LEPEWWG/94-02 ALEPH 94-121 PHYSIC 94-105 DELPHI 94-110 PHYS 427 L3 Note 1631 OPAL Technical Note TN245 12 July 1994

Constraints on Standard Model Parameters from Combined Preliminary Data of the LEP Experiments

The LEP Electroweak Working Group �

Internal Note

summarizing the combination of preliminary LEP data for the 27th International Conference on High Energy Physics, Glasgow, Scotland, 20-27 July 1994

�The present members of this Working Group are: A. Blondel, I. Brock, R. Clare, P. Clarke, S. Ganguli, M. Grünewald, A. Gurtu, R.W.L. Jones, A. Kunin, M. Martinez, K. Mönig, G. Myatt, A. Olshevsky, M. Pepe- Altarelli, B. Pietrzyk, P. Renton, D. Schaile, J. Harton, D. Reid, R. Tenchini, P.S. Wells.

1 Introduction

In this note all LEP precision electroweak measurements described in [1, 2, 3] are summarized and interpreted in the framework of the Minimal Standard Model.

2 Determination of the effective Z^0 couplings for charged leptons

The partial widths of the Z^0 into leptons and the lepton forward-backward asymmetries [1], the τ polarization and the τ polarization asymmetry [2] can all be combined to determine the vector and axial vector couplings for e, μ and τ. The asymmetries determine the ratio g_{Vℓ} /g_{Aℓ} while the axial vector coupling squared is derived from the leptonic partial width. The corresponding results for the effective lepton couplings are given in Table 1. Figure 1 shows the 68% probability contours in the g_{Aℓ} -g_{Vℓ} plane. The measured ratios of the e, μ and τ couplings provide a test of universality:

g_{Aμ} /g_{Ae}=1.0014 ± 0.0021 , g_{Aτ} /g_{Ae}=1.0034 ± 0.0023 ,

g_{Vμ}/g_{Ve} =0.83 ± 0.16 , g_{Vτ} /g_{Ve} =1.044 ± 0.091 .

g_{Ve} -0.0370 ± 0.0021 g_{Vμ} -0.0308 ± 0.0051 g_{Vτ} -0.0386 ± 0.0023 g_{Ae} -0.50093 ± 0.00064 g_{Aμ} -0.50164 ± 0.00096 g_{Aτ} -0.5026 ± 0.0010 g_{Vℓ} -0.0366 ± 0.0013 g_{Aℓ} -0.50128 ± 0.00054

Table 1: Results for the leptonic vector and axial vector couplings without and with the assumption of lepton universality.

Figure 1: 68% probability contours in the g_{Vℓ} -g_{Aℓ} plane. The solid contour results from a fit assuming lepton universality. The shaded band represents the Standard Model prediction.

3 The Effective Electroweak Mixing Angle sin^2`^{lept}eff

Table 2 shows the results of various determinations of sin^2θ^{lept}_{eff} from the data given in [1, 2, 3] and their combination . Also the comparison with the measurement of the left-right asymmetry, A_{LR}, at SLC is given [4].

sin^2θ^{lept}_{eff} average by group cumulative of observations average χ^2/(d.o.f.) χ^2/(d.o.f.) A^{0, ℓ}_{FB} 0.2311 ± 0.0009

A_τ 0.2320 ± 0.0013

A_e 0.2330 ± 0.0014 0.2317 ± 0.0007 1.4/2 0.2317 ± 0.0007 1.4/2

A^{0, b}_{FB} 0.2327 ± 0.0007 A^{0, c}_{FB} 0.2310 ± 0.0021 0.2325 ± 0.0006 0.6/1 0.2321 ± 0.0005 2.8/4 ⟨QFB⟩ 0.2320 ± 0.0016 0.2320 ± 0.0016 − 0.2321 ± 0.0004 2.8/5 A_{LR} (SLC) 0.2294 ± 0.0010 0.2294 ± 0.0010 − 0.2317 ± 0.0004 9.0/6

Table 2: Comparison of several determinations of sin^2θ^{lept}_{eff} from asymmetries. Averages are obtained as weighted averages assuming no correlations.

4 Standard Model Constraints

The precision electroweak measurements performed at LEP can be used to check the validity of the Standard Model and to infer valuable information about its basic parameters. Their accuracy makes them sensitive to the top quark mass, M_t, and to the mass of the Higgs boson, M_H, through the loop corrections. The leading top quark dependence is quadratic and allows a determination of M_t. The main dependence on M_H is logarithmic and therefore, with the present data accuracy, the interpretation in terms of M_H is still a delicate subject.

The various measurements are summarized in Table 3 and presented in Figure 2 together with their Standard Model prediction as a function of M_t.

The theoretical uncertainties are dominated by the uncertainty in the value of α(M^2_Z ) due to the contribution of light quarks to the photon vacuum-polarization. An uncertainty δΔα = 0.0009 has been propagated in the fits.

The bands in the Standard Model predictions reflect the linear sum of the expected variations of each quantity due to a change of the strong coupling constant α_s(M^2_Z ) = 0.123 ± 0.006 [6] and M_H in the interval 60 ≤ M_H [GeV] ≤ 1000 for M_Z = 91.1888 GeV.

measurement Standard pull Model fit

a) LEP

line-shape and lepton asymmetries:

M_Z [GeV] 91.1888 ± 0.0044 91.1887 0.0 Γ_Z [GeV] 2.4974 ± 0.0038 2.4973 0.0 σ^0_h [nb] 41.49 ± 0.12 41.437 0.4 R_ℓ 20.795 ± 0.040 20.786 0.2 A^{0, ℓ}_{FB} 0.0170 ± 0.0016 0.0153 1.0 + correlation matrix [1]

τ polarization:

A_τ 0.143 ± 0.010 0.143 0.0 A_e 0.135 ± 0.011 0.143 −0.7

b and c quark results:

R_b = Γ_{bb} /Γ_{had} 0.2202 ± 0.0020 0.2158 2.2 R_c = Γ_{cc}/Γ_{had} 0.1583 ± 0.0098 0.172 −1.4 A^{0, b}_{FB} 0.0967 ± 0.0038 0.1002 −0.9 A^{0, c}_{FB} 0.0760 ± 0.0091 0.0714 0.5 + correlation matrix [3]

qq charge asymmetry:

sin^2θ^{lept}_{eff} from ⟨QFB⟩ 0.2320 ± 0.0016 0.2320 0.0

b) pp and νN

M_W [GeV] (CDF, CDF prel., 80.23 ± 0.18 80.31 −0.5 D0 prel., UA2; [5]) 1 − M^2_W /M^2_Z (νN) 0.2256 ± 0.0047 0.2243 0.3

c) SLC

sin^2θ^{lept}_{eff} from A_e 0.2294 ± 0.0010 0.2320 −2.6

Table 3: Summary of measurements included in the combined analysis of Standard Model parameters. Section a) summarizes LEP averages, section b) electroweak precision tests from hadron colliders and νN-scattering, section c) gives the result for sin^2θ^{lept}_{eff} from the measurement of the left-right polarization asymmetry at SLC. The Standard Model fit result in column 3 and the pulls in column 4 are derived from the fit including all data (Table 4, column 4) for a fixed value of M_H = 300 GeV.

Table 4 shows the constraints obtained on M_t and α_s(M^2_Z ) when fitting all the above measurements to the most up to date Standard Model calculations [7], as verified by the working group on “Precision Calculations at LEP-I” [8]. The fits have been repeated for M_H = 60, 300 and 1000 GeV and the difference in the fitted parameters is quoted as an uncertainty. We present the results obtained using only LEP data, as well as those obtained by including the measurements of M_W from UA2 [9], CDF [10, 11] and D0 [11], and the measurements of the neutrino neutral to charged current ratios from CDHS [12], CHARM [13] and CCFR [14]. Finally we also add the SLC result for the left-right asymmetry, A_{LR} [4]. The χ^2/(d.o.f.) for all these fits is acceptable. The value of α_s(M^2_Z ) resulting from these fits is in very good agreement with that obtained from event shape measurements at LEP (α_s(M^2_Z ) = 0.123 ± 0.006 [6]) and of similar precision. Similarly, the value of M_t resulting from these fits is in excellent agreement with the direct search evidence reported by CDF of M_t = 174 ± 10^{+13}�_{12} GeV. For the first time there is therefore evidence that the bulk of nontrivial quantum effects in precision electroweak observables is indeed due to the top quark, as predicted by the Standard Model.

LEP LEP LEP + Collider and ν data + Collider and ν data + A_{LR} from SLC

M_t (GeV) 173^{+12}�_{13}^{+18}�_{20} 171^{+11}�_{12}^{+18}�_{19} 178^{+11}�_{11}^{+18}�_{19} α_s(M^2_Z ) 0.126 ± 0.005 ± 0.002 0.126 ± 0.005 ± 0.002 0.125 ± 0.005 ± 0.002 χ^2/(d.o.f.) 7.6/9 7.7/11 15/12 sin^2θ^{lept}_{eff} 0.2322 ± 0.0004^{+0.0001}�_{0.0002} 0.2323 ± 0.0003^{+0.0001}�_{0.0002} 0.2320 ± 0.0003^{+0.}�_{0.0002} 1 − M^2_W /M^2_Z 0.2249 ± 0.0013^{+0.0003}�_{0.0002} 0.2250 ± 0.0013^{+0.0003}�_{0.0002} 0.2242 ± 0.0012^{+0.0003}�_{0.0002} M_W (GeV) 80.28 ± 0.07^{+0.01}�_{0.02} 80.27 ± 0.06^{+0.01}�_{0.01} 80.32 ± 0.06^{+0.01}�_{0.01}

Table 4: Results of fits to LEP and other data for M_t and α_s(M^2_Z ). No external constraint on α_s(M^2_Z ) has been imposed. In the third column also the combined data from the pp experiments UA2 [9], CDF [10, 11] and D0 [11]: M_W = 80.22±0.16 GeV and from the neutrino experiments, CDHS [12], CHARM [13] and CCFR [14]: 1 − M^2_W /M^2_Z = 0.2256 ± 0.0047 are included. The fourth column gives the result when also the SLD measurement of the left-right asymmetry at SLC [4], sin^2θ^{lept}_{eff} = 0.2294 ± 0.0010, is added. The central values and the first errors quoted refer to M_H = 300 GeV. The second errors correspond to the variation of the central value when varying M_H in the interval 60 ≤ M_H [GeV] ≤ 1000.

If taken at face value, R_b differs from the Standard Model prediction by 2.2 standard deviations (see Table 3). However it is worth remarking that there is a strong correlation (of about −40%) between the R_b and R_c measurements. In fact the discrepancy between R_b and its Standard Model prediction decreases to 1.9 standard deviations if the value of R_c is fixed to the Standard Model value R_c = 0.171 (at present the R_c measurement is also 1.4 sigma off). In this case one in fact obtains:

R_b = 0.2192 ± 0.0018

Since the b partial width is a component of the total hadronic width, a possible discrepancy with respect to the Standard Model could also be revealed by R_ℓ. In Figure 4 the measured value of R_b is plotted versus sin^2θ^{lept}_{eff} . If one assumes the Standard Model dependence on sin^2θ^{lept}_{eff} for the light quark widths and taking for α_s(M^2_Z ) the value 0.123 ± 0.006, R_ℓ imposes a constraint on these two variables, which is represented by the inclined band. The one sigma R_ℓ band agrees with the Standard Model prediction while the R_b band does not.

Figure 5 shows, for the fit in Table 4 column 4, the χ^2 value as a function of M_t for the three values of M_H considered in Table 4.

At present, the increase in χ^2 when M_H is changed between the two extreme values is about 2.0 for the LEP data alone and about 3.6 when including collider, νN and SLC data. Such a variation does not allow to derive meaningful constraints on M_H. For the fit to the LEP data alone, most of the χ^2 increase can be still traced back to the contributions of R_b and R_ℓ. In the fit to all data, the trend to low Higgs mass values is further enhanced by the SLC measurement of A_{LR}. Our conclusion of ref. [15] that the present increase in χ^2 with M_H is due to a fluctuation of the data and hence its interpretation has to be taken with care, still holds. In fact such fluctuations are not the most likely, but still perfectly plausible.

To illustrate this problem, in fig. 6a we show the χ^2 as a function of log_{10}(M_H) as observed in the data versus the theoretical expected sensitivity, i.e. the sensitivity that can be predicted given the present errors. This comparison reveals that the large sensitivy shown by the data is not supported by its expectation and hence, assuming that the Standard Model is the right description of the data, it can be traced back to fluctuations in some relevant data (such as R_b and R_ℓ, for instance). The sensitivity shown by the data is therefore not robust with respect to input data fluctuations.

If the CDF determination of M_t is used as an additional constraint in the electroweak fits, then M_H is the only free parameter left. In this case the comparison between observed and expected sensitivity (fig. 6b) shows a good agreement. The robustness of this sensitivity is such that the width of the parabola remains almost constant regardless of whether the measurements which were “causing problems” before are used in the fit or not.

Since the measurements are directly sensitive to log_{10}(M_H), fluctuations in the position of the minimum (even if small in the log_{10}(M_H) scale in comparison to the width of the χ^2 parabola) correspond to very important changes in M_H. Therefore, in spite of the reliability of the present determination of log_{10}(M_H ), its translation in terms of a measurement of M_H leads to conclusions which strongly depend on the chosen input data and on their fluctuations.

To conclude, the only two statements which in our opinion can be safely extracted from the present analysis are the following:

• the data seem to prefer a light Higgs

• a stable determination of the width of the χ^2 parabola at the points Δχ^2 = ±1 can be given (see fig. 6b). However the position of the minimum sizeably changes depending on the input chosen for the fit. In quantitative terms the expressions Δ(log_{10}(M_H)) = 0.5 at the 68% C.L. and Δ(log_{10}(M_H)) = 1 at the 95% C.L. can be used to derive an upper limit on the Higgs mass once the value of M_H at the minimum is specified.

Figure 2: a) Comparison of LEP measurements with the Standard Model prediction as a function of M_t . The cross-hatched area shows the variation of the Standard Model prediction with M_H spanning the interval 60 < M_H (GeV) < 1000 and the singly-hatched area corresponds to a variation of α_s(M^2_Z ) within the interval α_s(M^2_Z ) = 0.123 ± 0.006. The total width of the band corresponds to the linear sum of both uncertainties. The experimental errors on the parameters are indicated as vertical bands.

Figure 3: b) Comparison of LEP measurements with the Standard Model prediction as a function of M_t . The cross-hatched area shows the variation of the Standard Model prediction with M_H spanning the interval 60 < M_H (GeV) < 1000 and the singly-hatched area corresponds to a variation of α_s(M^2_Z ) within the interval α_s(M^2_Z ) = 0.123 ± 0.006. The total width of the band corresponds to the linear sum of both uncertainties. For the ratios of partial widths, Γ_{bb} /Γ_{had} and Γ_{dd} /Γ_{had} , this variation nearly cancels. For the comparison of R_b with the Standard Model the value of R_c has been fixed to the Standard Model. The experimental errors on the parameters are indicated as vertical bands. 8

Figure 4: The LEP/SLC measurements of sin^2θ^{lept}_{eff} and R_b and the Standard Model prediction. Also shown is the constraint resulting from the measurement of R_ℓ on these variables, assuming the world average α_s(M^2_Z ) = 0.123 � 0.006, as well as the Standard model dependence of light quark partial widths on sin^2θ^{lept}_{eff} .

Figure 5: The χ^2 curves for the Standard Model fit in Table 4, column 4 to the electroweak precision measurements listed in Table 3 as a function of M_t for three different Higgs mass values spanning the interval 60 ≤ M_H [GeV] ≤ 1000.

Figure 6: χ^2 vs log_{10}(M_H) as observed in the data (continuous line) and as predicted from theory (dashed line) using all data except CDF (a) and when the CDF determination of M_t is also included as an additional constraint in the electroweak fits (b).

References

[1] Subgroup of the LEP Electroweak Working Group on Z^0 Lineshape and Lepton Forward-Backward Asymmetries, P.Clarke et al., Updated Parameters of the Z^0 Lineshape and Lepton Forward-Backward Asymmetries from Combined Preliminary Data of the LEP Experiments, Internal Note LEPLS/94-01, ALEPH 94-120 PHYSIC 94- 104, DELPHI 94-104 PHYS 421, L3 Note 1629, OPAL Technical Note TN244, July 1994.

[2] Polarization Subgroup of the LEP Electroweak Working Group, J. Harton et al., The combined LEP tau Polarization Results for the Summer 1994 Conferences, Internal Note LEPTAU/94-02, ALEPH 94-122 PHYSIC 94-106, DELPHI 94-99 PHYS 416, L3 Note 1627, OPAL Technical Note TN243, July 1994.

[3] Heavy Flavour Subgroup of the LEP Electroweak Working Group, D. Abbaneo et al., LEP Electroweak Heavy Flavour Results for Summer 1994 Conferences, Internal Note LEPHF/94-03, ALEPH 94-119 Physic 94-103, DELPHI 94-108 Phys 425, L3 Note 1630, OPAL Technical Note TN242, July 1994.

[4] SLD Collaboration, K. Abe et al., SLAC-PUB-6456, March 1994, submitted to Physical Review Letters.

[5] M. Demarteau et al., Combining W Mass Measurements, CDF/PHYS/CDF/PUBLIC/2552 and D0NOTE 2115.

[6] S.Bethke, Proceedings of the Linear Collider Workshop in Waikoloa/Hawaii, April 1993;

S. Catani, presented at the International Europhysics Conference, Marseille, France, 22nd - 28th July 1993;

S. Banerjee, α_s Measurements from Event Shape Variables using Z^0 Data, presented at the EPS Conference on High Energy Physics, Marseille, July 22-28, 1993, L3 Note 1460.

[7] Electroweak libraries:

ZFITTER: D. Bardin et al., Z. Phys. C44 (1989) 493; Nucl. Phys. B351(1991) 1; Phys. Lett. B255 (1991) 290 and CERN-TH 6443/92 (May 1992). BHM: G. Burgers, W. Hollik and M. Martinez; M. Consoli, W. Hollik and F. Jegerlehner: Proceedings of the Workshop on Z physics at LEP I, CERN Report 89-08 Vol.I,7 and G. Burgers, F. Jegerlehner, B. Kniehl and J. Kühn: the same proceedings, CERN Report 89-08 Vol.I, 55.

These computer codes have recently been upgraded by including the results of: B. A. Kniehl and A. Sirlin, DESY 92-102;

S. Fanchiotti, B. A. Kniehl and A. Sirlin, CERN-TH.6449/92; R. Barbieri et al. Phys. Lett. B288 (1992) 95; K. G. Chetyrkin, J. H. Kühn, Phys. Lett. B248 (1990) 359;

K. G. Chetyrkin, J. H. Kühn and A. Kwiatkowski, Phys. Lett. B282 (1992) 221; J. Fleischer, O. V. Tarasov and F. Jegerlehner, Phys. Lett. B293 (1992) 437.

[8] Working group on Precision Calculations at LEP-I, D.Bardin et al..

[9] UA2 Collaboration, J. Alitti et al., Phys. Lett. B276 (1992) 354.

[10] CDF Collaboration, F. Abe et al., Phys. Rev. D43 (1991) 2070.

[11] CDF and D0 preliminary results presented by Y. Ducros, at the conference on ‘Results and Perspectives in Particle Physics’, La Thuile, March 6-12, 1994.

[12] CDHS Collaboration, H. Abramowicz et al., Phys. Rev. Lett. 57 (1986) 298;

CDHS Collaboration, A. Blondel et al., Z.Phys. C45 (1990) 361.

[13] CHARM Collaboration,J.V. Allaby et al., Phys. Lett. B177 (1986) 446;

CHARM Collaboration,J.V. Allaby et al., Z. Phys.C36 (1987) 611.

[14] CCFR Collaboration, A Precise Measurement of the Weak Mixing Angle in Neutrino Nucleon Scattering, NEVIS-R 1498, Submitted to Physical Review Letters.

[15] The LEP Collaborations ALEPH, DELPHI, L3, OPAL and the LEP Electroweak Working Group, Updated Parameters of the Z^0 Resonance from Combined Preliminary Data of the LEP Experiments, LEPEWWG/94-01, ALEPH 94-74 PHYSIC 94-63, DELPHI 94-33 PHYS 364, L3 Note 1599, OPAL Technical Note TN2235, May 1994.