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Determination of O:s and sin20w from Measurements of the 

Total Hadronic Cross Section in e+ e- Annihilation 

CELLO Collaboration 

Abstract 

We have measured the total normalized cross section R for the process e+ e- ---+ hadrons at 

centre of mass energies between 14.0 and 46.8 GeV based on an integrated luminosity of 60.3 pb- 1 . 

The data are well described by the Standard SU(3)c 0 SU(2)L 0 U(1) Model with the production 
of the five known quarks. No open production of a sixth quark with charge ~ or ~ occurs below a 

centre of mass energy of 46.6 or 46.3 GeV, respectively. 

A fitting procedure which takes the correlations between measurements into account was used 

to determine the electroweak mixing angle sin2 Bw and the strong coupling constant a~(s) in second 
order QCD. We applied this procedure to the CELLO data and in addition included the data from 
other experiments at PETRA and PEP. Both fits give consistent results. The fit to the combined 
data yields a,(342 GeV2 ) = 0.165±0.030, and sin2 0w = 0.236±0.020. ·Fixing sin2 0w at the world 
average value of 0.23 yields a,(342 GeV2

) = 0.169 ± 0.025. 

1 Introduction 

The total hadronic cross section in e+ e- annihilation is determined by electroweak interactions and 

strong interactions, which can be calculated in the Standard SU(3)c 0 SU(2)L 0 U(1) Model. The 

total hadronic cross section is a good quantity to determine the strong coupling constant a, and the 

electroweak mixing angle sin20w, since both, the cross section increase due to gluon radiation and 

the rise at the highest PETRA energies due to the electroweak contribution are large enough to be 

measurable. 

The determination of a, from the total cross section is of special interest: among all methods used 

so far ( 3-jet events, photon structure function, structure functions in deep inelastic scattering, and 

quarkonium decays) , it is the only one which is not plagued by theoretical uncertainties, dependence 

on parton hadronization models, "higher twist" effects, large second order corrections, or a strong 

renormalization scale dependence [ 1]. 

The normalized cross section R is defined as the ratio 

R = u[e+e- __, j, Z 0 
__, hadrons] 

u[e+e -->i-->1'+1'-] 

The I'+ 1'- cross section is the lowest order pointlike QED cross section of massless spin ! particles, 

and is equal to 471'<> 2 /3s, where sis the square of the centre of mass energy. The hadronic cross section 

is corrected for higher order radiative QED graphs with photon and Z 0 exchange. At PETRA energies 

R is dominated by the QED one photon annihilation process. In the quark parton model it is given 

by 
(1) 

where the factor 3 corresponds to the number of quark colours, and where the sum runs over the 

quark flavours which can be produced at the relevant centre of mass energy, and Q 1 is the electric 
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quark charge in units of the positron charge. 

QCD corrections, provided quark mass effects can be neglected, modify (1) by a factor [2]: 

<>,(s) <>,(s) 2 . . 
1 + -- + C2(--) + htgher order correctsons . ., ., 

Here <>,(s) is the "running" strong coupling constant, defined in second order QCD as [3]: 

12tr [ 153- 19N1 log[log(f,-)] ] 
<>,(s) = (33- 2N1)log(f,-) 

1
-

6
(33- 2Nt)2 log(f,-) ' 

where A is the QCD scale parameter. The constant C2 depends on the renormalization scheme chosen 
to minimize the higher order corrections. In the MS scheme[4] it is given by: C2 = 1.986- 0.115Nt. 
At the highest PETRA energies Z 0 exchange and, to a lesser extent, the interference between 1 and 
Z 0 exchange become important. The prediction of the Standard Model, including quark mass effects, 
can be writ ten as: 

R= 3L [(~(3- ,82)(1 +C["'•;s) +Cf("'';s))2) Cvv 
f 

+ ,83 (1+ C~ <>,(s) + ct("''(s)) 2 ) CAA] ., ., 

with 
Cvv = Q}- 2Q,v,v,Re(x(s)) + (v; + a;)vjlx(s)IZ 
CAA = (v; +a;)a}Jx(s)IZ . 

Here v and a stand for the vector and axial vector couplings of the electron and the quarks: '"' 

Ve = -1 + 4 sin2 Ow , ae = -1 

Vf = +1 a . 2 8 3 Slll W , a!= +1 for f u, c 

Vf = -1 + 
•. 2 8 3 SID W , a!= -1 for f = d, s, b 

and 
Gp sM2 

x( s) = 8V2""' 
z 

s- Mi +iMzfz 

with Mz and f z being the mass and the width of the Z 0 . 

(2) 

(3) 

The dependence on finite quark masses to first order in QCD is included in Eq. 3 through the 
threshold factors ,8(3- ,82)/2 and ,83 and the functions Cf (,8) [5] and Cf(,B) [6]. Here ,8 is the quark 
velocity, and for ,8 approaching 1, cf and Cf approach 1. The second order contribution has only 
been calculated for massless quarks. In this case, which is a good approximation at our energies, 
one has c: = Cf = C2. For example, at ..jS = 14GeV with sin28w = 0.23 and AMS = 610MeV 
(i.e. <>,(342 GeV 2

) = 0.17), the QCD correction for massless (massive) quarks is 6.9% (8.8%) and the 
electroweak effects are negligible. At ..jS = 46GeV, the QCD contribution toR is 5.3% independent 
of the quark masses, and the Z 0 exchange and the ,zo interference contribute 7.8% and -1.8%, 
respectively. These numbers are insensitive to the precise value of the Z 0 mass at present energies. 

2 Detector properties and event selection 

The CELLO detector was designed as a 47r detect.or with good detection of charged particles and 
photons. The main components used for this analysis are: 

• the central track detector inside a superconducting solenoid (B = 1.3 T) of 0.5 radiation length 
thickness. It consists of cylindrical drift chambers interleaved with proportional chambers with 
cathode read-out and covers 91% of 47r; 
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• the cylindrical lead liquid argon calorimeter consisting of 16 modules with a thickness of 20 
radiation lengths and a coverage of 87% of 47r. 

A detailed description of the detector can be found elsewhere[7]. An important point for the present 
analysis is the long term stability of the detector components used. For example, the calibration 
constants for the calorimeter were stable within 1% for a data taking period of several months. 
The trigger is derived from a fast pattern recognition and momentum measurement of charged particle 
tracks in the central detector, and from the energy deposited inside the calorimeter modules. The 
most important trigger required: 

• at least 1 charged particle in the inner detector in coincidence with an energy deposition of at 
least 1.5 GeV in any one of the 16 calorimeter modules. 

Additional independent triggers were: 

• A purely "charged" trigger requiring at least 2 charged particles anywhere in the track detector 
with a transverse momentump1 > 200MeV/c. At the highest energies (ys > 38GeV) the back­
ground conditions became worse, which required a somewhat tighter trigger: Pt > 650MeV/c, 
and at least one pair of charged particles with a minimum opening angle of 135° in the plane 
transverse to the beam axis ( rc/>) 

• A purely "neutral" trigger requiring at least 1.5 to 4 GeV shO\yer energy deposited in any one 
of the 16 modules. The choice of the threshold depended on the background conditions. 

Only charged particle tracks and photon showers passing the following cuts were used in the analysis: 

[a] 
[,8] 
bl 
[o] 

charged particles had to have a transverse momentum 
neutral electromagnetic showers had to have an energy 
all tracks and showers had to have a polar angle with 
the distance between tracks and the beam line had to be 

Pt > 150MeV/c 
Ery > 150MeV 
[cosO[ < 0.86 
< 0.02 m m the r¢ plane. 

For the final multihadronic event selection we applied the following cuts: 
[a] more than four charged particle tracks 
[b] at least 1 charged particle with a momentum 
[c] "visible energy" of charged particles L [p;[ 
[d] "neutral energy" L Ery 
[e] "total energy" of all particles L [p;[ + L Ery 
[/] at least one opening angle between any two charged particle tracks 
[g] at least one negative particle. 

3 Measurement of the hadronic cross section 

Pt > 400 MeV /c 
> O.lOys 
> 0.08ys 
> 0.40ys 
> 100° in the r¢ plane 

The data were taken at centre of mass energies ys between 14.0 and 46.8 GeV from 1980 to 1985. 
The available integrated luminosities .C for the different energy points are shown in Table 1. Part of 
the data were taken by varying the centre of mass energy in steps of 20 or 30 MeV. The continuous 
coverage of the energy ranges from 38.66GeV < ys < 38.78 GeV and 39.79GeV < y8 < 46.78 GeV 
allowed a search for the bound state production of new heavy quarks, which would show up as a 
narrow resonance. The results of this search can be found in [8]. In addition, we can exclude the open 
production of new heavy quarks with charge ~ (!) up to a centre of mass energy of 46.6(46.3) GeV. 
The procedure for obtaining these limits has been described in detail in [8]. The limits quoted here 
have been improved slightly due to additional data (lpb- 1) taken at y8 = 46.6GeV. 

The R-value is determined by: 
R = (Nn- NBc) 

.Ctn(l + 8nJu~~ 
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where N H and N BG are the number of observed multihadron and estimated background events. .C 
is the integrated luminosity, <H (1 + 8H) is the multihadron detection efficiency. In the following we 
discuss these quantities and the estimates of their errors. 

3.1 Background 

Events from beam-gas interactions are suppressed by the cuts on the momenta [a, b], the charge [g], 
and on energies [c, d, e] . Events from off-momentum electrons, which convert to a multiparticle shower 
in a sector of the central detector are eliminated by cut [f]. An upper limit of0.1% for the remaining 
contribution was obtained from scanning a large fraction of the data. 

Two classes of multihadronic events, produced via two photon collisions, contribute : 
a) Events with both final state leptons outside the detector acceptance are suppressed to a level of 
0.2% by the cuts on the energies [c,d,ej. 
b) Events from deep inelastic e1 scattering with high Q 2 may fulfill all cuts if one of the initial state 
leptons is scattered into the acceptance and, opposite to it, jets are detected. Their typical contribution 
is~ 0.7%, as determined by visual scanning. 

Pair production of r+r- is characterized by a low charged multiplicity and a low visible energy, because 
at least two neutrinos leave the detector unseen. They are suppressed by the cuts [a] and [c- e]. The 
remaining background was found to be smaller than 0.1% by a Monte Carlo simulation of this process. 
Bhabha events with the electrons interacting in the beam pipe or in the inner detector are reduced by 
cut [a] to a negligible amount. The total number of multihadron events after subtracting background 
events is 12193. 

3.2 Luminosity 

The time integrated luminosity .C was obtained from Bhabha scattering inside the acceptance of the 
cylindrical calorimeter. The main criteria for the event selection were: 

• at least two showers with an energy greater 0.3Eb,am inside [cosO[ < 0.83 

• at least one charged track points at one of the showers 

• not more than 4 charged particles 

• the acollinearity angle of the two most energetic particles has to be smaller than 20° 

The shower energy and the acollinearity angle are well measured in our detector. The energy reso­
lution of the calorimeter can be parametrized as 5% + 10%/VE (withE in GeV ) for showers from 
Bhabha events, and the spatial resolutions of the central track detector are 2 mr in r¢ and 3 mr sin20 
in rz, while for the calorimeter they are 6mr and lOmr respectively. The different systematic errors 
on the luminosity are shown in Table 2. To check the systematic error, a different acceptance cut 
(jcosOj < 0.85) was made. The results agreed within 1%. 

The Bhabha cross section within our acceptance was determined with the Bhabha Monte Carlo gener­
ator of Berends and Kleiss[9]. This procedure leads to an effective Bhabha cross section (JBeff which 
takes into account the limited acceptance volume, losses due to the acollinearity cut, and radiative 
corrections up to order o 3 . Electroweak contributions to Rhabha scattering at our energy are negligi­
ble, because of the dominating t-channel diagram. 

The main background in Bhabha events are e+ e- ~ 11 final states, where one or both photons 
convert in the beam pipe or the material around it. The luminosity values given in Table 1 have been 
corrected for this contribution (1.2%). AIJ other background sources, e.g. cosmics, r+r- ---+ e e, e IJ-, 
and two photon scattering, contribute each less than 0.1 %. These limits were determined by a visual 
inspection of subsets of the Bhabha event sample, and by a r+ r- Monte Carlo simulation. 
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3.3 Multihadron detection efficiency and radiative corrections 

The efficiency <s(1 + 8s) was determined by generating multihadrons with the LUND Monte Carlo 
program[10], and passing the hadrons through a detailed simulation of the detector. <sis simply the 
ratio of MC events passing our cuts to the number of generated multihadrons, including those with 
initial state radiation. At ,jS = 34 GeV, the radiative correction factor 8s contains the following 
contributions: 

• Initial state vertex corrections: 8.0 % . 

• Vacuum polarization: 10.6 ± 0.3%. The uncertainty comes mainly from the poor knowledge of 
the total hadronic cross section at low s. However, this uncertainty partly cancels in R, since 
the Bhabha cross section has a similar correction. 

• Initial state bremsstrahlung: Its value is strongly dependent on the maximum allowed fractional 
energy of the radiated photon kmax. However, as kmax approaches 1 , the 1/ s dependence of the 
hadronic cross section is compensated for by the loss of efficiency for events with small remaining 
hadronic invariant mass. For kmax = 0.99 we find <H ""0.6 and 8s = 0.34 at ,jS = 34GeV. The 
product <s(1 + 8s) ""0.8 is insensitive to kmax· For heavy quark production, kmax is limited 
by the mass of the quarks, i.e. kmax = 1- 4m}/s. The error on R coming from the uncertainty 
in the heavy quark thresholds and the magnitude of the low energy hadronic cross section was 
evaluated to be 0.9% (at 14GeV) and 0.5% (above 30GeV ). We have also taken into account 
the initial state radiation for Z 0 exchange which lowers 8s by 2 % at the highest energies. Final 
state radiation from quarks can be neglected[11,12]. 

• Higher order radiative corrections. The Lund program incorporates initial state radiative cor­
rections up to order a 3 . Tsai gives an estimate of the higher order corrections by summing all 
leading logarithms[12]. Since these calculations are not complete and give correction factors at 
the percent level with errors of the order of the correction itself, we have not applied these cor­
rections to the data. We will indicate later by how much the results change if such a correction 
is applied. 

The largest contribution to the detection inefficiency comes from the fact that we limited our accep­
tance to the central detector (]cosO] < 0.86) for three reasons: 

• In the endcap region the efficiency calculations are more delicate because of the smaller number 
of chambers in the acceptance. 

• The background from 11 collisions and beam-gas scattering is smaller in the central region. 

• The angular distribution of hadrons is well described by the Monte Carlo, so extrapolating to 
the full solid angle can be done reliably. Fig. 1 shows the angular distribution of the sphericity 
axis, corrected for QED and gluon radiation effects, and detector efficiency. The solid line is the 
result of a fit of 1 +a cos28 which gives a= 1.00 ± 0.01, as expected for the pair production of 
massless spin ~ particles. The uncertainty on the efficiency due to the error on a is negligible. 

Further inefficiencies arise from the multiplicity and energy cuts. Fig. 2 shows these distributions for 
Monte Carlo events and a data sample at ,jS = 43.6 GeV, selected by cuts looser than the final ones. 
The inefficiency is determined by the fractional area below the cut value. The measured distributions 
are in fair agreement with the Monte Carlo ones. Small relative displacements of the Monte Carlo 
and the experimental distributions were corrected by shifting the Monte Carlo distributions so that 
the mean values coincided. Since the total displacements and the area below the cut value is both 
small, the total systematic error from this procedure is also small. The systematic uncertainties 
due to this procedure were estimated from the variation in the area below the cut value obtained 
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by the maximum acceptable displacement of the Monte Carlo distribution. This was done for each 
distribution separately. The largest error comes from the neutral energy distribution. 

We found the inefficiency to be independent of the specific fragmentation scheme, provided the models 
were tuned for optimal agreement with the data. For example, if we switch from string fragmentation 
to independent fragmentation with the parameters described in a previous publication[13], we find 
that fH changes by less than 0.1 %. The tuning of the different models required rather different values 
of a, [13]), which was found to influence the determination of fH more than the choice of model itself. 
If we change a, by 20% around the fitted value, fH changes by 0.2 %. 

We assign no systematic error to the background subtraction, because the contributions remaining 
after applying all cuts and removing obvious background events are negligible. For the determination 
of R the various systematic errors on fH, 8H, and .C. are combined quadratically and total 2.1- 2.8%. 
These errors do not include the uncertainty from higher order radiative corrections, as discussed above. 
Table 2 summarizes the different contributions and their splitting into point to point and common 
normalization errors. The results on R for different centre of mass energies are given in Table 1 
together with the corresponding luminosities. 

3.4 Cross-check on systematic errors 

The systematic errors were cross-checked by an independent analysis of part of the data using charged 
particles only [8,14]. The luminosity was determined independently too. The difference in the R­
values was consistent with the errors discussed above. For part of the data the luminosity was also 
determined using the end cap calorimeter. It was found to be in good agreement with the quoted 
luminosity. 

4 Determination of a, and sin2()w 

The parameters AMS or (a, for fixed -s) and sin28w can be determined by fitting Eq. (2) to the data. 
Since the data points at the different centre of mass energies are not completely independent, we have 
used the following procedure to take the correlations of the individual data point errors into account. 

4.1 Method 

One defines an n x n error matrix V;j for n measurements. The diagonal elements are given, for each 
measurement, by the sum of the squares of the statistical <I stat. systematic point to point <Iptp, and 
common normalization error a no'm. The correlation between data points i and j is contained in the 
off-diagonal matrix element v;,, which is estimated by the product of a~0,m of measurement i and 
u~orm of measurement J . . The expression to be minimized is then: 

Here ~ is the vector of the n residuals R;- Rt;t. If the off-diagonal elements V;j are all zero, x2 reduces 
to the usual expression for independent measurements. In this method all data points are handled in a 
symmetric way, so one can easily introduce different normalization errors for different running periods 
or introduce correlations between different experiments, e.g. coming from uncertainties in radiative 
corrections. In previous determinations of as from R measurements [15,16,17] a normalization constant 
f was fitted as a free parameter to take the correlations into account: x2 = (!- 1) 2 /a~+ "E(f R;­
Rjtt) 2 /(fut) 2 , where Un is the relative common normalization error and a} = u;tat + u;tp· If the 
combined data from different experiments are to be fitted with this method, one has to introduce one 
or more free normalization parameters for each experiment (in the data to be discussed hereafter up 
to 10 ) . With the matrix method one fits only the two physical parameters and various correlations 

·can be studied in a simple way. 
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4.2 Results 

From a fit to the CELLO data we obtain: 

a,(342 GeV2
) = 0.19 ± 0.05 and sin28w = 0.20 ± 0.03 (x2 I dof = 311) 

The data and their statistical and total systematic errors as well as the fit are shown in Fig. 3a. 
As mentioned, the variation of a, as a function of s was taken into account. We have chosen s = 
342 GeV2 as reference, as for our previous a, determination [13]. We used Mz = 92.3GeVIc2 [18] 
and rz = 2.5GeVIc2 ; the results for the fitted parameters are insensitive to these values. With our 
parametrization of x(s), the one loop corrections to the Z 0 propagator have a negligible effect on 
the value of sin28w [19]. The fitted value of the weak mixing angle sin28w is in good agreement 
with the world average of 0.23, which has been determined in completely different processes: neutrino 
scattering[20J, the masses of the weak gauge bosons[18J, polarized electron-deuteron scattering[21], 
and asymmetries in lepton pair production[22]. If we impose sin28w = 0.23 , we get for the strong 
coupling constant from the CELLO data: 

a,(342 GeV 2
) = 0.16 ± 0.05 , 

consistent with previous CELLO measurements [13]. 

To reduce the error, we use this procedure to fit the data from all experiments at PEP [23,24] and 
PETRA [15,16,17,25]. In order to do this properly, the R-values and errors used all have to have 
the same meaning. Radiative corrections involving Z 0 exchange (up to 2o/o in the PETRA energy 
range) have been made by CELLO, MAC [24], and MARK J [16], but had to be applied to all 
other experiments. Higher order QED corrections have been applied so far only by MAC, who also 
quote an R-value without this correction which we have used. TASSO [17] includes in the common 
normalization error an estimate of the higher order radiative correction of 2%, which we have taken 
out. The covariance matrix for all experiments is formed in a similar way as described above for a 
single experiment. However, some experiments give slightly different normalization errors for different 
running periods. In this case the errors are split into a common normalization error for all running 
periods (unorml), while for the running period concerned the normalization error Unorm2 is added 
quadratically to yield the correct total normalization error. These errors are indicated in Table 3. It 
might be assumed that the hard QED bremsstrahlung correction with its dependence on the hadronic 
cross section at small s, provides a correlation between the R-values of the various experiments. 
However, in the calculation of R the product of the correction and the acceptance enter, and the latter 
is quite detector dependent. Therefore we have assumed no correlation between experiments in all our 
fits (all corresponding off-diagonal elements v;, are 0), but we will indicate below the effect of such 
a hypothetical correlation on the final results. The R-values and errors from the PEP and PETRA 
experiments used in the fit are given in Table 3. We obtain from the fit 1 

a,(342 GeV 2
) = 0.165 ± 0.030 and sin28w = 0.236 ± 0.020 (x.2 I dof = 51161) 

The averaged data, including the statistical and total systematic errors and their correlations are 
shown in Fig. 3b together with the fit. Also indicated are the prediction .of the quark parton model 
and the contribution from the QCD corrections. The decrease with energy in the QCD contribution 
is due to the "running" of a,. We have checked the consistency of the various experiments by fitting 
the normalization of each experiment with the best values of a, and sin28w from the combined fit. 
The fitted normalization factors are consistent with the quoted systematic errors. 

The separation of the systematic errors into point to point and overall normalization errors for an 
1 The fitting program finds also a second minimum with a~ = 0.19 ± 0.03 and sin 2 Bw = 0.56 ± 0.02. This solution is 
characterized by a large negative interference term and a large positive direct Z 0 exchange and will not be considered 
further here, since this value of sin 2 8w is ruled out by other measurements[18]. 
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experiment is subject to some degree of uncertainty. We therefore performed the fit for different 
assumptions on the splitting of the systematic errors into point to point errors and normalization 
errors. The results and errors turn out to be rather insensitive to this splitting, although the degree 
of correlation between the errors on a, and sin20w does depend on it, as is shown in Fig. 4 for 3 
cases: (a) the best estimate for the splitting of the errors as used for the above results (solid line) (b) 
all off-diagonal elements decreased by 50 % (dotted line) (c) all off-diagonal elements increased by 50 
% (dashed line). Note that the total error always stays constant, only the amount of correlation is 
changed, yielding a, values between 0.162 and 0.167, which is well within the total systematic error. 
The correlation between a, and sin20w is -0.49 for (a). These fits assume, as explained above, that 
there is no common systematic error in all the experiments. If we introduce a hypothetical common 
error of 1% in R, keeping the total error constant, a, changes by -0.007 and sin20w by -0.005, and 
their errors increase by 0.005 and 0.001, respectively. 

The value for sin20w is in good agreement with the world average of0.23. In Fig. 3b the rise in R from 
the electroweak effects at the highest PETRA energies is clearly observed. To estimate the statistical 
significance of this rise, the data are grouped into a" low" energy region from 14 to 37 GeV and into 
a high energy region beyond. The difference between the high energy R- values and the extrapolation 
of a fit to the lower energy points, excluding electroweak effects, are then computed using the full 
covariance matrix. The probability that the high energy points of PETRA are a continuation of the 
low energy ones is found to be 10-3 . 

If we fix sin20w to the world average of 0.23, we get for the strong coupling constant 2 : 

The determination of a, from R is independent of uncertainties and ambiguities at the parton and 
fragmentation level, which are a major source of the large systematic errors in previous determinations 
of a, from topological quantities [1,13]. The above value of a, corresponds to AMS = 610:':;~gMeV. 
In QCD a, is expected to vary as function of energy. We have searched for evidence of this running by 
parametrizing the QCD term by a linear energy dependence (a+ b( yls- 34 GeV)) and fitting this to 
the data using a constant sin2 0w of 0.23. We find b = ( -0.75 ± 0.73) 10-3 GeV- 1 , which implies an 
85% probability for a, to run in the right direction, i.e. b < 0, with a slope compatible with the QCD 
expectation (b"" -1.3 10-3 Gev-1 ). The parameter a, which is· a theory independent parametrization 
of the QCD contribution to R at 34 GeV, was found to be 1.062 ± 0.011 and uncorrelated with b. 

As mentioned before, higher order QED corrections have not been calculated completely and 
although the corrections to Bhabha scattering and hadron production partially cancel in the ratio R, 
the remaining contribution is estimated to be at the percent level. A reduction of all R values by 1% 
yields a, = 0.145 ± 0.024. Therefore it is important to calculate these higher order corrections more 
accurately, since they imply errors on the same level as the experimental errors. 

The data from PEP and PETRA can also be used to look for deviations from pointlike interactions 
by modifying Eq. (2) by a form factor : 

R' = R [(1 'f s 2 W 
s-A± 

Fixing sin20w at 0.23, and varying a, between 0.15 and 0.20, we find for the cut-off parameters at 
the 95% confidence level: A+ > 384 GeV and A_ > 378 GeV. These values do not differ significantly 
from those quoted by single experiments [15,16,17], since we took the error from a, into account in 
the fit. 

2 We prefer to restrict our fit to a region free of resoJ!.ances, although QCD is expected to describe the continuum below 
open bb production too (apart from resonance effects). If we include lower energy data from CESR [26] and DORIS 
[27] above 7.3 GeV (excluding theY resonances and the data above the Y(4S)) and keep sin2 8w fixed at 0.23, we find 
a~(34 2 GeV 2

) = 0.166 ± 0.023 in good agreement with the result from the PEP and PETRA data. 
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5 Conclusion 

We have measured the total hadronic cross section in the energy range 14.0 < ,jS < 46.8. The 
data are well described by the production of the 5 known quarks. No production of a sixth quark 
with charge 2/3 or 1/3 occurs below a centre of mass energy of 46.6 or 46.3 GeV, respectively. From 
these measurements we have determined the electroweak mixing angle sin29w and the strong coupling 
constant a, using a fit procedure which takes correlated errors into account. 

The sin29w determination from the combined data of the PEP and PETRA experiments has reached 
a precision of about 10%, which is similar to that from the asymmetry measurements of purely leptonic 
final states in e+ e- annihilation [22]. Of course, neutrino scattering[20] and the determination of the 
gauge boson masses[18] have provided more accurate measurements of sin29w, but its determination 
from R is an independent test of the Standard Model. 

The importance of the determination of a, from R stems from the fact that R is an inclusive quantity, 
which does not depend on the event topology and is therefore insensitive to the way the partons 
hadronize. 
From a theoretical point of view, the perturbative QCD calculation for R is noncontroversial and its 
dependence on the renormalization scheme (or scale) is negligible. Also "higher twist" corrections are 
negligible at our energies[!]. Using a method, which correctly treats systematic errors, and combining 
the results from various experiments, we find a,(342 GeV2 ) to be 0.169 with a total error less than 
15 %, if we exclude the theoretical uncertainty from higher order QED radiative corrections, which 
could lower a, by a similar amount. 
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Table 1: R-values and luminosities [. from CELLO. The errors 
do not include uncertainties from higher order QED 
radiative corrections (see text). 

< .jS > (GeV) R ± stat. ± syst. l(nb 1) ± stat. ± syst. 
14.0 4.10 ± 0.11 ± 0.11 1259 ± 14 ± 25 
22.0 3.86 ± 0.12 ± 0.10 2344 ± 29 ± 50 
33.8 3.74 ± 0.10 ± 0.10 8038 ± 83 ± 172 
38.3 3.89 ± 0.10 ± 0.09 8944 ± 79 ± 184 
41.5 4.03 ± 0.17 ± 0.10 4184 ± 65 ± 86 
43.5 3.97 ± 0.08 ± 0.09 21828 ± 150 ± 401 
44.2 4.01 ± 0.10 ± 0.08 9216 ± 96 ± 151 
46.0 4.09 ± 0.21 ± 0.10 3400 ± 58 ± 67 
46.6 4.20 ± 0.36 ± 0.10 1104 ± 33 ± 22 

Table 2: Systematic errors on R from CELLO: common nor­
malization error (unorm) and systematic point to point 
errors ( u ptp). The errors do not include uncertain­
ties from higher order QED radiative corrections (see 
text). 

Source Unorm(%) Uptp(%) 
Luminosity 
trigger 0.5 
selection 0.7 
acollinearity cut 0.6 
energy cut 0.4 
acceptance 0.7 0.0- 1.3 
calibration 0.5 
tracking efficiency 0.9 

1.3 1.0-1.7 
Multihadrons 
trigger 0.4 
data reduction 0.7 
MC generator 0.5 
rad. corrections 
(hard bremsstrahlung) I 0.5 I 0.0- 0.7 

I 
selection r:ul." i 0.6 - 1.2 t=·· ----- --

:0.6-
- ___ j_ 1.1 1.4 

-- . -
] __________ 

-· - ·----- ----~-
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I 

Table 3: R-values used in the fit. If the point to point error 
CTptp is not given, it is included in the statistical error. 
If a second normalization error Unorm2 is given, it has 
to be added in quadrature to the first one. Note that 
for some experiments small corrections to published 
values have been made (see text). 

Experiment ys R "•tat(%) CTptp(%) CTnorml (%) CTnorm2(%) 
HRS 29.00 4.20 0.8 7.0 
MAC 29.00 4.00 0.8 2.1 

CELLO 14.04 4.10 2.6 2.2 1.7 
22.00 3.86 3.0 2.1 " 
33.80 3.74 2.6 1.9 " 
38.28 3.89 2.6 1.7 " 
41.50 4.03 4.1 1.8 " 
43.60 3.97 2.0 1.4 " 
44.20 4.01 2.5 1.2 " 
46.00 4.09 5.1 1.9 " 
46.60 4.20 8.5 1.7 " 

JADE 14.04 3.94 3.6 2.4 
22.00 4.11 3.2 " 
25.01 4.24 6.8 " 
27.66 3.85 12.5 " 
29.93 3.55 11.3 " 
30.38 3.85 4.9 " 
31.29 3.84 7.3 " 
33.89 4.17 2.4 " 
34.50 3.94 5.1 " 
35.01 3.94 2.5 " 
35.45 3.94 4.6 " 
36.38 3.72 5.7 " 
40.32 4.07 4.7 " 0.9 
41.18 4.24 5.2 " " 
42.55 4.24 5.2 " " 
43.53 4.05 5.0 " " 
44.41 4.04 5.0 " 

,, 

45.59 4.47 5.0 " " 
46.47 4.11 5.9 " " 
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Continuation of Table 3. 

Experiment Vs R U•tat(%) Uptp(%) Unorml (%) Unorm2(%) 
MARKJ 22.00 3.66 2.2 3.0 2.1 

25.00 3.89 5.4 " " 
30.60 4.09 3.4 " " 
33.82 3.71 1.6 " " 
34.63 3.74 0.8 " " 
35.11 3.85 1.6 " " 
36.36 3.78 4.0 " " 
37.40 3.97 9.3 

, 
" 

38.30 4.16 2.2 " " 
40.36 3.75 4.0 " " 
41.50 4.32 4.6 , 

" 
42.50 3.85 5.2 " " 
43.58 3.91 1.5 " " 
44.23 4.14 1.9 " " 
45.48 4.17 4.8 , 

" 
46.47 4.35 3.9 " " 

PLUTO 27.60 4.07 7.1 6.0 
30.80 4.11 3.2 " 

TASSO 14.00 4.14 7.3 3.5 2.0 
22.00 3.89 4.4 " 

, 
25.00 3.72 10.2 " " 
33.00 3.74 7.2 " " 
34.00 4.14 3.1 , , 
35.00 4.23 2.1 , , 
27.50 3.91 8.2 " 

, 
30.10 3.94 4.6 " " 
31.10 3.67 4.9 " 2.0 
33.20 4.49 6.3 " , 
34.00 4.10 4.9 " " 
35.00 4.04 4.2 , , 
36.10 3.94 4.3 , , 
41.50 4.11 2.9 , 

3.0 
44.20 4.28 3.8 , , 
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Figures 

1. Angular distribution of the corrected sphericity axis. The solid line corresponds to a fit of 1 +a cos28 
with a= 1.00 ± 0.01. 
2. Comparison between data and Monte Carlo: 

a) Neutral energy fraction 
b) Charged energy fraction 
c) Total visible energy fraction 
d) Charged multiplicity 

3. Measured R values and best fit (solid line): 
a) for the CELLO data 
b) for the combined data of PEP and PETRA experiments. 

The errors include both statistical and common normalization errors (see text). 
The dashed lines indicate the quark parton model (QPM) and the QCD contributions. 

4. Error contours corresponding to the Standard Model fit for three different assumptions on the 

splitting of the systematic error into point to point and common normalization error (see text). 
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