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Search for the charged Higgs boson in Z ° decay 
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We have searched for the pair produced charged Higgs particles in the decays ofZ ° for the decay channels ofH÷H - --,x+vx-9, 
H ÷ H---, wcs and H ÷ H---, cges. The data sample analyzed corresponds to approximately 50 000 hadronic decays of Z °. A lower 
limit of 36.5 GeV is obtained at the 95% confidence level for the mass of charged Higgs particle, independent of its decay branch- 
ing ratio. 

1. Introduction 

The standard model [ 1 ] has been very successful 
in describing experimental data f rom electroweak in- 
teractions. This has been thoroughly demonstrated by 
recent experimental data on the properties of  the Z ° 
boson at the LEP collider [ 2 ]. However, another im- 
portant  aspect o f  the theory, the Higgs mechanism, 
has not yet been experimentally verified. 

The standard model requires one complex scalar 
doublet to generate Z ° and W +- boson masses, though 
the framework of  the theory does not restrict the 
number  o f  doublets to one. Indeed, several theoreti- 
cal models with two or more Higgs doublets have been 
proposed to give alternative theoretical solutions to 
the electroweak CP violation [ 3 ], the suppression of  
C P  violation in strong interactions [ 4 ], and the B°B ° 

Supported by the German Bundesministerium ftir Forschung 
und Technologie. 

mixing [5 ]. Moreover, a non-minimal Higgs struc- 
ture is required by many of  the new theoretical 
frameworks aiming at solving the difficulties o f  the 
standard model [ 6 ], most notably by the supersym- 
metric extension of  the standard model [7 ]. 

In this paper we consider the minimal extension of  
the standard model with two complex Higgs dou- 
blets. In this model, the spontaneous breaking of  the 
gauge symmetry leaves five physical Higgs particles, 
of  which two are charged (H +, H -  ). The mass o f  the 
charged Higgs is not constrained by the theory, and 
they could be pair produced by Z ° decay. 

The partial width o f Z  ° for the charged Higgs is [ 8 ] 

GfM 3 
F ( Z ° ~ H + H -  ) - 6v/-2 rt (½ - sin20w)2fl3' 

where flH = X/1 -- 4M~/M2z. 
The charged Higgs is expected to decay preferen- 

tially to the heaviest fermion pairs. In the leptonic 
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channel,  the decay into x and v dominates .  In the 
hadronic  channel,  the decay into c and b quark is 
suppressed compared  to the c and  s quark due to the 
small value o f  the quark mixing pa ramete r  I Vcbl- 

In this paper,  we use the following three processes 
to search for H-+: 

Z°- - ,H+H --- ,  (x+vx-9 ) ,  (xvcs) and  (c~es). 

As the exact branching ratios into these channels 
are model  dependent  [ 8],  in the following analysis 
we present our results as a function of  B r ( H  ± ~ x v ) ,  
the branching ratio of  charged Higgs into tau and 
neutrino.  

This analysis has been performed using the da ta  
collected during an energy scan around the Z ° peak 
in March - June  1990. In this period,  approximate ly  
50 000 hadronic  Z ° decays have been collected and 
they are used here for normal izat ion.  The previous 
mass l imits of  H -+ obta ined  from other exper iments  
at e+e - colliders can be found in ref. [9] .  

2. T h e  L3 detector 

The L3 detector  covers 99% of  4r~ with calorime- 
try. The detector  consists of  a central vertex cham- 
ber, a high resolution electromagnetic  ca lor imeter  
composed of  BGO crystals, a ring of  scinti l lat ion 
counters, a u ran ium and brass hadron calor imeter  
with propor t ional  wire chamber  readout ,  and a high 
precision muon chamber  system. These detectors are 
instal led in a 12 m d iameter  magnet  which provides  
a uniform field of  0.5 T along the beam axis. The de- 
tector and its performance are descr ibed in detail  
elsewhere [ 10 ]. 

3. Search for H + H  - decaying into x+vx-9  

Z ° - , H + H  - - - . x+vx-9  events are ident if ied requir- 
ing one x decaying into a muon and another  z decay- 
ing into a low mult ipl ic i ty  jet.  In order  to select those 
events and suppress the background coming from 
Z°--*x +x-  (7)  events, the following cuts have been 
applied: 

( 1 ) We require at least one reconstructed muon in 
the detector  fulfilling the following criteria: 

( i )  Icos 0.1 <0.7,  where 0, is the polar  angle of  
the muon track; 

( i i )  the reconstructed muon momentum should be 
greater than 3 GeV and less than 35 GeV; 

( i i i )  there should be less than two calor imetr ic  
clusters a round  the muon track within a cone o f  30 ° 
half  angle. 

(2)  I f  the muon track has an associated scinti l lator 
hit,  the t ime of  the hit  should be within + 3 ns o f  the 
beam crossing after correcting for the t ime of  flight. 

(3)  There should be less than eight clusters in the 
event besides those associated with the muon.  

(4)  There  should be one (and only one)  je t  with 
energy greater than 4 GeV associated with charged 
tracks, and  forming an angle with the muon in the 
range o f  30 ° <0jet4t< 168 °. Fig. 1 shows the distr i-  
but ion o f  this angle for the da ta  and the Higgs Monte  
Carlo after all other  cuts have been applied.  

Applying these cuts to Monte  Carlo generated 
events, we computed  a detect ion efficiency for Z ° ~  
H + H  - ~ x ÷ v x  - 9 events of  about 9% in the range 20 < 
Mn < 40 GeV. 

No events have been found in the data. The mass 
l imit  from this analysis as a function of  B r ( H  -+ --.xv) 
is shown in fig. 4 by the contour  A. In obtaining the 
limit, we have reduced the number  of  expected events 

c 
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40 

20 

' i . . . .  i . . . .  i . . . .  i . . . .  

H+ --> 7"*v, H- ~ "r-17 

• Doto +1 I ~  M.C. M.=30GeV 

Cut 
$ 

o - - T6O" . . . .  1-2"6 . . . .  -17~0 . . . .  t"~0" - 180 ° 

Fig. 1. The distribution of the angle between the muon and the 
jet, 0jet,,, after applying all other cuts to select the H+H-~  
x+vx-9 event. The filled circles are from data and the shaded his- 
togram is from the H ÷ H- Monte Carlo ofM. = 30 GeV. For the 
purpose of presentation, the Monte Carlo is normalized to the 
data for the same number of Z ° decays with Br (H -+ -,xv) = 100%. 
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by 10% to take into account the systematic  error  o f  
the expected number  o f  events mainly  due to the un- 
certainty o f  the acceptance.  

4. S e a r c h  for H ÷ H  - d e c a y i n g  into  x'vcs 

Z °--, H + H  --- ,zvcs events are ident i f ied  by requir-  
ing the x decaying into a muon and the c and  s quark 
hadroniz ing into one or  two jets.  

In add i t ion  to the muon  selected by the same cuts 
descr ibed above,  we require the following condi t ions  
of  the hadronic  system: 

( 1 ) The total energy o f  the event should be less than 
60 GeV. 

(2 )  There should be at least four calor imetr ic  clus- 
ters in the event  besides those associated with the 
muon.  

(3)  There should be at least one je t  with energy 
greater than 4 GeV associated with charged tracks. 
The nearest  je t  to the muon  should have an angle in 
the range o f  30 ° < ~  0 j e t ,  l a ~  164 °. Fig. 2 shows the dis- 
t r ibut ion o f  this angle for the da ta  and the Higgs 
Monte  Carlo after all o ther  cuts have been applied.  

The acceptance o f  Z °--, H + H -  ~ xvcs event  was cal- 

culated by applying the above cuts on the Monte  Carlo 
generated events. For  the hadroniza t ion  of  c and  s 
quarks,  we used the program JETSET 7.2 [ 11 ] with 
ALL=290 MeV and string fragmentat ion.  We found 
a detect ion efficiency of  about  11% in the range of  
2 0 < M H < 4 0  GeV. 

No  events have been found in the data. The mass 
l imit  of  H -+ f rom this analysis as a function of  
B r ( H + - ~ w )  is given in fig. 4 by the contour  B. The 
systematic  error  of  10% is included in the l imit  as in 
the analysis above. 

5. S e a r c h  for H ÷ H  - decay ing  into  c~es 

The search for H+H--- .cg~s  was per formed by 
analyzing the hadronic  events f rom Z ° selected by the 
s tandard  hadron  cuts [ 12 ]. Each hadronic  event  is 
classified into a mult i- jet  event  by using the " J A D E "  
version of  the je t  recombina t ion  algori thm [ 13 ]. In 
this scheme, we first calculate the scaled invar iant  
mass squared 

Yo =2EiEJE2is" (1 - -cos  0ij) 

tad 

4 0  , i . . . .  i . . . .  i . . . .  i . . . .  

H + --->"rv, H:F.--> cs 

30 • Data 

Id.C, M. = 30 GeV 

20 

~o Cut 

0 ~ ~ -  180 o 

Fig. 2. The distribution of the angle between the muon and the 
nearest jet, 0je~.~, after applying all other cuts to select the 
H + H- --,xvcs event. The filled circles are from data and the shaded 
histogram is from the H ÷ H- Monte Carlo of MH = 30 GeV. For 
the purpose of presentation, the Monte Carlo is normalized to 
the data for the same number of Z ° decays with Br (H ± --,xv) = 
50%. 

for each pair  of  the energy clusters in the event, where 
Ei, El are the energies of  the clusters, Evi s is the total  
energy observed and O o is the opening angle between 
clusters i and j .  The cluster pair  for which Yo is the 
smallest  is then replaced by a pseudo-cluster  k with 
four -momentum pk=pi+pj. The procedure  is re- 
peated until  all the values o f  Y0 in the event  exceed 
the je t  resolut ion pa ramete r  Your. The remaining  
(pseudo)c lus te rs  are called jets.  

The Higgs event sample consists of  exactly four je t  
events with Ycut= 0.02, where this value o f  you t corre-  

s p o n d s  to the m i n i m u m  je t  pai r  mass o f  13 GeV in 
the event. Approximate ly  4 200 four-jet events have 
been obta ined  from a total  o f  = 50 000 hadronic  de- 
cays from Z °. 

Four  jets  were further combined  into two pairs  o f  
jets, (i, j )  and (k, l) ,  by taking the combinat ion which 
has the smallest  difference between two invar iant  
masses. This procedure  is to identify the proper  pairs 
o f  je ts  originating from the decay of  two Higgs 
particles.  

The event  candidates  were then selected by apply-  
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ing the following cuts which are independent of  the 
Higgs mass in search: 

(1) (Ei+ E j - x / ~ ) 2  + (Ek + E l - x / ~ ) 2  <16 
GeV 2 and Icos Oij-cos Okll <0.3.  

(2)  The polar angle of  the thrust axis should be in 
the range of  60 ° < 0thrust < 120 o. This CUt is tO enrich 
the Higgs sample by taking into account the sin2O dis- 
tribution of  the H + H -  production as opposed to the 
1 + cos2O distribution of  the QCD background. 
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Fig. 3. The distribution of  the reconstructed Higgs mass, M, ec, 
obtained from hadronic four-jet events for (a)  data (filled cir- 
cles) and QCD Monte Carlo (h is togram) before cuts. (b )  data 
(filled circles) and QCD Monte Carlo (histogram) after all other 
cuts besides Mr~¢ cut. For  (a)  and (b) ,  the Monte Carlo is nor- 
malized to the same number  of  four-jet events before cuts. (c)  
H + H  - Monte Carlo of  M n = 2 5  GeV before cuts. (d )  H + H  - 
Monte Carlo ofMn = 25 GeV after all other cuts, The cut on M~c 
is indicated in the figure. For  the purpose of  presentation, the 
H + H  - Monte Carlo is normalized to the data for the same num-  
ber  of  Z ° decays with Br (H -+ --, cs) = 100%. (e)  and ( f )  are the 
same as (c) and (d)  respectively but  with M n = 3 5  GeV. 

(3) The lowest energy jet should have at least 12 
GeV. This is to remove preferentially QCD events 
with gluon radiation• 

For each Higgs mass regions, we then required: 
(4) The thrust T of the event should be Ttow< 

T< Thigh, where the threshold values Tlow and Thig h 
were optimized for the best signal-to-noise ratio de- 
pending on the Higgs mass MH. 

( 5 ) I Mre¢- MH I < 2.5 GeV where Mre¢ is the aver- 
age of two invariant masses reconstructed from the 
jet pair (i,j) and (k, l). The value of 2.5 GeV corre- 
sponds approximately 1.5 times the resolution of Mr~c. 
The distributions of Mre c a re  shown in fig. 3 for the 
data and Monte Carlo of MH = 25 and 35 GeV. 

The number of observed H+H ---,c~es candidates 
from hadron data, typically three events, is consis- 
tent with the expectation from the QCD background• 
The acceptance e of H + H - ~  c~¢s event has been cal- 
culated by applying the above cuts on the Monte Carlo 
generated events• We found e -  ~ 3% at MH= 37 GeV 
and e~5% at MH=20 GeV. The systematic uncer- 
tainty of the acceptance is estimated to be 12% in- 
cluding the Monte Carlo statistics• 

The limit of the Higgs mass is derived as a function 
of Br(H-+~cs)  by applying a Poisson statistics be- 
tween the observed number of candidates and the ex- 
pected number of signal and background events cal- 
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Fig. 4. The excluded regions of  the charged Higgs mass as a func- 
tion of  B r ( H  -+ --,zv) by analyzing H + H  - - - ,x+vx-9  (contour  A) ,  
H + H - - , w c s  (contour  B) and H+H--- ,cges  (contour  C) .  The 
contour  D shows a combined limit of  all three decay channels. 
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cula ted  by  the M o n t e  Carlo  [ 1 4 | .  To  take in to  
accoun t  the  sys temat ic  error,  we reduced  the n u m b e r  
o f  expected events  by  12%. The  excluded region o f  
the Higgs mass by this  analysis  is shown as the con-  
tour  C in  fig. 4 as a f unc t i on  of  B r ( H - + ~ w ) =  1 -  
Br(H-+-- .cs) .  

6. Conclus ions  

We have searched for the pai r  p roduced  charged 
Higgs part icles  in  the decays of  the  Z ° for the decay 
channe l s  o f  H + H - ~ x + v x - 9 ,  H + H - - - , ~ v c s  a n d  
H + H - ~ c g ~ s .  N o  ind i ca t i on  o f  the H + H  - produc-  
t ion  was observed. The  excluded region o f  the charged 
Higgs mass  o b t a i n e d  by  c o m b i n i n g  all three  decay 
channe l s  is shown as the co n t o u r  D in  fig. 4 as a func-  
t ion  o f  B r ( H  -+ - - .w) .  The  Mo n t e  Carlo  s tudy  showed 
that  the acceptance  o f  the even t  wi th  H - + ~  cb decay 
is the same as the H -+ --,cs wi th in  the statistics. 

A lower l imi t  o f  36.5 G e V  is o b t a i n e d  at the  95% 
conf idence  level for the charged Higgs mass,  inde-  
p e n d e n t  o f  the b r a n c h i n g  rat io o f  the  Higgs in to  lep- 
tons  or hadrons .  
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