SLAC-PUB-8133 April 1999

Light Quark Fragmentation and a Measurement of A_s^� at the SLD

Hermann Staengle

Colorado State University, Fort Collins, CO 80523

Representing The SLD Collaboration^{∗∗}

Stanford Linear Accelerator Center Stanford University, Stanford, CA 94309

Abstract

We have studied the fragmentation process in Z^0 → light-flavor (uū, dd̄, ss̄) events by measuring the differential cross sections for the production of the identified hadrons π^±, K^±, p/p̄, K^0_s , Λ^0/Λ̄^0, K^{∗0}/K̄^{∗0} and ϕ, and by performing a preliminary study of correlations in rapidity between pairs of identified π^±, K^±, and p/p̄. Short range charge correlations are observed between all combinations of these three hadron species. A strong long range correlation is observed for high-momentum charged kaon pairs, and weaker π^+π^−, π^+K^− and pK^− correlations are observed. The SLC beam polarization is used to tag the quark hemisphere in each event, allowing the first study of rapidities signed such that positive rapidity is along the quark rather than antiquark direction. Distributions of signed rapidities and of ordered differences between signed rapidities provide new insights into leading particle production and several new tests of fragmentation models. We have used these correlation studies to perform a preliminary direct measurement of the parity violating coupling of the Z^0 to strange quarks, A_s. Our result is: A_s = 0.82 ± 0.10(stat.) ± 0.08(syst.)(preliminary).

Invited talk presented at the 34th Rencontres de Moriond:

QCD and High Energy Hadronic Interactions Les Arcs, France 20–27 March 1999

∗Work supported in part by Department of Energy contracts DE-FG03-93ER40788 and DE-AC03-76SF00515.

1. Introduction

The process by which the primary q and q̄ in the decay of the Z^0 boson fragment into jets of hadrons is poorly understood theoretically. A number of phenomenological models exist. Measurements of the production of identified hadrons and the study of correlations in rapidity between identified charged hadrons are important for testing the predictions of theory and models.

Efficient particle identification provided by the SLD Cherenkov Ring Imaging Detector (CRID [1]) is central to most of our studies. The SLD vertex detector [2] was used to select flavor-tagged light (uū, dd̄, ss̄), cc̄ and bb̄ events. We have recently published our measurements of the production of identified π^±, K^±, p/p̄, K^0_s , Λ^0/Λ̄^0, K^{∗0}/K̄^{∗0} and ϕ in these flavor-tagged samples (details in Ref. [3]). Substantial flavor dependences are observed. These results were used to test the QCD predictions of MLLA+LPHD and the predictions of three fragmentation models (JETSET 7.4 [4], HERWIG 5.8 [5], and UCLA 4.1 [6]). We found the light-flavor data to be in better agreement with the MLLA QCD+LPHD prediction than the flavor inclusive sample. We observed a number of differences between data and simulation in the differential cross sections of the lightflavor sample that have been seen before in all-flavor events, and we can conclude that the discrepancies indicate problems with the modelling of light-flavor fragmentation. We also used the e^− beam polarization to study leading particle production in a unique way. We observed a significant effect for p/p̄, Λ^0/Λ̄^0, K^± and K^{∗0}/K̄^{∗0} at high particle momentum and found that high-momentum K^− (K^+) and K̄^{∗0} (K^{∗0}) are produced predominantly in s (s̄) jets.

The fragmentation process in hadronic jets can be probed more deeply by studying correlations [7, 8, 9] in rapidity between pairs of identified charged hadrons. In this paper we discuss several correlations in rapidity between identified charged hadrons, and we conclude with an application of the correlation studies to tag s and s̄ jets in a direct measurement of the parity violating coupling of the Z^0 to strange quarks, A_s. Approximately 300,000 hadronic Z^0 decays, produced by the SLAC Linear Collider (SLC) and recorded by the SLC Large Detector (SLD), are used in the study of correlations in rapidity and the A_s measurement. The SLC delivered an electron beam with an average polarization of 74% and an unpolarized positron beam. A description of the SLD detector, trigger, track and hadronic event selection, and Monte Carlo simulation, can be found in Ref. [10].

2. Rapidity Correlations

First we selected light-flavor events. For each track identified as π^±, K^± or p/p̄, we define the rapidity y = 0.5ln(^{E+pk}_{E−p‖} ) using the measured momentum, its projection p_‖ along the thrust axis, and the appropriate hadron mass. The absolute value of the difference between the rapidities of each pair of identified particles, |Δy| = |y_1 − y_2|, is a suitable scale-independent variable for probing the fragmentation process, and its distribution is shown in Figure 1 for each of the six pairs of identified hadron types. A significant excess of opposite charge pairs over same charge pairs at small values of |Δy| is observed for each hadron pair. For KK and pp pairs, this confirms local conservation of strangeness and baryon number, respectively. Excesses are seen in πK, Kp and πp for the first time and suggest charge ordering for all types of pairs in the fragmentation process. We have studied the range of this correlation as a function of momentum for all six pair combinations. We find that, within the context of the JETSET model, the range is independent of momentum for a given hadron pair type.

Figure 1: Rapidity difference distributions for opposite charge pairs (solid) and same charge pairs (dashed) of identified π^±, K^± and p/p̄.

Figure 2: |Δy| distributions for opposite charge pairs (solid) and same charge pairs (dashed) of identified π^±, K^± and p/p̄ with p > 9 GeV/c.

We expect long range correlations from leading particle production to be more important at high momentum. Figure 2 shows a clear separation between pairs in the same jet (|Δy| < 2.5) and those in opposite jets (|Δy| > 4) after requiring p > 9 GeV/c for both tracks. The large excess of opposite charge pairs for all pair types at small |Δy| confirms that locality holds even at the highest momenta. A strong long range correlation is observed for KK, and a weaker one for ππ, πK and Kp. For |Δy| > 4, the predictions of the JETSET model are generally consistent with the data, except that the simulation predicts much smaller πK and Kp correlations and a larger πp correlation than are observed in the data.

The SLC electron beam polarization allows the quark (vs. antiquark) direction to be tagged in each hadronic event, exploiting the large forward-backward quark production asymmetry in Z^0 decays. If the beam was left-(right-)handed, the forward (backward) thrust hemisphere was taken as quark jet. After removing events with | cos θ_{thrust}| < 0.15, the probability to tag the quark direction correctly is 73%. The resulting signed rapidity and the ordered differences between signed rapidities provide new insights into leading particle production and several new test of fragmentation models. The signed rapidity distributions of π^±, K^± and p/p̄ with p > 9 GeV/c confirm strong leading K^± and p/p̄ production and show evidence for leading π^± production. For particle-antiparticle pairs, we define Δy^{+−} = y_+ − y_− as the difference between the signed rapidities of the positively and negatively charged particle. Figure 3 gives the distribution of Δy^{+−} for π^+π^−, K^+K^− and pp̄. Asymmetries (also shown) in these distributions indicate ordering along the fragmentation chain. For K^+K^− pairs, the negative difference at high |Δy^{+−}| can be attributed to leading K^± being produced predominantly in ss̄ events. For the pp̄ pairs, the positive difference at low |Δy^{+−}| indicates that the p in an associated pp̄ pair follows the quark direction more closely than the p̄. This could be due to leading baryon production and/or to baryon number ordering along the fragmentation chain. The simulation is consistent with the data.

3. Strange Quark Asymmetry

We have performed a direct measurement of the strange quark asymmetry [11], A_s. Each thrust hemisphere of a light-flavor tagged event was required to contain at least one identified strange particle (K^±, K^0_s or Λ^0/Λ̄^0), and the strange particle of highest momentum was used to tag the strangeness of the hemisphere. We required at least one of the two hemispheres to have definite strangeness (i.e. to contain a K^± or Λ^0/Λ̄^0), and the other to have indefinite or opposite strangeness (e.g. K^+K^−). This procedure resulted in an overall ss̄ purity of 69% for the selected sample. The initial s quark direction is approximated by the thrust axis of the event, signed to point in the direction of negative strangeness. Figure 4 shows the polar angle distributions of the tagged strange quark for left-handed (P_e < 0) and right-handed (P_e > 0) electron beams. The expected production asymmetries, of opposite sign for the left-handed and the right-handed beams, are clearly visible. A_s was extracted from these distributions by a binned maximum likelihood fit. Also shown in the figure are our estimates of the non-ss̄ backgrounds. The cross-hatched histograms indicate cc̄ + bb̄ backgrounds, showing asymmetries of the same sign and similar slope to the total distribution. These backgrounds are understood experimentally and were evaluated using a detailed Monte Carlo simulation. Standard systematic variations of the simulation [10] were considered. The hatched histograms indicate uū + dd̄ backgrounds, showing asymmetries of the opposite sign. The size and slope of this background, as well as the analyzing power in ss̄ events, are not well understood experimentally.

Here we make use of the correlations for high-momentum charged kaons described above (Figure 2). Our Monte Carlo simulation was used to evaluate the parameters used in the fit, but was calibrated using the data. Since an s jet can produce one K, whereas a u jet or d jet must produce KK̄, the short range correlation is sensitive to the uū + dd̄ background. Similarly, long range same sign K pairs are enriched in uū + dd̄, but contaminated by s → KK̄K. Thus we count the number of hemispheres containing an identified K^+K^− pair or an identified K^±K^0 pair, and the number of events that were tagged with charged kaons of the same sign in both hemispheres, to constrain the uū+dd̄ background. We counted the number of hemispheres with three identified kaons to calibrate the analyzing power in ss̄ events. The uncertainties on the measured data/MC ratios of these quantities were taken as systematic variations. We obtain: A_s = 0.82 ± 0.10(stat.) ± 0.08(syst.)(preliminary). This result is consistent with the Standard Model expectation for A_s. Two LEP experiments have published forward-backward asymmetries from which A_s can be derived. Using A_e = 0.1499 [12], the DELPHI measurements [13] translate into A_s = 1.165 ± 0.332 and A_{d,s} = 0.996 ± 0.554. Similarly, the OPAL measurement [14] yields A_{d,s} = 0.605 ± 0.326. Our measurement is consistent with these and represents a substantial improvement in precision.

Figure 3: Distributions (left) of Δy^{+−} for positively and negatively charged identified hadrons of the same type. The differences (right) between the right and left sides of the distributions, compared with the prediction of the simulation.

Figure 4: Polar angle distributions of the tagged strange quark, for negative (left) and positive (right) beam polarization. The dots show data, and our estimates of the non-ss̄ backgrounds are indicated by the hatched histograms.

Acknowledgments

It is a pleasure to thank the organizers of the conference for their efforts in arranging an enjoyable meeting. We thank the personnel of the SLAC accelerator department and the technical staffs of our collaborating institutions for their outstanding efforts on our behalf. I would like to express my thanks to my SLD colleagues K. Baird and D. Muller for their help in the preparation of this talk and manuscript.

References

[1] K. Abe et al., Nucl. Inst. Meth. A343 (1994) 74. [2] C.J.S. Damerell et al., Nucl. Instr. Meth. A288 (1990) 236. [3] SLD Collaboration, K. Abe et al., Phys. Rev. D59 (1999) 52001. [4] T. Sjöstrand, Comput. Phys. Commun. 82 (1994) 74. [5] G. Marchesini et al., Comp. Phys. Comm. 67 (1992) 465. [6] S. Chun and C. Buchanan, Phys. Rep. 292 (1998) 239. [7] SLD Collaboration, K. Abe et al., SLAC-PUB-7824 (1998). [8] See e.g. DELPHI Collaboration, P. Abreu et al., Phys. Lett. B416 (1998) 247. [9] See e.g. TPC Collaboration, H. Aihara et al., Phys. Rev. Lett. 53 (1984) 2199. [10] SLD Collaboration, K. Abe et al., Phys. Rev. D53 (1996) 1023. [11] SLD Collaboration, K. Abe et al., SLAC-PUB-7825 (1998). [12] LEPEWWG/98-01 (1998).

[13] DELPHI Collaboration, P. Abreu et al., Z. Phys. C67 (1995) 1. [14] OPAL Collaboration, K. Ackerstaff et al., Z. Phys. C76 (1997) 387.

∗∗List of Authors

K. Abe,^{(2)} K. Abe,^{(19)} T. Abe,^{(27)} I.Adam,^{(27)} T. Akagi,^{(27)} N. J. Allen,^{(4)} A. Arodzero,^{(20)} W.W. Ash,^{(27)} D. Aston,^{(27)} K.G. Baird,^{(15)} C. Baltay,^{(37)} H.R. Band,^{(36)} M.B. Barakat,^{(14)} O. Bardon,^{(17)} T.L. Barklow,^{(27)} J.M. Bauer,^{(16)} G. Bellodi,^{(21)} R. Ben-David,^{(37)} A.C. Benvenuti,^{(3)} G.M. Bilei,^{(23)} D. Bisello,^{(22)} G. Blaylock,^{(15)} J.R. Bogart,^{(27)} B. Bolen,^{(16)} G.R. Bower,^{(27)} J. E. Brau,^{(20)} M. Breidenbach,^{(27)} W.M. Bugg,^{(30)} D. Burke,^{(27)} T.H. Burnett,^{(35)} P.N. Burrows,^{(21)} A. Calcaterra,^{(11)} D.O. Caldwell,^{(32)} D. Calloway,^{(27)} B. Camanzi,^{(10)} M. Carpinelli,^{(24)} R. Cassell,^{(27)} R. Castaldi,^{(24)} A. Castro,^{(22)} M. Cavalli-Sforza,^{(33)} A. Chou,^{(27)} E. Church,^{(35)} H.O. Cohn,^{(30)} J.A. Coller,^{(5)} M.R. Convery,^{(27)} V. Cook,^{(35)} R. Cotton,^{(4)}

R.F. Cowan,^{(17)} D.G. Coyne,^{(33)} G. Crawford,^{(27)} C.J.S. Damerell,^{(25)} M. N. Danielson,^{(7)} M. Daoudi,^{(27)} N. de Groot,^{(27)} R. Dell’Orso,^{(23)} P.J. Dervan,^{(4)} R. de Sangro,^{(11)} M. Dima,^{(9)} A. D’Oliveira,^{(6)} D.N. Dong,^{(17)} P.Y.C. Du,^{(30)} R. Dubois,^{(27)} B.I. Eisenstein,^{(12)} V. Eschenburg,^{(16)} E. Etzion,^{(36)} S. Fahey,^{(7)} D. Falciai,^{(11)} C. Fan,^{(7)} J.P. Fernandez,^{(33)} M.J. Fero,^{(17)} K.Flood,^{(15)} R. Frey,^{(20)} T. Gillman,^{(25)} G. Gladding,^{(12)} S. Gonzalez,^{(17)} E.L. Hart,^{(30)} J.L. Harton,^{(9)} A. Hasan,^{(4)} K. Hasuko,^{(31)} S. J. Hedges,^{(5)} S.S. Hertzbach,^{(15)} M.D. Hildreth,^{(27)} J. Huber,^{(20)} M.E. Huffer,^{(27)} E.W. Hughes,^{(27)} X.Huynh,^{(27)} H. Hwang,^{(20)} M. Iwasaki,^{(20)} D. J. Jackson,^{(25)} P. Jacques,^{(26)} J.A. Jaros,^{(27)} Z.Y. Jiang,^{(27)} A.S. Johnson,^{(27)} J.R. Johnson,^{(36)} R.A. Johnson,^{(6)} T. Junk,^{(27)} R. Kajikawa,^{(19)} M. Kalelkar,^{(26)} Y. Kamyshkov,^{(30)} H.J. Kang,^{(26)} I. Karliner,^{(12)} H. Kawahara,^{(27)} Y. D. Kim,^{(28)} R. King,^{(27)} M.E. King,^{(27)} R.R. Kofler,^{(15)} N.M. Krishna,^{(7)} R.S. Kroeger,^{(16)} M. Langston,^{(20)} A. Lath,^{(17)} D.W.G. Leith,^{(27)} V. Lia,^{(17)} C.-J. S. Lin,^{(27)} X. Liu,^{(33)} M.X. Liu,^{(37)} M. Loreti,^{(22)} A. Lu,^{(32)} H.L. Lynch,^{(27)} J. Ma,^{(35)} G. Mancinelli,^{(26)} S. Manly,^{(37)} G. Mantovani,^{(23)} T.W. Markiewicz,^{(27)} T. Maruyama,^{(27)} H. Masuda,^{(27)} E. Mazzucato,^{(10)} A.K. McKemey,^{(4)} B.T. Meadows,^{(6)} G. Menegatti,^{(10)} R. Messner,^{(27)} P.M. Mockett,^{(35)} K.C. Moffeit,^{(27)} T.B. Moore,^{(37)} M.Morii,^{(27)} D. Muller,^{(27)} V.Murzin,^{(18)} T. Nagamine,^{(31)} S. Narita,^{(31)} U. Nauenberg,^{(7)} H. Neal,^{(27)} M. Nussbaum,^{(6)} N.Oishi,^{(19)} D. Onoprienko,^{(30)} L.S. Osborne,^{(17)} R.S. Panvini,^{(34)} H. Park,^{(20)} C. H. Park,^{(29)} T.J. Pavel,^{(27)} I. Peruzzi,^{(11)} M. Piccolo,^{(11)} L. Piemontese,^{(10)} E. Pieroni,^{(24)} K.T. Pitts,^{(20)} R.J. Plano,^{(26)} R. Prepost,^{(36)} C.Y. Prescott,^{(27)} G.D. Punkar,^{(27)} J. Quigley,^{(17)} B.N. Ratcliff,^{(27)} T.W. Reeves,^{(34)} J. Reidy,^{(16)} P.L. Reinertsen,^{(33)} P.E. Rensing,^{(27)} L.S. Rochester,^{(27)} P.C. Rowson,^{(8)} J.J. Russell,^{(27)} O.H. Saxton,^{(27)} T. Schalk,^{(33)} R.H. Schindler,^{(27)} B.A. Schumm,^{(33)} J. Schwiening,^{(27)} S. Sen,^{(37)} V.V. Serbo,^{(36)} M.H. Shaevitz,^{(8)} J.T. Shank,^{(5)} G. Shapiro,^{(13)} D.J. Sherden,^{(27)} K. D. Shmakov,^{(30)} C. Simopoulos,^{(27)} N.B. Sinev,^{(20)} S.R. Smith,^{(27)} M. B. Smy,^{(9)} J.A. Snyder,^{(37)} H. Staengle,^{(9)} A. Stahl,^{(27)} P. Stamer,^{(26)} R. Steiner,^{(1)} H. Steiner,^{(13)} M.G. Strauss,^{(15)} D. Su,^{(27)} F. Suekane,^{(31)} A. Sugiyama,^{(19)} S. Suzuki,^{(19)} M. Swartz,^{(27)} A. Szumilo,^{(35)} T. Takahashi,^{(27)} F.E. Taylor,^{(17)} J. Thom,^{(27)} E. Torrence,^{(17)} N. K. Toumbas,^{(27)} A.I. Trandafir,^{(15)} J.D. Turk,^{(37)} T. Usher,^{(27)} C. Vannini,^{(24)} J. Va’vra,^{(27)} E. Vella,^{(27)} J.P. Venuti,^{(34)} R. Verdier,^{(17)} P.G. Verdini,^{(24)} S.R. Wagner,^{(27)} D. L. Wagner,^{(7)} A.P. Waite,^{(27)} Walston, S.,^{(20)} J.Wang,^{(27)} C. Ward,^{(4)} S.J. Watts,^{(4)} A.W. Weidemann,^{(30)} E. R. Weiss,^{(35)} J.S. Whitaker,^{(5)} S.L. White,^{(30)} F.J. Wickens,^{(25)} B. Williams,^{(7)} D.C. Williams,^{(17)} S.H. Williams,^{(27)} S. Willocq,^{(27)} R.J. Wilson,^{(9)} W.J. Wisniewski,^{(27)} J. L. Wittlin,^{(15)} M. Woods,^{(27)} G.B. Word,^{(34)} T.R. Wright,^{(36)} J. Wyss,^{(22)} R.K. Yamamoto,^{(17)} J.M. Yamartino,^{(17)} X. Yang,^{(20)} J. Yashima,^{(31)} S.J. Yellin,^{(32)} C.C. Young,^{(27)} H. Yuta,^{(2)} G. Zapalac,^{(36)} R.W. Zdarko,^{(27)} J. Zhou.^{(20)}

(1)Adelphi University, South Avenue, Garden City, NY 11530 (2)Aomori University, 2-3-1 Kohata, Aomori City, 030 Japan (3)INFN Sezione di Bologna, Via Irnerio 46, I-40126 Bologna, Italy (4)Brunel University, Uxbridge, Middlesex, UB8 3PH United Kingdom (5)Boston University, 590 Commonwealth Ave., Boston, MA 02215 (6)University of Cincinnati, Cincinnati, OH 45221

(7)University of Colorado, Campus Box 390, Boulder, CO 80309 (8)Columbia University, Nevis Laboratories, P.O. Box 137, Irvington, NY 10533 (9)Colorado State University, Ft. Collins, CO 80523

(10)INFN Sezione di Ferrara, Via Paradiso 12, I-44100 Ferrara, Italy (11)Lab. Nazionali di Frascati, Casella Postale 13, I-00044 Frascati, Italy (12)University of Illinois, 1110 West Green St., Urbana, IL 61801 (13)Lawrence Berkeley Laboratory, Dept. of Physics, 50B-5211 University of California,

Berkeley, CA 94720

(14)Louisiana Technical University, Ruston, LA 71272 (15)University of Massachusetts, Amherst, MA 01003 (16)University of Mississippi, University, MS 38677 (17)Massachusetts Institute of Technology, 77 Massachussetts Avenue, Cambridge, MA

02139

(18)Moscow State University, Institute of Nuclear Physics, 119899 Moscow, Russia (19)Nagoya University, Nagoya 464, Japan (20)University of Oregon, Department of Physics, Eugene, OR 97403 (21)Oxford University, Oxford, OX1 3RH, United Kingdom (22)Universita di Padova, Via F. Marzolo 8, I-35100 Padova, Italy (23)Universita di Perugia, Sezione INFN, Via A. Pascoli, I-06100 Perugia, Italy (24)INFN, Sezione di Pisa, Via Livornese 582/AS, Piero a Grado, I-56010 Pisa, Italy (25)Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX United Kingdom (26)Rutgers University, Serin Physics Labs., Piscataway, NJ 08855 (27)Stanford Linear Accelerator Center, 2575 Sand Hill Road, Menlo Park, CA 94025 (28)Sogang University, Ricci Hall, Seoul, Korea (29)Soongsil University, Seoul, Korea 156-743 (30)University of Tennessee, 401 A.H. Nielsen Physics Blg., Knoxville, TN 37996 (31)Tohoku University, Bubble Chamber Lab., Aramaki, Sendai 980, Japan (32)U.C. Santa Barbara, 3019 Broida Hall, Santa Barbara,,CA ,93106 (33)U.C. Santa Cruz, Santa Cruz,,CA ,95064 (34)Vanderbilt University, Stevenson Center, P.O.Box 1807, Station B, Nashville, TN

37235

(35)University of Washington, Seattle, WA 98105 (36)University of Wisconsin, 1150 University Avenue, Madison, WI 53706 (37)Yale University, 5th Floor Gibbs Lab., P.O.Box 208121, New Haven, CT 06520