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1 Introduction 

Since the startup of the LEP accelrra.tor, providing e+e- collisions at centrc- 
of-mass energies corresponding to the mass of the Z’, many searches for 
new particles have been performed by the four big experiments ALEPB, 
L3, DELPHI and OPAL. 

In this talk I will describe a few of these searches: the search for the 
sixth quark, and for a new quark from a possible fourth family; the search 
for the Standard Model Higgs and for Higgs doublets from Super Symmetric 
models; and the search for excited quarks and leptons. The techniques used 
in these searches are representative for other searches not described in this 
talk. The MARK II collaboration at the SLC has perlormed a series of 
searches as well. In spite of the low statistics, some of the limits obtained 
at the SLC are comparable to those from LEP and close to the kinematic 
limit. However, they are not part of this talk. 

In anticipation of the conclusion section 1 should say that no new par- 
ticles’have been found at LEP, and therefore all results are expressed in 
terms of lower limits, mostly at the 95% confidence level. 

The data samples used by the four LEP experiments vary in size, but 
correspond largely to the running periods in 1989 and the first part of 1990, 
up to this conference. Since then the limits have been raised, in particular 
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for the Higgs searches, but here the status of the analyses at the time of 
the conference will be given. 

The talk will be divided into indirect searches using the Z” resonance 
parameters and direct searches using particular event topologies to identify 
new particles. 

2 Indirect Searches 

The resonance parameters of the Z” have been measured by all four experi- 
ments to great accuracy during the first running periods of LEP. They were 
recently summarised by E. Ferna.ndez.[l] 

The total Z” width is the sum of the partial widths Fz = rh.d + rl+l- + 
rinv. Here Th.d is measured through the peak cross section of multi hadronic 
z" decays ugrd = 2rrh.dree/mZZrZZ, and l’,+,-, the leptonic width is mea- 
sured through the lineshape of the Z” decays to electron, muon and tau 
pairs. The invisible width r;., contains the contributions from the neu- 
trino families plus any additional invisible decays of the Z’. In the Standard 
Model each neutrino family will contribute 165 MeV to Fin”. From a combi- 
nation of all four LEP experiments with a total of approximately 185000 Z” 
decays, the number of light neutrino families is found to be n, = 2.95f0.11. 
Along the lines of an early ALEPH publication [2], I will assume that there 
are three light neutrino families and take the error in n, as possible con- 
tribution from new invisible decays. A new decay must contribute less 
than 

TX < 0.11 x 1.64 x TV, = 30 MeV, (1) 
where the factor 1.64 is due to the one-sided 95% confidence level limit. 
For a fourth generation heavy stable neutrino IQ, the partial width is given 
by 

rvL = 16x&, 
GFmz’(38 + ,8”) (2) 

where GF is the Fermi constant. The velocity /I of the neutrino is a function 
of its mass: pz = 1 - 4m&/mz* and (1) and (2) therefore lead to a lower 
limit: mvL > 44.3 GeV. 
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The uncertainty in the width measurement can also be used to obtain a 
limit on the maas of a visible decay, for example Z” + If, where the 1 and 
r fragment into hadron jets. The measurement of the peak cross section 
Q~,,, which is proportional to rkd/Fzz would then be 

r,+cr, 
uhad a (rSM + r-,)2' (3) 

where Fs is the expected hadronic width for five quarks, TsM is the expected 
(Standard Model) total width of the Z” for five quarks and F1 the unknown 
contribution from the top quark. The efficiency c to observe II events 
influences bh&, but can be assumed to be one. Expression (3) must now 
be less than Fbp/(TsM + Tx)l, where TX is given in (1). Using the Standard 
Model expression for r,(m,) and solving for m, we find a lower limit for 
the top quark mass of m, > 34.9 GeV. 

The L3 collaboration has given a more definite measurement of the top 
quark mass using the relationship between sin’ Bw = I-m2,/mzz and m,.[l] 
The top quark influences the value of sinz Bw through electroweak radiative 
corrections to the propagators of the Z” and W*.[3] With the Z” mass 
measured by L3, mz = 91.148f0.017 GeV, and a combined measurement of 
sir? Bw by the neutrino and collider experiments, sin’ Bw = 0.228 f 0.0045, 
the top mass falls in the range m, = 141!:: GeV. However, these limits are 
only to 68% confidence level. At 95% confidence level, the upper limit is 
raised to 200 GeV. 

3 Direct Searches 

If the topologies of events with new particles are sufficiently distinct from 
the regular Z” decays, direct searches can give better limits than those ob- 
tained from the width measurement. The experiments in general search for 
new particles using topologies which give the optimal signal to background 
ratio for their detector. In the following sections direct searches for top, b’, 
Higgs and excited quarks and leptons will be discussed. The discussion does 
not cover all search techniques used by all experiments. The cuts quoted 
in selection criteria are those essential to the final result; in addition many 



other preselection cuts were applied to the data, for which the reader is 
referred to the original publica.tion. 

. 

3.1 Search for Top, b’ 

Direct searches were performed by OPAL [4], ALEPH [2] and DELPHI [5] 
for the sixth quark and for a possible bottom quark of a fourth family. The 
regular weak decays 1 -+ bW’ and b’ + cW’ were considered in all searches, 
but also the flavour changing neutral current decays of the b’, b’ + by and 
b’ 4 b- gluon and the decays via, a charged Higgs, f -+ bH+ and b’ + cIf- 
were considered. 

The OPAL collaboration has used an event shape analysis to search for 
1 and b’. The decay of the Z” into heavy quarks leads to a more isotropic 
distribution of the final state particles, because the boost from the quark 
motion is less than in the decay to light quarks. OPAL has chosen the 
acoplanarity A = 4 min(C; IpiII/Ip;I)’ as a measure to separate 1 and b’ 
decays from the light quark decays. Here pi1 is the transverse momentum 
of a particle with respect to the plane which minimises A. Figure la shows 
the acoplanarity distribution for 15000 multihadronic events as data points. 
The shaded histogram represents the expectation from the JETSET Monte 
Carlo with five quark flavours, whereas the open histogram gives the signal 
expected in the presence of a top quark of 35 GeV mass. Such a signal is 
clearly incompatible with the data. 

The ALEPH collaboration has looked for events with isolated charged 
tracks with a momentum transverse to the thrust axis of at least 3 GeV. 
These isolated charged tracks are expected from the leptonic decay of the 
u”. An isolation para.meter 

p; = miin dw (4) 

was defined, where Ei is the energy of particle i and B, the angle between 
the axis of the jet j and that particle. The minimum is taken over all jets j 
in the event. Figure lb shows the distribution of the isolation parameter for 
11550 events together with the five flavour Monte Carlo (shaded histogram) 
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Figure 1: Distributions of parameters used in the searches for the top and 
b’ quarks. (a) The acoplanarity spectrum by OPAL. (b) The isolation pa- 
rameter distribution by ALEPH. (c) The momentum of an isolated particle 
by DELPHI. In all plots, the data are given as points with error bars, the 
shaded histogram represents a standard five-quark histogram and the open 
histogram a five-quark Monte Carlo with an additional quark. The arrows 
indicate where the collaborations piece the cuts. 



and the Monte Carlo for five flavours plus a b’ quark with 40 GeV mass 
(open histogram). Also this signal is incompatible with the observed events. 

The DELPHI collaboration emphasised the possible 1 and b’ decays to 
charged Higgs bosons. The subsequent decay of the Higgs to rv, would give 
again the distinct signature of a high momentum isolated charged track. 
The charged track had to be separated by more than 35” from the other 
particles in the event. Figure Ic shows the momenta of isolated particles 
for data, for a five quark Monte Carlo (shaded histogram) and for a Monte 
Carlo containing in addition a 40 GeV top qua.rk (open histogram). There 
is no signal visible in the data. 

The final results obtained by the three experiments are summarised in 
table I. The production of l-quark and b’-quark pairs is essentially excluded 
up to the kinematical limit of mz/2. 

Channel ] OPAL ALEPH DELPHI 
1 + bW’ I 45.1 45.8 44.5 

1 

Table 1: Summary of lower limits on the masses of the top and b’ quarks 
from event topology searches at the Z’. The limits are in GeV at the 95% 
confidence level. 

3.2 Search for the Standard Model Higgs 

In the Standard Model (SM), a neutral boson with undetermined mass is 
necessary to give mass to the Gauge bosons. The search for this particle, 
the Higgs boson, is an essential test of the Standard Model and therefore 
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one of the main goals of the LEP experiments. (See for example, ref. [S]) 
In all searches the Higgs production mechanism is taken to be the Bjorken 
process, in which the Z” decays into a Higgs and a virtual Z’: Z” -+ HZ”. 
The coupling of the Higgs to bosons is proportional to their masses, and 
this mechanism is therefore by far dominant. In the Born approximation, 
the differential cross section for Higgs production is (see for example ref. 171) 

duo -= 
d& 

12E,’ - 12EbE~ + EjH + 2m& 
R(s)R(s,) 

(5) 

Here EH and pi are the energy and momentum of the Higgs, Eb the beam 
energy, 9 = (sin 8~ cos@w)-‘, c, and c. are the electroweak coupling con- 
stants. The energies s and si correspond to the mass squareds of the Z” 
and Z”, respectively. The fact of having the two resonances leads to the 
two terms R in the denominator of (5): R(s) = (s - mZ)’ + mzZTzZ. As 
a result the cross section is highest for a light Higgs and drops off rapidly. 
However, when one goes to higher beam energies the Z” becomes real and 
the cross section for a heavy Higgs rises again. This is a reason to search 
for a heavy Higgs at LEP 200. The total cross section for Higgs production 
via the Bjorken mechanism is given in figure 2. The production rate for 

+ Z” --+ HZ” + HP /I - is shown relative to Z” + P+/I-. The relative mag- 
nitudes of the Higgs decays to 66, cE and r+r- are indicated by the dashed, 
the dot-dashed and the dotted lines respectively. The rate is almost 1% of 
the dimuon rate at low masses. 

The decay of the Higgs proceeds dominantly through heavy fermions: 

where N, is the number of colours, rn, the fermion’s mass and b, its velocity 
in the Higgs frame. Thus the Higgs decays mainly to the heaviest particle 
for which its mass is above threshold. A near-zero mass Higgs will decay 
exclusively to photon pairs through quark and gauge boson loops. The 
Higgs life time is inversely proportional to its decay width, which means 
that very light Higgs particles will decay well outside the LEP detectors. 
The virtual Z” decays as the normal Z” in quarks, neutrinos or leptons. 



. 
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Figure 2: The rate of the process Z” -+ H/I+~‘- via the Bjorken mechanism 
relative to the process Z” -+ pip-, as a function of the Higgs mass. The 
solid line gives all H decays, the dashed, dot-dashed, and dotted lines gives 
the contributions from Higgs decay to 66, ct and T+T-, respectively. 

The search for the Higgs boson relies heavily on Monte Carlo calcu- 
lations to simulate the event topologies of Higgs decays. All experiments 
used the improved Born approximation [S], added initial state radiation 
and QCD effects and considered the dependence on the LEP beam energy. 
Fortunately, the influence of the top quark could be ignored. 

The Higgs mass range covered by the LEP experiments was naturally 
split in three: i) the range from zero to 2m,. In this mass range, the Higgs 
is long lived and decays to photon pairs or electrons; ii) the range between 
2m, and 2 to 3 GeV, or 2m.. The search in this range is difficult due to the 
theoretical uncertainty in the decay; iii) the mass range above 2m,, where 
the Higgs decays into two heavy-quark jets or tau pairs. 

ALEPH (91 and OPAL [lo] have analysed the Higgs mass range between 
zero and 2m, = 212 MeV. Both collaborations have searched for events of 
the type Z” -+ HZ” where Z”’ 4 I’[- and the Higgs decay H + -ye or e+e- 
occurs outside the detector. The signature for this reaction is an acoplanar 
lepton pair without additional energy. ALEPH required an acoplanarity 
greater than 30 mrad and less than 1 GeV of isolated electromagnetic or 
hadronic energy. OPAL required sin(B)&, to be larger than 35 mrad, 
where 6 is the average polar angle of the leptons and &,- the acoplanarity 
angle in the z - y plane. To reject very asymmetric tau-pair decays, both 
ALEPH and OPAL applied cuts on the momenta of the leptons as well. 
The graphs labeled (a) in figure 3 show the number of events expected 
from a Higgs decay when these cuts are used. These curves were obtained 
from Monte Carlo calculations and were reduced by the magnitude of the 
systematic error to obtain conservative limits. 

As the Higgs mass increases more decays occur inside the detector, 
reducing the sensitivity. ALEPH searched for events with a displaced vertex 
in the central detector (TPC). E vents were used in which the Zoo decayed 
either to neutrinos or quark pairs. The backgrounds to this search are 
photon conversions, and in the case of the Z”’ -) r7(1 events, also k” and A 
decays. These backgrounds were removed. One event was found leading 
to an upper limit on the signal of 4.7 events. OPAL has searched only 
in events in which the Zoo decays to vii. One event was found, which is 
compatible with Z” -+ vii-r. The number of events expected from the visible 
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Figure 3: The numbers of low-mass Standard Model Higgs events expected 
by the ALEPH collaboration (top) and the OPAL collaboration (bottom). 
The curves labeled a represent the invisible Higgs decays (outside the de- 
tector), the curves b represent the long-lived but visible decays of the Higgs 
(inside the detector). The curves a + b give the sum of the two channels. 
The dashed curves give the 95% c.1. upper limit level on the number of 
observed events. 

H decays is shown as graphs (b) in figure 3. The dot-dashed graphs labeled 
(a+b) give the sum of both channels. The dashed lines indicate the 95% 
confidence level upper limits on a observed signal, for both experiments 
well below the expected signals. The mass range between zero and 2m, is 
therefore excluded by both experiments. 

The mass range between 2m, and 2m, was covered by DELPHI [ll] and 
ALEPH.[l%] In this mass range there is a theoretical uncertainty regarding 
the decay of the Higgs.[l3] Both ALEPH and DELPHI have made the 
reasonable assumption that the Higgs will decay to a few hadrons. These 
few particles will appear as a low multiplicity jet as a result of the 
boost of the Higgs. DELPHI has used the LUND jet finding algorithm to 
select three-jet events. The two main jets were required to be more than 
120’ apart and the third jet was required to have two to four tracks and 
satisfy kinematical constraints to be compatible with a Higgs. DELPHI 
found no candidate in this mass range out of 13000 events ALEPH has 
searched for the Higgs decaying to two particles in conjunction with lepton 
pairs, quark jets and neutrino pairs. They found no candidates in 11550 
events. Therefore, the mass range between 212 MeV and 3 GeV is excluded 
by both DELPHI and ALEPH. 

A major background to Higgs production between 212 MeV and 3 GeV 
is radiation from the final state leptons or quarks. The cross section 
for qp production from a virtual photon radiated by a lepton has been 
calculated.[l4] The total width for the process Z” + l+l-qp is of the order 
of 2.3 MeV. The spectrum is strongly peaked at zero invariant mass for the 
qp pair. However, these calculations do not take into account the hadronic 
nature of the photon. An enhancement of p” production has been observed 
in photon-photon scattering in the reaction yy -+ pop0 + x+x-x+x- (see 
for example ref. [15]). This enhancement is still not well understood, but 
believed to be a feature of the Vector Dominance Model (VDM) in which 
the photon manifests itself as neutral vector mesons (V). One prediction of 
VDM is the ratio of p” mesons produced relative to w and 4 mesons, which 
is 1: 0.09: 0.18. The OPAL collaboration has shown a few candidate events 
of the type e+e- + 1+1-y’ + 1+1-V. One such event is shown in figure 4a. 
Clearly visible are the two highly energetic muons, the tracks labeled 1 and 
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Figure 4: OPAL event, candidate for the reaction Z” + p+p-y’ --) c+p-pO. 
The particles labeled 2 and 3 are compatible with pions or kaons, particles 
labeled 1 and 4 are muons. 

4. The particles labeled 2 and 3 are pions or kaons because they deposit 
energy in the hadron calorimeter as well as in the electromagnetic calorime- 
ter. Furthermore, the energv loss of the particles in the central detector is 
compatible with that expected from pions. The invariant mm of the x.+x- 
pair is compatible with a p” meson. 

For the Higgs mass range above 3 GeV all experiments initially used 
the same purely topological search: the Higgs was assumed to decay to b& 
or cc jets, and the the virtual Z” either to neutrino pairs or to lepton pairs. 
The signature for the first case, the “missing energy” topology, are two 
jets with large momentum unbalance. For the second case, the “dilepton” 
topology, the events have again two jets, but the energy is balanced by two 
leptons. The background for the dilepton search is a.gain from final state 
virtual photons decaying to a lepton pair, but now a cut on the invariant 
mass of the recoil system can be made to remove them. Figure 5 shows 
such an event observed by the DELPHI collaboration. Clearly visible are 
two jets, and two isolated muons emerging to the left. 

OPAL [IS] has applied the following cuts for its missing energy search: 
at least five charged tracks with a total transverse momentum unbalance of 
more than 6 GeV; a total visible energy less than 60% of the centre-of-mass 
energy; the two final cuts, illustrated in figure 6, are that more than 76% 
of the visible energy E,,;, be contained in a 150” cone (the forward cone), 
whereas a backward cone of 120” could contain only 2.5 GeV. Figure 6a 
shows E ,ar.rd/Evi, for a Monte Carlo simulation of a 24 GeV Higgs, fig- 
ure 6b shows the same distribution for the data. The boxes indicate the 
selected regions and it is clear that a 24 GeV Higgs can be excluded. 

The L3 [17] cuts for the Z” -+ Hp+p- search are: at least one muon 
with p,, > 15 GeV and a second with p,, > 5 GeV; no particles in a cone of 
35” around at least one muon; at least two particles (of which one charged) 
outside a cone of 8” around each muon. 

Using these and similar cuts, all four LEP experiments calculated the 
number of events they expected as a function of the Higgs mass. The 
number of expected events is given in figure 7 for OPAL 1161, ALEPH [12], 
L3 117) and DELPHI.[ll] No events were observed by either collaboration, 
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OPAL 

Figure 5: A candidate event from the DELPHI detector for the reaction 
Z” 4 qqy’ -B jet -jet - p+p-. The muons emerge to the left, whereas two 
hadron jets are discernable at the right and bottom. 
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Figure 6: Final distributions in the OPAL Standard Model Higgs search. 
The ratio of the total energy in the forward cone to the total energy in the 
event is plotted VI the energy in the backward cone for (a) multihadronic 
events, and (b) a simulation of a 24 GeV Higgs boson. The rectangle in the 
upper left corner indicates the selected region. 
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Figure 7: Expected number of events from a topological search in the com- 
bined channels HZ” + HvS and HZ” 4 HI+/- by the four LEP experi- 
ments as a function of the Higgs mass. The dashed line indicates the 95% 
confidence level upper limit on the number of observed events; no events 
were observed by either experiment. 

leading to the 95% confidence level upper limit at three events, shown as 
the dashed line. When intersected with the curves of expected events, the 
limits become 34 GeV for OPAL, 32 GeV for L3,26 GeV for DELPHI and 
25 GeV for ALEPH. One can even combine the limits of OPAL and L3 to 
raise this limit to 36 GeV. 

In addition to this analysis, ALEPH [la] has recently used a new method 
to search for the Higgs. The missing energy and dilepton searches are lim- 
ited towards higher masses by the fact that the Higgs decays become more 
spherical a.nd their topology is not as clear anymore. A different approach 
which requires good knowledge of the detector response is to reconstruct 
the visible energy in the event with some precision. To this end ALEPH 
has developed the following algorithm: i) the charged energy as measured 
in the TPC was added together. ii) Isolated photons in the electromagnetic 
calorimeter were counted as neutral energy. iii) The remaining electromag- 
netic energy was corrected for the e/a response ratio and added to the 
energy observed in the hadron calorimeter. If the so obtained hadronic 
energy exceeded the total charged energy, the excess was counted as neu- 
tral hadronic energy and added to the visible energy. This algorithm was 
checked using multihadronic events with a hard photon from initial state 
radiation. The visible hadronic energy in these events can be measured and 
also calculated from the photon energv. A comparison of the two gives the 
accuracy of the method which corresponds to a resolution of 6 GeV. 

Figures 8a and b show the total visible energy spectrum expected for a 
30 GeV and a 40 GeV Higgs, respectively. Figure 8c shows the visible energy 
of the observed multihadron events. Note that the Monte Carlo spectra 
have an arbitrary scale. The number of expected events as a function of 
the Higgs mass is shown in figure 9. Using the observed upper limit of 
three events, ALEPH excludes the Higgs up to 40 GeV. In summary, the 
LEP experiments have excluded the mass range from zero to 40 GeV for 
the production of Standard Model Higgs bosons. 
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Figure 8: The spectrum of the reconstructed visible energy in the ALEPII 
detector. (a) A Monte Carlo simulation of a 30 GeV Higgs, (b) a 40 GeV 
Higgs, and (c) the observed events after some initial cuts. The distributions 
(a) and (b) are not normalised to the luminosity. 
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Figure 9: The number of events expected in the search based on the vis- 
ible energy by ALEPH from the combined channels HZ” + Huti and 
HZ”’ --) HI+I- as a function of the Higgs mass. No events were found, 
leading to the limit at 40 GeV. 



3.3 Search for the Higgs in the Minimal Super Sym- 
metric Extension to the Standard Model 

In th; Minimal Super Symmetric extension to the Standard Model (MSSM) 
not one but five physical Higgs states are predicted: a neutral scalar ho with 
mass rn,,o below ma, a neutral scalar Ho with mno > ma, a neutral pseu- 
doscalar A0 with rn*o > mhe and two charged scalars H* with rnn* > mw. 
At current LEP energies we will therefore only be able to see the ho and 
A”. In the MSSM there are four parameters of which only two are inde- 
pendent: rnho, mA8, @ and cr. Here Q is the mixing angle of ho and Ho 
and tan@ = y/vi, where ni is the vacuum expectation value of the Higgs 
doublet i. Usually either (mAa, rn,,o) or (mhP, tan a) is chosen as free pa- 
rameters. 

The production rate of Higgs pairs is given by 

r(Z” + h”Ao) A3 
I-(ZO -+ I&) 

= y cos”(a - a), 

where A = [(I - 2: - 2:)’ - 42,241 z x ‘/2 is a kinematical factor with z,, = 
mho/mZ and 24 = mAa/mZ. The factor cos’(a - ,!I) is purely related to the 
masses of the bosons: 

c02(0 - j9) = m$(mzz - m$) 
rn:, (m2 + rn:, - 2m$) 

The production rate of the single neutral scalar Higgs is given relative to 
the rate for production of the Standard Model Higgs: 

lY(Z” + h”Zo’) 
r(Z” + Hs,,,ZO*) 

= sin’@ - cx) . 

The limits on the latter can therefore be used to set limits on the MSSM 
Higgs. 

The decay of the MSSM Higgs bosons depends on the value of tan /3: 

Bt(h’ ---) T+T- : cz : 66) = 1 : 2.1 cot2 acot’B : 19Ai 
&(A0 + r+r- : CE : bb) = 1 : 2.1 cot’ fl : 19A:, 

where 1: = 1 - 4rn:/rn~.~~~. For tan B > 1, the theoretically favoured case, 
the decay is mainly to bb with a 6% contribution of r+r-. For tan @ < 1, 
the decay is mainly to CF. 

ALEPH [19], OPAL [16] and DELPHI (201 have each searched for the 
MSSM Higgs. The results can be combined to exclude the large area of the 
(mp, tan 8) plane as shown in figure 10.[21] The high limit of 40 GeV on 
the Standard Model Higgs by ALEPH excludes the area to the left of the 
solid line. The high mass region around tan p = 1 is excluded because rn** 
is large for tan /I rz 1, which is kinematically impossible. 

The OPAL collaboration has analysed four-jet events, for the Z” 4 
hoAo -+ ccc5 decay. Kinematical cuts were applied to the four-jet events 
to enhance a possible contribution from hoAo decays. Ten events survived 
these cuts, 13.3 were predicted from a QCD Monte Carlo. No signal was 
found in these events, and OPAL was able to exclude the region indicated 
as ‘4-jet’ in figure 10. 

The region indicated as D’ at a somewhat lower mass was excluded by 
DELPHI, also using the hoAo -+ ccc5 decay, but searching for the D’ in 
four-jet events. The pion in the decay chain D’ 4 Dar haa a very low 
momentum transverse to the jet axis (typically 30 MeV). The D’ therefore 
appears as an excess near zero in a plot of the transverse momentum of 
charged particles with respect to the jet axis. This D’ signal is present 
as expected in twojet events, but not in four-jet events, leading to the 
excluded area in figure 10. 

The upper corner of the plot is excluded by a search by1 DELPHI for 
events of the type hoAo -B r+r-66. A direct search for events,with two jets 
and two leptons yielded no signal and excluded the region labeled r+r-b6 
in figure 10. The remaining area at low masses was excluded by a DELPHI 
analysis of twojet events. In this mass range the Higgs bosons appear 
as collimated jets and can be distinguished from regular jets by the jet 
invariant mass and the fact that no string effects appear in the hoAo decay 
of the Z”. 

When the limits from the three experiments are combined all values in 
the (rnke, tan a) plane can be excluded for mho < 34 GeV. 
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3.4 Excited Leptons and Quarks 
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Figure 10: The parameter space of (mh o, tan 8) in the search for the MSSM 
Higgs. All areas except the upper and lower right corners of the plot are 
excluded by various searches described in the text. 

Searches for excited leptons and quarks were performed by OPAL [22], 
ALEPH [23] and L3. [24] The excited lepton is assumed to decay to a 
regular lepton under emission of a photon, and should therefore appear as 
a peak in the invariant mass spectrum of lepton-7 combinations in lepton 
pair events. The searches for excited leptons (I = e, p, r) were limited to 
two reactions: 

e+e- -+ lf’l” 4 Ifl’yy, 

which limits ml- to mr/Z, or 
(10) 

e+e- -9 PIT -t 1*1*-y, (11) 

which allows ml. up to mr. In addition, the process e+e- -+ e*eF’ can 
occur in the f-channel with little momentum transfer to one of the initial 
electrons, which therefore escapes detection. The event topologies searched 
for were either a lepton pair with one or two photons or a single electron 
with a photon. The excited leptons were assumed to be spin-i particles with 
Standard Model (Z”, y) couplings. The backgrounds to these searches are 
the radiative lepton pairs and radiative Bhabha events. Table 2 summarises 
the results from the OPAL, ALEPH and L3 collaborations. In all cases the 
observed number of lepton-pair events with one photon agrees very well 
with the number expected from the Monte Carlo simulations. Also the 
numbers of L-channel e+e-7 events are in good agreement. Note that the 
simulations predict no events with two photons at this level of statistics, 
whereas L3 observes three e+e-ry events and OPAL and L3 each observe 
one p’+p’-~y event. None of the invariant mass spectra show a significant 
signal, leading to the lower limits summarised in table 3. These limits are 
at 95% confidence level and essentially rule out the existence of excited 
leptons up to mJ2. 

In the reaction (1 I), a free parameter f/A remains in the effective Lan- 
grangian, f being the (Z’, 7)-l*’ coupling and A the composite mass scale. 
The lower limits are therefore expressed in terms of f/A as shown in fig- 
ure 11 for the case of the excited muon. The results of ALEPH, OPAL and 
L3 are given together with earlier results from AMY and TOPAZ at the 
TRISTAN storage ring.[25] The results for em and r* are similar. 
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Exp. e+e- P+P- r+r- 
IL 7 yy I-than. 7 7-Y 7 77 
OPAL data 29 0 2 19 1 27 0 
1.15 pb-’ MC 31 0 3 22 0 26 0 
ALEPH data 6 0 10 2 0 1 0 
0.4 pb-’ MC 6.3 0 8.5 2.2 0 1.5 0 
L3 data 15 3 4 21 1 
l-l.5 pb-’ MC 15 0 3.3 22 0 

Table 2: Summary of lepton pair events with additional photons found by 
OPAL, ALEPH and L3. The integrated luminosities used in the search are 
given for each experiment. 

Exp. 1 e* * T* 
OPAL 1 44.9 4:.9 44.9 

Excited muon mass (GeV) 

Figure 11: Limits on the production of excited muons. The excluded areas 
are to the right of the curves of the 8’ coupling as a function of its mass. 

Table 3: Summary of limits on the masses of excited electrons, muons and 
tau leptons from OPAL, ALEPH and L3. The limits are lower limits in 
GeV at 95% confidence level. 
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Searches for excited quarks were performed by OPAL [26] and ALEPH.121 
In these searches multihadronic events with an isolated photon were se- 
lected. OPAL required a photon energy greater than 10 GeV, isolated by 
more than 20’. In 77000 events, 78 candidates were found. 

ALEPH required a photon energy greater than 10 GeV with an isolation 
parameter as given in formula (4) larger than 2.5. Four such events were 
found in 11550 events, where two were expected. 

These numbers are consistent with the expectation from initial and final 
state radiation. On this basis, OPAL gave an upper limit on the width of 
new radiative Z” decays of 

r(Z” + 7 + X) < 3.2 MeV. (12) 

In addition, upper limits on b’ production were derived: OPAL found 

I-(Z” 4 b’b’) 
r(Z” 4 had) 

x Br(b’ + -y + X) < 8.7 x lo-‘, 

and ALEPH found that my > 46 GeV under the assumption that BR(b’ -+ 
y+X) > 5%. 

4 Conclusion 

No new particles were observed at LEP yet. The good agreement between 
the measured Z” parameters and their Standard Model values already places 
severe limits on the existence of new particles. However, direct searches are 
more sensitive and have led to limits close to the kinematical boundaries 
for new quarks, excited quarks and excited leptons. 

Using a variety of search methods, all LEP collaborations have con- 
tributed to exclude the existence of the, Standard Model Higgs boson in the 
mass range between sero and 40 GeV. In the context of the Minimal Super 
Symmetric extension to the Standard Model, the Higgs has been excluded 
up to 34 GeV for all values of tan B. 

With an increase of the integrated luminosity and a more complete 
understanding of the detectors it will be possible to increase these limits 
substantially, even before the advent of LEP 200. 
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