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We report  on  a general  search for neutra l  and  charged Higgs bosons  with no a s sumpt ion  tha t  the  Hlg g s  sector consis ts  
o f  a single double t  as in the  m i n i m a l  s t andard  mode l  No  signal incons is ten t  with background  is observed in any  o f  the  
decay channels  ana lysed  F rom the results o f  direct searches, mode l  i ndependen t  l imits  on  Hlggs  bremss t r ah lung  and  
on  Hlggs pair  p roduc t ion  f rom the Z ° are presented  We interpret  the  b remss t r ah lung  h m l t s  m the general  two-doublet  
mode l  Z ° h n e s h a p e  m e a s u r e m e n t s  fur ther  restrict  the  pa rame te r  space available m the two-doublet  mode l  Finally, 
the  results  are in terpre ted  in the  f ramework  o f  the  m i n i m a l  supe r symmet r i c  extens ion o f  the  s tandard  mode l  

l Deceased  
2 Suppor ted  by the  G e r m a n  

Forschung  und  Technologle  
B u n d e s m i n l s t e r i u m  fur 

I. Introduction 

I n  t h e  m i n i m a l  s t a n d a r d  m o d e l  o f  e l e c t r o w e a k  in-  

t e r a c t i o n s ,  a s i ng l e  H l g g s  d o u b l e t  g e n e r a t e s  m a s s e s  fo r  
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the gauge bosons and for the charged fermlons via 
spontaneous breaking of the gauge symmetry [1] 
With only one doublet, Higgs production and decay 
properties depend only on the Hlggs mass Assuming 
these dependences, the L3 experiment has searched 
for the standard model Higgs boson and excluded it 
for masses less than 52 GeV [2] 

The standard model contains three families of 
fermions and three types of spin-1 bosons It is quite 
possible that the actual scalar sector in nature has 
more than one doublet of Hlggs bosons or has Hlggs 
bosons in other multlplets This is expected in many 
theories that go beyond the standard model If the 
Hlggs sector contains more than a single doublet, 
rates for bremsstrahlung of the hghtest Hlggs from 
the Z ° are not uniquely predicted and are generally 
lower than in the minimal  standard model At the 
same time, with a richer Hlggs sector, pairs of Higgs 
particles can be produced in Z ° decays Therefore, 
if we are to find a non-standard model Hlggs boson 
at LEP, we must search for bremsstrahlung at lower 
rates than predicted in the standard model and for 
Hlggs pair production 

Extensions of the standard model Hlggs sector must 
be consistent with two Important experimental results 
on neutral currents [3] first, the p parameter is very 
nearly equal to one, and second, there are stringent 
hmlts on flavor changing neutral currents Models that 
contain only Hlggs doublets automatically satisfy the 
first constraint and can satisfy the second without un- 
natural fine tuning of parameters A model with two 
Hlggs doublets illustrates some processes that occur 
in more general models 

The Hlggs sector of the two-doublet model [4] con- 
tams five physical Hlggs bosons one neutral CP-odd 
A °, two neutral scalars h ° and H °, and two charged 
scalars H + Both neutral scalars attain vacuum ex- 
pectation values breaking the symmetry The ratio of 
these two vacuum expectation values (tan fl) is an 
unknown parameter of the model The mixing angle 
(a) of the mass elgenstates h ° and H ° is another un- 
known parameter Although the branching ratios de- 
pend on these two parameters, all of the five Higgs 
bosons tend to decay predominantly into the heaviest 
fermion pairs kinematically allowed Above bl3 thresh- 
old, the most likely decays of the neutral Hlggs bosons 
are into bl3 or z + r  - Ifkinematlcally allowed, the pro- 
cess h ° ~ A°A ° may dominate h ° decays, giving rise 

to more complex final states The most likely decays 
for the charged Hlggs bosons are into cg or into zv 
The CP-odd nature of the A ° boson forbids its brems- 
strahlung emission from the Z ° The decays Z ° -+ h°h ° 
and Z ° --* A°A ° are forbidden by Bose statistics The 
dominant  Hlggs production processes at the Z ° reso- 
nance which we have investigated are listed below 

(a) the bremsstrahlung process Z ° --, Z°*h ° --~ 
h°v~, h°/t+/t - ,  h°e+e - ,  

(b) neutral pair production Z ° ~ h°A ° ~ bbbb, 
b6bl3bb, bbz+r  - ,  z + z - z + r  -, 

(c) charged pair production Z ° ~ H+H - ---, 
~'+/J2"-/~, CSl"b', CSC'S 

We have searched for these processes in the 1990 
and 1991 L3 data sample which totals 408000 
hadronic Z ° decays at center-of-mass energies be- 
tween 88 2 and 94 3 GeV From searches for process 
(a), model independent limits on Hlggs bremsstrah- 
lung from the Z ° are presented then interpreted in 
the general two-doublet model Z ° hneshape mea- 
surements limit the partial width of the Z ° into Hlggs 
pairs and further limit the parameter space available 
in the two-doublet model From searches for process 
(b), more restrictive, model independent,  limits on 
Hlggs pair production are set We hmlt the mass of 
charged Higgs bosons by searching for process (c) 
The details of event selection and efficiency determi- 
nation, for all of the above channels, are presented 
elsewhere [5] Finally, the results are interpreted 
m the framework of the minimal  supersymmetrIc 
extension of the standard model (MSSM) 

2. Neutral Hlggs bosons 

In a two-doublet model, the rate of Higgs brems- 
strahlung is equal to that in the standard model mul- 

tiplied by sin E (fl - c~) 

/" (Z o ~ hoZ °* ) 

= F ( Z  0 --~ H°M Z0* ) sln2(fl --ol) (1) 

The Z ° partial width in Higgs pairs is proportional 

to cos2(fl - c~) 
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Fig 1 Limit o n  s in  2 ( f l - a )  of the two-doublet Hlggs model 
obtained from the search for Higgs bremsstrahlung The 
hmlt extends to m h = 0 

F ( Z  ° ~ h°A °) = F ( Z  ° ~ vb )  

X 1 ~ 3 / 2 / ~ 2 1 ~ 2  m2A/m 2) cos2(fl _ a)  (2) ~r, W r t h H . Z ,  

where 2(a,  b) = (1 - a - b) 2 - 4ab Thus, i f  the rate 

of  Hlggs bremsstrahlung happens to be small, the rate 
of  pair production will be relatively large The inter- 

pretation of  results obtained for the search for Higgs 

bremsstrahlung gives upper limits on sin 2 (fl - a )  In 

fig 1 these limits are shown assuming the A ° is more 

than half the mass of  the h ° These hmlts are based 

on our search for the standard model Hlggs [2] in the 

high mass region and on a more sensitive search in the 

mass region from 0 to 30 GeV [5 ] Because of  the sim- 

ple relation between the decay rate and sin 2 (fl - a ) ,  

the results presented as limits on sin 2 (fl - a )  can be 

readily translated into model independent limits on 

Higgs bremsstrahlung This hmlts the Hlggs brems- 

strahlung rate to be less than about 10% of the stan- 

dard model rate up to Hlggs masses of  30 GeV 

From measurements of  the Z ° hneshape we have 

limited the additional width of  the Z ° to be less 
than 40 MeV [6] The hmlts on the contribution 

of  Hlggs pair production to Fz give an upper limit 

on c o s 2 ( f l - a )  We can combine the limits on 

s l n 2 ( f l - a )  and c o s 2 ( f l - a )  to exclude a region 

in the mhmA-plane A mass pair (mh, mA) will 

be excluded if the corresponding upper hmit  on 
sin 2 (fl - a ) from the bremsstrahlung process is lower 

than the lower hmlt  coming from the pair produc- 

tion process In the region where mh > 2mA, the se- 
lection efficiency for possible h ° --~ A°A ° decays has 

been evaluated [5] for a selection optimized for this 

6 0  > 

v 

o 
E 

< 

5 0  

4 0  

5 0  

2 0  

10  

i 
10  2 0  3 0  

] i r , P J i i i 

4 0  5 0  6 0  
h m o s s  (OeV)  

Fig 2 Exclusion m the mhmA-plane of the two-doublet 
Hlggs model obtained by combining the hmlts on Hlggs 
bremsstrahlung and the hmlt from the Z ° hneshape mea- 
surements Below the dashed hne, the process h ° -* A°A ° 
has been included m the efficiency determination 

decay mode The detection efficiency is comparable 

to that for the h ° decay into fermlons The effect of  

the modified efficiency reduces the excluded region 

around mh ~ 37 GeV The resulting exclusion plot 

in the mhmA-plane is shown m fig 2 

Beyond the general exclusion in the framework of  

the two-doublet Hlggs model, direct searches for pair 

produced h ° and A ° bosons are more sensitive and can 

cover a larger mass (mh, mA) region The following 

Hlggs decay modes are expected 

h° /A ° --* z+z -, h° /A ° --~ bl~, 

h ° ~ A°A ° (3) 

Thus direct searches for bbbl3, bbbbbb, bbz + z - ,  and 

z+z- z+z  - signatures are performed The discrim- 

ination of  the multi-jet channels against standard 

Z ° ~ q~ background is based on the jet mult lphcgy 

and the reconstruction of  event kinematics using the 
spin-0 nature of  the Hlggs In order to enrich the 

sample with events containing b-hadrons, the pres- 

ence of  a muon or electron with large transverse mo- 
mentum with respect to the nearest jet is required 

In the bbz + z-channel ,  two hemispheres are defined 
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Fig 3 Regions of the mhmA-plane excluded at 95% 
CL for values of the branching ratio F ( Z ° - +  h°A°-+  
b b b b ) / F ( Z  ° ~ qq) >/ 1 x 10 -3 (dark region), 2 x 10 -3 
(region reside thick black contour line) 

T h e  p re sence  o f  two t aus  is r e q u i r e d  in one  o f  the  

h e m i s p h e r e s  a n d  large h a d r o n l c  ac t iv i ty  is r e q u i r e d  

in the  o t h e r  A r is i den t i f i ed  as a h i g h - t h r u s t  j e t  

w i th  a single cha rged  t r ack  as soc ia ted  w i th  i t  T h e  

r + ' r  - m v a r l a n t  mass  IS c o m p u t e d  a s s u m i n g  t h a t  the  

m l s s m g  m o m e n t u m  in the  e v e n t  is all due  to the  

n e u t r i n o s  f r o m  the  z decays  In  the  4 r channe l ,  t he  

expec ted  m u l t l p h c l t y  for  the  s ignal  lies b e t w e e n  t h a t  

for  Z ° -+ q~ a n d  t h a t  for  Z ° -+ z + r - a n d  the re  is low 

v i s ib le  energy  R e q u m n g  two o n e - p r o n g  taus  m one  

h e m i s p h e r e  very  effect ively  rejects  b a c k g r o u n d  Se- 

l ec t ion  ef f ic lencms for  the  a b o v e  processes  are typi-  

cally f r o m  3% to 15% [5] N o  signal  a b o v e  expec ted  

b a c k g r o u n d  has  b e e n  seen in  any  o f  the  c h a n n e l s  

Fig 3 shows the  exc luded  regions  in the  m h m A - p l a n e  

for  b r a n c h i n g  ra t io  l imi t s  on  

F (Z ° --* h°A ° -+ b6bb) 
F ( Z  ° ---* h a d r o n s )  

(4)  

T h e  l imi t s  o n  the  Z ° ---* h°A ° ~ z + z-bl~ b r a n c h i n g  ra- 

t ios  are s h o w n  in fig 4 a n d  the  exc lus ion  l imi t s  on  

the  Z ° --+ h°A ° ---+ z + z - z + r  - are  s h o w n  in  fig 5 

T h e  process  Z ° ~ h°A ° --* A°A°A ° --* bl3bbbl3 can  

d o m i n a t e  i f  mh > 2mA L i m i t s  on  th i s  p rocess  are 

de r i ved  in the  mass  range  18 ~< mA ~< 27 G e V  At  

the  95% C L  

8O r I I I I I I 

Excluded 
7 0  T ~ .  O r  / 7  , b ~ A  , . . R R :  

~ 6o 
< 

5O 

40 

30 

20 

10 

0 10 20 30 40 50 60 70 80 

h mass (GeV) 

Fig 4 Regions of the mhmA-plane excluded at 95% 
CL for values of the branching ratio F ( Z ° - *  h ° A ° +  
z + z - b f g ) / F ( Z  ° -+ qq) /> 2 x  10 -4 (dark region), 5× 10 -4 
(hatched region) and 2 × l0 -3 (region inside thick 
black contour line) The analysis has been performed for 
h ° --* z + r  - and A ° -+ bl~ The results can be interpreted 
as a general limit on any pair of scalars with one decaying 
into bl~ and the other decaying into z + z -  

7O > 

v 60 
g 
e~ 

E 
5O < 

40 

30 

20 

10 

0 10 20 30 40 50 60 70 
h mass (GeV) 

Fig 5 Regions of the mhmA-plane excluded at 95% 
CL for values of the branching ratio F ( Z ° ~  h°A°--+ 
z + z - z + r - ) / F ( Z  ° -+ hadrons) >~ 5 x 10 -4 (dark region), 
1 x 10 -3 (hatched region) and 2 x 10 -3 (region inside thick 
black contour line) 

F ( Z  ° --, h°A ° ~ A°A°A ° ---* b l3bbbb)  

F (Z  ° ---* h a d r o n s )  

~< 9 4 x  10 -4 (5) 
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3. Charged Higgs  bosons 

The  part ial  wid th  o f  the Z ° decay into a charged 

Hlggs pair  depends  only on the mass o f  the charged 

Hlggs [4 ]  

F ( Z  ° ~ H + H  - ) 

GFm3z 
-- 6v~Tr (½ -- sin2 0w)2f13±' (6) 

where 

4m~± 
f lH  ± ~--- 1 m2 z (7) 

Fo r  example ,  the n u m b e r  o f  expected  charged Higgs 

events  for a Higgs mass  o f  40 G e V  amoun t s  to about  

one  per  1000 col lected hadron lc  Z ° decays Charged  

Hlggs bosons  are expected  to decay p r edominan t l y  

into the heavies t  l ep ton  a l lowed and its associated 

neu tnno ,  or  into the heaviest  quark  pair  whose  decay 

is not  suppressed by a small  va lue  o f  the C K M  ma-  

t r ix  e lement ,  i e ,  H + ---, r + u  or  H + ---* cs Therefore ,  

searches for the three processes re levant  at LEP I are 

pe r fo rmed  

Z ° ~ H + H -  ---, z + v z - # ,  z v c s ,  cs6s (8) 

The  first process IS ident i f ied  by the presence o f  

acoplanar  taus and large missing energy Events  o f  

the type Z ° ---* H + H  - ~ z u c s  are charac te r ized  by 

the presence o f  a tau  in one hemisphere ,  two acopla-  

nar  je ts  m the o ther  hemisphere ,  and miss ing energy 

Candida tes  for Z ° ~ H + H  - --, cs6s are non-planar ,  

mulU-jet  events  wi th  a pair  o f  two-jet  systems o f  equal  
mass In all cases, the scalar na ture  o f  the Hlggs ~s used 

to d i sc r imina te  these events  f rom the e+e  - ~ z + r  - 

and  e+e  - ---* q~ background  and in the cg~s and r u  cs 

channel  k inemat ic  constra ints  a l low a very sensi t ive 

search for a signal in the  lnvar ian t  mass spec t rum o f  

the j e t  system A typical  select ion eff iciency in this 

channel  is 4% [ 5 ] N o  charged Hlggs signal above  ex- 

pected  background  has been  observed  Fig 6 shows 

the 95% CL l imits  on charged Hlggs mass as a func- 

t ion o f  its b ranching  rat io  into ru  ob ta ined  f rom the 
search for all three processes 

~ 1 o  

H±--~ z v  ~ \ 
~" L H_+_~ cs 

o S I Excluded by L3 at 950/0 C L I 

,, ,, ,, ~/,,,,, 
8] 

H+--> c g "~) #> 
H - ~ c s  ,~, ~z"~,  

9,¢, ¢ '~ ,4 I 04 ,;', e ~ 

A u / t 
H+--> 1:+v ~[ ~ " /  , ' /  

0 0 2 ( - -  --I" [ - -  --I*-- --I ~ 24 28 32 36 40 44 
H- mass (GeV) 

Fxg 6 Excluded regions of pmr produced charged H~ggs 
m the channels cg~s, cstv and t + v t - v  as a function of 
the charged Hlggs mass and the leptonlc Hlggs branching 
fraction The thick black hne defines the combined excluded 
region 

4. Interpreta t ion in the M S S M  

The  results ob ta ined  in prev ious  sections can be 
c o m b i n e d  to set mass l imits  on the neutral  Hlggs 

bosons in the min ima l  s u p e r s y m m e t n c  s tandard  

mode l  In this two-double t  model ,  the parameters  

tan fl and a are direct ly related to mh and mA at 

tree level The  tree level mode l  also predicts  that  

mh < mA, mh < mw, and mH± > mz  
Rad ia t ive  correct ions,  however ,  can modi fy  these 

predic t ions  The  ma in  effects o f  rad ia t ive  correct ions  

can be extracted by making  the fol lowing two assump- 

t ions [7] (a) that  all supersymmetr ic  par tners  are de- 

generate  in mass and do not  mix,  and (b) the leading 

top  mass t e rm in the radia t ive  correcUon expression,  
4 is d o m i n a n t  With these assumptions ,  the effects mtop, 

o f  rad ia t ive  correct ions can be summar i zed  with a sin- 

gle d imensionless  parameter ,  e, for a g iven mtop and 

mstop = m~ 

3~w mt4op ln(msZtov'~ 
e =- 2---~- m w m  2 \ - ~ t o p , ] '  

(9) 

where aw = O ~ E M / s i n  2 0w For  e = 0 the tree level 

relat ions are preserved  For  large e, the neutral  boson  

mass l imits  and the re la t ionships  be tween  the masses 

and a and t an f l  are al tered [7] The  charged Hlggs 
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Fig 7 Excluded regmn in the mhmA-plane of the MSSM 
model at the 95% CL 

remains too massive to be produced at LEP I We 
allow a conservative range of the top and stop masses 

Hlggs pairs A lower limit of 41 GeV is obtained at 
the 95°/0 CL for the charged HlggS mass, independent  
of the Higgs decay mode In the MSSM, the combi- 
nat ion of the negative searches for the neutral Hlggs 
bosons excludes almost the entire (ran, mA) mass re- 
gion which is klnematlcally allowed at LEP I, even 
when radiative corrections are taken into account Our 
result extends previous work on the single low mass 
Hlggs search [8], the charged Hlggs search [9] and 
the neutral pair produced Hlggs search [ 10] 
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90 < mtop < 250 GeV, 

mtop  < mstop < 1 0 0 0  GeV, (10) 

corresponding to an e range of 0 < e < 1 45 
After radiative corrections, two (mh, mA) pairs 

may correspond to one given (mA, tanf l )  pair A 
point in the mhmA-plane is only excluded if all the 
corresponding (rnA, tan fl) values are excluded for 
a range of tan fl from 1 to 50 and for any value of 
e from 0 to 1 45 Fig 7 shows the region excluded 
in the mhmA-plane by a combination of the direct 
searches for neutral Hlggs bosons and the limit on 
the Z ° width 

5. Conclusion 

To detect Hlggs bosons expected outside the min- 
imal standard model, we have searched for reduced 
rate Hlggs bremsstrahlung and for Hlggs pair produc- 
tion on the Z ° Up to a Higgs mass of 30 GeV, the rate 
for Hlggs bremsstrahlung is limited to about 10% of 
the standard model rate For a large mass region, up- 
per hmits ranging between 2 x 10 -4 and 2 x l0 -3 are 
placed on the branching ratio of the Z ° to decay into 
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