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Searches for compositeness made by four LEP collaborations are reported. Limits
are set on excited fermion masses and couplings. A limit on the branching ratio

/ Z-* 777 is determined. Four-fermion and two-fermion, two-boson contact tetms are
studied in the reactions e+e~ —> I+1~ and e+e~ —» 77 respectively and limits are
obtained on the energy scale of a new interaction.
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Introduction

j The regular pattern of three fermion families is suggestive of an underlying structure. E
1 i However the old idea of postulating another layer of matter did not result in a V

!. convincing theory of a new constituent-binding interaction, The m^in difficulty is to *i
reconcile the mass scale of presently known particles with a much larger fundamental
compositeness scale, A, which is of the order of 1 TeV or larger, as suggested by the
absence of any evidence of compositeness in the experimental data.

The present strategy consists in looking for possible non-standard phenomena
using phenomenological models as a guide [I]. Several scenarios are possible: only
the fermions are composite while the W and Z are genuine gauge bosons, or W and
Z are composite too. The most spectacular proof of the substructure would be the

• —- discovery of excited fermions or bosons. More subtle effects might show up in the •
form of small deviations from the standard model predictions in standard processes.
They could be detectable at energies well below A provided that the precision of the
data is high.

This paper gives a review of recent results on compositeness from LEP including
unpublished updates where available. Limits on excited fermion masses and cou-
plings are set from the Z lineshape measurements, from direct searches and from
indirect effects of the e* exchange in the reaction e+e~ —> 77. A summary of the

I best limits on the ZPf couplings is given for f=e, //,, r , v and q. The boson sector
is tested by looking for an anomalous Z777 coupling.

Finally, a new analysis of contact terms is presented. Two-fermion, two boson
v contact interactions are searched for in the reaction e+e~ —» 77 using the 1989/90

V A - data of four LEP collaborations. Preliminary results from ALEPH are reported on
^ a search for four-fermion contact terms in the reaction e+e~ —* I+£~.

K
Width limits from Z lineshape

Any new particle having a large coupling to the Z boson would increase significantly
the Z width. The maximum allowed values of the total and topological widths avail-
able for non-standard Z decays, compatible both with the Z lineshape measurements ,
and the standard model predictions, were determined in ref. [2]. and are updated
here using the data collected at LEP during 1989-91.

The following lineshape variables are used: the total Z width Ttot, the peak
hadronic cross section ff^, hadron to lepton ratio R and invisible to lepton width
ratio Tinv/Ti. The experimental values are averages of the measurements reported
by four LEP Collaborations [3]. The standard model predictions are calculated [4]
for three lepton families and 5 quarks, assuming that new channels mix incoherently
with the standard decays. The top and Higgs masses and a, are allowed to vary
within the limits: 91 < m t < 200GeV/c2,51 < mHiggs < 1000 GeV/c2, 0.119 <
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as(mz) < 0.129; the range of a,(mz) corresponds to one standard deviation from the
average of the LEP measurements using event topology [5]. The most conservative
bound is chosen for each variable. The allowed range of each variable is determined
and hence limits on topological widths are derived at 95% c.L. The results are listed
in Table 1. The words "hadronic" or "leptonic" do not refer to quantum numbers
of a new decay channel but indicate that its topology is similar to that of a qq or a
lepton pair event, respectively. Other decays, in particular the neutral ones, belong
to the "invisible" category.

Topology

any
non-hadronic
purely leptonic
invisible

Source

rt

R

Width limit
(MeV)

37
21

2.5
19

Br.ratio limit
(%)
1.5
0.7
0.1
0.7

Table 1: Maximum allowed values of widths and branching ratios for non-standard Z decays,
at 95 % c.l., derived from Z lineshape parameters measured at LEP.

In spite of smaller experimental errors, no improvement is found with respect
to previous results [2] since the measured value of the Z width has increased. The
sensitivity of the method is limited anyway to branching ratios of the order of 10~3

as long as the top mass remains unknown.

For comparison, a direct search performed by a single LEP experiment in the
most favourable conditions (full efficiency and zero background) allows the possibility
of reaching branching ratios down to 5 • 10~6.

Excited fermion mass limits

Excited leptons are expected to couple to the Z boson like ordinary fermions and
therefore should be copiously produced in pairs at LEPl, provided they are not too
heavy. Limits on excited fermion masses are set from the above width limits using the
relation [1] between the Z —> f*F decay width and the f* mass. For excited neutrinos
three types of couplings are considered: Dirac, Majorana and homodoublet [6].

The maximum allowed total width, 37 MeV, excludes the existence of excited
fermions with a mass smaller than the value given in Table 2, independent of the
f* decay mode. Better limits are achieved for excited leptons under the assumption
(which could be false [7]) of a purely radiative deexcitation f* —* if.

r w



Excited fermion
u-type quark
d-type quark
charged lepton
Dirac neutrino
Majorana neutrino
homodoublet neutrino

any
decay

41.7
44.6
29.7
43.6
36.3
45.4

radiative
decay

-
-

35.5
45.0
39.9
45.5

Table 2: Limits on excited fermion masses in GeV/c2. Masses between 0 and the value
given in the table are excluded at 95% confidence level. The first limit is valid for any decay
mode, the second one assumes radiative decay of excited leptons.

Direct searches for the reaction e+e" f*f
A direct search for excited fermions pairs allows the exploration of a small mass
region not excluded from the Z width. Excited electrons, muons, taus and neutrinos
are searched for assuming the radiative decay mode f* —*{f. No signal is found and
f" masses up to about mz/2 are excluded under the assumption that the radiative
branching ratio is 100%.

Excited neutrino data are interpreted in ref. [8] in terms of a new mechanism
with a Zu' v* coupling k times smaller than the standard model coupling of the
Dirac-type neutrino. The following limit is set [9]:

k x Br(u" -> 1/7) < 0.02

for v" masses up to 37 GeV.

Excited quarks are expected to decay into a photon or a gluon, with branching
ratios of 8% and 92%, respectively [10]. No q* signal is found. The limits on the two
branching ratios [8] exclude the values of the q* mass larger than 45 GeV independent
of the branching ratios.

In conclusion, LEP 1 has almost reached the kinematical limit mz/2. Not much
further progress on excited lepton mass limits is expected before LEP2 .

Gauge boson-f*-f couplings

Searches for excited fermions in the reaction e+e" —> f*f at LEP are based on
a model [6] which assumes the existence of left-handed and right-handed excited
fermion doublets. The transition between an excited fermion, an ordinary fermion
and a gauge boson V = Z, W or 7 is magnetic. The Vf*f couplings, cyff, are
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related to each other by SU(2) x U(I) invariance and depend on only two unknown
parameters / and / ' . The interaction Lagrangian is proportional to cyff/A, where
A is the compositeness scale.

Limits on the 7f"f couplings were set from searches for the reaction e+e~ —*
f"f -+ f+f"7 at lower energy e+e~ colliders. The Zf'f couplings became accessible
at LEP 1 where s-channel Z exchange is a dominant process. The 7e*e coupling
remains present in low-angle scattering e+e~ —> e"e. Events produced via the Ze* e
and 7e"e couplings can be easily separated since they have two distinct topologies:
in the first case the final electron and positron are visible in the detector, whereas {I
in the second case one of them is emitted at a low angle and escapes detection. V

The decays of excited fermions can be radiative, f" —» f7, or weak, f* —> fZ j
or f* -+ fW, where the gauge boson can be real or virtual. The branching ratios
depend on the Vf*f couplings and are unknown, unless a relation between / and / '
is assumed. The simplest choice f = f implies &,„•„ — 0, i.e. it excludes radiative !
v' decays. In this paper / and / ' are considered unrelated. The expected number of ,
events of the reaction e+e" —> f*f is proportional to (cyff/A)2x B(f* —• X), where
X is the f* decay channel studied. A negative search result is expressed in terms of
a limit on the square root of this quantity as a function of the f* mass.

Zt t , ;

Single £" production has been sought in the reactions e+e~ —» £+£~j, where £ = e,/j,
or T by all LEP collaborations [8,9,11,12,13]. After a suitable renormalisation of the
published limits [2], the Wt couplings are similar. The most stringent results for
an excited lepton mass m* = 50 GeV are:

(cZe.e/A) B1^e* -f try) < (8TeV)"1 ,
B112I1I' -> /X7) < (10 TeV)-1,
B 1 Z 2 J T - ^ T 7 ) < (7TeV)- 1 .

No results have been reported on the weak decays modes £" —* ITt and £* —• WV.

Two decay channels of the v* were studied: v" —* vy [8,9,14] and v" —* We [14].
No v" candidates are found. Fig.l shows the limits on the ZfV coupling plotted
as a function of the v* mass. The radiative mode limits from ALEPH and L3 are
combined according to the formula L~l = L\x + L^1 valid for a "zero-event limit".

The present limits for m* = 50 GeV are:

(cZu.u/A) B1'2^'^ u-y) < (10TeV)-1,
' -»eW) < (3TeV)"1.

t
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Figure 1: Limits on the excited neutrino coupling

An interesting possibility opens at LEP2: v* masses larger than the total energy
available and the rv'eW coupling can be explored in the reaction e+e~ —• W + W".

1

Zq*q

Direct searches for single q' production have been performed by the LEP collabo-
rations [8,9,15,16,17] through the decays q" -> qj and q' -*qg. No excited quark
signal is found. Although the formalism of q* production in e+e~ interactions is
the same as for I" production, the limits are reported in terms of the quantity / /A
following the formulae of ref [18].

A summary of the results on the q' -+ q7 decay mode, taken from ref [19], is
shown in fig.2a. Results on the q" ->qg mode are given in Fig.2b.
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Figure 2: Limits on the excited quark couplings



The best limits on the Zq"q coupling for m" = 50GeV are:

(//A)
(//A)

< (3TeV)"1,
qg) < (5TeV)"1.

The 7e*e coupling is studied at LEP in the ^-channel process e+e" —* e*e —> e(e)j.
Limits are set on the coupling A/m* = \/2c7e»e/A used by lower energy experiments.
The results obtained by four LEP experiments [8,9,11,12,13] are similar. The limit
for an e" mass of about 50 GeV is typically

- i(A/m-)B1/2(e- -* ey) < ( 2 TeV)

A direct search for e" production is limited to the mass region below the kinematic
limit m* < mj. Higher masses can be reached indirectly by looking for possible
deviations from QED due to e" exchange in the reaction e+e~ —* 77. The limit
derived in ref. [2] from the combined 1989/90 angular distribution data of four LEP
experiments [8,20,21,22] excludes a region in the A/m* versus m* plane extending
up to m*=114 GeV. The forbidden values of A/m* are of the order of (100 GeV)-1

or larger.

Search for anomalous gauge boson couplings

The standard model calculation [23] predicts Z-* 777, Z-* ggj and Z—» ggg branch-
ing ratios well below the present sensitivity of the LEP experiments. However non-
standard effects due to a composite Z boson or to its vector or scalar partners
might enhance the branching ratios up to 10~5 [24,1,25]. Experimental searches for
the decays Z-* 777 [8,9,20,26,22] and Z-* ggj [8,9,17] gave negative results. The
branching ratio limits reported by individual experiments are summarized in table
3. The limit from ALEPH is derived assuming a contact interaction.

decay
mode

standard
model

prediction

experimental upper limit (10 5)

ALEPH DELPHI L3 OPAL

991
0.9
9.2

3.6 3.3 3
330

Table 3: The Z-+ 777 and Z-+ ggy branching ratios.

Ï
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Figure 3 shows the energy variation of the ratio of the observed to the predicted

number of events for the combined sample from four LEP experiments including the
1991 statistics. Altogether 50 events are found while 59 are expected from QED.

e " e -•> 7 7 7

1.8

1.6

1.4

1.2

i

0.8

0.6

0.4

0.2

C

—h—

I -> >

LCP

—

93 94 9587 88 89 90 91 92

N/S (GeV)
Figure 3: Number of observed 777 events divided by the QED prediction for four LEP
experiments. The curve is the maximum Z —* 777 contribution

A fit is performed to the number of observed events versus energy by a maximum
likelihood method with a Poisson probability distribution. The fit gives an unphys-
ical negative value of the Z —> 777 branching ratio. A conservative limit is taken as
the 95% c.l. deviation from B = Q:

B[Z -> 777) < 1.4 -IQ-5.

The curve in fig.3 shows the corresponding maximum allowed resonant contribution.

It has been argued [27] that the anomalous coupling affects the Z peak more
strongly than the wings. There is no evidence for such an effect, the observed
number of events at 91.22 GeV being 30 while 33.5 are predicted by QED.

Contact terms

The contact term approach [28,29] assumes that a new interaction at a large energy
scale A can be considered at present energies as a perturbation to the standard
model. The Lagrangian is written as a sum

— C,.m. + C,'contact '

where CCOntact is an effective Lagrangian of the new interaction. The contact La-
grangian is built from the fields of presently known particles and it is proportional



to a power of A depending on the dimensions of the fields involved. Chiral invariance
of the fermion currents is required in order to keep the fermion masses much smaller
than A.

In the context of compositeness the contact terms are remnants of an underlying
constituent-binding force. However they can also be generated by various other
mechanisms such as heavy boson exchange, anomalous couplings etc. In any case,
the formalism of contact terms is a useful way of parametrising possible deviations
from the standard model. The parameter A sets the scale of new physics beyond the
standard model.

Examples of contact terms studied at LEP are represented in fig. 4 and described
briefly below. Results of searches for the ee-yy and eelt contact terms are reported
in the following two sections. More details of the analysis can be found in [30].

Figure 4: Diagrams of contact terms generated by compositeness.

The Z777 vertex is an example of the four-boson contact interactions. The effective
Lagrangian has the form

+ perm.

The width of the decay Z—> 777 calculated from the contact term model [24] is
proportional to A"8. The limit on the branching ratio Z—• 777 determined from the
combined LEP data implies a very weak constraint A > 25.4 GeV.

This two-boson, two-fermion vertex is described by the following Lagrangian:

where r)i and TJR define the chirality of the fermion current.

: i
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The ee77 contact term is searched for through the reaction e+e —> 77. The lead-
ing term in the cross section is proportional to A~4 and comes from the interference
of the contact term with the standard QED process.

ee££

The Lagrangian of a four-fermion contact interaction is built from two chirality
conserving, flavour diagonal fermion currents:

Y-

\i

2

= 2^2

+

By convention, it is normalised to the strong coupling constant, g2/4n = 1.

Previous searches for the eeff contact terms were performed at PEP and PETRA
using the data of the reactions e+e~ -> f+f~ [31]. At these energies fermion pair
production is governed by QED and the reaction amplitude is real. The contact
term amplitude is also real. The interference term, proportional to A"2, is much
larger than the contact term squared, which is of order A"4. At the Z resonance
the situation is very different: the standard amplitude is almost purely imaginary
and the leading interference term is strongly suppressed. Therefore the sensitivity
to contact terms is strongly reduced at LEP 1. Maximal interference is restored off
the Z peak, in particular at LEP 2 [32].

Search for ee^j contact interaction

The two-boson, two-fermion contact interactions are studied in the reaction e+e~ —*
77 using the combined data of four LEP experiments. Four different contact models
corresponding to different helicities of the electron current are considered. In each
model both signs of the contact term amplitude are possible and thus two different
A parameters are defined, denoted A+ and A". The models are defined in table 4.

Model

L
R
L + R
L-R

VR
0

±1
±1
±1

VL

±1
0

±1
Tl

Table 4: Definition of the ee77 contact models.
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The differential cross section for the reactioii e+e —» 77 is the sum of two

contributions: one from QED and the other from the contact interaction (including
its interference with QED). The "cut-off" model is also studied; it assumes a break-
down of QED at small distances and is parametrised by a form factor A. At the tree
level the prediction is:

da a2 1 + cos2 0 ( da

dQ s i - cos2 0

where the second term depends on the model and is given by the formulae:

(d<r\L-R _ ~2-3

eut-of/ 2

The R and L models are identical. The "cut-off' and L + R models are very similar.
The model L - R is insensitive to the sign of the contact term amplitude and is
expected to impose the weakest costraints since it depends only on A"8.

The analysis is performed using the combined LEP data collected in 1989 and
1990 [8,^0,21,22]. A maximum likelihood fit is performed to the experimental an-
gular distribution, taking into account radiative corrections [33] and experimental
efficiencies. Instead of A, the parameter e = (1/A)4 is fitted since it is expected to
have a gaussian error. Figure 5 shows the results for the four models studied. The
curves represent the model predictions for the one-sided, 95% c.l. limits on e, emin
and emax-

The limits on the energy scale A are

A+ = ( l / C m o . ) M B

A " = (-l /em i n)0-2 5

The resolving power of the experiment is defined as A = (l/<r)025, where <r is the
one-sided, 95% c.l. error on e. (For the model L-R, e = (1/A)* and the power
0.25 is replaced by 0.125). When the calculated value of A+ or A~ exceeds A, then
the limit on A is set equal to A. Table 5 summarises the values of e (with 95% c.l.
errors), A, A+ and A". Similar limits have been reported from TRISTAN (34,35,36].

Future prospects for an improvement of these limits are not optimistic: the limit
increases in proportion to the luminosity raised to the power 1/8.

t 10
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1 O 0.2 0.« 0.6 0.8

COS0

Figure 5: Results of the fits of contact models for the reaction e+e~ —* 77. The data points
show the measured differential cross section divided by the standard model predictions. The
curves show the maximum allowed deviations at 95% c.l..

Model

L, R

L + R

L - R

cut-off

e

(0.29±g;|?)10-8 GeV-4

(0-151SJs)IO-8 GeV"4

(0.14^4J)IO-15 GeV"8

(0.15!SJS)IO-8 GeV"4

A ( GeV)

111

131

82

130

A+(GeV)

101

119

79

118

A" (GeV)

111

131

-

130

Table 5: Results of fits of the ee77 contact terms to the data. The errors on £ are at 95%
c.l. . A is the resolving power and the limits on A satisfy A* < A.

11



Four-fermion contact interactions

Four-fermion contact interactions are searched for in the reactions
e+e~

e+e —> T+T

e+e" Pt-.
where I denotes the any charged lepton. The data [37] are taken at 14 energies
around the Z resonance. The integrated luminosity is 19.7 pb"1 , with 60% of it from
the p^-k.

T. _ . fferential cross sections for all lepton flavours agree well with the standard
model predictions calculated for sin2 6vn(jn\) = 0.233 and pi{rn\) = 1.0026. These
values correspond to the best estimates of the top and Higgs masses which were
obtained from a standard model fit to various electroweak data not including the
measurements of sin2 Qw at LEP.

Four-fermion contact terms are now included in order to set limits on the energy
scale A. The models are named after the chiralities of the fermion currents and are
listed in table 6. Two energy scales, A+ and A~, correspond to the two possible
signs of the contact amplitude.

1

Model
LL
RR
VV
AA
RL
LR

VLL

±1
0

±1
±1

0
0

VRR
0

±1
±1
±1

0
0

VRL

0
0

±1
T l
±1

0

VRL

0
0

±1
T l

0
±1

Table 6: Définition of the parameters of the four-fermion contact models.

The differential cross section for the reaction e+e~ —+ £T£~ can be written sym-
bolically as

After development of this expression, the following terms appear:

|7, + Z,\2 : standard model «-channel exchange amplitude squared,

\C\2 : contact term amplitude squared, proportional to 1/A4,

2 SRe [(7, + Z,)C] : interference between the a-channel standard model amplitude
and the contact term, proportional to 1/A2.

12
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2 3fe[(73 + Z3)C] : interference between the ^-channel standard model amplitude

and the contact term, proportional to I/A2.

e+e- :The following terms are present only for the reaction e+e

|7< -f Zt\
2 + 2SRe [(ft + Zt)(j, + Z,)] : standard model contributions due to the t-

channel and (s,t) interference. This term will be called '^-channel' for short,

2 5Re [(7t + Zt)C] : interference between the standard model ^-channel exchange i
amplitude and the contact term. The contribution of Zt will be neglected !
since Zt « ~it.

In the improved Born approximation the differential cross section including all
"" terms except the '^-channel' has the form :

. \ Born

-^r ) = a(s, A)(I + cos2 B) + b(s, A) cos 0 + c(s, A) + d(cos 0, A),
as I )

The coefficients a(s, A), 6(5,A), c(s, A) and d(cosd,A) are known functions of a and
A. They also depend on the coefficients 77,̂ . Initial state radiative corrections are

"- { taken into account by convoluting the Born cross section with the radiator function
[38]. Then the '^-channel' term [39,40] is added to the model predictions.

Five models (the RL and LR models are indistinguishable) are fitted to the set of
s 14 differential cross sections for each reaction using the maximum likelihood method

Kx with a Poisson probability distribution. Systematic errors on the luminosity and
^ on the detection and selection efficiencies are taken into account. The parameter

e = 1/A2 is determined by the fit. The results of the fit change very little (compared
-v to the errors from the fit) when the standard model parameters sin2 ^ j ( m | ) and

pi{m\) vary within an acceptable range.

Limits on the energy scale A are deduced in a similar way as for the eeyy inter-
actions and the condition A < X is also imposed. The results are given in table 7.
Examples of the fits are plotted in figs 6 and 7.

The limits on A are of the order of TeV. For the «-channel processes of \i or T
production the limits are comparable with or weaker than those at lower energies.
The values obtained for the electrons and all leptons are considerably higher due
to the interference between the ^-channel photon exchange and the contact term
amplitudes. The fitted values of e with one standard deviation errors are compared
in fig. 8-11 with the results obtained at PEP, PETRA and TRISTAN [31]. For
electrons the results of ALEPH are more stringent than those from any individual
model except LR, and they exceed the combined PEP/PETRA limit for the LL and
RR models.

13
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Electrons

LL
RR
VV
AA
LR

e (TeV"2)

o.i36îg:l^
o.i47l2:l?3
0.057JSSg
0.007±S;STI

0.155±S;î£

A (TeV)

2.0

1.8

3.4

2.9

1.8

A+ (TeV)

1.6

1.5

2.6

2.8

1.4

A" (TeV)

2.0

1.8

3.4

2.9

1.8

Electrons

LL
RR
VV

AA

LR

e (TeV-2)

0.144l°;25°8
0.1731S
0 206+0 m

n nf57+0087

— U.UD/_o.o88
0.44312:26°

A (TeV)

1.5

1.3

2.3

2.6

1.5

A+ (TeV)

1.3

1.1

1.6

2.6

1.0

A" (TeV)

1.5

1.3

2.3

2.1

1.5

Electrons

LL
RR
VV

AA

LR

e (TeV-2)

0 35I+0 '273

0.564185?!
-0.05312:11^

0-17612SsS
-0.41012J55

A (TeV)

1.4

1.2

2.3

2.6

1.5

A+ (TeV)

1.1

0.9

2.3

1.7

1.5

A" (TeV)

1.4

1.2

2.0

2.6

1.1

Electrons

LL
RR
VV
AA
LR

e (TeV"2)

-0.07212:211
-o.o88l2:S?2
—o.on±g;gl|

n fl71 +0.038
— U.U/l_o.O38

n i ec+0.1340.165 _o.i3s

A (TeV)

2.9

2.9

4.7

4.0

2.1

A+ (TeV)

2.9

2.9

4.7

4.0

1.6

A- (TeV)

2.3

2.1

4.2

2.7
2.1

Table 7: Results of the contact term fits to the ALEPH data for reactions e+e" -• / + /~ .
The parameter « is given with one standard deviation errors. The requirement A* < A is
imposed.
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Figure 6: Results of the fit of contact model LL for the reaction e+e~ -* e+e~.
The data points are the measured differential cross sections divided by the standard model
predictions. The curves are the maximum allowed deviations at 95% c.l. The t-channel
contribution is subtracted.
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Figure 7: Results of the fit of contact model VV for the reaction e+e" -» T+T~.
The data points are the measured differential cross sections divided by the standard model
predictions. The curves are the maximum allowed deviations at 95% c.l.
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Figure 8: Values of e (in TeV"2) from the reaction e+e~ -• e+e~ plotted with one standard
deviation errors. 'ALL' is the weighted average of ALEPH and PEP/PETRA.

LL ALEPH

CELLO

JADE

TASSO

VENUS

PEP/PET/TRIwi

ALL

•1.5 -1 -OJ OJ

AA ALEPH i—H-M

CELLO « * -

JADE — . :

TASSO M

VENUS J-H

PEP/PET/TRI m

ALL w

-0.6 -0.4 4.2 0.2

RR ALEPH

CELLO

JADE

TASSO

VENUS

ALL

-IJ -1 -OJ OJ

W ALEFH
CTl. LO
JADE
TASSO

vr rus

ALL

•0.1 •OA -0.4 -0.2 0 0.2

LR ALEPH

CELLO

JADE

TASSO

VENUS

PEP/PET/nU m

ALL ~

- U -OJ OJ

Figure 9: Values of e (in TeV"2) from the reaction e+e~ - • Ji+(i~ plotted with one standard
deviation errors. 'ALL' is the weighted average of ALEPH and PEP/PETRA/TRISTAN.
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The best currently available limits on four-lepton contact interactions are deter-
mined from the combined data of ALEPH and of lower energy experiments. Each
limit is calculated from the weighted average value of e and it is required to be
smaller than the corresponding resolving power. The results, given in table 8, vary
from 3 to 6 TeV.

electrons
muons

taus
leptons

ALL
1.6
2.5
1.8
3.5

KL
2.2
1.9
2.3
2.9

ARR

1.5
2.5
1.8
3.4

ARR

2.1
1.9
2.3
2.7

Avv
2.8
4.1
3.9
5.9

Aw
4.5
3.0
2.9
5.3

AAA
3.9
4.5
2.5
5.6

AXA
2.8
3.9
4.0
4.5

Kt
2.3
2.5
2.3
3.1

ARL
3.6
2.4
1.4
4.1

Table 8: Limits on Aà in TeV at 95% c.l. from the combined data of PEP, PETRA, TRISTAN
and ALEPH.

Conclusions

Searches for substructure at LEP gave negative results: no excited fermions are
discovered, no effects predicted by composite models in standard processes are found.

The Z lineshape measurements exclude a new Z decay (coherent with the stan-
dard decays) having a width > 37 MeV or an "invisible" width > 19 GeV, at 95% c.l.
Hence limits on excited fermion masses are 43.6 GeV/c2 for the u', 29.71 GeVJc2

for the charged lepton, 41.7 and 44.6 GeV/c2 for the u- and d-type quarks, indepen-
dent of the f * decay mode. Topology-dependent limits are more stringent, e.g. 45.0
GeV/c2 for an "invisible" Dirac neutrino. The windows between these limits and
mz/2 can be covered by direct searches for excited fermion pair production. Present
results are incomplete since some of the f " decay modes are not yet explored. In the
the mass region mz/2 < TO" < mz limits are derived from the searches for single f*
production. Results are presented in the 2-dimensional plane of cy/Bj'A versus m",
where c is the Zf'f or the 7f"f coupling, B is the f* decay branching ratio and A is
the compositeness scale. Typical limits on this quantity for excited fermions of m* =
50 GeV are in the range fi--»m (3 TeV)"1 to (10 TeV)"1, depending on the flavour.

The reaction e+e~ —» 777 is compeitible with QED and shows no indication for
an anomalous Z777 coupling. The branching ratio limit is B(Z —> 777) < 1.4-IO"5.

Possible deviations from the standard model are looked for in the framework of
contact terms models which contain one free parameter: the energy scale of a new
interaction, A. The following vertices are studied: four-bosons, two-bosons and
two-fermions, and four fermions. Typical values of the limits on A are 25 GeV, 100
GeV and a few TeV, respectively.
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, The ee77 contact terms are studied in the reaction e+e —» 77 assuming various
chiralities of the electron current: L, R, L + R and L-R. The results are similar

« to those reported at TRISTAN. Limits on A from four-fermion contact terms are set
f by ALEPH in the range 1.4-3.4 GeV for electrons, 1.1-2.6 TeV for muons and taus,

and 1.6-4.7 TeV for common leptons, depending on the chiralities of the fermion
currents. The most stringent limits are obtained for the reactions e+e~ —» e+e~ and
e+e~ —* £+£~ due to the interference of the ^-channel photon exchange with the real
contact term amplitude. For some models the results from combined lower energy
data are improved.

The limits are expected to increase in proportion to the number of events to
the power 1/4. The statistics can be easily multiplied by 4 when the data of other
experiments are analysed. Limits of the order of 10 TeV should be achieved at LEP 1
in the future.

The best currently available limits on A from the combined common lepton data
of ALEPH, PEP, PETRA and TRISTAN are about 3 TeV for LL and RR, 3.5-4
GeV for RL and LR, and between 5 and 6 TeV for VV and AA models.
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