Recent QCD Results from LEP-1 and LEP-2

J. William Gary Department of Physics, University of California, Riverside CA 92521

A summary is given of some recent QCD results from LEP. For LEP-2, the topics include event shape measurements, determinations of αS, and measurements of the charged particle multiplicity distribution at the recently completed run at E c:m:=189 GeV. For LEP-1, the topics presented are a test of the flavor independence of αS and a study of gluon jets using a hemisphere definition to correspond to analytic calculations. For the combined LEP data samples, the topics include a test of power law corrections for hadronization effects and the running of αS.

I. INTRODUCTION

In the LEP-1 period of data collection, from 1989 to 1995, about 170 pb^{−1} of data were collected by each LEP experiment at energies near the mass of the Z^0 boson, yielding approximately 4 × 10^6 hadronic annihilation events per experiment. So far at LEP-2, which began in 1996 and is scheduled to run through 2000, a total of 270 pb^{−1} of data has been collected at center-of-mass (c.m.) energies, E_{c.m.}, of 161, 172, 183 and 189 GeV. Although the luminosity at LEP-2 is large, the event rate is small: the corresponding numbers of QCD events are only about 400, 240, 1300 and 3000 per experiment. By “QCD event,” it is meant a hadronic annihilation event produced through the s-channel decay of a virtual Z^0/γ to a quark-antiquark pair, in which there is minimal initial-state photon radiation so that the hadronic system carries near to the full c.m. energy value. Besides the LEP-1 and LEP-2 data, LEP ran at an energy of about 133 GeV in 1995 and 1997: thus well above the Z^0 mass but below the threshold for W^+W^− production. This data is sometimes referred to as LEP-1.5. About 10 pb^{−1} of data were collected at LEP-1.5, yielding about 700 QCD events. The LEP-2 data provide the possibility to study QCD at the highest available e^+e^− energies, where uncertainties from hadronization and unknown higher order terms in perturbative expressions for experimental observables are relatively small. The large statistics of the LEP-1 data allow tests and measurements not possible with other data samples. The LEP data together allow the energy evolution of QCD quantities to be studied. In the following, we present a summary of some recent work in QCD performed using the LEP data. We first present preliminary results from the recently completed run at 189 GeV. Following this, we discuss some unique and precise tests of QCD made using LEP-1 data. Last, we present results using the combined LEP data samples to test QCD predictions for the energy scaling of several quantities.

II. RESULTS FROM 189 GEV

LEP ran at 189 GeV during 1998. Each LEP experiment collected a data sample of about 190 pb^{−1}, more than the integrated luminosity collected during the entire LEP-1 period. The most basic QCD test which can be performed using these data is to examine variables which measure the distribution of particle energy and momenta and to compare them to the predictions of QCD Monte Carlo event generators. Standard “event shape” variables used for this purpose are Thrust T [1], Heavy Jet Mass M_H [2], Jet Broadening Variables B_W and B_T [3], and y^D_{23} (sometimes referred to as y_3 or D_2). Thrust is defined as

T = max ∑ i=1,N

⃗p_i · n̂_T ∑ i=1,N |⃗p_i| ,

where the thrust axis n̂_T is the unit vector which maximizes T, as indicted. The sum is over the particles in the event, with ⃗p the particle momentum. The quantities M_H, B_W and B_T are defined by dividing events into hemispheres using the plane perpendicular to n̂_T: M_H is the larger of the two hemisphere invariant mass values, while B_W and B_T are defined by B_W=max(B_1,B_2) and B_T=B_1+B_2 with

B_j = ∑ i∈j |⃗p_i × n̂_T| ∑ i=1,N |⃗p_i| with the index j=1,2 referring to the hemisphere and where the sum in the numerator is over the particles in hemisphere j. Last, y^D_{23} is the resolution value at which an event changes from being classified as a two-jet event to being classified as a three-jet event using the k_⊥ (“Durham”) recombination jet algorithm [4]. In Fig. 1 (left), ALEPH measurements of 1-T, (M_H/E_{c.m.})^2 and B_W at 189 GeV are shown in comparison to the predictions of the Pythia [5], Herwig [6] and Ariadne [7] Monte Carlo multihadronic parton shower event generators. The parameters of the event generators were tuned using Z^0 data. The event generators are seen to describe the 189 GeV data well, demonstrating that the energy evolution of the variables is as expected from QCD.

FIG. 1. Measurements of event shape variables at 189 GeV from ALEPH (left) [9] and OPAL (right) [8]. The ALEPH results are shown at the hadron level in comparison to the predictions of QCD parton shower Monte Carlo programs. The OPAL results are shown at the parton level; the solid curves show the results of a fit of O(α^2_S)+NLLA calculations to the data.

The event shape variables defined above have an importance beyond that of comparison to Monte Carlo predictions in that they are stable under the emission of soft and collinear radiation, allowing them to be calculated perturbatively. Calculations of these variables have been performed to two loop order, corresponding to O(α^2_S ) in e^+e^− annihilations. In addition to the O(α^2_S ) calculations, the leading and next-to-leading logarithmically divergent terms have been summed to all orders into analytic functions, an approximation known as NLLA. The combination of the two calculations yields predictions valid to O(α^2_S )+NLLA, the most complete theoretical description of event shape variables which is currently available. In Fig. 1 (right), OPAL measurements of event shapes at 189 GeV are shown after correction for the effects of hadronization (the hadronization corrections are derived from the Monte Carlo programs). The solid curves in Fig. 1 (right) show the results of a fit of the O(α^2_S )+NLLA predictions to the data. The preliminary value of α_S extracted from this fit is 0.106 ± 0.001(stat.)±0.005(syst.) [8], for which the largest systematic uncertainties are from the hadronization corrections, the matching of the O(α^2_S ) and NLLA calculations, and the ambiguity in the value to choose for the renormalization scale. L3 and ALEPH have also reported preliminary results for α_S at 189 GeV, using a similar technique. The ALEPH and L3 results, α_S (189 GeV)=0.110 ± 0.001(stat.)±0.003(syst.) [9], and 0.1082 ± 0.0028(exp.)±0.0052(theo.) [10], can be combined with the OPAL value to yield α_S (189 GeV)=0.108 ± 0.001(stat.)±0.004(syst.), which is significantly smaller than the result α_S (91 GeV)=0.121 ± 0.003(stat.+syst.) obtained from the ratio of the hadronic to the leptonic decay widths of the Z^0 measured at LEP-1 [11]: this is an example of the running of α_S between LEP-1 and LEP-2. The LEP combined result given above is obtained by taking the statistical uncertainties as uncorrelated and the simple mean of the systematic uncertainties.

Preliminary results for the mean charged particle multiplicity of QCD events at 189 GeV, ⟨n_{ch.}⟩(189 GeV), have been presented by ALEPH and OPAL: the results are 27.37 ± 0.20(stat.)±0.27(syst.) [9] and 26.94 ± 0.17(stat.)±0.41(syst.) [8], respectively, which can be combined to yield 27.12 ± 0.13(stat.)±0.34(syst.). This value is substantially larger than the value measured at 91 GeV: ⟨n_{ch.}⟩(91 GeV)=21.00 ± 0.20(stat.+syst.). A comparison of the 189 GeV result to Monte Carlo predictions and a test of the energy scaling of ⟨n_{ch.}⟩ are presented below in section IV.

III. RESULTS FROM LEP-1

A. Flavor independence of αS

In QCD, the strong interaction is flavor blind, i.e. gluons couple with equal strength to quarks of all flavors. e^+e^− colliders are well suited to test this aspect of the Standard Model because flavor tagging techniques and α_S measurements are both well developed areas. The procedure is to tag the event flavor “f” in e^+e^−→q_f q_f → hadrons events, where the flavor tags are f=uds, c or b, with uds an undifferentiated sample of light quark (uds) events. In a recent OPAL study [12], uds and b events are identified using the signed impact parameter values of charged tracks with respect to the primary interaction point, b, since the distribution of this variable is strongly skewed towards positive values for b events, and to a lesser extent for c events, but not for uds events. By requiring that there be no track in an event with b/σ_b>2.5, where σ_b is the uncertainty of b, a uds sample purity of 86% is obtained. By requiring that there be at least five tracks with b/σ_b>2.5, a b sample with a purity of 96% is selected. c events are identified by requiring the presence of high energy D^{∗±} mesons, yielding a sample purity of 55%. α_S is measured in the flavor tagged samples using event shape variables such as are discussed above in section II. The results for the flavor independence of α_S are presented in the form α^b_S α^{uds}_S ; α^c_S α^{uds}_S , where α^f_S is the strong coupling strength measured for flavor sample f. The results are presented in this form so that the main uncertainties, from hadronization and the renormalization scale, partially cancel in the ratios. Thus the flavor independence of α_S can be measured with greater precision than α_S itself.

FIG. 2. Results on the flavor independence of αS from DELPHI [13], OPAL [12] and SLD [14]. These results utilize O(α^2_S) mass corrections [15] for c and b quarks.

Previous results on the flavor independence of α_S have been based on leading order mass corrections for the heavy c and b quarks. DELPHI [13], OPAL and SLD [14] have now presented studies which utilize recent O(α^2_S ) mass corrections [15] for c and b quarks. The results are summarized in Fig. 2. The flavor independence of α_S is verified to better than 1% for the b/uds flavors and to 3% for the c/uds flavors.

B. Gluon jet studies

Most studies of gluon jets are from e^+e^− annihilations. Recent results on gluon jets include a study of unbiased gluon jets by OPAL [16], a study of the scale evolution of gluon jet multiplicity by DELPHI [17], and a study of the splitting of gluons to bb pairs by SLD. These latter two topics are presented in separate talks at this conference (see the contributions by Oliver Klapp and Toshinori Abe, these proceedings); hence only the OPAL study is discussed here.

To test theoretical predictions in a meaningful manner, the experimental definition of jets should match the theroetical one. Theoretical predictions of gluon jet properties are based on the production of a virtual gluon jet pair, gg, from a color singlet point source. The jet properties are obtained inclusively by summing over the event hemispheres: thus there is no selection of a specific event topology. In contrast, most studies of gluon jets employ a jet finding algorithm to identify e^+e^−→ qqg events with a prominent three-jet structure, interpreted as arising from two quark jets and a gluon jet. Results from these “3-jet events” cannot be used to test QCD predictions in a quantitative manner since the experimental selection does not satisfy the inclusive requirements of the calculations. In particular, results based on 3-jet events usually exhibit a strong dependence on the jet finding algorithm employed for the analysis.

gg production from a color singlet point source is a process which has been practically unobserved in nature. One channel where the experimental selection of gluon jets matches the theoretical criteria is e^+e^− hadronic annihilation events in which the quark jets q and q from the electroweak Z^0/γ decay are approximately colinear: the gluon jet hemisphere against which the q and q recoil is produced under the same conditions as gluon jets in gg events [18,19]. OPAL selected events of the type e^+e^−→ q_{tag}q_{tag}g_{incl.}, in which g_{incl.} refers to a gluon jet hemisphere recoiling against two tagged quark jets q_{tag} and q_{tag} in the opposite hemisphere. The OPAL result is obtained for a for g_{incl.} jet energy of E_{jet}=40 GeV.

FIG. 3. The prediction of the Herwig parton shower Monte Carlo event generator for g incl: gluon jet hemispheres from e^+e� annihilations, in comparison to the Herwig predictions for hemispheres in gg and uds events produced from a color singlet point source [16].

Fig. 3 shows a Monte Carlo comparison of g_{incl.} hemispheres from e^+e^− annihilations and hemispheres of gg events, for the distributions of charged particle multiplicity n_{ch.}, rapidity y, and scaled particle energy x_E = E/E_{jet}. The solid points show Monte Carlo predictions for g_{incl.} jets. The solid curves show Monte Carlo predictions for gg event hemispheres with the same energy as the g_{incl.} jets. The results for g_{incl.} jets and gg event hemispheres are almost indistinguishable, establishing the validity of this technique to identify gluon jets in a manner which corresponds to point source production from a color singlet.

In the most recent OPAL study of g_{incl.} jets [16], 439 gluon jets are identified with a purity of 83%. The gluon jet hemispheres are compared to hemispheres of light quark (uds) events, selected as explained above for the analysis on the flavor independence of α_S . The ratio r_{ch.} of the mean multiplicity in gluon jets to that in quark jets is measured to be r_{ch.} = 1.514±0.019 (stat.)±0.034 (syst.), in excellent agreement with recent QCD calculations of this quantity [20].

The measured distributions of y and x_E for the gluon and uds hemispheres are shown in Fig. 4. A striking feature of these results is the nearly factor of two difference between the mean multiplicities of gluon and quark jets at small values of rapidity and x_E . The ratio of the mean gluon to quark jet charged particle multiplicity for |y| ≤ 1 is measured to be r_{ch.}(|y| ≤ 1)=1.919 ± 0.047 (stat.) ± 0.095 (syst.). For soft particles, i.e. particles with energies E << E_{jet}, QCD predicts that the mean multiplicities in gluon and quark jets differ by a factor of r = C_A/C_F = 2.25 [21]. Monte Carlo study demonstrates that the experimental variable r_{ch.}(|y| ≤ 1) does indeed yield 2.25 at the parton level for a large energy (E_{jet}=5 TeV): hence the experimental variable r_{ch.}(|y| ≤ 1) corresponds to the multiplicity ratio r between gluon and quark jets as it is defined for analytic calculations. Because the experimental definition of gluon jets in this analysis corresponds to the theoretical one, these results provide the most direct test to date of QCD predictions for gluon jets.

FIG. 4. (Left) Corrected distributions of charged particle rapidity, y, for 40.1 GeV g incl: gluon jets and 45.6 GeV uds quark jets. The ratio of the gluon to quark jet rapidity distributions for 40.1 GeV jets. (Right) The corresponding results for charged particle scaled energy, xE = E/E jet. The top plots show the separated gluon and quark jet results; the bottom plots show the ratio between the two [16].

IV. ENERGY SCALING OF QCD VARIABLES

A. Power law corrections for non-perturbative effects

A power law ansatz has been presented [22] to treat hadronization corrections analytically. The ansatz takes the form ⟨y⟩ = ⟨y_{pert.}⟩ + ⟨y_{non−pert.}⟩ (1) where ⟨y⟩ represents the mean value of an event shape variable such as Thrust, with ⟨y_{pert.}⟩ a term calculable in perturbative QCD, and ⟨y_{non−pert.}⟩ a non-perturbative term meant to replace the Monte Carlo derived hadronization corrections often used in the experimental analysis of e^+e^− data. The perturbative term ⟨y_{pert.}⟩ has been calculated to O(α^2_S ). The non-perturbative term is given by ⟨y_{non−pert.}⟩ = C_yf(α_S , α_0) E_{c.m.} where f is a universal function of α_S and α_0, with α_0 a non-perturbative parameter predicted to have the same value for all variables y. This ansatz has been tested by DELPHI and ALEPH by fitting expression (1) to e^+e^− measurements of ⟨y⟩ versus E_{c.m.}, with α_S and α_0 as fitted parameters. The renormalization scale is chosen to be the mass of the Z^0 for this fit. The DELPHI study, using LEP and lower energy e^+e^− data, is summarized in Fig. 5 (left). DELPHI base their analysis on the energy evolution of the mean Thrust and Heavy Jet Mass values. The solid lines in Fig. 5 (left) show the results of the fit. The contribution of the perturbative term is shown by the dashed lines. The corresponding ALEPH results for the mean Thrust value are shown in Fig. 5 (right). ALEPH also includes the mean C-parameter [23] value in their study.

FIG. 5. Results on the energy evolution of the mean values of Thrust and Heavy Jet Mass in e^+e� annihilations [24]. The preliminary results for α_S and α_0 from DELPHI and ALEPH are given in the table below. The fits yield generally consistent results for α_S (M_Z) and α_0: in this sense the power law ansatz provides a successful description of the data.

B. Energy scaling of ffS and mean multiplicity

Last, we present studies of the energy scaling of α_S and ⟨n_{ch.}⟩ at LEP. Fig. 6 (left) shows measurements of α_S from L3. The measurements for E_{c.m.}>M_Z are determined using the LEP-1, LEP-1.5 and LEP-2 data in the manner described in section II. The measurements below E_{c.m.}=M_Z are obtained from LEP-1 events in which the initial-state e^− or e^+ radiates a photon, thus reducing the energy of the hadronic system. The uncertainties shown are statistical only, i.e. the correlated systematic terms are omitted to emphasize the running character of α_S . The solid line shows the evolution predicted by QCD, which agrees well with the data. It is interesting that the high luminosity 183 and 189 GeV points fall directly on the solid curve which also passes through the high statistics LEP-1 point. Fig. 6 (right) shows measurements of ⟨n_{ch.}⟩ versus E_{c.m.}. The top portion of this figure shows the n_{ch.} distribution measured by

Experiment Event Shape Variable α0 αS(MZ) χ^2/d.o.f.

DELPHI T 0.49 � 0.1 0.119 � 0.005 1.9 DELPHI (MH/E c:m:)^2 0.55 � 0.03 0.119 � 0.004 0.2 ALEPH T 0.45 � 0.08 0.119 � 0.006 1.3 ALEPH C 0.46 � 0.06 0.113 � 0.004 0.8

FIG. 6. (Left) L3 results on the running of αS [10]. (Right) OPAL measurements the charged particle multiplicity distribution at 189 GeV and of the energy evolution of the mean charged multiplicity [8].

OPAL at 189 GeV. Shown in comparison to the data are the predictions of the principle QCD Monte Carlo programs, tuned to provide an approximately equivalent description of global event properties at the Z^0. Pythia, Herwig and Ariadne, all based on parton showers with coherence (soft gluon interference), are seen to describe the energy evolution of the mean multiplicity well. Cojets [25], based on a parton shower without coherence, describes the high energy data poorly and thus does not exhibit the correct energy scaling behavior. A similar result is obtained by ALEPH using a variant of Pythia without coherence [9]. These results are highly suggestive of the need to include coherence effects in QCD predictions to obtain an accurate description of multiplicity in e^+e^− data.

[1] S. Brandt et al., Phys. Lett. 12 57 (1964); E. Fahri, Phys. Rev. Lett. 39 1587 (1977). [2] T. Chandramohan and L. Clavelli, Nucl. Phys. B184 365 (1981). [3] S. Catani, G. Turnock and B.R. Webber, Phys. Lett. 295 269 (1992). [4] S. Catani et al., Phys. Lett. B269 432 (1991). [5] T. Sjöstrand, Comp. Phys. Comm. 82 74 (1994).

[6] G. Marchesini, B.R. Webber et al., Comp. Phys. Comm. 67 465 (1992). [7] L. Lönnblad, Comp. Phys. Comm. 71 15 (1992). [8] D. Plane, Report to LEPC, CERN, November 12, 1998. [9] E. Lancon, Report to LEPC, CERN, November 12, 1998. [10] R. Clare, Report to LEPC, CERN, November 12, 1998.

[11] The LEP collaborations ALEPH, DELPHI, L3 and OPAL, the LEP Electroweak Working Group, and the SLD Heavy Flavor Group, CERN-EP/99-015.

[12] OPAL Collaboration, G. Abbiendi et al., submitted to Eur. Phys. J. C. [13] DELPHI Collaboration, P. Abreu et al., Phys. Lett. B418 430 (1998). [14] SLD Collaboration, K. Abe et al., Phys. Rev. D59 12002 (1999).

[15] A. Ballestrero, E. Maina and S. Moretti, Phys. Lett. B415 265 (1994); W. Bernreuther, A. Brandenburg and P. Uwer, Phys. Rev. Lett. 79 189 (1997); G. Rodrigo, A. Santamaria and M. Bilenkii, Phys. Rev. Lett. 79 193 (1997).

[16] OPAL Collaboration, G. Abbiendi et al., CERN-EP/99-028. [17] DELPHI Collaboration, P. Abreu et al., CERN-EP/99-003.

[18] Yu.L. Dokshitzer, V. A. Khoze and S. I. Troyan, Sov. J. Nucl. Phys. 47 881 (1988). [19] J. W. Gary, Phys. Rev. D49 4503 (1994).

[20] S. Lupia and W. Ochs, Phys. Lett. B418 214 (1998); P. Eden and G. Gustafson, JHEP 09(1998)015. [21] S.J. Brodsky and J. Gunion, Phys. Rev. Lett. 37 402 (1976); K. Konishi, A. Ukawa and G. Veneziano, Phys. Lett. B78 243 (1978).

[22] Yu.L. Dokshitzer and B.R. Webber, Phys. Lett. B352 451 (1995). [23] G. Parisi, Phys. Lett. B74 65 (1978).

[24] DELPHI Collaboration, DELPHI note 98-81 Conf. 149; ALEPH Collaboration, ALEPH note 98-049, Conf. 98-023. [25] R. Odorico, Comput. Phys. Commun. 72 238 (1992).