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Abstract

Clontact interactions are searched for using the differential cross sections for the
reactions ete™ — ete™, ete™ — utu~, ete” = 777~ and ete”™ - yy measured
at 12 energies around the 7 peak and corresponding to about 20 pb~! of cumulated
luminosity. Four-fermion contact term models assuming various chiralities of lepton
currents are fitted to the lepton data and lower limits on the energy scale A of such
terms are set at 95 % c.l. The limits vary in the range 0.9-4.7 TeV, depending on the
model and on the lepton flavour. The eeyy contact terms are searched for assuming '
various chiralities. Limits on the energy scale A between 79 and 130 GeV are extracted
from the data. The results are compared and combined with those reported at lower
energies.
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1 Introduction

Precise measurements at LEP can be used to search for an indirect manifestation of
new physics. The basic idea is that the standard model is a part of a more general
theory characterized by an energy scale A. At energies well below A the observable
consequences of the theory are reduced to a residual effective interaction called the
contact term considered as a perturbation to the standard model. In the context of
a possible substructure of quarks and leptons, contact terms may be interpreted as
remnants of a constituent-binding interaction at the compositeness scale A. More
generally, the formalism of contact terms is a useful parametrisation of possible devi-
ations from the standard model; the deviations might have various dynamic origins
such as a composite nature of the Z, new bosons, excited fermion exchange, anomalous
couplings, etc.

In the contact interaction approach [1, 2, 3, 4, 5] the standard model Lagrangian
remains unchanged but an effective Lagrangian due to a new interaction is added to it,
The latter is built from the fields of presently known particles and is proportional to the
lowest possible power of 1/A depending on the dimension of the fields involved. The
fermion currents are required to be helicity conserving. This assumption is necessary
for example in composite models in order to keep the masses of known particles much
smaller than A. Various possible choices of the chiralities lead to different predictions
for the angular distributions of the reactions where contact terms contribute.

Four-lepton contact terms are searched for in the reactions ete™ — ete™, ete”™ —
utu=, ete™ — 777~ and in the three reactions combined, assuming lepton universal-
ity. Two-photon, two-electron contact terms are studied in the reaction ete™ — ~v.
The analysis makes use of the differential cross sections at several energies around the
7 peak measured by ALEPH using the data sample of integrated luminosity 20.5 pb~!
collected in 1989-91. The ALEPH detector is described elsewhere [6].

2 Four-lepton contact terms

Four-lepton’ contact interactions are described, according to Eichten, Lane and Pe-
skin [1], by an effective Lagrangian in the form:

2 _ N _ N
Lectt = keezlir [noe0inabi¥iy el + nraRdrbhy vht
NRLDEVEVEY VS + MLRbL1a v VRV

where k., is a statistical factor equal to 1/2 for £ = e and to 1 otherwise. The
fermion currents are flavour diagonal: four different currents can be constructed in
the reaction ete~ — e*e™ and only two for other lepton flavours. The interaction
is proportional to A=? since the product of the four fermion fields has the dimension
of the 6-th power of energy. By convention, the Lagrangian is normalized to the
effective strong coupling constant, g*/4m =1. The coeflicients n;;, 1,7 = R, L indicate
the chiralities of the fermion currents. A contact term model is defined by a set of



values of 72z, NRR, TRL, Mor 2nd the corresponding A. The contact term amplitude is
real and can be either positive or negative; with each sign a different A is associated.
Alltogether 6 x 2 models listed in table 1 are studied.

Model NLL NRR TRL NLR
LL +1 0 0 0
RR 0 +1 0 0
Vv +1 +1 *+1 +1
AA +1 +1 Fl F1
RL 0 0 +1 0
LR ) 0 0 +1

Table 1: Definition of the parameters of the four-fermion contact models.

2.1 Differential cross section

The lowest order diagrams for the reaction e*e™ — £¥£~ are shown in fig.1.

et @ ot et &t

Figure 1: Lowest order diagrams contributing to the reaction e*e™ — £+£~.
The differential cross section can be written symbolically as

do
Eﬁ ~ |7S+Zs+7t+zt+0]2

In the expansion of this expression the terms are:

6



lvg + Z,|?, standard model s-channel exchange amplitude squared,
|C|?, contact term amplitude squared, proportional to 1/A%,

2Re (7, + Z,)C], interference between the s-channel standard model amplitude and
the contact term. This contribution is proportional to 1/A? and therefore it is
generally expected to be much larger than |C |2. However very close to the Z
peak the standard model amplitude is almost purely imaginary and consequently
its interference with the real contact term is small.

Terms present only for the reaction ete™ — ete™ are:

|vi+Z: 242 Re [(v: + Z:)(vs + Z,)}, standard model contributions due to the ¢-channel
and (s, ) interference. This term will be called ‘t-channel’ for short,

2Re [(y: + Z:)C), interference between the standard model i-channel exchange am-
plitude and the contact term. In this expression the contribution of Z; will be
neglected since |Z;| << ||

The differential cross section for the reaction efe~ — £*{~ including all terms
except the ‘t-channel’ is calculated in the improved Born approximation and has the
form :

dcr Born

o) = a(s, A)(L + cos? #) + b{s, A)cos @ + c(s, A) + d(cos 0, A).

The coefficients a(s, A), b(s, A), (s, A) and d(cos §, A) are given by

1 1
a(s,A) = aofs)+ Fal(s) + Faz(s)

b(s, A) = ba(s)+;\-l—2-b1(s)+%b2(s)

1 s
e(s,A) = 5@3(172&%7&)
(1+c059)2)

a 1 1
d(cos6,A) = —6 — — 4=
(cos8,A) 1 ((ULR‘}'URL)l__C088+2(7?LL+7]RR) T eocd

and

5= 1 for electrons
1 0 for muons and taus.

The differential cross section for all leptons combined is taken as the sum of those
for individual lepton flavours, assuming a universal energy scale A.



The coefficients a(s, A) and b(s, A) have been decomposed into three terms due to
standard model {subscript 0), contact interaction (2) and their interference (1) :

aols) = L1+ 20} Rex(s) + (o] + ) x(s)P)
ar(s) = §{lwre +mr+ (1+8)(mr +nrr)i+
] Re x(s) [(vi — af}(nrL + nLr)+
(1 + 8)(ve — ar)?nrr + (1 + 8)(ve + ae)?nrr]}
ax(s) = 1gmhs +nip+ (1+6)(nkr + i)l

& 1203Rex(s) + 4dadix(s)I
HHl=nre — mr + (1 + 8)(nee + nrr)] +

Re x(s) [ (vf — af)(nrL + nLR)+

(14 8)(ve — ae)*nrr + (L + 8)(ve + ae)niL]}
ba(s) = §l-nkr—min+ (1 +8)(mar+nic)].

bo(s
61(3

p—— e
n

\

in these formulae, x(s) is the Z propagator with s-dependent width : x(s}) =
s{s—M2Z+is';/Mz)~!. The coupling o is taken equal to (M%) except in the coefficient
d(cosf, A) which is dominated by lower momentum transfer and where the value (0]
is used. The standard model axial and vector effective couplings a, and v, are:

e = (_ﬂ_)m o1 1(MB) (1L - 2Qe sin® 65/ (M3))
2v/2mo(M3) SN AT

GFM% 1]"2 - .
= |—/=—— Vel (ME) 5.
ag (Qﬂwa(M%)) p/ I (Mg) 15

The definitions of p*/f{M2) and sin? 85}/ (M2) are the same as the ones used in [7] and
8]. :

Model predictions are corrected for initial state radiation effects according to 19].
Hard photon radiation is calculated up to order o? and the leading soft and virtual
corrections are summed over all orders by the exponentiation technique. Each of the
coefficients a,b and ¢ is convoluted with the radiator function H{z,s) where x is the
fraction of energy lost by the radiation and s is the LEP energy squared. The resulting
new coefficients are denoted by the corresponding capital letters, for example

Aofs) = /0 ™ Hie, s)ag(s(L — z))dz.

The coefficient d(cosd) is energy independent and remains unchanged. The final
expression for the differential cross section {‘t-channel’ excluded) is

8



d
E% = A(s,A)(1 + cos?8) + B(s,A) cos 8 + C (s,A) +d (cos 8, A).

The standard model contributions to the Bhabha scattering due to the t-channel
photon and Z exchange and to the interference between ¢ and s channels are calculated
using the program ALIBABA [10]. The intrinsic accuracy of the program due to
missing contributions to the Bhabha scattering cross section is 0.5% as explained

in [11].

2.2 Experimental data

This section contains a description of the experimental procedure which has led to the
determination of the differential cross sections for the lepton pair production reactions.
Four data samples are selected according to criteria described in [7, 11]:

ete” — ete”
ete” — ptyu~
ete” — 777~
ete™ — L.

The selection of the #+#~ events is done without distinguishing the lepton flavour in
order to avoid systematic errors due to wrong flavour assignment. The total cumulated
luminosity used in this analysis amounts to 19.7 pb™! and is distributed over 12
different LEP operating energies, with 60% of it at the Z peak. Table 2 gives the
values of the luminosity with the statistical errors, the numbers of collected events at
each energy and the values of systematic errors. The systematic error on luminosity of
0.55% is due to theoretical and experimental uncertainties of the small-angle Bhabha
cross section [12]. The error on the selection efficiency of each reaction is independent
of energy and angle.!

The angular distributions are expressed as a function of the cosine of the scattering
angle 8 defined as :

cos +{8; + 7 —8;)

(8 — 7 + 8;)

cos § =
COs

3 = les [ —

where 8, is the emission angle of the lepton and #; of the antilepton, measured in the
laboratory frame with respect to the incident electron. The angle # has the advantage
of being insensitive to initial state collinear photon radiation. Angular distributions
are determined in 9 intervals of Acosf = 0.2 over the range —0.9 < cosf < 0.9 . In the
experimental selection the acollinearity angle between the two leptons was required to

"1Contrary to what was done in [7], here the t-channel was not subtracted for ete~ and £+£- final
states and therefore the systematic errors are smaller.



Vs (GeV) Luminosity (nb™1) | efe™ | ptp~ | r¥fr= | &
88.25 590.7 £ 4.6 534 98 92 757
88.50 668.9 + 49 649 142 142 950
89.25 266.8 + 4.5 609 216 1791 1035
89.50 799.8 = 5.4 979 356 277 | 1667
90.25 12753 = 44| 1979 910 859 | 3900
91.25 11 636.7 £ 20.3 | 21001 | 13 816 | 12 660 | 49 270
92.00 697.6 £ 3.2 930 696 539 | 2 363
92.25 668.0 £ 5.1 783 463 514 | 1934
93.60 680.5 * 3.2 541 369 335 | 1308
93.25 640.2 £+ 5.1 209 313 284 | 1153
93.75 7713 £ 5.6 512 321 285 | 1149
94.25 708.6 a.3 404 228 205 891
Total 19 704.6 + 28.4 129430 | 17 928 | 16 371 | 66 377

syst. error (%) 0.55 0.4 0.5 0.6 0.2

Table 2: Luminosities with statistical errors, number of events in the interval | cosé] < 0.9
used in the analysis and systematic errors on the luminosity and on the event selection.

be smaller than 20°. The effect of this cut was evaluated with the KORALZ program
[13] at each LEP energy.

For each reaction the background is subtracted and the corrections for the acollinear
ity cut and selection inefficiency are applied. The differential cross sections obtained
after all corrections are plotted in figures 2-5 for the four reactions studied. The errors
are only statistical.

2.3 Standard model predictions and comparison with the data

To determine the contribution of the contact terms in the reaction ete™ — {14~ one
has first to evaluate the prediction of the standard model. The values of the four
parameters Mz, ['z, sin 855/ (M2) and p*//(M3%) should be as accurate as possible and
obtained without making use of the lepton final states.

The values of the Z mass and width are taken as the averages of the measure-
ments of the four LEP experiments: Mz = (91.175 £ 0.021) GeV/c?, I'z = {2.487 +
0.010) GeV/c? [8]. These measurements are dominated by hadronic final states. Con-
tact interactions between quark and electrons would induce a shift of the Z mass
depending on the value of the related energy scale [3]. Such possible shift is assumed
to be negligible.

The parameters sin® 85/ (M2) and p*//(M3%) are deduced [14] through a determi-
nation of the top quark mass by a fit of the standard model parameters to the Z
mass, W mass as measured in pp collisions [15], and the ratio Mw/Mz measured in
vN experiments [16].

10
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Figure 2: Differential cross sections for the reaction e*e” — ete” at various LEP energies.
The curves are the standard model predictions. The t-channel contribution is subtracted

both from the data and from the standard model.
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Figure 3: Differential cross sections for the reaction ete~ — u*tu~ at various LEP energies.
The curves are the standard model predictions.
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The curves are the standard model predictions.
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Figure 5: Differential cross sections for the reaction ete™ — £*£~ at various LEP energies.
The curves are the standard model predictions. The t-channel contribution is subtracted
both from the data and from the standard model.
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Measurements of sin? 5/ (M3) with data from LEP are deliberately left out in order
to obtain an estimate of the standard model parameters independent of the data to be
fitted. Three values of the unknown Higgs mass are used: 50, 300 and 1000 GeV/c?.
The corresponding values of Miop, sin® 85/ (M2) and p*//(M2) are listed in table 3.

Miop (GeV/c?) 190 146 93
Misigge { GeV/c?) | 1000 | 300 50
sin? 655 (M2) 0.2321 | 0.2330 | 0.2334
pt? I (M2) 1.0056 | 1.0026 | 0.9997

Table 3: Values of the standard model parameters determined from electroweak data.

The central set of values with Meop = 146 GeV/c? is used to calculate the predic-
tions of the standard model according to the formulae of section 2.1. These values are
kept fixed in the fits of the models to the differential cross section data. The other
two sets are used later to test the sensitivity of the fit results to the standard model
parameters,

The predictions of the standard model alone calculated with all the parameters
fixed at the values given above are in good agreement with the measured differential
cross sections as shown in figures 2-5. For 108 degrees of freedom, the values of x*
are 82, 111, 141 and 120 for the channels ete™, p*pu~, 777~ and £*£~, respectively.

2.4 Fits of the contact terms to the data

A possible contribution of the contact terms to the experimental differential cross sec-
tions is determined by a binned maximum likelihood fit. The input data are expressed
in terms of the number of events detected in each bin of cosf at each energy. The
corresponding expected number of events is calculated taking into account the the-
oretical model, the measured luminosities, the detector efficiency and analysis cuts.
The fit includes all sources of normalisation errors due to systematic effects.

The contact term amplitude is proportional to the parameter
e=1/A%

which was left free in the fit. The parameter ¢ is expected to have a Gaussian error
and for this reason it is prefered over A. The only other parameters determined in the
fit are the normalizations ng, 7k, n¢ which were allowed to deviate from unity within
their errors:

Ang, the overall systematic error due to the luminosity and the selection efficiency
errors as given in table 2, added in quadrature,

Any, the relative statistical error of the luminosity Ly at each energy /sk,
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An,, the uncertainty in the t-channel calculation (0.6% at the Z peak or below it and
1.2% above), due to the limited accuracy of the program and to the uncertainties
of the 7Z mass and width which induce errors on the (s, t) interference term.

The likelihood function is defined as:

12

L = f g(no) H g(nk)ﬁ P (NRAfA,NS‘RED(A)) ,

k=1 =1

where the index k runs over LEP energies and 7 numbers the cos 8 bins. g(n) is the
Gaussian probability distribution of the variable n with mean value 1 and standard
deviation An. f = g(n:) for electrons and ‘all leptons’ and f = 1 otherwise.

P is the Poisson probability of observing NRATA events while NEFEP(A) are ex-
pected. NDATA is the number of events after background subtraction but without any

other correction. The expected number of events NEFEP(A) is given by

NERED(AY = nong Ly [a,-k(j\)agk +4 ntcrfk] Eik
where:

o is the previously derived differential cross section without the ¢-channel contri-
bution at a given energy ./3x, integrated over the cosf bin i and the azimuthal
angle,

ot is the t-channel contribution inside the acollinearity cut,
§=1 for electrons and ‘all leptons’ and 0 otherwise,

e is the experimental efficiency and ax is the correction for the acollinearity cut.

The maximum likelihood method does not allow the quality of the fit to be esti-
mated easily. Therefore the value of x? is calculated after each fit, after inserting the

fitted values of the parameters into the expression of NEFEP(A).

2.5 Results of contact term fits

The contact term models are now fitted to the data in order to set limits on the
energy scale A. The parameter ¢ is adjusted by the fit together with the normalization
parameters defined before. The fitted values of € and its one standard deviation errors
o+ and o~ are listed in table 4 for the models LL, RR, VV, AA and LR; the RL
model is indistinguishable from LR since the predictions are symmetric with respect
to the exchange of ngry and nrgr. No significant deviation of & from zero is found for any
of the models and any lepton Aavour, The normalization parameters are compatible
with 1 and the values of x? differ very little from the corresponding values for the
standard model comparison. ' '
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Electrons | et2. (TeV=2) | A (TeV) | A* (TeV) | A~ (TeV)

o=

LL 0.11573148 2.0 1.6 2.0
RR 0.120%3168 | 1.9 1.5 1.9
8% 0.0467505 | 3.5 2.8 3.5
AA 0.00519572 2.9 2.8 2.9
LR 013455175 1.8 1.5 1.8

Muons | et?r (TeV=%) | A (TeV) | A* (TeV) | A~ (TeV)

o~

LL 0.144%32% | 1.5 1.3 1.5
RR 0.171%53% 1.3 1.1 1.3
4% 0.20210111 2.3 1.6 2.3
AA —0.06515587 | 2.6 2.6 2.1
LR 0.431%5235 | 1.5 1.0 1.5

Taus | ef?l (TeV=2) | A (TeV) | AT (TeV) | A~ (TeV)

LL 0.392133%% 1.5 1.0 1.5
RR 0.603%937 1.2 0.9 1.2
4% —0.064+5112 2.3 2.3 2.0
AA 0.19875:353 2.6 1.7 2.6
LR —0.46370:323 1.5 1.5 1.0

Leptons | et?. (TeV=2) | A (TeV) | AT (TeV) | A~ (TeV)

o4

LL —0.071% 500 | 3.0 3.0 2.3
RR —0.08715572 29 | 29 2.2
VvV —~0.010735%8 4.7 4.7 4.2
AA —0.0701393%0 | 4.0 4.0 2.7
LR 0.17175132 2.1 1.6 2.1

Table 4: Results of the contact term fits to the ALEPH data for reactions e*e™ — £+€7.
The contribution of the contact term, ¢, is given with one standard deviation errors. A is the
resolving power and A* and A~ are the 95% c.l: limits on the energy scale A corresponding
to each sign of the contact amplitude.
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In order to test the sensitivity of the results to variation of the standard model
parameters, the contact term fits are repeated changing the values of the Z mass
and width within experimental errors and using the two extreme sets of values of
sin® 85/ (M2) and p*//(M32) given in table 3. The values of ¢ so determined differ from
the central value of ¢ by much less than one standard deviation for all reactions and
all models. Therefore the errors on ¢ due to the uncertainty of the standard model
parameters are ignored.

Results of the fits for three selected energies: 89.5, 91.2 and 93.7 GeV are plotted
in figures 6-7 for electrons and muons and for all models except RR which is very
similar to LL. The contact term model predictions and the experimental data are
divided by the predictions of the standard model alone. In the plot for electrons
the ¢-channel contribution is subtracted from the data and omitted from the model
predictions. The pair of curves in each plot shows the maximum allowed positive and
negative contributions of the contact term at 95% c.l. calculated by setting ¢ to the
values € + 1.640% and ¢ — 1.640~, respectively.

Limits on the compositeness scale A are deduced at 95 % c.l. from the formulae

-1/2 1/2

At = (e+1.64 o*) A= (—5 +1.64 a_)_

where At and A~ correspond to the positive or negative sign of the contact term
amplitude.

It has been pointed out {17, 18] that when A is undefined (negative value under
the square root) or larger than a certain value which is a measure of the experimental
sensitivity, then the limit should be set equal to this value. Following this idea, the
limits AT are bounded by the resolving power A defined as the one-sided 95% c.l.
error on ¢ in the absence of contact terms (¢ = 0) :

A= (164 0)"/?

where ¢ is the parabolic one-standard-deviation error on €. The resolving power is
a measure of the sensitivity of an experiment to a given model; it depends on the
statistics N like N1/* and on the nature of the model.

Limits on A deduced from the fits and restricted to the region A* < A are listed in
table 4 for the contact terms eeee, eeppe, eerT and the flavour-independent four-lepton
contact interaction. Values of A smaller than these limits are excluded at 95% c.1. The
limits vary between 0.9 and 4.7 TeV depending on the model and on lepton flavour.

Information on the contact term is provided in this analysis both by the angular
distribution and by the absolute cross section. The sensitivities of the fits to these
quantities have been studied by varying the normalization errors. For most flavours
and models the two sensitivities are comparable. For the AA model, especially for
muons and taus, the fit is dominated by the normalization because of the flatness of the
relative contribution of the contact term to the standard model angular distribution.

The results obtained for the efe~ and £*{~ final states are more stringent than
those for u+tu~ and 7F7~. This is a consequence of the real nature of the ¢-channel
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Figure 6: Results of the fits of contact models for the reaction ete” — ete”. The data points
are the measured differential cross sections divided by the standard model predictions. The
t-channel contribution is subtracted. The curves are the maximum allowed deviations at
95% c.l. Left-hand side: continuous lines Af,, dashed Ay, dotted A%, dash-dotted: A%,
The corresponding lines on the right-hand side are for Al AfL, Afgqand ALg.
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A}y, dashed Ayy, dotted A%, dash-dotted: AZ,. The corresponding lines on the right-hand
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photon exchange amplitude which interferes with the real contact term amplitude. It
can be seen in figure 6 that the expected contribution of the contact term models is
indeed concentrated in the forward region. It is interesting to investigate the eflect
of the contact terms on small angle Bhabha scattering in the range covered by the
luminometer. If appreciable, this contribution would affect the luminosity measure-
ment (and all ALEPH cross sections) and should be included in the contact term fits
for internal consistency. The magnitude of the effect is estimated by integrating the
term d{cosf, A) over the acceptance of the luminometer, 57 < 6 < 110 mrad, taking
for each model the value of A equal to its 95% c.l. limit. The largest result is obtained
for the model VV; it amounts to 12 pb and represents a negligible fraction (0.05%} of
the Bhabha cross section in the same angular region [12].

2.6 Comparison with lower energies and discussion

Four-lepton contact terms have been studied in ete~ collisions at PEP, PETRA and
TRISTAN. Results obtained at these machines from individual experiments are rein-
vestigated and combined together in ref. [18]. A comparison of the values of ¢ from
various lower energy experiments [18, 19] and from this analysis is shown in figures
8-11 for each model and each lepton flavour. The results are then translated into the
95% c.l. limits on A and the constraint AT < X is imposed in all cases. The values
obtained are listed in table 3.

For elecirons the ALEPH limits are higher than those from any other individual
experiment for all models except LR, and they exceed the combined PEP/PETRA
limit for the LL and RR models.

For the s-channel final states u¥p~ and 7+7~ ALEPH limits are comparable to or
weaker than those at lower energies due to the dominance of the imaginary Z-exchange
amplitude at LEP. Since A is large, contact terms are searched for via the interference
with the standard model amplitude. Unlike at PEP/PETRA and TRISTAN energies,
the interference almost vanishes at the Z peak where most of the data was taken. How-
ever this disadvantage is partly outweighed by high statistics and a precise luminosity
measurement in this analysis.

The sensitivity to contact terms depends on the chiral structure of the standard
model as well as of the contact term itself. At LEP the relative contribution of the
AA model is flat in cosé for the s-channel reactions u*p~ and 747~ while at PETRA
the same is true for the VV model. Thus to some extent, the analyses performed at
different energies are complementary.

The best presently available limits on four-lepton contact interactions from the
combined results of ALEPH and lower energy experiments vary from 1.6 to 6.0 TeV
at 95% c.l.
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Figure 8: Values of £ (in TeV~?) from the reaction ete~ — e*e” plotted with one standard
deviation errors. ‘ALL’ is the weighted average of ALEPH and PEP/PETRA.
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Figure 9: Values of ¢ (in TeV~?) from the reaction e*e™ — utu~ plotted with one standard
deviation errors. ‘ALL’ is the weighted average of ALEPH and PETRA/TRISTAN.
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Figure 10: Values of ¢ (in TeV~2) from the reaction ete~ — 7+~ plotted with one standard
deviation errors. ‘ALL’ is the weighted average of ALEPH and PETRA/TRISTAN.
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Figure 11: Values of £ (in TeV~?) from the reaction e*e™ — £*¢~ plotted with one standard
deviation errors. ‘ALL’ is the weighted average of ALEPH and PEP/PETRA/TRISTAN.
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SV T

LL RR \'AY AA LR
ceee AT A TAY A TAY A |AY A | AT AT
HRS 1.2 10|12 10(23 26|22 15|18 23
MAC 0.7 09|07 09|24 25|21 21|22 23

CELLO 0.7 1.0;07 10{1.8 25|21 18|17 212
JADE 1.0 12|10 12|18 26|24 16|16 24
PLUTO 09 10|12 08|21 22!20 16;1.8 20
TASSO 09 13]09 1.3]22 3027 26|22 27
PEP/PETRA 1.3 17113 17|26 41|35 24|24 3.6
ALEPH 1.6 20|15 19|28 35,28 29;15 138
ALL 16 22|16 21128 45|39 28|23 3.7

eepiph
CELLO 1.8 15|18 1527 18|30 32|17 13
JADE 1.8 13|18 13|27 2233 24|15 1.8
TASSO 19 14119 14129 20|33 3.0;19 15
VENUS 1.5 18|16 L[.7(31 30:23 27|21 17
PETRA/TRISTAN 25 17125 18140 27|45 3825 2.0
ALEPH 1.3 1511 1316 23|26 2.1|1.0 1.5
ALL 26 19126 19741 31|46 38126 25

eerT
CELLO 16 1.871.6 19,29 29|26 3.2 18 1.5
JADE 14 16|14 1627 2120 28|16 L1
TASSO 1.1 1.2(1.1 1220 18|16 21|12 0.9
VENUS 1.5 1.1(1.5 12128 23122 24|16 1.3
PETRA/TRISTAN 1.9 22119 23138 29[26 39|22 1.5
ALEPH 1.0 1509 1223 2017 26|15 1.0
ALL 1.8 23118 23139 2925 40123 14

four-lepton

CELLO 2.1 2321 23(37 32|33 39|26 24
PEP/PETRA/TRISTAN | 3.0 27|31 28|54 51|53 5.0]33 4.1
ALEPH 3.0 23(29 22|47 42|40 27|16 2.1
ALL 3.5 2.8[35 27160 54|57 44|31 4.1

Table 5: Limits on A% in TeV at 95% c.l. obtained in various experiments and the combined
results. The constraint A¥ < X is imposed in all cases.
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3 Two-photon, two-electron contact terms

Contact interactions of two fermions and two-bosons are discussed in {4, 5]. For the
eev~ case the interaction Lagrangian can be written in the form
27:82 Lo v ey [ e e
ECC"‘{‘T = Al F Fg (anL‘Yuaqu + nﬁwﬁvpauw}{)
where the dimensions of the fields involved imply the 4th power of A. Table 6 defines
4 x 2 contact term models depending on the chirality of the electron current. As
previously, the contact amplitude is real and both signs are possible.

Model TR nr
L 0 +1
R *1 0
L+R *1 £1
L-R +1 F1

Table 6: Definition of the eey+y contact models.

3.1 Differential cross section

The reaction ete™ — v~ is purely electromagnetic and has been proposed as a suitable
process to search for deviations from QED due to new phenomena at LEP [5]. In the
contact term approach the photon pair production is described at the tree level by two
QED graphs and the contact term diagram shown in fig. 12. The differential cross

et g
e_.——” —-\_/\./:r —_ ] 7
- e” 5
e” Y

e____.—L-\N‘Y _

Figure 12: Diagrams contributing to the reaction ete™ — v+

section in the Born approximation can be written as a sum:

do  a® 1 +cos?é (da

s dQ

CONTACT
) - 5 1 —cos2@ )

The first term comes from QED and the second includes the contact term itself and its
interference with QED. Depending on the chirality of the electron current and on the
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sign of the (real) contact amplitude, the second term is given by one of the expressions:

do LR iags 1 29 als? 1 4p
(Eﬁ) = 4AT (1+cos*8) + 3748 (1 — cos*d)
do L+R a’s 2 o’sd 1g
(Eﬁ) = *o31 (1 +cos?8) + T6AE (1 — cos*8)
do\" 1 _ a’s® 4 4
( ) - I—G'Kg (1 COSs 9)
cut—off
(gﬁ) = ig—;‘?{ (1 + cos?4).

For every model two different A-scales are defined except for the L— R model where the
:nterference term vanishes. The dominant contribution comes from the interference
term proportional to A™%. Hence the model L — R is less sensitive than other models
with the same A. The last formula concerns the “cut-off” model [20] in which the
deviation from QED is approximated by a form factor. The model predicts a cross
section very similar to that of the L+ R model. The predictions of the R and L models
are identical.

3.2 Experimental data and comparison with QED

Events are selected from a data sample of integrated luminosity 20.5 pb~" by requiring
at least two photons and no charged particles as described in [21). In addition events
with at least one photon and one e*e™ pair for which the opening angle is smaller than
10° are included. Unresolved ete~ pairs giving rise to a single, doubly ionising track
are accepted. Events with a ete™ pair are expected to come either from the reaction
ete — () in which one of the photons converts in the detector, or from Bhabha
scattering with a very hard radiative photon.

The statistics for the reaction ete™ — v is considerably smaller than for the
lepton pair data and the QED and contact cross sections depend weakly on energy,
therefore the data taken at 12 energies /5 is combined. The angular distribution is
expressed in terms of the angle 8 defined as for the charged leptons, #, and 8 being
the polar angles of the two most energetic photons. The acollinearity angle must be
smaller than 60°. The angular region covered by this analysis extends up to cos#=0.95.

QED predictions for the reaction ete™ — y7¥(v) are calculated using the event
generator of Berends and Kleiss [22] and full detector simulation. Radiative Bhabhas
are simulated using the BABAMC event generator [23] and are expected to contribute
9% of the accepted cross section. The simulations are performed at the effective evergy

5.7~ 91.225 GeV defined as

Seff = (};, Ly) (Zk: Ly/se)™",

since the cross section behaves like s71.
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The total number of detected events within the angular acceptance is 8§18 while
803.7 are expected. The normalization error, due to systematic and statistical uncer-
tainties of the luminosity measurement and to the error on the selection efficiency, is
estimated to be 1.2%. The results of the Monte Carlo simulations are used to de-
termine the acceptance correction and to unfold the radiative correction effect, thus
allowing the cross section at the Born level to be extracted from the observed events
and luminosity. The correction a; due to initial state radiation and to the acollinearity
cut is determined at the generator level. The values of a; are 1.1-1.2 depending on
cosf. The detection efficiency e; is obtained from the full simulation including detector

effects and analysis cuts. The value of the efficiency averaged over the geometrical
acceptance equals 0.86.

The differential cross section averaged over all LEP energies is evaluated in 19 bins
of cos# and compared in fig. 13 with QED prediction calculated at the Born level at
the effective energy. The value of x? is 16.3 for 19 degrees of freedom.

c’'e”—> vy ALEPH

40

do/dQ, pb/sr

c

T s 03 04 050607 08 09 1
cos@

Figure 13: Differential cross section for the reaction ete~™ — vv at the Born level. The data
points are compared with the QED prediction at the effective energy = 91.225 GeV.

3.3 Contact term fits

Fits to the contact term models are performed by the maximum likelihood method,
using the measured and predicted angular distributions expressed in terms of the
number of events. The likelihood function has the form:

19
£ =g(no) [ P (NPATA, NFRED(A)),

i=1
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where P is the Poisson probability of observing NPATA events while NFREP are ex-
pected in the cosf bin i. The error on the factor ng, An, = 1.2%, includes all sources
of systematic and statistical normalisation uncertainties. .

The expected numbers of events in each cosf bin is:

12
NFRED(A) = nge; (LO’?ED(I,' +> Lka&ONTACT(A)) .
k=1

In this expression L is the total luminosity, O'?ED is the QED cross section at the Born
level evaluated at s = s.;y and the contact term contributions are summed over the

12 energies.

The eeyy contact term amplitude is inversely proportional to the fourth power of
A and thus the fit parameter ¢ is defined as

e = (1/A)*
for all models except for L — R, where ¢ = (1/A)®%.

3.4 Results of the contact term fits

The parameters ¢ and no are determined for each model. All values of ¢ are compatible
with 0 and those of ng with 1. The quality of the fits is estimated by the x? test and
the result is very similar to that for QED alone. One-sided 95% c.l. limits on the
energy scale A and the resolving power are calculated from the formulae:

A* = (e + 1.64 a+)'”", A" = (—e+ 164 a-)_l“, = (1.64 o)1
For the L — R model the power 1/4 has to be replaced by 1/8. When the value of AT
or A~ exceeds ), then it is bounded by ). Table 7 summarises the results of the fits
and the obtained limits.

gtol A (GeV) | At (GeV) | A (GeV)
LR (0.208%3417910°8 GeV™* | 109 102 109
L+ R (010513216108 GeV ™ 130 121 130
L-R (0.07975:323)1071% GeV™® 81 79 -
cut-off (0.10713223)10® GeV™* 129 120 129

Table 7: Results of fits of the eeyy contact terms to the data. The values of ¢ are given
with one standard deviation errors. X is the resolving power and At and A~ are the 95%
c.l. limits on the energy scale A.

Fig. 14 shows the data and the maximum allowed contributions of the contact
models L and L — R plotted as a function of cosf. The curves for the other two
models are similar to those for the L model. For the L — R model only one curve
corresponding to A* is defined since the contact term contribution is always positive.
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Figure 14: Results of the fits of contact models L, R, and L — R for the reaction e*e™ — vv.
The data points are the measured cross sections divided by QED predictions. The curves
are the maximum allowed deviations at 95% c.l. corresponding to A* {continuous line) and
A~ {dashed).

3.5 Comparison with lower energy data

The eevyy contact term models L, R, L + R and L — R have been studied in e*e”
interactions at TRISTAN at the total energy of about 56 GeV. Limits on the energy
scale A were reported by three collaborations [24, 25, 26]. In order to combine these
results, we assume that for each model and each experiment the errors on ¢ are sym-
metric and we deduce the value of ¢ and its error from the published values of A* and
A~. This could be done for the L, R and L+ R models but not for the L — R model for
which there is only one limit. The values of £ so obtained are then averaged over the
three experiments and the overall limits on A from TRISTAN are calculated. They
are compared with the ALEPH results in table 8 which shows also the best presently
available limits on the energy scale of the eeyvy contact terms obtained by combining
the results of TRISTAN and ALEPH. The condition A < X is imposed on all limits.

In spite of lower integrated luminosity, this analysis brings an improvement of the
TRISTAN limits because LEP operates at higher energy. This behaviour is expected
from the scaling law for the eeyv contact terms

A:i: ~ 33/8£1/8

according to which the increase of energy is more rewarding than patience.

29



IR L+R
AT A~ | AT AC
TRISTAN 96 84 | 115 101
ALEPH 102 109 | 121 130
TRISTAN+ALEPH {114 111|135 132

Table 8: Limits at 95% c.l. on the energy scale A in GeV of the eeyy contact terms from
TRISTAN, ALEPH and both.

4 Conclusions

Searches for an indirect signal of a new interaction beyond the standard model have
been carried out using differential cross sections for the reactions of lepton pair and
photon pair production measured at several energies around the Z peak. No significant
deviations from the standard model behaviour have been found.

Four-lepton contact term models assuming various chiralities of lepton currents are
fitted to the data and lower limits on the energy scale A of a new interaction are set
at 95% c.l. The limits vary in the range 0.9-4.7 TeV, depending on the model and on
the lepton flavour. Lower energy results are improved, particularily for the reaction
ete” — ete .

The present best limits deduced by combining ALEPH with PEP, PETRA and
TRISTAN results are about 3 TeV for LL and RR, 3.5-4 TeV for RL and LR, and
between 5 and 6 TeV for VV and AA models.

No evidence for deviations from QED is found in the reaction ete™ — v¥(v). A
possible new interaction is parametrized by the eey+y contact term models: L, R, L+ R
and L — R. The values of the characteristic energy scale A are excluded by the ALEPH
analysis up to 79-130 GeV depending on the model.
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