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Abstract

This paper presents results on charged Higgs boson production, based on LEP data collected at Vs = 172 GeV, that
complement the previous DELPHI results obtained at centre of mass energies up to 161 GeV. The charged Higgs bosons are
assumed to be pair produced and to decay either into a quark pair or into 7v,. The three different possible final states are
included in the analysis. Data from ring imaging Cherenkov and microvertex detectors are used to identify the quarks as a cs
pair. The number of candidates found is compatible with the background expected from standard processes. Combining the
results of the present analysis with those of the previous analysis at lower energies, a new lower mass limit for the charged
Higgs boson is set at 54.5 GeV /c?. © 1998 Elsevier Science B.V.

1. Introduction

In the simplest extension of the Standard Model
(SM), with two Higgs field doublets, there are two
charged and three neutral physica Higgs bosons.
The Minimal Supersymmetric Standard Model
(MSSM), which has the potential of solving the
outstanding naturalness and hierarchy problems of
the SM, is a particular case of such an extension.
The discovery of charged Higgs bosons would pro-
vide evidence for the scheme of two Higgs field
doublets.

A search has been performed for charged Higgs
bosons based on the data collected with the DELPHI
detector at LEP. The analysis described in this paper
is based on 8.9 pb~! of data collected at an e*e”

% CICYT-AEN96-1681.

centre of mass energy Vs = 172 GeV, and 1.1 pb~*
collected at v's = 170 GeV. The results are combined
with those from the data collected at v's = 130-136
GeV and Vs = 161 GeV [1] to set new lower mass
limits for the charged Higgs boson.

When searching for charged Higgs bosons, the
rejection of the W*W~ background becomes in-
creasingly difficult as /s grows above the W* W~
production threshold at 161 GeV. In order to in-
crease the rejection power in the analysis, an addi-
tional feature, namely the particle identification in-
formation from the ring imaging Cherenkov (RICH)
and microvertex detectors in DELPHI, was therefore
used to tag the s and ¢ quarks in the hadronic decay
of the charged Higgs boson.

The other features of the analysis are similar to
those of the analysis described in detail in [1]. The
DELPHI detector and its performance are described
in detail in [2,3].
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2. The analysis

2.1. Particle selection

Charged particles were selected if their momenta
were greater than 100 MeV /c and their impact
parameters were below 10 cm along the beam axis
and 4 cm in the plane transverse to the beam.
Charged particles were assigned the 7 * mass. Neu-
tral particles with energy deposits in the hadronic
calorimeter were selected if their total energy was
greater than 400 MeV. Such particles were assigned
the K° mass. Other neutral particles were selected if
the energy deposited in the electromagnetic
calorimeter was greater than 200 MeV. Such parti-
cles were assigned zero mass.

2.2. The hadronic channel

In the hadronic channel, each of the charged
Higgs bosons decays into a cs pair. The topology of
such an event is determined by the presence of four
hadronic jets. After an initial four-jet selection, a
Fisher discriminant analysis [4,5] was performed to
accept 80% of the signal events while suppressing
half of the background. The final selection used a
kinematic fit imposing the two boson candidates in
the event to be of equal mass.

2.2.1. Four jet selection

As in [1], an event was selected if its charged
multiplicity was at least 12, its charged energy ex-
ceeded 0.30V's, and its total energy exceeded 0.40vs.
These cuts were designed to eiminate amost all
Bhabha and yy events without affecting the signal.
In order to reject initial state radiation, events with a
detected or undetected photon with an energy above
35 GeV were rejected. The energy of the undetected
photon was reconstructed assuming energy and mo-
mentum conservation and that the photon direction
was along the beam axis.

The sum of the 2nd and 4th Fox-Wolfram mo-
ments [6] of the event had to be below 1.1. The event
was then clustered into 4 jets using the JADE algo-
rithm [7], and the JADE parameter y,,, defined as
the smallest value of 2E; E;(1 — cos#,;) /E; for any

two jets i and j in the four-jet event, was required to
be larger than 0.004. Each jet also had to contain at
least 2 charged particles.

The product of the smallest angle between two
jets and the smallest jet energy was required to be
greater than 6 GeV - rad, to suppress events with soft
gluon radiation. A four constraint fit requiring en-
ergy and momentum conservation was then applied
and the x? of the fit had to be lower than 14 (3.5
per degree of freedom). After this four-jet selection,
only qg(y), W*W~ and ZZ* background remained
in the simulation (see the first row in Table 1).

2.2.2. Fisher analysis

The input to the Fisher discriminant analysis was
a signa sample of 1200 simulated events that had
been obtained by applying the four-jet selection cri-
teria to six signal samples of equal statistics, each
with a different charged-Higgs mass in the range
44-60 GeV /c?, and a background sample of 1200
simulated events with the relative composition of
ga(y), WW~ and ZZ* events that is expected
after the four-jet selection. The variables Ig(y,,),
Oiruss P(C) and f, used in the Fisher analysis are
described below.

Since jets from radiated gluons tend to have small
energies and small angles with respect to the jet of
the radiating quark, true four-quark events tend to
have a larger value of the JADE parameter y,; than
two-quark events with two radiated gluons.

The angle 6,,,4 is the event thrust polar angle
measured in radians and defined to be between 0 and
5. Thisis an estimator of the production angle of the
produced particle pair. Since the charged Higgs bo-
son has spin O, its differential production cross-sec-
tion is proportional to sin’d, while qg(y) and W* W~
events have angular distributions that are not peaked
around 90°.

The event ¢ quark probability, P(c), is the nor-
malised product of the probabilities for al tracks in
the event to result from a charm decay, based on
measurements of their impact parameters, momenta,
and angles with respect to the jet axis (using the
DELPHI AABTAG analysis package [8]). Since there
are two ¢ quarks in each signal event, this probability
is expected to be higher for the signa than for the
average background.
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The variable f, is derived from the particle iden-
tification information of the RICH detectors in DEL -
PHI. For each jet, the fastest identified charged kaon
was tagged using the ‘‘loose kaon tag’’ criteria of
the DELPHI NEWTAG routine [9,10], which re-
quires the measured value of the Cherenkov angle 6,
of the particle to be compatible with that of a kaon
of the measured momentum and separated by at least
one standard deviation from the 6, values to be
expected for a pion or proton of the same momen-
tum. The momenta of these kaons are then summed
provided the kaon is among the three fastest charged
particles in its jet. f, is this sum divided by Vs.
Since there are two s quarks and two ¢ quarks in a
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signal event, their jets are more likely to contain fast
kaons than are jets in average background events,
implying a higher value for f,.

From a first trial, in which many more variables
were studied in a Fisher analysis of simulated events,
these four variables were selected in the above order
as being the most effective variables in an H*H™
search at Vs = 172 GeV, above the W* W~ thresh-
old. As afirst step in the variable selection process,
variables which were highly correlated were grouped
together. The variable with the highest separation
power in each group was then selected for further
use. It is notable that the particle identification vari-
ables, P(c) and f,, added in the present analysis,

H'H search at DELPHI

25

22.5
20
17.5
15
12.5

T

events/0.2

@ [T T[T T T T I T [T [T o

12

10

events/(1/30 rad)

2_
0_ x|+\\xxx||1\1[

0 0.5 1 1.5
[*] (rad)

thrust

LANLAL  L BLL BLNO

events/0.2

events/(1/30 rad)

200
175
150
125
100
75
50
25

'_l

\#,_!—A!Jil

-2

Lo

-1 0
lg(y,3)

S RN R AR RRR R RARR RRRRRRRRR RRRRE AR

100

[
80 J—L’
60
40

20 —

|
N |l_|“ [ R R |
0.5 1 1.5
0 (rad)

thrust

LA N L O L B

>

Fig. 1. The histograms show the distributions of 1g(y,3) and 6, for the background (left) and the signal (right) in the hadronic channel.
The background contributions from gg(y) (bottom part of histogram), W*W ™~ (middle part) and ZZ * (top part) are shown separately. The

dots with error bars show the distribution of the data.



P. Abreu et al. / Physics Letters B 420 (1998) 140156

have been selected by this procedure. Running the
Fisher analysiswith these four variables only, yielded
the following discriminating function:

F = 1.41121g( y,5) + 1.0923 6,4
+1.0739 P(c) + 3.9545 f, . (1)

The distributions of the four individual Fisher
variables for the simulated background and signal as
well as for the data are shown in Figs. 1 and 2. The
distributions for the combined Fisher discriminant
are shown in Fig. 3. The agreement between total
simulated background and data, for the Fisher dis-
criminant as well as for each of the four variables, is
satisfactory. The selectivity of the four individual
variables and F is apparent from these figures:
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significant differences between signa and back-
ground are observed in each case.

By requiring F> —0.65 (optimised using the
simulation to give the best expected mass limit),
80% of the signal events passing the four-jet selec-
tion in the simulated sample were kept whereas
about 50% of the background events were sup-
pressed. The signal purity obtained for a charged
Higgs boson with a mass of 50 GeV /¢ in a mass
window of +2.64 GeV/c? (420, as discussed
below) was 47.4% for a signal efficiency of 34.8%.

2.2.3. Kinematic fit
A five constraint kinematic fit was then per-
formed requiring energy and momentum conserva-
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tion and the pair production of two objects of equal
mass (i.e. the two charged Higgs boson candidates).
Of the three possible jet pairings the one resulting in
the smallest y? was chosen. This y? had to be
smaller than 12.5 (2.5 per degree of freedom) for the
event to be accepted.

The mass resolution of the fit was obtained by
plotting the difference between the generated and
reconstructed masses for al simulated events passing
al the cuts. The peak of this histogram was then
fitted to a zero-centred Gaussian over the range +3
GeV /c?. This gave a standard error in mass of
a,, = 1.32 GeV /c?. A mass window spanning + 20,
around the generated mass was used to calculate the
signal efficiencies and expected backgrounds.

Table 1

Total numbers of data and expected background events after the
different cuts in the hadronic channel. The efficiencies given in
the last column are for a charged Higgs boson with a mass of 50
GeV /c2. Where present, the first error is statistical and the
second systematic (see Section 3)

Cut Data MC qi(y) WHW~ zz* Eff. (%)

djetsd. 78  791+15 341 435 147 692
Fisher 38 417+10 117 293 072 583
X2 28 319+09%23 78 237 046 518

The results of the analysis of the hadronic channel
are shown in Fig. 4 and Tables 1 and 2. The
agreement between simulated and real data is satis-
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factory. From Table 1 it is seen that, after the last
step in background rejection, W*W ™ represents 74%
of the remaining background and the signal effi-
ciency is 51.8%. The W*W~ mass peak is clearly
visible in the top plot of Fig. 4. The tail extending
down to approximately 30 GeV /c? in the top plot is
due to W*W ™~ background events for which the jet
pairing has been done incorrectly. Likewise, the tail
extending up to approximately 40 GeV /c? in the
bottom plot is due to H*H™ events with the wrong
jet pairing.

Table 2 shows the mass window used for each
generated H* mass, the estimated background and
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the signal efficiencies with errors. It also shows the
expected number of signal events for a branching
ratio of charged Higgs bosons into hadrons of 1.0.

2.3. The semi-leptonic channel

In the semi-leptonic channel one of the charged
Higgs bosons decays into a cs pair and the other into
a tv, pair. The topology of such an event is deter-
mined by the presence of two hadronic jets, one 7 jet
and missing energy and momentum carried by neu-
trinos. After a preselection, which includes several
criteria on the 7 jet, a Fisher discriminant analysis
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was used to accept 80% of the signal while rejecting
90% of the background. As alast step a kinematic fit
was used to reconstruct the mass of the produced
bosons.

2.3.1. Presdlection and tagging of the 7

An event was selected if its charged multiplicity
was at least 7, its charged energy higher than 0.15Vs
and its total energy higher than 0.25v's. In order to
reject two-jet events, the event was divided into two
hemispheres by a plane perpendicular to the spheric-
ity axis and the acollinearity of the two hemispheric
jets was required to be larger than 9°. In order to
reject initial state radiation, events with a detected
photon with an energy above 35 GeV were rejected.
The energy deposited in cones spanning 20° (30°)
around the beam was required to be lower than
0.30v's (0.50v's).

Due to the lower multiplicity in this channel (with
respect to the hadronic channel), events caused by
cosmic particles congtitute a background. In order to
reject these events, at least one charged particle in
the event had to have been detected by at least two
layers of the vertex detector and to have impact
parameters smaller than 0.25 cm along the beam axis
and 0.2 cm in the plane transverse to the beam.

The event was then clustered into 3 jets using the
JADE agorithm. The jet with the lowest charged
multiplicity was taken as the = jet. If two jets had
the same charged multiplicity the less energetic one

Table 2

The mass windows used for the different H* masses in the
hadronic channel, the number of data events, the expected number
of background events within these mass windows and the effi-
ciency for the H™ H™ signal according to the simulation. The first
error is statistical, the second systematic. The last column shows
the number of expected signal events for a branching ratio of
charged Higgs bosons into hadrons of 1.0. The three candidates
entering this table have reconstructed masses of 45.8, 55.8 and
59.1 GeV / c?. Thefirst of these three candidates enters in each of
the two first mass windows

my = Masswindow Data Background Eff. (%)  Signa

44 41.36-4664 1 105+0.1670% 286+20%}2 225
47 44.36-49.64 140+0.19799 23.7+1.8%39 164
50 47.36-52.64 1.65+0.207 912 32.7+2.1*7%% 2.03
53 50.36-55.64 1.67+£0207912 27.1+1.97 33 1.49
56 53.36-58.64 152+0.207 9% 284+1.9708 1.37
60 57.36-62.64 1.80+0.257 312 30.1+2.0+9% 1.19

Rk OOoR

was chosen. For the event to be accepted, the 7 jet
had to have a charged multiplicity between 1 and 3,
a total multiplicity not exceeding 7, a total energy
between 0.02/s and 0.35Ys, and the largest angle
between two particles within the = jet had to be
lower than 30°.

2.3.2. Fisher analysis
At this stage a Fisher discriminant analysis was
performed. The input to the algorithm was a signal
sample of 1200 simulated events that had been ob-
tained by applying the previous selection criteria to
six signal samples of equal statistics, each with a
different charged-Higgs mass in the range 44-60
GeV / 2, and a background sample of 1200 simulated
events with the relative composition of qd(y),
W*W~™ and ZZ* events expected after the previous
selection. The variables used in the Fisher analysis
were:
6, ., the polar angle of the missing momentum
measured in radians and defined to be between 0
and 7; it discriminates against radiative return
ga(y) events and is also sensitive to the differ-
ences in the production angular distributions of
H*H™ and WYW~,
6;;, the angle between the two hadronic jets mear
sured in radians; it discriminates against qg events
with a soft gluon that have been wrongly tagged
asar,
* Y3, the JADE cut value and
- P(c), the event ¢ quark probability.
These four variables had been selected from a larger
sample of variables as in the case of the hadronic
channel. Running the Fisher analysis with these four
variables only yielded the following discriminant
function:

F=185106, —1.4708,

+0.34831g( ys,) + 0.7440 P(c¢) . (2)

By requiring F> —1.00 (optimised to give the
best expected mass limit), 80% of the signal events
passing the preselection were kept and about 90% of
the background events were suppressed. The distri-
butions of the Fisher discriminant for the simulated
background and signal as well as for the data are
shown in Fig. 5. The agreement between total simu-
lated background and data is satisfactory.
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2.3.3. Kinematic fit

A five congtraint kinematic fit was then per-
formed requiring energy and momentum conserva-
tion and the pair production of two objects of equal
mass. The three components of the ». momentum
and the magnitude of the 7 momentum were treated
as unmeasured variables, reducing the number of
degrees of freedom of the fit to one. The y? of the
fit had to be smaller than 2.5 for an event to be
accepted.

The mass resolution of the fit was obtained by
plotting the difference between the generated and
reconstructed masses for all simulated events passing
al the cuts. The pesk of this histogram was then

fitted to a zero-centred Gaussian over the range +5
GeV /c®. This gives a standard error in mass of
o, = 2.44 GeV /c?. A mass window spanning + 2a;,
around the generated mass was used to calculate the
signal efficiencies and expected backgrounds.

The results of the analysis of the semi-leptonic
channel are shown in Fig. 6 and Tables 3 and 4. The
agreement between simulated and real data is satis-
factory. From Table 3 it is seen that, after the last
step in background rejection, W*W ™ represents 48%
of the remaining background and the signal effi-
ciency is 41.1%.

Table 4 shows the mass window used for each
generated H* mass, the estimated background and
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the signal efficiencies with errors. It also shows the
expected number of signal events for a branching
ratio of charged Higgs bosons into hadrons of 0.5.

2.4. The leptonic channel

In the leptonic channel both charged Higgs bosons
decay into a v, pair. The topology of such an event
is determined by the presence of two 7 jets, most
likely acollinear, and missing energy and momentum
carried by neutrinos. After a preselection, several
criteria were imposed on the 7 jets and on the angle

between these jets. No mass reconstruction is possi-
ble in this channel since four neutrinos are produced.

2.4.1. Preselection

In this channel, where the multiplicity of the
events is low, a tighter selection was applied on the
charged particles in order to avoid events with false
tracks and events caused by cosmic particles. In this
case the impact parameters had to be smaller than
2.5 cm along the beam axis and 1 cm in the plane
transverse to the beam. In addition the length of the
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Table 3

Data and expected background in total number of events after the
different cuts in the semi-leptonic channel. The efficiencies stated
in the last column are for a charged Higgs boson of mass 50
GeV /c2. Where present, the first error is dtatistical and the
second systematic

Table 5

Total number of data and expected background events after the
different cutsin the leptonic channel. The efficiencies stated in the
last column are for a charged Higgs boson of mass 50 GeV /c2.
Where present, the first error is statistical and the second system-
atic

Cut Data MC qo(y) WHw-~

Presd. 142 128.8+28 786 300
Fisher 13 115+08 51 44
x> 8 88407738 34 42

vy other Eff. (%)

15.0 514 555
1.0 100 460
07 052 411

track had to be above 60 cm and the relative error of
the momentum measurement below 100%.

An event was selected if its charged multiplicity
was between 2 and 6, its charged energy higher than
0.04Vs and its total energy lower than 0.55/s. In
order to reject yy background, the transverse mo-
mentum of the event had to be greater than 0.05's /c.
The deposited energy in cones spanning 30° around
the beam had to be lower than 0.10ys, in order to
reject Bhabha scattering events.

2.4.2. 7 jet angles and energies

The event was then clustered into two jets using
the JADE algorithm. In order to reject yy — 77~
events, the angle between the two jets to be greater
than 20°. Events where the two jets are back to back
were rejected by requiring this angle, and its projec-
tion on a plane perpendicular to the beam axis, to be
below 167°.

Table 4

The mass windows used for the different H* masses in the
semi-leptonic channel. The number of data events and the ex-
pected number of background events within these mass windows
and the efficiency for the H* H™ signal. The first error is
statistical, the second systematic. The last column shows the
number of expected signal events for a branching ratio of charged
Higgs bosons into hadrons of 0.5. The two candidates entering
this table have reconstructed masses of 47.6 and 63.7 GeV /c2.
The first of these two candidates enters in each of the three first
mass windows

Cut Data MC ff(y)W' W~ yy other Eff. (%)

presclection 124  95.0+30 776 7.45 83 170 63.9
jetangles 9 122407 29 666 18081 56.0
jetenergies 1 4.23+0.367333031 343 016034 350

Each jet had to contain at least one charged
particle, and have a total energy above 0.02/s, and
the largest angle between two particles within a jet
had to be smaller than 30° in order to enhance the
selection of 7 jets. To reduce the /*/ (y) and
W*W~ backgrounds containing prompt electrons
and muons, the most (least) energetic jet had to have
atotal energy below 0.35/s (0.18Vs).

The distributions, at preselection level, of the
energy of the least energetic jet and of the angle
between the two jets for the smulated background
and signal as well as for the data are shown in Fig. 7.
The agreement between the simulated background
and the data is satisfactory.

The results of the analysis of the leptonic channel
are shown in Tables 5 and 6. The agreement between
simulated and real datais satisfactory. (The probabil-
ity of finding one event or less when 4.23 events are
expected, as obtained after the last step in back-
ground rejection, is 7.6%). After the last step in
background rejection, W*W ™ represents 81% of the
remaining background and the signal efficiency is
35%.

Table 6

H* H™ efficiencies for charged Higgs bosons of different masses
in the leptonic channel. The first error is statistical, the second
systematic. The last column shows the number of expected signal
events for a branching ratio of charged Higgs bosons into hadrons
of 0.

my + Masswindow Data Background Eff. (%)  Signd my = Eff. (%) Signa

44 3012-4883 1 0.52+0.1270%¢ 33.9+18%32 1.33 31.5+18"19 2.48

47 4212-51.88 1 047+01172% 328+1.8%37 113 47 31.8+1.8739 2.20

50 4512-54.88 1 0.35+0.0973% 31.2+1.873% 0.97 50 350+19729 217

53 4812-57.88 0 0.33+0.0973% 32.7+1.8%11 0.90 53 353+19%1% 1.94

56 51.12-60.88 0 0.27+0.087§% 20.3+1.773% 0.71 56 36.1+197 18 1.74
1

60 55.12-64.88 0.46+0.1130%% 27.4+ 17755 054

60 40.0+2.0%24 1.58
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3. Systematic errors

The systematic errors stated in Tables 1-6 were
estimated by comparing the distributions of real and
simulated data for each of the variables on which
cuts were imposed to suppress the background. This
study was done after the event preselection and also
after the four-jet selection in the hadronic channel.
For each variable, the effect of moving the cut on the
variable by the difference between the average val-
ues of the real and simulated distributions was evalu-
ated. The changes in efficiencies and background
estimation thus obtained for each variable were added
quadratically, and the results were taken as estimates
of the corresponding systematic errors. The variables
used for the study were: a) in the hadronic channel
the value of the Fisher discriminant, and the y? of
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the five-congtraint fit, b) in the semi-leptonic channel
the acollinearity, the 7 jet energy, the value of the
Fisher discriminant and the y 2 of the five constraint
fit, and ¢) in the leptonic channel the transverse
momentum and the 7 jet energies and angles.

The systematic error of the four-jet selection used
in the hadronic channel was studied previously [1]
and amounts to +5.1% of the background and
+2.6% of the efficiencies. These errors were added
quadratically to the ones obtained as described above.

4. Exclusion limits

The analysis described in this paper was com-
bined with the analysis performed on the data col-
lected at Vs =130-136 GeV and Vs =161 GeV
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described in [1]. The method used for combining the
results from the different analyses is described in
[11]. Each channel at each centre of mass energy is
treated separately, giving in total 9 channels. For
each channel the information about efficiency, ex-
pected background and number of candidates is used
to derive a limit by using Bayesian statistics.

Exclusion mass limits for the charged Higgs bo-
son were derived in the general scheme of two Higgs
field doublets. In this scheme the production cross-
section depends only on the mass of the charged
Higgs boson. The result is shown in Fig. 8.

The influence of the downward fluctuation in the
number of data events in the Ieptonic channel was
evaluated by calculating what the limit would have
been if the 4 candidates expected in this channel had

been seen. The result is shown by the dashed line in
Fig. 8.

5. Conclusions

A search for charged Higgs bosons was per-
formed in the data collected by DELPHI at Vs = 172
GeV. The number of candidates found is compatible
with the background expected from standard pro-
cesses. The result of the analysis was combined with
the results obtained at v's = 130-136 GeV and Vs =
161 GeV [1]. From the analysis of the combined
results, the existence of charged Higgs bosons is
excluded at a confidence level of 95% for masses up

H'H search at DELPHI

0.9

BR(H* — hadrons)

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

42.5 45 475 50

LA I L B R

oo e b Lo b i

l\Jlllllltll\ll\l\![lllll

52.5 55 57.5 60 62.5 65

H* mass (GeV/cz)

Fig. 8. Exclusion limits for the existence of charged Higgs bosons as derived by this analysis. The dashed line indicates what the limit would
have been if the 4 candidates expected in the leptonic channel had been seen.



156 P. Abreu et al. / Physics Letters B 420 (1998) 140-156

to 54.5 GeV /c?, for all values of the branching ratio
of the charged Higgs boson into hadrons.

The mass limit we obtain is comparable to those
reported by the ALEPH [12] and OPAL [13] collabo-
rations.
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