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Abstract

A search for pair-produced charged Higgs bosons is performed with the L3 detector at LEP using data collected at centre-of-
mass energies between 192 and 202 GeV, corresponding to an integrated luminosity of 233.2 pbfl. Decays into a charm and
a strange quark or into a tau lepton and its neutrino are considered. The observed events are consistent with the expectations
from Standard Model background processes. Including data taken at lower centre-of-mass energies, lower limits on the charged
Higgs mass are derived at the 95% confidence level. They vary from 67.4 to 79.9 GeV as a function of the H* > v branching

ratio. © 2000 Published by Elsevier Science B.V.

1. Introduction

In the Standard Model [1], the Higgs mechanism [2]
requires one doublet of complex scalar fields which
leads to the prediction of a single neutral scalar Higgs
boson. Extensions to the minimal Standard Model
contain more than one Higgs doublet [3]. In particular,
models with two complex Higgs doublets predict two
charged Higgs bosons (HT).

A search for the process ete™ — HTH™ is per-
formed in the three decay channels HTH™ —
ttv, 779, HYH™ — ¢t 9, 8 and HTH™ — c3Cs,
assumed to be the only possible decays. This allows
the interpretation of the results to be independent of
the HY — tv branching ratio.

The results in this Letter are based on data collected
at /s between 191.6 and 201.7 GeV, as well as those
from lower centre-of-mass energies, and supersede the
previous lower limit on the mass of the charged Higgs
boson established by L3 [4-6]. Results from other

1 Supported by the German Bundesministerium fiir Bildung,
Wissenschaft, Forschung und Technologie.

2 Supported by the Hungarian OTKA fund under contract
numbers T0O19181, F023259 and T024011.

3 Also supported by the Hungarian OTKA fund under contract
numbers T22238 and T026178.

4 Supported also by the Comision Interministerial de Ciencia y
Tecnologia.

5 Also supported by CONICET and Universidad Nacional de La
Plata, CC 67, 1900 La Plata, Argentina.

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

7 Supported by the National Natural Science Foundation of
China.

8 The charge conjugate reaction is implied throughout this Letter.

LEP experiments at lower centre-of-mass energies are
given in Ref. [7].

2. Data analysis

The search for pair-produced charged Higgs bosons
is performed using the data collected in 1999 with the
L3 detector [8] at LEP, corresponding to an integrated
luminosity of 233.2 pb~!, where 29.7 pb~! were
collected at a centre-of-mass energy of 191.6 GeV,
83.7 pb~! at 195.5 GeV, 82.8 pb~! at 199.5 GeV
and 37.0 pb~! at 201.7 GeV. The analyses remain
almost unchanged since our previous publications at
centre-of-mass energies between 130 and 189 GeV
[5,6], with the exception of the c5cs final state which
is described in more detail below.

The charged Higgs cross section is calculated us-
ing the HZHA Monte Carlo program [9]. For the effi-
ciency estimates, samples of eTe™ — HTH™ events
are generated with the PYTHIA Monte Carlo pro-
gram [10] for Higgs masses between 50 and 95 GeV
in mass steps of 5 GeV. About 1000 events for each
final state are generated at each Higgs mass. For
the background studies, the following Monte Carlo
generators are used: PYTHIA for ete™ — qq(y),
ete” — ZZ andete™ — Zete™, KORALW [11] for
ete” — WTW~, PHOJET [12] forete™ — eTeqq,
DIAG36 [13] for eTe™ — ete £t~ (L =e, u, 1),
KORALZ [14] for ete™ — putu~ and ete™ —
7t~ and BHWIDE [15] for eTe™ — e*e™. The L3
detector response is simulated using the GEANT pro-
gram [16] which takes into account the effects of en-
ergy loss, multiple scattering and showering in the
detector. Time-dependent detector inefficiencies are
taken into account in the simulation procedure.
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As the theory does not predict the branching ratio
for HY — tv, in the following the performance
of each search channel is compared with a signal
expectation for a value of Br(H* — tv) which is
most favourable for the corresponding channel. This
performance is expected to be independent of the
quark flavours in the hadronic decay.

2.1. Search in the HYH™ — tTv,.t " v; channel

The signature for the leptonic decay channel is a
pair of tau leptons with large missing energy and mo-
mentum, giving rise to low multiplicity events with
low visible energy and a flat distribution in acollinear-
ity, defined as the maximum angle between any pair of
tracks. The performance of the analysis [5,6] is not af-
fected by the increased centre-of-mass energy, and the
event selection remains unchanged. Fig. 1 shows the
distribution of the visible energy for events on which
all other selection criteria are applied.

The efficiency of the HYH™ — t7v, 779, selec-
tion for several Higgs masses is listed in Table 1.

Table 1

1 ¢ Data: Vs = 192-202 GeV
[ Background

s ) HH-tvIv;

; M, =70 GeV

L3

Events / 0.05

Fig. 1. Distribution of the normalised visible energy, Evyis/+/S,
for the HYH™ — ttv; 779, channel after all other cuts are
applied. The arrow shows the cut position. The hatched histogram
indicates the expected distribution for a 70 GeV Higgs with
Br(]—Ft —tv)=1.

The charged Higgs selection efficiencies for various Higgs masses, averaged over centre-of-mass energies and weighted with the luminosity.
The efficiencies are almost independent of the centre-of-mass energy. The uncertainty on each efficiency is estimated to be 3%

Channel Selection efficiency (%) for my+
60 GeV 65 GeV 70 GeV 75 GeV 80 GeV
LARLS e 28 30 31 32 33
CST 42 42 43 41 37
cscs 51 56 60 61 63
Table 2

The number of data events and the background expectations per centre-of-mass energy. The uncertainty on the background expectations is

estimated to be 6%

Channel Centre-of-mass energy (GeV) Total
191.6 195.5 199.5 201.7
Tt T, 6 23 12 6 47 Data
5.4 15.4 16.3 6.9 44.0 Background
CST g 21 88 66 34 209 Data
22.8 67.2 64.0 30.4 184.4 Background
csCs 133 379 384 146 1042 Data
139.1 384.9 364.6 162.5 1051.1 Background
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The number of data events and the background ex-
pectations are presented in Table 2 for the different
centre-of-mass energies. Almost all the background
comes from W-pair production. The number of events
expected for a 70 GeV Higgs signal is 19.4 for
Br(H* — tv) = 1.

2.2. Search in the HYH™ — ¢St~ v, channel

The semileptonic final state HTH™ — ¢St~ 1, is
characterised by two hadronic jets, a tau lepton and
missing momentum. The selection criteria are the
same as for the analysis performed at /s =
189 GeV [6].

The selection efficiencies are given in Table 1. The
number of data events and the background expected
from Standard Model processes are listed in Table 2
for the different centre-of-mass energies. The back-
ground is dominated by the process WTW~™ — qq'zv.
The number of events expected for a 70 GeV Higgs
signal is 13.2 for Br(H* — tv) = 0.5. Fig. 2 displays
the distribution of the average of the jet—jet and t—v
masses. They are calculated from a kinematic fit im-

¢ Data: Vs = 192-202 GeV
40 [1 Background

HH - stV

30 M, =70 GeV

L3

Events / 2 GeV

Mass [GeV]

Fig. 2. Reconstructed mass spectrum for data and expected back-
ground in the HFH™ — ¢85t~ ¥; channel. The expected distribu-
tion for a 70 GeV Higgs with Br(HE — rv) = 0.5 is added as the
hatched histogram.

posing energy and momentum conservation for an as-
sumed production of equal mass particles, keeping the
directions of the jets, the tau and the missing momen-
tum vector at their measured values.

2.3. Search in the HYH™ — c5Cs channel

Events from the HFH™ — c5Cs channel have a
high multiplicity and are balanced in transverse and
longitudinal momenta. A large fraction of the centre-
of-mass energy is deposited in the detector, typically
as four hadronic jets. The selection criteria are slightly
modified with respect to the analysis at lower centre-
of-mass energies [5,6], in order to gain sensitivity at
higher masses.

Events with an identified electron, muon or photon
with energy in excess of 65 GeV are discarded.
A neural network [17] is applied to distinguish events
with four genuine quark jets from those with two
quark jets and two jets from gluon radiation. Further
reduction of the QCD background is achieved by
requiring the Durham jet resolution parameter, y34, for
which three-jet events are resolved into four-jet ones,
to be greater than 0.003 and by requiring the minimum
jet energy to exceed 6% of /s.

The charged Higgs production angle distribution
has a sin’6# dependence, where 6 is the polar an-
gle with respect to the beam direction. A cut of
| cosf| < 0.8 is therefore applied to preferentially re-
ject W-pair background.

The analysis of the 55.3 pb~! and 176.4 pb~! of
data respectively taken at /s = 183 and 189 GeV is
redone using the criteria described above, superseding
the previous analysis [5,6]. The number of events
selected in data at these centre-of-mass energies is
1103, while 1085.7 background events are expected
from Standard Model processes.

The selection efficiencies are listed in Table 1. The
number of events selected in data and the background
expectations are given in Table 2 for the different
centre-of-mass energies. The main contribution to
the background comes from W-pair decays into four
jets. The number of events expected for a 70 GeV
Higgs signal is 37.4 for Br(H* — rv) = 0. Fig. 3
shows the dijet mass distribution after a kinematic
fit imposing four-momentum conservation and equal
dijet masses. A slight excess is observed around
68 GeV.
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400 ¢ Data: Vs = 183202 GeV l 3
1 Background
H'H — cscs:
300+
> M, =70 GeV
(0]
O -
(q\]
2 200
[=]
o
> ]
m
100
° ®
0 ; . . : :
40 60 80 100
Mass [GeV]

Fig. 3. Distribution of the mass resulting from a kinematic fit,
assuming production of equal mass particles, for data and expected
background in the HFH™ — ¢5¢s channel. The hatched histogram
indicates the expected distribution for a 70 GeV Higgs with
Br(H:t — 1) =0.

3. Results

The number of selected events in each decay chan-
nel is consistent with the number of events expected
from Standard Model processes. However, there is an
excess of events in the c¢scs and ¢St~ v; mass distri-
butions around 68 GeV. Fig. 4 displays the combined
background-subtracted mass distribution for these two
Higgs decay channels, where the events are corrected
for the efficiency of their respective analyses. The fig-
ure also shows the expected distribution for a 68 GeV
Higgs with Br(H* — tv) = 0.1. This value of the
Br(H* — tv) is in the range of branching fractions
for which the observed excess of events is closest to
the expected number for a 68 GeV mass Higgs, as is
described in more detail below.

In order to estimate the significance of this excess,
the systematic errors on the background and signal ef-
ficiencies are taken into account. The main systematic
uncertainties come from the finite Monte Carlo statis-
tics and the precision of the cross sections for the back-
ground processes. The former is calculated for each fi-
nal state using binomial statistics, leading to an overall

1 ¢ Data—Background I 3
Vs = 183-202 GeV

> 60
8 1 H'H — c5Cs and ¢sTV,:
o 1 M,=68 Gev
g 404
= ]
5 0] &
g 207 N
§ E N§ L IR
£ LU
[T ¢ f IR
1 ®
'20 T T T T T T T T T T T
40 60 80 100

Mass [GeV]

Fig. 4. Combined background-subtracted mass distribution for the
HTH™ — cscs and ¢St~ 9, decay channels, where the events
are corrected for the efficiency of their respective analyses. The
expected distribution for a 68 GeV Higgs with Br(H* — tv) =0.1
is shown by the hatched histogram.

5% uncertainty in the background and 3% in the signal
normalisation. The latter affects the analyses in differ-
ent ways depending on the background composition.
This uncertainty is 2% for the HYH™ — tTv, 777,
and ¢St~ v, channels, and 3% for cscs. The systematic
uncertainty on the signal efficiency due to the selec-
tion is estimated to be less than 1%, by varying the
cut values. The total systematic error on the number
of expected background and signal events is therefore
estimated to be 6% and 3%, respectively.

A technique based on a log-likelihood ratio [18]
is used to calculate a confidence level (CL) that
the observed events are consistent with background
expectations. The test-statistic adopted, Q, is the
ratio of the likelihood function for the signal plus
background hypothesis to the likelihood function for
the background only hypothesis. For the cscs and
¢ST ~ V¢ channels, the reconstructed mass distributions
(Figs. 2 and 3) are used in the calculation, whereas
for the tTv, v~ ¥, channel, the total number of data,
expected background and expected signal events are
used. The systematic uncertainties on the background
and signal efficiencies are included in the confidence
level calculation.
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Fig. 5 shows the resulting negative log-likelihood
ratio, —21In(Q), using Br(H* — tv) = 0.1, as a
function of the Higgs mass, for the data and for the
expectation in the absence of a signal. The one and two
standard deviation (o) probability bands expected in
the absence of a signal are also displayed. The excess
of events around mpy=+ = 68 GeV is compatible with
a 2.70 fluctuation in the background. The statistical
significance of the excess is almost constant for values
of Br(H* — tv) between 0.1 and 0.2. Fig. 5 also
shows the expected —2In(Q) distribution for the
hypothesis of a 68 GeV mass Higgs signal and its
lo under-fluctuation. The data are 1.40 below what
is expected for a Higgs signal at this mass. Again, this
difference is not strongly dependent on the value of the
branching fraction.

Interpreting this excess as a statistical fluctuation
in the background, lower limits on the charged Higgs
mass as a function of the Br(H* — tv) are de-
rived [18,19] at the 95% CL, using the data from

L3

— Observed
- - Expected

—+- Signal
~~~~~~~~ Signal-1c

-2In(Q)

] N B +loband

204 A4 +26 band

‘0 70 80
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Fig. 5. The negative log-likelihood ratio, —21n (Q), as a function of
the Higgs mass with Br(HE — v) = 0.1. The solid line shows the
values computed from the observed results and the dashed line the
expectation for the background only hypothesis. The dash-dotted
line is the curve expected for a 68 GeV Higgs signal at this value
of the branching ratio. The dotted line is the expected result for a
1o under-fluctuation of the signal. The shaded areas represent the
symmetric lo and 2o probability bands expected in the absence of
a signal.
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Fig. 6. Excluded regions for the charged Higgs boson at more than
95% CL in the plane of the HE > v branching fraction versus
mass, for the analyses of each final state and their combination. The
dashed line indicates the median expected limit in the absence of a
signal. There are regions excluded by the individual analyses but not
by their combination.

/s between 191.6 and 201.7 GeV, as well as those
from lower centre-of-mass energies [5,6]. Fig. 6 shows
the excluded Higgs mass regions for each of the fi-
nal states and their combination, as a function of the
Br(H* — tv). Some regions which are excluded us-
ing one channel are not excluded when all three chan-
nels are combined. Table 3 gives the observed and the
median expected lower limits for several values of the
branching ratio. The region around my+ = 68 GeV at

Table 3

Observed and median expected lower limits at 95% CL for
different values of the HT — tv branching ratio. The mini-
mum observed limit, independent of the branching fraction, is at
Br(Hi — tv)=0.1

Br(HE — 1v) Lower limits at 95% CL (GeV)
Observed Median expected
0.0 76.5 75.9
0.1 67.4 74.9
0.5 70.5 73.8
1.0 79.9 79.2
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low values of the Br(H* — 7v) can only be excluded
at 88% CL, due to the aforementioned excess of events
in this mass region. A similar but less significant ex-
cess was observed in our previous publication [6].

Our sensitivity to larger Higgs masses, as quantified
by the median expected mass limits given in Table 3, is
significantly improved as compared with our previous
results at lower centre-of-mass energies [5,6]. Com-
bining all our data, we obtain a new lower limit at 95%
CL of

my+ > 67.4 GeV,

independent of the branching ratio.
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