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Results on searches for the Higgs particle performed by the four LEP experim.ents are reviewed in the framework 
ot the Standard Model, Two Doublet Model. and Minimal Supersymmetric Model. The combined mass lower 
limit tor the standard Higgs boson is 66 GeV/c2 at 95 % CL tor a statistics of 14.6 Million hadronic Z decays. 

1 Introduction 	 and ZO --+ HOI'+1'- have a lower branching ratio 
than the"neutrino channel" but are characterized 

The results on Higgs searches presented in this pa by a very distinct signature due to the lepton pair 
per have been obtained by the four experiments in and the possibility of an accurate measurement of 
stalled on the LEP at CERN ( e+ e- collider with the Higgs boson mass. 
center of mass energy of 91.2 GeV, close to the 
Z mass) for a number of collected and analyzed 

2.1 The HO",.v channelhadronic Z decays corresponding to 3 to 4.5 Mil
lion per experiment. The searches for the Higgs The HOvv channel signature consists of two jets
boson are interpreted in the frame of the Stan with a large acolinearity, acoplanarity and miss
dard Model(SM), the Two Doublets Model(TDM) ing energy and momentum. The main background
and the Minimal Supersymmetric extension of the is due to hadronic events with large missing mo
Standard Model(MSSM). mentum, therefore the hermeticity of the detector 


is important for the analysis. The four LEP ex

2 The search for the SM Higgs boson periments have simulated large background Monte 


Carlo samples corresponding to potentially dan

In the Standard Model (SM) of Electroweak gerous background configurations. 
interactioxr, the Higgs mechanisnr leads to the The statistical treatment is somewhat differ
mass generation for the vector bosons and to the ent from one experiment to the other : 
prediction ofa neutral spinless particle: the Higgs ALEP:s.s chooses a set of variables, aiming at 
boson HO. the discrimination between the signal and back

The large and unambiguously predicted HZZ grounds. They choose, on each variable, the cut 
coupling has turned LEP into the best place to by minimizing the average value N (x) of the 95 
search for the Higgs bosort'. % CL upper limit on the number of signal events 

The main production process of the Higgs bo produced which would be obtained with an infin
son is the "Higgs-strahlung»'l where the Z boson ity of gedanken experiments in the absence of any
radiates a Higgs boson and then decays into a signal contribution : 
fermion pair : 

e+e- --+ ZO --+ HOZ'" --+ HOll, 

The decay channels for a Higgs boson with a 
mass larger than 30 GeV /c2 are qq (mostly bb) cor
responding to about 91%, and T+ T- correspond Where x is the location of the cut, b is the 
ing to about 9%. The highest event rate is ex background expectation and E is the signal effi
pected when both the Higgs boson and the virtual ciency. As the cut becomes tighter, the back
ZO decay hadronically but this channel has a large ground level and the signal efficiency decrease si
background from ZO --+ qq events and is not used multaneously. 
for analysis at LEPl. The most abundant used L:J3 uses a similar method, with all cuts tight

-tchannel is the Jt neutrino channel" ZO HO,iv. ened simultaneously in steps, and the optimization 
The "charged leptonic channels" ZO --+ HOe+e- is performed on the number of steps with N(x). 
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DELPHf uses both a discriminant analysis 
and a probabilistic analysis combined, supple
mented by additionnal cuts to provide a good dis
crimination against the background events. 

OPALs uses a set of sequential cuts deter
mined from large Monte Carlo samples and tight 
enough not to be modified with increasing statis
tics. 

The Higgs mass is calculated from the jets and 
the mass resolution is ranging from 5 to 9 Ge V / c2 

at 65 GeV /c2 • 

For the four LEP experiments, the Higgs de
tection efficiencies at 65 Ge V / c2 are ranging from 
15 to 30 %, and the total expected background is 
5.2 events for 2 candidates seen. These candidates 
are outside the range 50-70 Ge V / c2

• 

In this channel the Higgs boson which decays pre
dominantly into qq (mostly bb) is accompagnied by 
a muon or electron pair coming from the virtual 
Z*. 

The signature consists of two energetic and 
acollinear isolated leptons and two acollinear jets. 

The two important backgrounds sources for 
the muon and electron channel are the semi
leptonic decays of heavy quarks and the irre
ducible background due to the four-fermion pro
cesses where Z boson decays into a high mass qq 
pair which radiates a virtual photon converting 
into a l+ l- pair. The b-tagging technique can be 
used to enrich the Higgs boson sample. The mass 
measurement obtained by a missing mass tech
nique based on the characteristics of the lepton 
pair leads to a good mass resolution ranging from 
0.4 to 1 GeV /c2 at 65 GeV /c2 • 

For the four experiments, the Higgs detection 
efficiencies at 65 GeV /c2 in the HOe+e- channel 
are ranging from 17 to 40 % and the number of 
expected background events is 10.2 when 2 candi
dates are seen. In the HOp. +p.- channel the effi
ciencies are ranging from 22 to 40 % and the num
ber of expected background events is 6.1 when 6 
candidates are seen. 

2.3 Results and Limits 

We present an overview of the SM Higgs boson 
search results obtained in the high mass region by 
ALEPI].9, DELPHI, L3\ and OPALS. 

The Higgs candidates with masses in the range 
50 to 70 Ge V / c2 are observed by each experiments 
in the leptonic channels, they are given in Table 1. 

Table 1: Recoil mass (in GeV/c2 ) of the candidates with 
masses in the range between 50 and 70 GeV / c2 found by 

the four LEP experiments. 

ALEPH DELPHI L3 OPAL 
(prel.) (prel.) 

qqee qqee qqee qqee 
- 53.7 ± 7 67.6 ± 0.7 -

qqp.p. qqp.p. qqp.p. qqp.p. 
49.7 ± 0.5 57.5+;,0 - 61.2 ± 1.0 
51.5 ± 0.5 60.2!r~ 
66.9 ± 0.4 

There is no accumulation of the candidate 
events around a particular mass value. 

The mass limit reported by each of the four 
LEP experiments are shown in Table 2 together 
with the statistics of Z decaying into hadrons. 

Table 2: 95 % CL mass limit (in GeV / c2 ) obtained by the 
four LEP experiments. 

ALEPH DELPHI 
(prel.) 

L3 OPAL 
(prel.) 

Data 

Nhad 

89-95 

4.5 M 

91-94 

2.8 M 

91-94 

3.0 M 

90-95 

4.4 M 

Limit 63.9 55.4 60.2 59.6 

ALEPH and L3 derived this limit by calcu
lating the 95 % CL upper limit of the number of 
events as a function of the Higgs boson mass in 
the considered mass range and taking into account 
the masses of the candidates and their resolution. 
DELPHI and OPAL set a conservative upper limit 
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corresponding to their candidate( s) taken as sig
nal. 

We attempted to get a combined limit by 
adding the number of signal events expected to 
be found by all four experiments, reducing the 
number of signal events expected by 5% accord
ingly, and considering the candidates found by 
the experiments. The conservative method we 
used to evaluate the 95% CL limit is based on 
reference1° . With such a method, a limit of 66 
GeV/c2 was found with one candidate contribu
tion in that mass region as shown in Figure 1. 
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Figure 1: Number of Higgs events expected and 95 % CL 
upper limit on the number of observed events in the com

bined analysis of the four LEP experiments. 

3 Higgs bosons in the Two Doublet Model 

3.1 	 Bremsstrahlung, Pair Production and 
Yukawa processes 

More general models of electroweak interactions 
necessitate a second doublet of complex Higgs 
fieldSl 1 leading to five physical Higgs bosons : two 
charged bosons H+, H- , and three neutral bosons 
he, HO and AO. The hO and HO res~lt from the 
mixing of the two CP-even scalar fields with an an
gle a, and AO is a CP-odd pseudoscalar. At tree 

3 

level, the general Two Doublet Model contains six 
parameters: four Higgs boson masses, the mixing 
angle a of the CP-even sector, and tan(,8)=~, the 
ratio of the vacuum expectation values of the two 
Higgs fields. 
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Figure 2: 95% CL upper limit on the ratio between the 
cross section of the bremsstrahlung production of Higgs 
boson in the Two Doublet Model and that of the 8M Higgs 

boson, obtained by L3. 

The possible production processes, at the tree 
level for the neutral Higgs bosons at LEP are: 

• the bremsstrahlung process Z Z· hO pro---4 

portionnal to sin2 (f3 - ex), 

• the pair production Z hO AO proportion---4 

nal to cos2 (f3 a). 

These two processes are complementary. 

The relation O'(Z -to Z· he) = sin2 (f3
a)O'(Z -to Z· H~M)' shows that the search 
for the SM process Z Z· H~M can be rein---4 

terpreted in the Two Doublet Model context 
as a search for the process Z -+ z· hO, pro
vided that the detection efficiencies are iden
tical in the two cases. 

L33 with data corresponding to 3 Million 
hadronic Z decays, obtained at 95% CL : 

rl:j:;:~i.) < 5 x 10-2 for Mh < 40 GeV/c2 

The result on the whole mass range is shown in 
Figure 2. Similar results were obtained by OPAL12 

and ALEPWs. 



• 	 the Yukawa process e+ e- ...... lJh or 11A 
with a cross section proportionnal to m'. In 
addition, it is proportionnal for down type 
quarks and leptons to :~~:p for llh and 

tanf3 for IfA. 

ALEPJl14 has set 95 % OL limits of the 
e+ e- ...... IfA cross section and interpreted it as 
an excluded region in the (mA' tanf3) plane inde
pendent of the Two Doublet Model. This cross 
section is large enough only when f is a '1' lepton 
or a b quark. Therefore the studied final states 
are: 

i) bbbb and '1'+'1'- bb for mA in excess of 2 nJ,b 

ii) '1'+'1'-'1'+'1'- between 2 m T and 2 mb 

iii) 	 a '1'+ '1'- pair accompagnied by a low charged 
multiplicity system down to 2 me 
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Figure 3: Regions in the tan{3 va mA plane excluded at the 
95 % CL when the four ALEPH analysis A (llV topology). 
B (llV topology with mass cut). C (-r+ -r-qq final state). D 

(bbbb final state) are combined. 

The result of these analysis, performed on a 
data sample of about 4.5 Million hadronic Z de
cays, using llV channel, IIV channel with mass cut 
of 1.25 GeV/c2 , T+T-q7j and bbbb channels com
bined, is shown in Figure 3. 

The tanf3 region larger than 60 is excluded in 
any Two Doublet Model for a light pseudoscalar 
AO with mass lower than 30 GeV /c2 • 
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9.2 Charged Higgs pair production 

In the framework of the two Higgs doublet scheme, 
the partial decay width of the Z into pairs of 
charged Higgs bosons is a function of the charged 
Higgs boson mass. The search is performed in the 
following 3 channels : 

Z ...... H+ H- ...... T+"T-V, CiT-V, cscs 

with topologies corresponding to two acoplanar '1' 
with missing energy, two acoplanar jets with iso
lated '1', and four jets with equal dijet-dijet mass. 

Lower limits on the mass of the charged Higgs 
boson obtained by OPAL16 with data correspond
ing to a luminosity of 110 pb-I are presented 
as a function of its leptonic branching fraction 
Br(H+ ...... '1'+,,) in Figure 4. 

For the highest value of mH± excluded at the 
95% OL independant of the branching ratio, they 
obtained a limit of 44.1 Ge V / c2 • 
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Figure 4: Regions in the Br(H+ - -r+ VT) vs m H± plane 
excluded at the 95 % CL, obtained by OPAL. 

A similar study, was performed by DELPHI16 
and ALEP.ff11. 

4 	 Higgs bosons in the Minimal Supersym
metric Model 

A particuliar case of the Two Doublet Model is the 
Minimal Supersymmetric extension of the Stan
dard Model (MSSMJ8, which is more constrained. 

• 
• 
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In this model, even with two-loop radiative cor
rections included, the mass of the hO boson is con
strained to be less than ~ 140 GeV / c2• 

In the Higgs sector, the tree level MSSM calcu
lations are only dependent on mA and tan{3. The 
radiative corrections, which are important due to 
the large top mass, introduce additional parame
ters : J.L describing the mixing of the two Higgs field 
doublet, A which is a common mixing parameter 
relevant for the stop, sbottom, and stau masses at 
electroweak: energy scale; and M., the soft sym
metry breaking mass parameter relevant for the 
squark and slepton spectra at the electroweak en
ergy scale. 

The DELPHI Collaboratioxr9 , using 1991-92 
data combined with 1994-95 data, with experi
mental inputs Z --+ hZ·, Z --+ hA --+ 4jets, and 
assuming 7nt = 175 GeV/c2

, m,top = 1 TeV/c2
, 

tan{3 ~ 1 and in the particular case of no mixing, 
obtained preliminary results giving the limits : 

mh 2:: 45.4 GeV / c2 

and mA ~ 45.2 GeV/c2 

at 95 % CL, as shown in Figure 5. 
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Figure 6: Regions of the plane (mA.tan,8) excluded at 95 
% CL by DELPHI (prelim.) in the no mixing case. 

OPALS aimed at more generality with regards 
to the MSSM parameter space. They made further 
assumptions that A, M, and J.L are linked by one 
of the following three relations which correspond 
to small, intermediate and large deviations from 
mass degeneracy in the heavy squark sector : 

• 	 A =0, J.L = -50 GeV for small mixing, 

• 	 A =M" J.L = - M, for intermediate mixing, 

• 	 A = M, )(6), J.L -50 GeV for large mix
ing. 

The OPAL Collaboration performed the anal
ysis on the 1990-95 data corresponding to a lu
minosity of 160 pb-l. Using the experimental in
puts from Z --+ hZ·, Z --+ hA --+ bbbb, bb-r+T- , 

T+T-T+T-, 3(T+T-) and 3(bb), with a wide range 
of parameters, they considered the 3 mixing cases 
described above. The most conservative limit that 
they obtained is in the large mixing case, which 
leads to: 

mh ~ 44.3 GeV /c2 

and mA ~ 23.5 GeV/c2 

at 95 % CL, for tan{3 ~ I, as shown in Fig
ure 6. 
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Figure 6: Regions of the plane (mA.tan,G) excluded at 95 
% CL by OPAL in the large mixing case. 

ALEPIfAO obtained similar results. 

5 	 Search for the Higgs boson in hadronic 
events with isolated photon(s) 

A Higgs boson lighter than the Z could also be 
observed through the processes : 
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• 	 e+e- -+ Z -+ H7 where H -+ qq which oc
curs at the one-loop level with charged par
ticles inside the loop, the dominant contri
bution being, in the SM, the W boson and 
the top quark loops, 

• 	 e+e- -+ HZ· where H -+ 77 and Z· -+ qq, 
the Higgs decaying into 2 photons via loop 
diagrams. 

Rather low branching ratio are expected in the 
SM (Br(ZO -+ H07) '" 2 x 10-1 for the Higgs bo
son mass of 65 GeV / c2 ), but in the MSSM the 
loop diagrams of these processes may contain su
persymmetric particles resulting in branching ra
tios which can be increased by up to a factor 3. 

The signature is a pair of acollinear jets with 
one monochromatic or two isolated energetic pho
tons. The H 7 process has a very large Z -+ qq7 
background and b-tagging is mandatory for better 
signal over noise ratio. 

In some composite models, like the Strongly 
Coupled Standard Model (SCSM) the branching 
ratio r(Z -+ H 7) is enhanced by a very large fac
tor (~ 100) which could lead to measurable cross 
sections at LEP. 

OPAL21, DELPH:£l2 with 1991-94 data ob
tained the following limits at 95 % CL : 

Br(ZO -+ H07) ~ 3 x 10-5 , and 
Br(ZO -+ qqXO)Br(XO -+ 77) ~ 2 x 10-6 • 

Invisible Higgs 

The hO may decay into invisible final stateSl3, for 
instance into a pair of xY, where xY is the lightest 
neutralino, which is assumed to be the lightest su
persymmetric particle (LSP) and to be stable in 
R parity conserving supersymmetric models. 

Invisible Higgs can also appear in other mod
els such as Majoron modelSl4 where the Higgs 
could decay predominantly into invisible Ma
jorons. 

Considering the bremsstrahlung of invisible 
Higgs, the signature consists in monojet or acopla
nar jets with missing energy (the topology here is 
similar to that of the H vii channel in the Stan
dard Model search), or acoplanar lepton pair with 
missing energy. 

L35 with data corresponding to 3 Million 
hadronic Z decays, obtained at 95% CL : 

r 	Z hin.. Z· 2 2 
r 	Z:HsMZ-) < 2 x 10- for Mh < 40 GeV/e 
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Figure 7: 95% CL upper limit on the ratio between the 
cross section of the bremsstrahlung production of an invis
ibly decaying Higgs boson and that of the SM Higgs boson, 

obtained by L3. 

The result on the whole mass range is shown in 
Figure 7. OPAL collaboratiorr-2 obtained similar 
results. 

For a SM like invisible Higgs production cross 
section, the lower mass limit reaches 66.7 GeV/e2 

for L3 and 67.5 GeV/c2 for OPAL. Similar results 
were obtained by ALEPJI13. 

7 Conclusion 

The present search for the SM Higgs boson at 
LEP1leads to the following limits at 95 % CL: 

mH !:: 66 GeV/c2 (LEP combined) 
The existence of a light charged Higgs H± has 
been excluded at the 95% CL: 

mH± !:: 44.1 GeV/c2 

The MSSM 95% CL most conservative Higgs mass 
limits (corresponding to large mixing case) are : 

mh!:: 44.3 GeV/e2
, mA!:: 23.5 GeV/e2 

Major improvements in these limits are expected 
at LEP2. 
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