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second and third generation quarks.
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The considerable research activity using e¥e™ stor-
age rings during the last ten years has led to the con-
clusion that the process e*e™ - hadrons can be re-
garded as quark—antiquark production via single-
photon exchange with subsequent fragmentation of
the quarks into hadrons. At sufficiently high energies,
the fragmentation appears as a collimated jet of par-
ticles. Moreover, the most recent experiments at
PETRA [1] have demonstrated that the simple picture
of qd production has to be modified to first order by
taking gluon emission into account.

Another feature offered by the energies now avail-
able at PETRA (s < 1350 GeV?2) is the possibility of
studying electroweak effects in e*e™ collisions [2].
Depending on the structure of the weak neutral cur-
rent, these effects appear as a modification to the an-
gular distribution and the total cross section for fer-
mion—antifermion production (ete ™, u*u~ or qq). To
first order, an axial-vector neutral current introduces
an asymmetry into the angular distribution which can-
cels out in the total cross section whereas a vector neu-
tral current affects the total cross section rather than
the shape of the angular distribution.

A study of electroweak effects in the processes
e¥e™ = e*e™ and utu~ has already been made [3];
this paper is concerned with an analysis of data collect-
ed using the JADE detector on the process

ete™ - qg - hadrons , )

in terms of the full electroweak picture of figs. 1a—1c,
including both photon and Z0 exchange.

Detailed measurements of the total cross section
and event topologies at PETRA energies [1,4] have
shown that five quark flavours, d, u, s, ¢ and b are suf-
ficient to describe the data and that if a sixth quark
exists (viz. t) then its threshold is above the energies
presently available at PETRA. No resonant effects
have been observed. For the purpose of this analysis
therefore, it is assumed that only five quark flavours
contribute to the hadronic cross section and that there
are no resonant effects from these quarks in the ener-
gy range where this set of data was taken (144 <s <
1350 GeV2).

The cross section for the production of a fermion—
antifermion pair of electric charge Qy, taking weak ef-
fects into account is as follows [5]:
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Fig. 1. (a), (b), (c), (d), e*e” annihilation into quark and gluon
final states. The variation of the total cross section R with s
and sin?gyy as predicted by the Glashow— Salam— Weinberg

model. The horizontal line at R = 3.87 corresponds to y ex-
change only.
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The total cross section is obtained by summing over
all the quark flavours and multiplying by a factor 3
for colour:

R=32IR;. (3)

Opt = 4702 [3s, Gp is the Fermij weak constant,
Vg, Ur, de and a; are the electron and fermion vector
and axial-vector weak couplings and « is the fine
structure constant. The boson structure of the weak

- neutral current is represented as a single pole with

mass My and width I';. Inthe limit of s <M% and
I'; € My, the square brackets in eq. (2) become —1
and +1, respectively. I'; was set to 2.5 GeV in the
analysis, although the results did not vary for 0 <T',
< 10 GeV. There is a corresponding equation for the
forward—backward asymmetry in the angular distribu-
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tion A¢ = (F — B)/(F + B) but it has not yet been pos-
sible to assign the primary quark charge on the basis
of measured hadron jet charges. First order QCD ef-
fects can be taken into account by multiplying the
whole of eq. (3) by a factor (1 + a/m) where a is the
strong running coupling constant. This assumes that
gluon emission from the quark lines is the same for
single-photon or neutral-current exchange. A detailed
study of QCD effects in this electroweak process has
been made by Jersdk et al. [6] who also included finite
quark mass effects. Even including a mass of 5 GeV
for the b quark, the difference between the simple
multiplicative prescription and the correct procedure
of Jersdk et al. is less than 0.2% at PETRA energies,
and this is too small to be observed. A calculation of
eq. (3) at PETRA energies summed over all five quark
flavours is shown in fig. 1d for the case of the Glashow—
Salam—Weinberg (GSW) model which has been shown
to be correct at low g2. In this model, the couplings
can be expressed in terms of the single parameter
sin26y :

v =—1 +4sin20y,
v =v, =15 sin20y, , a.=a,=1,
vd=vs=vb=—l+§sin26W, ag=a;=a,=-1,

Qd=Qs=Qb=—%, Qc=Qu=:2;.

Fig. 1 shows the value of R plotted as a function of
sin26W for three values of s covered by our data. It
can be seen that R varies between 2.1 and 4.1 at
PETRA energies, depending on the values of s and
sin20y. This functional dependence is sufficiently
strong for a measurement of R(s) to be translated into
a determination of sin26y.

A more model independent analysis can be carried
out by making the assumption s <M% in eq. (2). Then,
summing over all flavours,

R=32IR;=32,0%+ 6s[\/2—GF‘/4(4770t)] 14
+352[\2Gg/4(4n)]2 W, C))

where V'=v, Z Qsvy and W= (vg + ag) z (vtg + a%), ie.,
in the absence of the ability to separate R into its sep-
arate components from d, u, s, ¢ and b quarks, a study
of electroweak effects essentially leads to a measure-
ment of ¥ and W. The term in G# becomes compar-
able to the first order term for values of sin28y close
to 0.25 when v, ~ 0.
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The data used for this analysis are all the hadronic
data collected by the JADE experiment up to the time
of the November 1980 shutdown, covering the energy
range 12 <2Ep.... <36.6 GeV. The details of the
data collection, analysis, corrections and cross sections
have already been published [4]. Use is made in this
analysis of subsequent careful studies of systematic ef-
fects in the detector and further analyses which have
reduced the size of the systematic error on the total
cross section to the level of 7%. This represents the
combined errors from all presently known sources. A
further important factor is that the systematic error is
believed to be independent of energy. This also allows
the considerable s dependence (see fig. 1d) in the
theory to be used in the determination of ¥ and W or
Sln2 0 W

The data exist in the form of 264 independent mea-
surements of R throughout the above energy range.
Since the overall size of the data sample is 3700 events,
(=14 events per point on average) the distribution of
the errors on individual data points is best described
by Poisson statistics. The data were fitted to the func-
tional forms by minimising the negative log of the like-
lihood which was obtained from the individual Poisson
probabilities

2logL=-2 g 10g PRy, Ryp)

where P;(R,;, R,y,) is the Poisson probability of ob-
taining a measurement R, from a theoretical mean of
R;}, based on the known luminosity of this ith data
point. R; was either eq. (3) or (4) multiplied by the
factor (1 + ag/m) where a value of o, =0.17 was used,
determined from event shape topologies in the same
data [7]. Corrections of order a? were neglected.

A simple fit to determine a mean value for R, aver-
aged over the whole energy range gave the result (R)
=3.96 £ 0.064, although this figure no longer contains
the information on the energy dependence between
§ = 144 and s = 1350 GeV?2, Standard deviations in all
cases were determined from an increase of 1 in —2
X log L from its minimum value.

The major sources of systematic error in the anal-
ysis are the uncertainty in the knowledge of o, and in
the overall normalisation of the hadronic cross sections
(+7%). In the case of a, an uncertainty of +20% was
propagated into the final fit values. The effect of the
systematic error on the normalisation was taken into
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account (see ref, [8]) by including an additional term
in the likelihood:

~2logL' = -2 27108 P;(R, Ryp) + [(V — 1.0)/0]2

where ¢ = 0.07 is the systematic uncertainty on the
normalisation. Using this procedure, a model indepen-
dent fit was carried out to the form of eq. (4) to deter-
mine V and W, followed by a fit to the GSW model
[egs. (2) and (3)] to determine a value for sin26y,.
The best fits in both cases were obtained with a nor-
malisation of N = 0.985 + 0.03. The 1.5% change from
N =10 is well within the 7% normalisation uncertain-
ty and provides confidence in the calculation of the
systematic errors.

The determination of ¥ and W is shown as a 1 sd
ellipse in fig. 2. Since V' determines the sign of the
interference term, it can in general be positive or nega-
tive. W on the other hand, is expected to be positive
due to the positivity of the pure weak term, although

our measurement of W extends into the negative region.

The ellipse corresponds to a constraint on the quark
vector and axial-vector couplings in terms of the com-
binations V' = v, £ Qsv; and W= (vg +a})z (v% + a?).
The GSW model is shown as a curve in fig. 2 plotted

as a function of si1126w. The point corresponding to
the present world average [9], sin20y, = 0.23 lies with-
in the ellipse, indicating that our data at s up to 1350
GeV? agree with the low g2 determination of sin?6y.

The fit within the framework of the GSW model

produced the result sin2fy; = 0.22 + 0.03, where the
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Fig. 2. The log-likelihood function contour (68% c.l.) in the
V—W plane. The dashed curve shows the locus of points for
the Glashow-Salam-—Weinberg model.
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Fig. 3. The log-likelihood function contours in the sin26w—
normalisation plane for hadron data (dashed line) and hadron
plus lepton data (solid line). The horizontal error bar indicates
the magnitude of the statistical error.

error is statistical only. The full correlation for 0 = 7%
is shown as the dashed line contour in fig. 3 (increase
of 1in —2 log L). Further fits were tried varying the
value used for a; where it was found that a 20% change
in ay altered the fitted value for sin26y, by 0.03. Fig.

3 also shows that in addition to the statistical error,
there is a further systematic error due to the correla-
tion with the normalisation of about +0.10.

A second minimum exists in the log-likelihood func-
tion (see fig. 3) at sin20y = 0.56 + 0.03 which cannot
be excluded by this hadron data alone. An analysis of
lepton pair data, however, which was collected simul-
taneously in the same apparatus produced the limits
[31 0.10 <sin26y < 0.40 at the 1 sd level. The use
of all the JADE data therefore leads to the single solu-
tion at sin26y = 0.22.

The correlation can be reduced if the x2 contour
from the lepton pair data is added to —2 log L'. The
result is shown as the solid ellipse in fig. 3 (increase of
1 in —2 log L) and represents a fit to the combined
fermion--antifermion data measured in the JADE ap-
paratus, The result is then: sin26y, = 0.22 + 0.08 where
the error consists of +0.03 (statistical), + 0.03 (a,) and
+0.07 (systematic) **.

It seems curious that the value of sin26y turns out

*1 A similar analysis of Mark J data was described by B6hm
[10].
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to have just that value which makes the lepton vector
coupling essentially vanish, together with observable
effects in the interference term in the total cross sec-
tion for the production of fermion—antifermion pairs.
The measurement of a statistically significant angular
asymmetry in the production of u*u~ at PETRA, con-
sistent with g, =a, = —1 becomes an even more cruci-
al test of the GSW model at these energies.

To summarise, we have made the first check of the
weak quark couplings in e*e™ annihilation at high
energies, a process which includes the production of
heavy quarks. A model independent determination of
the weak couplings was found to be consistent with
the values expected in the GSW model on the basis of
the low g2 world average value for sin20y,. The data
were also used to determine a value of sin26w =0.22
+0.08 at {s) ~ 1200 GeV2. The theory has therefore
been successfully tested in a new domain of high g2
and in addition, in processes which involve the produc-
tion of first, second and third generation quarks.

We are indebted to the PETRA machine group for
their excellent support and to all the engineers and
technicians who have participated in the construction
and maintenance of the apparatus. This experiment
was suppdrted by the UK Science Research Council
through the Rutherford Laboratory, by the Education
Ministry of Japan and by the Bundesministerium fiir
Forschung und Technologie. The visiting groups wish
to thank the DESY directorate for their hospitality.
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