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Test of the Four-Fermion Contact
Interaction in ete~ Collisions

at 130-140 GeV

The OPAL Collaboration

Abstract

The differential cross-sections for ete™ — eTe™, ete™ — putu~ and ete™ — 7177,
and the total cross-section for ete™ — q at centre-of-mass energies of 130-140 GeV were
studied using about 5 pb~! of data collected with the OPAL detector at LEP in October
and November 1995. The results are in agreement with the Standard Model predictions.
Four-fermion contact interaction models were fitted to the data and lower limits were
obtained on the energy scale A at the 95 % confidence level.

(Submitted to Physics Letters B)
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1 Introduction

The measurements at LEP at 130-140 GeV have provided the first ete™ collision data at energies
well above the Z° resonance. The cross-sections and angular distributions for ete™ — qq and
ete” — (t{~ (£ = e, u,7) have been observed by OPAL to be in good agreement with Standard
Model expectations [1]. It is interesting to see what constraints are set by these data on possible
contributions from new physics.

Here we study the four-fermion contact interaction [2]. The basic idea is that the Standard
Model is a part of a more general theory characterised by an energy scale A and the consequences
of the theory are observed at energies well below A as a deviation from the Standard Model
which can be described by an effective contact interaction. In the context of composite models of
leptons and quarks, the contact interaction is regarded as a remnant of the binding force between
the substructure of fermions. If electrons are composite such an effect would appear in Bhabha
scattering (eTe™ — ete™). If the other leptons and quarks share the same type of substructure,
the contact interaction would exist also in the processes efe™ — u*u~, 777~ and ete™ — qgq.
More generally, the contact interaction is considered to be a convenient parametrisation to
describe a possible deviation from the Standard Model, which may be caused by some new
physics.

Analyses of such contact interactions have been performed at lower energy experiments for
the processes ete™ — £T¢~ [3-10] and ete™ — qq [5,11]. It is expected that the sensitivity of
the measurements to the contact interaction will increase with centre-of-mass energy (/s) due
to the decrease of the Standard Model cross-section as 1/s, while some contributions of the
contact interaction stay constant or even increase in proportion to s [12]. Here we present a

te ,ete” - utu, et tr~ and ete™ — qq
channels using OPAL data at centre-of-mass energies of 130-140 GeV. The cross-sections are
compared with expectations of contact interaction models in order to set lower limits on the
energy scale A.

contact interaction analysis of the ete™ — e e — T

2 Four-fermion contact interaction

In the contact interaction approach, the Standard Model contribution remains unchanged,
but an effective new interaction is added to it. Following the notation in [13], the effective
Lagrangian for the four-fermion contact interaction in the process ete™ — ff is defined by :

2

contac g e. f
Lot = (1+68)A? > milen* e[ fivufil (1)
2,7=L,R

1 f=e
6= { 0 f#e ’
Here ef, and eg (fz and fgr) are chirality projections of electron (fermion) spinors. The unknown

coefficients 7;; determine the type of chiral coupling of the four fermions, L and R denote left-
and right-handed currents, respectively, and A is the energy scale of the contact interaction.

with
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By convention, the unknown coupling constant g is set to g?/4r = 1 and |n;| < 1. For the
process e*
statistical factor of 1/2. A number of different models (choice of 7;; parameters) are customarily
considered. They are summarised in table 1. The VV and AA denote the vector and axial

e~ — ete™, the size of the contact interaction differs from the other channels by a

vector couplings, respectively. The signs (+) of the 7;; indicate positive or negative interference
with the Standard Model amplitude.

In the presence of the contact interaction the differential cross-section for ete™ — ff, as a
function of the polar angle 8 of the outgoing fermion with respect to the e beam direction,
can be written to lowest order as:

S = (AP +LAReF] () s
+ [l + 1agu)P] (2)
Ao + agato)r] (1) )

with t = —%3(1 —cosf) and u = —%3(1 + cos ). The overall colour factor Fg is 1 for £T¢~ and
3 for qq. The helicity amplitudes are:

Ag(t) = Q§+gfg§x(t)+77ijap (¢ # 7) (3)
AY(8) = Qs+ aialx(s) T mi 1 G#) @
AS(s) = QuQs+ il lx(o) + XA+ S Bty G=g). ()

Here a is the electromagnetic coupling constant. The left- and right-handed couplings, g]{ and
g};, of the fermion f to the Z° are given by

e .
(I — Qssin’bw) ,  gh =

€

g = (—Qysin’*fw) ,

sinfw cosfw sinfw cosfw

where e is the electron charge, Qs is the electric charge in units of |e| of the fermion f, I3 is
the third component of the weak isospin and fw is the electroweak mixing angle. The s- and
t-channel Z° propagators are

x(s) =s/(s — M} +isT'z/Mz),  x(t)=t/(t — M3).

It should be noted that the LR and RL models give identical results for lepton pair channels
while for the qq final state the results of the LR and RL models are different.

The cross-section formula (2) can be decomposed into three parts

do o o 1 o 1
dCOSG - SM (37t)+02(37t)A2 +O4(37t)A4 : (6)

The first term denotes the Standard Model cross-section. The second and third terms come from

the contact interaction and represent deviations from the Standard Model expectation. The C?
term comes from the interference of the contact interaction with the Standard Model amplitude
and the C? term from the square of the contact interaction amplitude. The coefficients C2(s, )
and Cf(s,t) have different dependences on s and ¢ depending on the final state fermion and
the choice of the contact interaction model.



3 Data sample

A feature of ete™ collision data at centre-of-mass energies well above the Z° resonance is a
tendency for radiative return to the Z° by emitting initial-state radiation photons which reduces
the effective centre-of-mass energy, \/s', of the subsequent ete™ collision to the region of the Z°
te,ete” - putu, et tr
and efe~ — qq at large /s’ so excluding the events from radiative return to the Z°. The
selection of such an event sample and the luminosity measurement are described in [1]. For the
te” — ptpu~, 777~ and eTe” — qg channels s’/s > 0.8 was required. An almost equivalent

cut was applied to the ete™ — eTe™ sample using a cut on the maximum acollinearity angle

resonance. Here we consider the cross-sections for ete™ — e e — T

e

at 10°. The integrated luminosity of the data sample is about 5.2 pb~! divided among three
centre-of-mass energies of 130.26 GeV (2.7 pb™'), 130.23 GeV (2.5 pb™!) and 140 GeV (0.05
pb™!). The numbers of events used in this analysis were 967 ete™ — ete™, 53 eTe™ — ptpu™,
19 efe™ — 777~ and 334 ete™ — qq events'. The systematic errors of the event selection are
24 % (efe” — ete™), 2.0 % (ete™ — putp™), 2.8 % (efe” — 7777) and 4.0 % (ete™ — qq).
The luminosity error was estimated to be 1 %.

The angular distributions of the leptonic channels are expressed in 9 bins over —0.9 <
cosf < 0.9 for ete™ — ete™, and 10 bins over —1.0 < cosf < 1.0 for the ete™ — putu~ and
*t7~ channels. The results are summarised in table 2 together with the corresponding values
of the differential cross-sections. For the ete™ — qq channel only the total cross-sections given
in [1] were used in this analysis.

T

4 Calculation of predicted cross-sections

In order to compare the model with the data, the lowest order cross-section (6) must be corrected
for electroweak and QED radiative effects and the expected cross-section calculated taking into
account the experimental cuts. The ete™ — qq channel must be corrected also for QCD effects.
Different approaches were used for the Standard Model part and for the contact interaction
terms.

The Standard Model cross-sections were calculated for each cosé bin and centre-of-mass
energy using ALIBABA [14] for efe™ — ete™, and ZFITTER [15] for ete™ — ptp~, 717"
and qq with the cut on the acollinearity angle (ete™) or s’ (utp™, 777~ and qq) at the same
value as in the data sample. The systematic uncertainty of these predictions is estimated to be
2.5 %, 1.0 % and 2.0 % for the efe™ — ete™, ete™ — uTp~ /777~ and ete” — qq channels,
respectively.? The Standard Model parameters were fixed at Mz = 91.188 GeV, M,,, = 180
GeV and Mpiges = 100 GeV. The dependences of the cross-section on these parameters within
their uncertainties are negligible compared to the sensitivity of the present fit.

!The same numbers of uTpu~ and 717~ events were used in [1] for the measurement of forward-backward
asymmetry; these are slightly different from those used for the cross-section measurement because of additional
requirements to ensure good charge determination.

2These are conservative estimates based on comparisons of the results using different programs. The theo-
retical accuracy of ZFITTER is estimated in [16] to be better than 1% at the LEP 2 energy region.



The contact interaction terms C? and C? were evaluated using the improved Born approxi-
mation. The value of the effective weak mixing angle sin’fw was calculated by ZFITTER. The
running QED coupling constant a(s) was used for the s-channel part. The C?, O coefficients
were then corrected for the effect of photon radiation according to [17]. Initial-state radiation
was calculated up to order a? in the leading log approximation with soft photon exponentiation,
and the order a leading log final state QED correction was applied.

The cross-section for ete™ — £/~ at the centre-of-mass energy point k& and cos bin 1 is
then expressed as a function of ¢ = 1/A? by

oir(e) = SM;y + Ca(i k) e + Cu(s, k) € (ete™ — 4L, (7)

where S M, ;, is the Standard Model cross-section. The values of the radiatively corrected contact
interaction coeflicients, Cs(7, k) and C4(t, k), were calculated by integrating over each cos 8 bin
¢ at each centre-of-mass energy point k for each of the contact interaction models and final
state fermions considered. Similarly the total cross-section for ete™ — qq is defined by

ou(e) = SMp+ Y [Ca(k)e + Ca(k)e’] - Raep  (eTe” — qd), (8)

u,d,c,s,b

where the additional QCD correction factor Rgecp = 1+ a,/m + 1.409(a, /7)? has been shown
separately for the contact interaction terms. The contact interaction is assumed to be indepen-
dent of the quark flavour.

5 Fit results

The predictions of the contact interaction models were fitted to the data using a binned maxi-

mum likelihood method. The likelihood function £ is defined by:

2 Nbin
£ =G(r; Ar) [T TI PN, NP (e, ) (9)

k=1 =1

Here r is a correction to the overall normalisation and G(r; Ar) is the Gaussian probability
distribution for » with mean 0 and standard deviation Ar. P is the Poisson probability of
finding Nf,‘;t“ events of data in the cos®# bin ¢ at the centre-of-mass energy point £ when

Nfze‘i(a,r) events are predicted. The number of events predicted is given by

NE(e,m) = (14 7) [0i4() Bige + Big) L (10)

where o; () is the cross-section defined above (equations 7, 8), E;j is the correction factor
for the experimental efficiency, B;; is the expected background cross-section and Ly is the
integrated luminosity. The value of Ar was set to the value of the sum in quadrature of the
luminosity error, the systematic error of the event selection and the theoretical uncertainty on
the cross-section calculation.

The contact interaction models were fitted to the data with » and ¢ = 1/A? as fitting
parameters. Note that both positive and negative values of ¢ are physically meaningful. As seen

7



from equations 2-5, the term C - ¢ is linear in 7;; and C4-¢? contains only terms proportional to
n7;- The results of positive and negative interference with the Standard Model amplitude (sign
of 7,; parameters) are equivalent under the transformation ¢ «» —e. It is therefore sufficient to
fit only for the case of positive interference, but to allow ¢ to be both positive and negative.

The results of the fits are tabulated in table 3 for the four individual channels. Fits are also
made for all the leptonic channels combined (ee™ — £*{7) and the lepton and qg channels
combined (all combined). As described before, for the lepton pair channels the results of the
LR and RL models are identical and only the LR results are quoted. The fitted values and
their one standard deviation errors on ¢ are listed in the second column. Figure 1 shows the
fitted ¢ values from the ete™, utp~, 777, ££ and #{ + qq channels. The error bars in the
plots show the positive and negative one standard deviation errors. No significant deviation of
the fitted ¢ from 0 (Standard Model) was observed. The largest deviations are for the p*p~
channel by about 2 standard deviations.

Now we check the sensitivity of the present data to the energy scale A of the contact
interaction. For this purpose the sensitivity estimate A is defined in terms of the one sided
95 % confidence level upper limit on &:

A =1/y1.640, ,

where o, is the one standard deviation parabolic error on ¢. This corresponds to the upper
limit on ¢ allowed for the fluctuation of the data at the 95 % confidence level. The values of A
are listed in the third column of table 3. They are in the range of 1.7 to 5.0 TeV depending on
the model and the final state fermion.

The 95 % confidence level lower limit on the energy scale A is defined by
A* = 1/V+et

where ¢t and ¢~ are the 95 % confidence level limits on & for positive (+) and negative (—)
interference, respectively. The limits ¢* are derived by integrating the probability in the range

€ > 0 for the ‘+’ case s
/ £d5:0.95/ Lde
0 0

and £ < 0 for the ‘-’ case

0 0
[ rde=095 [ rde.

Here L is the likelihood function given by equation (9). In the integration the overall scale
error r was adjusted at each value of ¢ to maximise the likelihood. It should be noted that the
limits on A defined in this way tend to be conservative if the true value of ¢ is close to zero
[18]. In previous analyses [3-11,13] the limits were calculated from the positive and negative
one standard deviation errors (0+) and the fitted value (&) of ¢ by AT = 1/,/1.640: £ ¢o.
However, in that case a problem occurs when ¢y deviates substantially from 0, where A cannot
be defined (unphysical region) and the positive and negative limits tend to be quite asymmetric.
In order to avoid this problem, A was used in [10] when A > ).

The results are summarised in the fourth and fifth columns of table 3. The limits on A
obtained in this way are generally quite close to the sensitivity estimate ), indicating that

8



these limits are reasonable. It is seen that the present data are particularly sensitive for the
VV and AA models. When all channels are combined the limits on A are in the range of 3.4-4.9
TeV for the VV and A4 models, and 2.0-3.1 TeV for the other models. Note that, as described
in section 2, the coupling constant of the contact interaction is set by convention to g?/47 = 1.
What is actually constrained by the data is A/g. In figure 2 the measured cross-sections are
compared with the Standard Model predictions and with contact interaction models VV and
AA for A* at the corresponding 95 % confidence level lower limits.

The measured total cross-sections for ete™ — qq are lower by up to two standard devia-
tions than the predictions. Note that the contact interaction cannot produce a large negative
contribution to the total cross-section for efe™ — qg in this energy region and above. This
is a consequence of the assumption that the contact interaction is universal for all five quark
flavours. The cross-section for an individual quark flavour can deviate either positively or
negatively due to interference of the contact interaction with the Standard Model amplitude.
The signs of the interferences are opposite for up and down type quarks, and so largely cancel
each other. Due to the positive contribution from the 1/A* term the net result turns out to
be insufficient to accommodate the data. Under other assumptions, for example that contact
interactions apply only to down (or up) type quarks, both positive and negative deviations may
be produced for the ete™ — qq cross-section.

6 Conclusion

+ +

The differential cross-sections for ete™ — ete™, efe™ — utu™, efe™ — 777~ and the total
cross-section for efe™ — qg at centre-of-mass energies of 130-140 GeV are compared with
predictions of the Standard Model and of the contact interaction models. The measured cross-
sections are in agreement with the Standard Model expectations. The limits obtained by OPAL
on the energy scale A are competitive with, or in some cases stronger than, those using existing

measurements at lower energies [3-11,13].
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Model | nzz | 7rRR | 7LR | MRL
LL* +1 0 0 0
RR* 0 +1 0 0
VVE | £1 | £1 | £1 | £1
AA* | +1 | 41 | 71 | 71
LR* 0 0 +1 0
RL* 0 0 0 +1

Table 1: Different models of the four-fermion contact interaction.
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ete”
130.26 GeV (2.7 pb™!) | 136.23 GeV (2.5 pb~!)
cos 8 N.. | do/dcos8 (pb) | N | do/dcosb (pb)
—-09: -0.7| 2 4143 3 6+4
—-0.7: -0.5 3 6+3 3 6+4
—0.5: —-0.3 2 4143 3 6+4
—0.3: —-0.1 3 6+3 3 6+4
—0.1: 0.1 7 13+5 5 105
0.1: 0.3 10 19+6 8 16+6
0.3: 0.5 | 27 52410 12 2447
0.5: 0.7 59 113+£15 61 123+£16
0.7 : 0.9 | 408 817+41 348 735139
prp”
130.26 GeV (2.7 pb™!) | 136.23 GeV (2.5 pb~!)
cos 0 N,. | do/dcos8 (pb) | N,. | do/dcos (pb)
—1.0: —-0.8 0 0 0 0
—0.8: —-0.6 2 4143 0 0
—06: —-04 1 242 0 0
—04: 02| 4 T+4 3 6+4
—0.2: 0.0 0 0 1 242
0.0: 0.2 2 3+3 3 613
0.2: 0.4 5 9+4 2 4143
0.4: 0.6 2 3+3 7 14+6
0.6 : 0.8 3 5+4 5 105
0.8 : 1.0 6 15+7 7 2048
Tt~
130.26 GeV (2.7 pb™!) | 136.23 GeV (2.5 pb~!)
cos 8 N., | do/dcos@ (pb) | N, | do/dcosé (pb)
—1.0: —-0.8 0 0 0 0
—0.8: —-0.6 0 0 0 0
—06: —-04] 0 0 0 0
—04: -—-0.2 0 0 0 0
—0.2: 0.0 0 0 0 0
0.0: 0.2 1 3+3 1 3+3
0.2: 0.4 2 6+4 2 6+4
0.4: 0.6 3 9+5 5 167
0.6 : 0.8 1 3+3 2 T+5
0.8 : 1.0 2 11+£8 0 0

Table 2: Numbers of selected events and differential cross-sections.
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Model e (TeV™2) | XA (TeV) || A= (TeV) | AT (TeV)
ete™ — efe™
4% 0.00115051 4.4 3.6 3.5
AA 0.0573 056 3.4 2.6 2.7
LL 0.250701%8 | 18 2.0 1.3
RR 0.24373322 1.8 2.0 1.3
LR —0.05215 588 2.6 2.2 1.6
ete” — pf"lu_
VvV 0.11015:9%3 3.4 4.1 2.2
AA 0.16015-9%0 2.9 3.5 1.9
LL 025810117 | 93 2.7 1.5
RR 0.28270124 | 99 2.5 1.4
LR 0.20019 558 1.9 1.2 1.5
ete™ > 71~
17474 —0.08415:073 2.9 2.2 3.2
AA 0.01015:977 2.8 2.6 2.5
LL —0.11415172 1.8 1.2 2.0
RR —0.13210200 | 17 1.0 1.9
LR —0.147%015% 1.8 1.5 1.9
ete™ — (T4~
4% 0.02019 958 4.9 4.6 3.7
AA 0.06970%7 | 4.0 4.6 2.8
LL 0.14770084 | 97 3.0 1.8
RR 0.160%30% | 96 2.9 1.8
LR —0.05519 00 2.7 2.2 2.2
ete” — qaq
4% 0.02570972 2.8 3.1 2.7
AA —0.0671298 | 26 2.4 3.4
LL —0.13470158 | 19 1.7 2.4
RR 0.050%0148 | 19 2.2 1.9
LR 0.00970143 | 20 2.0 2.0
RL 0.178%91%8 1.8 2.5 1.6
All combined
4% 0.02079 955 5.0 4.9 3.8
AA 0.03870029 | 45 4.5 3.4
LL 0.066100% | 31 2.9 2.4
RR 0.12919:972 2.9 3.1 2.0
LR —0.03875:9%3 2.8 2.4 2.5
RL 0.00919-0%8 2.9 2.7 2.2

Table 3: Results of the contact interaction fits.
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Figure 1: Values of ¢ (TeV~%) shown with one standard deviation errors for the six contact
interaction models. The results for the leptonic channels are identical for the LR and RL.
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Figure 2: Differential cross-sections normalised to the expectations of the Standard Model for

the ete™ (a), ptp™ (b), 777~

(c) and qq (d) channels. The points with error bars are the

present measurements and the curves indicate maximum deviations allowed at 95 % confidence

level for the VV and AA models.
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