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Abstract

The data collected at centre-of-mass energies ranging from 130 to 172 GeV by

ALEPH at LEP, corresponding to an integrated luminosity of 27.5 pb�1, are analysed in

a search for pair-produced charged Higgs bosons H�. Three analyses are employed to

select the �
+
���

���� , c�s�
���� and c�ss�c �nal states. No evidence for a signal is found.

Mass limits are set as a function of the branching fraction B(��) for H�!��. Charged

Higgs bosons with masses below 52 GeV=c
2 are excluded at 95% C.L. independently

of B(��), thus signi�cantly improving on existing limits.
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1 Introduction

In the minimal Standard Model of electroweak interactions, the Higgs sector comprises only

one doublet of complex scalar �elds. As a result, the theory contains only one additional

physical state, electrically neutral, the so-called standard Higgs boson. Despite the success

of the Standard Model, no direct experimental information is available on the Higgs sector.

The investigation of the implications of more complicated Higgs sectors, both in the context

of the Standard Model and in extended theories, is therefore necessary.

The most important phenomenological consequence of an extended Higgs structure

is the appearance of additional physical scalar states. For example, in the simplest

extensions of the minimal Standard Model (the two-doublet models), one additional

doublet of complex scalar �elds is introduced. Five scalar physical states remain after the

spontaneous symmetry breaking mechanism has given mass to W� and Z gauge bosons:

three neutral bosons and a pair of charged scalar bosons. Among the possible choices,

multi-doublet models are theoretically interesting because they naturally lead, at tree level,

to mW = mZ cos �W (mW; mZ and �W being, respectively, the W and Z masses and the

electroweak mixing angle) and to the absence of 
avour changing neutral currents, two

major constraints that must be satis�ed by any extension of the Standard Model to agree

with the experimental observations. Another reason of interest in such models comes from

the fact that one version of the two-doublet model represents the minimal Higgs sector for

\low-energy" supersymmetric theories [1].

This letter describes a search for pair production of the charged Higgs bosons H�

predicted in two-Higgs-doublet extensions of the Standard Model. The analysis uses the

data collected by the ALEPH detector in e+e� collisions delivered by LEP at centre-of-mass

energies of 130 (2.8 pb�1), 136 (2.9 pb�1), 161 (11.1 pb�1), 170 (1.1 pb�1) and 172 GeV

(9.6 pb�1).

Pair production of charged Higgs bosons occurs mainly via s-channel exchange of a

photon or a Z boson; in two-doublet models, the couplings are completely speci�ed in

terms of the electric charge and �W, making the production cross section depend only on

one additional parameter, the charged Higgs boson mass mH. The basic decay channel of

the charged Higgs boson is H+ ! fu�fd, where fu (fd) is an up-type (down-type) fermion.

The possibility of additional decay channels depends on the details of the models. For

example, in minimal supersymmetry several decays involving supersymmetric partners can

occur. However, because the sensitivity of this analysis is limited to Higgs boson masses well

below the W mass, and given the present negative results of searches for supersymmetric

particles, the contribution of the additional channels to the H� decay width is not expected

to be signi�cant. It is therefore assumed that the H� decays mostly into matter fermions.

Furthermore the decay lifetime is assumed to be negligible. This is justi�ed by the fact

that in the two-doublet implementations studied so far [1], vanishing decay widths either are

not possible or require a rather unnatural choice of the parameters (ratio of Higgs vacuum

expectation values either very small or very large). Although the choice of Higgs-fermion

1



couplings is not unique [1], there is a common feature determining the phenomenology

of the reaction, namely the proportionality of the coupling to fermion masses and to the

relevant CKM matrix element [1]. As a consequence the predominant decays are expected

to be H+ ! c�s or H+ ! �+�� (and the respective charge conjugates for H�). Since

the relative weight of these two main channels depends on the details of the model, no

assumption is made about the decay branching fractions, and three di�erent selections are

developed to address the possible �nal states c�ss�c, c�s����� and �+���
���� . Under the same

hypothesis, the negative results of the searches performed using the �rst 8.5 pb�1 of data

collected at LEP 1 allowed ALEPH to exclude charged Higgs masses less than 41.7 GeV=c2

at 95% C.L., independently of the �nal state [2]. Excluded domains up to 44.1 GeV=c2

were also reported by the L3 and OPAL collaborations [3]. DELPHI excludes charged Higgs

bosons up to 47 GeV=c2 in mass, using the data recorded at centre-of-mass energies up to

161 GeV [4]. Less general limits have also been set by ALEPH [5], CLEO [6] and CDF [7].

The letter is organised as follows. After the description of the relevant parts of the

ALEPH detector in Section 2, the Monte Carlo samples used for the analysis are described in

Section 3. The event selections are detailed in Section 4. The results and the conclusions

are given in Sections 5 and 6.

2 The ALEPH Detector

The ALEPH detector is described in detail in Ref. [8]. An account of the performance of

the detector and a description of the standard analysis algorithms can be found in Ref. [9].

Here, only a brief description of the detector components and the algorithms relevant for

this analysis is given.

In ALEPH, the trajectories of charged particles are measured with a silicon vertex

detector, a cylindrical drift chamber, and a large time projection chamber (TPC). These

are immersed in a 1.5 T axial �eld provided by a superconducting solenoidal coil. The

electromagnetic calorimeter, placed between the TPC and the coil, is a highly segmented

sampling calorimeter which is used to identify electrons and photons and to measure their

energy. The luminosity monitors extend the calorimetric coverage down to 24 mrad from

the beam axis. An additional shielding against beam related background installed before

the 1996 running reduces the acceptance by 10 mrad. The hadron calorimeter consists

of the iron return yoke of the magnet instrumented with streamer tubes. It provides a

measurement of hadronic energy and, together with the external muon chambers, muon

identi�cation.

The calorimetry and tracking information are combined in an energy 
ow algorithm,

classifying a set of energy 
ow \particles" as photons, neutral hadrons and charged particles.

Hereafter, charged particle tracks reconstructed with at least four hits in the TPC, and

originating from within a cylinder of length 20 cm and radius 2 cm coaxial with the beam

and centred at the nominal collision point, will be referred to as good tracks.
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3 Monte Carlo Samples

Fully simulated Monte Carlo event samples reconstructed with the same program as the

data have been used for background estimates, design of selections and cut optimisation.

Samples of all major background sources corresponding to at least 20 times the collected

luminosity were generated. The most important background sources are e+e� ! �+��, q�q

and four-fermion processes (including WW production), simulated with KORALZ [10] and

PYTHIA [11].

The signal Monte Carlo events for selection design and e�ciency calculation were

generated using a version of HZHA [12] extended for charged Higgs boson production.

The initial state radiation is implemented, both for event generation and cross section

calculation, by means of the REMT package [13], modi�ed to account for the �2
QED

part of

the spectrum. In the case of the hadronic decay, the hadronisation of the c�s system is

performed with JETSET [11]; if both H+ and H� decay hadronically, the resulting diquark

systems are hadronised independently. In the case of H+ ! �+�� , the � polarisation is

transmitted to the TAUOLA library [14], called for the subsequent � decay.

Samples of at least 1000 signal events were simulated for each of the various �nal states

for charged Higgs boson masses between 40 and 70 GeV=c2, and for each centre-of-mass

energy.

4 Event selections

To ensure a good discovery potential independent of the branching fraction B(��) for the
decay of the Higgs boson into ��, three selections are de�ned for the topologies �+���

���� ,

c�s����� and c�ss�c. The most relevant selection criteria for the three selections are chosen

in order to achieve, on average and in case no signal is present, the best 95% C.L. limit

on the Higgs boson production cross section [15]. Each individual selection is optimised

independently, taking the most optimistic B(��) in each case, i.e., 0% for the c�ss�c channel,

50% for the c�s����� channel, and 100% for the �+���
���� channel. In the following sections,

the three sets of selection criteria are described in detail. The performance of the analyses

is summarised in Table 1 and Table 2, showing e�ciencies for di�erent Higgs boson masses

and the expected background from Standard Model processes.

4.1 The �
+
���

���� �nal state

The �nal state produced by leptonic decays of the two charged Higgs bosons consists of

two acoplanar � 's and missing energy carried away by the neutrinos. Since this topology is

very similar to that de�ned in connection with the search for staus, the selections described

in [16] and [17] are used here to search for charged Higgs bosons in the �+���
���� channel

at
p
s = 130{136 GeV and 161{172 GeV, respectively. These selections exploit the fact
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�nal state �+���
���� c�s����� c�ss�cp

s (GeV) 133 161 172 133 161 172 133 161 172

�(45 GeV=c2) 46 42 38 72 54 51 25 35 35

�(50 GeV=c2) 51 45 40 71 54 50 26 38 37

�(55 GeV=c2) 55 48 41 64 51 47 25 36 38

�(60 GeV=c2) 58 49 43 44 42 35 22 35 38

Table 1: E�ciencies (in %) for the three analyses at the three centre-of-mass energies,

given for four di�erent Higgs masses between 45 GeV=c2 and 60 GeV=c2. E�ciencies in the

four jet channel are quoted within a �3 GeV=c2 window around the generated Higgs boson

mass.

selection expected background candidate events

130, 136 GeV 161 GeV 172 GeV 130{172 GeV

�+���
���� 1.0 0.5 1.0 1

c�s����� 0.3 0.8 1.0 0

c�ss�c 3.1 7.9 7.7 14

Table 2: Expected number of background events from Standard Model processes for Higgs

masses less than 70 GeV=c2, in comparison with the number of events observed in the data.

that the signal events contain at least four neutrinos, leading to large missing energy and

a large acoplanarity of the visible system. Background from WW production followed by

leptonic W decays is suppressed by vetoing events with energetic electrons or muons, which

are expected to be softer when originating from � decays.

E�ciencies to select events from H+H� ! �+���
���� are of the order of 45% atp

s = 161{172 GeV, as shown in Table 1 for a representative set of Higgs boson masses.

The total background expected amounts to 1.0 event at
p
s = 130{136 GeV and 1.5 events

at
p
s = 161{172 GeV (Table 2), the latter mainly consisting of irreducible background

from W+W� ! �+���
���� . In the data, one event is selected at

p
s = 161 GeV.

4.2 The c�s����� �nal state

The mixed �nal state (c�s����� or �cs�+�� ) is characterised by two jets originating from the

hadronic decay of one of the charged Higgs and a thin � jet plus missing energy due to the

neutrinos from the decay of the other Higgs boson.

The analysis is based on two complementary approaches. In one selection, called the

global analysis, global quantities such as acoplanarity, thrust, and missing momentum are

predominantly used whereas the second selection, referred to as the topological analysis,

relies more on the speci�c � jet reconstruction. The analyses were designed for a centre-
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of-mass energy of 161 GeV. However, only minor modi�cations are necessary for the data

recorded at 172 GeV and 130{136 GeV, which will be mentioned explicitly in the description

of the analyses. Events are accepted if they pass the topological or the global analysis. For

the data recorded at 130 GeV and 136 GeV, where the WW background is not present,

the global analysis is replaced by the more e�cient inclusive combination of two analyses

published in [16]. These selections, designed for the chargino searches for large mass

di�erences, are applied here raising the cut on the visible mass Mvis to 40 GeV=c2 and

excluding the analyses with purely leptonic �nal states.

A preselection is common to both analyses: at least seven good tracks with polar angles

greater than 18.2� are required. The energy measured within a cone of half-angle 12� around

the beam axis must be less than 2.5%
p
s in order to reduce the background from tagged



 interactions and q�q events with an initial state radiation photon detected at low angle.

The visible mass of the event must be greater than 40 GeV/c2 and less than 140 GeV/c2

(172 GeV: 150 GeV/c2, 130{136 GeV: 120 GeV/c2). The quadratic mean of the inverse of

the hemisphere boosts, introduced in [16], is required to be greater than 0.3. At least three

jets must be reconstructed with the JADE algorithm using a ycut of 0.001.

In the global analysis, to reject q�q events where an initial state radiation photon

escapes undetected in the beam pipe, the acoplanarity angle between the two hemisphere

momentum directions is required to be less than 175�. The event thrust must be less than

0.9, and the missing transverse momentum is required to amount to at least 20% of the

visible energy. The missing transverse momentum direction is expected to be isolated in

the signal, but not in the q�q background. The energy contained in an azimuthal wedge

of half angle 30� with respect to the missing transverse momentum direction is therefore

required to be less than 7.5%
p
s.

In order to reject WW events in which one W decays directly to an electron or muon

and a neutrino, the momentum of the leading identi�ed lepton is required to be less than

15%
p
s. To deal with events in which the identi�ed lepton originates from a cascade decay

via a � , it is required that the hadronic mass of the event, i.e., the visible mass excluding

the leading lepton, be less than 80 GeV=c2. To cope with the WW background when the

� decays hadronically, jets with at least one and at most three tracks are considered as

� jet candidates. Ambiguities are resolved by �rst demanding that the total momentum

carried by the charged particles of the � jet candidates be greater than 2.5%
p
s and then,

if necessary, taking the jet closest to being antiparallel to the missing momentum as the �

jet. This is the typical W con�guration at 161 GeV where the W's are produced at rest.

The other jets are merged to form the two quark jets. Since the sensitivity of this analysis

is limited to charged Higgs boson masses well below the W mass, the invariant mass of the

quark jets is required to be less than 70 GeV/c2. Similarly, the acollinearity angle between

the two jets is smaller for a Higgs boson decay than for a W decay. This acollinearity is

therefore required to be less than 130� (172 GeV: 100�).

In the topological analysis global quantities are also used, but the cuts are loosened

with respect to the global analysis. The energy in the 30� wedge with respect to the
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Figure 1: Distribution of the invariant mass of the quark jets, as used in the c�s����� selection

in the topological analysis. The dots are the data collected at
p
s = 161 GeV and 172 GeV,

while the full line is the background expectation, normalised to the recorded luminosity.

The dashed line is the distribution for a signal with a Higgs boson mass of 55 GeV=c2

at 161 GeV, arbitrarily normalised. Only a subset of the cuts is applied here to preserve

su�cient statistics.

missing transverse momentum direction is required to be less than 20%
p
s, the momentum

of the leading lepton must be less than 20%
p
s, the hadronic mass is required to be less

than 80 GeV/c2 (the last cut is not applied at 130{136 GeV), and the missing momentum

direction must point more than 25.8� away from the beam axis.

Jets with only one charged particle track are considered as � jet candidates and their

momentum must be greater than 2.5%
p
s. The remaining ambiguities are resolved by

choosing the jet whose angle with the missing momentum is closest to 80� as the � jet (this

angle being optimal for Higgs masses in the range 50 to 60 GeV=c2). Events are rejected

either if the angle between the � jet and any other jet direction is less than 25� or if the

invariant mass formed by the other jets (Fig. 1) is greater than 60 GeV/c2. Finally, the

acollinearity angle (de�ned as above in the global analysis) is required to be less than 140�

(172 GeV: 120�, 130{136 GeV: 150�).

Typical e�ciencies and the background for this analysis are given in Tables 1 and 2.

The main contributions to the systematic error (3%) are the Monte Carlo statistics, the
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luminosity measurement (<1%) and the requirement of the maximum energy observed

within 12� of the beam pipe (<2%), which was studied using events triggered at random

beam crossings. No events are selected in the data while in total 2.1 events are expected

from the Standard Model background.

4.3 The c�ss�c �nal state

For this channel, the hadronic decays of the two charged Higgs bosons lead to a �nal state

of four well separated jets, which can be combined into two dijets with equal mass. Before

exploiting the mass information, a preselection is applied to identify four-jet �nal states.

Since the cross sections for the two dominant background processes (e+e� ! q�q and

e+e� ! W+W� ! q�qq�q) depend strongly on the centre-of-mass energy, some of the cuts

described in the following vary with
p
s. Spherical events with at least eight good tracks,

a minimum charged energy of 10%
p
s and thrust less than 0.9 (0.8 at

p
s = 130{136 GeV)

are clustered into four jets using the Durham algorithm. To select events with four well

separated jets, a minimum Durham distance y34 of 0.006 (0.008) is required between all the

jets. Events from q�q(
) with an energetic initial state radiation photon undetected at small

polar angles are suppressed by requiring the missing momentum pmiss
z

along the beam axis

to be less than 1:5� (Mvis � 90) (0:75� (Mvis � 90) at
p
s = 130{136 GeV). Background

with initial state radiation photons in the detector is rejected by removing events with jets

that have more than 90% of their energy classi�ed as electromagnetic energy.

At this stage charged Higgs bosons are selected with an e�ciency of about 75%. A total

background of 153 events is expected, mainly consisting of events from e+e� ! q�q and

W+W� ! q�qq�q. The background from q�q events is suppressed further by requiring the

jets to be consistent with originating in the decay of two particles with equal mass. As a

�rst step, four-momentum conservation is imposed on the event to rescale the energies of

the four jets, �xing the jet velocities at their measured values. After combining the jets into

two dijet systems, a mass di�erence �m between the two dijets is calculated for all three

possible combinations. Events are selected if the minimum �m is less than 10 GeV=c2.

Secondly, for the remaining events, the jet momenta are determined by means of a �ve-

constraint �t, imposing energy-momentum conservation and an equal mass for the dijet

systems. This method leads to a dijet mass resolution of about 1.2 GeV=c2 for a 50 GeV=c2

Higgs at
p
s = 161 GeV. Events consistent with the equal mass hypothesis are selected

by requiring that the �2 (Fig. 2) be less than 4.3 (tightened to 2.3 at 130{136 GeV as

determined by the optimisation procedure described in [15]) for the dijet combination with

the best �t.

Since, given the amount of data collected so far, the sensitivity is limited to masses well

below mW, most of the background from WW is not relevant for this analysis. However,

in a non-negligible fraction of the WW events, a wrong jet combination gives the best �t,

leading to combinatorial background at small masses. For
p
s = 172 GeV, this background

is suppressed by vetoing events with a �tted mass m2 (as obtained from the second best
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Figure 2: The �2 for the dijet combination giving the best �t, plotted for reconstructed

masses less than 60 GeV=c2 after applying the four-jet preselection. The points represent the

data at
p
s = 130{172 GeV. The dashed line shows the signal distribution (with arbitrary

normalisation) for a Higgs boson mass of 50 GeV=c2. Over
ows are summed in the last

bin.

�t) close to the W mass (jm2 � mWj < 2 GeV=c2), but only if the dijet mass di�erence

�m2 is less than 7 GeV=c2. Furthermore, background from both q�q and WW is reduced

by exploiting di�erences in the distributions of the decay angle �dec and the production

angle �prod, by means of a single cut cos �prod + 0:5 cos �dec < 1. Here, the decay angle is

de�ned as the angle between the dijet momentum (the \Higgs boson" momentum) and the

direction of the two jets in the Higgs boson rest frame, whereas the angle between the beam

axis and the Higgs boson momentum is referred to as the production angle.

After these cuts, the total background expected for reconstructed charged Higgs boson

masses lower than 70 GeV=c2 amounts to 18.7 events, summed over all centre-of-mass

energies (Table 2). E�ciencies are of the order of 35% within a dijet mass window of

�3 GeV=c2 around the Higgs boson mass (Table 1). Because of the relatively higher

background level from q�q, the selection cuts at
p
s = 130{136 GeV are tighter than at

higher energy, leading to a lower e�ciency at this energy.

The excess of four-jet events previously observed is not consistent with the equal mass

hypothesis [18]. Most of these events show up as an excess at large values of �2 (Fig. 2)
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Figure 3: Distribution of the dijet mass as obtained from the �ve-constraint �t, applying

all cuts of the c�ss�c selection.

and are therefore not selected by this analysis.

Given the level of irreducible background, the sensitivity of the analysis is considerably

increased by subtracting the expected background from Standard Model processes as

described in the following section. For this purpose the dijet mass distribution as obtained

from the background Monte Carlo is parametrised by a polynomial. The comparison with

the data (Fig. 3) shows that the parametrisation is compatible with the observation. In the

following, this background estimate is conservatively reduced by 20%, corresponding to the

statistical uncertainty of this comparison.

The systematic error on the e�ciency is estimated to be 2%, dominated by the

Monte Carlo statistical uncertainty, with small additional contributions from the luminosity

measurement and energy 
ow reconstruction [19].

5 Results

In the data collected at centre-of-mass energies from 130 to 172 GeV, a total of 15 events are

retained by the three selections presented in Section 4 (one event in the �+���
���� channel,

fourteen events in the c�ss�c channel, and none in the mixed channel) for reconstructed
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charged Higgs boson masses less than 70 GeV=c2, consistent with the 23.3 events expected

from Standard Model processes (Table 2). Since, in addition, the mass distribution in

the c�ss�c channel does not show any signi�cant accumulation (Fig. 3), the result of the

three selections are combined to set a 95% C.L. limit on the charged Higgs boson mass, as

described in the following paragraphs. In all cases systematic errors are taken into account

by conservatively reducing the selection e�ciency by one standard deviation.

First, the con�dence level is determined for each of the three selections as explained in

Ref. [20], as a function of mH and B(��). In the �+���
���� and c�s����� channels, where no

background subtraction is performed, the con�dence level is conservatively de�ned as the

fraction of outcomes of all possible experiments with signal only of mass mH and branching

fraction B(��) for which the number of events selected would be smaller than or equal to the
number of events observed in the data. No mass information is included in this procedure.

For the c�ss�c channel, where background subtraction is performed, the con�dence level is

de�ned as the fraction of outcomes of all possible experiments with signal and background

of mass mH and branching fraction B(��), for which the number of events selected in a

mass window of �3 GeV=c2 around mH would be smaller than or equal to the number of

events observed in this window. In order not to bene�t from the fact that fewer events

than expected from Standard Model processes might be observed in that window, this

con�dence level is renormalised to the fraction of outcomes of all possible experiments with

background only that satisfy the same condition. This procedure was veri�ed to always lead

to a conservative estimate of the con�dence level for a given signal hypothesis.

The three con�dence levels thus obtained are then combined, for all values of mH and

B(��), according to the democratic prescription of Ref. [20], by computing the fraction of

all possible experiment outcomes that would lead to a value of the product of the three

individual con�dence levels smaller than or equal to the observed product.

The result of the combination is displayed in Fig. 4, where the curves corresponding to

con�dence levels of 0.1%, 1%, 5% (equivalent to a 95% C.L. exclusion), 10% and 30% are

drawn. Also shown are the domains excluded at 95% C.L. by the three individual analyses.

Charged Higgs bosons with masses less than 52 GeV=c2 are excluded at 95% con�dence

level independently of B(��).

6 Conclusions

A search for pair-produced charged Higgs bosons in the three �nal states �+���
���� , c�s�

����
and c�ss�c has been performed using 27.5 pb�1 of data collected at

p
s = 130{172 GeV. No

evidence of Higgs boson production was found and mass limits were set as a function of

B(��). Charged Higgs bosons with masses below 52 GeV=c2 are excluded at 95% C.L.

independently of B(��), improving on the existing limits.
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