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A search has been performed for the producuon of charged H,ggs bosons in e +e anmhllatlon at center of  mass energies up to 
46 8 GeV From the absence of both hadromc and leptomc decay signatures, we exclude them up to a mass  of  19 GeV/c 2 indepen- 
dent of  the hadromc and leptonlc branching ratios 

1 Introductton A fundamental feature of the 
Standard Model (SM) of electroweak interactions is 
that it requires the presence of at least one scalar 
Hlggs doublet, which leads to the prediction of a 
neutral boson [ 1 ] However, the SM does not con- 
strain the total number of such doublets, and several 
models designed to solve some of its difficulties and 
ambiguities enlarge this H~ggs sector (e g models for 
CP-vlolauon [ 2] or addressing the strong CP-prob- 
lem [3], and all supersymmetrlc models [4] #l) All 
of them are characterized by the appearance of new 
charged Higgs bosons (H + ) which can be produced 
in e+e annihilations according to the dffferenUal 
cross secUon 

da,  + 3 
~ t e  e . H + H  ) 3 2 (1) = 3 - ~ a , ~  s l n  0 .  

where a ~ =  (4/3s)na 2 IS the total ~t-pair cross sec- 
uon, flts the Hlggs velocity and 0 is the relative angle 
between the incoming and outgoing particles The 
total cross secuon xs ~a..fl3 

The weak decay into fermlons depends on several 
parameters The present knowledge about the quark 
mixing angles, the fermlon masses and the bounds 
on the fermlon-Higgs couplings [ 6] ~mply the decay 
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modes H-+~zv, cs, cb to be dominant for Higgs 
masses in the PETRA energy range, thus giving rise 
to the following ractlons 

e+e - ,H+ H -  __,zwv 

tau final state, 

e + e - ~ H + H  --,cqcq' ( q , q ' = s , b )  

hadronlc final state, 

e+e -- ,H+H--- ,zvcq ( q = s , b )  

mixed tau and hadronlc final state 

Hxggs production could also change the total cross 
section of taus and mulUhadrons 

In this paper we report an experimental search for 
unstable ~z charged Hlggs bosons using the s~gna- 
tures mentioned above It should be noted that these 
signatures hold also for techmp~ons as predicted by 
techmcolor models [ 7] 

2 Data collecnon and detectorpropernes The data 
used for the present study were collected with the 
CELLO detector operating at the PETRA e+e col- 
hder The total integrated luminosity used for this 
analysis was 34 pb 1, most oftt  (27 pb ~ ) was taken 
at a fixed center of mass energy of 44 GeV, the rest 
m an energy scan from 42 5 GeV to 46 8 GeV The 
CELLO detector has been described in detad else- 
where [ 8 ] Here we summarlse the main features of 
the apparatus used in th~s analysis 

- T h e  central tracking device measures momenta 
of charged particles with a set of cyhndracal drift- and 
propomonal chambers inside a 1 3 T solenmdal 
magnetic field The resolutions obtained in polar 
angle (0), azimuthal angle (¢), and transverse 
momentum (p,) are ao=3  mrad sin20, ao=2 mrad, 
and a(pO/p~=O 02pt forlcos 0l <0  9 

- T h e  liquid argon electromagnetic calorimeter is 
divided into two parts The barrel part covers the 

~2 We assume that the H ÷ decay w~th a decay length less than 
10 2m 
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[cos 0[ range up to 0 86 and the end caps cover the 
region 0 92 < l c o s  0l < 0 99 It has a total  thickness 
of  20 radia t ion  lengths and the showers are sampled  
7 umes  in depth The fine lateral segmentat ion pro- 
r ides  an angular  resolut ion a ~ =  6 mrad  and a .  = 8 
mrad  The energy resolut ion is a~JE=O 05 
+ 0 10/xflE, where E is the shower energy m GeV 

- T h e  so called "hole  tagger" ~s a lead scmtdla tor  
sandwich which closes the gap between the barrel and 
the end cap color lmeters  (0 86<  Icos 0l < 0  92) 
Though Its energy resolut ion ~s poor,  it xs efficient in 
tagging events with photons  escaping in the hole 
between the barrel  and end cap ca lor imeter  

The triggers of  interest  for the present  analys~s 
require ei ther 

(1) at least 2 GeV deposi ted  energy m the barrel  
l iqmd argon ca lor imeter  and one or  more  charged 
part icles in the central detector  w~th a m o m e n t u m  
greater than 650 MeV/¢ transverse to the beam (as 
de te rmined  by a fast hardware  processor) ,  or  

(2)  two charged part icles with a m i n i m u m  open- 
mg angle of  135 ° in the r~ plane perpendicular  to the 
beam and a t ransverse m o m e n t u m  greater than 650 
MeV/c 

The data  processing was carried out be the stan- 
dard CELLO reconstruct ion programs After  this 
procedure  we selected all topologies o f  interest  by 
applying different  sets of  cuts which are descr ibed in 
detail  below 

3 Taufinal states The decay of  both  H~ggs bosons 
into Tv leads to a charactens t tc  s~gnature of  events 
wnh two charged tracks coming from the ~ decay 
(Br(z-- ,1 p r o n g ) ~ 8 6 %  [9])  and missing energy 
- m o m e n t u m  due to the undetec ted  neutr inos  

To select such events and suppres s tandard  QED 
background we required 

(1) two tracks in the tuner  detector  wnhin  
I cos 01<  0 85 and originat ing from the vertex, 

(2)  a m o m e n t u m  above 2 5 GeV for both  charged 
particles or above 6 GeV for one charged particle and 
1 GeV for the other, 

(3)  the acop lanan ty  angle of  the two tracks 
(defined as the acolhneanty  m the plane r#) between 
35 ° and 170 °, 

(4)  a m~ssmg transverse momen tum,  as calculated 
from the two charged part icles only, above 3 GeV/c, 

(5)  the acop lanan ty  of  the T-jet axes, obta ined  by 

e ÷ e ~  H ÷ H- CELLO 
1 ' ' ' t '  ' ~ . . . .  ~ / '  ' ' +  . . . . . .  ] 7  O j  -tou /t 

I 08  ':1t 
y 

:{ t \ \ ~ l 
02 R 4 ',. t ~\ / I  ~11o8 

0 , , ~ " - . . ~ . ~  . . . . .  ,~ i , /  ~I I 1 

0 5 10 15 I 20 

i H - + ~ . . c b  
M H [GeV] H±~cs 

F~g 1 L~m~ts at 95% CL on the mass of the charged H~ggs parti- 

cles as a function of the branching raUo into leptons or hadrons 
The area on the shaded side of the contour is excluded m each 

case and they are obtained from the different analysis explained 
m the text The combined l lmn for all of them (thick hne) shows 

that charged Hlggs bosons below 19 GeV/c 2 are excluded 

using both charged and neutral particles, greater than 
20 ° , 

(6)  photons  ei ther m the barrel  or  in the hole tag- 
ger or  in the end cap had to give an mvar ian t  mass 
with one of  the charged parucles  < 2 GeV/c 2, else 
the event was considered to be a Tzy candida te  and 
rejected 

Cut 3 removes colhnear lepton pmr producuon and 
cuts 2, 3, and 4 effectively suppress lepton paris from 
two photon  scattering which tend to be balanced m 
transverse m o m e n t u m  Cut 6 removes events from 
tau pmr  producUon with two very acoplanar  tracks 
of  which one has low m o m e n t u m  

No candida te  event  ~s left after the cuts, whale the 
residual  background expec tauon from QED as 0 3 
events The detect ion efficiency wtth these cri teria ~s 
12% for H ÷ masses a round 22 GeV/c 2 and falls lin- 
early to zero at 5 GeV/c 2 

F rom the absence of  such a signal we exclude H + 
masses at 95% CL m the range between 5 6 GeV/c  2 
and 19 5 GeV/c 2 (assuming 100% branching ratio 
fo r H-* T v) The contour  labelled as H +~ --, tau 's  m fig 
1 shows the dependence  o f  the hm~ts on the branch- 
mg ratio 

4 Hadrontc final states If  both charged Hlggs par- 
ticles decay into quarks (H ÷ --,cs, cb) and have a rel- 
aUvely high mass ( >  8 GeV/c 2) the most  obwous  
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F~g 2 (a) Sphericity distribution for the events accepted by the 
multthadron selection (b) Minimum angular separation between 
jets in the four-jet event sample The expectations from second 
order QCD and charged Hlggs production with masses of 17 
GeV/c 2 and l0 GeV/c 2 are also shown All distributions are nor- 
malized to the total number of events found in data 

signal after quark hadronlza t lon  is an excess in the 
number  o f  four je t  events In contrast  to those orig- 
inating from QCD processes these events will show 
two jet  combina t ions  with an lnvar lant  mass clus- 
tering at the corresponding Hlggs mass 

The mul t lhadron  preselectlon is the same as 
described in ref  [10] The main  requirements  are 

(1) The mult ipl ic i ty  of  charged part icles r/ch > 4 
(2)  Energy of  charged particles Ech > 0 10x/S 
(3)  Energy of  neutral  part icles Ene. > 0 08x/s 
(4)  Total energy of  all part icles Etot> 0 4 0 x ~  
To enhance the Hlggs signal we required in 

addi t ion  
(5)  Energy of  charged part icles Ech > 0 30x/s 
(6) Large sphericity values ( S >  0 15) (see fig 2a) 
(7)  The polar  angle (0sph) of  the spherici ty axis 

constra ined to Icos 0sph[ < 0  75 

(8)  The charged energy greater than the neutral  
energy 

(9)  Four  and only four jets  found by a cluster 
a lgori thm ~3 where these jets  in addi t ion  were 
required to have 

(a)  a je t  energy (neutral  plus charged) larger than 
3 GeV with its axis constra ined to I cos 01 < 0 8, 

(b)  a part icle  mult ipl ic i ty  (neutral  plus charged) 
for each je t  larger than 2, 

(c)  no part icle having more than 90% of  the cor- 
responding je t  energy, 

(d)  a m i n i m u m  angle between any two jets  of  65 ° 
(see fig 2b) For  small Hlggs masses this cut is too 
restrictive and it was loosened to 40 ° as will be dis- 
cussed hereafter  

(10) For  the remaining four jet  events, the jet  four- 
momenta  were recalculated from the measured  je t  
directions and known quark masses In this way large 
mass fluctuations due to poorly measured or  unob- 
served part icles are avoided  and the mass resolut ion 
for the H -+ candidates  is improved  Only well recon- 
structed events with little missing energy and 
m o m e n t u m  were accepted by requiring the rescahng 
of  the .let energies and momen ta  to be between 0 5 
and 2 5 

(11) Once the event was reconstructed klnemat-  
ically, only clean four je t  events were selected by 
requlnng that all j e t - j e t  combinat ions  showed a large 
lnvar lant  mass ( Y =  ( m , / x / s ) 2 >  0 05) and that  the 
difference between the lnvar lant  masses of  the two 
je t  pairs was less than 10 G e V / c  2 for at least one of  
the two wrong j e t - j e t  combinat ions  The wrong je t  
pair ings were dis t inguished from the correct pair ing 
by calculating the probabi l i ty  for all possible je t  pair-  
ings via a least square fit requiring pair  product ion  
of  particles with equal masses F rom a Monte  Carlo 
s imulat ion the Hlggs mass resolution was found to 
be 1-2 G e V / c  2 in the mass range of  interest 

No event survived these cuts and the detect ion 
efficiency was found to be 5-6% for Hlggs masses 
above 13 G e V / c  2 The expected background from 
second order  QCD processes is 0 8 events 

For  smaller  Hlggs masses the jets  become more 
co lhmated  and so we made slightly different cuts 

~3 This cluster algorithm is a utility routine in the Lund Monte 
Carlo program [11], version JETSET5 2 The parameter 
defining the cluster resolution (djo,.) was chosen to be 2 GeV/c 
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(1) The angular separation between jets was 
required to be only > 4 0  ° (see fig 2b) 

(2) The correct je t - je t  c o m b m a n o n s  had to have 
a small m v a n a n t  mass ( Y< 0 06) and all other com- 
binat ions had to have m,j> 18 GeV/c 2, since this 

configuranon gives large mvarxant masses for the 
wrong jet combinat ions  

One event remained, which was kept as a candi- 
date (MH= 10 GeV/c2),  the expectanon from sec- 
ond order QCD background ts 0 6 events The 
detection efficiency for these selection criteria ~s 4% 
around 13 GeV/c 2 and falls to zero at 8 GeV/c-" From 
these effic~enc~es and the observed number  of events 
we exclude H -+ masses between 8 7 GeV/c 2 and 18 
GeV/c 2 at 95% CL (for 100% branching ratio 
H + --,cs) These hmlts  are shown in fig 1 as function 
of the branching ratio by the curve labelled H -+ - , 4  
jets Since the number  of events surviving the cuts 
were only 0 or 1, we did not make any QCD back- 
ground subtraction for the hmlt  calculations, thus 
obtaining conservative hmlts which do not depend 
on uncertainties from multl jet  production from 
higher order QCD 

For the Monte Carlo s~mulatlons the LUND string 
f ragmentanon [ 11,12 ] including mlna l  state radm- 
t~ve correcnons was used A variat ion of the frag- 
m e n t a n o n  parameters trq and the ,zector meson 
probablhty for the c and b quarks within reasonable 
limits do not affect the H + detection efficiency 
significantly 

The different hadronlc decay modes H-~--,cs or 
H + - ,cb  show s~mllar detection efficlencles The limit 
contour m fig 1 labelled as H -+--,4 jets corresponds 
to the case H -+--,cs The somewhat better hmlt  for 
the decay H +--,cb has been indicated at the bot tom 
of the figure 

5 Mtxed hadronlc and tau f inal  state When one 
Hlggs decays into a zv and the other into quarks (cs, 
cb), the cleanest signature for the detection of charged 
Higgs is evidence of an excess of mult~hadron events 
with an isolated track and missing energy 
- m o m e n t u m  

After a mul t ihadron preselecnon softer than the 
one used in the preceedlng section (nch>2, 
Ech>0 lx//ss, E,,~u> 2 0 GeV),  the following require- 
ments were made 

(1) A missing total energy greater than 0 25,,fs 

I ÷ Data 
-- MC (QCD) 

t~ I I .... MC(m.=lTGeV/C) 

,,>, 

0 - - ' "  . . . . . . . . .  " - ' - "  - -  

0 25 50 75 100 
kg (degrees) 

Fig 3 Acolhnearltv distribution for the accepted multlhadron 
events with an isolated charged track (as expected in a m~xed 
hadronlc and leptonlc H ÷ decay) This is compared with the sec- 
ond order QCD prediction and the charged Hlggs production with 
a mass of 17 GeV/c 2 All distributions are normalized to the total 
number of events m data 

(2) An absolute missing m o m e n t u m  greater than 
0 l~/s  and point ing in the barrel calorimeter 

(3) The polar angle 0~ph of the sphericity axis - 
calculated including the missing four m o m e n t u m  m 
the event - had to satisfy [cos 0sph[ < 0 6 

(4) One charged track isolated by more than 60 ° 
from any other charged track and having a m i n i m u m  
energy of 1 5 GeV 

(5) Inside this cone not more than 3 neutral par- 
tlcles were allowed, in addit ion the neutral energy 
was not allowed to exceed the energy of the isolated 
track by more than a factor 1 5 and the averge energy 
of the particles inside the cone had to be larger than 
1 GeV 

(6) Since heavy Hlggs particles are slow, 
fl2=(Ptoi/E~ot)2 was required to be less than 0 95, 
where Ptot and E~oi #4 are the summed momentum and 
energy of all particles outside the cone defined above 

(7) The acolllnearxty of the two m o m e n t u m  sums 
of the particles inside and outside the cone was 
required to be between 15 ° and 90 ° (see fig 3) 

Cuts 6 and 7 efficiently reject zz background Cut 

~4 E,o, was calculated under  the a s sumpt ion  that  all charged par- 
t icles were plons 
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2 rejects events from ,/), colhslons with one of  the 
radiat ing electrons scat tered Into the acceptance of  
the detector  No event survived these cuts, the 
expected background from QCD is 1 event The 
detection efficiency for this decay mode is 5-6% when 
the Hlggs branching rat io is assumed to be 50% for 
both leptonlc and hadronlc  channels With  this 
assumpt ion we exclude at 95% CL H -+ masses 
between 4 2 and 18 2 GeV/c 2 The contour  labelled 
H -+ - , j e t s  + " t a u "  shows the l imit  as a function of  the 
branching ratio 

These cuts still yield a sizeable efficiency for a 100% 
branching ratio Into hadrons,  since heavy quark 
decays can produce isolated charged particles when 
the Hlggs mass is big enough The overlap in effi- 
ciency for these selection cri teria and those used in 
the four je t  analysis is es t imated to be less than 1%, 
so the da ta  samples are pract ical ly independent ,  thus 
allowing one to make a combined  l imit  

6 Total cross sections for tau and multlhadron pro- 
ductwn The main purpose of  this analysis is to search 
for the product ion  o f  Hlggses in the low mass corners 
of  fig 1 not accesible by the analysis described in the 
previous sections The pair  product ion  of  Hlggs 
bosons decaying into mul t lhadrons  gives an increase 
of  0 25fl ~ in the ratio R of  the measured total  had- 
ronic cross section and the muon pair  product ion 
cross section Such a large increase is easily excluded 
from the combined  results on R of  the various PEP 
and PETRA exper iments  [13] To obtain the l imit  
as function of  the H +- mass and the branching ratio 
we fi t ted s imultaneously the strong coupling con- 
stant c¢, and the branching ratio of  the charged Hlggs 
for a given mass The value of  the electroweak mix- 
ing angle sin 2 0w was kept fixed at the world average 
of  0 23 [ 14] The fi t ted value o f ~  was always close 
to the one without  the Hlggs contr ibut ion  The 
excluded mass range at 95% CL as function of  the 
branching ratios are shown in fig 1 as the contour  
labelled R We have also tr ied a fit in which C~s was 
kept small (AQcD= 10 MeV),  so that  most  of  the 
excess over  the quark par ton model  predic t ion can 
be a t t r ibuted  to Hlggs product ion In this case the 
area excluded by the contour  R in fig 1 is roughly 
reduced to half  its size The l imits de te rmined  from 
R depend on the relative detect ion efficiency for the 
Higgs bosons and the normal  mul t ihadron  produc-  

tlon For  CELLO this ratio is close to one and we 
have assumed it to be one also for all o ther  detectors 

A similar  fit has been performed to our measure-  
ments  of  the total cross section for tau product ion  
[ 15] The results are shown by the curve labelled a ~  
in fig 1 

No a t tempts  have been made  to exclude H -+ with 
masses below the threshold for decay into taus, since 
this region has been excluded al ready [ 16] 

7 Concluston In a search for unstable charged 
Hlggs particles we did not observe any signal in either 
hadronlc  or leptonic decay modes  using da ta  up to 
the highest PETRA energy of  46 8 GeV The com- 
bined results on the searches for all possible decay 
modes  exclude charged Hlggs bosons with masses 
below 19 GeV/c 2 at 95% CL independent  of  the 
branching rat io This l imit  also holds for technipIons 
which have the same signatures [7] 

The present  result improves  significantly previous 
ones from PEP and PETRA [17],  none of  which 
exluded by itself  charged Higgs bosons idependent ly  
of  their  decay mode 
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