SLAC-PUB-8257 September 1999

Hadron Production in Quark and Antiquark Jets^�

David Muller

Representing The SLD Collaboration^{∗∗}

Stanford Linear Accelerator Center Stanford University, Stanford, CA 94309

Abstract

We present a number of jet fragmentation measurements in e^+e^− → hadrons. The ALEPH collaboration measures inclusive ρ^0(770), f_0(980) and f_2(1270) production rates, improving the world averages. The SLD collaboration measures π^±, K^± and p/p̄ production in light-, c- and b-flavor Z^0 decays, as well as leading hadrons in light-quark jets, precisely. The DELPHI collaboration measures the average charged multiplicity in light- and b-flavor events at 183 and 189 GeV, verifying a precise prediction of QCD and excluding flavor-independent fragmentation.

Presented at the 1999 International Europhysics Conference on High Energy Physics, 15–21 July, 1999, Tampere, Finland.

∗This work was supported in part by DOE grant DE-AC03-76SF00515.

1. Introduction

The process of fragmentation, by which a high-energy quark or gluon from a hard collision forms a jet of observable hadrons, remains an active frontier in elementary particle physics. It is not understood quantitatively due to the difficulty of calculations in this soft regime, although several phenomenological models have been developed. Measurements of the properties of jets test these models and encourage theoretical development. Since jets are used in precision tests of electroweak and strong physics and will constitute the largest signal for, and background to, any heavy particles to be discovered, our understanding must be as complete as possible. It would be especially useful to identify the origin of a given jet, i.e. whether initiated by a quark, antiquark or gluon, and by what flavor of q/q̄.

Identified particles are particularly useful for probing fundamental features of hadronization and constraining models. Hadrons containing a heavy (b or c) quark are produced only as leading particles or by gluon splitting. Strange particles are produced copiously in jets, but less than nonstrange particles, and we would like to understand the mechanism of flavor suppression. Baryons probe diquark production, and the relative production of pseudoscalar, vector, scalar and tensor mesons, and of excited baryons, probes the spin dynamics of hadronization. In section 2 we present contributed results on charged π^±, K^± and p/p̄ [1] and neutral ρ^0, f_0 and f_2 [2] production in hadronic Z^0 decays.

Three recent trends in hadronization studies provide deeper probes. One is the separation of e^+e^− → qq̄ events into different primary flavors: a large quark mass is expected by QCD to affect the particle flow near the jet axis; identified particles in light- and heavy-flavor events provide cleaner tests of models and information on heavy hadron decays, respectively. In section 3 we present results on charged multiplicities in b- and light-flavor events at the highest LEP energies [3], and on flavor-dependent π^±, K^± and p/p̄ production [1].

Another trend, comparing gluon jets with light quark jets, is covered in another talk [4]. The third is the study of leading particles that carry the q or q̄ that initiated the jet. In section 4 we present a precise measurement of π^+, π^−, K^+, K^−, p and p̄ production in light quark (u+d+s) jets [1]. Two other contributions, in which u, d, and s jets are separable, are covered in [5].

2. Inclusive Identified Hadron Production

SLD have updated [1] a study of π^±, K^± and p/p̄ production in hadronic jets. Their Cherenkov Ring Imaging Detector measures charged hadron fractions precisely over a wide momentum range, shown in fig. 1. Systematic errors on such measurements are correlated point-to-point, but combined with other, complementary measurements, ≤1% precision is available over most of the range, providing tight constraints on hadronization models.

The predictions of three such models are shown in fig. 1; all describe the data qualitatively, but fail in detail. Since the relative production of hadron species is built into

Figure 1: Charged hadron fractions in Z^0 decays; c.f. the predictions of three hadronization models.

the UCLA [6] and HERWIG [7] models via their masses, this suggests that no additional suppression mechanism is needed. The deviations of the JETSET [8] model from the data can be reduced by adjusting its free parameters.

ALEPH have updated their production measurement of the vector meson ρ^0(770), and included the scalar f_0(980) and tensor f_2(1270) mesons in a study [2] of π^+π^− pairs. The invariant mass spectrum is different from that predicted by JETSET, in both background and signal peak positions. The latter problem is known, and due at least partly to the absence of Bose-Einstein correlations in the model. An analytical approach to fitting the spectrum including these effects yields the production cross sections vs. x_p = p/p_{beam} shown in figs. 2-3.

There are changes in the ρ^0 cross section from their previous result, and the JETSET prediction is consistent with the data. The f_2 and f_0 cross sections are similar in shape to that of the ρ^0 but smaller by factors of seven and nine, respectively. JETSET, with the rate set by previous measurements, predicts a harder f_2 spectrum than is observed. The prediction for f_0, with the f_0:f_2 production ratio set by spin counting, is also too hard and is low by a factor of two.

These results improve our knowledge of ρ^0, f_0 and f_2 production, confirming that tensors and scalars are produced copiously in jets. Over two-thirds of the stable particles in Z^0 decays can now be attributed to decays of resonances; it is therefore important to search for more excited states.

Figure 2: Differential production cross section for ρ^0 mesons in Z^0 decays; the previous ALEPH measurement and the prediction of the JETSET model.

Figure 3: Differential cross section for f_2 (left) and f_0 (right) mesons in Z^0 decays; the JETSET predictions.

Figure 4: The difference between the average charged multiplicity in b- and light-flavor events as a function of E_{CM} . The horizontal (curved) band represents the prediction of QCD (flavor-independent fragmentation).

3. Flavor Dependent Fragmentation

DELPHI have measured ⟨n⟩, the average charged multiplicity, in b-, c- and light-flavor events at center-of-mass energies E_{CM} =183,189 GeV. Secondary vertex, event shape and track information is combined to tag b-, c-, and light-flavor samples of 91%, 26% and 78% purity, respectively, and a careful unfolding for the effects of backgrounds, tagging efficiencies and biases is performed. The differences δ⟨n⟩_{bl} = ⟨n⟩_b − ⟨n⟩_{light} are shown in fig. 4, along with similar results from lower E_{CM} .

QCD predicts that δ⟨n⟩_{bl} is precisely independent of E_{CM} , due to the suppression of gluon radiation collinear with the massive quark. The world’s data are consistent with this, and with the less precise prediction for the value of δ⟨n⟩_{bl}. The two new points provide enough reach in E_{CM} to rule out an alternative hypothesis, that the nonleading

Figure 5: Production ratios in b-:light- (left) and c-: light-flavor (right) events; predictions of three models.

multiplicity in a b jet should equal that of a light-flavor jet with energy E_{CM} /2 − E_{Bhadron} (see fig. 4).

SLD have used similar tagging methods to study π^±, K^± and p/p̄ production in light-, c- and b-flavor events. Results for light flavors (not shown) have coverage and precision comparable to the flavor-inclusive measurement (fig. 1). The same general features and problems with model predictions are observed, indicating that the latter are in the fragmentation modelling itself and not artefacts of the modelling of B and D hadron decays. The relative production in b- and c-flavor events is shown in fig. 5 and displays the features expected from the known fragmentation and decay properties of B and D hadrons. Problems with the detailed modelling of these decays are seen, especially in HERWIG.

Figure 6: Normalized production differences between a hadron and its respective antihadron in light quark jets; the predictions of three hadronization models.

4. Leading Particle Production

SLD have updated their measurements of π^+, π^−, K^+, K^−, p and p̄ in u,d,s quark jets, using light-tagged events in which the e^− beam polarization is used to tag the quark (vs. antiquark) jet with 73% purity. The fully corrected production differences D_h between hadron h and antihadron h̄, normalized by their sums, are shown in fig. 6. They are consistent with zero (equal h and h̄ production) at low x_p, but show significant deviations at high x_p.

The positive D_p is unambiguous evidence for leading baryon production, as the proton contains valence quarks and not antiquarks; u, d and s jets are expected to contribute with the same sign. Leading π^+ and π^− are expected from u and d quarks, respectively, and the small positive D_π� reflects the 22:17 ratio of Z^0 decays into dd̄:uū. The much larger D_K� indicates that leading K^− are produced predominantly in s rather than ū jets.

These data provide unique and powerful tests of hadronization models, under the assumption of Standard Model Zqq couplings, q = u, d, s. All three predictions for D_π� and D_K� are consistent with the data, as is the JETSET D_p; HERWIG and UCLA predict too large a D_p at high x_p.

5. Conclusion

Tremendous experimental progress continues to be made in the study of the hadronization process, expanding our knowledge and suggesting further studies on this frontier of particle physics. New ALEPH measurements of ρ^0, f_2 and f_0 production in hadronic Z^0 decays firmly establish the presence of many higher resonances in jets. Detailed SLD measurements of π^±,K^± and p/p̄ production provide additional sensitivity, as the majority can be attributed to resonance decays. This motivates continued study in this area, especially searches for additional resonances. If each event comprises only a handful of primary resonances, then this process might be calculable.

Deeper studies have been made by selecting the primary event flavor and/or the quark vs. antiquark jet. New DELPHI measurements of average charged multiplicities in band light-flavor events at high E_{CM} confirm the QCD prediction of depleted particle flow around the heavy quark, and exclude flavor-independent fragmentation. Precise SLD studies of flavor-dependent π^±, K^± and p/p̄ production help isolate problems with hadronization models that cannot be explained by heavy flavors, such as the unequal production of K^± and K^0/K̄^0. Precise SLD measurements of leading particle production in light quark jets can be used to develop methods for tagging u, ū, d, d̄, s and s̄ jets, which could be applied to a wide range of future physics.

References

[1] SLD Collab., SLAC-Pub-8159, HEP99-186.

[2] ALEPH Collab., ALEPH-99-057, HEP99-397.

[3] DELPHI Collab., DELPHI-99-118, HEP99-220.

[4] See talk by J.W. Gary, these proceedings.

[5] See talk by C. Grandi, these proceedings.

[6] S. Chun and C. Buchanan, Phys. Rep. 292 (1998) 239.

[7] G. Marchesini et al., Comp. Phy. Comm. 67 (1992) 465.

[8] T. Sjöstrand, Comp. Phy. Comm. 82 (1994) 74.

∗∗List of Authors

Kenji Abe,^{(21)} Koya Abe,^{(33)} T. Abe,^{(29)} I.Adam,^{(29)} T. Akagi,^{(29)} N. J. Allen,^{(5)} W.W. Ash,^{(29)} D. Aston,^{(29)} K.G. Baird,^{(17)} C. Baltay,^{(40)} H.R. Band,^{(39)} M.B. Barakat,^{(16)} O. Bardon,^{(19)} T.L. Barklow,^{(29)} G. L. Bashindzhagyan,^{(20)} J.M. Bauer,^{(18)} G. Bellodi,^{(23)} R. Ben-David,^{(40)} A.C. Benvenuti,^{(3)} G.M. Bilei,^{(25)} D. Bisello,^{(24)} G. Blaylock,^{(17)} J.R. Bogart,^{(29)} G.R. Bower,^{(29)} J. E. Brau,^{(22)} M. Breidenbach,^{(29)} W.M. Bugg,^{(32)} D. Burke,^{(29)} T.H. Burnett,^{(38)} P.N. Burrows,^{(23)} A. Calcaterra,^{(12)} D. Calloway,^{(29)} B. Camanzi,^{(11)} M. Carpinelli,^{(26)} R. Cassell,^{(29)} R. Castaldi,^{(26)} A. Castro,^{(24)} M. Cavalli-Sforza,^{(35)} A. Chou,^{(29)} E. Church,^{(38)} H.O. Cohn,^{(32)} J.A. Coller,^{(6)} M.R. Convery,^{(29)} V. Cook,^{(38)} R. Cotton,^{(5)} R.F. Cowan,^{(19)} D.G. Coyne,^{(35)} G. Crawford,^{(29)} C.J.S. Damerell,^{(27)} M. N. Danielson,^{(8)} M. Daoudi,^{(29)} N. de Groot,^{(4)} R. Dell’Orso,^{(25)} P.J. Dervan,^{(5)} R. de Sangro,^{(12)}

M. Dima,^{(10)} A. D’Oliveira,^{(7)} D.N. Dong,^{(19)} M. Doser,^{(29)} R. Dubois,^{(29)} B.I. Eisenstein,^{(13)} V. Eschenburg,^{(18)} E. Etzion,^{(39)} S. Fahey,^{(8)} D. Falciai,^{(12)} C. Fan,^{(8)} J.P. Fernandez,^{(35)} M.J. Fero,^{(19)} K.Flood,^{(17)} R. Frey,^{(22)} J. Gifford,^{(36)} T. Gillman,^{(27)} G. Gladding,^{(13)} S. Gonzalez,^{(19)} E. R. Goodman,^{(8)} E.L. Hart,^{(32)} J.L. Harton,^{(10)} A. Hasan,^{(5)} K. Hasuko,^{(33)} S. J. Hedges,^{(6)} S.S. Hertzbach,^{(17)} M.D. Hildreth,^{(29)} J. Huber,^{(22)} M.E. Huffer,^{(29)} E.W. Hughes,^{(29)} X.Huynh,^{(29)} H. Hwang,^{(22)} M. Iwasaki,^{(22)} D. J. Jackson,^{(27)} P. Jacques,^{(28)} J.A. Jaros,^{(29)} Z.Y. Jiang,^{(29)} A.S. Johnson,^{(29)} J.R. Johnson,^{(39)} R.A. Johnson,^{(7)} T. Junk,^{(29)} R. Kajikawa,^{(21)} M. Kalelkar,^{(28)} Y. Kamyshkov,^{(32)} H.J. Kang,^{(28)} I. Karliner,^{(13)} H. Kawahara,^{(29)} Y. D. Kim,^{(30)} M.E. King,^{(29)} R. King,^{(29)} R.R. Kofler,^{(17)} N.M. Krishna,^{(8)} R.S. Kroeger,^{(18)} M. Langston,^{(22)} A. Lath,^{(19)} D.W.G. Leith,^{(29)} V. Lia,^{(19)} C.Lin,^{(17)} M.X. Liu,^{(40)} X. Liu,^{(35)} M. Loreti,^{(24)} A. Lu,^{(34)} H.L. Lynch,^{(29)} J. Ma,^{(38)} G. Mancinelli,^{(28)} S. Manly,^{(40)} G. Mantovani,^{(25)} T.W. Markiewicz,^{(29)} T. Maruyama,^{(29)} H. Masuda,^{(29)} E. Mazzucato,^{(11)} A.K. McKemey,^{(5)} B.T. Meadows,^{(7)} G. Menegatti,^{(11)} R. Messner,^{(29)} P.M. Mockett,^{(38)} K.C. Moffeit,^{(29)} T.B. Moore,^{(40)} M.Morii,^{(29)} D. Muller,^{(29)} V.Murzin,^{(20)} T. Nagamine,^{(33)} S. Narita,^{(33)} U. Nauenberg,^{(8)} H. Neal,^{(29)} M. Nussbaum,^{(7)} N.Oishi,^{(21)} D. Onoprienko,^{(32)} L.S. Osborne,^{(19)} R.S. Panvini,^{(37)} C. H. Park,^{(31)} T.J. Pavel,^{(29)} I. Peruzzi,^{(12)} M. Piccolo,^{(12)} L. Piemontese,^{(11)} K.T. Pitts,^{(22)} R.J. Plano,^{(28)} R. Prepost,^{(39)} C.Y. Prescott,^{(29)} G.D. Punkar,^{(29)} J. Quigley,^{(19)} B.N. Ratcliff,^{(29)} T.W. Reeves,^{(37)} J. Reidy,^{(18)} P.L. Reinertsen,^{(35)} P.E. Rensing,^{(29)} L.S. Rochester,^{(29)} P.C. Rowson,^{(9)} J.J. Russell,^{(29)} O.H. Saxton,^{(29)} T. Schalk,^{(35)} R.H. Schindler,^{(29)} B.A. Schumm,^{(35)} J. Schwiening,^{(29)} S. Sen,^{(40)} V.V. Serbo,^{(29)} M.H. Shaevitz,^{(9)} J.T. Shank,^{(6)} G. Shapiro,^{(15)} D.J. Sherden,^{(29)} K. D. Shmakov,^{(32)} C. Simopoulos,^{(29)} N.B. Sinev,^{(22)} S.R. Smith,^{(29)} M. B. Smy,^{(10)} J.A. Snyder,^{(40)} H. Staengle,^{(10)} A. Stahl,^{(29)} P. Stamer,^{(28)} H. Steiner,^{(15)} R. Steiner,^{(1)} M.G. Strauss,^{(17)} D. Su,^{(29)} F. Suekane,^{(33)} A. Sugiyama,^{(21)} S. Suzuki,^{(21)} M. Swartz,^{(14)} A. Szumilo,^{(38)} T. Takahashi,^{(29)} F.E. Taylor,^{(19)} J. Thom,^{(29)} E. Torrence,^{(19)} N. K. Toumbas,^{(29)} T. Usher,^{(29)} C. Vannini,^{(26)} J. Va’vra,^{(29)} E. Vella,^{(29)} J.P. Venuti,^{(37)} R. Verdier,^{(19)} P.G. Verdini,^{(26)} D. L. Wagner,^{(8)} S.R. Wagner,^{(29)} A.P. Waite,^{(29)} S. Walston,^{(22)} J.Wang,^{(29)} S.J. Watts,^{(5)} A.W. Weidemann,^{(32)} E. R. Weiss,^{(38)} J.S. Whitaker,^{(6)} S.L. White,^{(32)} F.J. Wickens,^{(27)} B. Williams,^{(8)} D.C. Williams,^{(19)} S.H. Williams,^{(29)} S. Willocq,^{(17)} R.J. Wilson,^{(10)} W.J. Wisniewski,^{(29)} J. L. Wittlin,^{(17)} M. Woods,^{(29)} G.B. Word,^{(37)} T.R. Wright,^{(39)} J. Wyss,^{(24)} R.K. Yamamoto,^{(19)} J.M. Yamartino,^{(19)} X. Yang,^{(22)} J. Yashima,^{(33)} S.J. Yellin,^{(34)} C.C. Young,^{(29)} H. Yuta,^{(2)} G. Zapalac,^{(39)} R.W. Zdarko,^{(29)} J. Zhou.^{(22)}

(1)Adelphi University, Garden City, New York 11530, (2)Aomori University, Aomori , 030 Japan, (3)INFN Sezione di Bologna, I-40126, Bologna Italy, (4)University of Bristol, Bristol, U.K., (5)Brunel University, Uxbridge, Middlesex, UB8 3PH United Kingdom, (6)Boston University, Boston, Massachusetts 02215, (7)University of Cincinnati, Cincinnati, Ohio 45221, (8)University of Colorado, Boulder, Colorado 80309,

(9)Columbia University, New York, New York 10533,

(10)Colorado State University, Ft. Collins, Colorado 80523, (11)INFN Sezione di Ferrara and Universita di Ferrara, I-44100 Ferrara, Italy, (12)INFN Lab. Nazionali di Frascati, I-00044 Frascati, Italy, (13)University of Illinois, Urbana, Illinois 61801, (14)Johns Hopkins University, Baltimore, MD 21218-2686, (15)Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720, (16)Louisiana Technical University - Ruston,LA 71272, (17)University of Massachusetts, Amherst, Massachusetts 01003, (18)University of Mississippi, University, Mississippi 38677, (19)Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, (20)Institute of Nuclear Physics, Moscow State University, 119899, Moscow Russia, (21)Nagoya University, Chikusa-ku, Nagoya 464 Japan, (22)University of Oregon, Eugene, Oregon 97403, (23)Oxford University, Oxford, OX1 3RH, United Kingdom, (24)INFN Sezione di Padova and Universita di Padova I-35100, Padova, Italy, (25)INFN Sezione di Perugia and Universita di Perugia, I-06100 Perugia, Italy, (26)INFN Sezione di Pisa and Universita di Pisa, I-56010 Pisa, Italy, (27)Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX United Kingdom, (28)Rutgers University, Piscataway, New Jersey 08855, (29)Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309, (30)Sogang University, Seoul, Korea, (31)Soongsil University, Seoul, Korea 156-743, (32)University of Tennessee, Knoxville, Tennessee 37996, (33)Tohoku University, Sendai 980, Japan, (34)University of California at Santa Barbara, Santa Barbara, California 93106, (35)University of California at Santa Cruz, Santa Cruz, California 95064, (36)University of Victoria, Victoria, B.C., Canada, V8W 3P6, (37)Vanderbilt University, Nashville,Tennessee 37235, (38)University of Washington, Seattle, Washington 98105, (39)University of Wisconsin, Madison,Wisconsin 53706, (40)Yale University, New Haven, Connecticut 06511.