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Using a sample of Z°'s corresponding to about 12 000 events, we have searched for the production of charged scalars, primarily 
charged Higgs particles, decaying into cscs, xv+jets, and Tvzv. The average detection efficiency is 20%. No candidate was found 
in the leptonic modes. Masses in the range up to 30-36 GeV/c 2 are excluded, extending the mass domain covered by previous 
e+e - machines. 
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1. Introduction 2. Apparatus 

As often emphasized, e+e - machines offer a unique 
opportunity to search for heavy charged scalars, spe- 
cifically Higgs particles, predicted by the most popu- 
lar extensions of  the standard model like supersym- 
metry and technicolor [1].  Previous searches have 
set limits against such particles up to 20 GeV/c  2 [2 ]. 
This paper extends these searches using a sample of  
12 000 events collected with the DELPHI  detector 
during the energy scan of  the Z ° performed at LEP at 
the end of  1989. 

Charged Higgs particles and technicolor scalars 
have a precisely computable cross section which, 
given in terms of  the neutrino cross section at the Z ° 
reads [ 1 ] 

all+H- =½ COS220wfl 3 , avv~O. 145f13a,,,~, 

where 

flH =~/1--4mZH/m20,  

and where 0w, the effective mixing angle appearing in 
Z ° couplings, was taken from ref. [ 3 ]. This cross sec- 
tion is relatively small and turns on rather slowly, due 
to a f13 threshold factor which is characteristic o f  the 
p-wave production of  a scalar. The angular distribu- 
tion of  the H + with respect to the e + incoming direc- 
tion is proportional to sin20. 

A charged Higgs decays leptonically into zv with a 
branching ratio B R ( H - , z v )  not fixed by the theory 
and we will use it as a free parameter. In one of  the 
theoretically favoured models [ 1 ], the decay of  heavy 
charged Higgs is dominated by cg and zv final states 
with the ratio 

B R ( H - - z v )  m 2 tan2fl 

BR(H--,cg) ~ 3(m~ cot2fl+rn~ tan2fl) L Vcs[ 2 

-~ 0.5 tan4fl 
1 + 10-2tanafl 

where tan fl= v2/v~ is the ratio of  vacuum expecta- 
tions which appear in the two doublet model. The 
preferred values of  tan fl are larger than one, which 
means that B R ( H - , w )  is greater than ] and that it 
may even turn out that the zv xv final state becomes 
predominant.  Nevertheless, our search covers also 
purely hadronic final states in cscg mode. 

A detailed description of  the DELPHI  detector, of  
the triggering conditions and of  the analysis chain can 
be found in ref. [4].  Here, only the specific proper- 
ties relevant to the following analysis are summarized. 

The charged tracks are measured in the 1.2 Tesla 
magnetic field by a set of  three cylindrical tracking 
detectors: the inner detector ( ID)  covers radii 12 to 
28 cm, the time projection chamber (TPC)  from 30 
to 122 cm, and the outer detector (OD)  between 197 
and 208 cm. The end caps are covered by the forward 
chambers A and B, at polar angles 10 ° to 36 ° on each 
side. A layer of  time-of-flight (TOF) counters is in- 
stalled beyond the magnet coil for triggering purposes. 

The electromagnetic energy is measured in the high 
density projection chamber (HPC) ,  and by the for- 
ward electromagnetic calorimeter (FEMC) in the end 
caps. The HPC is a high granularity gaseous calorim- 
eter covering polar angles 40 ° to 140 ° . For fast trig- 
gering a scintillation layer is installed after the first 5 
radiation lengths of  lead. The FEMC consists of  
2 × 4 5 0 0  lead-glass blocks (granularity 1×1 de- 
grees), covering polar angles from 10 ° to 36 ° on each 
side. 

The trigger is based on the ID and OD coinci- 
dences, on the HPC and TOF scintillation counters, 
and on the forward detectors. The chamber trigger is 
formed using opposite quadrants of  the OD in coin- 
cidence with the ID trigger layer. The counter trigger 
uses half length quadrants of  TOF counters sensitive 
to penetrating particles, and HPC counters sensitive 
to electromagnetic showers with an energy > 2 GeV, 
arranged in various sets of  back-to-back and majority 
logics. The forward trigger is made from the same side 
chambers A and B coincidences, combined with the 
two FEMC signals in a majority logic. The efficiency 
of  these various triggers is measured with the Z ° data, 
by analyzing the recorded trigger patterns event-by- 
event. 

The present analysis relies primarily on charged 
tracks reconstructed using the TPC, complemented 
by the inner and the outer detectors. This system re- 
constructs 98% of  the charged tracks down to angles 
of  30 ° . In some small azimuthal regions which cor- 
respond to six boundaries of  the TPC sectors, this ef- 
ficiency drops for energetic (p>  4 GeV/c)  tracks. The 
electromagnetic calorimetry is used to veto against 
final state radiation in the w xv analysis. 
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3. Four jet  f ina l  s t a t e s  

The search for H + H - - , c s c s  was performed by 
analyzing four jet hadronic final states. The jet- jet  
mass resolution is similar for the cb and cg systems 
within the investigated mass range. The four jet rate 
is however larger in case of  cl~ decays, and therefore, 
the mass limits quoted in the following for the cg de- 
cay mode are also valid for the cb mode. The pairing 
method and the scaling of  the jet-jet masses are based 
on the assumption of  pair production of  a heavy par- 
ticle whose decay products are confined in separated 
hemispheres. Therefore, our search is limited to 
masses below 35 GeV/c  2. 

The selected data consist of  5289 hadronic events 
having: 
- At least 4 charged tracks with p>~0.1 GeV/c,  and 
impact parameters 0,~ 4.0 cm, 0=~ 10.0 cm. 
- Total charged energy at least 15 GeV. 

- Icos0thrustl ~<0.6. 
The jets were reconstructed using the Lurid cluster 

algorithm for charged tracks with the default param- 
eters [ 5 ]. The measured global jet variables have been 
compared with the Lund parton shower Monte Carlo 
predictions [ 6 ] and are seen to be in good agreement 
with the simulation. The number  of  events classified 
as four jet events was 508, whereas we would expect 
533 + 16 events from the simulation. 

For selecting events consistent with e+e - - ,  
H + H -  ~ f o u r  jets we first selected four jet events and 
imposed general selections on the event topology, 
followed by mass dependent cuts optimized for three 
different Higgs masses in the search range. 

In order to reject ambiguous multijet events due to 
soft gluon emission we required the smallest jet en- 
ergy be at least 5 GeV and the total charged energy at 
least 40 GeV. The four jets were combined by choos- 
ing the pair (ij) with min imum opening angle. We 
corrected for missing neutrals by scaling the invar- 
iant jet- jet  masses by the beam energy 

M qgrrected : E b e a m  Mo/(Ei -1- Ej) q 

To ensure that the scaling is justified and the miss- 
ing momentum is equally shared between the jets, we 
demanded that the acollinearity between the mo- 
mentum sum vectors of  the two pairs is less than 25 
degrees. Both scaling factors were required to be be- 
tween 0.8 and 2.4. After these selections on the event 

topology we are left with 195 events. From the Lund 
parton shower Monte Carlo we retain 222 + 10 events 
after the same cuts. Figs. la and lb represent the 
min imum opening angle between two jets and the 
difference between the scaled jet- jet  masses after the 
general selections but before the mass dependent cuts. 
The data are shown with points and the solid line is 
obtained from the Lund parton shower Monte Carlo 
simulation. We conclude that the variables sensitive 
to the final selections are well reproduced by our 
simulation. 

To exclude the background due to standard had- 
ronic processes, we use mass dependent selections 
optimized to the Higgs pair production with a mass 
of  20, 25 and 30 GeV/c 2. The average min imum 
(maximum)  jet- jet  opening angle min O/j(maxOkt) 
grows about linearly from 45 (57) degrees up to 69 
(93) degrees for this mass range, and the difference 

corrected between the scaled jet- jet  masses max M 0 
M . . . . . .  ted increases from 2.5 GeV/c  2 to 7.1 GeV/c 2. kl  

The selections and their efficiencies are shown in ta- 
ble 1, named as low, medium and high. The efficien- 
cies, depicted also in fig. lc were obtained by simu- 
lating Higgs pair production into four quark final 
states, which were fragmented with the Lund parton 
shower model. 

After imposing the final cuts, 8, 9 and 7 events re- 
main after, respectively, the low, medium and high 
mass selections. The expected numbers of  back- 
ground events, averaged over the Lund parton shower 
and Marchesini-Webber [7] Monte Carlo simula- 
tions, are 5 .6+1.4  ( s t a t . )+0 .9  (syst.), 15.0+2.6 
(stat.) + 1.9 (syst.) and 8 .4+2.0  (star.) + 1.9 (syst.). 
The systematic errors were estimated from the differ- 
ence between the two models. In order to include 
them in our background estimate, we subtract one 
standard deviation from the expected numbers of  
events which are taken as 3.9, 11.8 and 5.6, respec- 
tively. After the same selections, the signal events 
would be 12.4 for a 20 GeV/c  2 Higgs, 13.0 for a 25 
GeV/c 2 Higgs and 8.4 for a 30 GeV/c  2 Higgs, assum- 
ing the hadronic branching fraction equal to one. 

By using Poisson statistics with the non-zero ex- 
pected background, we obtain an excluded region be- 
tween 18 and 31 GeV/c  2 for the Higgs pair produc- 
tion when B r ( H + ~ c s ) = l  at 95% CL. The same 
region is excluded for the Higgs decay mode c13. The 
full excluded region from the analysis of  hadronic fi- 
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Fig. 1.4-jet analysis: (a) Minimum opening angle between two 
jets after general selections on the four-jet topology. Data points 
are shown together with the Lund parton shower simulation (solid 
line). (b) Difference between the scaled jet-jet masses after the 
same selections as in (a). (c) Detection efficiency as a function 
of charged Higgs mass. The three curves depict the efficiency in 
each mass range. 

Table 1 

Mass min Ou max 0~/ max 0k/ -min  0o max M,~ °fretted - m i n  m ~  rrected Efficiency 
[degrees] [degrees] [degrees] [GeV/c2 ] [% ] 

low >/40 ~<60 ~< 13 ~<3.5 13_+2 
medium >/50 ~< 90 ~< 15 ~< 5.0 17 _+ 3 
high />60 ~< 100 ~< 17 46.5 15_+3 

na l  s t a t e s  is s h o w n  in  fig. 3 ( c u r v e  a )  as  a f u n c t i o n  o f  

t h e  h a d r o n i c  b r a n c h i n g  f r a c t i o n .  

4. xv +jets channel 

F o r  an  i n t e r m e d i a t e  H i g g s  m a s s ,  f r o m  10 to  30 

G e V / c  2, t h e  d e c a y  p r o d u c t s  o f  H + a n d  H -  c a n  be  
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well separated using the two hemispheres defined by 
the plane perpendicular to the thrust axis of the event. 
Since z decays predominantly (86%) into one charged 
particle, we require a single charged particle of mo- 
mentum above 3 GeV/c isolated in one hemisphere 
and, to get rid of the z+x - background, more than 
four charged particles with a mass greater than 2.0 
GeV/c  2 in the opposite hemisphere. To avoid smear- 
ing effects due to losses of charged particles in the 
forward region of the detector, we request a thrust 
axis of the event at more than 37 ° from the beam 
axis, keeping a sample of 5955 hadronic Z°'s. As be- 
fore, even reconstruction is based on charged tracks 
which have a distance of closest approach transverse 
to the beam axis of less than 4 cm and a longitudinal 
distance to the interaction point of less than 10 cm. 
But tracks with a transverse distance between 4 and 
10 cm, which come primarily from decays and pho- 
ton conversion, are taken into account to define the 
isolation criterion. 

We define g as the angle between the track isolated 
in one hemisphere and the thrust axis of the particles 
in the opposite hemisphere. In fig. 2a the distribution 
in ~ shows a clear separation between the expected 
signal and the background. The data are compared to 
the background generated using the Lund 6.3 parton 
shower model [ 5 ] (referred to, for simplicity, as QCD 
in the rest of the text), and to the expected signal, 
assuming a charged Higgs mass of 20 GeV/c 2. and 
BR(H--.xv) =0.3. The isolated particle coming from 
xs is energetic and, provided that the Higgs mass is 
above 10 GeV/c  2, is emitted at angle with respect to 
the thrust axis of the opposite hemisphere. By asking 
for an angle greater than 20 ° and a momentum greater 
than 3 GeV/c, one removes all the background keep- 
ing an efficiency of 22 _+ 1.3% for a 20 GeV/c  2 Higgs 
mass. In the real data, no event passes these cuts. 

While the observed distribution shown in fig. 2a 
agrees in shape with the Monte Carlo distribution, 
the number of events is in slight excess, i.e. a 1.6 stan- 
dard deviations effect, with respect to the expecta- 
tion. To understand the origin of this disagreement, 
we notice that the isolation method critically de- 
pends on the distribution of low momentum tracks 
accompanying a single energetic track in the mecha- 
nism of jet fragmentation. We can measure this effect 
by relaxing the isolation criterion to allow for the 
presence of slow tracks with momentum smaller than 

1 GeV/c. We observe 186 events with an average 
multiplicity m = 3.15 + 0.15 while the QCD Monte 
Carlo predicts 118 events with m = 2.90_+ 0.10. Thus 
the observed discrepancy is also present in this larger 
subset, which represents 2% of the Z ° hadronic de- 
cays, indicating an origin of the excess of events ob- 
served at low ~ that is not related to Higgs produc- 
tion. This effect has however no practical implications 
for the heavy charged Higgs search since, as previ- 
ously stated, no event remains after cuts. 

For charged Higgs particles heavier than 30 GeV/ 
c 2, this method does not apply since the jet opening 
angle is so large that the hemispheric separation be- 
comes very inefficient. We thus select three-jet events 
with one jet formed by only one particle with mo- 
mentum above 5 GeV/c. Jets are reconstructed using 
the Lund cluster algorithm [ 5 ] with default parame- 
ters. Candidates excluded by the first method which, 
from fig. 2a, appear heavily contaminated by QCD 
background, are not considered in the following. At 
this level we are left with 25 candidates while the 
Monte Carlo predicts 26 _+ 3 events. One reaches a full 
separation from background by using other features 
which are manifest in this mass region: low thrust of 
the event, below 0.9, an acollinearity angle between 
the two jets greater than 50 ° and below 140 °, in con- 
trast to QCD jets which tend to be aligned. After per- 
forming these cuts which keep 18_+ 1.3% of the cg zv 
decays at mH = 35 GeV/c  2, one is left with no candi- 
date while the Monte Carlo predicts a background of 
0.5 _+ 0.2 candidates. 

Fig. 2b shows the variation of the efficiency of each 
method with the Higgs mass, assuming a zv cg chan- 
nel. The two methods are combined to reach an al- 
most constant efficiency without any combination. 

5. ~v ~v c h a n n e l  

This channel has been searched for using aco- 
planar two particle final states. Since a major con- 
tamination is expected from final state radiation in 
lepton pair production, the analysis is restricted to a 
sample corresponding to 5500 hadronic Z ° for which 
the electromagnetic calorimeters were fully 
operational. 

For mH ~< 25 GeV/c  2, the acceptance of the cham- 
ber trigger on two charged tracks, which imposes a 
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loose back-to-back topology, is above 50%. For higher 
masses, we rely mostly on the electromagnetic trig- 
ger, and we require two showers of more than 3 GeV 
in the HPC or one shower in coincidence with the 
TOF counters. Since more than half of the x decays 
provide electromagnetic energy, the global trigger ef- 
ficiency for two-prong events is ( 55 + 5 )%. To check 
this figure, we have used Z--,zT events triggered by 
the chamber trigger and measured the fraction which 
fulfills the electromagnetic trigger. From the agree- 
ment  with the Monte Carlo prediction, we conclude 
that the s imulat ion of the trigger is adequate and has 
a systematic uncertainty of the order of 10%. 

After demanding  two charged particles with a mo- 
men tum larger than 2 GeV/c,  with a polar angle be- 
tween 30 ° and 150 ° and with an acoplanarity angle 
larger than 15 °, one is left with 20 + 2% of the zv ~v 
decays at m n = 3 0  GeV/c  2. These selections elimi- 
nate the background coming from 3 q , ~ + ~  - and from 
Z°--.x+x - .  The remaining two candidates in the data 
sample show an energetic isolated photon coplanar 

with the two charged tracks and at more than 30 ° 
from each of them, while a Monte Carlo generating 
lepton pairs with final state radiation ~ predicts 
4_+ 0.5 events. We conclude that no candidate is left 
corresponding to the ~v xv topology. 
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Fig. 3. Excluded contours, at 95% CL, for Z~H+H -, in terms of 
the hadronic branching ratio and of the charged Higgs mass. Curve 
a corresponds to the four jet channel. Curve b corresponds to the 
~v cg channel. Curve c corresponds to the "~v xv channel. Curve 
b + c combines these two channels in the overlapping regions. The 
hatched area is obtained from PETRA results [ 2 ]. 

6. Results 

Fig. 3 summarizes the limits, at 95% CL, obtained 
from the channels previously discussed. The ex- 
cluded area largely extends the one covered at lower 
energies. For BR(H-- ,xv)>0 .3 ,  masses up to 34-36 
GeV/c  2 are excluded. This corresponds, as discussed 
in the introduction,  to tgf l>  1, a region favoured in 
theoretical models. Charged pseudoscalars P +, which 
appear in technicolor theories and which would be 
produced with the same cross section, are also ex- 
cluded, as long as their decay is dominated by the 
same channels. 

In conclusion, Z ° data provide an efficient and 
clean way to search for H+H - and, from a limited 
sample of data, the limits from lower energy ma- 

~l For /a+p - and e+e - channels, MUSTRAAL is used and 
KORALZ for x+'~ - [ 8 ]. 

chines have been significantly improved by using very 

distinct topologies. 
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