Volume 113B, number 6 PHYSICS LETTERS 8 July 1982

A MEASUREMENT OF o, , (¢'¢” > HADRONS)
FOR CM ENERGIES BETWEEN 12.0 AND 36.7 GeV

TASSO Collaboration

R. BRANDELIK, W. BRAUNSCHWEIG, K. GATHER, F.J. KIRSCHFINK, K. LI’JBELSMEYER,
H.-U. MARTYN, G. PEISE, J. RIMKUS, H.G. SANDER, D. SCHMITZ, D. TRINES, W. WALLRAFF
1. Physikalisches Institut der RWTH Aachen, German y1

H. BOERNER2 H.M. FISCHER, H HARTMANN, E. HILGER, W. HILLEN, G. KNOP,
L. KOPKE H. KOLANOSKI, B. LOHR R. WEDEMEYER N. WERMES, M. WOLLSTADT
Physikalisches Institut der Universitdt Bonn, Germany

H. BURKHARDT, S. COOPER, J. FRANZKE, D HEYLAND, H. HULTSCHIG P. JOOS, W. KOCH,
U. KOTZ3 H. KOWALSKI3 A. LADAGE, D. LUKE H. L. LYNCH4 P MATTIG K.H. MESS,
D.NOTZ, J. PYRLIK, D.R. QUARRIE5 R. RIETHMULLER w. SCHUTTE P. SODING G.WOLF
Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany

R. FOHRMANN, H.L. KRASEMANN P. LEU, D. PANDOULAS, G. POELZ,
0. ROMER6 P. SCHMUSER B.H. WIIK
II. Institut fiir Experimentalphysik der Universitit Hamburg, Germany 1

I. AL-AGIL, R. BEUSELINCK, D.M. BINNIE, A.J. CAMPBELL, P.J. DORNAN, D.A. GARBUTT,
T.D. JONES, W.G. JONES, S.L. LLOYD, J K. SEDGBEER, R.A. STERN, S. YARKER 7
Department of Physics, Imperial College London, England 8

K.W. BELL,M.G. BOWLER, I.C. BROCK, R.J. CASHMORE, R. CARNEGIE, R. DEVENISH,
P. GROSSMANN, J. ILLINGWORTH, M. OGG o ,G.L. SALMON, J. THOMAS,

T.R. WYATT, C. YOUNGMAN

Department of Nuclear Physics, Oxford University, England 8

B. FOSTER, J.C. HART, J. HARVEY, J. PROUDFOOT, D.H. SAXON, P.L. WOODWORTH
Rutherford Appleton Laboratory, Chilton, England 8

M. HOLDER

Gesamthochschule Siegen, Germany

E. DUCHOVNI, Y. EISENBERG, U. KARSHON, G. MIKENBERG, D.-REVEL,
E. RONAT, A. SHAPIRA

Weizmann Institute, Rehovot, Israel 10

and

T. BARKLOW, J. FREEMAN ! | T. MEYER !?, G. RUDOLPH, E. WICKLUND,
SAU LAN WU and G. ZOBERNIG
Department of Physics, University of Wisconsin, Madison, WI, USA 13

Received 8 March 1982

0 031-9163/82/0000—0000/$02.75 © 1982 North-Holland 499



Volume 113B, number 6

The ratio R = o{e*e ™ — hadrons)/o
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was measured between 12.0 and 36.7 GeV c.m. energy W with a precision of typ-

ically +5.2%. R is found to be constant with an average of R = 4.01 = 0.03 (stat.)  0.20 (syst.) for W > 14 GeV. Quarks
are found to be point-like, the mass parameter describing a possible quark form-factor being larger than 186 GeV. Fits in-
cluding QCD corrections and a weak neutral-current contribution are presented.

The total cross section, o, for e*e~ annihilation
into hadrons is a quantity of fundamental importance.
In the quark—parton model o,,; measures the sum of
the squares of the quark charges e,

= - 2
R—otot/ou# =3 ?eq, )

where Ouu = 4ma?/3s (s = square of total c.m. energy
W) is the cross section for muon pair production by
e*e annihilation. The energy dependence of R can
be used to test for a possible structure of quarks. QCD
modifies the quark—parton prediction and precise
measurements of R at high energies offer a particular-
ly clean test of the theory. At high energies R also be-
comes sensitive to a possible contribution from the
weak neutral current. The expected modifications
due to both, QCD and the weak neutral current are
small and their detection requires high-precision data.
The accuracy of published R data in general is limited
not by statistics but by systematic uncertainties which
typically are of the order of 10%. In this letter we pre-
sent high-energy measurements of R where a spcial
effort was made to reduce the systematic errors to a
level of 5%.

The experiment was performed at the DESY ete—
storage ring PETRA with the TASSO detector at c.m.
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energies W between 12.0 and 36.7 GeV, collecting
approximately 16 000 hadronic annihilation events
for a total integrated luminosity of ~42 000 nb—!,
The detector as well as the data taking and analysis
procedures have been described elsewhere [1,2].

The multihadron events were detected in the cen-
tral detector using the information on charged par-
ticles. For those events used in this analysis the trigger
required a minimum number of charged particles with
polar angles 8 measured with respect to the beam di-
rection satisfying |cos 8] < 0.82 and having a minimum
momentum p,, perpendicular to the beam (z direction).
The minimum number of tracks demanded was be-
tween 2 and 4; it was 2 for most of the high-statistics
data at W= 14, 22 and 34 GeV. The nominal minimum
Py, was set to 0.22 GeV/c at 14 and 22 GeV and part-
ly at W= 35 GeV, and 0.32 GeV/c for all other ener-
gies. After event reconstruction charged tracks were
accepted if they satisfied the following requirements
[3]:

(a) Track is reconstructed in three dimensions.

(b) dy <5 cm where dj is the distance of closest
approach to the origin in the (x,y) plane.

(c) Py, > 0.1 GeV/e.

(d) |cos 8] < 0.87.

(e) |z — z,) < 20 cm, where z is the track coordi-
nate at the point of closest approach to the beam and
z, is the z coordinate of the event vertex averaged over
the tracks.

The events were required to obey the following
criteria:

(1) At least 4 (5) accepted tracks for W= 12-25
GeV (W = 27 GeV).

(2) To suppress the contribution from 7 pair pro-
duction at W< 15 GeV (W > 15 GeV) events with 3
charged tracks in one hemisphere wrt the sphericity
axis and 1 (1 or 3) in the other hemisphere were dis-
carded if the effective mass of either particle system
was less than the 7 mass (assuming pion masses for the
observed particles).

(3) For W< 14 GeV, tracks were required in both
hemispheres defined with respect to the beam axis,
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and the sum of the charges of the accepted tracks was
not to exceed 3.

(4) The z coordinate of the event vertex had to be
lz,| <6 cm.

(5) The momentum sum Zp = Z|p;| of the particle
momenta had to be Zp > 0.265 W.

These cuts discriminated against beam—gas scatter-
ing (3—5), 7 pair production (1,2), Bhabha scattering
and y pair production (1) and vy scattering (1,5). All
events surviving these cuts were inspected visually.
Approximately 3% were 1ejected, most of them being
Bhabha scattering events producing electromagnetic
showers in the material before the tracking chambers,

In the absence of radiative effects the value of the
total cross section, o;, at c.m. energy W follows di-
rectly from the number of events observed, Ny e,
the number of background events, Ny, the accep-
tance 4 and the luminosity L:

0ot (W) = L7 W g =~ Ny )IA. )

In the presence of radiative effects 4 has to be weight-
ed with the photon spectrum,

A = [ dk £&) alk, W0, (Whlo, (W), 3)

where k is the momentum vector of the photon emit-
ted in the initial state. f(k) describes the spectrum of
photons emitted in the initial state with momentum
vector k plus all other radiative corrections, W' is the
c.m. energy of the hadronic system produced, W' =
(W2 — 2WIkD1/2, a(k, W') is the acceptance for a ha-
dronic system with c.m. energy W' and momentum
—k.

In the following we discuss the determination of
the quantities that enter the expression for oy, and
their systematic uncertainties.

The contamination from beam—gas scattering as
determined from the vertex distribution along the
beam and from an inspection of events with an excess
of positively charged particles was found to be 0.5
+ 0.5% at W< 15 GeV and negligible at higher ener-
gies. The contribution of 7 pair production was de-
termined by a Monte Carlo method to be (1.5 £ 1.5)%
at W<15GeVand (1.2+1.2)%at W= 15GeV. In
assessing the contribution from vy scattering, hadron—
hadron type (VDM-like) scattering and hard scatter-
ing were considered. The parameters for the first
process were adjusted to fit our data on the total yy
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cross section. The parameters for the hard scattering
were determined with the help of the vy events with
high transverse momenta [4]. The background from
vy processes was found to be (1.6 + 0.8)% at all ener-
gies where the error reflects the estimated systematic
uncertainty. The contribution from Bhabha scatter-
ing was eliminated by visual inspection. After all cor-
rections the corrected number of accepted events has
a systematic uncertainty between 1.8% (W = 14 GeV)
and 1.5% (W = 34 GeV).

The trigger efficiency € was computed from the
trigger efficiency for a single track measured as a func-
tion of p,,, and cos@. A Monte Carlo program was
then used to evaluate the trigger efficiencies for events
satisfying criteria (1)—(5). This yielded for W = 14,

22 and 34 GeV, ¢ = (98.4 £ 1.0)%, (98.1 + 1.0)% and
(99.1 + 1.0)%, respectively. An additional check of
the trigger efficiency came from a neutral trigger which
required an energy deposition of at least 2 GeV in one
of the barrel or hadron arm shower counters (which
cover 60% of the solid angle). Consistent results were
obtained.

The acceptance for the off-line selection criteria
(1)—(5) was calculated by a Monte Carlo method, gen-
erating events [5] according to ete— — qg and eTe—
—> qqg using Field—Feynman fragmentation functions
{6] . Baryon production was also included [7]. The
fragmentation parameters *! were determined previ-
ously by this experiment and were found to describe
well the charged-particle data [8]. The generated
events were followed through the detector producing
e.g. the hits in the track chambers. The events were
then passed through the track reconstruction and ac-
ceptance programs used for the real data. In the ab-
sence of radiative effects the acceptance including
trigger and off-line selection was found to vary from
77% at W= 14 GeV to 79% at W =34 GeV.

*! Due to our acceptance criteria the contribution to R from
the two-body channels e*e™ — #*n~, K*K ™~ and pp are not
included, nor are they taken into account in the Monte
Carlo model. We searched for these contributions following
our study of muon pair production [9]. Candidate events
were selected by requiring two collinear tracks, each with
less than 1.5 GeV energy deposited in the liquid argon cal-
orimeter. In order to exclude muon pairs and to suppress
T pair production, events were discarded which had hits in
the muon chambers following the calorimeter. The R value
for pair production of charged hadrons (r, K, p) was found
to be R < 0.03 (95% CL).
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Fig. 1. Distributions relevant for the selection of multihadron events. (a) The fraction of accepted events at W = 14 GeV with
cosf, <0.2asa function of |Zp,| /=p. The solid curve shows the prediction of the Monte Carlo model (see text). The dashed area
shows the prediction for events with hard photon bremsstrahlung, W’ < 0.8 W. (b,c) Distributions of cos ¢ (a) and Pxy (b) for ac-
cepted charged particles. The solid curves show the predicted distributions. (d,e) Distributions of the observed charged-particle
multiplicity ney (d) and the normalized momentum sum Zp/W (e) for accepted events.

502



Volume 113B, number 6

The radiative effects were calculated with a com-
puter program by Berends and Kleiss [10] which was
incorporated in the Monte Carlo event generator men-
tioned above. Initial-state radiation and vertex correc-
tions as well as vacuum polarization were included.
The precision of the radiative-correction calculation
is affected by the omission of higher-order terms and
of final-state radiation, and above all by uncertainties
in 0., and the description of the final states at W'
< W. 04, enters in the calculation of the hadronic
vacuum polarization (which increases the observable
cross section by =~5%) and of photon emission by the
incoming electron (positron): at a nominal energy of
W= 14 GeV roughly 15% of the accepted events are
produced at W’ < 12 GeV. However, since these events
have an energetic photon emitted predominantly at
small angles, they populate a specific kinematical re-
gion. This permits a test of the corresponding radia-
tive correction. To define the kinematical region in
question note first that for two-jet events with a hard
collinear photon emitted in the initial state the two
jets lie in a plane which contains the beam axis. Fur-
thermore, summing over all accepted charged parti-
cles, the momentum imbalance along the beam axis,
|Zp, |, is particularly large for these events. Using the
sphericity tensor, the event plane and the angle §,, be-
tween the normal to the event plane and the beam axis
were calculated. For the W= 14 GeV data which are
particularly affected by the uncertainties in the radia-
tive corrections, fig. 1a shows the distribution of
{Zp,|/Zp for events with |cos8,| < 0.2. The Monte
Carlo prediction is shown by the solid curve which is
seen to describe the data well. The shaded area shows
the Monte Carlo prediction for “radiative™ events
having W' < 0.8 W; they are seen to be important at
large |Zp,1/Zp. For |cos8,| < 0.2 and |Zp,|/Zp > 0.2
the predicted fraction of events is 4.8% (3.1% with
W'>0.8W and 1.7% with W' < 0.8 W) which is in
agreement with the observed (4.8 £ 0.4)%. Good agree:
ment is also obtained at all other energies, e.g. at
30—36 GeV the predicted fraction of events is 8.8%
compared to (9.0 + 0.5)% observed. The total radia-
tive effects considered change the weighted accep-
tance A4 as defined in eq. (3) e.g. at W =34 GeV by
15% from 4 = 79% (no radiative effects) to 4 = 91%.
The higher-order radiative effects were not included;
they can be expected to be of the order (0.15)2 ~ 2%.
A detailed calculation does not exist but is under
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study [11]. We estimate that the uncertainties in the
radiative corrections contribute in total a +2.5% sys-
tematic error to 0y,.

As a check of how well we understand the trigger
efficiency, the acceptance and the radiative effects,
we display in figs. 1b—e for the data at W =34 GeV
the distributions of those quantities which were used
in the track and event selection, cos@ and p,,,, for ac-
cepted charged particles, the observed charged-particle
multiplicity, ncy, and the normalized momentum
sum over all observed particles, Zp/W. The Monte
Carlo predictions are indicated by the curves. The
single-particle distributions for cosé and p,,, are re-
produced. The distributions of ncy (fig. 1d§ and Zp/
W (fig. le) show that the fraction of events lost is
small and that the Monte Carlo model used permits
a reliable determination of the acceptance. The pre-
dicted ncy distribution is broader than the observed
one. The prediction for Zp/W describes the data well
except for a small shift (=0.015) to higher values.
The discrepancies are included in the estimate of the
systematic error.

The systematic uncertainty in the acceptance 4
due to the selection criteria was estimated in several
ways: (2) by varying the fragmentation parameters
within their errors [8] *2; (b) by varying the cuts in
the multiplicity and in Zp separately and together.
Varying these cuts within reasonable limits had only
a small effect on the value of 0, : e.g. at W =34 GeV
increasing the p,,, cut from 0.1 GeV/c to 0.25 GeV/e
changed 0, by less than 0.8%, or raising the multi-
plicity cut continuously from 5 to 11 charged particles
changed o,; by at most 2.4%. We estimate these un-
certainties to be 3.5% at the lowest energy decreasing
to 2.5% at the highest energy.

The luminosity £ was determined from Bhabha
scattering observed in the forward detector (Lg) cen-
tered at scattering angles around 2°, and independent-
ly in the central detector (£¢) accepting |cos 8] < 0.8
(see ref. [13] for details). Radiative corrections were
applied [10]. They amounted to 1 + 2% and 5 £ 1.5%,
respectively. The systematic uncertainties in the two
measurements were different. Apart from the radia-
tive corrections the main sources of uncertainties in

*2 To analyse the model dependence of the acceptance 4 we
studied A also in the Lund model (ref. {12]). Choosing
the parameters such as to describe the data the differences
in A were found to be within the quoted uncertainties.
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the case of L were uncertainties in the counter posi- background (£2 to £4%). The systematic error of Li
tions (+0.7%), interactions of the electrons in the ma- varied between 4.0 and 6.0%. For L the systematic
terial in front of the counters (+ 2%), backscattering error was determined mainly by uncertainties in the
from the shower counters (+1%) and subtraction of efficiencies for triggering (+0.5%), track reconstruc-
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Fig. 2. (a) The ratio R = a(e*e™ — hadrons)/o,,,, where o,,,, = 47a2/3s. The data from other experiments were taken from refs.

i
[19,28,30,31]. Only statistical errors are shown. (b) The same as in (a) with the measurements from this experiment, from run-

period I (1979) and 1980) (solid dot), and runperiod II (1981) (solid square). The errors shown include the statistical and the
point-to-point systematic uncertainty but not the overall normalization uncertainty of +4.5% which is shown separately. The dot-
ted line shows the expectation from the quark—parton model (QPM). The full line represents the results from the fit and weak
contributions (see text). The dashed—dotted line was computed with ag (s = 1000 GeV?)=0.18 and sin2 ¢ w=0.23.
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tion (£0.5%), event selection (+ 2%) and interactions
of electrons in front of the drift chamber (£2%). The
systematic uncertainty of £ for most of the data was
5.0%. Since both luminosity measurements agreed
with each other well within their systematic errors
the two results were averaged yielding £ with a sys-
tematic uncertainty between 3.1 and 4.0% for most
of the data.

Adding alt systematic errors (e.g. at W =34 GeV,
trigger 1%, background 1.5%, radiative corrections
2.5%, loss of acceptance by selection criteria 2.5%,
luminosity 3.4%) in quadrature the total systematic
error for most of the data is typically 5.2% of which
4.5% represent an overall normalization uncertainty
which is independent of W and 2.7% represents the
point-to-point uncertainty.

Results. We present in fig. 2 the corrected R
values. A fraction of the data between 29.9 and 36.7
GeV has been taken in the scanning mode changing
the c.m. energy W in steps of 0.02 GeV. For presenta-
tion in fig. 2 they have been averaged over W regions
of typically 1.0 GeV width. The errors shown for our
data include the statistical as well as the systematical
errors except for the overall normalization uncertain-
ty of 0,01y = 4.5% which is not shown. The total er-
ror is typically 5—6% per data point. Also shown in
fig. 2 are total cross-section data from other experi-
ments.

In the following we compare our data to various
theories and models.
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Step in R. The data between 14 and 36.7 GeV are
consistent with a constant value of R, the average be-
ing R = 4.01 £0.03 (stat.) £ 0.20 (syst.) for W> 14
GeV. The data set limits on the contribution from
pair production of new particles which is AR = (3
~ B2)/2AR for spin 1/2 partons and AR = 3AR
for scalar partons where § is the parton velocity, 8
= p/E. Under the assumption that the final states pro-
duced by the partons have a similar acceptance as for
the average hadronic final states we obtain for parton
masses between 12.5 and 17 GeV AR, <0.39 (AR,
< 0.50) for spin 1/2 (spin 0) partons with 95% CL.
This excludes e.g. a top-quark contribution (AR =
4/3) in agreement with event-shape studies which al-
so render the presence of a new charge 1/3 quark con-
tribution unlikely [2,14]. We also note that produc-
tion of new heavy charged leptons of the standard
type, of neutral heavy leptons or of scalar leptons in
this energy range have already been ruled out [15].

Narrow states. Fig. 3 shows R measured in steps
of 0.02 GeV between 33.00 and 36.70 GeV in a search
for narrow states. The step size is close to the c.m.
energy spread produced by quantum fluctuations of
the beam,

0,,(GeV) = 2.2 X 1075 W2 (GeV?),

or oy =27 MeV at W =35 GeV. The average beam
energy was monitored to an accuracy of ~10—4 or

3 MeV in W. On the average there are 11 hadronic
events per data point. No statistically significant struc-
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N ~ [o2]
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Fig. 3. The ratio R = "tot/onu measured in the scanning mode between 33.0 and 36.7 GeV.
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ture is observed. Proceeding as in ref. [16] where our
scan results are reported for the region 29.90 to 31.46
GeV, an upper limit on the cross-section contribution
of a narrow (I' < 10 MeV) state of

[odw<31nbMeV (95%CL)

is obtained. This limits the product of the leptonic
width I', and the hadronic branching ratio By, for a
narrow vector state to

I, B, <15keV (95%CL).

It excludes the presence of a vector ground state QQ
for charge 2/3 quarks for which I'y, = 5 keV and By,
2 (.7 is expected [17] while a charge 1/3 QO state
cannot be ruled out (T, =~ 1.3 keV, B, = 0.7).
However, by combining with the results from other
PETRA experiments [14,15,18] one obtains 'y, By,
< 0.7 keV which excludes also the latter possibility.

As a result of the preceeding discussion we attrib-
ute the measured R values exclusively to the produc-
tion of the five quarks u, d, s, ¢ and b.

Quark structure. The high-energy data on R can be
used to test whether quarks are point-like, provided
the quark—parton picture is correct. In terms of the
quark magnetic form factor Gy, R is given by [19]

RIRy=1Gy(9)I%.

With the ansatz Gy (s) = (1 —s/M2)~1, treating R,
as a free parameter and correcting for the weak con-
tribution (using the standard theory and sin28y, =
0.228, see below) the data for W= 14 GeV yield
M > 186 GeV (95% CL). If quarks are composites
of three subquarks Gy may have a dipole behaviour,
Gy=01- s/Mlz))_z. For this case the fit gives Mp,
> 264 GeV (95% CL). The result can also be express-
ed in terms of cut-off parameters, Gy(s) = 1 ¥ s/
(s — A2), which yields A, =M > 186 GeV and A _
> 363 GeV.

Comparison with QCD and weak contributions. In
QCD the quark—parton result for R is modified by
gluonic corrections which in second order lead to

R=32J 2[1 +ayin + Cyle/m)?], 4)
where C, = 1.39 in the MSscheme [20], R can also

receive contributions from the weak neutral current,
for which evidence was found recently in the reaction
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ete™ > utu~ [9,21]. The expression for o,y which
accounts for QCD corrections, for finite quark masses
and for the weak neutral-current contribution as pre-
dicted by the Weinberg—Salam theory is given by [22]

1
R= ;LT 11+ Clajr+ Cylanlol,
o

+[1+Clafm+Ci(a/m)?] ol ), (5)
where *3

Cy =3 n{n/28, — [ +B)/41(n/2 — 3/4m)},

By =(1—am2i9?,  Ci=1, Cy=C§=139,
(6)
0d, =3(36-6>) [(4ma’/s)e] — (4G pa/v/D)e g8l Re(x)

+(GE/2m) (g2 2+ 22 Hed %51 x1?],

0l =B (GE/4m) (8% + 25 H)gd %s1xI?,
Gy is the Fermi coupling constant,

x=M2/(M? —s+iM,T,), M,=74.6 GeV/sin26,,,

- 02 —
g2 =73 —2Qsin"0y,, g:'q =71,

the minus sign in the expressions for g.°9, g:’q applies
to electrons (Q = —1) and quarks with charge Q = €q
= —1/3, the plus sign to quarks with Q = €q = 2/3.
The energy dependence of a, was described in terms
of the QCD parameter A using the second-order for-
mula [20].

We made a x2 fit to our data at W > 14 GeV (which
is expected to be well above the bb resonance region)
in order to determine ¢ and sin26y,. The X% was de-
fined such as to account for the fact that part of the
systematical error is due to the overall normalization
uncertainty, 0,5 :

x2=(F - 1Yo+ 23 [R,F — R(ay,sin’0,)] /o2,
N

*3 The values used for m  are my =mg=03GeV, m,=0.5
GeV, m. = 1.5 GeV and my, = 5.3 GeV. For €% a numer-
ical evaluation is given in ref. {22]. The approximation C2
=1 has a negligible effect on our analysis. The coefficient
€% has not yet been evaluated and C2 = C} was assumed.
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where the R; are the measured R values with errors o;
(not including 0, ), and F is the overall normaliza-
tion factor treated as a free parameter. Since o is
found to be small, F and a are completely correlated.
The fit was therefore done with F set to F = 1 yield-
ing &g (s = 1000 GeV2) =0.18 + 0.03 + 0.14, sin28 ,
=0.40%0.16 + 0.02 with a x2 = 12.1 for 11 d.o.f.
The second errors given reflect the error due to o
The fit result is shown by the solid curve in fig. 2b.
Assuming sin26 , = 0.228 as measured in lepton-
scattering experiments at lower energies [23] the

fit gave o (s = 1000 GeV2) = 0.24 + 0.05 * 0.13.
Measurements of three-jet production in e*e~ anni-
hilation yielded in first-order QCD o, =~ 0.17 [8,24]
for s & 1000 GeV2. Second-order corrections give
either ag = 0.17 [25] or oy = 0.12 [26]. Assuming

o, = 0.17 (0.12) the fit yielded F = 1.00 £ 0.04 (1.01
+0.04) and sin260, = 0.40 + 0.15 + 0.02 (0.39  0.14
+ 0.02). Our results on & and sin26), are consistent
with those obtained in refs, [27,28].

If we take the weak-coupling constants g, g, as
measured in lepton scattering [29] [i.e. g,,&, as given
in eq. (7) with sin26, = 0.228) and assume o, = 0.17
the data yield a lower limit on M,, M, > 45 GeV
(95% CL). The result is unchanged if o, = 0.12 is
used.

Conclusion. R has been measured for c.m. energies
between 12 and 37 GeV with a precision of typically
+5.2% systematical uncertainties. R is found to be
constant within errors with an average value of R =
4.01 £ 0.03 £ 0.20 for W= 14 GeV. The data exclude
astep in R of AR, > 0.39 for spin 1/2 parton pairs
(> 0.50 for scalar parton pairs) with the threshold
between 25 and 34 GeV. Measurements done in a
scanning mode between 33.00 and 36.70 GeV have
not revealed any narrow (< 10 MeV) structure. The
integrated cross section of such a structure is < 31 nb
MeV which excludes the presence of the expected
vector ground state of toponium. Quarks have been
found to be point-like, the mass parameter describing
a possible quark form-factor being larger than 186
GeV. The R values of W > 14 GeV were compared
with QCD and with the predictions of the Weinberg—
Salam theory for the weak neutral current. The fit
yielded for g evaluated at s = 1000 GeV4, o, = 0.18
+0.03 £ 0.14 and sin20 ) = 0.40 £ 0.16 £ 0.02.

We want to thank the DESY directorate and in

PHYSICS LETTERS

norm*

8 July 1982

particular Professor V. Soergel and Professor G.A.
Voss for the continuing support of the experiment.
The tremendous efforts of the PETRA machine group
are gratefully acknowledged. We thank the DESY
Rechenzentrum and in particular Mr. Kuhlmann for
help. Those of us from abroad wish to thank the
DESY directorate for the hospitality extended to us
while working at DESY.

References

[1] TASSO Collab., R. Brandelik et al., Phys. Lett. 83B
(1979) 261.

[2] TASSO Collab., R. Brandelik et al., Z. Phys. C4 (1980)
87.

{3] D. Cassel and H. Kowalski, Nucl. Instrum. Methods 185
(1981) 235.

[4] TASSO Collab., R. Brandelik et al., Phys. Lett. 107B
(1981) 290.

[S] P. Hoyer et al., Nucl. Phys. B161 (1979) 349.

{61 R.D. Field and R.P, Feynman, Nucl. Phys. B136 (1978)
1.

[7] T. Meyer, DESY report 80-46 (1981).

[8] TASSO Collab., R. Brandelik et al., Phys. Lett. 94B
(1980) 437.

[9] TASSO Collab., R. Brandelik et al., Phys. Lett. 110B
(1982) 173.

[10] F.A. Berends and R. Kleiss, Nucl. Phys. B177 (1981)
237;B178 (1981) 141.

[11] F.A. Berends, private communication.

[12] B. Andersson, G. Gustafson and T. SjOstrand, Phys.
Lett. 94B (1980) 211.

[13] TASSO Collab., R. Brandelik et al., Phys. Lett. 94B
(1980) 259.

[14] CELLO Collab., H.J. Behrend et al., DESY report 81-
029 (1981).

[15] 1. Biirger, in: Proc. 1981 Intern. Symp. on Lepton and
photon interactions at high energies (Bonn),ed. W. Pfeil,
p- 115,

[16] TASSO Collab., R, Brandelik et al., Phys. Lett. 88B
(1979) 199.

[17] See e.g. M. Krammer, H. Krasemann, in: Proc. 18th In-
tern. Universitdtswochen flir Kernphysik (Schladming,
1979) ed. P. Urban.

[18] JADE Collab., W. Bartel et al., Phys. Lett. 100B (1981)
364.

[19] P. S8ding and G. Wolf, Ann. Rev. Nucl. Part. Sci. 41
(1981) 231.

[20] M. Dine and J. Sapirstein, Phys. Rev. Lett. 43 (1979)
668;

V.G. Chetyrkin, A.L. Kataev and F.V. Tkachev, Phys.
Lett. 85B (1979) 277;

W. Celmaster and R.J. Gonsalves, Phys. Rev. Lett, 44
(1979) 560.

507



Volume 113B, number 6

[21] J.G. Branson, in: Proc. 1981 Intern. Symp. on Lepton
and photon interactions at high energies (Bonn) ed. W.
Pfeil, p. 279;

‘JADE Collab., W. Bartel et al., Phys. Lett. 108B (1982)
140.

[22] J. Ellis and M.K. Gaillard, Physics with very high energy
e*e” colliding beams, CERN report 76-18 (1976);

J. Jersak, E. Laermann and P.M. Zerwas, Phys. Lett. 98B
(1981) 363;

Th. Appelquist and H.D. Politzer, Phys. Rev. D12 (1975)
1404.

[23] Particle Data Group Compilation, Rev. Mod. Phys. 52
(1980) No. 2, Part II.

[24] MARK J Collab., D. Barber et al., Phys. Lett. 89B (1979)
139;

JADE Collab., W. Bartel et al., Phys. Lett. 91B (1980)
142;

508

PHYSICS LETTERS

8 July 1982

PLUTO Collab., Ch. Berger et al., Phys. Lett. 97B (1980)
459;
CELLO Collab., H. Behrend et al., DESY report 81-080
(1980).

[25] K. Fabricius et al., Z. Phys. C11 (1982) 315.

[26] Z. Kunszt, Phys. Lett. 99B (1981) 429;
A. Ali, DESY report 81-059 (1981).

{27]) JADE Collab., W. Bartel et al., Phys. Lett. 101B (1981)
361.

[28] MARK J Collab., D. Barber et al., Phys. Rev. Lett. 46
(1981) 1663.

[29] See e.g.: P.Q. Hung and J.J. Sakurai, Ann. Rev. Nucl.
Part. Sci. 31 (1981) 375.

[30] JADE Collab., W. Bartel et al., Phys. Lett. 88B (1981)
171.

[31] PLUTO Collab., Ch. Berger et al., Phys. Lett. 81B (1979)
410; 86B (1979) 413.



