arXiv:hep-ex/0101044 25 Jan 2001

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-EP-2001-001 January 11, 2001

A Simultaneous Measurement of the QCD Colour Factors and the Strong Coupling

The OPAL Collaboration

Abstract

Using data from e^+e^− annihilation into hadrons, taken with the OPAL detector at LEP at the Z pole between 1991 and 1995, we performed a simultaneous measurement of the colour factors of the underlying gauge group of the strong interaction, C_F and C_A, and the strong coupling, α_s. The measurement was carried out by fitting next-to-leading order perturbative predictions to measured angular correlations of 4-jet events together with multi-jet related variables. Our results,

C_A = 3.02 � 0.25(stat.) � 0.49(syst.) , C_F = 1.34 � 0.13(stat.) � 0.22(syst.) ,

α_s(M_Z ) = 0.120 � 0.011(stat.) � 0.020(syst.) ,

provide a test of perturbative QCD in which the only assumptions are non-abelian gauge symmetry and standard hadronization models. The measurements are in agreement with SU(3) expectations for C_F and C_A and the world average of α_s(M_Z ).

(Submitted to Eur. Phys. J. C)

The OPAL Collaboration

G. Abbiendi^2 , C. Ainsley^5 , P.F. Åkesson^3, G. Alexander^{22}, J. Allison^{16}, G. Anagnostou^1, K.J. Anderson^9, S. Arcelli^{17}, S. Asai^{23}, D. Axen^{27}, G. Azuelos^{18,a}, I. Bailey^{26}, .H. Ball^8, E. Barberio^8, R.J. Barlow^{16}, R.J. Batley^5, T. Behnke^{25}, K.W. Bell^{20}, G. Bella^{22}, A. Bellerive^9 , G. Benelli^2 , S. Bethke^{32}, O. Biebel^{32} , I.J. Bloodworth^1, O. Boeriu^{10}, P. Bock^{11}, J. Böhme^{25}, D. Bonacorsi^2, M. Boutemeur^{31}, S. Braibant^8, L. Brigliadori^2 , R.M. Brown^{20}, H.J. Burckhart^8, J. Cammin^3, P. Capiluppi^2 , R.K. Carnegie^6, B. Caron^{28}, A.A. Carter^{13}, J.R. Carter^5, C.Y. Chang^{17}, D.G. Charlton^{1,b}, P.E.L. Clarke^{15}, E. Clay^{15}, I. Cohen^{22}, J. Couchman^{15}, A. Csilling^{15,i}, M. Cuffiani^2, S. Dado^{21}, G.M. Dallavalle^2 , S. Dallison^{16}, A. De Roeck^8, E.A. De Wolf^8, P. Dervan^{15}, K. Desch^{25}, B. Dienes^{30,f} , M.S. Dixit^7, M. Donkers^6, J. Dubbert^{31}, E. Duchovni^{24}, G. Duckeck^{31}, I.P. Duerdoth^{16}, P.G. Estabrooks^6, E. Etzion^{22}, F. Fabbri^2, M. Fanti^2, L. Feld^{10}, P. Ferrari^{12}, F. Fiedler^8, I. Fleck^{10}, M. Ford^5, A. Frey^8, A. Fürtjes^8, D.I. Futyan^{16}, P. Gagnon^{12}, J.W. Gary^4, G. Gaycken^{25}, C. Geich-Gimbel^3, G. Giacomelli^2 , P. Giacomelli^8 , D. Glenzinski^9 , J. Goldberg^{21}, C. Grandi^2, K. Graham^{26}, E. Gross^{24}, J. Grunhaus^{22}, M. Gruwé^{08}, P.O. Günther^3, A. Gupta^9, C. Hajdu^{29}, G.G. Hanson^{12}, K. Harder^{25}, A. Harel^{21}, M. Harin-Dirac^4, M. Hauschild^8, C.M. Hawkes^1, R. Hawkings^8, R.J. Hemingway^6, C. Hensel^{25}, G. Herten^{10}, R.D. Heuer^{25}, J.C. Hill^5, K. Hoffman^8, R.J. Homer^1, A.K. Honma^8, D. Horváth^{29,c}, K.R. Hossain^{28}, R. Howard^{27}, P. Hüntemeyer^{25}, P. Igo-Kemenes^{11}, K. Ishii^{23}, A. Jawahery^{17}, H. Jeremie^{18}, C.R. Jones^5, P. Jovanovic^1, T.R. Junk^6, N. Kanaya^{23}, J. Kanzaki^{23}, G. Karapetian^{18}, D. Karlen^6, V. Kartvelishvili^{16} , K. Kawagoe^{23}, T. Kawamoto^{23}, R.K. Keeler^{26}, R.G. Kellogg^{17}, B.W. Kennedy^{20}, D.H. Kim^{19}, K. Klein^{11}, A. Klier^{24}, S. Kluth^{32}, T. Kobayashi^{23}, M. Kobel^3, T.P. Kokott^3, S. Komamiya^{23}, R.V. Kowalewski^{26}, T. Kämer^{25}, T. Kress^4, P. Krieger^6, J. von Krogh^{11}, D. Krop^{12}, T. Kuhl^3, M. Kupper^{24}, P. Kyberd^{13}, G.D. Lafferty^{16}, H. Landsman^{21}, D. Lanske^{14}, I. Lawson^{26}, J.G. Layter^4, A. Leins^{31}, D. Lellouch^{24} , J. Letts^{12}, L. Levinson^{24}, R. Liebisch^{11} , J. Lillich^{10} , C. Littlewood^5, A.W. Lloyd^1, S.L. Lloyd^{13}, F.K. Loebinger^{16}, G.D. Long^{26}, M.J. Losty^7, J. Lu^{27}, J. Ludwig^{10}, A. Macchiolo^{18}, A. Macpherson^{28,l}, W. Mader^3, S. Marcellini^2 , T.E. Marchant^{16}, A.J. Martin^{13}, J.P. Martin^{18}, G. Martinez^{17}, T. Mashimo^{23}, P. Mättig^{24}, W.J. McDonald^{28}, J. McKenna^{27}, T.J. McMahon^1, R.A. McPherson^{26}, F. Meijers^8, P. Mendez-Lorenzo^{31}, W. Menges^{25}, F.S. Merritt^9, H. Mes^7, A. Michelini^2 , S. Mihara^{23}, G. Mikenberg^{24}, D.J. Miller^{15}, W. Mohr^{10}, A. Montanari^2, T. Mori^{23}, K. Nagai^{13}, I. Nakamura^{23}, H.A. Neal^{33}, R. Nisius^8 , S.W. O’Neale^1, F.G. Oakham^7, F. Odorici^2 , A. Oh^8, A. Okpara^{11}, M.J. Oreglia^9, S. Orito^{23}, C. Pahl^{32}, G. Pásztor^{8,i}, J.R. Pater^{16}, G.N. Patrick^{20}, J.E. Pilcher^9, J. Pinfold^{28}, D.E. Plane^8, B. Poli^2, J. Polok^8, O. Pooth^8, A. Quadt^8, K. Rabbertz^8, C. Rembser^8, P. Renkel^{24}, H. Rick^4, N. Rodning^{28}, J.M. Roney^{26}, S. Rosati^3, K. Roscoe^{16}, A.M. Rossi^2, Y. Rozen^{21}, K. Runge^{10}, O. Runolfsson^8, D.R. Rust^{12}, K. Sachs^6, T. Saeki^{23}, O. Sahr^{31}, E.K.G. Sarkisyan^{8,m}, C. Sbarra^{26}, A.D. Schaile^{31}, O. Schaile^{31}, P. Scharff-Hansen^8, M. Schröder^8, M. Schumacher^{25}, C. Schwick^8, W.G. Scott^{20}, R. Seuster^{14,g}, T.G. Shears^{8,j}, B.C. Shen^4, C.H. Shepherd-Themistocleous^5 , P. Sherwood^{15}, G.P. Siroli^2 , A. Skuja^{17}, A.M. Smith^8, G.A. Snow^{17}, R. Sobie^{26}, S. Söldner-Rembold^{10,e}, S. Spagnolo^{20}, F. Spano^9, M. Sproston^{20}, A. Stahl^3, K. Stephens^{16}, D. Strom^{19}, R. Ströhmer^{31}, L. Stumpf^{26}, B. Surrow^8, S.D. Talbot^1, S. Tarem^{21}, M. Tasevsky^8, R.J. Taylor^{15}, R. Teuscher^9, J. Thomas^{15}, M.A. Thomson^5, E. Torrence^9, S. Towers^6, D. Toya^{23}, T. Trefzger^{31}, I. Trigger^8, Z. Trócsányi^{30,f} , E. Tsur^{22}, M.F. Turner-Watson^1, I. Ueda^{23},

B. Vachon^{26}, C.F. Vollmer^{31}, P. Vannerem^{10}, M. Verzocchi^8, H. Voss^8, J. Vossebeld^8, D. Waller^6, C.P. Ward^5, D.R. Ward^5, P.M. Watkins^1, A.T. Watson^1, N.K. Watson^1, P.S. Wells^8, T. Wengler^8, N. Wermes^3, D. Wetterling^{11} J.S. White^6, G.W. Wilson^{16}, J.A. Wilson^1, T.R. Wyatt^{16}, S. Yamashita^{23}, V. Zacek^{18}, D. Zer-Zion^{8,k}

1School of Physics and Astronomy, University of Birmingham, Birmingham B15 2TT, UK 2Dipartimento di Fisica dell’ Università di Bologna and INFN, I-40126 Bologna, Italy 3Physikalisches Institut, Universität Bonn, D-53115 Bonn, Germany 4Department of Physics, University of California, Riverside CA 92521, USA 5Cavendish Laboratory, Cambridge CB3 0HE, UK 6Ottawa-Carleton Institute for Physics, Department of Physics, Carleton University, Ottawa, Ontario K1S 5B6, Canada 7Centre for Research in Particle Physics, Carleton University, Ottawa, Ontario K1S 5B6, Canada 8CERN, European Organisation for Nuclear Research, CH-1211 Geneva 23, Switzerland 9Enrico Fermi Institute and Department of Physics, University of Chicago, Chicago IL 60637, USA 10Fakultät für Physik, Albert Ludwigs Universität, D-79104 Freiburg, Germany 11Physikalisches Institut, Universität Heidelberg, D-69120 Heidelberg, Germany 12Indiana University, Department of Physics, Swain Hall West 117, Bloomington IN 47405, USA 13Queen Mary and Westfield College, University of London, London E1 4NS, UK 14Technische Hochschule Aachen, III Physikalisches Institut, Sommerfeldstrasse 26-28, D- 52056 Aachen, Germany 15University College London, London WC1E 6BT, UK 16Department of Physics, Schuster Laboratory, The University, Manchester M13 9PL, UK 17Department of Physics, University of Maryland, College Park, MD 20742, USA 18Laboratoire de Physique Nucléaire, Université de Montréal, Montréal, Quebec H3C 3J7, Canada 19University of Oregon, Department of Physics, Eugene OR 97403, USA 20CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 0QX, UK 21Department of Physics, Technion-Israel Institute of Technology, Haifa 32000, Israel 22Department of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel 23International Centre for Elementary Particle Physics and Department of Physics, University of Tokyo, Tokyo 113-0033, and Kobe University, Kobe 657-8501, Japan 24Particle Physics Department, Weizmann Institute of Science, Rehovot 76100, Israel 25Universität Hamburg/DESY, II Institut für Experimental Physik, Notkestrasse 85, D- 22607 Hamburg, Germany 26University of Victoria, Department of Physics, P O Box 3055, Victoria BC V8W 3P6, Canada 27University of British Columbia, Department of Physics, Vancouver BC V6T 1Z1, Canada 28University of Alberta, Department of Physics, Edmonton AB T6G 2J1, Canada 29Research Institute for Particle and Nuclear Physics, H-1525 Budapest, P O Box 49, Hungary

30Institute of Nuclear Research, H-4001 Debrecen, P O Box 51, Hungary 31Ludwigs-Maximilians-Universität München, Sektion Physik, Am Coulombwall 1, D- 85748 Garching, Germany 32Max-Planck-Institute für Physik, Föhring Ring 6, 80805 München, Germany 33Yale University,Department of Physics,New Haven, CT 06520, USA

a and at TRIUMF, Vancouver, Canada V6T 2A3 b and Royal Society University Research Fellow c and Institute of Nuclear Research, Debrecen, Hungary e and Heisenberg Fellow f and Department of Experimental Physics, Lajos Kossuth University, Debrecen, Hungary g and MPI München i and Research Institute for Particle and Nuclear Physics, Budapest, Hungary j now at University of Liverpool, Dept of Physics, Liverpool L69 3BX, UK k and University of California, Riverside, High Energy Physics Group, CA 92521, USA l and CERN, EP Div, 1211 Geneva 23 m and Tel Aviv University, School of Physics and Astronomy, Tel Aviv 69978, Israel.

Acknowledgements:

We particularly wish to thank the SL Division for the efficient operation of the LEP accelerator at all energies and for their continuing close cooperation with our experimental group. We thank our colleagues from CEA, DAPNIA/SPP, CE-Saclay for their efforts over the years on the time-of-flight and trigger systems which we continue to use. In addition to the support staff at our own institutions we are pleased to acknowledge the Department of Energy, USA, National Science Foundation, USA, Particle Physics and Astronomy Research Council, UK, Natural Sciences and Engineering Research Council, Canada, Israel Science Foundation, administered by the Israel Academy of Science and Humanities, Minerva Gesellschaft, Benoziyo Center for High Energy Physics, Japanese Ministry of Education, Science and Culture (the Monbusho) and a grant under the Monbusho International Science Research Program, Japanese Society for the Promotion of Science (JSPS), German Israeli Bi-national Science Foundation (GIF), Bundesministerium für Bildung und Forschung, Germany, National Research Council of Canada, Research Corporation, USA, Hungarian Foundation for Scientific Research, OTKA T-029328, T-023793 and OTKA F-023259.

1 Introduction

Electron-positron annihilation into hadrons at high energies provides a precise means to test Quantum Chromodynamics (QCD), the theory of strong interactions. Due to the purely leptonic initial state, there are many experimental quantities for which the long-distance (non-perturbative) effects are modest, especially when compared to similar quantities in hadron-hadron collisions or deep inelastic scattering. These quantities, for instance the total cross section and jet-related correlations, can be calculated in perturbative QCD as a function of a single parameter, the strong coupling strength, α_s. Therefore, many QCD tests based on measurements of α_s have been carried out at LEP, the Large Electron-Positron collider at CERN (see, for example, [1–6]).

A key ingredient of QCD is the underlying gauge group. The simultaneous measurement of the strong coupling and the eigenvalues of the quadratic Casimir operator of the underlying gauge theory, the C_F and C_A colour factors, provides a more general and comprehensive test of QCD than measurements of α_s alone. The possible existence of a light gluino^1 influences both α_s and the measured value of the colour factors (or, assuming SU(3) dynamics, the number of light fermionic degrees of freedom N_f ). A simultaneous fit of these parameters to data provides a means to investigate whether the data favour or exclude the additional degrees of freedom.

Previous analyses of LEP data have been performed to probe the underlying gauge structure of the theory [9–13]. The leading order perturbative prediction was fitted to distributions of four-jet angular correlations (normalised to the total number of the selected four-jet events), leaving the ratios of the colour factors as free parameters. Due to the normalization, the leading order prediction of these distributions is independent of the strong coupling. However, the independence of the leading order prediction from the strong coupling does not imply that the radiative corrections are negligible. In fact, in Ref. [14] the value of T_R/C_F (see the Appendix) was estimated to increase about 25% if next-to-leading order (NLO) theoretical predictions are used instead of the leading order (LO) ones. It is therefore desirable to explicitly verify the effect of the next-to-leading order corrections on these normalised angular distributions.

Beyond leading order in the theoretical predictions, the strong coupling and the colour factors are interdependent. On the one hand, even the normalised next-to-leading order predictions for the angular distributions depend upon α_s [14], while on the other hand, α_s itself depends on the colour factors through its running. In this sense, beyond leading order, the only consistent way to determine the three free parameters is a simultaneous measurement of the strong coupling and the colour factors.

Predictions beyond leading order are made possible by theoretical developments achieved in the last few years. For multi-jet rates as well as numerous event shape distributions with perturbative expansions starting at O(α_s), matched next-to-leading order and nextto-leading logarithmic approximations provide very precise descriptions of the data over a wide range of the available kinematic region [15–18]. Also, recently, the next-to-leading order predictions for the distributions of four-jet angular correlations have been calculated [14, 19]. To make use of these developments, we perform a simultaneous fit of the strong coupling and ratios of colour factors using next-to-leading order predictions of

1The exclusion of gluinos with mass between 3–5 GeV has been debated in the literature recently [7–9].

four-jet rates, differential two-jet rates and four-jet angular correlations. The data were collected by the OPAL Collaboration at LEP.

The outline of the paper is as follows: In Section 2, we present the observables used in the analysis and describe their best available perturbative predictions. The analysis procedure is explained in detail and the fit results are presented in Section 3. Section 4 contains the discussion of the systematic checks which were performed and the corresponding systematic errors. We collect our results and compare them to the results of previous studies in Section 5. Section 6 contains our conclusions.

2 Observables

To perform a simultaneous measurement of the strong coupling and the colour factors we use multi-jet related variables to gain sensitivity to α_s and four-jet angular correlations to gain sensitivity to the colour factors.

There are many ways of defining jets. For the present analysis we use the Durham scheme [16, 20]. Starting by defining each particle to be an individual jet, a resolution variable y_{ij} is calculated for each pair of jets i and j: y_{ij} = 2 min(E^2_i , E^2_j ) (1 − cos θ_{ij}) E^2_{vis}

, (1)

where E_i and E_j are the energies of jets i and j, θ_{ij} is the angle between them and E_{vis} is the sum of the energies of the visible particles in the event or of the partons in a theoretical calculation. If the smallest value of y_{ij} is smaller then a predefined value y_{cut}, the pair is replaced by a pseudo-jet with four momentum p^μ_{ij} = p^μ_i + p^μ_j and the clustering starts again with momenta p^μ_i and p^μ_j dropped and p^μ_{ij} added to the final state. Clustering ends when the smallest value of y_{ij} is larger than y_{cut}.

In our analysis we use the differential two-jet rate,

D_2(y_{23}) ≡ 1 σ_{tot} dσ dy_{23}

, (2)

where y_{23} is the y_{cut} value for which the two- and three-jet configurations are separated in a given event, and the four-jet rate,

R_4(y_{cut}) ≡ σ_{4−jet}(y_{cut}) σ_{tot}

, (3)

to gain sensitivity to α_s. For theory, σ_{tot} is the total hadronic cross section at O(α_s) accuracy. For experiment, σ_{tot} is the total visible hadronic cross section. The D_2 distribution has been extensively used at LEP to determine α_s [4, 21]. Use of R_4 allows us to obtain sensitivity to α_s using a four-jet based variable. For these observables both next-to-leading order (NLO) [17, 18] and next-to-leading logarithmic (NLL) [16] perturbative predictions are known. The former provide a fixed order approximation valid for large values of the resolution variable, while the latter provide an all order summed but approximate cross section valid for small values of the resolution variable. The explicit

NLO and NLL formulae and their matched expressions used in our fits are given in the Appendix. Using those formulae, we obtain various theoretical predictions for the four-jet rates (R_4) and the differential two-jet rates (D_2) which are shown in Fig. 1. In these plots, the theoretical predictions with the exception of the fitted curves were obtained using the world average of the strong coupling α_s(M_Z ) = 0.118 [22] and standard QCD values for the colour factors, C_F = 4/3 and C_A = 3. The theoretical predictions in Fig. 1 are shown in comparison to OPAL data corrected to the parton level. The manner in which the data are corrected to the parton level is explained in Section 3.3. It is seen that the theoretical predictions provide a good description of the data. For the theoretical plots in Fig. 1, we used the R-matched expression for R_4 and ln R-matched expression for D_2 (see the Appendix).

The other class of observables we employ in our measurements is the four-jet angular correlations. The angular variables are

• the Bengtsson-Zerwas angle [23]: χ_{BZ} ≠ [(⃗p_1 × ⃗p_2), (⃗p_3 × ⃗p_4)];

• the modified Nachtmann-Reiter angle [24]: Θ_{NR} ≠ [(⃗p_1 − ⃗p_2), (⃗p_3 − ⃗p_4)];

• the Körner-Schierholtz-Willrodt angle [25]:

Φ_{KSW} =^1_2 (̸ [(⃗p_1 × ⃗p_4), (⃗p_2 × ⃗p_3)] +̸ [(⃗p_1 × ⃗p_3), (⃗p_2 × ⃗p_4)]);

• the angle between the two lowest energy jets [10]: α_{3,4} ≠ [⃗p_3, ⃗p_4],

where the ⃗p_i denote the three-momenta of the energy-ordered jets (E_1 > E_2 > E_3 > E_4). We defined the jets using the Durham clustering and selected four-jet events at y_{cut} = 0.008. In order to have a high statistics four-jet sample, y_{cut} should be chosen in the range from 10^{−2} to 10^{−3}. However, we cannot choose y_{cut} to be much smaller than 0.01 for technical reasons (see Section 3.3.1). For the four-jet events, used in obtaining the angular correlations, an additional cut was placed on the energy of each jet: E > E_{min} = 3 GeV.

To obtain as much information as possible, we used all four angular variables in our analysis. The shape of the distributions of these angular correlations at LO and NLO are hardly distinguishable. Fig. 2 shows the normalised NLO theoretical predictions fitted to the data.

Although the various angular correlations are not entirely independent, the correlations (see Section 3.4) are not large as can be seen from Table 1, where the maximum values of the magnitudes of the bin-wise correlations between the observables are given. We also performed fits using a single angular variable together with one of the jet-related variables and we observed that these fits give very scattered central values. However, in these cases we found very strong correlations between the fitted parameters (≃ 1), indicating that the distributions do not contain sufficient information to constrain all of the QCD parameters simultaneously.

3 Analysis Procedure and Results

cos Θ_{NR} cos Φ_{KSW} cos α_{34} cos χ_{BZ} 0.46 0.34 0.45 cos Θ_{NR} 0.37 0.37 cos Φ_{KSW} 0.44

Table 1: Maximum values of the bin-wise correlations between the angular correlation variables.

3.1 The OPAL detector

A detailed description of the OPAL detector can be found in Ref. [26]. This analysis relies mainly on the reconstruction of charged particle trajectories and on the measurement of energy deposited in the electromagnetic and hadronic calorimeters.

The central detector contains a silicon micro-vertex detector and three drift chamber devices: an inner vertex chamber, a large jet chamber and a surrounding z-chamber. The central detector is located inside a solenoidal magnet which provides a uniform axial^2 magnetic field of approximately 0.435 T. Tracking of the charged particles is performed with this detector. Most of the tracking information is obtained from the jet chamber which provides up to 159 measured space points per track, and close to 100 % tracking efficiency in the region | cos θ| < 0.98. The average angular resolution is approximately 0.1 mrad in ϕ and 1 mrad in θ.

Electromagnetic energy is measured by lead glass calorimeters surrounding the magnet coil, separated into a barrel (| cos θ| < 0.82) and two end-cap (0.81 < | cos θ| < 0.98) sections. The electromagnetic calorimeter consists of 11 704 lead glass blocks with a depth of 24.6 radiation lengths in the barrel and more than 22 radiation lengths in the end-caps. This calorimeter is surrounded by the hadronic calorimeter of the sampling type measuring the energy of hadrons emerging from the electromagnetic calorimeter.

3.2 Data samples

The analysis presented in this paper is based on 4.1 million hadronic events recorded within 3 GeV of the Z peak by the OPAL detector between 1991 and 1995. The descriptions of the OPAL trigger system and the offline multihadronic event selection are given in Refs. [27] and [28]. In this analysis, additional criteria were applied to eliminate poorly measured tracks and obtain well contained events.

Each track was required to have (i) at least 40 measured points in the jet chamber, (ii) transverse momentum in the r–ϕ plane greater than 0.15 GeV/c, (iii) measured momentum less than 60 GeV/c, (iv) | cos θ| < 0.97, (v) distance of closest approach to the origin in the r–ϕ plane of no more than 5 cm, (vi) and less than 25 cm in the z direction. Hadronic events were required to contain at least five tracks to reduce contamination from e^+e^− → τ^+τ^− events.

2In the OPAL coordinate system the +x axis points towards the centre of the LEP ring, the y axis points approximately upwards and the z axis points in the direction of the electron beam. The polar angle θ and the azimuthal angle ϕ are defined with respect to z and x, respectively, while r is the distance from the z-axis.

Clusters in the electromagnetic calorimeter were accepted if they had more than 0.1 GeV energy in the barrel section or more than 0.25 GeV in the end-cap section. The corresponding clusters were required to span at least two lead glass blocks. Clusters in the hadronic calorimeter were required to have energies larger than 1 GeV.

For the calculation of the visible energy, E_{vis}, the tracks are assumed to have the pion mass, and clusters are treated as photons. To determine the energy of each cluster measured in the electromagnetic and hadronic calorimeters, we used a matching algorithm [29]. This algorithm reduces double counting of energy and gives a better resolution both in energy and angle than the calorimeters alone. We did not impose energy-momentum conservation, but checked that such a constraint does not affect our results.

The event thrust axis was determined using the accepted tracks and clusters. In order that the event be well contained, we required | cos θ_{thrust}| < 0.9.

The final event sample contained about 3.6 million hadronic Z decays from which about 250 000 were identified as four-jet events.

3.3 Data Correction

We choose as the theoretical reference the distributions given in Eqs. (22), (28) of the Appendix which are obtained from a parton level calculation. In order to compare our (detector level) data to these (parton level) theoretical predictions the measured distributions were corrected for the effects of the detector and hadronization.

First, we combined the distributions of the six variables cos χ_{BZ}, cos Θ_{NR}, cos Φ_{KSW}, cos α_{34}, D_2 and R_4 into a one-dimensional distribution, with 128 bins, 20 for each angular correlation and 24 each for the four-jet rates (covering the range of 0.001 < y_{cut} < 1.0) and the differential two-jet rates (in the range of 1.0 < − ln y_{23} < 5.8). Next, we applied bin-by-bin corrections for detector distortions and hadronization, as described below. The correction factors were obtained from the same distributions computed from Monte Carlo events.

3.3.1 Monte Carlo simulation

The correction factors were estimated using two different modes of the JETSET Monte Carlo program [30, 31]: the parton shower mode and the matrix element mode. In the parton shower approach, the evolution of the parton system is treated as a branching process based on the leading logarithmic approximation starting from the original qq pair. In the matrix element mode, up to four partons are generated according to the second-order ERT calculation [32].

It is well known that the parton shower versions of the available Monte Carlo programs provide a good description of jet rates, but cannot describe the structure of the four-jet events properly [33]. Therefore, to determine correction factors for the four-jet angular correlations, we used Monte Carlo events with only four partons (qqgg and qqqq) in the final state. These events were generated using the second-order matrix element (ME) calculation, subjected to hadronization, as implemented in JETSET version 7.4 assuming standard QCD colour factors and the set of parameters ERT-MC-1 of Ref. [34]. 560 000 Monte Carlo events were generated. To avoid singularities in the four-parton generation of the LO matrix elements, an intrinsic cutoff y_0 has to be applied in the Monte Carlo simulation. In JETSET, y_0 = 0.01 is used, calculated according to the invariant mass resolution definition, which for four-jet events corresponds to a Durham resolution of about 0.004 (yielding the same four-jet rates). Our resolution criterion of y_{cut} = 0.008 is safely larger than the intrinsic cut-off. For normalised angular correlations, the distributions at leading and next-to-leading order are almost the same [14, 19]. Thus for the purpose of determining the corrections the ERT Monte Carlo events are sufficient.

For the correction of the differential two-jet rates and the four-jet rate, we used 2 million events generated with the parton shower (PS) version of JETSET, using parameters tuned to OPAL data at √ s =91 GeV described in Ref. [35]. For both models, hadronization of the parton system is based on the Lund string-fragmentation scheme [36]. The events of both types of samples were passed through the OPAL detector simulation [37], processed by the same reconstruction programs, and subjected to the same event selection criteria as the data.

3.3.2 Correction procedure

To correct the data for the finite acceptance and resolution of the detector, we determined bin-by-bin correction factors for every bin of the distribution from Monte Carlo samples with hadronization included, both before (hadron level, H_i^{MC}) and after (detector level, D_i^{MC}) the detector simulation and selection cuts. The hadron level treats all charged and neutral particles with lifetimes greater than 3 × 10^{−10} s as stable and has no initial state photon radiation. The correction factor for detector effects for the i^{th} bin of the distribution is given by:

C_i^{det} =

H_i^{MC} D_i^{MC}

. (4)

We examined the effects of initial state photon radiation by switching the radiation on in the hadron level Monte Carlo simulation. The correction factors were found to be identical within statistical uncertainties with or without photon radiation over the entire phase space.

We estimated the hadronization effects by computing the distributions of Monte Carlo events at the parton (P_i^{MC}) and hadron levels (H_i^{MC}) (before and after hadronization) and defined the correction factor for hadronization by:

C_i^{had} =

P_i^{MC} H_i^{MC}

. (5)

Using the two correction factors C_i^{det} and C_i^{had}, we correct the measured distribution to the parton level according to

D_i^{corr} = C_i^{det} C_i^{had} D_i^{meas} . (6)

We show the distributions of the total correction factors, C_i^{tot} = C_i^{det} C_i^{had}, in Figs. 1 and 2.

3.4 Fit procedure

Having prepared the corrected distribution of six variables, we performed a χ^2 minimization to determine the most probable values of the variables η = α_sC_F /(2π), x = C_A/C_F and y = T_R/C_F (see Section A) with the program MINUIT [38]. The function χ^2 was defined by:

χ^2 = ∑ ij δ_i σ^{−1}_{ij} δ_j , where δ_i is the bin-wise difference between the theoretical QCD prediction and the corrected data distribution, while σ_{ij} is the covariance matrix taking into account the statistical error of the data, the finite Monte Carlo statistics, and the correlations between the bins of the distributions. The data and Monte Carlo event samples were each divided into 90 subsamples^3 to compute σ_{ij}, using the standard formula: σ_{ij} = 1 N (N − 1) N∑ n=1 ( D^{(n)}_i − D_i ) ( D^{(n)}_j − D_j ) , (7)

where D^{(n)}_i is the value of the corrected distribution in bin i of the nth subsample, D_i is the value in that bin for the whole sample and N is the number of subsamples. We included bins in the fit only if the total correction factors were in the range 0.9 < C^{tot}_i < 1.1, except for the four-jet rate, where 0.85 < C_i^{tot} < 1.15 was used.^4 This bin choice is motivated by our expectation that the Monte Carlo estimate is less reliable if hadronization and/or detector distortions are large. The total number of bins used in the fit was 82, leaving 79 degrees of freedom since there are three fitted parameters (η, x and y, see Section 3.5).

3.5 Fit results

The central values of the fit results for the parameter η and colour factor ratios x and y are listed in the upper section of Table 2. The renormalization scale was fixed at x_μ = 1. The errors and correlations (ρ) in the table are purely statistical.

We observe a strong correlation between x and y. We tested other variables (for instance, the three-jet rate) in an attempt to decrease these correlations, but did not observe a significant improvement. The correlations were taken into account when the fit results were converted to the standard QCD parameters α_s(M_Z) and colour factors using the definitions in Eqs. (10) and (12) and T_R = 1/2. These latter results are given in the lower section of Table 2.

4 Systematic uncertainties

The systematic uncertainties were evaluated by considering the following effects:

• the measurement process and accuracy of the Monte Carlo detector simulation, • dependence on the model of hadronization,

3The number of subsamples is a result of optimization for the given data and number of bins. 4There are not enough bins in the smaller range to obtain a reliable fit.

η = α_sC_F /(2π) 0.0256±0.0003 x = C_A/C_F 2.25±0.08 y = T_R/C_F 0.37±0.04 ρ_{η x} -0.33 ρ_{η y} -0.11 ρ_{x y} 0.90 χ^2/d.o.f. 98.5/79 α_s 0.120±0.011 C_A 3.02±0.25 C_F 1.34±0.13

Table 2: Results of the default fit. The errors and correlations are statistical only.

• theoretical uncertainties arising from the choice of the renormalization scale, • variation of the matching scheme in the case of the differential two-jet distribution, • variation of the fit range, • the background from five parton events, • variation of the parameter y_{cut}.

In the systematic checks we always used the same covariance matrix that was optimized for the standard analysis.

4.1 Detector effects

The uncertainty related to the detector simulation and the measurement process was estimated by repeating the analysis using either tracks only or clusters only for the data and the detector level Monte Carlo samples. For the tracks and clusters we applied the same selection procedure as described in Section 3.2, except that all cluster related criteria were left out in the former case and all track related criteria were left out in the latter. Furthermore, the entire analysis was repeated using | cos θ_{thrust}| < 0.7 (rather than | cos θ_{thrust}| < 0.9), or N_{ch} ≥ 8 (rather than N_{ch} ≥ 5). The results obtained for these analyses are given in Table 3. η x y χ^2/d.o.f. tracks only 0.0257±0.0003 2.24±0.08 0.37±0.04 127.1/79 clusters only 0.0256±0.0003 2.25±0.08 0.38±0.04 124.2/79 | cos θ_{thrust}| < 0.7 0.0256±0.0003 2.26±0.08 0.38±0.04 117.9/79 N_{ch} ≥ 8 0.0256±0.0003 2.25±0.08 0.37±0.04 98.3/79 standard analysis 0.0256±0.0003 2.25±0.08 0.37±0.04 98.5/79

Table 3: Fit results obtained by varying systematic conditions related to detector effects. The errors are statistical only.

4.2 Hadronization models

Several combinations of different Monte Carlo models were considered to estimate the uncertainty associated with the hadronization correction. Since we used two different Monte Carlo samples to determine the correction factors (ME and PS), we examined the effects induced by variations of these models separately.

The angular correlations were corrected using the ME version of JETSET with the Lund string fragmentation scheme, as stated in Section 3.3.1. In the systematic studies we used the ME version of the HERWIG generator [39], which produces four-parton final states according to the leading order QCD matrix elements, and then a parton shower is started from each of the four partons followed by hadronization based on the cluster fragmentation.^5 We also varied the principal hadronization parameters of the JETSET ME Monte Carlo program, σ_q and a. As the hadronization parameter b is strongly correlated with a we kept it fixed. We increased a or decreased σ_q, alternately, by 10 %. These changes correspond to about one standard deviation in the parameter values allowed for the JETSET ME generator at Z peak, as found by the LEP experiments [40]. The fits were redone using data corrected by the factors calculated from these Monte Carlo samples at the generator level (reevaluating C^{had}_i only) and using the standard C^{det}_i correction factors for detector effects.

The effect of the hadronization process on the four-jet rates and differential two-jet rates was studied by using the PS version of HERWIG instead of the PS version of JET- SET and by varying the Lund hadronization parameters σ_q and a as for the angular correlations. The parameter Q_0 defining the end of the parton shower cascade was also varied from its standard value of 1.9 GeV to 2.4 GeV. The theoretical predictions assume zero quark masses. To assess the effect of this assumption, we determined the hadronization correction, C^{had}, using JETSET Monte Carlo events with only light primary quarks (u, d, s, c) at the parton level but with all available flavours (u, d, s, c, b) at the hadron level. The results provided by these variations are presented in Table 4.

4.3 Renormalization scale ambiguity

The arbitrariness in the choice of the renormalization scale μ leads to an ambiguity in the theoretical prediction. We perform our default analysis at the scale factor x_μ = μ/E_{cm} = 1.

To estimate the systematic error due to the scale ambiguity, we varied the renormalization scale within the range 0.5 ≤ x_μ ≤ 2. Varying x_μ probes the effect of missing higher orders, and these could be very different for the NLO and NLLA calculations. We performed two variations separately: varying x_μ for the jet-related variables while keeping it fixed at the default value for the four-jet angular correlations, or vice versa. Table 5 presents the results of this systematic check. As expected, the normalised angular correlations were not sensitive to the scale choice, but the jet related variables showed significant sensitivity. In Fig. 3 we show the dependence of the χ^2 of the fit on x_μ, for the case of jet-related variables with x_μ = 1 kept fixed for the angular correlations. The minimum of the χ^2 is seen to lie close to x_μ = 1.

5The HERWIG-ME has not been tuned to OPAL data. We used CLSMR(1)=0.4, PSPLT(2)=0.33, DECWT=0.7, and parameters not listed here were left at their default values.

η x y χ^2/d.o.f. HW-ME+HW-PS 0.0245±0.0003 2.43±0.18 0.44±0.08 274.5/79 JT-ME(a + 1σ)+JT-PS^∗ 0.0258±0.0003 2.15±0.08 0.33±0.04 94.5/79 JT-ME(σ_q − 1σ)+JT-PS^∗ 0.0257±0.0003 2.16±0.08 0.33±0.03 156.5/79 JT-ME^∗+JT-PS(a + 1σ) 0.0253±0.0003 2.28±0.08 0.37±0.04 106.6/79 JT-ME^∗+JT-PS(σ_q − 1σ) 0.0253±0.0003 2.28±0.08 0.37±0.04 106.1/79 JT-ME^∗+JT-PS(Q_0 + 1σ) 0.0252±0.0003 2.29±0.08 0.37±0.04 101.1/79 JT-ME^∗+JT-PS(udsc) 0.0260±0.0003 2.19±0.07 0.33±0.03 173.1/79 standard analysis 0.0256±0.0003 2.25±0.08 0.37±0.04 98.5/79

Table 4: Fit results obtained by varying the Monte Carlo models used for the hadronization corrections. The abbreviations are as follows: ∗ denotes the Monte Carlo model used in the standard analysis, the model before ’+’ is used to define hadronization corrections for the angular correlations while the model after the ’+’ is used to define hadronization corrections for the jet rates. JT-ME: JETSET 7.4 matrix element generator with string fragmentation, JT-PS: JETSET 7.4 parton shower generator with string fragmentation, HW-ME: HERWIG 6.1 matrix element generator with cluster fragmentation, HW-PS: HERWIG 5.9 parton shower generator with cluster fragmentation.

4.4 Matching ambiguity

For the differential two-jet rates, we performed the fit using the R-matching scheme to combine the NLL and NLO approximations rather than the ln R-matching. The result of this variation is listed in Table 5.

4.5 Fit range

The uncertainty related to the number of bins selected for the fit was evaluated by repeating the fit using those bins for which the values of the correction factors were in the range of 0.8 < C_i^{tot} < 1.2 instead of the default range 0.9 < C_i^{tot} < 1.1 or 0.85 < C_i^{tot} < 1.15. The results are presented in Table 5. The variation of the fit range for the jet-related variables does not influence the value of the χ^2 significantly. The fit-range variation for the angular variables cos χ_{BZ} and cos α_{34} is the main source of the much increased value of the χ^2.

4.6 Five-parton background

Five-parton events which are reconstructed as four-jet events at the parton level are taken into account by the NLO theory. We examined the effect of those five-parton events which yield four jets at the detector level but five at the parton level. To reduce this five-parton background, we applied a cut on y_{45}, the value of the resolution variable which separates the four- and five-jet configurations of any given event. We optimized the value of this cut by studying five-parton events generated with the PENTAJET Monte Carlo program [41]. This program generates a five-parton configuration using the same value of the intrinsic y_0 as the JETSET-ME program, then hadronizes the partons using JETSET string fragmentation with the ERT-MC-3 parameters of Ref. [34]. The events were passed through the OPAL detector simulation program. Of 20 000 five-parton events, 2 517 were found to be four-jet events at detector level, but five-jet events at parton level, for y_{cut} = 0.008. The number of these events reduces to 376 when we keep events with y_{45} < 0.003, eliminating 85 % of the five-parton background, while leaving 60 % of the data.

The results of the fit with this additional requirement are presented in Table 5.

4.7 Dependence on the parameter y_{cut}

The value of the jet resolution parameter y_{cut}, used in selecting four-jet events to define the angular correlations, can be chosen arbitrarily, as long as it is safely larger than the intrinsic y_0 of the JETSET-ME program. In order to have a high statistics sample, our default choice was the smallest possible value, which allows us to examine the stability of the results when y_{cut} is increased. The four-jet event sample decreases very rapidly with increasing y_{cut}, which constrains the region in y_{cut} where a reliable systematic check can be performed. We repeated the entire analysis using y_{cut} = 0.01. The results of this fit are presented in Table 5. η x y χ^2/d.o.f. x_μ = 1.0 for angular corr. and x_μ = 0.5 for R_4 and D_2 0.0235±0.0003 2.40±0.08 0.28±0.03 118.0/79 x_μ = 2.0 for R_4 and D_2 0.0271±0.0003 2.14±0.08 0.42±0.04 103.7/79 x_μ = 1.0 for R_4 and D_2 and x_μ = 0.5 for angular corr. 0.0256±0.0003 2.25±0.08 0.37±0.03 98.2/79 x_μ = 2.0 for angular corr. 0.0257±0.0003 2.24±0.08 0.37±0.04 99.0/79 R-matching for D_2 0.0281±0.0005 2.06±0.09 0.40±0.03 103.4/79 0.8 < C_i^{tot} < 1.2 0.0255±0.0002 2.28±0.06 0.39±0.03 339.6/96 5-parton background 0.0257±0.0003 2.18±0.08 0.34±0.04 112.5/79 y_{cut} = 0.01 0.0257±0.0003 2.27±0.21 0.38±0.09 127.1/79 standard analysis 0.0256±0.0003 2.25±0.08 0.37±0.04 98.5/79

Table 5: Fit results obtained by varying the renormalization scale, the matching scheme for D_2, the fit range, the 5-parton background and the y_{cut} parameter.

4.8 Additional systematic checks

We tested the influence of the two- and three-parton events that give rise to four-jet events at the detector level by repeating the analysis requiring E_{min} = 5 GeV on the minimum energy of the jets instead of the default value E_{min} = 3 GeV. A higher value of the jet energy reduces the number of two- and three-parton events which satisfy the four-jet selection criteria in the detector. We generated 1 million events with two, three and four partons in the initial state using the ME version of JETSET with renormalization scale set to x^2_μ = 0.002, which provides the correct proportion of two, three and four jet events for y_{cut} = 0.008. We then counted the proportion of the two- and three-parton events which passed the four-jet selection at detector level. With E > E_{min} = 5 GeV, there are no background events from the two- and three-parton events. With E > E_{min} = 3 GeV, a background of 1 % appears (519 two- or three-parton events in the sample of 53 302 four-jet events selected at the detector level). We found negligible effects on the final results of the fit, therefore, we did not include the effect of this check in the systematic errors.

As stated in Section 2, the fits to individual angular correlations give rather ambiguous results. Therefore, we choose to use all four angular correlation variables in our standard analysis. As a consistency check, we performed the fit using only five variables instead of six, removing one of the six variables at a time. The results of these fits are presented in Table 6. The errors are statistical only. We found that leaving out any one of the observables yields consistent results for the measured parameters within the statistical errors of the measurements. Therefore, we did not include the effect of this check in the systematic errors.

The number of light quark flavours in a fixed order calculation is usually set to N_f = 5 at LEP energies because the hard scattering scale is assumed to be the e^+e^− center of mass energy. However, one may argue that in the four-quark channel the g → bb̄ splitting is suppressed compared to the g → qq̄ (q=u, d, s, c) splittings, because the scale of that process is much lower than the scale at the primary vertex. To study the effect of suppressed g → bb̄ splitting on our results, we also used N_f = 4 light flavours at the secondary vertex in the fixed order prediction for the angular correlations. The results of this check are also shown in Table 6. The colour factor ratios increase slightly, remaining well within the statistical errors. The quality of the fit is almost unchanged. We did not include the effect of this check in the systematic errors, because it is not customary to do so. η x y χ^2/d.o.f. without Bengtsson-Zerwas angle 0.0257±0.0003 2.22±0.17 0.36±0.08 63.7/64 Nachtmann-Reiter angle 0.0256±0.0003 2.39±0.20 0.44±0.09 56.0/62 Körner-Schierholtz-Willrodt angle 0.0256±0.0003 2.29±0.21 0.39±0.09 63.1/63 angle of the two softest jets 0.0256±0.0003 2.31±0.17 0.40±0.08 57.9/65 four-jet rates 0.0243±0.0007 2.18±0.09 0.39±0.04 75.8/73 differential two-jet rates 0.0251±0.0010 2.31±0.12 0.36±0.04 52.1/65 N_f = 4 0.0256±0.0003 2.28±0.08 0.39±0.04 95.9/79 standard analysis 0.0256±0.0003 2.25±0.08 0.37±0.04 98.5/79

Table 6: Fit results using five variables only or using N_F = 4.

4.9 Total systematic error

To combine the effects of the systematic variations we employed a Bayesian method that was developed in a similar analysis by the ALEPH collaboration [9], where the explicit formulae we used can be found. The basic idea is that the information obtained from a fit is accepted or rejected based on the quality of the fit, i.e. the magnitude of the χ^2. From a Bayesian point of view we presume that all models are equally well suited to the analysis. However, a large χ^2/d.o.f. indicates that the probability of a model is low and, therefore, it should contribute to the systematic errors with a small weight. Accordingly, the systematic error corresponds to an increase of the χ^2 by 1.

We could not use the Bayesian method in two cases. In the variation of the fit range the number of bins changed, while in checking the renormalization scale uncertainty for the angular correlations we did not find a pronounced minimum of the χ^2 curve. Furthermore we did not use the Bayesian method to estimate the systematic uncertainty from the fiveparton background because the event statistics for this check were modified significantly, by about 40%, relative to the standard analysis. In these cases we estimated the systematic error by the deviation of the results from the standard values.

The errors obtained from the different systematic checks are summarized in Table 7. The theoretical uncertainty refers to the larger of the errors from the scale uncertainty of the jet-related variables, the matching ambiguity (both of those estimate the effect of unknown higher order perturbative contributions), and the scale uncertainty of the fourjet angular variables. The different sources were added in quadrature to define the total systematic error.^6

Taking into account the systematic correlations presented in Table 7, we converted these values to the errors of the standard QCD parameters α_s(M_Z ) and colour factors using the definitions in Eq. (10) and (12) and T_R = 1/2. The result of the conversion is presented in Table 7. The errors are dominated by the theoretical uncertainty. Δη Δx Δy ρ_{ηx} ρ_{ηy} ρ_{xy} Detector effects 0.0000 0.004 0.002 -0.87 -0.89 0.95 Hadronization 0.0003 0.056 0.021 -0.86 -0.71 0.92 Theoretical uncertainty 0.0013 0.096 0.038 -1.0 1.0 -1.0 Fit range 0.0001 0.033 0.013 -1.0 -1.0 1.0 5-parton background 0.0001 0.070 0.039 -1.0 -1.0 1.0 y_{cut} 0.0000 0.005 0.002 1.0 1.0 1.0 Total systematic uncertainties 0.0013 0.136 0.060 -0.83 0.06 0.38 Δα_s ΔC_A ΔC_F Total systematic uncertainties 0.020 0.49 0.22

Table 7: Contributions to the total systematic error.

6If the Bayesian approach were not adopted and the systematic errors were estimated by the largest deviation from the standard values, then we obtain the following systematic errors: Δη = 0.0027, Δx = 0.27, Δy = 0.08. For the basic QCD parameters these errors are: Δα_s = 0.030, ΔC_A = 0.72, ΔC_F = 0.31.

5 Results and Discussion

The procedure outlined above yields

C_A/C_F = 2.25 ± 0.08(stat.) ± 0.14(syst.) , T_R/C_F = 0.37 ± 0.04(stat.) ± 0.06(syst.) .

Repeating the entire analysis with α_s(M_Z ) fixed to its world average value 0.1184 [22] leads to similar results:

C_A/C_F = 2.29 ± 0.06(stat.) ± 0.14(syst.) , T_R/C_F = 0.38 ± 0.03(stat.) ± 0.06(syst.) .

To compare the results to previous measurements, we show in Fig. 4 the two dimensional 68% and 95% confidence level contour plots of the colour factor ratios based on total uncertainties obtained by our analysis.

The DELPHI Collaboration [12] has performed a least-squares fit of leading order predictions to the two-dimensional distribution in the variables cos Θ_{NR} and cos α_{34} in order to measure of the colour factor ratios. The DELPHI Collaboration [42] also performed this analysis with b-tagging to separate quark jets from gluon jets which increases sensitivity. The OPAL Collaboration fitted the LO prediction to a three-dimensional distribution of the cos Θ_{NR} , cos α_{34} and cos χ_{BZ} variables [13]. In a second measurement the OPAL Collaboration used event shape distributions of LEP1 data for fitting α_s and one of the colour factors [43]. Furthermore, another recent measurement of the QCD colour factors and α_s using event shape distributions at several energy points and power corrections was carried out [44]. The ALEPH Collaboration [9] was the first to present a simultaneous measurement of the strong coupling and the colour factors. The distribution D_2 and all four angular distributions defined in Section 2 have been employed. The results of the ALEPH experiment were determined using leading order predictions for the four-jet observables. The systematic uncertainties include contributions from variation of the renormalization scale, the matching ambiguity, from hadronization and detector effects, and finally from the estimation of mass effects. Our results are in agreement with these previous results. The main new feature of our analysis is that we obtained our results using NLO predictions for four-jet angular correlations. Furthermore, our systematic checks contain additional items arising from the estimate of the effects of the five-parton background and the variation of the y_{cut} parameter. We also checked that assuming four rather than five light flavours at the secondary vertex does not influence our results. This effect was not examined in any of the previous studies.

With the inclusion of the higher order corrections, the colour factor ratios became better constrained, especially T_R/C_F . We found an increase of about 15% on T_R/C_F using the NLO theoretical predictions instead of the LO one, while C_A/C_F was only slightly affected (about 3%).

The diamond symbol in Fig. 4 indicates the result one would expect if a leading order perturbative theory with light gluinos was the correct theory. This point falls well outside our 95% C.L. contour, indicating that the data do not favour the existence of light gluinos. A complete analysis to test for the existence of gluinos should use hadronization models and NLO predictions that include the effect of the gluinos [7]. The latter is possible using the DEBRECEN partonic Monte Carlo program we used for generating the NLO results (see the Appendix), but presently none of the existing hadronization models include gluinos.

Finally, we converted our measured parameters to the standard QCD parameters (using T_R = 1/2), which leads us to our main results:

α_s = 0.120 ± 0.011(stat.) ± 0.020(syst.) C_A = 3.02 ± 0.25(stat.) ± 0.49(syst.) C_F = 1.34 ± 0.13(stat.) ± 0.22(syst.)

Other techniques [22] provide precise determinations of α_s . In this study the measurement of α_s serves as a crosscheck and a consistent value was found. The larger uncertainty we obtain for α_s compared to other techniques can be traced to the functional dependence on the other two parameters.

6 Summary

In this paper, a test of perturbative QCD at LEP has been presented. With only the assumption of non-abelian gauge symmetry and standard hadronization models, we measured the eigenvalues of quadratic Casimir operators — the colour factors — of the underlying gauge group, together with the coupling of QCD. The measurement was based on the comparison of next-to-leading order perturbative predictions for four-jet angular variables, and the resummation improved next-to-leading order perturbative predictions for the multi-jet rates, to OPAL data taken between 1991 and 1995 at the Z peak. The results for the colour factors are as follows:

C_A = 3.02 ± 0.25(stat.) ± 0.49(syst.) , C_F = 1.34 ± 0.13(stat.) ± 0.22(syst.) ,

from a global fit to the angular correlations, four-jet rates, and differential two-jet rates. These values are in agreement with SU(3) values of C_A = 3 and C_F = 4/3 as well as with measured values obtained previously at LEP. The corresponding strong coupling value,

α_s = 0.120 ± 0.011(stat.) ± 0.020(syst.) ,

is in agreement with the world average.

A Appendix: Theoretical Predictions

The NLO perturbative expansion of the differential two-jet rates has the following expression:

D_2(y_{23}) ≡ 1 σ_{tot} dσ dy_{23}

= η(μ)A^′_{D2} (y_{23}) + η(μ)^2 [ B^′_{D2} (y_{23}) + β_0 ln(x_μ)A^′_{D2} (y_{23}) ] , (8)

where y_{23} is the y_{cut} value which separates the two- and three-jet configurations of an event. The corresponding formula in the case of the four-jet rates takes a similar form:

R_4(y_{cut}) ≡ σ_{4−jet} σ_{tot}

= η(μ)^2 B_{R4} (y_{cut}) + η(μ)^3 [ C_{R4} (y_{cut}) + β_0 ln(x^2_μ)B_{R4} (y_{cut}) ] . (9)

In Eqs. (8) and (9) σ_{tot} is the total hadronic cross section at O(η) accuracy and η(μ) ≡ α_s(μ) C_F 2π = η(M_Z) w(μ, M_Z ) ( 1 − β_1 β_0 η(M_Z) ln(w(μ, M_Z )) w(μ, M_Z ) ) . (10)

In the second equality in Eq. (10), we used the two-loop expression for the running coupling with w(μ, M_Z ) = 1 − β_0 η(μ) ln ( M_Z μ ) , (11)

and μ denotes the renormalization scale (x_μ = μ/ √ s, where √ s is the total c.m. energy).

We define the colour factor ratios as x = C_A C_F , y = T_R C_F , y_f = N_f y , (12)

where N_f is the number of active flavours. Then the coefficients in the expansion of the β function can be written as

β_0 = 11 3 x − 4 3 y_f , β_1 = 17 3 x^2 − 2 y_f − 10 3 x y_f . (13)

The functions A^′_{D2} , B_{R4} and B^′_{D2} , C_{R4} in Eqs. (8) and (9) are the perturbatively calculable coefficient functions in the Born approximation and the radiative correction, respectively, which are independent of the renormalization scale. The A^′_{D2} function is independent of x and y. The B functions are linear forms and the C_4 function is a quadratic form of these colour charge ratios [45]:

B_O = B^{(O)}_0 + B^{(O)}_x x + B^{(O)}_y y , O = D_2 , or R_4 (14)

C_{R4} = C^{(4)}_0 + C^{(4)}_x x + C^{(4)}_y y + C^{(4)}_z z + C^{(4)}_{xx} x^2 + C^{(4)}_{xy} x y + C^{(4)}_{yy} y^2 , (15) where z = C_C N_cC^3_F

, (16)

with

C_C =

N 2_c −1∑ a,b,c=1 Tr(T^aT^bT^{†c}) Tr(T^{†c}T^bT^a) (17)

being a cubic Casimir invariant of the gauge group.^7 We calculated these coefficient functions of the differential two-jet rates in the −6 ≤ ln(y_{23}) ≤ 0 y_{23} range and those of the four-jet rates in the −3 ≤ log_{10}(y_{cut}) ≤ 0 y_{cut} range using the partonic Monte Carlo program DEBRECEN [46]. All theoretical predictions were obtained for N_f = 5 light-quark flavours and with the normalization T_R =^1_2 . The latter choice is arbitrary and influences the values of the coefficient functions in such a way that the physical prediction remains unchanged.

7The results of the Monte Carlo integration for C^{(4)}_z are compatible with zero [18], therefore, z is not included as a free parameter in our fits.

The resummation formulas for various event shapes are given in Ref. [47] at the NLL accuracy for the cumulative cross section, R(y) = ∫ y 0 dy_{23} 1 σ dσ dy_{23}

, (18)

in the following form:

R^{NLL}(L) = (1 + C_1η + C_2η^2)e^{L g1(ηL)+g2(ηL)} , (19)

where L = − ln(y_{23}). The functions Lg_1(ηL) and g_2(ηL) represent the sums of the leading and next-to-leading logarithms, respectively, to all orders in the strong coupling. The colour decomposition of the g_1 and g_2 functions is given in Ref. [48]. The coefficient C_1 = −5/2 + π^2/6 − 6 ln 2 is known exactly [49] and C_2 can be determined from numerical integration of the O(α^2_s ) matrix elements (see below).

At NLO (i.e. O(α^2_s ) accuracy), the cumulative cross section for the differential two-jet rates has the form:

R^{O(α2s )}(L) = 1 + A(L) η + B(L) η^2 . (20) In order to have the best possible theoretical description, we fit the experimental data to the matched NLL and NLO results, which is expected to describe the data in a wider kinematical range than any of the two separately. In the case of D_2, our default matching procedure is the ln R-matching, which combines the NLL and NLO approximations according to the following formula:

ln R(L) = Σ(L, η) − (G_{11} L + G_{12} L^2)η − (G_{22} L^2 + G_{23} L^3)η^2 (21) +A(L) η + ( B_0(L) + x B_x(L) + y B_y(L) − 1 2 A(L)^2 ) η^2 .

where Σ(L, η) = Lg_1(ηL) + g_2(ηL) and the following two terms represent the two lowest order terms in the η-expansion of ln R. In the actual analysis, we used the differential distribution dσ/dL that is obtained from Eq. (21) as 1 σ dσ dL = exp(ln R) [ dΣ(L, η) dL − (G_{11} + 2 G_{12} L)η − (2 G_{22} L + 3 G_{23} L^2)η^2 (22)

+A^′(L) η + ( B^′_0(L) + x B^′_x(L) + y B^′_y(L) − A(L) A^′(L) ) η^2 ] , with A^′(L) and B^′(L) given in Eq. (8).

Eq. (22) contains the cumulative coefficients A(L) and B_i(L), the latter ones implicitly in R, that cannot be directly calculated using a partonic Monte Carlo program. We know, however, that

A(L) = C_1 + 2∑ m=1 R_{1m} L^m + D_1(L) , (23) and B_i(L) = C^{(i)}_2 + 4∑ m=1 R^{(i)}_{2m} L^m + D^{(i)}_2 (L) , i = 0, x, y , (24) where the colour decomposition of the R^{(i)}_{2m} logarithmic coefficients can be found in Ref. [5], except for R^{(i)}_{21} . This latter coefficient as well as the C^{(i)}_2 constants and the D_1(L), D^{(i)}_2 (L) functions can be determined by differentiating Eqs. (23) and (24) with respect to L and fitting to the coefficient functions as obtained from the partonic Monte Carlo program DEBRECEN. Following the fitting procedure of Refs. [47, 48] we obtained R^{(0)}_{21} = −16.531 ± 2.97(stat.), R^{(x)}_{21} = −4.293 ± 1.03(stat.), R^{(y)}_{21} = 4.54 ± 1.05(stat.), C^0_2 = −25.56 ± 4.04(stat.), C^x_2 = −1.53 ± 1.12(stat.), C^y_2 = −3.565 ± 1.17(stat.).

In order to account for the dependence on the renormalization scale x_μ, one has to make the following substitutions in Eq. (22):

B(L) → B(L) + A(L) β_0 ln x_μ , (25) Σ(λ, η) → Σ(λ, η) + λ^2g^0_1 ln x_μ , (26) G_{22} → G_{22} + G_{12}β_0 ln x_μ . (27)

The other widely used matching scheme is R-matching, which will serve as a systematic check of our matching procedure. In this case the NLL and NLO predictions are combined according to the following formula [1, 16]:

R^{R−match} = R^{NLL} + [ η^2 ( B − B^{NLL} ) + η^3 ( C − C^{NLL} )] , (28)

where B^{NLL} and C^{NLL} are the coefficients in the η-expansion of R^{NLL}. In the case of multijet rates, the NLL approximation does not exponentiate, therefore, the viable matching scheme for the four-jet rates is R-matching. The resummation formulas for the four-jet rates can be found in Refs. [16, 18].

The general form of the NLO differential cross section for the four-jet angular correlations O_4 is given by [14]: 1 σ_0 dσ dO_4

(O_4) = η(μ)^2 B_{O4} (O_4) + η(μ)^3 [ C_{O4} (O_4) + B_{O4} (O_4) β_0 ln(x^2_μ) ] , (29)

where σ_0 denotes the Born cross section for the process e^+e^− → q̄q. In Eq. (29) the Born and correction functions B_{O4} and C_{O4} have an analogous decomposition to Eqs. (14) and (15). To obtain the distributions normalised to unity in perturbation theory, we calculated the coefficient functions B^{(O4)}_i and C^{(O4)}_i in the linear and quadratic forms using the partonic Monte Carlo program DEBRECEN, and normalised those with the total O(η^3) four-jet cross section of the same y_{cut}.

References

[1] ALEPH Collaboration, D. Decamp et al., Phys. Lett. B 257, 479 (1991); ibid 284, 163 (1992).

[2] DELPHI Collaboration, P. Abreu et al., Zeit. Phys. C 54, 55 (1992); ibid 59, 21 (1993).

[3] L3 Collaboration, O. Adriani et al., Phys. Lett. B 284, 471 (1992); Phys. Rep. 236, 1 (1993).

[4] OPAL Collaboration, P.D. Acton et al., Zeit. Phys. C 55, 1 (1992); R. Akers et al., ibid 68, 519 (1995).

[5] OPAL Collaboration, P.D. Acton et al., Zeit. Phys. C 59, 1 (1993). [6] OPAL Collaboration, G. Abbiendi et al., Eur. Phys. J. C 17, 19 (2000). [7] G. Farrar, Phys. Rev. D 51, 3904 (1995); hep-ph/9707467 . [8] F. Csikor, Z. Fodor, Phys. Rev. Lett. 78, 4335 (1997), hep-ph/9712269 . [9] ALEPH Collaboration, R. Barate et al., Zeit. Phys. C 76, 1 (1997). [10] DELPHI Collaboration, P. Abreu et al., Phys. Lett. B 255, 466 (1991). [11] ALEPH Collaboration, D. Decamp et al., Phys. Lett. B 284, 151 (1992). [12] DELPHI Collaboration, P. Abreu et al., Zeit. Phys. C 59, 357 (1993); ICHEP94 Ref.

gls0180, 1994.

[13] OPAL Collaboration, R. Akers et al., Zeit. Phys. C 65, 367 (1995). [14] Z. Nagy and Z. Trócsányi, Phys. Rev. D 57, 5793 (1998).

[15] S. Catani, G. Turnock, B.R. Webber and L. Trentadue, Phys. Lett. B 263, 491 (1991).

[16] S. Catani, Yu.L. Dokshitzer, M. Olsson, G. Turnock and B.R. Webber, Phys. Lett.

B 269, 432 (1991).

[17] L. Dixon and A. Signer, Phys. Rev. D 56, 4031 (1997). [18] Z. Nagy and Z. Trócsányi, Nucl. Phys. B (Proc. Suppl.) 74, 48 (1999). [19] A. Signer, 32nd Rencontre de Moriond: QCD and High-energy Hadronic Interactions, ed.: J. Tran Thanh Van, Ed. Frontiéres, Gif-sur-Yvette (1997).

[20] S. Catani, in QCD at 200 TeV, Proc. 17th INFN Eloisatron Project Workshop, ed.:

L. Cifarelli and Yu.L. Dokshitzer, Plenum Press, New York (1992). [21] OPAL Collaboration, M.Z. Akrawy et al., Phys. Lett. B 235, 389 (1990);

OPAL Collaboration, M.Z. Akrawy et al., Zeit. Phys. C 49, 375 (1991); OPAL Collaboration, R. Akers et al., Zeit. Phys. C 63, 197 (1994).

[22] S. Bethke, J. Phys. G 26, R 27 (2000).

[23] M. Bengtsson and P.M. Zerwas, Phys. Lett. B 208, 306 (1988). [24] O. Nachtmann and A. Reiter, Zeit. Phys. C 16, 45 (1982). [25] J.G. Körner, G. Schierholz and J. Willrodt, Nucl. Phys. B 185, 365 (1981).

[26] OPAL Collaboration, K. Ahmet et al., Nucl. Instr. Meth. A 305, 275 (1991). [27] M. Arignon et al., Nucl. Instr. Meth. A 313, 103 (1992). [28] OPAL Collaboration, G. Alexander et al., Zeit. Phys. C 52, 175 (1991). [29] OPAL Collaboration, K. Ackerstaff et al., Eur. Phys. J. C 2, 213 (1998). [30] T. Sjöstrand, ’Pythia 5.7 and Jetset 7.4: Physics and Manual’, CERN-TH 7112/93 [31] T. Sjöstrand, Comp. Phys. Comm. 82, 74 (1994).

[32] R.K. Ellis, D.A. Ross and A.E. Terrano, Nucl. Phys. B 178, 421 (1981). [33] G. Cowan, J. Phys. G 24, 307 (1998).

[34] OPAL Collaboration, P.D. Acton et al., Phys. Lett. B 276, 547 (1992). [35] OPAL Collaboration, G. Alexander et al., Zeit. Phys. C 69, 543 (1996). [36] B. Andersson, G. Gustafson, G. Ingelman and T. Sjöstrand: Phys. Rep. 97, 31 (1983).

[37] J. Allison et al., Nucl. Instr. Meth. A 317, 47 (1992).

[38] F. James and M. Roos, Computer program MINUIT, CERN program library, writeup CERN D506 (1989).

[39] G. Marchesini and B.R. Webber, Nucl. Phys. B 310, 461 (1988); G. Marchesini, B.R. Webber, G. Abbiendi, I.G. Knowles, M.H. Seymour and L. Stanco, Comp. Phys. Comm. 67, 465 (1992).

[40] OPAL Collaboration, P. Acton et al., Phys. Lett. B 276, 547 (1992);

OPAL Collaboration, M.Z. Akrawy et al., Zeit. Phys. C 47, 505 (1990); L3 Collaboration, B. Adeva et al., Zeit. Phys. C 55, 39 (1992); ALEPH Collaboration, D. Buskulic et al., Zeit. Phys. C 55, 209 (1992).

[41] D. Michelsen, H. Müller, F. Wäckerle, Studies of 5-parton events in electron positron annihilation, IEKP-KA/94-11, Karlsruhe.

[42] DELPHI Collaboration, P. Abreu et al., Phys. Lett. B 414, 401 (1997). [43] OPAL Collaboration, R. Akers et al., Zeit. Phys. C 68, 519 (1995). [44] S. Kluth, P.A. Movilla-Fernandez, S. Bethke, C. Pahl, P. Pfeifenschneider, hepex/0012044.

[45] Z. Nagy and Z. Trócsányi, Phys. Lett. B 414, 187 (1997); Phys. Rev. D 59, 014020 (1999).

[46] Z. Nagy and Z. Trócsányi, Phys. Rev. Lett. 79, 3604 (1997);

http://dtp.atomki.hu/HEP/pQCD.

[47] S. Catani, L. Trentadue, G. Turnock, B.R. Webber, Nucl. Phys. B 407, 3 (1993). [48] G. Dissertori and M. Schmelling, Phys. Lett. B 361, 167 (1995). [49] N. Brown and J. Stirling: Zeit. Phys. C 53, 629 (1992);

S. Catani, Yu.L. Dokshitzer, F. Fiorani, B.R. Webber, Nucl. Phys. B 377, 445 (1992).

Figure 1: Distributions of the four-jet rates and the differential two-jet rates. OPAL data corrected to the parton level are denoted by points. The statistical uncertainty in the bins is smaller than the size of the circles. The small sections below each plot indicate the correction factors C^{tot}_i for experimental and hadronization effects with their statistical error (shaded area). The horizontal lines with arrows indicate the selected fit region. The QCD predictions shown by the dotted and dashed lines employ the world average α_s =0.119 and the standard values C_A = 3 and C_F = 4/3. The solid lines represent the result of the simultaneous fit of all six variables. 26

Figure 2: Distributions of the four-jet angular correlations. OPAL data corrected to the parton level are denoted by points. The statistical uncertainty in the bins is smaller than the size of the circles. The small sections below each plot indicate the correction factors C^{tot}_i for experimental and hadronization effects with their statistical error (shaded area). The horizontal lines with arrows indicate the selected fit region. For the normalised angular correlations, the distributions at leading and next-to-leading order are almost the same [14, 19], therefore, only the NLO results are shown.

Figure 3: Dependence of the fitted results for the colour factor ratios and η = α_sC_F /(2π) on the renormalization scale factor x_μ. The shaded area represents the range allowed by the statistical errors. The horizontal lines show the SU(3) values and the world average for α_s(M_Z ) translated to η using Eq. (10). The bottom figure shows the variation of the χ^2 of the fit with x_μ varied for jet-related variables.

Figure 4: Two dimensional plot of the ratios of the colour factors compared with previous results of the LEP experiments [9, 12, 13]. The legend in the top right corner describes this analysis. The contours are based on total uncertainties.