CLNS 04-1887 CLEO 04-11

Measurement of the Muonic Branching Fractions of the Narrow Upsilon Resonances

G. S. Adams,^1 M. Chasse,^1 M. Cravey,^1 J. P. Cummings,^1 I. Danko,^1 J. Napolitano,^1 D. Cronin-Hennessy,^2 C. S. Park,^2 W. Park,^2 J. B. Thayer,^2 E. H. Thorndike,^2 T. E. Coan,^3 Y. S. Gao,^3 F. Liu,^3 R. Stroynowski,^3 M. Artuso,^4 C. Boulahouache,^4 S. Blusk,^4 J. Butt,^4 E. Dambasuren,^4 O. Dorjkhaidav,^4 N. Menaa,^4 R. Mountain,^4 H. Muramatsu,^4 R. Nandakumar,^4 R. Redjimi,^4 R. Sia,^4 T. Skwarnicki,^4 S. Stone,^4 J. C. Wang,^4 K. Zhang,^4 S. E. Csorna,^5 G. Bonvicini,^6 D. Cinabro,^6 M. Dubrovin,^6 A. Bornheim,^7 S. P. Pappas,^7 A. J. Weinstein,^7 R. A. Briere,^8 G. P. Chen,^8 T. Ferguson,^8 G. Tatishvili,^8 H. Vogel,^8 M. E. Watkins,^8 N. E. Adam,^9 J. P. Alexander,^9 K. Berkelman,^9 D. G. Cassel,^9 J. E. Duboscq,^9 K. M. Ecklund,^9 R. Ehrlich,^9 L. Fields,^9 R. S. Galik,^9 L. Gibbons,^9 B. Gittelman,^9 R. Gray,^9 S. W. Gray,^9 D. L. Hartill,^9 B. K. Heltsley,^9 D. Hertz,^9 L. Hsu,^9 C. D. Jones,^9 J. Kandaswamy,^9 D. L. Kreinick,^9 V. E. Kuznetsov,^9 H. Mahlke-Krüger,^9 T. O. Meyer,^9 P. U. E. Onyisi,^9 J. R. Patterson,^9 D. Peterson,^9 J. Pivarski,^9 D. Riley,^9 J. L. Rosner,^{9, ∗} A. Ryd,^9 A. J. Sadoff,^9 H. Schwarthoff,^9 M. R. Shepherd,^9 W. M. Sun,^9 J. G. Thayer,^9 D. Urner,^9 T. Wilksen,^9 M. Weinberger,^9 S. B. Athar,^{10} P. Avery,^{10} L. Breva-Newell,^{10} R. Patel,^{10} V. Potlia,^{10} H. Stoeck,^{10} J. Yelton,^{10} P. Rubin,^{11} C. Cawlfield,^{12} B. I. Eisenstein,^{12} G. D. Gollin,^{12} I. Karliner,^{12} D. Kim,^{12} N. Lowrey,^{12} P. Naik,^{12} C. Sedlack,^{12} M. Selen,^{12} J. J. Thaler,^{12} J. Williams,^{12} J. Wiss,^{12} K. W. Edwards,^{13} D. Besson,^{14} K. Y. Gao,^{15} D. T. Gong,^{15} Y. Kubota,^{15} B. W. Lang,^{15} S. Z. Li,^{15} R. Poling,^{15} A. W. Scott,^{15} A. Smith,^{15} C. J. Stepaniak,^{15} J. Urheim,^{15} Z. Metreveli,^{16} K. K. Seth,^{16} A. Tomaradze,^{16} P. Zweber,^{16} J. Ernst,^{17} A. H. Mahmood,^{17} K. Arms,^{18} K. K. Gan,^{18} D. M. Asner,^{19} S. A. Dytman,^{19} S. Mehrabyan,^{19} J. A. Mueller,^{19} V. Savinov,^{19} Z. Li,^{20} A. Lopez,^{20} H. Mendez,^{20} J. Ramirez,^{20} G. S. Huang,^{21} D. H. Miller,^{21} V. Pavlunin,^{21} B. Sanghi,^{21} E. I. Shibata,^{21} and I. P. J. Shipsey^{21}

(CLEO Collaboration) 1Rensselaer Polytechnic Institute, Troy, New York 12180 2University of Rochester, Rochester, New York 14627 3Southern Methodist University, Dallas, Texas 75275 4Syracuse University, Syracuse, New York 13244 5Vanderbilt University, Nashville, Tennessee 37235 6Wayne State University, Detroit, Michigan 48202 7California Institute of Technology, Pasadena, California 91125 8Carnegie Mellon University, Pittsburgh, Pennsylvania 15213 9Cornell University, Ithaca, New York 14853 10University of Florida, Gainesville, Florida 32611 11George Mason University, Fairfax, Virginia 22030 12University of Illinois, Urbana-Champaign, Illinois 61801 13Carleton University, Ottawa, Ontario, Canada K1S 5B6 and the Institute of Particle Physics, Canada 14University of Kansas, Lawrence, Kansas 66045 15University of Minnesota, Minneapolis, Minnesota 55455 16Northwestern University, Evanston, Illinois 60208

17State University of New York at Albany, Albany, New York 12222 18Ohio State University, Columbus, Ohio 43210 19University of Pittsburgh, Pittsburgh, Pennsylvania 15260 20University of Puerto Rico, Mayaguez, Puerto Rico 00681 21Purdue University, West Lafayette, Indiana 47907 (Dated: September 3, 2004)

Abstract

The decay branching fractions of the three narrow Υ resonances to μ^+μ^− have been measured by analyzing about 4.3 fb^{−1} e^+e^− data collected with the CLEO III detector. The branching fraction B(Υ(1S) → μ^+μ^−) = (2.49 ± 0.02 ± 0.07)% is consistent with the current world average but B(Υ(2S) → μ^+μ^−) = (2.03 ± 0.03 ± 0.08)% and B(Υ(3S) → μ^+μ^−) = (2.39 ± 0.07 ± 0.10)% are significantly larger than prior results. These new muonic branching fractions imply a narrower total decay width for the Υ(2S) and Υ(3S) resonances and lower other branching fractions that rely on these decays in their determination.

∗On leave of absence from University of Chicago.

Recent advances in Lattice QCD promise accurate predictions for a wide variety of nonperturbative quantities [1]. However, substantially improved data are needed to confront these predictions. The long-lived bb̄ states are especially well suited for establishing the accuracy of Lattice QCD calculations [2] as well as testing effective theories of the strong interactions, such as potential models [3], in the heavy quark sector. The large data sample collected recently by the CLEO detector in the vicinity of the Υ(nS) (n = 1, 2, 3) resonances enables us to determine the bb̄ resonance parameters, such as the leptonic and total decay widths, with unprecedented precision.

The total widths of the narrow Υ resonances below the open-beauty threshold cannot be measured directly since their natural widths (25 − 50 keV) are much narrower than the collider beam energy spread (4 − 5 MeV). The common indirect method to determine the total decay width (Γ) is to combine the leptonic branching fraction (B_{ℓℓ}) with the leptonic decay width (Γ_{ℓℓ}): Γ = Γ_{ℓℓ}/B_{ℓℓ} [3, 4]. In practice, assuming lepton universality (Γ_{ee} = Γ_{μμ} = Γ_{τ τ} ), the leptonic decay width is replaced by Γ_{ee}, which can be extracted from the energyintegrated resonant hadron production cross section in e^+e^− collisions, while the leptonic branching fraction is replaced by the muonic branching fraction, B_{μμ} ≡ B(Υ → μ^+μ^−), which can be measured more accurately than B_{ee} or B_{τ τ} . Therefore, it is very important to measure B_{μμ} precisely in order to determine the total decay widths of the narrow Υ resonances.

The leptonic branching fraction is also interesting in its own right since it represents the strength of the Υ decay to lepton pairs via annihilation to a virtual photon. Furthermore, B_{μμ} is generally used in determinations of the branching fractions of hadronic and electromagnetic transitions among the Υ states since these decays are often measured by observing the decay of the lower lying resonances to lepton pairs. In addition, comparing B_{μμ} to B_{ee} as well as to B_{τ τ} can provide a check of lepton universality and test the possible existence of new physics beyond the Standard Model [5].

Based on previous measurements, B_{μμ} has been established with a 2.4% accuracy for the Υ(1S) [4], and a modest 16% and 9% accuracy for the Υ(2S) [6–9], and Υ(3S) [8, 10], respectively. This paper reports the measurement of B_{μμ} for all three narrow resonances with a much larger data set and a more advanced detector. The new results enable us to determine the total decay widths of the Υ(2S) and Υ(3S) with better precision.

The data used in this analysis were collected by the CLEO III detector at the Cornell Electron Storage Ring, a symmetric e^+e^− collider. The analysis relies on the excellent charged particle tracking, electromagnetic calorimetry, and muon identification of CLEO III. The new tracking system consists of a 4-layer double-sided silicon vertex detector and a 47-layer drift chamber [11] residing in a 1.5 T solenoidal magnetic field. The crystal calorimeter and the muon detector system inherited from CLEO II [12] can identify muons with momentum above 1.0 GeV/c with high efficiency.

To determine B_{μμ}, we measure B̃_{μμ} ≡ Γ_{μμ}/Γ_{had} = (Ñ_{μμ}/ε_{μμ})/(Ñ_{had}/ε_{had}), where Γ_{μμ} (Γ_{had}) is the rate for Υ decay to μ^+μ^− (hadrons), and Ñ and ε are the number of observed (raw) resonance decays and the selection efficiency, respectively. Γ_{had} includes all decay modes of the resonances other than e^+e^−, μ^+μ^−, and τ^+τ^−. Assuming lepton universality we have B_{μμ} = Γ_{μμ}/Γ = B̃_{μμ}/(1 + 3B̃_{μμ}).

The major source of background is non-resonant (continuum) production of μ^+μ^− and hadrons via e^+e^− → μ^+μ^− and e^+e^− → qq̄ (q = u, d, c, s), respectively, which cannot be distinguished experimentally from the corresponding resonance decays. Hence, we use continuum data collected at energies just below each resonance to subtract these backgrounds.

The observed number of Υ decays to μ^+μ^− (or hadron) is Ñ = Ñ_{on} − SÑ_{off} , where S scales the luminosity of the off-resonance data to that of the on-resonance data and accounts for the 1/s dependence of the cross section.

Backgrounds from non-resonant e^+e^− → τ^+τ^−, two-photon fusion (e^+e^− → e^+e^−γ^⋆γ^⋆), or from radiative return to the lower resonances contribute less than 0.2% after the off-resonance subtraction. The remaining backgrounds (to μ^+μ^−) are mainly from cosmic rays, and more importantly from Υ(2S) and Υ(3S) decays to a lower Υ state, which decays to μ^+μ^− and the accompanying particles escape detection. The background from Υ → τ^+τ^− is negligible (< 0.05%) in the μ^+μ^− measuremen but it is significant in the hadron measurement.

Our results are based upon 1.1 fb^{−1} (1S), 1.2 fb^{−1} (2S), and 1.2 fb^{−1} (3S) data collected within 2-3 MeV at the peak of each resonance (“on-resonance samples”) as well as offresonance samples which were collected 20-30 MeV below the resonances and represent 0.19 fb^{−1} (below 1S), 0.44 fb^{−1} (below 2S), and 0.16 fb^{−1} (below 3S). The scale factors, S, between the on-resonance and the corresponding off-resonance samples are calculated from the luminosity measured with the e^+e^− → γγ process [13] which, unlike the e^+e^− final state, is not contaminated by resonance decays.

We select μ^+μ^− events by requiring exactly two oppositely charged tracks, each with momentum between 70% and 115% of E_{beam}, with polar angle | cos θ| < 0.8, and with the opening angle of the tracks greater than 170^∘. Muon identification requires each track to deposit 0.1 − 0.6 GeV in the electromagnetic calorimeter, characteristic of a minimum ionizing particle, and at least one track to penetrate deeper than five interaction lengths into the muon chambers.

We control the cosmic-ray background using the track impact parameters with respect to the e^+e^− interaction point (beam spot). From the location of the point nearest to the beam spot (as seen in the plane perpendicular to the beam axis) on each track we calculate the separation between the two tracks along the beam axis (Δz_0) and in the perpendicular plane (Δd_0) as well as their average distance from the beam spot along the beam axis (⟨z_0⟩) and in the perpendicular plane (⟨d_0⟩). We require |Δz_0| < 5 cm, |Δd_0| < 2 mm and (⟨z_0⟩/5 cm)^2 + (⟨d_0⟩/1.5 mm)^2 < 1. Cosmic events are uniformly distributed in the ⟨z_0⟩ and ⟨d_0⟩ variables while events from e^+e^− collisions populate a small area around (⟨z_0⟩, ⟨d_0⟩) = (0, 0). We use a two-dimensional sideband in ⟨z_0⟩ and ⟨d_0⟩ to estimate the remaining cosmic-ray background (Fig. 1a). This background is 0.3%−0.6% depending on the data sample. The observed rate of events with M_{μμ} > 1.1E_{cm} (after the momentum cuts have been relaxed) is consistent within 10% with these background estimates (Fig. 1b). We correct the number of μ^+μ^− events observed in the on-resonance and off-resonance samples individually for the cosmic background.

Requiring exactly two tracks suppresses the indirect μ^+μ^− production at the Υ(2S) and Υ(3S) from Υ(nS) → Υ(mS)π^+π^− followed by Υ(mS) → μ^+μ^− but it is ineffective against cascade decays containing only neutral particles. To reduce this background, we require fewer than two extra showers with more than 50 MeV (100 MeV) energy in the barrel (endcap) section of the calorimeter. This requirement significantly suppresses the background while the direct muon efficiency decreases by less than 1% (Fig. 2). We estimate the remaining cascade background using measured branching fractions [4] and a Monte Carlo simulation. The residual cascade background is (2.9 ± 1.5)% and (2.2 ± 0.7)% for Υ(2S) and Υ(3S), respectively, where the uncertainty is dominated by the leptonic branching fractions and the selection efficiencies.

The overall selection efficiency for Υ → μ^+μ^− decays is (65.2 ± 1.2)% from a GEANT-

FIG. 1: (a) Distribution of μ^+μ^− candidate events in off-resonance data below the Υ(3S) over the ⟨z_0⟩ vs. ⟨d_0⟩ plane. The ellipse encircles the signal region while the two rectangles define the sideband. (b) Scaled invariant mass distribution of the μ^+μ^− candidates in the signal region (dots) overlaid with the expected distribution from Monte Carlo simulation of e^+e^− → μ^+μ^− events. The shaded histogram represents the scaled distribution for events in the sideband. The vertical scale is logarithmic.

based [14] Monte Carlo simulation. The relative systematic uncertainty in the efficiency is 1.8% which is dominated by the uncertainty in the detector simulation (1.7%) determined from a detailed comparison between data and Monte Carlo distributions of all selection variables (Fig. 3).

The μ^+μ^− selection has been checked by calculating the e^+e^− → μ^+μ^− cross section using the number of μ^+μ^− events observed in the off-resonance samples, the corresponding Monte Carlo efficiency, and the integrated luminosity determined from Bhabha events. The measured cross section is consistent with the theoretical cross section including higher order radiative corrections [15].

When selecting hadronic events, we minimize the systematic uncertainty by maintaining high selection efficiency. QED backgrounds (e^+e^− → e^+e^−/μ^+μ^−/γγ) are suppressed by requiring ≥ 3 charged particles. In addition, for low multiplicity events with < 5 charged tracks, we require the total energy detected in the electromagnetic calorimeter to be more than 15% of E_{cm}, and either the total calorimeter energy to be less than 75% of E_{cm} or the most energetic shower to be less than 75% of E_{beam}. To suppress beam-gas and beam-wall

FIG. 2: Distribution of the scaled invariant mass of μ^+μ^− candidates from the Υ(2S) (left) and Υ(3S) (right) after off-resonance subtraction. The empty (shaded) histograms show the distributions before (after) rejecting events with extra showers in the calorimeter.

FIG. 3: Distribution of the scaled momentum (left) and the shower energy (right) of the μ^+ candidates from Υ(1S) decays after off-resonance subtraction (points) and from resonance Monte Carlo simulations (histogram). The vertical scale is logarithmic.

interactions we reject events in which the total energy visible in the calorimeter and in the tracking system is less than 20% of E_{cm}. We also use the event vertex position to reject the beam-related background as well as cosmic rays and to estimate the residual background from these sources. Background to the hadrons from Υ → τ^+τ^− decay is estimated to be (0.7 ± 0.1)%, (0.4 ± 0.3)%, and (0.5 ± 0.2)% for the Υ(1S), Υ(2S), and Υ(3S), respectively, where the uncertainty is dominated by the inaccuracy in the leptonic branching fractions and in the Monte Carlo efficiency.

We determine the selection efficiency for Υ → hadrons from Monte Carlo simulation of the detector using event generators based on Jetset 7.3 and 7.4 [16]. The two simulations result in a slightly different efficiency and a comparison of the distributions of the selection variables in data and Monte Carlo simulations suggests that the real efficiency is apparently in between. Hence, we average the two Monte Carlo efficiencies and assigned a relative systematic uncertainty to cover the difference between the two simulations: 1.6% (1S),

TABLE I: Number of resonance decays to μ^+μ^− and hadrons (Ñ), selection efficiencies (ε), and the muonic branching fractions after correcting for interference. The uncertainty is statistical only.

Υ(1S) Υ(2S) Υ(3S) Ñ_{μμ} (103) 344.9 ± 2.5 119.6 ± 1.8 81.2 ± 2.7 ε_{μμ} 0.652 ± 0.002 0.652 ± 0.002 0.652 ± 0.002 Ñ_{had} (106) 18.96 ± 0.01 7.84 ± 0.01 4.64 ± 0.01 ε_{had} 0.979 ± 0.001 0.965 ± 0.001 0.975 ± 0.001 B_{μμ} (%) 2.49 ± 0.02 2.03 ± 0.03 2.39 ± 0.07

FIG. 4: Muon pair invariant mass distributions in on-resonance (empty) and scaled off-resonance (shaded) data on the left and the difference between these two distributions on the right.

1.2% (2S) and 1.3% (3S). Uncertainties in the cascade and leptonic branching fractions of the Υ resonances contribute with an additional 0.3% added in quadrature to the total efficiency uncertainty in the case of the Υ(2S) and Υ(3S). The overall selection efficiency for hadronic resonance decays varies between 96-98% (largest for the 1S and smallest for the 2S) depending on the relative rate of cascade decays that can produce a stiff e^+e^− or μ^+μ^− in the final state.

Table I presents the observed number of μ^+μ^− and hadronic events from resonance decays (Ñ), and the corresponding selection efficiencies (ε), along with their statistical uncertainties. The invariant mass distribution of the μ^+μ^− candidates in the on-resonance and off-resonance samples and after off-resonance subtraction are shown in Fig. 4.

TABLE II: Fractional systematic uncertainties (%) in B_{μμ}.

Υ 1S 2S 3S ε_{had} 1.6 1.3 1.4 Ñ_{had} 0.2 0.3 0.4

ε_{μμ} 1.8 1.8 1.8 Ñ_{μμ} 0.1 1.6 0.9

Scale factor 0.8 2.3 3.1 Interference 1.0 1.0 1.0 Total 2.7 3.7 4.1

Since the effect of interference between the resonant and non-resonant production is energy dependent (expected to be destructive (constructive) below (above) the resonance [17]), and its relative contribution to μ^+μ^− is about ten times larger than to hadrons, the measured branching fraction depends slightly on the center-of-mass energy at which the data were taken. We estimate the effect of interference at the luminosity-weighted average centerof-mass energies of the on-resonance as well as the off-resonance samples using a convolution of an interference-corrected Breit-Wigner resonance shape, a Gaussian energy spread, and a radiative tail [18]. The resulting correction factors to the observed B_{μμ} branching fractions due to interference are 0.984, 0.961, and 0.982 for the Υ(1S), Υ(2S), and Υ(3S), respectively. The Υ(nS) → μ^+μ^− branching fractions listed in Table I are corrected for interference.

The total fractional systematic uncertainties in B_{μμ} are 2.7% (1S), 3.7% (2S), and 4.1% (3S), respectively. They are the quadrature sums of the fractional uncertainties due to several sources listed in Table II. The systematic uncertainty in the selection efficiency (ε) is from detector modeling (dominant), trigger efficiency and Monte Carlo statistics. The systematic uncertainty in the raw event number (Ñ) is due to uncertainties in various backgrounds mentioned earlier. Uncertainties in the interference calculation and variations in the centerof-mass energy contribute 1%. The dominant source of the systematic uncertainty in the cases of Υ(2S) and Υ(3S) is due to the uncertainty in the scale factor between the onresonance and off-resonance data.

The final branching fractions, including systematic uncertainties, are B_{μμ}(1S) = (2.49 ± 0.02 ± 0.07)%, B_{μμ}(2S) = (2.03 ± 0.03 ± 0.08)%, and B_{μμ}(3S) = (2.39 ± 0.07 ± 0.10)%. The result for the Υ(1S) is in very good agreement with the current world average of (2.48 ± 0.06)% [4], while our Υ(2S) and Υ(3S) results are about 3σ larger than the world average of (1.31 ± 0.21)% and (1.81 ± 0.17)% [4], respectively.

The total decay width of the resonances can be expressed as [4] Γ = Γ_{ee}Γ_{had}/Γ B_{μμ}(1 − 3B_{μμ}) . (1)

Our improved muonic branching fractions, combined with the current values of Γ_{ee}Γ_{had}/Γ [4] lead to the following new values for the total decay widths of the three narrow Υ resonances: Γ(1S) = (52.8 ± 1.8) keV, Γ(2S) = (29.0 ± 1.6) keV, and Γ(3S) = (20.3 ± 2.1) keV. The uncertainties are the quadrature sums of the statistical and systematic uncertainties.

The new total widths of the Υ(2S) and Υ(3S) have a significant impact on the comparison between theoretical and experimental values of hadronic and radiative widths of these resonances since the experimental widths are determined as a product of the total widths and the measured transition branching fractions. The new value of B_{μμ}(2S) also significantly lowers B(Υ(3S) → ππΥ(2S)) and B(Υ(3S) → γγΥ(2S)) (consequently B(χ_b(2P_J ) → γΥ(2S)) as well) when they are extracted from the measured exclusive Υ(3S) → ππℓ^+ℓ^− and γγℓ^+ℓ^− branching fractions.

In summary, we have measured the muonic branching fraction of the narrow Υ resonances below the open-beauty threshold with 2.8%, 4.0%, and 5.1% relative uncertainty. The obtained branching fractions for the Υ(2S) and Υ(3S) resonances are significantly larger than prior measurements and the current world average values, resulting in narrower total decay widths. The new branching fractions, particularly B_{μμ}(2S), also affect the measured rates of other transitions leading to the Υ resonances and observed by the subsequent decay Υ → μ^+μ^−.

We gratefully acknowledge the effort of the CESR staff in providing us with excellent luminosity and running conditions. This work was supported by the National Science Foundation and the U.S. Department of Energy.

[1] C. T. H. Davies et al., Phys. Rev. Lett. 92, 022001 (2004).

[2] B. A. Thacker and G. P. Lepage, Phys. Rev. D 43, 196 (1991); A. S. Kronfeld and P. B.

Mackenzie, Ann. Rev. Nucl. Part. Sci. 43, 793 (1993); C. T. H. Davies et al., Phys. Rev. D 58, 054505 (1998).

[3] D. Besson and T. Skwarnicki, Ann. Rev. Nucl. Part. Sci. 43, 333 (1993) and references therein. [4] Particle Data Group, S. Eidelman et al., Phys. Lett. B592, 1 (2004). [5] M. A. Sanchis-Lozano, Mod. Phys. Lett. A 17, 2265 (2002); hep-ph/0401031. [6] CLEO Collaboration, P. Haas et al., Phys. Rev. D 30, 1996 (1984). [7] ARGUS Collaboration, H. Albrecht et al., Z. Phys. C 28, 45 (1985). [8] CUSB Collaboration, T. M. Kaarsberg et al., Phys. Rev. Lett. 62, 2077 (1989). [9] Crystal Ball Collaboration, M. Kobel et al., Z. Phys. C 53, 193 (1992). [10] CLEO Collaboration, D. Andrews et al., Phys. Rev. Lett. 50, 807 (1983); CLEO Collaboration, W.-Y. Chen et al., Phys. Rev. D 39, 3528 (1989).

[11] D. Peterson et al., Nucl. Inst. Meth. A 478, 142 (2002).

[12] CLEO Collaboration, Y. Kubota et al., Nucl. Inst. Meth. A 320, 66 (1992); D. Bortoletto et al., Nucl. Inst. Meth. A 320, 114 (1992).

[13] CLEO Collaboration, G. Crawford et al., Nucl. Inst. Meth. A 345, 429 (1994). [14] R. Brun et al., Geant 3.21, CERN Program Library Long Writeup W5013 (1993). [15] R. Kleiss and S. van der Marck, Nucl. Phys. B342, 61 (1990). [16] T. Sjöstrand, Computer Physics Commun. 82, 74 (1994).

[17] B. H. Wiik and G. Wolf, Electron-Positron interactions, Springer-Verlag (1979). [18] E. A. Kuraev and V. S. Fadin, Sov. J. Nucl. Phys. 41, 466 (1985).