hep-ex/9912026 v2 14 Dec 1999

Precision Electroweak Physics at the Z

Morris L. Swartz

Department of Physics and Astronomy

The Johns Hopkins University 3400 North Charles Street Baltimore, Maryland 21218 U.S.A.

December 14, 1999

Abstract

A review of the decade of Z-pole electroweak physics is presented. Although all experimental work has been completed, it represents a “Golden Age” in our understanding of the Minimal Electroweak Standard Model (MSM). The latest (and nearly final) results from the LEP and SLC experiments are presented. The remaining inconsistencies are discussed and and their effects upon the MSM interpretation are explored.

Plenary talk presented at the XIX International Symposium on Lepton and Photon Interactions at High Energies Stanford University, August 9-14, 1999

Precision Electroweak Physics at the Z

M.L. Swartz Department of Physics and Astronomy Johns Hopkins University, Baltimore, Maryland 21218

1 Introduction

The experimental study of the process e^+e^− → Z → ff̄ began 10 years ago and ended (data taking) just over 1 year ago. The first electroweak measurements performed at the Z were presented exactly 10 years ago at LP89 in this auditorium [1]. Those results which were based upon a sample of 233 events are compared with the present state of the art in Table 1. The LP99 measurements are approximately 100 times more precise than their LP89 counterparts! The reader should keep in mind that the LP89 measurements were among the best electroweak measurements available at that time.

Quantity LP89 (233 events) LP99 (18M events) m_Z (GeV) 91.17±0.18 91.1871±0.0021 Γ_Z (GeV) 1.95^{+0.40}_{−0.30} 2.4944±0.0024 N_ν 3.0±0.9 2.9835±0.0083

Table 1: A comparison the Z-pole electroweak results presented at LP89 and the similar results at LP99.

The last decade has seen a remarkable improvement in our knowledge of various electroweak parameters. Much of the improvement is due to the study of the Z resonance at LEP and the SLC. The LEP program completed data-taking at the Z in 1995 and the SLC program finished in 1998. Many final or nearly final electroweak results are now being produced by the five experiments: ALEPH, DELPHI, L3, OPAL, and SLD. These new results are the subject of this talk which may well be the last Lepton-Photon talk dedicated to Z pole electroweak physics.

This document is organized as follows: Section 2 includes definitions of the quantities to be discussed, Section 3 contains a summary of the experimental results, Section 4 contains a brief interpretation of the results, and Section 5 contains a summary and conclusions.

2 Definitions

2.1 The Zff̄ Vertex

The coupling of the Z to a fermion (f) antifermion (f̄ ) pair is described by the following Lagrangian density,

L = ( G_F m^2_Z 2 √ 2 )_1/_2

Ψ_f γ_μ (v_f − a_f γ_5) Ψ_f Z^μ (1) = ( G_F m^2_Z 2 √ 2 )_1/_2

Ψ_f γ_μ [ g^f_L (1 − γ_5) + g^f_R (1 + γ_5) ] Ψ_f Z^μ (2)

where v_f and a_f are vector and axial vector coupling constants, and g^f_L = (v_f + a_f )/2 and g^f_R = (v_f − a_f )/2 are left- and right-handed combinations. The vector and axial vector couplings are related to the quantum numbers of the fermion as follows

v_f = √ ρ_f ( 2I^f_3 − 4Q_f sin^2 θ_f ) (3) a_f = √ ρ_f ( 2I^f_3 ) . (4)

where I^f_3 is the third component of weak isospin, Q_f is the electric charge, and the parameters ρ_f ∼ 1 and sin^2 θ_f ∼ 0.23 incorporate electroweak radiative corrections.

2.2 The Z-Peak Cross Section

The cross section for the process e^+e^−(P_e) → Z → ff̄ is described in the center-of-mass frame by the following expression, dσ^f_Z dΩ = 9 4 sΓ_{ee}Γ_f¯_f /m^2_Z (s − m^2_Z)^2 + s^2Γ^2_Z/m^2_Z {( 1 + cos^2 θ ) [1 − P_eA_e] + 2 cos θA_f [−P_e + A_e] } (5) where: P_e is the polarization of the electron beam, s is the square of the cm energy, m_Z is the mass of the Z, Γ_Z is the total width of the Z, θ is the angle between the incident electron and the outgoing fermion, Γ_f¯_f is the partial width for Z → ff̄ , and A_f is the left-right coupling constant asymmetry. The partial widths and coupling coupling constant asymmetries are related to the couplings defined in the Lagrangian,

Γ_f¯_f = N_c ·

G_F m^3_Z 24π √ 2 ( v^2_f + a^2_f ) (1 + δ_{rc}) (6)

A_f = 2v_f a_f v^2_f + a^2_f = (g^f_L)^2 − (g^f_R)^2 (g^f_L)^2 + (g^f_R)^2

, (7) where δ_{rc} ≃ 1 + 3αQ^2_f /4π + η_f α_s/π (η_f is 1 for quarks and 0 for leptons) accounts for final state radiative effects.

The small size of v_ℓ/a_ℓ (∼ 0.08) makes the leptonic coupling asymmetries A_ℓ particularly sensitive to electroweak vacuum polarization corrections. The leptonic asymmetries are usually parameterized in terms of sin^2 θ^{eff}_W = sin^2 θ_ℓ (assuming lepton universality). It follows that small changes in sin^2 θ^{eff}_W produce large effects on A_ℓ,

A_ℓ =

2(1 − 4 sin^2 θ^{eff}_W ) 1 + (1 − 4 sin^2 θ^{eff}_W )^2 (8) δA_ℓ ≃ −8δ sin^2 θ^{eff}_W (9)

2.3 Z-Pole Electroweak Observables

The cross section described in equation 5 is only the dominant term in the total s-channel e^+e^− cross section which can be expressed as dσ^f_{tot} dΩ (s) = dσ^f_Z dΩ (s) + dσ^f_{Zγ} dΩ (s) + dσ^f_γ dΩ (s), (10)

where the second and third terms represent Zγ interference and pure γ exchange, respectively. The presence of initial-state radiation smears the center-of-mass energy (see Figure 1) so that the observed cross section can be represented by the integral dσ^f_{obs} dΩ (s) = ∫ dx_1dx_2D_e(x_1, s)D_e(x_2, s) dσ^f_{tot} dΩ (sx_1x_2) (11)

where the electron structure function D(x, s) represents the probability that the incident electron (or positron) radiates the fraction 1 − x of its energy before interacting with the other particle.

Figure 1: The effect of initial state radiation on the center of-mass energy of the ff̄ system.

Using the Z-pole cross section given in equation 5 it is possible to define a number of experimental observables (or pseudo-observables since the Z-pole cross section isn’t exactly the observed cross section):

1. the line shape parameters which consist of the Z mass m_Z, the total width Γ_Z, and the peak hadronic cross section σ^0_h = 12πΓ_{ee}Γ_{had}/(m^2_ZΓ^2_Z);

2. the cross section ratios R_ℓ = Γ_{had}/Γ_ℓ, R_b = Γ_{bb}/Γ_{had}, and R_c = Γ_{cc}/Γ_{had};

3. the unpolarized forward-backward asymmetries which are defined as

A^f_{F B} = σ^f_F − σ^f_B σ^f_F + σ^f_B

= 0.75A_eA_f , f = ℓ, b, c (12)

where σ^f_F is the cross section for finding the scattered fermion in the hemisphere defined by the incident electron direction and σ^f_B is the cross section for finding it in the positron hemisphere;

4. the left-right asymmetry which is defined as A^m_{LR} = σ^f (−|P_e|) − σ^f (+|P_e|) σ^f (−|P_e|) + σ^f (+|P_e|) = P_eA^0_{LR} = P_eA_e, f ≠ e (13)

where σ^f (P_e) is total (angle integrated) cross section for the production of ff̄ pairs with an electron beam of helicity P_e;

5. the polarization of final state τ -leptons which depends upon the direction of the τ , A_e, A_τ , P_τ (cos θ) = −

A_τ (1 + cos^2 θ) + 2A_e cos θ 1 + cos^2 θ + 2A_τ A_e cos θ

; (14)

6. and the left-right forward-backward asymmetries which are defined as Ã^f_{F B} = σ^{fF} (−|P |) − σ^{fB}(−|P |) − σ^{fF} (+|P |) + σ^{fB}(+|P |) σ^f_F (−|P |) + σ^f_B(−|P |) + σ^f_F (+|P |) + σ^f_B(+|P |) = 0.75P A_f , f = ℓ, b, c, s. (15) The observed cross section near s = m^2_Z does not differ dramatically from the resonance cross section given in equation 5 because: the Z-γ interference cross section vanishes at the pole, the γ-exchange cross section is approximately 1000 times smaller than the Z-exchange cross section, and the electron structure functions are strongly peaked near x = 1. The net correction to measured observables varies from less than 2% for τ -polarization and the left-right asymmetry to about 30% for the Z-peak cross section to about 100% for the leptonic forward-backward asymmetries. These corrections are usually calculated from the Minimal Standard Model (MSM) with the assumption that the MSM is an adequate description of the (dominant) interference and pure γ-exchange corrections.

3 Results

3.1 The Z Resonance Parameters

The LEP experiments measure the resonance parameters m_Z, Γ_Z, σ^0_h, R_ℓ with final state hadronic and leptonic samples collected during scans of the Z peak. Since the leptonic forward-backward asymmetries are sensitive functions of √ s, the A^ℓ_{F B} are also extracted from a simultaneous fit to hadronic and leptonic lineshape data.

All four LEP experiments have recently updated their lineshape results [2]. The total LEP event sample consists of 15.5 × 10^6 Z → qq̄ and 1.7 × 10^6 Z → ℓ^+ℓ^− events collected at ∼7 energies from 1990 to 1995. The Zγ and pure γ cross sections are fixed to MSM values and the data fit to (3^{rd}-order) radiatively-corrected lineshape functions. The ALEPH lineshape fits are shown in Fig. 2 [3].

The leptonic parameters are determined separately for each lepton species (9 lineshape parameters) and assuming lepton universality (5 parameters). A summary of the combined LEP result is presented in Table 2. The reader should take note of the remarkable precision of these measurements. The large statistics and precise energy calibration provided by the resonant depolarization technique yield a measurement of the Z mass to two parts in one hundred thousand! Except for the forward-backward asymmetries (which are statistics limited at the few percent level), all of the other parameters are determined with fractional uncertainties at the 10^{−3} level.

Parameter Average Value m_Z(GeV) 91.1871 ± 0.0021 Γ_Z(GeV) 2.4944 ± 0.0024 σ^0_h(nb) 41.544 ± 0.037 R_e 20.803 ± 0.049 R_μ 20.786 ± 0.033 R_τ 20.764 ± 0.045 A^{0, e}_{FB} 0.0145 ± 0.0024 A^{0, μ}_{FB} 0.0167 ± 0.0013 A^{0, τ}_{FB} 0.0188 ± 0.0017 R_ℓ 20.768 ± 0.024 A^{0, ℓ}_{FB} 0.01701 ± 0.00095

Table 2: The combined result of the LEP lineshape analyses with (bottom box) and without (middle box) the assumption of lepton universality.

The lineshape parameter measurements are sensitive to systematic uncertainties: on the normalization of the various cross sections, on the energy scale of the machine,

Figure 2: The hadronic and leptonic lineshape data of the ALEPH Collaboration.

and on the radiative corrections that are applied to the line shape function. The cross section normalizations are affected by uncertainties on the event selection efficiencies which are in the range ±0.04-0.1% for hadronic final states and 0.1-0.7% for leptonic final states. The normalizations are also sensitive to luminosity uncertainties which have experimental contributions in the range ±0.033-0.09% and theoretical contributions [4] in the range ±0.054-0.06%. The uncertainty on the energy scale of the LEP machine leads to a ±1.7 MeV uncertainty on m_Z and a ±1.2 MeV uncertainty on Γ_Z. Note that the precision of the m_Z determination is now limited by the energy scale uncertainty. Uncertainties on the QED radiative corrections lead to a ±0.02% uncertainty on σ^0_h and ±0.5 MeV uncertainties on m_Z and Γ_Z.

The only major change in the lineshape parameters from previous years is a +0.9σ shift in the hadronic peak cross section. Approximately half of this shift is directly attributable to improvements in radiative corrections.

3.2 Tau Polarization

The LEP Collaborations determine A_τ and A_e from measurements of P_τ (cos θ) as shown in equation 14. The final state τ -polarization is determined from the 5 decay modes: τ^± → π^±ν, ρ^±ν, a^±_1 ν, e^±νν̄, μ^±νν̄. Since the τ decays via a pure V − A current, each mode has a polarization-dependent decay distribution in laboratory variables. For example, consider a spin polarized τ^− decaying to π^−ν_τ in its rest frame as shown in Fig. 3. The angular distribution of π^− relative to the spin direction is completely asymmetric, 1 Γ dΓ d cos θ^∗

= (1 − P_τ Q_τ cos θ^∗) /2, (16)

where θ^∗ is defined in the figure and Q_τ is the charge of the τ . Boosting along the spin direction (to produce a right-handed τ ), the distribution of scaled energy x = E_π/E_b in the laboratory frame is given by the following expression, 1 Γ dΓ dx = 1 − P_τ Q_τ (2x − 1) = A(x) + P_τ B(x), (17)

where there is a polarization-independent term A(x) and linear polarization dependence with a coefficient B(x).

Figure 3: The decay of a τ^− to π^−ν_τ it’s rest frame.

The laboratory decay distributions of all 5 final states can be represented in the same general form, 1 Γ dΓ dx^N = A(x_1...x_N) + P_τ B(x_1...x_N), (18)

where N = 1, 3, 6 for the ℓνν̄, ρν, a_1ν final states. The final state polarization P_τ is extracted by fitting the decay distributions to the data. The statistical precision obtainable with a sample of N_{dec} decays for each final state can be parameterized as δP_τ = a_p/ √ N_{dec} where the analyzing powers a_p and the relative number of decays for each τ final state are summarized in Table 3. The total relative precision of each decay mode is shown on the bottom line. Note that the πν and ρν final states are the most powerful and have comparable weight.

Final State eνν̄ μνν̄ πν ρν a_1ν Branching Ratio (%) 18 18 12 24 8 Acceptance 0.4 0.7 0.6 0.5 0.5 Analyzing Power a_p 5 5 1.8 2.3 3.1 Relative Precision 2.7 2.1 1.0 1.0 2.2

Table 3: The parameters which determine the relative statistical power of each τ branching mode. Note that the acceptances are composites of those for several experiments.

The values of A_τ and A_e extracted from all five channels are summarized by experiment in Table 4. The DELPHI results have been updated recently are are now final (the results from ALEPH, L3, and OPAL were already in final form). The four-experiment averages are also given assuming that the systematic errors are uncorrelated.

Experiment A_τ ALEPH (90 - 95), final 0.1452 � 0.00052 � 0.0032 DELPHI (90 - 95), final 99 0.1359 � 0.0079 � 0.0055 L3 (90 - 95), final 0.1476 � 0.0088 � 0.0062 OPAL (90 - 94), final 0.1340 � 0.0090 � 0.0100 LEP Average 0.1425 � 0.0044 χ^2/dof 1.3/3 Experiment A_e ALEPH (90 - 95), final 0.1505 � 0.0069 � 0.0010 DELPHI (90 - 94), final 99 0.1382 � 0.0116 � 0.0005 L3 (90 - 95), final 0.1678 � 0.0127 � 0.0030 OPAL (90 - 94), final 0.1290 � 0.0140 � 0.0050 LEP Average 0.1483 � 0.0051 χ^2/dof 4.8/3

Table 4: A summary of the coupling asymmetries A_τ and A_e determined from τ - polarization measurements performed by the LEP experiments. All results are final.

3.3 The Left-Right Asymmetry

The SLD Collaboration at the SLAC Linear Collider has been measuring the left-right asymmetry since 1992. It is a particularly powerful but simple and systematics-free measurement. Because a feedback system keeps the left- and right-helicity electron currents at the SLC polarized electron source equal at the 10^{−4} level and because the helicity of the polarized electron beam is changed on a pulse-to-pulse basis according to a pseudorandom number sequence (which desynchronizes the the left- and right-handed currents from accelerator periodicities), the left- and right-handed luminosities are equal to excellent approximation. This reduces the measurement to a very simple counting experiment which is described by the following equation, A_{LR} = 1 P_e N_Z(L) − N_Z(R) N_Z(L) + N_Z(R) + δ_{res} = 1 P_e A^m_{LR} + δ_{res}, (19) where N_Z (L) and N_Z (R) are the number of Z events (excluding final state e^+e^− pairs which need a more sophisticated treatment) collected with left-handed and righthanded electron beams, respectively. In practice, only hadronic events are used in this measurement. The leptonic final states are treated separately in a more sophisticated analysis that makes use of angular information (see section 3.4). The luminosityweighted average polarization P_e given in equation 19 is determined from individual measurements of the beam polarization P_i which are associated in time with each Z and used to compute the average,

P_e = (1 + ξ) 1 N_Z NZ∑ i P_i (20)

where ξ is a small correction (0.001-0.002) for chromatic and beam transport effects. The term δ_{res} represents a correction for residual background and residual left-right asymmetries in luminosity, polarization, and beam energy. The total correction is dominated by the background and left-right luminosity corrections and is at the 10^{−4} level.

The operational history of the SLD experiment is summarized in Table 5. The 1997/8 run was a particularly successful one. A total of 346,111 events were produced on the Z peak (several thousand more were produced during off-peak scanning). After 10 years of trying, the SLC instantaneous luminosity approached its design value near the end of the 1998 run. Like the central character in a tragic opera, the accelerator had its finest day ever on 7-8 June 1998 producing over 5400 events before dying a few days prematurely due to a vacuum leak. The entire sample consists of 557K events, most of which were logged with 0.73-0.77 beam polarization. The SLD Collaboration released a preliminary result based upon the entire sample for this conference.

The 1997/8 A_{LR} result incorporated several improvements and checks:

Year Number of Z Events P_e δP_e/P_e 1992 11K 0.224±0.006 2.7% 1993 50K 0.626±0.012 1.7% 1994/5 100K 0.772±0.005 0.7% 1996 50K 0.765±0.004 0.7% 1997/8 346K 0.729±0.004 0.5%

Table 5: The operational history of the SLD experiment.

1. A number of improvements in polarimetry were realized. Two additional independent Compton polarimeters were used to measure the backscattered photons rather than the backscattered electrons detected by the normal polarimeter. These devices have independent calibrations and permit the reduction of the calibration uncertainty to 0.4%. The polarimeter was operated with interspersed high/low background running. This permitted the comparison of polarization measurements with very different signal sizes and permitted the reduction of the uncertainty on the linearity of the system to 0.2%. The overall uncertainty on the polarimeter scale was reduced to δP_e/P_e = 0.5% from 0.7%.

2. A scan of the Z resonance was performed to check the energy scale of the accelerator. The resulting ±25 MeV uncertainty on the center-of-mass energy scale leads to an uncertainty on the electroweak interference corrections needed to extract A^0_{LR}, δA^0_{LR}/A^0_{LR} = 0.4%. This uncertainty is the second largest after the polarimeter uncertainty.

3. The polarization of the SLC positron beam was measured directly by transporting it to a Møller polarimeter in Endstation A of the SLAC accelerator complex. The e^+ polarization was found to be consistent with zero, P_p = −0.02 ± 0.07%.

The measured values of A_{LR} generated by equation 19 must be corrected for electroweak interference to yield A^0_{LR} = A_e. The resulting values are listed in Table 6. The table also lists a combined total which assumes that all systematic errors are correlated. Note that the statistical uncertainty on the combined value is approximately twice as large as the systematic uncertainty.

The combined result is also quoted in terms of sin^2 θ^{eff}_W ,

sin^2 θ^{eff}_W = 0.23101 ± 0.00028.

Year A^0_{LR} 1992 0.100 ± 0.044 ± 0.004 1993 0.1656 ± 0.0071 ± 0.0028 1994/5 0.15116 ± 0.00421 ± 0.00111 1996 0.15703 ± 0.00573 ± 0.00111 1997/8 0.14904 ± 0.00240 ± 0.00097 Total 0.15108 ± 0.00218 χ^2/dof 5.58/4 (23%)

Table 6: The measured values of A^0_{LR} for each of the SLD runs.

3.4 Polarized Leptonic Forward-Backward Asymmetries

The measurement of the left-right forward-backward asymmetries Ã^f_{F B} permits the extraction of the Final State coupling asymmetries A_f . For f ≠ e, A_f and A_e are extracted from fits to the polar angle distributions, dσ d cos θ

∝ (1 − P_eA_e) ( 1 + cos^2 θ ) + 2A_f (A_e − P_e) cos θ. (21)

Final state e^+e^− events must be fit to a more sophisticated expression that includes t-channel effects.

The SLD Collaboration has used this technique to measure A_e, A_μ, and A_τ from samples of 15K e^+e^−, 12K μ^+μ^−, and 12K τ^+τ^− events. The best fits to the samples yield the following results,

A_e = 0.1558 ± 0.0064 A_μ = 0.137 ± 0.016 A_τ = 0.142 ± 0.016,

where the much more precise determination of A_e comes mostly from the first term on the right-hand side of equation 21 which effectively uses the leptonic final states to measure A_{LR} independently of the hadronic final states described in section 3.3. These measurements are consistent with lepton universality (χ^2/dof = 1.6/2) and can be combined into another reasonably precise measurement of A_ℓ,

A_ℓ = 0.1523 ± 0.0057.

3.5 R_b and R_c Measurements

The measurement of the hadronic branching ratios R_b and R_c is conceptually simple. One applies some heavy quark tagging criteria to a sample of hadronic Z decays, measures the fraction events which satisfy the criteria, and corrects for the efficiency of the criteria. Unfortunately, it is difficult to determine the efficiency of a tagging procedure at the desired <1% level and the more sophisticated double-tag or multi-tag approaches are used to perform the most precise measurements.

The double-tag approach is fairly simple (the multi-tag approaches are extensions of the technique when several different tagging techniques are used for each quark flavor). Each event in a sample of hadronic Z decays is separated into two thrust hemispheres (the event is bisected by a plane normal to the thrust axis). The bquark and c-quark tags (which are designed to be exclusive of each other) are applied separately to each hemisphere. The fractions of hemispheres that satisfy the b-tag and c-tag criteria (b_s and c_s) and the fractions of events that have double b-tags, c-tags, and mixed-tags (b_d, c_d, and m) are determined. The tag-fractions are related to R_b and R_c by the following equations,

b_s = ε_bR_b + ε_cR_c + ε_{uds} (1 − R_b − R_c) b_d = ε^d_b R_b + ε^d_c R_c + ε^d_{uds} (1 − R_b − R_c) } (22)

c_s = η_bR_b + η_cR_c + η_{uds} (1 − R_b − R_c) c_d = η^d_b R_b + η^d_c R_c + η^d_{uds} (1 − R_b − R_c) m = 2 [ε_bη_bR_b + ε_cη_cR_c + ε_{uds}η_{uds} (1 − R_b − R_c)] (23)

where: the efficiencies ε_x are the probabilities that a hemisphere of type x = b, c, or uds satisfy the b-tagging criteria; the efficiencies ε^d_x are the probabilities that events of type x are double b-tagged; the efficiencies η_x are the probabilities that a hemisphere of type x satisfy the c-tagging criteria; and the efficiencies η^d_x are the probabilities that events of type x are double c-tagged. In general, the double-tagging efficiencies are given by the squares of the single hemispheres but a correction for hemisphere correlations must be included,

ε^d_x = ε^2_x + λ_x η^d_x = η^2_x + λ^′_x (24)

where λ_x and λ^′_x account for hemisphere correlations. Since the light-quark efficiencies ε_{uds}, η_{uds} and the wrong-type efficiencies ε_c and η_b in most analyses are small, the corresponding correlations are omitted (λ_c = λ^′_b = λ_{uds} = λ^′_{uds} = 0).

Most measurements of R_b do not incorporate an R_c analysis. These measurements fix the value of R_c to that predicted by the MSM and utilize Monte Carlo simulations to calculate ε_c, ε_{uds}, and λ_b. Equations 22 are then solved for R_b and ε_b. For the measurements that include R_c, the Monte Carlo is used to calculate η_{uds}, λ_b, and λ^′_c. Equations 22 and 23 are then solved for R_b, ε_b, η_b, R_c, and η_c. Note that the large efficiencies are determined from the data themselves and the corresponding systematic uncertainties are much smaller than those obtainable from the single-tag technique.

A number of techniques are used to tag final-state b- and c-jets. The b-jet tags fall into several categories:

1. Large P and P_T leptons from semileptonic b decays,

2. Event shape variables which are sensitive to the large mass of the b,

3. “Lifetime” tags which make use of high precision tracking systems in two different ways:

(a) “Traditional” tags which require large impact parameter tracks or poor fits to a single vertex hypothesis.

(b) “Topological” tags which are based upon reconstructed secondary or tertiary vertices. These tags can be enhanced by requirements on vertex mass and energy. A mass plot for events tagged by the SLD topological vertex tag is shown in Fig. 4.

The c-jet tags fall into a similar set of categories:

1. Large P and P_T leptons from semileptonic c decays are often used in conjunction with a b-quark analysis,

2. Exclusively or inclusively reconstructed D/D^∗ mesons are used to signal the presence of a primary c quark,

3. Topological lifetime tags enhanced mass and momentum requirements are very efficient.

Figure 4: The mass distribution and quark content of a sample of topologically reconstructed vertices from the SLD. The quark content is estimated using a Monte Carlo simulation.

The current state of R_b and R_c measurements by the five Z-pole experiments is summarized in Table 7. Note that the R_b measurement by DELPHI [5] is new and is also the most precise. The SLD result has been updated and all others are unchanged. The R_b world average, 0.21642 ± 0.00073, is approximately 0.8 σ larger than the MSM prediction. Both DELPHI and SLD also have updated R_c results (all others are unchanged). The R_c world average, 0.1674 ± 0.0038, is about 1.3 σ smaller than the MSM prediction. Both quantities appear to be consistent with the MSM.

Experiment Technique Sample R_b ALEPH multi-tag 1992-1995 0.2159 � 0.0009 � 0.0011 DELPHI multi-tag 1992-1995 0.21634 � 0.00067 � 0.00060 L3 multi-tag 1994-1995 0.2174 � 0.0015 � 0.0028 OPAL multi-tag 1992-1995 0.2176 � 0.0011 � 0.0014 SLD topol-vtx 1993-1998 0.21594 � 0.00139 � 0.00140 Total 0.21642 � 0.00073 MSM Prediction 0.21579 � 0.00018 Experiment Technique Sample R_c ALEPH lepton 1992-1995 0.1675 � 0.0062 � 0.0103 ALEPH D^∗ Incl/Excl 1990-1995 0.166 � 0.012 � 0.009 DELPHI D^∗ Incl/Excl 1991-1995 0.161 � 0.010 � 0.009 OPAL D^∗ Incl/Excl 1991-1995 0.180 � 0.010 � 0.012 ALEPH D Incl/Excl 1990-1995 0.173 � 0.014 � 0.009 SLD topol-vtx 1993-1998 0.169 � 0.005 � 0.004 ALEPH charm count 1991-1995 0.1738 � 0.0047 � 0.0113 DELPHI charm count 1991-1995 0.1692 � 0.0047 � 0.0097 OPAL charm count 1991-1993 0.167 � 0.011 � 0.012 Total 0.1674 � 0.0038 MSM Prediction 0.17228 � 0.00006

Table 7: Summaries of the R_b and R_c measurements. The MSM predictions are for m_t = 174.3 ± 5.1 GeV and m_H = 100 GeV.

3.6 Forward-Backward Asymmetries with Quark Final States

In order to measure the angular distributions of bb̄, cc̄, and ss̄ final states it is necessary to: tag the event flavor, measure the polar angle of the thrust axis (which is usually taken to be the QQ̄ axis), and identify which hemisphere contains the quark (as opposed to antiquark). The tagging and Q/Q̄ separation is achieved via several techniques which vary with the final state under study:

1. The tagging of bb̄-events was discussed in Section 3.5. The separation of the b/b̄ hemispheres is achieved by several techniques:

(a) Events which are tagged with large P /P_T leptons are automatically signselected from the charge of the tagging lepton (from the decays b → cℓ^−ν̄_ℓ and b̄ → c̄ℓ^+ν_ℓ).

(b) Events which are tagged with lifetime techniques can be sign-selected by making use of the jet-charge technique. There are several variations of the jet-charge technique. What follows is one variant. The forward-backward jet charge of an event is constructed by weighting the charges of each track in the forward- and backward-hemispheres by a function of the component track momentum along the thrust axis to form the quantities, Q^f_F and Q^f_B,

Q^f_F = ∑⃗pi_{·^}z>_0 i |⃗p_i · ⃗T |^κq_i ∑⃗pi_{·^}z>_0 i |⃗p_i · ⃗T |^κ Q^f_B = ∑⃗pi_{·^}z<_0 i |⃗p_i · ⃗T |^κq_i ∑⃗pi_{·^}z<_0 i |⃗p_i · ⃗T |^κ , (25)

where the exponent κ is usually chosen to be 1/2. The forward-backward jet charge is then the difference of Q^f_F and Q^f_B and proportional to the forward-backward asymmetry A^f_{F B},

Q^f_{F B} = Q^f_F − Q^f_B = δ_f A^f_{F B},

where the hemisphere charge separation δ_f is extractable from the sums and differences of the thrust hemisphere jet-charges. This technique is self-calibrating except for hemisphere correlation effects which must be calculated from Monte-Carlo simulations.

(c) Another technique that can be used with lifetime-tagged events is the K^± charge sum. If the experiment has a particle identification system, the charges of K^± from the b → c → s cascade can be used to separate the b/b̄ hemispheres (in practice, one sums the all of the K^± charges in each hemisphere). As in the case of jet-charge, the requirement that the two hemispheres have consistent charges allows one to self-calibrate the analyzing power of the technique.

(d) Finally, a technique that works with topological vertex tagging is to calculate the net charge of tracks associated with a reconstructed secondary vertex. As for jet-charge and the kaon charge sum, the requirement that the two hemispheres have consistent charges allows one to self-calibrate the analyzing power of the technique.

2. The tagging of cc̄-events was discussed in Section 3.5. The separation of the c/c̄ hemispheres is achieved by techniques similar to those used for bb̄ sign identification:

(a) Events which are tagged with large P /P_T leptons are automatically signselected from the charge of the tagging lepton (from the decays c → sℓ^+ν_ℓ and c̄ → s̄ℓ^−ν̄_ℓ).

(b) The sign of a D/D^∗-tagged hemisphere can be determined from the charge of the reconstructed D^±.

(c) The net charge of tracks associated with a reconstructed secondary (topological) vertex determines the sign of the c-hemisphere. As in the case of b-events, this technique self-calibrates.

(d) As in the case of b-events, charge of K^± from the c → s cascades separates c/c̄ hemispheres (the sum the K^± charges in each hemisphere is taken). This techniques also self-calibrates.

3. The SLD Collaboration has recently updated a measurement of the polarized forward-backward asymmetry for ss̄ final states. The following is a summary of the event selection and hemisphere-signing technique which has a purity of 50% to 73% depending upon final state. Note that this technique also self-calibrates the analyzing power.

(a) Events with detached vertices are removed from the sample to suppress bb̄ and cc̄ events.

(b) All events are required to contain fast strange particles: either K^± with momentum larger than 9 GeV; or K^0_s , Λ, or Λ̄ with momentum larger than 5 GeV (c) A fast strange particle must be found in both hemispheres and there must be at least one signed-hemisphere (K^±, Λ/Λ̄) where the largest momentum strange particle is used to sign the hemisphere.

3.6.1 Unpolarized QQ̄ Asymmetries

The LEP Collaborations measure the b-quark and c-quark forward-backward asymmetries by fitting the angular distributions (or measuring Q_{F B}) of heavy quark samples. It is necessary to correct for the charge-signing analyzing powers, backgrounds, B^0-B̄^0 mixing, QCD effects, and electroweak interference effects. The resulting measurements are summarized in Table 8. The only new results for the summer of 1999, are the lepton-tag results from the ALEPH Collaboration.

Note that thes unpolarized asymmetries depend linearly on A_e,

A^f_{F B} = 0.75A_eA_f , (26)

and are therefore quite sensitive to the effective weak mixing angle (the quark asymmetries A_Q are very insensitive to it). They are normally used to determine sin^2 θ^{eff}_W . In order to isolate the final state coupling asymmetries A_b and A_c, it is necessary to divide the FB asymmetries by an average value of A_ℓ determined from A^ℓ_{F B}, P_τ , and A_{LR}.

Experiment Technique Sample A^b_{F B} ALEPH leptons 1991-1995 0.0949 ± 0.0040 ± 0.0023 DELPHI leptons 1991-1995 0.0998 ± 0.0065 ± 0.0029 L3 leptons 1990-1995 0.0960 ± 0.0066 ± 0.0033 OPAL leptons 1990-1995 0.0910 ± 0.0044 ± 0.0020 ALEPH jet-chg 1991-1995 0.1017 ± 0.0038 ± 0.0032 DELPHI jet-chg 1992-1995 0.0982 ± 0.0047 ± 0.0016 L3 jet-chg 1991-1995 0.0931 ± 0.0101 ± 0.0055 OPAL jet-chg 1991-1995 0.1004 ± 0.0052 ± 0.0044 Total 0.0988 ± 0.0020 Experiment Technique Sample A^c_{F B} ALEPH leptons 1991-1995 0.0562 ± 0.0053 ± 0.0036 DELPHI leptons 1991-1995 0.0770 ± 0.0113 ± 0.0071 L3 leptons 1990-1991 0.0784 ± 0.0370 ± 0.0250 OPAL leptons 1990-1995 0.0595 ± 0.0059 ± 0.0053 ALEPH D^∗ 1991-1995 0.063 ± 0.009 ± 0.003 DELPHI D^∗ 1992-1995 0.0659 ± 0.0094 ± 0.0035 OPAL D^∗ 1990-1995 0.0630 ± 0.0120 ± 0.0055 Total 0.0692 ± 0.0037

Table 8: Summaries of the A^b_{F B} and A^c_{F B} measurements.

3.6.2 Polarized QQ̄ Forward-Backward Asymmetries

The left-right forward-backward asymmetries measured by the SLD Collaboration have been used to directly isolate the final state coupling asymmetries A_b, A_c and A_s. Using the techniques discussed in sections 3.6 and 3.6.1, the A_Q measurements are summarized in Figs. 5-7. The new 1999 measurements are indicated on the figures. The LEP A^Q_{F B} measurements have been converted into A_Q determinations as discussed in Section 3.6.1 and are included in the figures. Note that the direct and indirect determinations of A_b are consistent with one another but (when combined) fall about 2.7 σ below the MSM prediction (which is shown as a dotted line). Similar behavior is observed with the A_c measurements except that the discrepancy with the MSM is only about 1.9 σ. The A_s measurements have large uncertainties and are consistent with the MSM. Note that modest inconsistency of A_b with the MSM has consequences for the determination of sin^2 θ^{eff}_W which are discussed in Section 4.3.

Figure 5: Summary of direct and indirect determinations of A_b.

Figure 6: Summary of direct and indirect determinations of A_c.

Figure 7: Summary of direct and indirect determinations of A_s.

4 Interpretation

4.1 Extracted Lineshape Parameters

The LEP Electroweak Working Group uses the measured lineshape parameters to determine the partial decay widths of the Z to leptons, hadrons, and invisible particles. The analysis is performed with and without the assumption of lepton universality. The results of the analysis are summarized in Table 9.

Without Lepton Universality Γ_{ee} (MeV) 83.90±0.12 Γ_{μμ} (MeV) 83.96±0.18 Γ_{ττ} (MeV) 84.05±0.22 With Lepton Universality Γ_{ℓℓ} (MeV) 83.96±0.09 Γ_{had} (MeV) 1743.9±2.0 Γ_{inv} (MeV) 498.8±1.5

Table 9: The extracted lineshape parameters as determined by the LEP Electroweak Working Group.

We note that the leptonic widths are consistent with lepton universality. The invisible width is of particular interest since it is sensitive to the presence of “invisible” final states. The ratio of the invisible and leptonic widths is found to be

Γ_{inv}/Γ_{ℓℓ} = 5.941 ± 0.016.

Dividing this number by the MSM value for the ratio of neutrino and leptonic widths Γ_{νν} /Γ_{ℓℓ} = 1.9912 ± 0.0012 yields the number of light neutrinos,

N_ν = 2.9835 ± 0.0083.

Note that N_ν is about 2 σ less than the expected value of 3. In previous determinations it had been consistent with N_ν = 3. The shift is largely a consequence of the shift in the peak hadronic cross section discussed in Section 3.1 which was due, at least in part, to improvements in radiative corrections. Assuming that the number of light neutrinos is 3, the invisible width is converted into a 95% upper limit on additional invisible width ΔΓ_{inv},

ΔΓ_{inv} < 2.0 MeV.

Figure 8: The 68% confidence regions in g_{V ℓ}-g_{Aℓ} for each lepton flavor. The solid curve is for all flavors combined and the MSM-allowed region is also shown.

4.2 Tests of Lepton Universality

The various measurements of Γ_{ℓℓ}, A^ℓ_{F B}, and A_ℓ have been used by the LEP Electroweak Working Group to unfold values of g_{V ℓ} = v_ℓ/2 and g_{Aℓ} = a_ℓ/2 for each lepton flavor. The resulting determinations of g_{V ℓ} and g_{Aℓ} are shown for each flavor in Fig. 8. It is clear that the couplings of the different flavors are consistent with each other and with the MSM which is shown as the banana-shaped region. The analysis includes most of the information reported in this talk except for the SLD measurements of the leptonic left-right forward-backward asymmetries. Since the SLD measurement of A_μ is the best in the world, its inclusion should noticeably improve the determination of g_{V μ}. The results can also be presented in the form of ratios of the vector and axial-vector couplings, g^μ_A g^e_A = 1.0001 ± 0.0014 g^μ_V g^e_V = 0.981 ± 0.082 g^τ_A g^e_A = 1.0019 ± 0.0015 g^τ_V g^e_V = 0.964 ± 0.032,

which are all consistent with universality. Note that the precisely measured partial widths constrain the ratios of the (large) axial-vector couplings at the 10^{−3} level whereas the determinations of the coupling asymmetries constrain the ratios of the (small) vector couplings at the few percent level.

4.3 The Effective Weak Mixing Angle and A_b

The Z-pole asymmetries that determine A_ℓ can equivalently be cast as determinations of sin^2 θ^{eff}_W . A summary of all measurements of sin^2 θ^{eff}_W is presented in Fig. 9. The purely leptonic determinations (which do not depend upon the quark coupling asymmetries A_Q) are shown on the left-hand side of the plot: A_{LR}, A_ℓ (from the leptonic left-right forward-backward asymmetry analysis), A^ℓ_{F B}, A_τ (from P_τ ), and A_e (from P_τ ). The hadronic determinations, A^b_{F B}, A^c_{F B}, and Q_{F B} (from the Q^f_{F B} technique discussed in Section 3.6 applied to the entire hadronic sample), are shown on the right-hand side of the plot. The solid horizontal line shows the average of all techniques,

sin^2 θ^{eff}_W = 0.23153 ± 0.00017.

Note that the fit of the eight measurements to a single value has a χ^2 per degree of freedom of 13.3/7 which has a probability of 6.5%. This is acceptable but may also indicate that the single-value hypothesis is flawed. If the leptonic and hadronic determinations are averaged separately (see the dashed and dash-dotted lines in Fig. 9), the fit probabilities improve markedly to 49% and 95%, respectively. Another strange feature is that the two most precise determinations of sin^2 θ^{eff}_W are A_{LR} and A^b_{F B} which disagree with one another by 3.0 σ.

Figure 9: A summary of all of the determinations of sin^2 θ^{eff}_W .

There are several possible explanations for this modest discrepancy:

1. The deviations are simply the result of statistical fluctuations.

2. Unknown systematic effects are distorting some or all of the results.

3. We are seeing evidence of new physics. Another manifestation of this discrepancy was the deviation of A_b from the MSM when the world average Aℓ was used to extract A_b from A^b_{F B}. The SLD direct determination of A_b is a check on this idea. A graphical representation of this problem is shown in Fig. 10. The measurements of A_ℓ, A_b and A^b_{F B} = 0.75A_ℓA_b are plotted as 68% confidence regions in A_ℓ-A_b space. We note that they do tend to overlap in a region away from the MSM prediction which appears as a horizontal line (for m_t = 174.3 ± 5.1 GeV [6] and 100 GeV< m_H < 1 TeV). A fit to A_b and A_ℓ is shown as 68% and 95% ellipses. The best fit for A_b deviates by 2.7 σ from the MSM. The possibility that new physics might be affecting the Zbb̄ couplings has been studied recently by M. Chanowitz [7]. He finds that it is possible to accommodate all measurements by changing both the left- and right-handed b neutral current couplings. However, there may be observable consequences in future measurements of flavor-changing neutral currents and rare K decays.

Figure 10: Measurements of A_ℓ, A_b, and A^b_{F B} are plotted in A_ℓ-A_b space. The MSM prediction appears as a horizontal line and the best fit to the data is shown as concentric 68% and 95% ellipses.

4.4 Consistency with the Minimal Standard Model

We can compare the Z-pole electroweak measurements with others and the Standard Model using the “Model-Independent” S and T parameters of Peskin and Takeuchi [8]. The S and T parameters describe the effects of vacuum polarization corrections and can describe a more general theory so long as vertex corrections and other nonuniversal effects are small. To perform the analysis, fourteen EW measurements (the W -mass m_W [2], the ratio R^−_ν measured in neutrino scattering [9], the weak charges of Cesium [10] and Thallium [11], Γ_Z, σ^0_h, R_ℓ, A^ℓ_{F B}, A_τ , A_e, A_{LR}, A^b_{F B}, A^c_{F B}, Q_{F B}) are fit to S, T , α_s, and the hadronic part of the electromagnetic vacuum polarization correction Δα^5_{had}(m^2_Z) (which is constrained to 277.5 ± 1.7 × 10^{−4} as suggested by Kuhn and Steinhauser [12]). The results of the analysis are presented in Fig. 11. The 68% confidence regions for the most precisely measured observables appear as bands. Note that all of the quantities that determine sin^2 θ^{eff}_W have been combined into a single band. The results of the fit are shown as concentric 68% and 95% elliptical confidence regions. The prediction of the MSM appears as the banana-shaped region for m_t = 174.3 ± 5.1 GeV and 100 GeV< m_H < 1 TeV.

Figure 11: S-T analysis of fourteen precisely measured electroweak observables.

Examining Fig. 11, we can see that the sin^2 θ^{eff}_W -band is the smallest and provides the most information. Due to recent improvements, the measurement of m_W now provides the second most precise input, and is slightly ahead of Γ_Z. The data are clearly consistent with the MSM and favor a “light” Higgs boson. This observation can be made more quantitative by applying m_t = 174.3 ± 5.1 GeV as a constraint, and fitting the S-T likelihood function for m_H. The 95% one-sided confidence limit on the Higgs mass is 217 GeV.

It is interesting to note that the possible A_b anomaly discussed in Section 4.3 does affect these conclusions somewhat. Excluding the three hadronic determinations of sin^2 θ^{eff}_W from the S-T analysis, changes the picture to the one presented in Fig. 12. Note that the S-T region determined by the leptonic measurements of sin^2 θ^{eff}_W is still the smallest, but the agreement with the MSM becomes marginal. The Standard Model region is nearly excluded by a 95% one-sided confidence interval in S. The central value of the Higgs mass determination is 42 GeV and the one-sided 95% upper limit is 118 GeV.

Figure 12: S-T analysis of eleven precisely measured electroweak observables.

5 Conclusions and Summary

• The era of Z-pole electroweak physics has come to an end.

• The decade has been a “Golden Age” for precise electroweak measurements:

{ The Z mass m_Z is measured to 2.2 × 10^{−5}! It is the third most precisely determined electroweak parameter and used as an input to the theory.

{ The other lineshape parameters are measured at the 10^{−3} level which is an experimental tour-de-force and leads to the remarkably precise determination of the invisible width and the conclusion that there are three light neutrinos and essentially no width for other unseen processes.

{ The effective weak mixing angle sin^2 θ^{eff}_W determines most of what we know about loop-level processes.

• There is generally good agreement with the minimal Standard Model but there are still some lingering inconsistencies with leptonic and hadronic determinations of sin^2 θ^{eff}_W :

{ The measurements of A_b are anomalous by 2.7σ.

{ The inconsistency has consequence for the interpretation of the data in terms of the MSM. If there is an anomaly in the Zbb̄ couplings, then the agreement of the data and MSM is marginal.

• We are leaving the Z a bit too soon. Real improvements could be realized with more running of the SLC/SLD program.

• We have made enormous progress in the last 10 years. An S-T plot describing the state of electroweak physics 10 years ago is shown in Fig. 13. The current plot (Fig. 11) is shown as the dashed inset.

Figure 13: S-T analysis describing electroweak data available at LP89.

The author would like to thank Bob Clare and his colleagues in the LEP Electroweak Working Group for their (usual) excellent summary of LEP results. The author would also like to thank his colleagues in the SLD Electroweak and Heavy Flavors Working Groups.

References

[1] G.J. Feldman, SLAC-PUB-5143, November 1989; Proceedings of the 14^{th} International Symposium on Lepton and Photon Interactions, Stanford, CA Aug 7-12, 1989, Ed. M. Riordan, World Scientific, p.225.

[2] Most of the LEP results given in this talk are due to the LEP Electroweak Working Group, private communication.

[3] R. Barate et al. [ALEPH Collaboration], CERN-EP-99-104, July 1999. [4] B. Ward et al., Phys. Lett. B450, 262 (1999).

[5] P. Abreu et al.[DELPHI Collaboration], E. Phys. J. C10, 415. [6] F. Abe et al., Phys. Rev. Lett. 82, 271 (1999); D. Abbot et al., Phys. Rev. D58, 052001 (1998).

[7] M. Chanowitz, LBNL-43248, hep-ph/9905478, May 1999.

[8] M.E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990); Phys. Rev. D 46, 381 (1992).

[9] K.S. McFarland et al., hep-ex 9806013, June 1998. [10] S.C. Bennett and C.E. Wieman, Phys. Rev. Lett. 82, 2484 (1999). [11] P.A. Vetter, et al., Phys. Rev. Lett. 74, 2658 (1995); N.H. Edwards, et al., Phys.

Rev. Lett. 74, 2654 (1995).

[12] J.H. Kuhn and M. Steinhauser, Phys. Lett. B437, 425 (1998).