SLAC-PUB-8637 October 2000

Electroweak Measurements with Heavy Quarks at SLD^�

The SLD Collaboration^� Stanford Linear Accelerator Center Stanford University, Stanford, CA, 94309

Abstract

The SLD detector collected a sample of 550K hadronic events at the Z^0 peak from e^+e^− collisions at the SLC during the 1993 to 1998 period. Polarized electron beams, a small and stable interaction point and the excellent performance of the 3-D CCD vertex detector provide a unique environment for precision electroweak tests of the Standard Model. Improved measurements of heavy quark electroweak parameters are presented here.

Invited talk at the IV International Conference on Hyperons, Charm and Beauty Hadrons (Valencia, Spain, June 27^{th}-June 30^{th} 2000.

�Work supported by Department of Energy contract DE-AC03-76SF00515.

1 Introduction

The strength of the fermion couplings to the Z^0 can be measured via two clean experimental observables: the partial width

R_f =

Γ(Z^0 → ff̄) Γ(Z^0 → hadrons) = g^{f2}_L + g^{f2}_R Pudscb_{i (gi}2_{L + gi}2_{R )}, (1) and the coupling asymmetry

A_f = g^{f2}_L − g^{f2}_R g^{f2}_L + g^{f2}_R

, (2)

where g^f_L and g^f_R are the left-handed and right-handed couplings of the fermion f respectively. The Standard Model (SM) predictions for the magnitude of these parameters for all the quark and lepton families are listed in Table 1. The differ- g^f_L g^f_R R_f A_f^{δAf}_{δ sin2 θW} e, μ, τ -0.27 0.23 0.05 0.15 -7.9 u, c 0.35 0.15 0.17 0.67 -3.5 d, s, b -0.42 0.08 0.22 0.94 -0.6

Table 1: Magnitude of the fermion coupling parameters to the Z^0 for sin^2 θ_W = 0.23.

ent sensitivities of R_f and A_f to these couplings makes them two complementary observables in the complete determination of the Z^0 → ff̄ vertex. Taking as an example the case of the b quark: δR_b/R_b ∼ −1.78δg^b_L + 0.33δg^b_R, (3) δA_b/A_b ∼ −0.15δg^b_L + 0.86δg^b_R, which indicate that R_b is more sensitive to possible deviations in the left-handed coupling, while A_b is more sensitive to deviations to the right-handed coupling. Z^0 → bb̄ vertex corrections in the SM depend only on the left-handed coupling, and are particularly large due to the large top quark mass and the fact that |V_{tb}| ∼ 1. Anomalous right-handed currents are predicted in proposed extensions of the SM [1]. The SLAC Linear Collider and its operation with a polarized electron beam have been described in detail elsewhere [2]. Polarization, along with the small dimensions of the interaction point and the excellent vertexing capabilities [3] provide a unique environment to do precision studies of the electroweak theory of the SM, especially in the heavy quarks sector.

2 Flavour Tagging

Flavour tagging at SLD is performed through the topological reconstruction of the secondary vertex mass [4]. The efficiency of the tag is improved by adding a mini-

Figure 1: Distributions of the reconstructed raw and P_t corrected vertex masses for data (points) and Monte Carlo (histogram).

mum missing P_t correction to account for the contribution of neutral particles (see fig. 1). A standard cut used for b tagging, M_{vtx} > 2 GeV/c^2, gives a 98% pure selected sample, with a hemisphere efficiency of about 50%. Charm tagging is performed in the region 0.55 < M_{vtx} < 2 GeV/c^2, using a 2-dimensional cut in the (P_{vtx}, M_{vtx}) plane, as shown in fig. 2. The cuts applied require P_{vtx} >5 GeV/c and 15M_{vtx}-P_{vtx} <10, for an overall hemisphere efficiency of 15% and a purity of 70%.

Figure 2: Dependence of the secondary vertex momentum on the secondary vertex mass for charm (left) and bottom (right) events.

3 B physics at SLD

3.1 Rb measurement

The SLD R_b measurement is based on the double-tag technique [5]. Events are divided into two hemispheres and a b-tag is applied in each of them. Both R_b and the tag efficiency ϵ_b are extracted from the data by simultaneously resolving equations for the single and double tag rates. The only dependence on Monte Carlo is limited to the background efficiencies for uds and charm that enter these equations, and to the hemisphere correlation parameter λ_b (=^{ϵdb −ϵ2b}_{ϵb−ϵ2b} ). This analysis is thus not affected by uncertainties related to B production and decay modelling. A SM value for R_c is also assumed. The new SLD preliminary measurement from the 1993-1998 dataset is R_b = 0.2159 ± 0.0014(stat) ± 0.0014(syst), in good agreement with the SM expectation of 0.2158.

3.2 b Asymmetry

Four different techniques are used at SLD to measure A_b. One technique, performed only at SLD, uses K^± tracks identified by the Čerenkov Ring Imaging Detector (CRID) from the b → c → s decay chain [6]. bb̄ events are tagged by requiring at least one heavy-tagged hemisphere while the b quark sign is deduced from the total charge of the kaon tracks in the vertex. The correct sign probability is calibrated from the data by using events with both hemispheres b-tagged and nonzero charge in each hemisphere: we find p^{corr}_b = 70.7 ± 1.4% to be compared with a MC prediction of 72.4%. The sensitivity to the charm background fraction is reduced by the fact that, for the cascade nature of the tag, the signals for b → c → s and c → s decays have the same sign. The largest systematic error comes from calibration statistics. A maximum likelihood fit yields a preliminary measurement of A_b = 0.960 ± 0.040(stat) ± 0.069(syst) for the 1993-98 data sample. A second technique uses semileptonic decays into muons and electrons to perform a simultaneous maximum likelihood fit to the b and c asymmetries [7]. The b-quark sign is determined from the charge of the lepton and the direction from the jet axis nearest to it. Leptons are weighted according to their decay source probabilities (b direct, b cascade, c or background) as a function of the total momentum, transverse momentum w.r.t. the jet axis, vertex mass and track decay length information. In the muon analysis weights are calculated with a nearest neighbours technique in a MC phase space parametrized in terms of these variables; the electron analysis combines this and other vertexing information into a neural net algorithm, after applying a vertex requirement. The agreement between data and MC has been checked in thorough systematic studies. The preliminary result for the 1993-98 data sample is A_b = 0.922 ± 0.029 ± 0.024.

Another analysis uses the momentum-weighted track charge to sign the b quark, using the correlation between the charge of the quark and the high momentum tracks [8]. This is defined as:

Q = − X tracks q_i · sgn(⃗p_i · T̂ )|(⃗p_i · T̂ )|^κ, (4)

where q_i, ⃗p_i are the charge and momentum vector of track i. T̂ is the thrust axis and κ is chosen at ∼0.5 to optimize the charge separation. The correct sign probability is calibrated from data by reconstructing the unsigned momentum-weighted track charge in both hemispheres: the shape of these distributions allows for a simple parametrization of the analyzing power as a function of the jet charge. Both the small udsc background subtraction and the hemisphere charge correlation are estimated from MC. The preliminary result for the 1993-98 data sample is A_b = 0.882 ± 0.020(stat) ± 0.029(syst).

The most recent analysis developed at SLD uses the charge of the reconstructed vertex to identify the sign of the quark [9]. An upgraded b-tagging which uses neural nets for background rejection and track association is applied and only heavy-tagged hemispheres with non-zero vertex charge are selected. The reconstruction of the vertex charge benefits from the vertex detector (VXD3) self-tracking capabilities, by using ≥3 hit vectors in VXD3 (not linked to the drift chamber) along with fully linked tracks. The correct sign probability is calibrated from double-tag events, and is in good agreement with the MC prediction of p^{corr}_b ∼ 85%. The preliminary result with 1997-98 data is A_b = 0.926 ± 0.019(stat) ± 0.027(syst).

The SLD combined average of the A_b measurements (taking into account correlations) gives a result of A_b = 0.914 ± 0.024.

4 Charm physics at SLD

4.1 Rc measurement

The SLD R_c measurement is based on a double-tag technique [10]. A b-tag and c-tag are applied to every hemisphere. R_b and the efficiency for tagging a B hadron are derived from data by comparing single and double tag rates:

F_s = R_bϵ_b + R_cϵ_c + (1 − R_c − R_b)ϵ_{uds}, (5) F_d = R_b(ϵ^2_b + λ^h_b (ϵ_b − ϵ^2_b )) + R_c(ϵ^2_c + λ^h_c (ϵ_c − ϵ^2_c ))

+(1 − R_c − R_b)ϵ^2_{uds}

where ϵ_c, ϵ_{uds} and the hemisphere correlations λ^h_f are taken from Monte Carlo. Two similar equations hold for the c-tagged hemispheres:

G_s = R_bη_b + R_cη_c + (1 − R_b − R_c)η_{uds} (6) G_d = R_b(η^2_b + λ^l_b(η_b − η^2_b )) + R_c(η^2_c + λ^l_c(η_c − η^2_c ))

+(1 − R_b − R_c)η^2_{uds} and an additional one gives the mixed rate fraction:

M = 2[R_bϵ_bη_b + R_cϵ_cη_c + (1 − R_b − R_c)ϵ_{uds}η_{uds}]. (7)

The uds efficiency and the correlations are again taken from MC, so that with the knowledge of R_b and ϵ_b, there are 3 equations left with 3 unknowns. A high purity tag is generally needed for a double-tag measurement; in this case however, the background in the charm sample is mainly from b’s and the mixed equation allows to solve η_b from data using the high purity tag in the opposite hemisphere. The preliminary measurement for 1993-98 data is: R_c = 0.169 ± 0.005(stat) ± 0.004(syst).

4.2 Charm Asymmetry

Three techniques are used at SLD to determine A_c, all featuring the use of a b-veto to reject events with high vertex mass in either hemisphere.

The cleanest method is based on the exclusive reconstruction of D^∗ and D mesons in six different channels [11]. Kinematics and event topology information are used to reject b and uds background. The charge of the quark is given by the sign of the D^∗(or K) and its direction by the D meson direction. The asymmetry of the background is estimated in the mass sidebands. The low reconstruction efficiency for this method is compensated by the high correct sign probability and the good determination of the quark direction. Preliminary result with the 1993-98 data sample is: A_c = 0.689 ± 0.042(stat) ± 0.019(syst).

In the inclusive soft-pion analysis [11] c-quarks are identified by the presence of soft pions from the decay D^{∗+} → D^0π^+_s . Given the small Q value for this decay, the pion is produced along the D^∗ flight direction with a transverse momentum p^2_T ∼ 0. By cutting at p^2_T < 0.01 (GeV/c)^2, a S/N ratio of 1:2 is achieved. The direction of the quark is estimated from the jet axis and its sign by the charge of the π_s. Preliminary result for the 1993-98 data is: A_c = 0.683 ± 0.052(stat) ± 0.036(syst). Another technique uses an inclusive charm tagging [12] based on the reconstructed vertex mass in a similar way as the R_c analysis. The charm quark sign is obtained from either a non-zero vertex charge in the hemisphere (ϵ ∼ 50%) or from the charge of the attached kaon tracks (ϵ ∼ 25%), for a total correct sign fraction of 94%, calibrated from the data. Backgrounds from b events are constrained by the double-tag calibration. The preliminary measurement from the 1993-98 data sample is: A_c = 0.603±0.028(stat)± 0.023(syst). This analysis benefits from a significantly higher statistical power than all the other methods.

The SLD combined average of the A_c measurements gives A_c = 0.634 ±0.027.

5 Conclusions

Thanks to its vertexing capabilities and the presence of polarized beams, SLD has performed measurements of world-class precision. The direct measurement of A_b to better than 3% precision is the best of any single collaboration, A_c is at a 4% precision (best average) and R_c is the best double-tag measurement. Results are consistent with the Standard Model and analyses are still being improved.

6 Acknowledgements

We thank the personnel of the SLAC accelerator department and the technical staffs of our collaborating institutions for their outstanding efforts on our behalf. This work was supported by the U.S. Department of Energy and National Science Foundation, the UK Particle Physics and Astronomy Research Council, the Istituto Nazionale di Fisica Nucleare of Italy, the Japan-US Cooperative Research Project on High Energy Physics, and the Korea Science and Engineering Foundation.

References

[1] K. Y. Lee (Seoul National University), Phys. Lett. B472, 366 (1999).

[2] SLD Collaboration, K. Abe et al., Phys. Rev. Lett. 73, 25 (1994).

[3] K. Abe et al., Design and performance of the SLD vertex Detector, a 307 Mpixel Tracking system, Nucl. Instr. Meth. A400, 287 (1997).

[4] D. J. Jackson, A Topological Vertex Reconstruction Algorithm for hadronic Jets, Nucl. Instr. Meth. A388, 247 (1997).

[5] K. Abe et al., A measurement of R_b using a vertex mass tag, Phys. Rev. Lett.

80, 660 (1997).

[6] SLD Collaboration, K. Abe et al., SLAC-PUB-8200 (1999).

SLD Collaboration, K. Abe et al., Phys. Rev. Lett. 83, 1902 (1999).

[7] SLD Collaboration, K. Abe et al., SLAC-PUB-8516 (2000).

[8] SLD Collaboration, K. Abe et al., SLAC-PUB-7886 (1998).

[9] SLD Collaboration, K. Abe et al., SLAC-PUB-8542 (2000).

[10] SLD Collaboration, K. Abe et al., SLAC-PUB-7880 (1998).

[11] SLD Collaboration, K. Abe et al., submitted to Phys. Rev. D, SLAC-PUB-8447 (2000).

[12] SLD Collaboration, K. Abe et al., SLAC-PUB-8199 (1999).

∗ List of Authors

Koya Abe,^{(24)} Kenji Abe,^{(15)} T. Abe,^{(21)} I. Adam,^{(21)} H. Akimoto,^{(21)} D. Aston,^{(21)} K.G. Baird,^{(11)} C. Baltay,^{(30)} H.R. Band,^{(29)} T.L. Barklow,^{(21)} J.M. Bauer,^{(12)} G. Bellodi,^{(17)} R. Berger,^{(21)} G. Blaylock,^{(11)} J.R. Bogart,^{(21)} G.R. Bower,^{(21)} J.E. Brau,^{(16)} M. Breidenbach,^{(21)} W.M. Bugg,^{(23)} D. Burke,^{(21)} T.H. Burnett,^{(28)} P.N. Burrows,^{(17)} A. Calcaterra,^{(8)} R. Cassell,^{(21)} A. Chou,^{(21)} H.O. Cohn,^{(23)} J.A. Coller,^{(4)} M.R. Convery,^{(21)} V. Cook,^{(28)} R.F. Cowan,^{(13)} G. Crawford,^{(21)} C.J.S. Damerell,^{(19)} M. Daoudi,^{(21)} S. Dasu,^{(29)} N. de Groot,^{(2)} R. de Sangro,^{(8)} D.N. Dong,^{(13)} M. Doser,^{(21)} R. Dubois, I. Erofeeva,^{(14)} V. Eschenburg,^{(12)} E. Etzion,^{(29)} S. Fahey,^{(5)} D. Falciai,^{(8)} J.P. Fernandez,^{(26)} K. Flood,^{(11)} R. Frey,^{(16)} E.L. Hart,^{(23)} K. Hasuko,^{(24)} S.S. Hertzbach,^{(11)} M.E. Huffer,^{(21)} X. Huynh,^{(21)} M. Iwasaki,^{(16)} D.J. Jackson,^{(19)} P. Jacques,^{(20)} J.A. Jaros,^{(21)} Z.Y. Jiang,^{(21)} A.S. Johnson,^{(21)} J.R. Johnson,^{(29)} R. Kajikawa,^{(15)} M. Kalelkar,^{(20)} H.J. Kang,^{(20)} R.R. Kofler,^{(11)} R.S. Kroeger,^{(12)} M. Langston,^{(16)} D.W.G. Leith,^{(21)} V. Lia,^{(13)} C. Lin,^{(11)} G. Mancinelli,^{(20)} S. Manly,^{(30)} G. Mantovani,^{(18)} T.W. Markiewicz,^{(21)} T. Maruyama,^{(21)} A.K. McKemey,^{(3)} R. Messner,^{(21)} K.C. Moffeit,^{(21)} T.B. Moore,^{(30)} M. Morii,^{(21)} D. Muller,^{(21)} V. Murzin,^{(14)} S. Narita,^{(24)} U. Nauenberg,^{(5)} H. Neal,^{(30)} G. Nesom,^{(17)} N. Oishi,^{(15)} D. Onoprienko,^{(23)} L.S. Osborne,^{(13)} R.S. Panvini,^{(27)} C.H. Park,^{(22)} I. Peruzzi,^{(8)} M. Piccolo,^{(8)} L. Piemontese,^{(7)} R.J. Plano,^{(20)} R. Prepost,^{(29)} C.Y. Prescott,^{(21)} B.N. Ratcliff,^{(21)} J. Reidy,^{(12)} P.L. Reinertsen,^{(26)} L.S. Rochester,^{(21)} P.C. Rowson,^{(21)} J.J. Russell,^{(21)} O.H. Saxton,^{(21)} T. Schalk,^{(26)} B.A. Schumm,^{(26)} J. Schwiening,^{(21)} V.V. Serbo,^{(21)} G. Shapiro,^{(10)} N.B. Sinev,^{(16)} J.A. Snyder,^{(30)} H. Staengle,^{(6)} A. Stahl,^{(21)} P. Stamer,^{(20)} H. Steiner,^{(10)} D. Su,^{(21)} F. Suekane,^{(24)} A. Sugiyama,^{(15)} A. Suzuki,^{(15)} M. Swartz,^{(9)} F.E. Taylor,^{(13)} J. Thom,^{(21)} E. Torrence,^{(13)} T. Usher,^{(21)} J. Va’vra,^{(21)} R. Verdier,^{(13)} D.L. Wagner,^{(5)} A.P. Waite,^{(21)} S. Walston,^{(16)} A.W. Weidemann,^{(23)} E.R. Weiss,^{(28)} J.S. Whitaker,^{(4)} S.H. Williams,^{(21)} S. Willocq,^{(11)} R.J. Wilson,^{(6)} W.J. Wisniewski,^{(21)} J.L. Wittlin,^{(11)} M. Woods,^{(21)} T.R. Wright,^{(29)} R.K. Yamamoto,^{(13)} J. Yashima,^{(24)} S.J. Yellin,^{(25)} C.C. Young,^{(21)} H. Yuta.^{(1)}

(1)Aomori University, Aomori, 030 Japan, (2)University of Bristol, Bristol, United Kingdom, (3)Brunel University, Uxbridge, Middlesex, UB8 3PH United Kingdom, (4)Boston University, Boston, Massachusetts 02215, (5)University of Colorado, Boulder, Colorado 80309, (6)Colorado State University, Ft. Collins, Colorado 80523, (7)INFN Sezione di Ferrara and Universita di Ferrara, I-44100 Ferrara, Italy, (8)INFN Laboratori Nazionali di Frascati, I-00044 Frascati, Italy, (9)Johns Hopkins University, Baltimore, Maryland 21218-2686,

(10)Lawrence Berkeley Laboratory, University of California, Berkeley, California

94720,

(11)University of Massachusetts, Amherst, Massachusetts 01003, (12)University of Mississippi, University, Mississippi 38677, (13)Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, (14)Institute of Nuclear Physics, Moscow State University, 119899 Moscow, Russia, (15)Nagoya University, Chikusa-ku, Nagoya, 464 Japan, (16)University of Oregon, Eugene, Oregon 97403, (17)Oxford University, Oxford, OX1 3RH, United Kingdom, (18)INFN Sezione di Perugia and Universita di Perugia, I-06100 Perugia, Italy, (19)Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX United

Kingdom,

(20)Rutgers University, Piscataway, New Jersey 08855, (21)Stanford Linear Accelerator Center, Stanford University, Stanford, California

94309,

(22)Soongsil University, Seoul, Korea 156-743, (23)University of Tennessee, Knoxville, Tennessee 37996, (24)Tohoku University, Sendai, 980 Japan, (25)University of California at Santa Barbara, Santa Barbara, California 93106, (26)University of California at Santa Cruz, Santa Cruz, California 95064, (27)Vanderbilt University, Nashville,Tennessee 37235, (28)University of Washington, Seattle, Washington 98105, (29)University of Wisconsin, Madison,Wisconsin 53706, (30)Yale University, New Haven, Connecticut 06511.