+e�, h��� and hq�q with a Higgs
boson h decaying into known particles according to SM branching fractions. Samples
for the hZ channels with � leptons were generated in the (h ! �+��)(Z ! q�q) and
(h! b�b; c�c)(Z ! �+��) channels. Table 1 summarizes the cross-sections [9] and Higgs
boson branching fractions [10] for the masses used in the generation. Additional samples
were generated at the same masses for Z decaying into hadrons and h giving invisible
products. For the hA production, samples were generated either with no restriction on
the Higgs boson decay modes or assuming one of them to decay into �+�� and the other
into b�b. Most samples assume a large tan�, i.e. 20, for which h and A have almost equal
masses. Table 2 presents the di�erent cross-sections [8] at tan � = 20 for the masses used
in the generation.

Signal events from charged Higgs bosons were generated with PYTHIA [11] for mH�

ranging from 41 to 60 GeV/c2 in steps of 1 GeV/c2. Zero width is assumed for the
Higgs boson. The three expected topologies, c�s�cs , cs��� , and �+���

���� , were gener-
ated separately. The generation of the purely leptonic topology includes the � polar-
isation [12]. The di�erent masses considered in the generation and the corresponding
cross-sections [13] are presented in Table 3.

The di�erent backgrounds are summarized in Table 4. Final states with two fermions
were generated with PYTHIA [11], except e+e�() events for which the generator of
Ref. [14] was used. Four-fermion �nal states from the ZZ (that is (Z/)*(Z/)*), WW ,
We� and Zee processes were also generated with PYTHIA [11]. Two-photon interactions
were generated withTWOGAM [15] for hadronic �nal states, BDK [16] for electron �nal
states and BDKRC [16] for other leptonic �nal states.

The generated events were passed through JETSET 7.4 [11], tuned to LEP1 data, for
quark fragmentation and then through the full simulation and reconstruction programs [6]
of the experiment.

1.4 Particle selection

In all analyses, charged particles are selected if their momentum is greater than
100 MeV/c and if they come from the interaction region within 10 cm along the beam
direction and within 4 cm in the transverse plane. The �� mass is assumed for all charged
particles except identi�ed leptons. Unless explicitly stated otherwise, the charged particle
momentum is always estimated from the response of the tracking devices. Neutrals are
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mh (GeV/c
2) 45 50 55 60 65 70 75 80

� (pb) at
p
s =161 GeV 1.91 1.64 1.36 1.04 0.66 0.16 - -

� (pb) at
p
s = 172 GeV 1.64 1.48 1.31 1.13 0.94 0.73 0.49 0.17

Br(h! b�b) (%) 87.0 86.7 86.4 86.1 85.7 85.3 84.9 84.4

Br(h! �+��) (%) 7.34 7.46 7.57 7.67 7.76 7.84 7.90 7.96

Table 1: Total SM hZ cross-sections at
p
s = 161 GeV and

p
s = 172 GeV for the Higgs

boson masses used in the generation. Also quoted are the Higgs boson branching fractions
into b�b and �+��.

mA (GeV/c2) 45 50 55 60 65 70

� (pb) at
p
s = 161 GeV 0.687 0.502 0.382 0.278 0.184 -

� (pb) at
p
s = 172 GeV 0.59 0.446 0.356 0.276 0.202 0.136

Br(hA! b�bb�b) (%) 84.9 84.7 84.5 84.4 84.2 84.0

Br(hA! �+��b�b) (%) 13.7 13.9 14.1 14.3 14.5 14.7

Table 2: Total hA cross-sections at
p
s = 161 GeV and

p
s = 172 GeV in the MSSM

at tan � = 20, for the Higgs boson masses used in the generation. Also quoted are the
fractions of b�b b�b and �+�� b�b �nal states.

mH� (GeV/c2) 42 44 46 48 50 52 54 56 58 60

� (pb) 0.94 0.84 0.75 0.69 0.63 0.57 0.52 0.46 0.41 0.35

Table 3: Total H+H�cross-sections at
p
s = 161 GeV in the two-doublet scheme, for

some of the Higgs boson masses used in the generation. Initial state radiation and vertex
corrections are included in the cross-section.

p
s = 161 GeV

process q�q()  ! had. WW We� ZZ Zee  ! lep. e+e�() ll() l 6=e
� (pb) 147.2 10042 3.4 0.4 0.41 6.3 4490 1644 23

L (pb�1) 435 29 3244 1392 3275 530 38 45 203
p
s = 172 GeV

process q�q()  ! had. WW We� ZZ Zee  ! lep. e+e�() ll() l 6=e
� (pb) 121 10761 12.28 0.48 1.15 6.8 4453 1442 9.7

L (pb�1) 519 29 982 860 1677 535 33 161 287

Table 4: Cross-sections and equivalent integrated luminosities of the simulated back-
ground samples used in the Higgs boson searches.
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de�ned as energy clusters in the calorimeters unassociated with charged particle tracks.
All neutrals of energy greater than 100 MeV are selected. Possible additional require-
ments in some analyses are described in the relevant sections. Jet reconstruction uses
neutral and charged particles, whatever the jet algorithm.

1.5 b-tagging

Due to the high branching fraction of neutral Higgs bosons into b�b pairs, b-tagging is
a powerful tool to distinguish between signal and background. It is based on the precise
reconstruction of the primary vertex position and of the impact parameters of charged
particle tracks with respect to it.

The primary vertex is reconstructed for every event using the position of the interaction
region as a constraint. The position of the interaction region is measured using high
precision probes, and the alignment of these to the DELPHI frame is redone for each
�ll using reconstructed vertices. When information from the probes is unavailable the
vertices alone are used. The position is averaged over a period of about 30 minutes and
has a precision of around 25 �m along the axis pointing towards the centre of LEP and
8 �m in the vertical direction. The impact parameter is de�ned in the transverse plane
to the beam axis, as the distance of closest approach of a charged particle track to the
reconstructed primary vertex. The coordinate of the impact parameter along the beam
direction z is then de�ned as the di�erence in the z coordinate of the point of closest
approach in the transverse plane from that of the primary vertex. A sign is given to the
impact parameters. It is positive if the vector joining the primary vertex to the point
of closest approach is at less than 90� from the direction of the jet to which the track
belongs.

Signed impact parameters are converted into b-tagging information through the prob-
abilistic tagging technique described in [6] and [17]. The method is calibrated on hadronic
decays of the Z boson collected at the Z resonance peak just before the 161 and 172 GeV
runs. Only tracks with negative impact parameters are used for calibration to select im-
pact parameters mainly due to detector e�ects. The tagging variables then measure the
probability of a given set of tracks to be consistent with the primary vertex. Di�erent
tagging variables are de�ned, such as the event probability computed from tracks with
positive impact parameters only, P+

E . The event probability from impact parameters of
any sign, PE, is sometimes used to allow for redundancy. Jet probabilities (P+

jet) are also
de�ned and computed from the tracks in the jet with positive impact parameters. The
selection is often applied to minus the logarithm of the tagging variables. As an example,
Figure 1 shows the b-tagging e�ciency as a function of the minimal value required for
the event variable, � log10(P

+
E ), for simulated WW, q�q(), hZ and hA events at high

energy [17].

2 Neutral Higgs boson searches in events with jets

and electrons or muons

The h�+�� and he+e� channels represent 6.7% of the hZ �nal states. The experimental
signature is a pair of jets recoiling against a pair of high momentum and isolated leptons
where the invariant mass of the lepton pair is close to the Z mass.
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Figure 1: Performance of the probabilistic b-tagging: e�ciency of the b-tagging require-
ment based on a minimal value of � log10(P

+
E ), as a function of this value. The e�ciency

is within the acceptance of the vertex detector. Curves are shown for simulated hadronic
4-jet events from WW pairs and q�q() background events (labelled `QCD'), and from hZ
and hA signal events. Centre-of-mass energies of 161 and 172 GeV give similar results
and have been combined.
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2.1 Lepton identi�cation and jet reconstruction

Muon identi�cation is provided primarily by the algorithm described in [6] which relies
on the association of charged particle tracks to signals in the barrel and forward muon
chambers. Depending on the severity required to validate the association, four tag levels
are de�ned. The analysis uses only the two less severe levels, called very loose and loose,
which provide an identi�cation e�ciency within the acceptance of the barrel and forward
muon chambers of 96% and 95% respectively, with a probability of misidentifying a pion
for a muon of 5.4% and 1.5% respectively. The same algorithm has been also extended to
the surrounding muon chambers. If the identi�cation in the muon chambers fails, charged
particles are agged as muons if the longitudinal pro�le of their energy deposit in the
hadron calorimeter is compatible with that expected from a minimum ionizing particle.
The inclusion of this additional information leads to an improvement of the overall muon
detection e�ciency from 90% to 98% within the acceptance of the tracking detectors,
with a misidenti�cation probability slightly increased from 5.4% to 6.5%.

A speci�c electron identi�cation algorithmwas developed for Higgs boson searches with
emphasis on e�ciency rather than purity, since electrons in the hZ channel are expected
to be isolated. Electrons are identi�ed as charged particle tracks with an energy deposit
above 3 GeV in the electromagnetic calorimeter, below 5 GeV in the hadronic calorimeter
and with a ratio of calorimeter energy to momentum from tracking above 0.3. A charged
particle track pointing to an insensitive calorimeter region is also accepted provided it is
not identi�ed as a muon and either is associated to a hit in the hermeticity taggers or
has an energy loss in the time projection chamber in agreement with that expected for
an electron. In both cases, electrons from gamma conversion in the outer wall of the time
projection chamber (TPC) or in the ring imaging Cherenkov detectors are rejected by
requiring the track reconstruction to include points in the TPC or, if the particle passes
between the modules of the TPC, points both in the microvertex and inner detectors.
The energy of an electron candidate is de�ned by the calorimeter energy, except if the
track points to an insensitive region of the calorimeters, in which case the momentum
given by the tracking detectors is used. The electron identi�cation e�ciency is 94%
within the acceptance of the tracking system and the probability of misidentifying a pion
as an electron is 16%. When restricting to tracks linked to an electromagnetic shower,
the e�ciency is 83% and the misidenti�cation probability is 13%.

2.2 Muon channel

Candidates for e+e� ! h�+�� are selected by requiring at least �ve charged parti-
cles in the barrel acceptance and a total energy from charged particles above 0:12

p
s.

Among the charged particles, two must have opposite charges and momenta greater than
22 GeV/c. This de�nes the preselection. All pairs of particles satisfying these criteria
are possible dilepton candidates. Each pair is considered in turn and muon identi�cation
is required either for both particles of the pair, in which case any identi�cation level is
accepted, or for only one particle, in which case the identi�ed muon must be tagged as
loose by the identi�cation algorithm. A search for jets is then performed in the system
recoiling from the muon pair, using the Durham algorithm [18] with a resolution param-
eter set to 0.12, which was shown to give the best e�ciency and background reduction
in this channel. Events are selected if at least two jets are reconstructed and the second
most energetic jet consists of at least three charged particles. This last criterion is intro-
duced to avoid fake jets due to noise or to photons showering in the detector. After this
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step, the , Zee and We� backgrounds are totally suppressed. Finally, the two muon
candidates are required to be isolated at more than 9� with respect to the closest jet.

p
s = 161 GeV

selection data total q�q() ZZ WW Zee l+l�()  h�+��

background We� "(%)

hadronic 1910 1640 � 11 1326 3.39 30.2 31.3 150 98.1 95.2

preselection 89 95:8 � 5:2 40.2 0.410 1.02 1.53 51.8 0.89 81.0

�+�� id. 6 2:51 � 0:31 1.62 0.207 0.356 0 0.33 0 80.7

jets 4 1:86 � 0:26 1.44 0.140 0.282 0 0 0 76.6

isolation 1 0:53 � 0:12 0.32 0.118 0.098 0 0 0 74.8

5C Fit 0 0:039 � 0:011 0 0.036 0.003 0 0 0 71.8
p
s = 172 GeV

selection data total q�q() ZZ WW Zee l+l�()  h�+��

background We� "(%)

hadronic 1655 1479 � 9:7 1084 8.65 110 24.8 155 95.4 95.4

preselection 109 113 � 4:2 44.3 0.935 4.74 0.72 60.6 1.74 79.2

�+�� id. 9 5:26 � 0:53 2.96 0.428 1.48 0.13 0.255 0 78.7

jets 8 4:42 � 0:48 2.72 0.332 1.33 0 0.037 0 75.5

isolation 2 1:03 � 0:19 0.40 0.265 0.360 0 0 0 73.5

5C Fit 0 0:126 � 0:030 0 0.084 0.041 0 0 0 69.8

Table 5: Analysis of the h�+�� channel: e�ect of the selections at
p
s = 161 GeV andp

s = 172 GeV on data, simulated backgrounds and simulated signal events with mh

= 60 GeV/c2 at 161 GeV and mh = 70 GeV/c2 at 172 GeV. E�ciencies are given for the
signal.

To account for the speci�c kinematics of the signal, with the muon pair arising from
an on-shell Z boson, a kinematic �t [19] is applied to the selected events. In addition to
total energy and momentum conservation, the �t requires the mass of the muon pair to
be consistent with mZ, taking into account the Breit-Wigner shape of the Z resonance.
Events are kept if the probability of the �t is higher than 10�10. Table 5 details the e�ect
of the selections on data and simulated samples of background and signal events. The
agreement of simulation with data is good after the preselection. This can also be seen
in Figure 2, which shows the distributions of the muon momenta and isolation angles at
161 GeV. The preselection has been applied with a looser requirement on the momenta
at 15 GeV/c to select larger data samples. As the preselection does not include muon
identi�cation, other charged particles also contribute.

At the end of the analysis, the expected background comes mainly from ZZ and WW
events, and amounts to 0:04� 0:01(stat:)� 0:01 (syst:) events at 161 GeV and to 0:13�
0:03 (stat:)� 0:01 (syst:) events at 172 GeV. No event is selected in the data. The mass
resolution is illustrated in Figure 3 which shows the distributions of the Z and Higgs
boson masses in simulated signal events at 161 GeV. The Z mass is given by the mass of
the muon pair and the Higgs boson mass by the recoiling mass to the muon pair, both
masses taken after the kinematic �t. Table 6 gives the signal e�ciencies. The decrease
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Figure 2: h�+�� channel: distributions of some analysis variables as described in the
text. Plots on the left show a comparison between 161 GeV data and simulated back-
ground events (solid line) normalised to the experimental luminosity. The shaded area
represents the contribution of the dominant q�q() background. Plots on the right show
the (unnormalised) expected distributions for a Higgs boson of 60 GeV/c2.
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Figure 3: h�+�� channel: distributions of (a) the Z mass and of (b) the Higgs boson
mass at the end of the analysis for simulated h�+�� events with mh = 60 GeV/c2 at
161 GeV.

mh (GeV/c
2) E�ciency at 161 GeV (%) E�ciency at 172 GeV (%)

45 56:9 � 1:1 +0:6
�0:7 49:3� 1:3 +0:6

�0:5

50 64:7 � 1:1 +0:7
�0:7 57:8� 1:3 +0:7

�0:7

55 67:8 � 1:0 +0:8
�0:7 65:6� 1:2 +0:7

�0:7

60 71:8 � 1:0 +0:7
�0:8 67:0� 1:2 +0:7

�0:7

65 73:0 � 1:0 +0:7
�0:8 70:3� 1:2 +0:8

�0:8

70 69:0 � 1:0 +0:9
�0:9 69:8� 1:2 +0:8

�0:9

75 - 72:4� 1:2 +0:8
�0:8

80 - 72:2� 1:2 +0:8
�0:8

Table 6: E�ciency of the Higgs boson selection in the h�+�� channel at
p
s = 161 GeV

and
p
s = 172 GeV, as a function of the mass of the Higgs boson. The �rst uncertainty

quoted is statistical, the second is systematic.
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of the e�ciency at low mass is due to the larger boost of the Higgs boson which makes
the requirements on the number of jets and jet multiplicities less e�cient.

The systematic uncertainties have been derived in the following way. The main source
of systematic e�ects is expected to be the imperfect simulation of the detector response.
The agreement of real and simulated distributions for the analysis variables was carefully
checked at the hadronic preselection level, and no crucial discrepancy was found. The
systematic uncertainties have been estimated by varying the selections on all continuous
variables by the di�erence between the average values of the corresponding distributions
in real and simulated samples and adding in quadrature the corresponding changes in
the e�ciencies. To account for possible di�erences between data and simulation in the
muon identi�cation, a relative 1% uncertainty [6] has been added in quadrature to get
the �nal systematic uncertainties in the e�ciencies. The changes in the selections have
no e�ect on the expected background which might be due to the limited size of the
simulated samples. Such a problem is expected to arise when dealing with so low a
background. To check for a possible bias, a di�erent estimator of the background was
tried. Muon identi�cation was removed from the selection and, for each background
process, the background after the remaining selections was multiplied by the e�ciency
of the muon identi�cation step, taken from table 5. This leads to q�q() backgrounds of
0:014 � 0:005 (stat:) events at 161 GeV and 0:05 � 0:02(stat:) events at 172 GeV, and
to total backgrounds of 0:05 � 0:01 (stat:) events at 161 GeV and 0:12 � 0:02 (stat:)
events at 172 GeV. Although the total backgrounds agree statistically with the estimates
in Table 5, a systematic uncertainty of �0:01 events, coming from the di�erence between
the two estimates at 161 GeV, has been attributed to the expected backgrounds.

2.3 Electron channel

Candidates for e+e� ! he+e� are preselected as in the h�+�� channel. Among the
charged particles of the event, two are required to have a momentum above 4 GeV/c
and must either be associated to a shower in the electromagnetic calorimeter or point
to an insensitive calorimeter region. This de�nes the preselection. All pairs of particles
satisfying the last criterion are then considered in turn. Electron identi�cation is applied
to both particles of the pair, with the restriction that the two particles are not allowed
to point simultaneously to insensitive calorimeter regions. Events are kept if at least two
electron candidates are found, with opposite charges, with an isolation angle greater than
5� from any other charged particle and with a total energy deposit in the electromagnetic
calorimeters above 20 GeV.

A search for jets is performed in the system recoiling from the electron pair using
the LUCLUS algorithm [20] with the resolution parameter kept to its default value of
2.5 GeV/c. Events are selected if at least two jets are reconstructed and the second most
energetic jet contains at least two charged particles. Both electron energies are required
to be above 15 GeV. The mass of the electron pair, obtained after a global kinematic
�t [19] imposing total energy and momentum conservation, must be above 50 GeV/c2,
or above 30 GeV/c2 if the kinematic �t gives a �2 probability below 10%. The system
recoiling from the electron pair is forced to two jets in the �t. Electron isolation angles
with respect to the closest jet are required to be more than 15� for the most isolated
electron and more than 8� for the other. As the search is restricted to high mass Higgs
bosons, the mass of the recoiling system as given by the kinematic �t is required to be
above 40 GeV/c2. Finally, to reject events with particles escaping detection in the forward
region, the longitudinal component of the missing momentum must be below 30 GeV/c.
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At 172 GeV, the analysis is completed by a loose event b-tagging in order to keep the
background at an acceptable level, despite the increase of the WW and ZZ production
cross-sections. The b-tagging selection requires the smaller of P+

E and PE to be below
0.3.

Figure 4 shows the distributions of the main analysis variables after preselection, for
172 GeV data, simulated backgrounds and simulated signal events at 70 GeV/c2. The
agreement between data and background expectation is satisfactory.

p
s = 161 GeV

selection data total q�q() ll() WW Zee ZZ We�  he+e�

bg. ! had. "(%)

hadronic 1910 1613�21 1325.9 136.8 30.2 19.1 3.40 2.65 94.7 95.8

presel. 966 850�11 767.8 30.3 19.0 10.32 2.16 1.08 18.6 85.1

e+e� id. 12 12.4�2.5 8.13 2.48 0.49 1.01 0.25 0.007 0 54.2

jets 9 9.13�0.71 7.50 0 0.49 0.91 0.23 0 0 52.5

e momenta 1 0.52�0.09 0.10 0 0.04 0.28 0.09 0 0 44.3

mZ constraint 1 0.29�0.07 0.07 0 0.02 0.15 0.05 0 0 43.6

isol.,Mrec, Pz 0 0.13�0.04 0 0 0.02 0.08 0.04 0 0 41.7
p
s = 172 GeV

selection data total q�q() ll() WW Zee ZZ We�  he+e�

bg. ! had. "(%)

hadronic 1655 1437�13 1068.6 144.7 108.8 20.5 8.46 3.26 83.3 95.3

presel. 855 776.5�4.9 634.9 38.2 71.5 11.9 5.37 1.50 13.4 85.5

e+e� id. 28 15.0�1.1 7.28 2.14 2.00 1.08 0.42 0.03 2.00 51.6

jets 22 12.34�0.87 6.91 0.72 1.96 0.95 0.39 0.03 1.37 49.9

e momenta 2 1.58�0.37 0.55 0 0.17 0.35 0.17 0 0.34 43.0

mZ constraint 2 1.13�0.36 0.34 0 0.12 0.23 0.10 0 0.34 42.9

isol.,Mrec, Pz 0 0.31�0.06 0.07 0 0.05 0.15 0.05 0 0 40.7

b-tagging 0 0.20�0.05 0.05 0 0.01 0.12 0.02 0 0 37.2

Table 7: Analysis of the he+e� channel: e�ect of the selections at
p
s = 161 GeV

and
p
s = 172 GeV on data, simulated backgrounds and simulated signal events with

mh = 60 GeV/c2 at 161 GeV and mh = 70 GeV/c2 at 172 GeV. E�ciencies are given for
the signal.

Table 7 shows the e�ect of the selections on data, simulated background and signal
events. Backgrounds not quoted in the table (two-photon processes leading to leptonic �-
nal states) are negligible. The �nal background amounts to 0:13�0:04 (stat:)�0:02 (syst:)
events at 161 GeV and to 0:20 � 0:05 (stat:) � 0:03 (syst:) events at 172 GeV, and is
mainly due to Zee events. No event is selected in the data. Figure 5 illustrates the res-
olution in the Z and Higgs boson masses in simulated signal events at 172 GeV. As in
the previous channel, the Z mass is estimated as the mass of the electron pair and the
Higgs boson mass is the recoiling mass from the electron pair, both masses given by the
kinematic �t.
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Figure 4: he+e� channel: distributions of some analysis variables as described in the
text. Plots on the left show a comparison between 172 GeV data (dots) and simulated
events (solid line) normalised to the experimental luminosity. Plots on the right show the
(unnormalised) expected distributions for a 70 GeV/c2 Higgs boson.
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Figure 5: he+e� channel: distributions of (a) the Z mass and of (b) the Higgs boson mass
at the end of the analysis for simulated he+e� events with mh = 70 GeV/c2 at 172 GeV.

mh (GeV/c
2) E�ciency at 161 GeV (%) E�ciency at 172 GeV (%)

45 38:0 � 0:9+1:2�2:5 36:1 � 0:9+0:6�1:3

50 39:0 � 0:9+0:8�1:3 36:3 � 0:9+0:6�1:3

55 42:9 � 0:9+0:6�1:2 37:1 � 0:9+0:6�1:4

60 41:5 � 0:9+0:6�1:3 36:2 � 0:9+0:5�1:3

65 42:0 � 0:9+0:5�1:2 36:7 � 0:9+0:6�1:4

70 41:7 � 0:9+0:8�1:4 37:2 � 0:9+0:7�1:2

75 - 38:4 � 0:9+0:6�1:3

80 - 36:6 � 0:9+0:7�1:4

Table 8: E�ciency of the Higgs boson selection in the he+e� channel at
p
s = 161 GeV

and
p
s = 172 GeV as a function of the mass of the Higgs boson. The �rst uncertainty

quoted is statistical, the second is systematic.
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To derive the systematic error on the background, simulated samples of e+e�q�q �nal
states generated with the EXCALIBUR generator [21] have been used to evaluate the
uncertainties due to approximations in the description of the background processes in
PYTHIA [11] (e.g. absence of interference, kinematic cuts at generation level). The
background was found to be lower than but consistent with the previous estimate. Ta-
ble 8 shows the selection e�ciency. The systematic uncertainties have been evaluated
by considering both the di�erence between data and simulation in the distributions of
each analysis variable and the sensitivity of the selection criteria on such variables. The
variables included in this procedure are the continuous variables used in the electron
identi�cation and in the kinematic requirements. More precisely, after observing (at pre-
selection level) how much the selection value had to be moved in simulation in order to
get the same fraction of selected events as in real data, the variation of the e�ciency after
a positive or negative variation of the same amount was recorded. The sum in quadrature
of these di�erences in e�ciency has been taken as an estimate of the systematic error.

3 Neutral Higgs boson searches in events with jets

and missing energy

The h��� channel corresponds to 20% of the hZ �nal states. The experimental signature
is a pair of acoplanar and acollinear jets, coming mostly from b quarks, with a recoiling
mass compatible with the Z mass. Beyond the SM, a similar topology arises in 69% of
the hZ �nal states in which the Higgs boson decays into a pair of invisible products (the
69% in which the Z decays to q�q). The kinematic di�erence is that in this case the visible
mass is compatible with the Z mass.

Three analyses have been performed in this channel. They gave compatible results.
For brevity, only one of them, using a probabilistic approach, is described here. The
other two, one using sequential selections with emphasis on a very low background level,
and one based on an iterative non-linear discriminant analysis aiming at a high selection
e�ciency, are described in detail in references [22] and [23], respectively.

3.1 Preselection

Hadronic events are selected by requiring at least �ve charged particles and a total
charged energy over 0:12

p
s. Jets in selected events are reconstructed in two ways. Events

are divided into two hemispheres with respect to the plane perpendicular to the thrust
axis and the particles in each hemisphere are summed up to build what will be referred as
`hemispheric jets'. A jet search is also performed using LUCLUS [20] with the resolution
parameter kept to its default value. These jets will be referred as `jets' in the following.

Typical signal events are characterized by a large missing energy and a missing mo-
mentum not aligned with the beam direction, due to the production of the Higgs and
Z bosons at large polar angles. In addition, the visible system is most often split into
at least two jets. To select such topologies, the event visible mass is required to be be-
low 120 GeV/c2, each hemispheric jet must contain at least two charged particles and
the acoplanarity between the two hemispheric jets must be greater than 2�, where the
acoplanarity is de�ned as the supplement of the angle between the transverse momenta
(with respect to the beam axis) of the two jets. At this stage of the analysis, the main
backgrounds are q�q() events and two-photon processes leading to hadronic �nal states.
As the latter are easily suppressed by the probabilistic step, due to strong topological



16

di�erences with the Higgs boson process, the remaining selections are intended to reduce
the contamination from WW pairs and q�q() events.

Background from WW pairs comes mainly from mixed decays where one W decays
hadronically while the other decays leptonically. The corresponding �nal states contain
an energetic and isolated lepton, which is not the case for the signal. A search for
isolated particles is performed by computing the total energy lying around the direction
of each particle with momentum above 2 GeV/c, whatever its charge. In order to tag also
isolated � leptons or showering electrons, the energy is collected between two cones with
half opening angles of 5� and 25�. For particles of momentum between 2 and 5 GeV/c,
the opening of the wider cone is enlarged to 60� to prevent a low momentumparticle from
being tagged as isolated. Events with a particle whose cone energy is below 1 GeV are
rejected. This selection halves the WW background and also rejects some q�q() events
since the isolated photons, whether converted or not, can be tagged by this method.

The last two selections reinforce the rejection of events with a radiative photon emitted
at large angle from the beam axis. Events with a shower in the electromagnetic calorime-
ter above 20 GeV are rejected; this is done whether the shower is associated to a charged
particle track or not, in order to be sensitive to converted photons. Finally, signals from
the hermeticity taggers at 40� and 90� are used to tag the loss of an energetic photon
in the insensitive regions of the electromagnetic calorimetry. Signals are considered sig-
ni�cant only when coming from well isolated counters, at more than 30� (20�) from the
closest jet for the 40� (90�) taggers. Among these signals, the one from the counter clos-
est to the missing momentum direction is considered as due to a particle provided the
angular di�erence between the counter and the missing momentum directions is below
50� in � and 30� in � for the 40� taggers, or below 20� in � for the 90� taggers. Events
with such a signal are rejected.

3.2 Probabilistic step

At the end of the preselection, the remaining background from q�q(), WW and We�
events is topologically close to the signal. This translates into large overlaps between
the signal and background distributions of most of the discriminating variables. The
probabilistic method is used to combine several of them into one single variable with a
better discriminating power. The outline of the method, already used at LEP1 in the
h��� channel [4], is only briey recalled here.

A set of discriminating variables is chosen and each variable is transformed into a
new one uniformly distributed between 0 and 1 for the background, while its distribution
for the signal is asymmetric with an excess below 0.5. This is achieved by integrating
the variable probability density function over the simulated background events in the
appropriate direction and taking the cumulative probability as the new variable [4]. Thus,
if X is an initial variable and x a value taken by X, the new variable, PX (x), measures
the probability to observe a value of X greater (or lower, depending on the direction of
integration) than x in the background. The variables, once transformed, are summed up
to de�ne the global event weight,W, which measures the compatibility of the event with
the background. If the number of variables, N , is not too small and the variables are
uncorrelated, W has a Gaussian distribution with known mean (� = N=2) and known
variance (�2 = N=12). In practice, the variables are correlated but the correlations are
small so that the shape of theW distribution can still be approximated by a Gaussian [4].
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Figure 6: h��� channel, probabilistic analysis: distributions of some analysis variables
as described in the text. Plots on the left show a comparison between 161 GeV data
and simulated background events (solid line) normalised to the experimental luminosity.
Plots on the right show the (unnormalised) expected distributions for a Higgs boson of
60 GeV/c2.
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3.3 Content of the event global weight

Twelve discriminating variables are chosen for the analysis in the h��� channel. There
are four angular variables: the acoplanarity between the hemispheric jets (�), the polar
angle of the thrust axis (�thr), the angle between the missing momentum direction and
the closest jet (�xy) and the maximum angle between any pair of jets (�xy), the event
being projected on the plane transverse to the beam axis before the last two variables are
computed. There are �ve global variables: the event transverse momentum with respect
to the beam direction (Pt), the event visible mass (M), the event missing mass recoiling
against the visible system (Mrec), the reduced centre-of-mass energy when the visible
system is forced into two jets and a kinematic �t is applied with energy and momentum
conservation, assuming a photon to be lost along the beam direction (

p
s0) and the event

transverse size in the rest frame of the visible system (�Pt
). The last is de�ned by dividing

the event into two hemispheres with respect to a plane perpendicular to the sphericity
axis and computing �Pt

in the hemisphere with the larger number of particles as the
r.m.s of the distribution of the particle transverse momenta with respect to the sphericity
axis. The last three variables, dedicated against WW and We� events, are: the minimum
cone energy in the event, as de�ned in the previous section (Emin

cone), the energy of the
most energetic particle in the event or the total energy in the forward electromagnetic
calorimeters if it is higher (Emost), the b-tagging event variable (� log10(P

+
E )).

The agreement between data and background simulation is illustrated in Figure 6,
which shows the distributions of M , �, Emin

cone, Pt and W at preselection level, with no
mass requirement for the �rst four distributions. Also shown are the corresponding distri-
butions for signal events at 60 GeV/c2. The selection on the global event weight is chosen
as W < 3.3 which gives e�ciencies at the reference masses (60 GeV/c2 at

p
s = 161 GeV

and 70 GeV/c2 at
p
s = 172 GeV) close to 50%, with reasonable backgrounds at both

energies. Table 9 shows the e�ect of the selections on data, simulated backgrounds and
simulated signal events. The last but one column in the table groups the contributions
of ll() events and two-photon processes leading to leptonic �nal states. The main con-
tribution there is from e+e�() events up to the requirement on the visible photon and
from processes giving � leptons in the �nal state afterwards.

3.4 The h��� channel

When the Higgs boson is assumed to decay according to the SM or to the MSSM, b-
tagging provides an additional rejection against background. The b-tagging requirement
is max(� log10(P

+
E );� log10(PE)) > 1:1 so that the selection leaves more than 80 % of the

signal. As seen in Table 9, after b-tagging, the remaining background is dominated by the
q�q() process and then by We� events. WW pairs make another source of background
only in the 172 GeV data. Table 10 shows the signal e�ciencies. The decrease of the
e�ciency at low mass is due to the requirement on both hemispheric jet multiplicities
which is less e�cient there due to the larger boost of the Higgs boson. This requirement
is however powerful against ZZ events with only one hemispheric jet, which would make
a small non-Gaussian tail in the W distribution in the signal region.

Systematic uncertainties are estimated by comparing theW distributions in data and
simulation at preselection level. In both data and simulation, the distributions are Gaus-
sian with parameters compatible within statistics, as can be seen in Table 11. The means
agree quite well with the expected value of 6 while the variances are slightly lower than
the expected value of 1. As the shape of the background is predictable, the expected
background remaining after the selection on W can be computed using the Gaussian
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p
s = 161 GeV

selection data total q�q()  WW We� ZZ Zee other h���

bg. ! had. bg. "(%)

hadronic 2262 2391 � 16 1354 353.0 29.6 2.6 3.4 23.2 625.2 90.0

Mass 1533 1609 � 15 845.8 346.0 14.6 2.5 1.4 19.1 379.4 90.0

acoplanarity 873 870 � 11 487.7 231.8 13.3 2.4 0.92 7.9 126.1 87.3

no isol. part. 626 580 � 9 381.1 182.3 5.5 1.9 0.52 4.3 4.6 82.6

no vis.  546 517 � 9 326.2 180.2 4.3 1.9 0.47 3.7 0.55 82.3

hermeticity 522 504 � 9 318.7 175.0 4.2 1.8 0.45 3.6 0.55 81.2

W < 3.3 2 0.78 � 0.11 0.47 0 0.04 0.24 0.02 0 0 56.9

b-tagging 1 0.52 � 0.10 0.38 0 0.02 0.10 0.01 0 0 50.3
p
s = 172 GeV

selection data total q�q()  WW We� ZZ Zee other h���

bg. ! had. bg. "(%)

hadronic 2054 2257 � 13 1128 394.8 109.7 3.3 8.8 25.9 587.2 90.5

Mass 1363 1470� 13 660.0 383.5 44.2 3.3 3.5 20.9 355.0 90.5

acoplanarity 805 821 � 10 386.8 263.9 41.3 3.0 2.4 8.3 114.8 87.6

no isol. part. 583 546 � 8 309.6 205.6 16.3 2.6 1.6 4.5 5.8 82.4

no vis.  506 477 � 8 259.2 197.5 12.3 2.4 1.2 3.8 0.34 81.2

hermeticity 486 465 � 8 251.7 193.7 12.0 2.3 1.1 3.7 0.34 79.5

W < 3.3 0 1.19 � 0.12 0.35 0 0.30 0.52 0.02 0 0 47.7

b-tagging 0 0.61 � 0.09 0.27 0 0.16 0.16 0.01 0 0 42.8

Table 9: Analysis in the h��� channel: e�ect of the selections at
p
s = 161 GeV andp

s = 172 GeV on data, simulated backgrounds and simulated signal events with mh

= 60 GeV/c2 at 161 GeV and mh = 70 GeV/c2 at 172 GeV. E�ciencies are given for the
signal.

mh (GeV/c
2) E�ciency at 161 GeV (%) E�ciency at 172 GeV (%)

45 45:2 � 1:1 +1:5
�1:4 26:9� 1:1 +0:8

�0:9

50 51:0 � 1:1 +1:7
�1:6 43:4� 1:3 +1:4

�1:6

55 49:7 � 1:1 +1:7
�1:6 50:6� 1:3 +1:7

�1:6

60 50:3 � 1:1 +1:6
�1:9 50:5� 1:3 +1:6

�2:6

65 44:5 � 1:1 +1:7
�1:8 47:4� 1:3 +1:9

�1:9

70 36:3 � 1:1 +1:7
�1:7 42:8� 1:3 +1:8

�1:5

75 - 37:5� 1:2 +1:5
�1:6

80 - 26:4� 1:1 +1:5
�1:5

Table 10: E�ciency of the Higgs boson selection in the h��� channel at
p
s = 161 GeV

and
p
s = 172 GeV as a function of the particle mass. The �rst uncertainty quoted is

statistical, the second is systematic.
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W distribution 161 GeV 172 GeV

Gaussian �t mean � mean �

data 5:97 � 0:04 0:99 � 0:03 5:97� 0:04 0:93 � 0:03

simulation 6:02 � 0:02 0:96 � 0:01 6:02� 0:02 0:95 � 0:01

W < 3.3 1:16 � 0:14� 0:18 0:97 � 0:12 � 0:13

Table 11: h��� channel: the �rst two lines give the mean and variance of a Gaussian �t to
theW distributions in data and background simulation. The last line shows the expected
background computed from the Gaussian parameters in simulation.

parameters from simulation and the number of simulated events after preselection. The
result is given in Table 11. The �rst uncertainty is statistical and obtained by vary-
ing successively the mean and variance within the errors given by the Gaussian �t and
adding the variations in quadrature. The second uncertainty is obtained by varying suc-
cessively the mean and variance within half of the di�erences in the Gaussian parameters
between data and simulation, and adding the variations in quadrature. This accounts for
systematic uncertainties due to possible imperfections in the simulation.

The computed background in Table 11 is to be compared with the background es-
timate obtained in Table 9 by direct application of the selection on W in the simula-
tion. At 172 GeV, the agreement is correct within statistics. At 161 GeV, the com-
puted background is higher indicating a possible underestimate of the background in
Table 9. At this energy, a more reliable estimate is obtained by averaging the direct
and computed backgrounds, and taking the di�erence from the average as an addi-
tional statistical uncertainty. The �nal background after b-tagging is obtained by ap-
plying the b-tagging rejection factor deduced from Table 9. The �nal background is thus
0:65� 0:16 (stat:)� 0:11 (syst:) events at 161 GeV and 0:61� 0:09 (stat:)� 0:08 (syst:)
events at 172 GeV. The systematic uncertainty is obtained by applying the relative sys-
tematic error on the computed background in Table 11 and adding in quadrature a relative
error of �3% to account for possible di�erences between data and simulation in b-tagging
performance, as measured at the Z boson resonance [17]. Finally, to estimate the system-
atic uncertainty in the signal e�ciencies, the variations in the Gaussian parameters used
to derive the systematics on the computed background have been �rst translated into
new selections on W and the new selections have been applied to the signal simulations.
As for the background, a relative error of �3% has been added in quadrature to account
for systematics in b-tagging.

One event is selected in the 161 GeV data sample with W equal to 3.04. As a com-
parison, the average values of W in simulated background events are 6.1 for the q�q()
process, 5.9 for WW pairs and 4.4 for We� events, the r.m.s values being close to 1.
Simulated signal events with mh = 65 GeV/c2 give an average of 3.1 with a r.m.s of 0.9.
The values of the individual variables used in W are summarized in Table 12, which also
gives the corresponding probabilities. In most variables (except �xy and �Pt), the event
is hardly compatible with the background.

The event has a visible mass of 56.2 GeV/c2 and a missing mass of 100.6 GeV/c2. As
the resolution in the visible mass is rather poor, around 7.5 GeV/c2, a rescaling is applied
to the energy and momentum of the visible system assuming that the recoil system has a
mass equal to mZ [24]. After rescaling, the reconstructed h mass is 64.6 GeV/c2. Figure 7
shows the distribution of the reconstructed mass in simulated background events at the
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variable Pt �xy � Emin
cone �thr �Pt

(GeV/c) (�) (�) (GeV) (�) (GeV/c )

value 17.5 7.6 36.7 8.5 65.2 0.87

probability 0.11 0.80 0.19 0.35 0.14 0.71

variable Mrec Emost �xy M � log10(P
+
E )

p
s0

(GeV/c2) (GeV) (�) (GeV) (GeV)

value 100.6 7.1 35.6 56.2 7.3 110.7

probability 0.01 0.04 0.08 0.36 0.03 0.21

Table 12: h��� channel: for each variable in the de�nition of W, the table gives the value
measured in the selected event and the corresponding probability to observe such a value
in background.

end of the analysis. The mass of the selected event is indicated by the arrow. The
resolution achieved in the reconstructed mass is illustrated in Figure 7 for simulated
signal events of 60, 65 and 70 GeV/c2 masses. Close to the kinematic limit, the Z is
produced at lower masses than mZ and the distribution of the reconstructed Higgs boson
mass gets distorted, as can be seen for the 70 GeV/c2 Higgs boson. A reconstructed
mass of 64.6 GeV/c2 can therefore arise from a 70 GeV/c2 Higgs boson. More precisely,
while 52% of 65 GeV/c2 Higgs bosons give a reconstructed mass equal to the observed
one within 2 GeV/c2, this fraction is 15% and 32% for 60 and 70 GeV/c2 Higgs bosons,
respectively. The uncertainty on the observed reconstructed mass is then estimated as the
interval of masses for which this fraction is above 32%, which goes from 62 to 70 GeV/c2.

Finally, the b content of the event has been thoroughly checked. The b-tagging variable
P+
E has a value of 4:6 � 10�8, which corresponds to a purity in beauty quarks of 97% as

measured in hadronic Z decays taken at the resonance peak. Four tracks are found to
make a secondary vertex in space corresponding to a decay length of 3:28 � 0:12 mm.
The three projections of the vertex are shown in Figure 8. The �2 probability of the
secondary vertex �t is 0.97. When all tracks in the secondary vertex are given the pion
mass, the estimated mass of the system of the four particles is 3.7 GeV/c2.

3.5 The h! invisible; Z! q�q channel

Minor changes in the previous analysis allow a search for the h! invisible; Z! q�q
channel with an acceptable e�ciency and background. Starting with the same preselec-
tion, the variables in the de�nition of the event global weight are the same except for
the event transverse size, �Pt , which is replaced by the event thrust, which proves to
discriminate signal events better from the background. The selection on the global event
weight is chosen as W < 3:45 to have about 20% e�ciency at the reference mass at
both energies. The Higgs boson mass is estimated as the missing mass recoiling against
the visible system, after a rescaling of the energy and momentum of the latter under the
assumption that the visible mass is equal to mZ. The remaining background is further
suppressed by requiring the rescaling to lead to a positive missing mass squared.

Table 13 summarizes the e�ects of the selections on data and simulation. No event is
left in the 161 GeV data sample. One event is selected at 172 GeV with a visible mass of
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Figure 7: h��� channel: distribution of the reconstructed mass of the Higgs boson at the
end of the analysis at

p
s = 161 GeV. The Higgs boson is assumed to recoil against an

on-shell Z. The upper plot shows the distribution of the simulated background. The arrow
indicates the mass of the selected event and the transverse error bar the uncertainty on
the measurement. The bottom plots are the distributions of simulated signal events with
masses of 60, 65 and 70 GeV/c2.
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Figure 8: h��� channel, probabilistic analysis: graphic reconstruction of the secondary
vertex found in the selected event. The errors on impact parameters are shown in the
x-y projection as transverse bars. The four tracks which are consistent with a secondary
vertex in the three projections are indicated by broader lines.
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p
s = 161 GeV

selection data total q�q()  WW We� ZZ Zee other inv.q�q

bg. ! had. bg. "(%)

presel. 522 504 � 9 318.7 175.0 4.2 1.8 0.45 3.6 0.55 76.1

W < 3.45 0 0.83� 0.11 0.42 0 0.11 0.27 0.02 0 0 20.6

mis. mass 0 0.78 � 0.11 0.42 0 0.11 0.24 0.006 0 0 20.2
p
s = 172 GeV

selection data total q�q()  WW We� ZZ Zee other inv.q�q

bg. ! had. bg. "(%)

presel. 486 465 � 8 251.7 193.7 12.0 2.3 1.1 3.7 0.34 77.1

W < 3.45 1 1.80 � 0.16 0.69 0 0.62 0.46 0.02 0 0 24.3

mis. mass 1 1.68 � 0.15 0.62 0 0.62 0.43 0.02 0 0 24.1

Table 13: h! invisible; Z! q�q channel: e�ect of the selections at
p
s = 161 GeV andp

s = 172 GeV on data, simulated backgrounds and simulated signal events with mh

= 60 GeV/c2 at 161 GeV and mh = 70 GeV/c2 at 172 GeV. E�ciencies are given for
the signal.

74.8 GeV/c2, and missing masses of 79.4 GeV/c2 before rescaling and 51.8 GeV/c2 after
rescaling. The signal e�ciencies are given in Table 14.

mh (GeV/c
2) E�ciency at 161 GeV (%) E�ciency at 172 GeV (%)

45 14:3 � 0:8+1:3�2:2 14:2 � 0:8+1:5�1:0

50 14:1 � 0:8+2:2�1:5 17:2 � 0:8+1:3�1:3

55 18:4 � 0:9+1:6�2:1 18:6 � 0:9+1:4�1:6

60 20:2 � 0:9+1:6�2:3 21:5 � 0:9+2:2�1:5

65 18:1 � 0:9+2:2�2:0 22:9 � 0:9+1:7�2:3

70 14:2 � 0:8+1:6�1:6 24:1 � 0:9+1:3�1:5

75 - 22:2 � 0:9+1:9�1:9

80 - 16:9 � 0:8+1:9�1:9

Table 14: E�ciency of the Higgs boson selection in the h! invisible; Z! q�q channel
at
p
s = 161 GeV and

p
s = 172 GeV as a function of the particle mass. The �rst

uncertainty quoted is statistical, the second is systematic.

The systematic uncertainties have been estimated as previously, by comparing the
W distributions in data and simulation at preselection level. Both are Gaussian and
their parameters are compatible, as shown in Table 15. The means agree with the ex-
pected value of 6 but the variances are lower than in the h��� channel, indicating higher
correlations between the variables used in W. The computed background agrees within
statistics with the direct estimate at 161 GeV, but at 172 GeV the computed background
is lower. A better estimate at this energy is obtained by averaging the computed and
direct estimates and the di�erence from the average is taken as an additional statistical
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W distribution 161 GeV 172 GeV

Gaussian �t mean � mean �

data 6:02 � 0:04 0:90 � 0:03 5:98� 0:04 0:88 � 0:02

simulation 6:01 � 0:01 0:85 � 0:01 6:02� 0:02 0:92 � 0:01

W < 3.45 0:65� 0:09+0:21�0:17 1:21 � 0:14+0:25�0:23

Table 15: h! invisible; Z! q�q channel: the �rst two lines give the mean and variance
of a Gaussian �t to theW distributions in data and background simulation. The last line
shows the expected background computed from the Gaussian parameters in simulation.

uncertainty. The �nal expected background is thus 0:78 � 0:11 (stat:) � 0:25 (syst:)
events at 161 GeV and 1:40� 0:32 (stat:)� 0:29 (syst:) events at 172 GeV. No contribu-
tion has been added to the systematics for the last selection on the reconstructed mass,
since di�erences between data and simulation in this variable are such that moving the
selection accordingly has no e�ect, either in the background expectation or in the signal
e�ciencies.

4 Neutral Higgs boson searches in events with jets

and taus

This topology makes 8.5% of the hZ �nal states and 14.4% of the hA �nal states. The
experimental signature is two jets and two isolated � leptons, which are reconstructed
inclusively as low multiplicity jets.

4.1 Preselection

Hadronic events are selected by requiring at least seven charged particles, a total energy
greater than 0:30

p
s and a total energy carried by charged particles greater than 0:15

p
s .

As � leptons are expected to give low multiplicity jets with one or three charged particles,
a four-jet topology is forced using the Durham algorithm [18], and jets are classi�ed by
increasing multiplicity. The two jets with lowest charged multiplicities are identi�ed as
� candidates, and the invariant mass of the �+�� pair is required to be greater than
20 GeV/c2 since the search is restricted to heavy Higgs bosons.

Events with a large missing energy (such as q�q() events with an energetic photon lost
in the beam pipe) are rejected by requiring the e�ective centre-of-mass energy

p
s0 to be

greater than 105 GeV. The dominant background then comes from q�q() events leading
to two jets in a back-to-back topology or to three jets. To reduce this contamination,
a linear discriminant analysis is performed using the Fisher method [25]. This method
discriminates between two classes of events using the same set of variables which are
linearly combined into a single discriminating variable. The linear combination of the
selected variables is chosen such that the ratio of the between-class variance (i.e. the
variance of the distribution of the �nal discriminating variable in the two samples taken
together) to the within-class variance (i.e. the variance of the distribution in the signal
sample) is maximized. The distributions used to de�ne the discriminating variable are
obtained with a sample of 1000 simulated signal events and a sample of 1000 q�q()
simulated background events, both samples being taken after the preceding selections.
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To check the stability of the result, the de�nition procedure is repeated six times at each
centre-of-mass energy, with two di�erent signal samples, and three di�erent samples of
q�q() background events. The de�nition of the discriminating function is found to be
very stable and not to change with the energy. The variables are, in order of decreasing
discriminating power:

- Ymin, the minimal distance [18] between two jets,
- C, a combination of the normalised sphericity tensor eigenvalues [26],

C = 3(�1�2 + �1�3 + �2�3)

- T , the event thrust,
- �min, the minimum opening angle between any pair of jets.

The T and C variables help to remove two-jet events, while Ymin and �min identify
three-jet like events. The most discriminating combination of these variables as given by
the Fisher method is:

Dvar = �6:951 � 0:979 � Ymin + 4:562 � C + 8:253 � T + 0:015 � �min

This variable is required to be positive, which selects about 75% of the signal and reduces
the expected background by a factor 4 when averaging both energies.

p
s = 161 GeV

selection data total q�q() WW ZZ Zee We�  hZ

bg. ! had. "(%)

hadronic 985 880:2 � 7:7 746.3 22.4 2.4 6.7 1.4 91.2 89.7 (92.6)p
s0 > 105 442 381:8 � 5:2 318.5 19.7 2.1 2.4 0.51 29.2 81.6 (78.4)

Dvar > 0 91 83:6� 2:1 64.6 14.1 1.3 0.83 0.1 2.6 62.3 (60.1)

� charges 39 32:0� 1:4 24.0 5.1 0.63 0.37 0.03 1.77 42.3 (41.4)

� mult. 13 9:7� 1:1 6.2 1.1 0.40 0.23 0.01 1.77 30.9 (29.6)

isolation 3 3:23� 0:7 1.57 0.37 0.28 0.13 0 0.88 26.5 (26.2)
p
s = 172 GeV

selection data total q�q() WW ZZ Zee We�  hZ

bg. ! had. "(%)

hadronic 896 795 � 5:6 609.3 82.2 6.2 12.5 1.7 72.3 88.2 (91.2)p
s0 > 105 439 378 � 3:8 267.4 73.1 5.0 3.7 0.87 27.6 80.3 (79.1)

Dvar > 0 130 103 � 1:2 49.0 49.5 2.3 1.2 0.13 0.95 65.2 (58.1)

� charges 40 37:2� 0:7 17.3 18.2 1.1 0.60 0.02 0 45.5 (42.7)

� mult. 12 8:9� 0:4 4.1 3.8 0.62 0.37 0.01 0 38.3 (35.6)

isolation 6 3:6� 0:2 1.0 1.8 0.44 0.32 0 0 29.2 (28.8)

Table 16: Analysis in the �+��q�q channel: e�ect of the selections at
p
s = 161 GeV

and
p
s = 172 GeV on data, simulated backgrounds and simulated signal events with mh

= 60 GeV/c2 at 161 GeV and mh = 70 GeV/c2 at 172 GeV. E�ciencies are given for the
signal (� from h, and in parentheses � from Z).
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In order to increase the purity in true � leptons, three additional selections are intro-
duced, based on the charge, multiplicity and isolation of the jets tagged as � candidates.
The product of the jet charges z is required to be lower than �0:2 and the sum of their
charged multiplicities to be lower than 5. The isolation of the � candidates is character-
ized by the global variable:

I =
E(1)
cone � E(2)

cone

E
(1)
�jet � E

(2)
�jet

where Ei
cone is the energy in a cone of 30� around each � candidate, and Ei

�jet is the �
energy. This variable is required to be between 0.85 and 1.05, which is the preferred
interval for signal events.

Table 16 presents the e�ect of the selections on data, simulated backgrounds and
simulated hZ events. The total background in the table also includes the residual con-
tamination from e+e�() events, which is not indicated separately since it amounts to
only around ten events in the �rst two steps of the analysis and is then suppressed by
the discriminant analysis. Data agree with simulation after the discriminant analysis at
161 GeV, and after the next selection on the charges of the � candidates at 172 GeV. This
is illustrated in Figure 9 which compares 172 GeV data with simulated backgrounds and
simulated signal events at 70 GeV/c2. The distributions refer to

p
s0, Dvar, the product

of the � jet charges, the sum of the � charged multiplicities, and the � isolation variable.
The �rst distribution is shown after the hadronic selection, the others after the selection
on

p
s0. The disagreement between data and simulation is partly in the signal region

in the distribution of Dvar, and hence is not completely suppressed after the selection
on Dvar, as was the case at 161 GeV. Agreement is however obtained after the next
selection.

Before channel dependent selections, a kinematic �t [19] is applied to the preselected
events. In addition to total momentum and energy conservation, a hypothetical neutrino
is added to each � jet and the neutrino momenta are adjusted so that the mass of each
jet-neutrino system is consistent with the � mass. The mass resolutions achieved after the
kinematic �t are illustrated in Figure 10 which presents the distributions of the invariant
masses of the �+�� pair and of the recoiling hadronic system for simulated signal events
in the three channels, at 172 GeV. The distribution of one mass as a function of the other
is also shown for 161 and 172 GeV data. The �tted jet and � energies and momenta are
used in the �nal selections described in the three following subsections.

4.2 The hZ channel

4.2.1 h decaying into �+��

In the hZ channel with h decaying into �+��, the hadronic system is expected to come
from a Z and the �+�� pair from a high mass Higgs boson. Events are selected if the
mass of the �+�� pair is greater than 45 GeV/c2 and the mass of the pair of hadronic
jets is above 70 GeV/c2.

The e�ect of the selections on data, simulated backgrounds and simulated signal events
is shown in Table 17, while the signal e�ciencies are given in Table 18. The �nal expected

zthe jet charge is de�ned as

Qjet =
X

i2jetj

qi!
0:2; where ! =

~Pi: ~Pjetj

j~Pjetjj2
always positive in the Durham clustering
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Figure 9: �+�� q�q channel: distributions of some analysis variables as described in
the text. Plots on the left show a comparison between 172 GeV data and simulated
background events (solid line) normalised to the experimental luminosity. The shaded
area represents the contribution of the dominant q�q() background. Plots on the right
show the (unnormalised) expected distributions for a 70 GeV/c2 Higgs boson decaying
into �+��.
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DELPHI - √s = 161+172 GeV
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Figure 10: �+�� q�q channel: invariant mass distributions of the �+�� pair and of the
pair of hadronic jets after preselection. Plots a), b) and c) refer to simulated signal
samples at

p
s = 172 GeV with a Higgs boson mass of 70 GeV/c2 in the (h! �+��)q�q ,

(h! q�q)�+�� and hA! �+��q�q channels, respectively. Plot d) shows data at 161 GeV
(black circles) and 172 GeV (open circles) in the plane `invariant mass of the pair of
hadronic jets' vs `invariant mass of the �+�� pair'.
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p
s = 161 GeV

Selection data total bg. q�q() WW ZZ Zee  hZ ("%)

m�� > 45GeV/c2 2 2:1 � 0:5 1.15 0.19 0.14 0.10 0.44 25.8

mq�q > 70GeV/c2 0 0:32 � 0:09 0.14 0.08 0.08 0.03 0 24.0
p
s = 172 GeV

Selection data total bg. q�q() WW ZZ Zee  hZ ("%)

m�� > 45GeV/c2 3 2:45 � 0:17 0.74 1.24 0.25 0.20 0 28.1

mq�q > 70GeV/c2 0 0:91 � 0:11 0.18 0.41 0.15 0.17 0 24.4

Table 17: Analysis in the (h ! �+��)q�q channel: e�ect of the �nal selections atp
s = 161 GeV and

p
s = 172 GeV on data, simulated backgrounds and simulated

(h ! �+��)q�q events with mh = 60 GeV/c2 at 161 GeV and mh = 70 GeV/c2 at
172 GeV.

background is 0:32 � 0:09 (stat:) � 0:03 (syst:) events at 161 GeV, mostly due to the
q�q() process, and 0:91�0:11 (stat:)�0:09 (syst:) events at 172 GeV, mostly from WW
pairs. No event is selected in the data. Systematic uncertainties have been derived in
the following way. Track momenta were randomly varied according to the experimental
resolutions while energies were randomly varied by �3%. The analysis variables were
recalculated and the shifts in the signal e�ciencies and background estimates taken as
systematic uncertainties. The same method is used in the two other channels.

mh (GeV/c
2) E�ciency at 161 GeV (%) E�ciency at 172 GeV (%)

45 10.4 � 0.7 � 1.9 12.2 � 0.7 � 2.2

50 21.2 � 0.9 � 1.9 17.3 � 0.8 � 2.0

55 23.5 � 0.9 � 1.9 20.8 � 0.9 � 2.0

60 24.0 � 0.9 � 1.9 23.7 � 0.9 � 1.9

65 23.8 � 0.9 � 1.9 22.9 � 0.9 � 1.9

70 22.1 � 0.9 � 1.9 24.4 � 0.9 � 1.9

75 - 25.3 � 0.9 � 1.9

80 - 24.1 � 0.9 � 1.9

Table 18: E�ciency of the Higgs boson selection in the (h ! �+��)q�q channel atp
s = 161 GeV and

p
s = 172 GeV, as a function of the Higgs boson mass. The �rst

uncertainty quoted is statistical, the second is systematic.

4.2.2 Z decaying into �+��

When the Z decays into �+��, the hadronic system is expected to come from the Higgs
boson and thus to contain beauty hadrons. Events are selected if the mass of the pair of
hadronic jets is greater than 35 GeV/c2 and the mass of the �+�� pair is greater than
70 GeV/c2. The b-tagging variable, P+

E , is required to be below 0.1, which reduces the
remaining background by a factor of 3 to 4 for a limited loss in e�ciency.
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p
s = 161 GeV

Selection data total bg. q�q() WW ZZ Zee  hZ ("%)

m�� > 70GeV/c2 1 1:4 � 0:5 0.78 0.08 0.05 0.05 0.44 25.3

mq�q > 35GeV/c2 0 1:3 � 0:5 0.74 0.06 0.02 0.04 0.44 24.5

P+
E < 0:1 0 0:31 � 0:1 0.23 0.03 0.01 0.03 0 23.9

p
s = 172 GeV

Selection data total bg. q�q() WW ZZ Zee  hZ ("%)

m�� > 70GeV/c2 3 1:2 � 0:12 0.44 0.59 0.12 0.04 0 26.7

mq�q > 35GeV/c2 2 0:90 � 0:11 0.38 0.39 0.10 0.04 0 26.4

P+
E < 0:1 0 0:22 � 0:06 0.10 0.09 0.01 0.02 0 24.4

Table 19: Analysis in the (h! q�q)�+�� channel: e�ect of the �nal selections atp
s = 161 GeV and

p
s = 172 GeV on data, simulated backgrounds and simulated

(h! q�q)�+�� events withmh = 60 GeV/c2 at 161 GeV andmh = 70 GeV/c2 at 172 GeV.

The result of these selections on data, simulated backgrounds, and simulated signal
events is given in Table 19, while the e�ciencies are given in Table 20. The �nal expected
background amounts to 0:31 � 0:10 (stat:) � 0:03 (syst:) events at 161 GeV and to
0:22 � 0:06 (stat:)� 0:04 (syst:) events at 172 GeV. In both cases, q�q() events are the
main source of background. No event is left in the data.

mh (GeV/c
2) E�ciency at 161 GeV (%) E�ciency at 172 GeV (%)

45 14.9 � 1.3 � 1.9 18.4 � 1.2 � 2.1

50 20.1 � 0.9 � 2.3 17.7 � 0.7 � 2.1

55 21.4 � 0.9 � 2.3 18.6 � 0.7 � 2.1

60 23.9 � 0.9 � 2.3 21.6 � 1.1 � 2.2

65 24.3 � 0.9 � 2.3 22.2 � 0.9 � 2.2

70 22.9 � 0.9 � 2.3 24.4 � 0.9 � 2.2

75 - 25.1 � 1.1 � 2.2

80 - 24.4 � 0.9 � 2.2

Table 20: E�ciency of the Higgs boson selection in the (h! q�q)�+�� channel atp
s = 161 GeV and

p
s = 172 GeV, as a function of the Higgs boson mass. The �rst

uncertainty quoted is statistical, the second is systematic.

4.3 The hA channel

In the hA channel, the cross-section is maximum at large tan�, i.e. when the two
Higgs bosons are almost degenerate in mass. In that case, the masses of the pair of
hadronic jets and of the �+�� pair are expected to be close. In addition, one Higgs boson
is expected to decay into a b�b pair. Events are selected if the mass of the �+�� pair is
greater than 30 GeV/c2 and the absolute value of the di�erence between the invariant
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masses is below 20 GeV/c2. The b-tagging variable, P+
E , is required to be below 0.1, as

previously.

p
s = 161 GeV

Selection data total bg. q�q() WW ZZ Zee  hA ("%)

m�� > 30GeV/c2 2 2:51 � 0:5 1.43 0.31 0.21 0.11 0.44 24.8

�m < 20GeV/c2 0 0:82� 0:28 0.60 0.15 0.03 0.04 0 22.1

P+
E < 0:1 0 0:20� 0:08 0.14 0.04 0.01 0.01 0 20.0

p
s = 172 GeV

Selection data total bg. q�q() WW ZZ Zee  hA ("%)

m�� > 30GeV/c2 4 3:34� 0:20 1.03 1.64 0.35 0.31 0 27.8

�m < 20GeV/c2 0 1:54� 0:15 0.75 0.72 0.04 0.13 0 24.8

P+
E < 0:1 0 0:42� 0:08 0.20 0.18 0 0.03 0 22.5

Table 21: Analysis in the hA ! �+��q�q channel: e�ect of the �nal selections atp
s = 161 GeV and

p
s = 172 GeV on data, simulated backgrounds and simulated

hA! �+��q�q signal events with mh = 60 GeV/c2 at 161 GeV and mh = 70 GeV/c2 at
172 GeV.

mh , mA (GeV/c2) E�ciency at 161 GeV (%) E�ciency at 172 GeV (%)

45 22.4 � 0.9 � 1.8 23.8 � 0.9 � 2.0

50 23.7 � 0.9 � 1.8 26.4 � 0.9 � 2.0

55 23.2 � 0.9 � 1.8 23.9 � 0.9 � 2.0

60 20.0 � 0.9 � 1.8 24.9 � 0.9 � 2.0

65 21.8 � 0.9 � 1.8 23.2 � 0.9 � 2.0

70 - 22.5 � 0.9 � 2.0

Table 22: E�ciency of the Higgs boson selection in the hA ! �+��q�q channel atp
s = 161 GeV and

p
s = 172 GeV, as a function of the common Higgs boson mass.

The �rst uncertainty quoted is statistical, the second is systematic.

Table 21 presents the e�ect of the selections on data, simulated backgrounds, and
simulated signal events. Table 22 gives the signal e�ciencies. At the end of the
analysis, no event is selected in the data while the expected background amounts
to 0:20 � 0:08 (stat:) � 0:03 (syst:) events, mainly from the q�q() process, and to
0:42 � 0:08 (stat:)� 0:03 (syst:) events, from both the q�q() and WW processes.

5 Higgs boson searches in events with four jets

This channel is the dominant topology in both the hZ and hA production modes, with
branching fractions around 60% and 85%, respectively. The di�culty arises from the high
background from q�q() and WW events, and from the ambiguity in identifying the jets
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which come from the same boson, especially in the hZ channel. After a common four-jet
selection, b-tagging and dijet mass reconstruction play a crucial role in both respects.

5.1 Four-jet selection

The selection procedure is the same for all four-jet channels and thus is not optimised
for any particular signal. It consists of three steps: a hadronic preselection, a search for
a four-jet shape and a �nal decision after a kinematic �t.

5.1.1 Hadronic preselection

Hadronic events are selected by requiring at least twelve charged particles, a total
charged energy above 0:30

p
s and a total energy exceeding 0:40

p
s. These selections

eliminate almost all e+e�() and  events without a�ecting the signal.
Many of the remaining events are radiative q�q() events, either with a visible initial

state radiation photon seen in the luminometer or in the electromagnetic calorimeters,
or with an undetected one aligned along the beam axis. In this last case, the missing
photon energy is computed from energy and momentum conservation, assuming a photon
collinear to the beam axis. Events with a photon (seen or invisible) of more than 35 GeV
are rejected.

5.1.2 Four-jet shape

Four-jet events are then selected by demanding three conditions: �rstly, the sum of
the Fox-Wolfram moments [27] of order two and four has to be less than 1.1 (to eliminate
`cigar-like' events); secondly, the JADE algorithm [28] is applied with a ycut value of
0.004 and the event has to cluster in at least four jets (to eliminate most of the three-jet
events); �nally, after forcing a four-jet con�guration, the product of the energy of the
least energetic jet and the minimum opening angle of any pair of jets has to be greater
than 6 GeV�rad, thus removing con�gurations with a soft gluon jet radiated along a hard
parton.

5.1.3 Final selection

A four constraint kinematic �t [19] is applied, requiring total energy and momentum
conservation, and events are kept if the �2 probability of the �t is above 7:3�10�3. Since
the signal is characterized by four hadronic jets, the charged multiplicity of each jet is
required to be at least 2.

Table 23 summarizes the results of each step of the selection on data and simulated
samples of the main background processes. Figure 11 shows a comparison at 161 GeV
between data and all simulated backgrounds. Also given are the expected distributions
for a hq�q signal with a 60 GeV/c2 Higgs boson. The �rst distribution refers to the e�ective
centre-of-mass energy after the hadronic selection. There is a disagreement between data
and simulation which a�ects the absolute normalisation but the shape of the distribution
is correctly reproduced. The three other distributions show the sum of the second and
fourth Fox-Wolfram moments, the product of the energy of the least energetic jet and
the minimum opening angle of any pair of jets, and the minimal jet charged multiplicity,
after the veto against radiative events. Some disagreement between data and simulation
remains at this level, but only in regions where no signal is expected. This explains why,
after the requirement of a four-jet con�guration, the 161 GeV data and simulation are
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Figure 11: Four-jet channels: distributions of some analysis variables as described in
the text. Plots on the left show a comparison between 161 GeV data and simulated
background events (solid line) normalised to the experimental luminosity. Plots on the
right show the (unnormalised) expected distributions for the hq�q process with mh = 60
GeV/c2.
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p
s = 161 GeV

selection data total q�q() WW ZZ other hq�q

bg. bg. "(%)

hadronic selection 1192 1055 � 13 999 27 2.7 26 98.1

had. non rad. events 441 393 � 6 369 20 2.2 2 87.6

4-jet con�guration 70 68 � 2 52 15 1.6 0 82.0

kin. constraints 57 62 � 2 47 13 1.5 0 80.3

jet multiplicities 50 57 � 2 43 13 1.0 0 77.1
p
s = 172 GeV

selection data total q�q() WW ZZ other hq�q

bg. bg. "(%)

hadronic selection 984 910 � 11 788 98 7 18 98.8

had. non rad. events 366 355 � 4 285 63 4 3 86.7

4-jet con�guration 101 95 � 2 42 51 2 0 81.8

kin. constraints 88 88.0 � 1.5 39 47 2 0 79.9

jet multiplicities 82 83.0 � 1.3 36 45 2 0 78.0

Table 23: Selection of four-jet events: e�ect of the selections at
p
s = 161 GeV andp

s = 172 GeV on data, simulated backgrounds and simulated hq�q signal events with mh

= 60 GeV/c2 at 161 GeV and mh = 70 GeV/c2 at 172 GeV. E�ciencies are given for the
signal.

in agreement, as can be seen in Table 23. At 172 GeV, the agreement between data and
simulation is reached, both in shape and absolute normalisation, at the earlier stage of
the veto against radiative events.

The common four-jet selection is the starting point of the searches for neutral Higgs
bosons in the hZ and hA modes, described in the following subsection, and the preselec-
tion of the searches for charged Higgs bosons in the purely hadronic mode, described in
Section 6.3. The systematic uncertainties in all four-jet analyses are also derived at this
level. Apart from small uncertainties on the luminosity measurement and cross-section
estimates (globally estimated to less than 0.7% relative), the main systematics comes
from the observed di�erences between data and simulation at two levels: the hadronic
selection and the four-jet selection. As already noted, there is a big di�erence at the
hadronic selection level (especially at 161 GeV where the disagreement is around 13%),
but this is not due to four-jet events since a good agreement is observed for both energies
after the four-jet selection. The evolution of the data to simulation ratio after the four-jet
selection has been studied by varying each selection criterion by 4 times the experimental
resolution on the corresponding variable. Simulation samples using a di�erent hadroniza-
tion and fragmentation scheme (ARIADNE [29] instead of JETSET [11]) have also
been used to check the modelling of these e�ects. The best agreement is obtained with
ARIADNE and a selection in the Fox-Wolfram moments at 1.1. From this study, the
systematic uncertainty at the four-jet selection level is estimated to 2.5% (relative) by
taking the quadratic sum of all contributions. Such a study, done at the four-jet selec-
tion level, does not explain the di�erence at the hadronic selection level. This di�erence
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is attributed to an imperfect modelling of the q�q() background only and leads to an
additional relative systematic uncertainty of 8% on the fraction of the background esti-
mate due to the q�q() process. Thus, the total systematic uncertainties are �7:0% at
161 GeV and �5:1% at 172 GeV on the expected background, and �2:6% on the signal
e�ciencies at both energies, whatever the Higgs boson masses. When b-tagging is used
in the analysis, an additional relative error of �3% is added quadratically.

5.2 Search for neutral Higgs bosons

5.2.1 Tight four-jet selection

To reduce the q�q() background further, two of the previous criteria are tightened.
The sum of the Fox-Wolfram moments is required to be below 0.9 instead of 1.1, and
the selection on the product of the energy of the least energetic jet and the minimum
opening angle of any pair of jets is set at 10 GeV�rad instead of 6 GeV�rad. Figure 12
shows the distribution, at this stage of the analysis, of the sum of the dijet masses given
by the kinematic �t. The rise of the WW contribution at 172 GeV is clearly seen.
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Figure 12: Four-jet channel after the tight four-jet selection: distribution of the sum
of the dijet masses when the jets are paired so to minimize the di�erence between the
dijet masses. Data at

p
s = 161 and

p
s = 172 GeV are compared with background

expectations normalised to the experimental luminosity. The ZZ contribution is marginal
and has been added to the WW contribution.
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5.2.2 b-tagging

As a �rst loose b-tagging requirement, a minimum value of 3.0 is required for the
event b-tagging variable, � log10(P

+
E ). The e�ciency of this selection on four-jet �nal

states is 60% in hZ events, 80% in hA events and 3% in WW pairs. Figure 13 shows the
distribution of � log10(P

+
E ) after the tight four-jet selection at 161 and 172 GeV. Data are

compared with the expectations from q�q(), ZZ and WW backgrounds. The distribution
from a signal in the hq�q channel is also added to illustrate the discriminating power of
the b-tagging.
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Figure 13: Four-jet channel: distribution of the b-tagging variable in four-jet events.
Data at

p
s =161 and 172 GeV are compared with background expectations normalised

to the experimental luminosity. The (unnormalised) contribution from simulated hq�q
signal events is also indicated.

Table 24 summarizes the e�ect of the selections up to now, which de�ne the common
starting sample for the searches in the hq�q and hA channels. Prior to any further selec-
tion, the events are clustered into four jets with the Durham algorithm [18] and a four
constraint kinematic �t is applied to de�ne the �nal jet momenta.

5.2.3 The hZ channel

The �nal state is expected to consist of two heavy dijets, one with a mass close of
mZ and the other from the Higgs boson decay characterized by the b-content of its two
hadronic jets. For each of the events selected so far, the three di�erent combinations
into dijets are considered in turn. Events are required to have at least one pairing in
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p
s 161 GeV 172 GeV

selection data total q�q() WW hq�q data total q�q() WW hq�q

bg. ZZ "(%) bg. ZZ "(%)

4-jet selection 50 57 � 2 43 14 77.1 82 83.0 � 1.3 36 47 78.0

tight q�q() veto 25 28.2 � 1.1 16.2 12 60.8 45 53.2 � 1.2 14.2 39 61.5

event b-tagging 1 2.5 � 0.4 2. 0.5 36.2 4 2.8 � 0.3 1.6 1.2 35.9

Table 24: Four-jet channels: common selection of events in the hZ and hA modes atp
s = 161 GeV and

p
s = 172 GeV. E�ect of the selections on data, simulated back-

grounds and simulated hq�q signal events with mh = 60 GeV/c2 at 161 GeV and mh

= 70 GeV/c2 at 172 GeV. E�ciencies are given for the signal.

which one dijet has a mass within 20 GeV/c2 of mZ and the other dijet is b-tagged. The
b-tagging selection is rather loose and requires the sum of the two jet b-tagging variables,
�(log10(P+

jet1) + log10(P
+
jet2)), to be above 2.0. If two such pairings are found, the pairing

with the smallest jmdijet � mZ j is considered. The mass of the Higgs boson is then
estimated as mdijet1 + mdijet2 � mZ and con�gurations corresponding to masses below
35 GeV/c2 are not considered any further.

A tight b-tagging is imposed in order to con�rm the production of a Higgs boson in
the �nal state. All pairings with one dijet compatible with a Z boson, as previously
de�ned, are again considered in turn. De�ning p1 and p2 as minus the logarithms of the
b-tagging variables of the two jets in the dijet opposite to the Z, the �nal selection is
de�ned as (p1 + k)(p2 + k) � 4k2, where k is a parameter greater than 2. This de�nition
is found to provide the best discrimination between the signal and the background from
q�q() and WW events, as illustrated in Figure 14. The signal e�ciency and background
expectation as a function of k have been studied in simulation for a Higgs boson mass
of 70 GeV/c2 at 172 GeV. In order to keep a reasonable e�ciency at a low background
level, a value of 2.75 is chosen for k. If more than one pairing is con�rmed by the tight
b-tagging, the pairing with the smallest jmdijet �mZ j is considered, and the �nal Higgs
boson mass is estimated as mdijet1+mdijet2�mZ . Note that the �nal pairing may di�er
from the one selected in the previous step when applying the loose dijet b-tagging.

p
s 161 GeV 172 GeV

selection data total q�q() WW hq�q data total q�q() WW hq�q

bg. ZZ "(%) bg. ZZ "(%)

event b-tagging 1 2.5 � 0.4 2. 0.5 36.2 4 2.8 � 0.3 1.6 1.2 35.9

hZ compatibility 1 1.2 � 0.3 0.9 0.32 32.1 3 2.0 � 0.3 1.1 0.9 32.9

tight b-tagging 0 0.3 � 0.1 0.2 0.07 22.8 1 0.5 � 0.15 0.3 0.2 23.6

Table 25: hq�q channel: e�ect of the selections at
p
s = 161 GeV and

p
s = 172 GeV on

data, simulated backgrounds and simulated hq�q signal events with mh = 60 GeV/c2 at
161 GeV and mh = 70 GeV/c2 at 172 GeV. E�ciencies are given for the signal.
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Figure 14: hq�q channel: distributions of the b-tagging variables of the two jets in the dijet
opposite to the Z, as a function of each other, for (a) 172 GeV data , simulated (b) WW
and (c) q�q() events, and (d) simulated hq�q signal events with mh = 70 GeV/c2. The
curves correspond to di�erent values of k (2.0, 2.5 and 3.0 from lower to upper curve) in
the last b-tagging requirement, as de�ned in the text. The normalisation of the simulated
samples is arbitrary.
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Table 25 details the e�ect of the selections on data and simulation, while Table 26 gives
the selection e�ciencies. The �nal expected background amounts to 0:30� 0:10 (stat:)�
0:02 (syst:) events at 161 GeV, mostly from the q�q() process, and to 0:50�0:15 (stat:)�
0:03 (syst:) events at 172 GeV, with equal contributions from q�q() and WW events.

mh (GeV/c
2) E�ciency at 161 GeV (%) E�ciency at 172 GeV (%)

45 19:5 � 1:2 � 0:8 17:2� 1:3 � 0:7

50 17:8 � 1:2 � 0:7 18:0� 1:4 � 0:7

55 18:9 � 1:3 � 0:7 21:0� 1:5 � 0:8

60 22:8 � 1:0 � 0:9 24:1� 1:6 � 0:9

65 23:9 � 1:0 � 0:9 25:0� 1:6 � 1:0

70 21:6 � 0:8 � 0:8 23:6� 1:5 � 0:9

75 - 23:7� 1:5 � 0:9

80 - 27:1� 1:6 � 1:1

Table 26: E�ciency of the Higgs boson selection in the hq�q channel at
p
s = 161 GeV

and
p
s = 172 GeV, as a function of the particle mass. The �rst uncertainty quoted is

statistical, the second is systematic.

One event is selected in the data at 172 GeV. It has two pairings with one dijet
compatible with a Z boson and another dijet ful�lling the loose b-tagging requirement.
The tight b-tagging selection con�rms only one pairing, with dijet masses of 106.2 GeV/c2

and 43.5 GeV/c2. Figure 15 gives the distribution of the sum of the masses of the
dijets selected by the �nal pairing, for simulated background and signal events and for
the selected event. The Higgs boson mass, estimated as mdijet1 + mdijet2 � mZ , gives
58.7 GeV/c2 for this event. Note that the second pairing selected when the loose b-
tagging is applied leads to a mass of 69 GeV/c2. Typical resolutions on the Higgs boson
mass are 3.5 GeV/c2 at mh = 60 GeV/c2 and 2.8 GeV/c2 at mh = 70 GeV/c2, when
estimated by a Gaussian �t to the central part of the mass distributions.

The other characteristics of the selected event are the following: one of the jets used
in the reconstruction of the Higgs boson candidate contains two tracks with large o�sets
relative to the primary vertex. They form a secondary vertex with a decay distance
of 9:6 � 0:5 mm. One of the tracks comes from a positive muon with a momentum of
9.8 GeV/c seen in the surrounding muon chambers and in the �nely segmented cathode
readout of the hadron calorimeter. The other track is due to a negative pion of 4.5 GeV/c.
As the secondary vertex is well separated from the interaction point no other charged
particle, even of low momentum, is found to be compatible with it. The estimated jet
energy is 34 GeV. The large decay length and the relatively low momentumof the charged
pion are not in favour of aD� semileptonic decay. However, the low mass of the pion-muon
system (0.72 GeV/c2) and the low value of the muon transverse momentum (380 MeV/c)
with respect to the direction from the primary vertex to the secondary vertex cannot
exclude this possibility.

5.2.4 The hA channel

The �nal state contains two heavy dijets giving rise to four b-jets. In addition, when
the hA channel dominates the production of neutral Higgs bosons, that is at large tan�,
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Figure 15: hq�q channel: distribution of the sum of the dijet masses at the end of the
analysis. Data at

p
s = 172 GeV are compared with background expectations normalised

to the experimental luminosity. The (unnormalised) contribution from simulated hq�q
signal events with mh = 70 GeV/c2 is also indicated.

the masses of the two dijets are expected to be nearly equal. For each of the events
selected after the loose event b-tagging de�ned in Section 5.2.2, the dijet four-momenta
are taken from the four constraint kinematic �t. Of the three dijet combinations, the jet
pairing giving the smallest dijet mass di�erence is chosen, and the Higgs boson mass is
estimated as half of the sum of the dijet masses. The dijet mass resolution is typically
about 3 GeV/c2.

A tight b-tagging selection is then applied. De�ning p1 and p2 as minus the logarithms
of the b-tagging variables of the two jets in one dijet, the dijet with the smallest p1 + p2
is required to have this sum above 1.1. In addition, the event must contain at least one
jet with � log10(P

+
jet) above 3. This reduces the q�qgg background because gluon jets are

characterized by lower values of the jet b-tagging variable. Finally, the sum of the dijet
masses is required to be greater than 80 GeV/c2 since the search is restricted to massive
Higgs bosons. Table 27 details the e�ect of the selections on data, simulated background
and signal events, while Figure 16 compares data and simulation at 172 GeV.

The �nal expected background is 0:6�0:2 (stat:)� 0:05(syst:) events at 161 GeV and
1:2�0:1 (stat:)� 0:07(syst:) events at 172 GeV. No event remains in the data. The signal
e�ciencies at large tan� are presented in Table 28. The dependence on tan � has been
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p
s 161 GeV 172 GeV

selection data total q�q() WW hA data total q�q() WW hA

bg. ZZ "(%) bg. ZZ "(%)

tight q�q() veto 25 28.2 � 1.1 16.2 12 53.3 45 53.2 � 1.2 14.2 39 52.6

event b-tagging 1 2.5 � 0.4 2. 0.5 47.6 4 2.8 � 0.3 1.6 1.2 46.4

tight b-tagging 0 0.9 � 0.3 0.7 0.2 40.4 1 1.4 � 0.2 0.9 0.5 41.5

mass sum 0 0.6 � 0.2 0.4 0.2 40.2 0 1.2 � 0.1 0.7 0.5 41.5

Table 27: Four-jet analysis of the hA process: e�ect of the selections at
p
s = 161 GeV

and
p
s = 172 GeV on data, simulated backgrounds and simulated hA events with

mA = 60 GeV/c2, tan�= 20 at
p
s = 161 GeV and mA = 65 GeV/c2, tan�= 20 atp

s = 172 GeV. E�ciencies are given for the signal.
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Figure 16: Four-jet analysis of the hA process: distributions of the sum of the dijet
masses when the jets are paired so to minimize the dijet mass di�erence, after the
loose event b-tagging and the �nal tight b-tagging, as described in the text. Data at
172 GeV (dots) are compared with simulated background events (dark cross-hatched
histogram) normalised to the experimental luminosity. The white histogram shows the
unnormalised expectation from signal events at mA = 65 GeV/c2 and tan�= 5, for which
mh = 62 GeV/c2.
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mA (GeV/c2), tan � E�ciency at 161 GeV (%) E�ciency at 172 GeV (%)

45, 20 31:8� 1:6 � 1:3 28:0 � 1:4� 1:1

50, 20 36:8� 1:5 � 1:5 35:5 � 1:5� 1:4

55, 20 39:0� 1:5 � 1:5 38:6 � 1:5� 1:5

60, 20 40:2� 1:7 � 1:6 38.2 � 1.5 � 1.5

65, 20 39:9� 1:5 � 1:6 41.4 � 1.6 � 1.6

70, 20 - 38.8 � 1.5 � 1.5

Table 28: E�ciency of the Higgs boson selection in the four-jet analysis of the hA process
at
p
s = 161 GeV and

p
s = 172 GeV, as a function of mA for tan� = 20. The e�ciency

is relative to Higgs bosons decaying in all possible channels. The �rst uncertainty quoted
is statistical, the second is systematic.

checked at a few points at 172 GeV. For mA = 60 GeV/c2 and tan� = 2, the e�ciency is
38:0%�1:5% (stat) to be compared with 38.2% at tan� = 20. For mA = 65 GeV/c2, the
e�ciency is 40:3%� 1:8% (stat:) at tan � = 5, and 41:1%� 1:6% (stat:) at tan � = 40 in
agreement with the e�ciency of 41.4% at tan � = 20. The dependence on tan � is thus
negligible and the e�ciencies at tan � = 20 can be applied on the whole parameter space.

6 Charged Higgs boson searches

The search for charged Higgs bosons is restricted to 161 GeV data which o�er a better
sensitivity due to the low cross-section of the irreducible WW background. In order to
cover all possible decay channels, three analyses are performed searching for �+���

���� ,
cs��� , or c�s�cs�nal states.

6.1 Leptonic �nal state, H+H� ! �
+
���

����

This analysis relies on the identi�cation of two acollinear tau jets and a large missing
energy due to the production of four neutrinos in the �nal state. As the �nal charged
multiplicity is expected to be low, attention must be paid to cosmic rays and detector
backgrounds resulting in false tracks, thus leading to unphysical events. Therefore, the
standard particle selection described in Section 1.4 is tightened for this analysis to ensure
a high reconstruction quality. Charged particles must have a track length above 60 cm,
a relative momentum error lower than 100%, and impact parameters below 1 cm in the
plane transverse to the beam axis and 2.5 cm along it. Neutrals are taken into account
if their energy is greater than 0.2 GeV for electromagnetic clusters, and greater than 0.5
GeV for hadronic clusters.

6.1.1 Preselection and rejection of  processes

Events with a low multiplicity and a large missing energy are selected by requiring
the total charged multiplicity to be between 2 and 5, and the total energy to be lower
than 0:55

p
s . The  background is further reduced by requiring the total energy from

charged particles to be greater than 0:04
p
s and the transverse component of the visible

momentum, PT , to be larger than 9 GeV/c. An additional selection on the visible energy
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in the forward regions is introduced to reject e+e�() events more e�ciently: the total
energy in regions corresponding to polar angles � < 30� and � > 150� must be lower than
0:07

p
s .
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Figure 17: H+H� ! �+���
���� analysis: distributions of the transverse momentum, PT ,

the angle in space between the two � jet momenta, �, and the angle between the two
� jet transverse momenta, �T . Data at 161 GeV (dots) are compared to background
simulation (solid line) normalised to the experimental luminosity.

Comparison between data and simulation is shown at this stage of the analysis in
Figure 17, where the selection on PT has been loosened to 3 GeV/c to select larger data
samples. The agreement is satisfactory, except at very low angle between the two � jets,
a region however not favoured by signal events and mostly populated by low PT events.

6.1.2 Clustering into two jets

The particles are clustered into two jets by the JADE [28] algorithm. As the � leptons
from the Higgs bosons have acollinear momenta, the l+l�() background is reduced by
requiring max(�;�T ) < 167� where � is the angle between the two jets and �T the angle
between their transverse momenta. To reject events where the jets are too close to each
other (as in the  ! �+�� process) the condition � > 20� is also imposed.

Quality requirements are applied to both jets. The energy carried by the charged
particles of each jet must be greater than 1 GeV, and the greatest angle between any pair
of particles inside a jet must be lower than 28�. Finally, to reduce the contamination of
prompt electrons and muons from l+l�() or WW �nal states, the energy of the more
energetic jet is required to be below 58 GeV and that of the less energetic jet below 30
GeV.

Table 29 summarizes the e�ect of the selections on data, simulated backgrounds and
simulated signal events with mH� = 50 GeV/c2. The �nal expected background, mainly
from WW pairs, is 1:4� 0:2 (stat:)� 0:3 (sys:) events, while no event is left in the data.
The �nal e�ciencies are shown in Table 30.

Systematic uncertainties may come from the limited precision in the integrated lumi-
nosity or from the choice of the signal generator, but the dominant source is the imper-
fection of the detector simulation. In order to estimate this uncertainty, the distributions



45

of the main analysis variables in real and simulated data were precisely compared. These
variables are PT , �, �

T and the jet energies. The comparison was made at the leptonic
preselection level with the loose selection in PT . For each variable, the di�erence between
the average values of the distributions in real and simulated events was calculated, the
selection on the variable was then shifted by the value of this di�erence and the changes
in e�ciency and selected background were recorded. The same procedure was applied
for the four variables, and the corresponding variations in the selection e�ciency and
expected background were added quadratically.

Selection data total l+l�()  WW other H+H�

bg. bg. �(%)

preselection 156 158 � 6 46 109 2.1 1.0 70.4

PT 46 40:7 � 2:2 33.9 4.3 2.0 0.5 60.1

�;�T 6 5:35 � 0:58 2.15 1.13 1.84 0.23 52.0

� jet energies 0 1:44 � 0:19 0.20 0.20 0.90 0.14 38.0

Table 29: H+H� ! �+���
���� analysis: e�ect of the selections at

p
s = 161 GeV on

data and simulated backgrounds. The e�ciency on simulated signal events with mH�

= 50 GeV/c2 is also quoted.

mH� (GeV/c2) E�ciency (%)

42.0 31:0� 1:2+2:2
�2:2

46.0 39:8� 1:3+2:1
�3:0

50.0 38:0� 1:3+2:5
�2:5

54.0 36:1� 1:3+2:1
�1:8

60.0 39:7� 1:3+2:5
�1:7

66.0 43:9� 1:3+1:8
�2:0

Table 30: H+H� ! �+���
���� analysis: selection e�ciency at

p
s = 161 GeV as a function

of the charged Higgs boson mass. The �rst uncertainty quoted is statistical, the second
is systematic.

6.2 Semi-leptonic �nal state, H+H� ! cs���

This analysis relies �rst on the identi�cation of isolated � jet candidates in a hadronic
environment. A Fisher discriminant analysis [25] is then used to reject 90% of the back-
ground while retaining 90% of the signal. Finally a kinematic �t is used to identify
candidates consistent with H+H� pair production for a given H� mass.

6.2.1 Preselection

Hadronic events are selected if the charged multiplicity is at least seven, the total
energy from the charged particles is greater than 0:15

p
s , and the total energy is greater
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than 0:25
p
s . To remove two-jet events in a back-to-back topology, events are divided

into two hemispheres with respect to the plane perpendicular to the sphericity axis and
the acollinearity between the two hemispheric jets is required to be larger than 9�.

6.2.2 Rejection of q�q() events with a visible photon

In order to reject q�q() events having an energetic photon seen by the detector, two
more requirements are made. The energy of the most energetic electromagnetic cluster
must be lower than 35 GeV and the total energy from particles emitted at polar angles
lower than 20� (30�) and greater than 160� (150�) must be below 50 GeV (80 GeV).

6.2.3 Tagging of the � jet

Events are clustered into three jets using the JADE [28] algorithm, and the jet of
lowest charged multiplicity is attributed to the � decay. If two jets have the same charged
multiplicity, the less energetic one is considered as the � jet.

Further requirements on the � jet characteristics are made to achieve a good purity
in the � identi�cation. The jet charged multiplicity must be between 1 and 3, its total
multiplicity must be 7 or less, and its total energy must not exceed 60 GeV. In order
to reject q�q() events where the radiated photon gives a thin jet due to conversion or
showering in the detector material, the electromagnetic energy in the � jet has to be below
45 GeV and the jet must not contain a track starting in the time projection chamber.
The distributions, at preselection level, of three of these variables are shown in Figure 18.
A disagreement in the absolute normalisation is observed between data and simulation.

Mch
τ

DELPHI - √s = 161 GeV

1

10

102

0 5 10

n
b

 o
f 
e

v
e

n
ts

Eem
τ  (GeV)

1

10

10 2

0 50 100

n
b

 o
f 
e

v
e

n
ts

 /
 4

 G
e

V

Eτ (GeV)

10
-1

1

10

102

0 50 100

n
b

 o
f 
e

v
e

n
ts

 /
 5

 G
e

V

Figure 18: H+H� ! cs��� analysis: distributions of the charged multiplicity, the electro-
magnetic energy and the total energy of the � jet candidate, at preselection level. Data
at 161 GeV (dots) are compared to background simulation (solid line) normalised to the
experimental luminosity.
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6.2.4 Fisher discriminant analysis

A discriminant analysis is performed using the Fisher method [25]. The distributions
used to de�ne the discriminating variable are obtained with a sample of 3000 signal events
(withmH� = 45, 48, and 51 GeV/c2) and a sample of 6000 q�q() background events, both
samples taken after the preselection. The input variables are chosen among di�erent jet
and shape variables which show important di�erences between signal and background,
such as the polar angle of the visible momentum, Fox-Wolfram moments [27] and the
di�erent opening angles between the three jets (angles in space and angles measured in
the plane transverse to the beam axis). If two variables are very correlated for the signal
(for example, the polar angle of the total momentum and the polar angle of the hadronic
dijet momentum), only the most discriminating one according to the Fisher algorithm is
kept. The variables selected for the analysis are, in order of decreasing discriminating
power:

- �
f
vis = j�=2� �visj, where �vis is the polar angle of the total momentum; this variable
o�ers a good discrimination since signal events are distributed as sin2 �vis;

- minj(Ej) ��j1j2, the product of the energy of the less energetic hadronic jet (in GeV)
and the angle between the two hadronic jets (in radians);

- ��;j1+j2, the angle between the � jet and the system of the two hadronic jets;
- yJADE23 , the minimal value of the clustering distance, in the JADE algorithm, between
any two jets among the three jets in the event.

The three last variables allow to separate the signal from the dominant background of
q�q() events with an undetected photon along the beam axis, which lead to di�erent
con�gurations with a fake � jet from a radiated gluon, part of a quark jet or a low
mutliplicity quark jet. The linear combination is:

Fcs�� = 2:55 � �fvis + 0:02 �minj(Ej) � �j1j2 + 0:352 � ��;j1+j2 � 0:189 � ln(yJADE23 )

and the selection, Fcs�� < 4:2, is chosen to keep 90% of the signal events at 48 GeV/c2.
Figure 19 shows the distribution of Fcs�� for real and simulated data after the requirements
on the � jet variables. Also shown is the expected distribution for signal events.

6.2.5 Kinematic �t

A kinematic �t is performed [19] in order to check the compatibility of the selected
events with the hypothesis of the production of two particles of equal mass. To re�ne
the � four-momentum reconstruction, a hypothetical neutrino is added to the � jet and
the mass of the � jet-neutrino system is assumed to be consistent with the � mass in
the �t procedure. In addition to the usual constraints of total energy and momentum
conservation, the hadronic system, made of the two hadronic jets, and the leptonic system,
de�ned by the � and a hypothetical neutrino from the Higgs boson decay, are required
to have equal invariant masses. Events are selected if the overall �2 is lower than 10.0,
which is safely above the average value of 3.1 observed for signal events. Figure 19
shows the distribution of the common invariant mass of the cs and ��� systems as
given by the �t, mrec

H+ , for data, simulated backgrounds and simulated signal events. A
total of 12 events remain in the data, in agreement with the expected background of
11:1 � 0:6 (stat:)� 0:3 (syst:). The lowest mass in these events is found to be equal to
60.2 GeV/c2.

Finally, events are selected in a mass window around a given value of mH� to be tested.
The mass window is chosen to keep 90% of the signal events: mH+ �20 < mrec

H+ < mH+ +6.
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Figure 19: H+H� ! cs��� analysis: a) and b): distribution of the multidimensional
function Fcs�� after the requirements on the � jet (in grey, the events rejected by the
selection on Fcs�� ); c) and d): distribution of the reconstructed H+mass after the �t.
Plots in a) and c) compare data (dots) to background simulation (solid line) normalised
to the experimental luminosity. In c) the grey histogram is the WW contamination and
the hatched histogram is the q�q() contribution. Also added is the normalised distribution
of simulated signal events at 48 GeV/c2 (in white). Plots in b) and d) show unnormalised
signal distributions with mH� = 48 and 51 GeV/c2 in b) and mH� = 48 GeV/c2 in d).
Arrows in d) indicate the �nal selection.



49

The asymmetry reects the distortion of the mass distribution due to the missing energy
carried by the neutrino, which is only partly corrected by the kinematic �t. Table 31
summarizes the e�ect the selections on data, simulated backgrounds and simulated signal
events. The last selection in the table corresponds to testing the hypothesis of a 48 GeV/c2

Higgs boson. Table 32 shows, for di�erent tested masses, the number of selected events
in the data, the expected background and the signal e�ciency.

The systematic uncertainties have been obtained with the same method as in the previ-
ous topology. The variables used to compare data and simulation are the acollinearity, the
discriminating function, the �2 of the �t, and the reconstructed mass. The acollinear-
ity distributions obtained from data and simulation were compared after the hadronic
preselection, while the other distributions were compared after the acollinearity cut.

Selection data total q�q  WW other H+H�

bg. bg. �(%)

preselection 947 836 � 7 769 28 19 20 92.6

no vis.  724 633 � 6 581 18 17 17 90.0

� jet 243 218 � 4 191 12 8.8 6.5 69.2

Fcs�� < 4:2 25 17:6 � 0:9 11.2 0 5.3 1.1 62.8

kinem. �t 12 11:1 � 0:6 5.7 0 4.8 0.6 57.5

28 < mrec
H+ < 54 0 1:22 � 0:25 0.95 0 0.18 0.07 51.5

Table 31: H+H� ! cs��� analysis: e�ect of the selections at
p
s = 161 GeV on data

and all simulated backgrounds. The e�ciency on simulated signal events with mH�

= 48 GeV/c2 is also quoted.

mH� (GeV/c2) mass window data total bg. E�ciency (%)

42.0 22 < mrec
H+ < 48 0 1:07 � 0:23 � 0:21 47:3 � 1:5+1:1

�1:0

45.0 25 < mrec
H+ < 51 0 1:17 � 0:24 � 0:12 48:0 � 1:5+1:2

�1:3

48.0 28 < mrec
H+ < 54 0 1:22 � 0:25 � 0:11 51:5 � 1:5+1:0

�0:9

51.0 31 < mrec
H+ < 57 0 1:33 � 0:25 � 0:13 50:2 � 1:5+0:7

�0:8

54.0 34 < mrec
H+ < 60 0 1:53 � 0:26 � 0:18 46:7 � 1:5+0:8

�1:3

57.0 37 < mrec
H+ < 63 2 1:73 � 0:27 � 0:24 46:9 � 1:5+0:6

�1:5

Table 32: H+H� ! cs��� analysis: window in the reconstructed mass used as �nal se-
lection, number of selected events in the data, expected background and signal e�ciency
at
p
s = 161 GeV as a function of the charged Higgs boson mass. The �rst uncertainty

quoted is statistical, the second is systematic.

6.3 Hadronic �nal state, H+H� ! c�s�cs

The analysis starts from the common four-jet sample described in Section 5.1.3. It
again relies on a Fisher discriminant analysis to separate the bulk of the signal events
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from the bulk of the background from q�q() and WW processes, followed by kinematic
�ts to reconstruct the mass of the initial bosons with good resolution.

6.3.1 Fisher discriminant analysis

A multidimensional function, Fcscs , is calculated as in the semi-leptonic analysis. The
two samples used for the discrimination are composed of 1600 signal events (with mH�

= 47, 50 GeV=c2), and of 3000 q�q() events for the background, both samples ful�lling the
four-jet selection. Fcscs is a combination of the following variables, in order of decreasing
discriminating power:

- J , de�ned as the product of the energy of the least energetic jet and the minimum
opening angle between any two jets (in GeV.rad), the event being forced into four
jets by the JADE algorithm,

- H2, the second Fox-Wolfram moment [27];

- �
f

sph = j�=2� �sphj, where �sph is the polar angle of the sphericity axis.

The linear combination is:

Fcscs = 0:087 � J � 3:03 �H2 � 0:939 � �fsph

Figure 20 shows the distribution of Fcscs for real and simulated data after the four-jet
selection. For the signal, the J variable depends on the opening angle between the
decay products of each Higgs boson, and thus varies with mH� . As a consequence, the
mean value of Fcscs increases with mH�. Therefore, two selections on Fcscs are applied
depending on the mass hypothesis. The �rst one, Fcscs > �0:58, is applied when testing
mass hypotheses below 49 GeV/c2, and is chosen to keep 75% of the signal events with
mH+ in this mass range. The second selection, Fcscs > �0:36, is applied when testing
hypotheses above 49 GeV/c2 and is designed to keep 80% of the signal events generated
with higher masses. This criterion is looser than previously because of the fast decrease
of the cross-section with increasing mass.

6.3.2 Kinematic �ts

Two kinematic �ts are applied in order to reconstruct the initial four-jet topology and
to have an estimate of the mass of the Higgs particle. The �rst �t, applied at the level
of the common four-jet selection, constrains the measured energy and angles of the jets
to satisfy total energy and momentum conservation. Using the �tted values of the jet
momenta, the invariant mass of each combination of two jets is calculated, and the pairing
which gives the smallest di�erence between the two dijet invariant masses is selected. The
second �t requires, as a �fth constraint, the masses of the two dijets in this pairing to be
equal. Events are kept if the overall �2 of the second �t is lower than 12.5, which has to
be compared to an average value of 10 for the signal.

The �nal selection depends on the hypothesised H+ mass, mH� : the reconstructed
H+mass, mrec

H+ , as given by the �t, is required to be equal to mH+ within 3 GeV/c2, to
keep 70% of the signal events generated with mH� = 50 GeV/c2.

Figure 20 shows the distribution ofmrec
H+ for data, simulated backgrounds and simulated

signal events at 47 GeV/c2, after the requirement on the �2 of the �rst �t. A total of
13 events remain in the data in agreement with the expected background of 16:9 �
0:8 (stat:)� 1:2 (syst:). All events have reconstructed masses greater than 59.7 GeV/c2,
except one which has a mass of 46.2 GeV/c2. It has four clear jets, one with only three
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Figure 20: H+H� ! c�s�cs analysis: a) and b): distribution of the multidimensional func-
tion Fcscs after the four-jet selection (in grey, the events rejected by the selection on Fcscs );
c) and d): distribution of the reconstructed H+mass after the �t. Plots in a) and c) com-
pare data (dots) to background simulation (solid line) normalised to the experimental
luminosity. In c) the grey histogram is the WW contamination and the hatched his-
togram is the q�q() contribution. Also added is the normalised distribution of simulated
signal events with mH� = 47 GeV/c2 (in white). Plots in b) and d) show unnormalised
signal distributions with mH� = 44 and 47 GeV/c2 in b) and mH� = 47 GeV/c2 in d).
The Gaussian �t in d) has a mean of 47.0 GeV=c2 and a r.m.s of 1.3 GeV=c2.
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charged particles but taking 80% of the jet energy. The lowest polar angle of the jets is
equal to 28�, which is high enough to ensure a good reconstruction. The �2 of the four
(�ve) constraint �t is equal to 4.6 (4.7). All these values are stable if the jets are clustered
using the Durham [18] distance. Moreover, one of the charged particles has a momentum
of 7.8 GeV/c and is identi�ed by the central rich detector as a kaon, one standard
deviation away from the proton hypothesis. Such charged kaons are expected from the
hadronization of s-quarks. This event can thus be considered as a good candidate for
the signal but is also compatible with what is expected from the simulated q�q or WW
backgrounds.

Selection data total q�q WW other H+H�

bg. bg. (%)

four jets 50 57:1 � 1:7 43.2 12.9 1.03 71.2

Fcscs > �0:58 27 25:2 � 1:0 14.2 10.4 0.70 55.0

kinem. �t 13 16:9 � 0:8 9.0 7.4 0.48 45.4

44 < mrec
H+ < 50 1 1:86 � 0:30 1.32 0.52 0.02 34.2

Table 33: H+H� ! c�s�cs analysis: e�ect of the selection at
p
s = 161 GeV on data and all

simulated backgrounds. The e�ciency on simulated signal events with mH� = 47 GeV/c2

is also quoted.

mH� (GeV/c2) mass window data total bg. E�ciency (%)

41.0 38 < mrec
H+ < 44 0 0:56 � 0:12 � 0:04 23:4 � 1:5� 0:6

44.0 41 < mrec
H+ < 47 1 1:16 � 0:23 � 0:08 30:0 � 1:6� 0:8

47.0 44 < mrec
H+ < 50 1 1:86 � 0:30 � 0:13 34:2 � 1:7� 0:9

50.0 47 < mrec
H+ < 53 0 1:71 � 0:28 � 0:12 32:7 � 1:6� 0:8

53.0 50 < mrec
H+ < 56 0 1:85 � 0:30 � 0:13 37:1 � 1:7� 1:0

56.0 53 < mrec
H+ < 59 0 2:07 � 0:30 � 0:14 31:4 � 1:5� 0:8

Table 34: H+H� ! c�s�cs analysis: window in the reconstructed mass used as �nal selec-
tion, number of selected events in the data, expected background and signal e�ciency
at
p
s = 161 GeV as a function of the charged Higgs boson mass. The �rst uncertainty

quoted is statistical, the second is systematic.

Table 33 summarizes the result of the selections on data, simulated backgrounds and
simulated signal events at 47 GeV/c2. The last line in the table corresponds to testing
the 47 GeV/c2 mass hypothesis. Table 34 shows, for di�erent tested masses, the number
of selected events in the data, the expected background, and the signal e�ciency.

6.4 Reanalysis of earlier high energy data

Data taken at 130-136 GeV in 1995 [30] were reanalysed with an analysis similar to that
just presented. The �nal expected background is 0:61� 0:23 (stat:)� 0:25 (syst:) events
in the leptonic topology and no event is selected in the data. The signal e�ciency is above
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41% for masses between 46 and 55 GeV/c2. The expected backgrounds before the last
selection based on the analysis in a mass window amount to 5:7� 0:6 (stat:)� 0:5 (syst)
events in the mixed topology and to 5:1 � 0:5 (stat:)� 0:8 (syst:) events in the four-jet
topology. The respective numbers of observed events are 6 and 2. The reconstructed
masses in the selected events are higher than 57.7 GeV/c2 in the mixed topology and
higher than 59.2 GeV/c2 in the four-jet analysis. The �nal signal e�ciencies range from
33% to 26% for masses between 45 and 53 GeV/c2 in the mixed topology, and from 28%
to 19% for masses between 44 and 55 GeV/c2 in the four-jet analysis.

7 Results

The results of the searches presented in the previous sections translate into ex-
clusion limits on the production cross-sections of the e+e� ! hZ , e+e� ! hA and
e+e� ! H+H�processes. The procedure to derive the limits is detailed for the neutral
Higgs bosons as a �rst example to introduce the method. The charged Higgs bosons are
treated afterwards with less detail, but the method is the same.

7.1 Neutral Higgs bosons

For each analysis of the hZ and hA channels at 161 and 172 GeV, Tables 35 and
36 summarize the expected background, the error on it, the integrated luminosity and
number of observed events. The errors are obtained by summing the statistical and
systematic uncertainties quadratically. For asymmetric uncertainties, the larger error is
taken into account. To illustrate the relative importance of the di�erent channels, the
signal expectations are given for Higgs boson masses of 65 GeV/c2.

It should be noted that there is an overlap between some analyses in the selected
background only, i.e. between the analyses of the two missing energy channels, between
the three analyses of the topology with two jets and two � leptons and between the
two four-jet analyses. There is no overlap however between the four-jet analyses and
the analyses in the � channels. After subtraction of the common background, the total
background is 2.88 events in the two missing energy channels, 2.08 events in the three
channels with � in the �nal state, and 2.04 events in the two four-jet channels. In total,
3 events are observed in the data while 7.49 events are expected. When excluding the
invisible decays of the Higgs boson h, 2 events are selected in the data and 5.87 events
are expected from the simulation.

7.1.1 Limits on cross-sections and masses

As a �rst step, limits at the 95% con�dence level (CL) are derived for each process
separately, i.e. the hZ process with standard decays of the Higgs boson, the hZ process
with the Higgs boson decaying into invisible products, and the hA process at large tan�.
The limits are computed at each centre-of-mass energy and combining the two energies.

The multi-channel approach as described in [31] is applied to combine the results of the
di�erent analyses while preserving the information about e�ciency, expected background,
number of candidates, and centre-of-mass energy in each analysis. The de�nition of the
con�dence level is derived in the Bayesian approach and assumes that the probability
function for the observation of the total number of events is a product of independent
Poisson distributions, one for each channel, with parameters given by the number of
candidates and the sum of the background and signal expectations in the channel. In the



54

p
s 161 GeV 172 GeV

channel bg. error lum. evts sig bg. error lum. evts sig.

h�+�� 0.04 0.01 9.96 0 0.16 0.13 0.03 10.0 0 0.22

he+e� 0.13 0.04 9.96 0 0.09 0.20 0.06 10.0 0 0.12

h��� 0.65 0.19 9.74 1 0.57 0.61 0.12 10.0 0 0.89

(h! �+��)q�q 0.32 0.09 9.96 0 0.08 0.91 0.14 10.0 0 0.12

(h! q�q)�+�� 0.31 0.10 9.96 0 0.05 0.22 0.07 10.0 0 0.06

hq�q 0.30 0.10 9.96 0 1.10 0.50 0.15 10.0 1 1.65

h! inv:; Z! q�q 0.78 0.27 9.74 0 0.81 1.40 0.34 10.0 1 1.51

Table 35: Expected background, uncertainty on it, integrated luminosity, number of
observed events and signal expectation at 65 GeV/c2 in all channels analysed in the hZ
search at

p
s = 161 GeV and

p
s = 172 GeV.

p
s 161 GeV 172 GeV

channel bg. error lum. evts sig bg. error lum. evts sig

hA! �+��q�q 0.20 0.09 9.96 0 0.06 0.42 0.09 10.0 0 0.07

hA! b�bb�b 0.60 0.21 9.96 0 0.73 1.20 0.12 10.0 0 0.84

Table 36: Expected background, uncertainty on it, integrated luminosity, number of
observed events and signal expectation at 65 GeV/c2 in all channels analysed in the hA
search at

p
s = 161 GeV and

p
s = 172 GeV.

limit derivation, a total cross-section is assumed, the signal expectations in each channel
are deduced from the channel luminosities, e�ciencies and branching fractions, and the
input cross-section is varied until a 95% con�dence level is reached. As the e�ciencies
depend on the mass of the Higgs boson, the limit on the cross-section also depends on it.

The de�nition of the con�dence level in the Bayesian approach makes the expected
background important only in channels with candidates. Thus, the possible overlap be-
tween two analyses makes this method inappropriate to combine their results only if
candidates are selected in the two analyses, which is not the case here. To account for
errors in the background and e�ciency estimates, the statistical and systematic uncer-
tainties are added quadratically, considering only the larger error in case of assymmetric
uncertainties, and the individual Poisson distributions are folded with Gaussian resolu-
tion functions. No mass information about the selected events and remaining background
is included in the computation.

Tables 37 to 39 show the 95% CL upper limits on the cross-sections in each process
at 161 GeV, 172 GeV, and after combining both energies. The limits on cross-sections
at 161 and 172 GeV are valid in any model in which the Higgs decay branching fractions
are as in the SM for the hZ process and as in the MSSM for the hA process. The limits
achieved when combining the two energies, expressed as upper limits in the cross-sections
at 172 GeV, assume in addition that the cross-section ratio between the two energies is
as in the previous models.
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p
s mh (GeV/c

2) 45 50 55 60 65 70 75 80

161 GeV limit on �161 (pb) 1.44 1.40 1.35 1.21 1.20 1.34 - -

172 GeV limit on �172 (pb) 1.93 1.58 1.37 1.28 1.27 1.35 1.39 1.40

combined limit on �172 (pb) 0.87 0.80 0.76 0.74 0.82 1.17 1.39 1.40

for �hZ161 / �
hZ
172 = 1.163 1.111 1.035 0.915 0.698 0.224 0 0

172 GeV SM �172 (pb) 1.64 1.48 1.31 1.13 0.94 0.73 0.49 0.17

combined exclusion CL (%) 99.8 99.8 99.6 99.3 97.0 82.7 59.3 23.3

Table 37: Upper limits at the 95% CL on the SM hZ cross-section as a function of mh

at
p
s = 161 GeV, at

p
s = 172 GeV and after combining both centre-of-mass energies.

The last two lines give the SM cross-section at
p
s = 172 GeV and the con�dence level

at which this is excluded by the combination of 161 and 172 GeV data.

p
s mh (GeV/c

2) 45 50 55 60 65 70 75 80

161 GeV limit on �161 (pb) 3.08 3.12 2.39 2.18 2.43 3.10 - -

172 GeV limit on �172 (pb) 4.00 3.30 3.05 2.64 2.48 2.36 2.56 3.36

combined limit on �172 (pb) 1.71 1.63 1.41 1.34 1.54 2.06 2.56 3.36

Table 38: Upper limits at the 95% CL on the hZ�Br(h! invisible) cross-section as a func-
tion of mh at

p
s = 161 GeV, at

p
s = 172 GeV, and after combining both centre-of-mass

energies.

p
s mA (GeV/c2) 45 50 55 60 65 70

161 GeV limit on �161 (pb) 0.86 0.75 0.71 0.70 0.70 -

172 GeV limit on �172 (pb) 0.96 0.76 0.71 0.72 0.67 0.71

combined limit on �172 (pb) 0.42 0.35 0.34 0.35 0.36 0.71

for �hA161 / �
hA
172 = 1.164 1.126 1.073 1.007 0.911 0

172 GeV MSSM �172 (pb) 0.59 0.45 0.36 0.28 0.20 0.14

combined exclusion CL (%) 98.5 97.7 95.5 90.4 81.6 43.6

Table 39: Upper limits at the 95% CL on the hA cross-section at large tan� as a function
of mA at

p
s = 161 GeV, at

p
s = 172 GeV and after combining both centre-of-mass

energies. The last two lines give the MSSM cross-section at
p
s = 172 GeV and the

con�dence level at which this is excluded by the combination of 161 and 172 GeV data.
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Tables 37 and 39 also show the SM hZ and MSSM hA cross-sections. Except in the
case of the hZ�Br(h! invisible) channel, the upper limits exclude part of the theoretical
cross-sections and lead to lower limits on the Higgs boson masses. The result for the SM
Higgs boson is presented in Figure 21. The 95% CL lower limit on the mass x is:

mh > 66:2 GeV/c2 (95%CL) :

DELPHI - √s = 161 + 172 GeV
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Figure 21: hZ production cross-section in the Standard Model compared with the 95%
CL upper limit on the hZ cross-section derived from the results of the hZ searches atp
s = 161 GeV and

p
s = 172 GeV. The sharp rise in the limit above 60 GeV/c2 is due

to the fact that the 161 GeV data do no longer contribute.

To check whether fusion diagrams, not included in the simulation, would lead to a
weaker limit due to the candidate in the h��� channel, the signal expectations of this
channel have been enhanced by the ratio of the total h��� cross-section to the pure hZ

xThis limit was also evaluated using the Modi�ed Frequentist Likelihood Ratio method [32] includingmass information.
This method gave the same mass limit but gave lower cross-section limits at lower and higher mass values away from the
masses of the two candidates.
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cross-section, as obtained with the WPHACT generator [33]. This assumes that the
selection e�ciencywould remain unchanged for fusion �nal states, which is not guaranteed
since the analysis relies on the assumption that the neutrino pair comes from a Z. However
this is a way to test the maximal impact of fusion diagrams on the limit. The e�ect of
this correction is an increase of the limit by 0.2 GeV/c2. Neglecting fusion diagrams
thus leads to a more conservative limit. It has also been checked that the limit remains
unchanged when the exact splitting of the 172 GeV data sample between 170.3 GeV and
172.3 GeV is taken into account.

For completeness, the result for the pseudoscalar Higgs boson A, valid at high tan�,
is:

mA > 55:7 GeV/c2 (95%CL) :

7.1.2 Neutral Higgs bosons in the MSSM

The results in the hZ and hA processes are combined using the multi-channel approach
and including earlier results at

p
s =130-136 GeV [30] for the hA process. For the hZ

process, the e�ciencies obtained for a SM Higgs boson are �rst corrected to account for
higher branching fractions of the h boson into b�b in the MSSM. To derive the exclusion
regions, the MSSM parameter space is scanned and in each point the hZ and hA cross-
sections are computed, assuming a top mass of 175 GeV/c2, a SUSY scale at 1 TeV, a
range of variation for mA between 0 and 400 GeV/c2 [34] and a given hypothesis about
the mixing in the stop sector. The signal expectations in each analysis are derived from
the cross-sections and used with the expected backgrounds and numbers of candidates
to compute the con�dence level at which the input point is excluded. The results thus
translate into regions of the MSSM parameter space excluded at 95% CL. They are
strongly dependent on the assumption about the mixing in the stop sector. To include
all cases, the three usual hypotheses [34] have been made, the two extreme cases of no
mixing and maximal mixing (with a value of -100 GeV for the SUSY Higgs boson mixing
term �) and the third case called typical mixing.

The results are �rst presented in the (mh, tan �) plane in Figure 22. Whatever the
assumption on the mixing, a 95% CL lower limit on mh is derived for all values of tan �
greater than or equal to unity:

mh > 59:5 GeV/c2 (95%CL) :

This limit comes from the performance of the searches at large tan � (ie in the hA
channel) and the assumption of a typical mixing.

The results can also be presented in the (mA, tan �) plane as shown in Figure 23. A
95% CL lower limit on mA is derived for all values of tan � above or equal to unity and
all mixing scenarios:

mA > 51:0 GeV/c2 (95%CL) :

This limit is driven by the performance of the searches at low tan � (hence mainly
by the hZ channel) and the assumption of maximal mixing. The same �gure shows that
the lower limit on mA at large tan � is 60.1 GeV/c2, 4.4 GeV/c2 higher than the limit
quoted in the previous section, due to the inclusion of the results at 130-136 GeV. Finally,
Figure 24 presents the exclusion regions in the (mh, mA) plane.

The above results assume the Higgs bosons to decay into fermions. In the case of
maximal mixing, however, there is a small area in the parameter space, close to the
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Figure 22: Regions in the (mh, tan�) plane excluded at 95% CL by the negative result of
the searches in the hZ and hA production modes at high energy. The regions not allowed
by theMSSM model are in dark grey. Three hypotheses for the mixing in the stop sector
have been considered.
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Figure 23: Region in the (mA, tan �) plane excluded at 95% CL by the result of the
searches in the hZ and hA channels at high energy. Three di�erent hypotheses for the
mixing in the stop sector are presented.
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Figure 24: Region in the (mh, mA) plane excluded at 95% CL by the result of the searches
in the hZ and hA channels at high energy. Three di�erent hypotheses for the mixing in the
stop sector are presented. The regions not allowed by the MSSM model for msquark = 1
TeV/c2 are in dark grey.
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boundary of the forbidden region at low mh , where mh > 2mA so that the h! AA decay
opens. The area extends from mh �41 GeV/c2 and tan � = 1.8, to mh �64 GeV/c2 and
tan � = 1, and corresponds to large hZ or hA cross-sections. A simulation of hZ and hA
events with h! AA has been performed in the dominant channels (h��� and 4 jets) and
the e�ciency of the previous analyses found to be su�cient to con�rm the exclusion of
this region.

7.2 Charged Higgs bosons

The multi-channel approach is also applied to the case of the charged Higgs bosons,
which is valid since there is no overlap between the three analyses for either signal or
background. The results are derived in the general framework of two-doublet models
which are governed by only two parameters, the Higgs boson mass and its branching
fraction into hadrons. A test of a given hypothesis (m0,Br0) on the values of the mass
and branching ratio into hadrons is made by means of the multi-channel approach. Here,
the signal expectation in each analysis is de�ned as the product of the theoretical cross-
section calculated with mH� =m0, the integrated luminosity used in the analysis, the
analysis selection e�ciency, and a factor depending on the branching ratio into hadrons.
This factor is de�ned as (1�Br0)

2 in the purely leptonic analysis, as 2 �Br0 � (1�Br0) in
the semi-leptonic analysis, and as Br20 in the purely hadronic analysis. Thus one obtains
the con�dence level with which the hypothesis (m0,Br0) is excluded. By scanning the
(mH+ ;Br(H+ ! hadrons)) plane, it is then possible to determine the regions excluded at
95% CL, as shown in Figure 25.

8 Conclusions

The high energy runs of the LEP collider in 1996 opened a new era in the searches
for Higgs bosons, especially for neutral Higgs bosons. Due to a more favorable signal to
background ratio, it was possible for the �rst time to cover all �nal states expected from
the production of neutral Higgs bosons. In particular, topologies with four jets or two
jets and two � leptons are now included in the analyses of the hZ production mode.

With 20pb�1 collected at
p
s = 161 GeV and

p
s = 172 GeV, DELPHI selected one

event in the missing energy channel and one event in the four-jet channel, both in the hZ
mode. In the hypothesis of a Higgs boson production, they would correspond to masses
of 65 GeV/c2 and 59 GeV/c2 respectively. However, the background expectations make
them compatible with standard processes.

The results were translated into limits at the 95% con�dence level on the masses of
the SM and MSSM Higgs bosons:

SM : mh > 66:2 GeV/c2 (95%CL)

MSSM; tan� � 1 : mh > 59:5 GeV/c2 (95%CL)

MSSM; tan � � 1 : mA > 51:0 GeV/c2 (95%CL) :

These results signi�cantly improve the limits reached with previous data taken at the Z
resonance peak.

A search for charged Higgs bosons was also performed in the data sample at 161 GeV
in all possible �nal-state topologies. One event was selected in the four-jet topology
which would correspond to a 46 GeV/c2 Higgs particle. The observation of one event is
also fully consistent with the background expected from standard processes. Earlier high



62

Figure 25: e+e� ! H+H�analysis: excluded regions in themH+ ;Br(H+ ! hadrons). The
light grey area is the domain excluded at LEP1 at 95% con�dence level. The dark grey
area is the region excluded at 95% con�dence level by the combination of the analyses at
161 GeV and 130-136 GeV. The result at 95% con�dence level obtained with 161 GeV
data only is also indicated. The discontinuity in the upper part of the plot is due to the
event selected at 161 GeV in the four-jet analysis at a mass of 46.2 GeV/c2.
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energy data were also reanalysed in a similar way. The following exclusion limit, valid in
any two-doublet model, was derived:

mH� > 51:5 GeV/c2 if Br(H+ ! hadrons) < 0:8 (95%CL) :

Acknowledgements

We are greatly indebted to our technical collaborators and to the funding agencies for
their support in building and operating the DELPHI detector, and to the members of
the CERN-SL Division for the excellent performance of the LEP collider.



64

References

[1] H.P. Nilles. Phys. Rep. 110 (1984) 1;
H.E. Haber and G.L. Kane, Phys. Rep. 117 (1985) 75.

[2] CERN Report 96-01, Physics at LEP2, Vol. 1, page 388, �g. 14.
[3] DELPHI Collaboration, P. Abreu et al., Zeit. Phys. C67 (1995) 69.
[4] DELPHI Collaboration, P. Abreu et al., Nucl. Phys. B421 (1994) 3.
[5] DELPHI Collaboration, P. Abreu et al., Zeit. Phys. C64 (1994) 183.
[6] DELPHI Collaboration, P. Abreu et al., Nucl. Instr. Meth. A378 (1996) 57.
[7] DELPHI Collaboration, P. Abreu et al., Nucl. Instr. Meth. A303 (1991) 233.
[8] P. Janot, in CERN Report 96-01, Vol. 2, p.309.
[9] E. Gross, B.A. Kniehl and G. Wolf, Zeit. Phys.C63 (1994) 417; err. ibid.C66 (1995)

32.
[10] A. Djouadi, M. Spira and P.M. Zerwas, Zeit. Phys. C70 (1996) 427.

A. Djouadi, J. Kalinowski and P.M. Zerwas, DESY Report 95-211.
[11] T. Sj�ostrand, Comp. Phys. Comm. 39 (1986) 347.
[12] R. Decker, S. Jadach, J. K�uhn and Z. Was, Comp. Phys. Comm. 76 (1993) 361.
[13] H. Baer et al., in CERN Report 86-02, Vol. 1, p.297.
[14] F.A. Berends, R.Kleiss, W.Hollik, Nucl. Phys. B304 (1988) 712.
[15] S. Nova, A.Olchevski and T.Todorov, in CERN Report 96-01, Vol. 2, p.224.
[16] F.A. Berends, P.H. Daverveldt, R. Kleiss, Comp. Phys. Comm. 40 (1986) 271, 285

and 309.
[17] G. Borisov, C. Mariotti, DAPNIA/Spp Report 97-06 and INFN/ISS Report 97-03,

`Performance of b-tagging in DELPHI at LEP2'.
[18] S. Catani, Yu.L. Dokshitzer, M. Olson, G. Turnock and B.R. Webber Phys. Lett.

B269 (1991) 432.
[19] N.J. Kjaer, Ph.D. thesis, Niels Bohr Institute Copenhagen, 1991.
[20] T. Sj�ostrand, Comp. Phys. Comm. 28 (1983) 227.
[21] F.A. Berends, R. Kleiss and R. Pittau, in CERN Report 96-01, Vol. 2, p.23.
[22] I. Helleren, R. Keranen, Bergen Report 1997-07, `Analysis of hadronic events with

missing energy and momentum for Higgs boson searches in DELPHI data atp
s =161 and 172 GeV'.

[23] T.G.M. Malmgren, K.E. Johansson, `An iterative discriminant analysis method to
search for the Higgs particle at LEP2', submitted to Nucl. Instr. Meth.

[24] Proceedings of the ECFA workshop on LEP200, ECFA report 97/108, Vol. 2, p.320.
[25] R.A. Fisher, The use of multiple measurements in taxonomic problems, Annals of

Eugenics, Vol.7 (1936);
M.G. Kendall and A. Stuart, The advanced theory of statistics, Vol.3, 1966, Gri�n
ed., London.

[26] R.K. Ellis, D.A. Ross and A.E. Terrano Nuc. Phys. B178 (1981) 421.
[27] G.C. Fox and S. Wolfram, Phys. Lett. B82 (1979) 134.
[28] S. Bethke et al., Phys. Lett. B213 (1988)235.
[29] L. L�onnblad, Comp. Phys. Comm. 71 (1992) 15.
[30] DELPHI Collaboration, P. Abreu et al., Zeit. Phys. C73 (1996) 1.
[31] V.F. Obraztsov, Nucl. Instr. Meth. A316 (1992) 388.
[32] A.L. Read, `Optimal Search Method based on the Likelihood Ratio and its Applica-

tion to the Search for the MSM Higgs Boson at
p
s = 161 and 172 GeV', DELPHI

note in preparation.
[33] E. Accomando and A. Ballestrero, in CERN Report 96-01, Vol. 2, p.312.



65

[34] CERN Report 96-01, Physics at LEP2, Vol. 1, page 399.


