SLAC–PUB–6678 Octob er 1994 (T/E)

PRECISION STAND ARD MODEL TESTS

WITH POLARIZED e^+ e^− BEAMS*

Michael J. Fero Massachusetts Institute of Technology, Cambridge, Massachusetts 0213 and Stanford Linear Accelerator Center. Stanford University, Stanford, CA 94309

R EPRESENTING THE SLD COLLABORA TION^⋄

ABSTRA CT

The advent of polarized electron beams at the Stanford Linear Collider (SLC) makes possible the new precision electroweak tests now being performed by the SLC Large Detector (SLD) experiment. One such new technique, the left-right asymmetry measuremen t, allows remarkably direct measuremen t of the effective weak mixing angle, sin^2 θ^{eff}_W = 0.2292± 0.0009(stat ) ± 0.0004(syst). When considered within the Minimal Standard Model (MSM) framework, this result predicts the top mass to be m_t = 240^{+30+18}_{− 45− 20} GeV where the first errors are experimental and the second reflect a range of possible Higgs mass values from 60 to 1000 GeV.

Invited talk presented at the XIV International Conference on Physics in Collision Tallahassee, Florida, June 15–17, 1994

*Work supported in part by Departmen t of Energy contract DE–AC03–76SF00515 (SLAC), the National Science . Foundation, the Istituto Nazionale di Fisica Nucleare of Italy, the Japan–U.S. Cooperativ e Research Pro ject on High Energy Physics, and the Science and Engineering Research Council of the United Kingdom. ⋄Collaboration members and their institutes are listed following the references.

1 In tro duction

There has been a dedicated effort for the last several years to extract precision information about the validity of the Standard Model. With the vast amount of precision electroweak (EW) data now emerging from the Large Electron Positron Collider (LEP) [1, 2] and the recent progress in determining the top mass at the Collider Detector at Fermilab (CDF) and D0 [3, 4, 5], experimenters will soon tightly overconstrain the standard model, and thus test it in a rigorous way. What can be added to the discussion from the results now coming out of the SLD experiment at the polarized SLC? In principle the SLD and the LEP experiments are measuring very similar physical quantities. However, the polarized beam at the SLC is a unique tool, enabling the experimenter to make remarkably precise measuremen ts of standard model quantities with systematic errors that are small and differ radically from the types of systematic errors encountered by the LEP experiments. In this paper I briefly describe some of the common electroweak standard model tests done at the Z-pole and then show, in some detail, how a new test at the Polarized SLC is performed and some recent results.

2 Precision Tests of the Standard Mo del

2.1 Electro weak Parameters

The dynamics of the electroweak sector of the Standard Model are determined to lowest order by three parameters: the SU(2) coupling constant, g, the U(1) coupling constant, g^′, and the vacuum expectation value ofthe Higgs field, ⟨ϕ⟩. The values ofthese parameters can be extracted from a number of related experimental quantities, a few of which are listed in Table 1. With the high-precision mass measuremen ts of the Z from LEP, the experimental quantities determining the Standard Model are taken to be: the electromagnetic fine structure constant, α, the fermi coupling constant, G_F , and the mass of the Z boson, M_Z .

Additional measuremen ts of electroweak observables (such as the Z width, Γ_Z , the W mass, M_W , and the effective weak mixing angle sin^2 θ^{eff}_W ) should then overconstrain the model. However, the expressions in Table 1 relating M_Z , M_W , Γ_Z and sin^2 θ^{eff}_W , to g, g^′, and ⟨ϕ⟩ are valid only to lowest order. Virtual electroweak corrections that depend on the top quark mass and Higgs boson mass must be included. Only within the uncertain ties due to the lack of knowledge of the top and Higgs masses do the measuremen ts of additional electroweak quantities serve to overconstrain the model, and thus test it. That test may well be at hand, however, with precise top mass measuremen ts expected soon from the Tevatron

Table 1. Quantities that determine Standard Model parameters. The first three define the Minimal Standard Model while the additional measuremen ts can serve to overconstrain it. Precision Quantity Electroweak Parameter Current Value (ppm) Cite α (1/4π) [g^2g^{′2}/(g^2 + g^{′2})] 1/137.0359895(61) 0.045 [6] G_F ( √ 2/2) (1/⟨ϕ⟩^2) 1.16639(2)× 10^{− 5} GeV 17 [6] M_Z^1_2 ⟨ϕ⟩ √ g^2 + g^{′2} 91.1888± 0.0044GeV 48 [2]

Γ_Z [ ⟨ϕ⟩ (g^2 + g^{′2})^{3/2} /384π ] × { 1 + [(1 − 4Q_f g^{′2}/(g^2 + g^{′2})]^2 } 2.4974± 0.0038GeV 1522 [2] M_W ⟨ϕ⟩g/2 80.23 ± 0.18GeV 2244 [7] sin^2 θ^{eff}_W g^{′2}/(g^2 + g^{′2}) 0.2322± 0.0004 1723 [2]

experiments. Those measuremen ts, together with the body of Electroweak measuremen ts from the Z-pole asymmetries, the Z-width and W-mass measuremen ts, the neutrino-n ucleon scattering experiments, and the atomic-parit y violation experiments will combine to put interesting limits on the validity of the Standard Model.

This talk focuses on a precision measuremen t of the weak mixing angle (sin^2 θ^{eff}_W ), where polarized beams at SLC can make a particularly significant contribution.

2.2 The sin^2 θ^{eff}_W Measuremen ts

The mixing angle sin^2 θ^{eff}_W is defined here in terms of the vector (v_f ) and axial vector (a_f ) couplings of the Z to fermion pairs,

a_f = T^3_f

v_f = T^3_f − 2Q_f sin^2 θ^{eff}_W ,

where T^3_f is the third component of weak isospin for fermion f , and Q_f is the charge of the fermion. The eff superscript stands for effective and refers to the fact that the weak mixing angle can be defined in a number of ways—in this case, through fermion couplings at the Z. The weak mixing angle sin^2 θ^{eff}_W can be measured through a variety of techniques at the Z-pole, but the importan t measuremen ts can be classified as follows: forward-backward cross section asymmetries of the Z into final state leptons, A^l_{F B} , forward-backward cross section asymmetries of the Z into final state quarks, A^q_{F B} , measuremen t of the tau polarization, P_τ, and measuremen t of the left-right cross section asymmetry for the production of Z 3

Table 2. Qualitativ e comparison of measuremen ts from different Z-pole asymmetry experiments.

Prop erty A_{LR} A^l_{F B} A^b_{F B} P_τ Asymmetry 0.16 × P_e 0.02 0.11 0.16 Sensitivity to sin^2 θ^{eff}_W 7.9 × P_e 1.5 5.6 7.9 Fraction of Z decays 0.96 0.12 0.19 0.04 Efficiency × acceptance 0.90 0.8 0.10 0.03 Relative Z sample 1 150 60 200 Beam Polarization Yes No No No Efficiency × acceptance No Yes Yes Yes Backgrounds No No Yes Yes B-Mixing No No Yes No EW interference correction 2% 100% 5% 2%

particles by polarized electrons on unpolarized positrons, A_{LR} . The first three categories of measuremen t have been well described in the talk by A. Olchevski [1], so the measuremen t types are summarized and a discussion of A_{LR} follows.

The lepton forward-backward asymmetries, A^l_{F B} at the Z-pole are defined as

A^l_{F B} = σ^l_F − σ^l_B σ^l_F + σ^l_B = 3 4 A_eA_l . (1)

where the asymmetry term for a particular fermion species is given in general by

A_f =

2v_f a_f v^2_f + a^2_f

. (2)

Similarly, for the quark forward-backward asymmetries A^q_{F B} at the Z-pole, the simple definition is A^q_{F B} = σ^q_F − σ^q_B σ^q_F + σ^q_B = 3 4 A_eA_q , (3)

with the somewhat more arduous task of tagging a final state heavy quark (q = b,c). It is importan t to note that for the all of the forward-backward asymmetries, the sensitivit y to sin^2 θ^{eff}_W comes largely from the lepton factors A_e. The sensitivit y of the asymmetry factors to sin^2 θ^{eff}_W is given roughly by ∂A_e/∂s ∼ − 7.9, ∂A_b/∂s ∼ − 0.6, and ∂A_c/∂s ∼ − 3.4, with s=sin^2 θ^{eff}_W .

Obviously, the lepton couplings are most sensitive to sin^2 θ^{eff}_W , the up-type quarks have modest sensitivit y, while the down-type quarks have very little sensitivit y to sin^2 θ^{eff}_W . A summary of the experimental sensitivities, as well as some other qualitativ e comparisons, is given in Table 2. 4

The tau polarization measuremen t is another interesting way to get at the leptonic couplings. The polarization of the tau as a function of production angle is determined by the initial and final state couplings of the Z, and is given by

P_τ = σ_R − σ_L σ_R + σ_L = − A_τ(1 + cos^2 θ) + 2A_e cosθ (1 + cos^2 θ) + 2A_lA_e cosθ

, (4)

so that it is possible to extract both the A_e and A_τ asymmetries in a single measuremen t.

Finally, there is the left-right asymmetry . Almost embarrassingly simple, it measures the electron coupling asymmetry directly by just counting the number of Z bosons produced with left- versus right-handed electron beam, moderated by the degree of polarization of the electron beam P_e, A_{LR} = σ_L − σ_R σ_L + σ_R

= P_e ·A_e . (5)

Obviously, a good measure of the electron beam polarization is importan t, since it scales the result—a precise, yet inaccurate, measuremen t of the polarization would be unfortunate!

3 Precision Tests with Polarized Beams at the SLC

The SLC is the worlds first, and only, single pass e^+ e^− colliding beam facility (linear collider). A diagram of the SLC is shown in Figure 1. The machine was designed to copiously produce Z bosons in a low background environment. Because of the experimental nature of the machine, achieving design luminosity has been a substan tial challenge. The SLC machine was also designed to accommodate polarized electron beams, thus providing a unique tool for probing the electroweak interaction [8]. The SLC was completed in 1987, and the first Z bosons produced in e^+ e^− collisions were observed in the same year by the MARKII detector. The SLC underwent an extensive commissioning period that saw the retiremen t of the MARKII detector in 1990. The new SLD detector replaced the MARKII in 1991, and began its run with steadily increasing luminosity and greater SLC reliability. In 1992, the SLC began producing Z bosons with a longitudinally polarized electron beam, and by the end of the run the SLD experiment had recorded over 10,000 Z events produced with > 20% polarized electron beam. For the 1993 run, the advent of strained lattice catho des[?] resulted in beam polarization in excess of 60% measured at the SLC interaction point, while increases in machine luminosity allowed the SLD to record over 50,000 Z events produced with polarized beam. Further development of the strained lattice catho des has resulted in beam polarization of∼ 80%at the SLC interaction point. This is an importan t achievement. Since the statistical precision of the sin^2 θ^{eff}_W measuremen t is sensitive to the square of the beam polarization, the factor-of-four increase in beam polarization experienced at SLC is equivalent to a factor of sixteen increase in machine luminosity! 5