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1 Introduction

Any substructure of leptons and quarks induces a new
effective 4-fermion contact interaction [1]. Under very
general conditions (chirality and flavour conservation,
exact validity of the standard model gauge structure,
i.e. no composite gauge bosons) e* ¢~ annihilation into
fermion pairs ff via contact interaction is described by
the Lagrangian

2
e g = T
"%o{l‘tact :P Z nij[ei’yu ei] [f;v;;f;] (1)
i,j=L,R
with the compositeness scale 4 and the convention
g?/4n=1 for the unknown coupling constant. The pa-
rameters #;;=0, +1 define the type of eeff chiral cou-
pling.

The interference of the contact term with the standard
model Born processes results in the differential cross sec-
tion ,
4s de’’f ~oers [ S\ . . £\?
e =2 (3) o Dotdi +kt 1 )

e u 2
S Gl @)

with é,,=1 (0) for f=e(f*e), t=—s5/2-(1—cosf), and
s+t+u=0, and with the helicity amplitudes

fret 1~
12 = RL

=02+t cky(t)+

;s 1 .
A =00, + ¢t ef 1(9)+2 (i+)) G

?;

S
A =0.0,-+eiof 6+ 1000,

s ns 1 .
+'E'5ef+(1+5ef)' o: ;1_2a (l:])
cf g are the left and right handed couplings of the fer-
mions to the Z° boson and y(y)~ y/(y —MZ+iM,I;) is
the Z° propagator. The following models have been con-
sidered:

Afp: n=t 1, i =g =Mr.=0;
Agr: fge= £ 1,1, =Hg ="r=0;
Ajat ML =1rr= —Mr= —Mre= £ 1;
Ayt o =Nrr =N ="re= +1;
Afr: nr= 110 =g =NMre=0;
Agy: M=t 1L =1ge =112 =0.

It should be noted that A7 ~ Az for present experi-
mental resolution (see below) and that Az = Az for all
leptonic but not for quark final states.

The terms in equations (2, 3) proportional to
e=+A4"? constitute the deviations from the standard
model (GSW) prediction. They are determined by fitting
to the measured differential cross sections for fermion
pair production the expectation (2) with M,=91.17 GeV,
sin? 0y, =0.2307 and with ¢ as free parameter. Measure-
ment and expectation are normalized to the standard

model prediction (obtained from (2, 3) for A+ o). From
the fits of ¢ lower limits on A* can be derived.

2 Data sample

We have investigated the CELLO data on Bhabha scat-
tering at 1/§=35 GeV, on muon, tau and heavy quark

production at 1/;=35 and 43 GeV, with an integrated
luminosity of 87 pb™* at 35GeV and 487 pb~' at
43 GeV. Bhabha scattering provides a test for the com-
positeness of electrons alone, which has recently been
published by CELLO [2]. For other final state fermions
in e e~ annihilation the additional (but reasonable) as-
sumption of a common substructure with the electron
has to be made.

The muon and tau pair production cross sections are
listed in Tables 1 and 2. The errors include systematic
effects due to background substraction (2%), radiative
corrections (0.2%), and overall efficiency uncertainties
(2%). The additional normalisation errors are dominated
by the uncertainty of the luminosity determination (3%).
Details of the measurements can be found elsewhere [3,
4].

The heavy quark cross sections allow a separate in-
vestigation of the common substructure of the charm
and the bottom quark with the electron, which might

Table 1. Corrected differential cross sections for muon pair produc-

tion at ]/;=35 and 43 GeV. Statistical and systematic errors have
been added quadratically

V/s=35GeV }/s=43 GeV
{cosB> s(do/dQ) cosf s(de/dQ)
(ete —ptpT) (ete sutuT)
[nb-GeV?/sterad] [nb-GeV?/sterad]
—0.765 7.84+0.44 —0.744 9.24+0.81
—0.595 8.39+0.47 —0.531 74140.72
—0.425 6.32+0.40 —0.319 5.06+0.62
—0.255 5.834+0.39
—0.085 5.32+0.38 —0.106 5.4240.67
+0.085 5.12+0.36 +0.106 4.50+0.63
+0.255 4.56+0.33
+0425 4.97+0.35 +0.319 4.62+0.56
+0.595 6.13+0.37 +0.531 5.00+4+0.57
+0.765 7.17+0.39 +0.744 6.44+0.61

Table 2. Corrected differential cross sections for tau pair production

at ]/;=35 and 43 GeV. Statistical and systematic errors have been
added quadratically

{cosB) s(do/dQ)(e*e” = 1¥t7) [nb-GeV?/sterad]
s=35GeV [/s=45 Gev
—0.70 8.24+0.39 10.244+0.79
—0.50 6.9740.36 7.164+0.64
—0.30 6.111+0.33 6.08 +0.58
—0.10 5.5440.32 4.874+0.52
+0.10 5.10+0.29 3.874+0.47
+0.30 5.954+0.33 5.55+0.56
+0.50 5.934+0.33 5.88+0.52
+0.70 7.00+0.36 6.254+0.59
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Fig. 1. Corrected differential cross section for charm and bottom

quark pair production at 1/§= 35 GeV. The error bars include sta-
tistical and systematic uncertainties. No corrections for B® B° mix-
ing have been applied

Table 3. Corrected differential cross sections for charm and bottom

quark pair production at ]/§=35 GeV. B°B° mixing corrections
are not included. Statistical and systematic errors have been added
quadratically

{cos6> s(de/dQ)(ete™ —cd) s(do/dQ)(e*e” — bb)
[nb-GeV?/sterad] [nb-GeV?/sterad]
—0.542 7.60+1.15 2,63+041
—0.325 7.37+1.04 2954041
—0.108 5.73+0.93 2.38+0.36
+0.108 6.56+0.97 2.5510.37
+0.325 4.88+0.95 1.544+0.28
+0.542 578+1.12 1.86 +0.38

appear at a scale different from that for lighter quarks
[5]. For cross section measurements the ¢¢ and bb pair
production has been identified by fitting to the multidi-
mensional distributions of several separating variables:
the transverse momentum p; of prompt electrons and
muons with respect to the thrust axis, the sum ) p§"
of all particles perpendicular to the event plane, and
the energy fraction E_,, inside a certain cone around
the identified lepton (see [6, 7] for details). Systematic
errors of the quark flavour identification have been de-
termined for each individual cos # bin using the same
methods and variations of parameters as described in
[6]. On the average the relative systematic errors amount
to 10-15%. The differential cross sections for ¢ and b

production at 1/;=35 GeV are shown in Fig. 1. Addi-

Table 4. The charge asymmetries, the semileptonic branching ratios,

and the total cross section at ]/§=35 GeV for charm and bottom
quark pair production from the direct fit and via the determination
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Fig. 2. Bhabha cross section at ]/; =35 GeV normalized to the stan-
dard model prediction in comparison with the expectations from
additional contact interactions with different types of chiral cou-
plings (the dashed curves are for A=0.5 TeV in a) and b) and
for A=1.0TeV in ¢), d), e), f); the dashed-dotted curves are for
A=1.0TeV in a) and b) and for 4=2.0 TeV in ¢), d), ), {), respec-
tively). The common relative normalization error of 2.5% is not
included in the error bars

tional relative normalization errors common to all bins
amount to 5% for the efficiencies, 2.5% for the lumino-
sity determined from forward Bhabha scattering, and
10% for the world average semileptonic branching ratios
of the ¢ and b-quark. From a fit of the Born level predic-
tion of the standard model

do?? 3 5 .
Adﬁ:Rq [8(14+cos*8)+ Afg cos 7] 4
to the corrected data shown in Table 3 and Fig. 1 we
obtain values (and errors) for the charm and bottom
charge asymmetries A§f in very good agreement with
the previous results from the direct fit [6] and values
for the total cross sections R, , relative to the lowest
order muon pair cross section which are consistent with
the standard model prediction (Table 4). The bb cross

of the differential cross section as function of cosf. In both cases,
the b asymmetry is not corrected for B°B® mixing. Statistical and
systematic errors are combined

q—l BR [%] Aty [%] Afg [%] Afg [%] R, R,

(I=e,) direct fit direct fit from do/dQ GSW Born from de/dQ GSW Born
bl 149415 —(22.2+38.1) —(22.2+8.3) —-26.0 0.354+0.05 0.34

c—l 71407 —(12.9+8.8) —(14.6+8.4) —13.6 1.0440.14 1.34
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Fig. 3. Muon pair cross section at ]/§=35 GeV normalized to the
standard model prediction in comparison with the expectations
from additional contact interactions with different types of chiral
couplings (the dashed curves are for 4=1.0 TeV and the dashed-
dotted curves for 4=2.0 TeV). The common relative normalization
error of 5.0% is not included in the error bars
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Fig. 4. Muon pair cross section at ]/§=43 GeV normalized to the
standard model prediction in comparison with the expectations
from additional contact interactions with different types of chiral
couplings (the dashed curves are for 4=1.0 TeV and the dashed-
dotted curves for 4 =2.0 TeV). The common relative normalization
error of 4.1% is not included in the error bars
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Fig. 5. Tau pair cross section at 1/;:35 GeV normalized to the
standard model prediction in comparison with the expectations
from additional contact interactions with different types of chiral
couplings (the dashed curves are for /=10 TeV and the dashed-
dotted curves for 4=2.0 TeV). The common relative normalization
error of 2.8% is not included in the error bars
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Fig. 6. Tau pair cross section at [/5:42.8 GeV normalized to the
standard model prediction in comparison with the expectations
from additional contact interactions with different types of chiral
couplings (the dashed curves are for 4=1.0 TeV and the dashed-
dotted curves for 4 =2.0 TeV). The common relative normalization

error of 4.0% is not included in the error bars
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Fig. 7. c¢ cross section at ]/E: 42.8 GeV normalized to the standard
model prediction in comparison with the expectations from addi-
tional contact interactions with different types of chiral couplings
(the dashed curves are for 4=1.0 TeV and the dashed-dotted curves
for A=2.0TeV). The common relative normalization error of
11.6% is not included in the error bars

section includes correction due to B°B°® mixing using
for the mixing parameter y;=0.10+0.04 from the com-
bined measurements of UA1l [8], ARGUS [9] and
CLEO [10]. The statistically poor results for the heavy

quark production cross sections at 1/;=43 GeV have
not been included in the compositeness studies. The sen-
sitivity of the data to the various compositeness scales in-

troduced in the previous section is displayed in Figs. 2-8.

3 Fitting methods

The fit to the differential section  ratio

_do / o
YT 40| dQasw
malization. Two alternative methods can be used to take
into account common normalization errors of the data
points due to uncertainties in the luminosity and in trig-
ger and detection efficiencies:

Cross

is sensitive to both its shape and nor-

(A) The method applied in all previous measurements
introduces an additional free normalization parameter

n in the definition of the y? function:
- i (ny;—y?*  (1—n)
(no;)? o

)

i=1

(B) The correlations introduced by the common normal-
ization uncertainty can also be taken into account by
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Fig. 8. bb cross section at ]/5242.8 GeV normalized to the stan-
dard model prediction in comparison with the expectations from
additional contact interactions with different types of chiral cou-
plings (the dashed curves are for 4 =1.0 TeV and the dashed-dotted
curves for 4=2.0 TeV). The common relative normalization error
of 11.1% is not included in the error bars. B°B® mixing is taken
into account in the measured and the expected cross section ratios.

The uncertainty in the correction is included in the errors

using in
N
=) iy CG =y (6)
i,j=1

the full covariance matrix estimated by

2, 2 2
Ciy=o0; +0,-y;

Cijzo-r%'yiyj (i=+)) (7N
(compare [11] for a recent application of this method
in a combined fit of total hadronic cross section measure-
ments).

The independent point-to-point errors o?=02,;

+ 02, do not contain the relative normalization uncer-
tainty o,. Both methods are completely equivalent (com-
pare [12]) if the data points y; in (7) arc replaced by
their expectation values (y;> which a priori are not
known.

Method (A) is a straight forward implementation of
the correlations induced by common normalization un-
certainties. But one has to introduce at least one addi-
tional normalization parameter for each do/d 2 measure-
ment in a combined analysis. In contrast, the covariance
matrix method (B) allows to take into account even cor-
relations between different cross section measurements
without the need of additional fitting parameters. How-
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ever, it turns out, as shown below, that these correlations
have only a minor influence on the resulting composite-
ness limits.

4 Results and discussion

From fits to the measured cross sections, we obtain for
the various choices of chiral couplings the values of
e=+4"2 given in Tables 5 and 6. In these fits for ¢,
a global positive sign for the y# parameters in (3) was
imposed. Results are shown for possible eeee, eeup,

eett, eecc, and eebb contact interactions separately,
as well as for all final state lepton types combined. In-
cluding also the measurements for heavy quarks does
not change the results significantly. The sensitivity of
the bottom quark cross section to effects of new contact
interactions is, however, not far below that of the higher
statistics lepton data since the predicted effects for quark
pair production are considerably larger.

The results using the free normalization (fu) or the
full covariance matrix (cov) method are in general in
good agreement with one another. The fitted normaliza-

tion parameters n, (k=1, ..., N,,,) are all consistent with

Table 5. Results of the fit for the parame-

ter e= +1/4% [TeV 2] with the covari- ete” wru” Tt -
ance matrix method (cov) and with free
normalization (fn) for lepton data LLcov +(0904+0.593)  —(0.18440.190)  +(0.069+0.178)  +(0.03640.113)
LLfn  +(0.791£0.583)  —(0.14440.192)  +(0.108+0.178)  +(0.030+0.126)
RRcov +(0.901+0597)  —(0.1794+0.185)  +(0.066+0.174)  +(0.033+0.111)
RRfn  +(0.787+0.589)  —(0.140+0.186)  +(0.104+0.173)  +(0.026+0.123)
AAcov —(0.070+0147)  +(0.016+0056)  +(0.049+0.058)  +(0.023+0.039)
AAfn  —(0.069+0148)  +(0.016+0058)  +(0.049+0.058)  +(0.025+0.039)
VVecov  +(0.15240.103)  —(0.189+0087)  —(0.030+0.071)  —(0.007+0.039)
VVin  +(0.1371£0.101)  —(0.153+0086)  —(0.004+0.071)  —(0.020+0.048)
LRcov +(0.15240.132)  —(0.3084+0204)  —(0.169+0.187)  +(0.001 +0.082)
LRfn  +(0.13940.131)  —(0.258+0.204)  —(0.127+0.185)  —(0.016+0.092)
Table 6. Results of the fit for the parame- ~ ~
ter = +1/4% [TeV 2] with the covari- ¢ bb (cc, bb) I"l” 444
ance matrix method (cov) and with free
normalization (fn) for heavy quark and (0 gqy +1.120 (0 001 +0453 +(0.285 +0.315
combined lepton and heavy quark data LLcov #0623 0718 —0342)  +(0:0602£0.107)
+0.875 +0.427 +0.343
+(0.766 +(0.176 +(0.344
LLfn ( —0.696) —0.540) —0.367) +(006220119)
+0.802 +0.341 +0.261
+(0.746 —(0.0004 +(0 06
RR cov ( —0.554) ( ~0.41?) 0. 279) +(0.056£0.102)
+0.716 +0.336 ( +0.286
+(0.682 +{0.128 +(0.258
RR ( —0.617) ( —0.364) 0, 295) +(0060£0.113)
+0.168 +0.160 +0.116
0.015 —(0.032 —{0.024
AA cov ( ol 67) ( ol 62) ( oll 6) +(0.018 +0.037)
+0.199 +0.151 ( +0.120
0.015 0.054 —(0.039
AA ( 0, 195) ( —0. 162) —0.123) +(0018:£0.038)
+0.252 +0.136 +0.108
+(0.481 +(0.024 +<0.148
VVeov ( —0.225) ( —0.146) —0.111) +(0010+£0037)
+0.240 +0.138 ( +0.118
+{0.422 +{0.114 +{0.193
VVin ( —0.236) ( —0, 141) —0.119) +(0010£0.043)
+0912 +0.401 ( +0.304
+{0.907 +(0.113 +{0.351
LR cov ( —0.612) ( —0.491) —0.323) +(0.020+0.080)
+0.733 +0.392 ( +0.329
+{0.772 +(0.346 +{0.462
LR fn ( —0.647) ( —o. 421) —0.341) +(0.0154:0.090)
+0.785 +0.344 0272
+(0.851 +(o 94 +<04296
RL cov ( ~0.574> —0396 —0.286) +(0022£0079)
+0.667 +0.344 +0.295
+(0.726 +(0.926 +( 399
RLfn ( 70.606) ( —0.362) —0.301) +(0.019+£0089)
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Fig. 10. Results of the fit for the parameter e= 4+ 1/4% [TeV %]
with the covariance matrix method (thick bars) and with free nor-
malization (thin bars) for heavy quark and combined lepton and
fermion data

unity well within their errors despite the larger number
N,,, of combined measurements (N,,,=7 for the com-
bined lepton and quark data). Correlations between dif-
ferent do/dQ distributions have been taken into account

for the measurements at ]ﬁz 35 and 43 GeV, respective-
ly, due to the common uncertainty in the luminosity
at each energy (2.5% and 3.0%, respectively). The com-
parison of the combined lepton results with both meth-
ods (see Tables 5 and 6, Figs. 9 and 10) shows that the
correlations between different differential cross sections
have only a minor influence on the results.

Figures 9 and 10 illustrate the degree of agreement
between the measurements and the standard model
Though fluctuations around the GSW prediction can
be seen, the fit results are compatible with e=0. Note
that the size and cos 8 dependent shape of the deviations
from the standard model predicted for additional contact
interactions vary considerably for different types of chiral
couplings (compare Figs. 2-8). The level of agreement
cannot be judged from limits on the compositeness scale
A alone which have exclusively been given in all previous

AL 06 06 12 11 11 11 21 20
A, 24 17 09 10 18 19 29 27

Ay 07 07 14 12 13 12 21 20
A 25 18 12 14 20 21 30 28

. 1.8 21 23 2.5 2.5 3.6 35
Apa 19 1.7 1.8 1.7 22 2.0 4.9 4.8

Ay 11 11 20 17 18 16 38 35
Ay — - 21 29 53 190 44 40

Afr 0.6 0.7 1.2 1.0 11 1.0 2.6 2.5
Arg 32 20 1.1 1.6 23 31 30 2.8

Af 07 07 13 11 12 11 26 25
Ag, 33 20 13 18 24 32 30 28

measurements. Lower limits on 4 at 95% C.L. can be
derived from the fitted ¢ values according to the relation

Ajimu=1/)/1.640, % ¢ 8)

(the 1.644, errors correspond to yZint x2in+2.69). The
results are summarized in Table 7.

Tt is important to note that while ¢ is Gaussian distrib-
uted to a good approximation the errors on the scale
A itself are non-Gaussian. Even small fluctuations in the
data, resulting in deviations of the contact terms (~¢)
from zero that are still compatible with the standard
model can have dramatic effects on 4. It is not unusual
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that they lead to very asymmetric results for the limits
on A" and A~ where the limit with sign opposite to
that of ¢ can then be very large compared to the experi-
mental resolution or even does not exist at the given
confidence level (negative sign under the square root in
(8) and the dashes in Table 7). '

5 Conclusions

We have measured the differential cross sections for
muon, tau, charm and bottom pair production at center
of mass energies of 35 and 43 GeV, using the CELLO
detector at PETRA. Together with our data from Bhab-
ha scattering these cross sections have been analysed
for possible fermion substructure. No significant devia-
tions of fermion pair production from the standard mod-
el prediction have been observed. The compositeness
scale A usually given by experiments does not seem to
be the appropriate parameter to estimate effects of possi-
ble new contact interactions: A limits from different ex-
periments cannot easily be compared or combined. Ex-
tremely high limits on A are usually due to statistical
fluctuations in the data and should be taken with cau-
tion. For more reliable comparison, the results for the
fitted parameter ¢= +1/4% with errors, i.e. the experi-
mental resolution power, have been given for each cross
section. Such numbers, we suggest, should also be pro-
vided by other experiments.
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