UPR–0816–T

STATUS OF THE STANDARD MODEL^a

J. ERLER, P. LANGACKER Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, PA 19104-6396, USA E-mail: erler@langacker.hep.upenn.edu; pgl@langacker.hep.upenn.edu

We review the experimental and theoretical status of the standard electroweak theory, and its fundamental parameters. We obtain the global best fit result for the Standard Model Higgs boson of M_H = 107+67�45 GeV, and find the 95% upper limit of 255 GeV. Parameters describing physics beyond the Standard Model are discussed as well. Particular emphasis is given to implications for supersymmetric extensions of the Standard Model.

1 The Z and the Weak Neutral Current

Weak neutral currents are a primary prediction and a direct test of electroweak unification. They were discovered in 1973 by the Gargamelle experiment using the Proton Synchrotron (PS) at CERN^1, and confirmed by the HPWF detector at Fermilab^2. Subsequently, neutrino-nucleon and neutrino-electron scattering experiments improved to the per cent level, testing the weak interaction quantitatively. Electron-deuteron and electron-positron scattering, as well as atomic parity violation experiments, are sensitive to weak-electromagnetic interference effects, and were crucial for the confirmation of the electroweak Standard Model (SM). The W and Z bosons were finally discovered directly by the UA1^3 and UA2^4 Collaborations at the Super Proton Synchrotron (SPS) at CERN in 1982 and 1983, respectively. For a description of the history we refer the reader to Ref.^5.

With the basic structure of the SM established, CERN’s Large Electron Positron accelerator (LEP) and SLAC’s Stanford Linear Collider (SLC) were designed to test it on the quantum level. With these machines it was possible to determine many Z properties with per mille accuracy, including the outstanding measurement of the Z mass, M_Z , at LEP 1 with a relative precision of 2 parts in 10^5. Run I of Fermilab’s Tevatron (CDF and DØ) and the second phase of LEP (ALEPH, DELPHI, L3, and OPAL) contribute per mille determinations of the W mass, M_W . With the mass of the top quark, m_t, as determined at the Tevatron, M_W and other high precision observables can

aTo appear in the Proceedings of the 5th International WEIN Symposium: A Conference on Physics Beyond the Standard Model (WEIN 98), Santa Fe, NM, June 14–21, 1998.

also be calculated within the SM in the framework of a quantum field theory. The agreement with the measurements establishes the SM as a spontaneously broken renormalizable gauge theory, and verifies the gauge group and representations. It predicts at least one extra state, the Higgs boson, with a mass, M_H , below 1 TeV (from triviality bounds and for reasons of perturbativity). Combining all direct and indirect data in a likelihood fit, it is possible to extract more precise information on M_H leading to upper bounds of at most a few hundred GeV. We will review SM parameter estimation in Section 4.

The high accuracy of theory and experiment allows severe constraints on possible TeV scale physics, such as unification or compositeness. For example, the ideas of technicolor and non-supersymmetric Grand Unified Theories (GUT’s) are strongly disfavored. On the other hand, supersymmetric unification, as generically predicted by string theories, is supported by the observed approximate gauge coupling unification at an energy slightly below the Planck scale. Constraints on parameters describing physics beyond the SM will be reviewed in Section 5.

2 New Data

2.1 Z Pole Physics

The most important input into precision tests of electroweak theory continues to come from the Z factories LEP 1^6 and SLC^7. The vanguard of the physics program at LEP 1 with about 20 million recorded Z events is the analysis of the Z lineshape. Its parameters are M_Z , the total Z width, Γ_Z , the hadronic peak cross section, σ_{had}, and the ratios of hadronic to leptonic decay widths, R_ℓ =^{Γ(had)}

Γ(ℓ+ℓ�) , where ℓ = e, μ, or τ. They are determined in a common fit with

the leptonic forward-backward (FB) asymmetries, A_{F B} (ℓ) =^3_4 A_eA_ℓ. Here

A_f = 2v_f a_f v^2_f + a^2_f (1) is a parameter for fermion f, defined in terms of the vector (v_f = I_{3,f} − 2Q_f sin^2 θ^{eff}_f ) and axial-vector (a_f = I_{3,f} ) Zff̄ coupling; Q_f and I_{3,f} are the electric charge and third component of isospin, respectively, and sin^2 θ^{eff}_f ≡ s̄^2_f is an effective mixing angle.

An average of about 73% polarization of the electron beam at the SLC allows for a set of competitive and complementary measurements with a much smaller number of Z’s (^>_∼ 500, 000). In particular, the left-right (LR) cross section asymmetry, A_{LR} = A_e, represents the most precise determination of the weak mixing angle by a single experiment (SLD)^7. Mixed FB-LR asymmetries, A^{F B}_{LR} (f) =^3_4 A_f , single out the final state coupling of the Z boson. This is done for leptons^7, s quarks^8, as well as b and c quarks.

The results for A^{F B}_{LR} (τ) (and A^{F B}_{LR} (e)) can directly be compared with the LEP results^9 on the final state τ polarization, P_τ (and its angular distribution, P^{F B}_τ ). For several years there has been an experimental discrepancy at the 2σ level between A_ℓ from LEP and the SLC^{10}. With the 1997/98 high statistics run^b at the SLC, and a revised value for P^{F B}_τ , the two determinations are now consistent with each other,

A_ℓ(LEP) = 0.1470 ± 0.0027, A_ℓ(SLD) = 0.1503 ± 0.0023. (2)

The LEP value is from A_{F B} (ℓ) and the τ polarization measurements, while the SLD value is from A_{LR} and A^{F B}_{LR} (ℓ). The data are consistent with lepton universality, which is assumed here. There remains, however, a 2.5σ discrepancy between the two most precise determinations of s̄^2_ℓ , namely A_{LR} and A_{F B} (b) (assuming no new physics in A_b).

Of particular interest are the results on the heavy flavor sector^9 including R_q =^{Γ(qq̄)}_{Γ(had)} , A_{F B} (q), and A^{F B}_{LR} (q), with q = b or c. In addition, results have been quoted on A_{F B} (s)^{12,13} and R_{d,s}/(R_d + R_u + R_s)^{13}. There is a theoretical prejudice that the third family is the one which is most likely affected by new physics. Interestingly, the heavy flavor sector has always shown the largest deviations from the SM. E.g., R_b deviated at times by almost 4σ. Now, however, R_b is in good agreement with the SM, and thus puts strong constraints on many types of new physics. At present, there is some discrepancy in A^{F B}_{LR} (b) =^3_4 A_b, and A_{F B} (b) =^3_4 A_eA_b, both at the 2σ level. Using the average of Eqs. (2), A_ℓ = 0.1489±0.0018, both can be interpreted as measurements of A_b. From A_{F B} (b) one would obtain A_b = 0.887 ± 0.022, and the combination with A^{F B}_{LR} (b) =^3_4 (0.867 ± 0.035) would yield A_b = 0.881 ± 0.019, which is almost 3σ below the SM prediction. Alternatively, one could use A_ℓ(LEP) above (which is closer to the SM prediction) to determine A_b(LEP) = 0.898 ± 0.025, and A_b = 0.888 ± 0.020 after combination with A^{F B}_{LR} (b), i.e., still a 2.3σ discrepancy. In order to explain this 5–6% deviation in A_b in terms of new physics in loops, a 25–30% radiative correction to κ̂_b defined through s̄^2_b = κ̂_b sin^2 θ̂_{MS} would be needed. Only a new type of physics which couples at the tree level preferentially to the third generation^{14}, and which does not contradict R_b (including the off-peak measurements by DELPHI^{15}), can

bThere is still some discrepancy in A_{LR} from the SM prediction. This is mostly from upward fluctuations in the 1993 and 1996 data. The preliminary results from 1997, A_{LR} = 0.1475±0.0042±0.0016, and 1998, A_{LR} = 0.1487±0.0031±0.0017, are in excellent agreement.

conceivably account for a low A_b. Given this and that none of the observables deviates by 2σ or more, we can presently conclude that there is no compelling evidence for new physics in the precision data.

LEP also quotes a value for the hadronic charge asymmetry, Q_{F B}, representing an additional determination of s̄^2_ℓ (A_{F B} (q)). Similarly, SLD measures the hadronic charge flow asymmetry^{16}, A_Q = A_e, which is basically given by the ratio of (weighted) FB and LR–FB asymmetries.

Table 1: Z pole precision observables from LEP and the SLC. Shown are the experimental results, the SM predictions, and the pulls. The SM errors are from the uncertainties in M_Z , ln M_H , mt, α(M_Z ), and αs. They have been treated as Gaussian and their correlations have been taken into account.

Quantity Group(s) Value Standard Model pull M_Z [GeV] LEP 91.1867 ± 0.0021 91.1865 ± 0.0021 0.1 Γ_Z [GeV] LEP 2.4939 ± 0.0024 2.4957 ± 0.0017 −0.8 Γ(had) [GeV] LEP 1.7423 ± 0.0023 1.7424 ± 0.0016 — Γ(inv) [MeV] LEP 500.1 ± 1.9 501.6 ± 0.2 — Γ(ℓ+ℓ�) [MeV] LEP 83.90 ± 0.10 83.98 ± 0.03 — σhad [nb] LEP 41.491 ± 0.058 41.473 ± 0.015 0.3 Re LEP 20.783 ± 0.052 20.748 ± 0.019 0.7 Rμ LEP 20.789 ± 0.034 20.749 ± 0.019 1.2 Rτ LEP 20.764 ± 0.045 20.794 ± 0.019 −0.7 A_{F B}(e) LEP 0.0153 ± 0.0025 0.0161 ± 0.0003 −0.3 A_{F B}(μ) LEP 0.0164 ± 0.0013 0.2 A_{F B}(τ) LEP 0.0183 ± 0.0017 1.3 R_b LEP + SLD 0.21656 ± 0.00074 0.2158 ± 0.0002 1.0 Rc LEP + SLD 0.1735 ± 0.0044 0.1723 ± 0.0001 0.3 R_{s,d}/R(_d+_u+_s) OPAL 0.371 ± 0.023 0.3592 ± 0.0001 0.5 A_{F B}(b) LEP 0.0990 ± 0.0021 0.1028 ± 0.0010 −1.8 A_{F B}(c) LEP 0.0709 ± 0.0044 0.0734 ± 0.0008 −0.6 A_{F B}(s) DELPHI + OPAL 0.101 ± 0.015 0.1029 ± 0.0010 −0.1 A_b SLD 0.867 ± 0.035 0.9347 ± 0.0001 −1.9 Ac SLD 0.647 ± 0.040 0.6676 ± 0.0006 −0.5 As SLD 0.82 ± 0.12 0.9356 ± 0.0001 −1.0 A_{LR} (hadrons) SLD 0.1510 ± 0.0025 0.1466 ± 0.0015 1.8 A_{LR} (leptons) SLD 0.1504 ± 0.0072 0.5 Aμ SLD 0.120 ± 0.019 −1.4 Aτ SLD 0.142 ± 0.019 −0.2 Ae(Q_{LR}) SLD 0.162 ± 0.043 0.4 Aτ (Pτ ) LEP 0.1431 ± 0.0045 −0.8 Ae(Pτ ) LEP 0.1479 ± 0.0051 0.3 s̄2_ℓ (Q_{F B} ) LEP 0.2321 ± 0.0010 0.2316 ± 0.0002 0.5

The high precision Z pole observables are summarized in Table 1. Given for each observable is the experimental value with the total ( = statistical + systematic, added in quadrature) error, the SM prediction, and the pull, i.e., the deviation from the SM normalized by the total error. Γ(had), Γ(inv), and Γ(ℓ^+ℓ^−) are derived quantities and given for illustration only^c. Very good agreement with the SM is observed. Only A_{LR} and the two measurements sensitive to A_b discussed above, show some deviation, but even those are below 2σ. 2.2 LEP 2 and Tevatron Results

LEP 2^9 operating at and above the W^+W^− threshold, and the CDF^{17} and DØ^{18} Collaborations at the Tevatron, produce two completely independent determinations of M_W , with presently the same accuracy. They are in very good agreement with each other, and yield the world average (including the older result by the UA2 Collaboration^{19}),

M_W = 80.388 ± 0.063 GeV. (3)

The determination of m_t by CDF and DØ is dominated by the lepton + jet channels, which combine the merits of statistics (hadrons) and cleanliness (leptons). The dilepton channels (CDF and DØ) and the all hadronic channel (CDF) add extra information with to some extent different systematic uncertainties. The combined value is^{20}

m_t = 173.8 ± 3.2 (stat.) ± 3.9 (syst.) GeV. (4)

Fermion pair production at LEP above the Z resonance yields a number of important tests and cross checks of the SM. For example, γ–Z interference effects, which are suppressed at the Z resonance, become more sizable at higher energies. The LEP Collaborations have performed additional “Smatrix” fits, in which they allow these interference effects to differ from the SM expectations. They allow three extra off-resonance parameters, analogous and in addition to the on-resonance parameters σ_{had}, R_ℓ, and A_{F B} (ℓ). Including M_Z and Γ_Z and assuming family-universality this represents an eight parameter fit. Good agreement with the SM is found, reflecting the fact that FB-asymmetry measurements above the Z peak are also in good agreement with SM expectations.

The measurements at LEP 2 above the W^+W^− threshold and from DØ at the Tevatron are sensitive to triple-gauge-boson vertices. While there are a total of 14 independent couplings, one can use SU(2) × U(1) gauge invariance and LEP 1 constraints to reduce the number of triple gauge couplings to three.

cThe invisible width, Γ(inv), constrains the number, Nν , of standard neutrino flavors. A fit to all data with Nν free yields Nν = 2.992 ± 0.011.

Each coupling is extracted from the data by setting the other two to zero (the SM value). The results are^9

Δκ_γ = 0.13 ± 0.14, Δg^Z_1 = 0.00 ± 0.08,

λ_γ = −0.03 ± 0.07. (5)

2.3 Low Energy Data

Deep inelastic neutrino-hadron scattering (DIS) experiments played an important role for the establishment of the SM, and now serve as quantitative probes. This year the NuTeV Collaboration^{21} at Fermilab announced a very precise measurement of the Paschos-Wolfenstein^{22} ratio,

R^− = R^ν − rR^{ν̄} 1 − r = g^2_L − g^2_R. (6)

Here, R^ν (R^{ν̄} ) is the ratio of neutral to charged current (anti)neutrino scattering cross sections, while r is the ratio of charged current ν to ν̄ cross sections. R^− has an advantage over the more traditional DIS observable R^ν in that the effects of scattering from sea quarks cancel in the difference of ν and ν̄ cross sections. The actual measured quantity,

R^−_{meas} = R^ν_{meas} − αR^{ν̄}_{meas}, (7)

is constructed to minimize uncertainties from the so-called slow-rescaling parameters associated with the charm threshold, which have been dominant in the past. α = 0.5136 has been obtained by means of a Monte Carlo simulation. This method can only be applied when a high statistics ν̄ beam is available. Within the SM (but not beyond) and after fixing^d m_t and M_H , the result,

R^−_{meas} = 0.2277 ± 0.0022, (8)

can be expressed as a measurement^{21} of M_W = 80.26 ± 0.11 GeV. This can be compared with the final result of the CCFR experiment^{23}, M_W = 80.35 ± 0.21 GeV. In practical numerical implementations, especially in the presence of new physics, the actual combination of Zqq̄ couplings should be used. In our analyses we include earlier results by the CDHS^{24} and CHARM^{25} Collaborations, as well, and take into account correlations induced by physics model uncertainties. For a recent update on the physics model parameters, see Ref.^{26}.

dNote, that the R¯^ν component introduces a larger mt dependence compared to earlier DIS measurements, such as from CCFR.

Table 2: Non-Z pole precision observables from the Tevatron, LEP 2, neutrino scattering and APV. Shown are the experimental results, the SM predictions, and the pulls. The second error after the experimental value, where given, is theoretical. The SM errors are from the inputs as in Table 1. The CHARM results have been adjusted to CDHS conditions, and can be directly compared.

Quantity Group(s) Value Standard Model pull mt [GeV] Tevatron 173.8 ± 5.0 171.4 ± 4.8 0.5 M_W [GeV] Tevatron + UA2 80.404 ± 0.087 80.362 ± 0.023 0.5 M_W [GeV] LEP 80.37 ± 0.09 0.1

R�_{NuTeV 0.2277 ± 0.0021 ± 0.0007 0.2297 ± 0.0003 −0.9}

R^ν CCFR 0.5820 ± 0.0027 ± 0.0031 0.5827 ± 0.0005 −0.2 R^ν CDHS 0.3096 ± 0.0033 ± 0.0028 0.3089 ± 0.0003 0.2 R^ν CHARM 0.3021 ± 0.0031 ± 0.0026 −1.7 R¯^ν CDHS 0.384 ± 0.016 ± 0.007 0.3859 ± 0.0003 −0.1 R¯^ν CHARM 0.403 ± 0.014 ± 0.007 1.1 R¯^ν CDHS 1979 0.365 ± 0.015 ± 0.007 0.3813 ± 0.0003 −1.0 g^{νe}_V CHARM II −0.035 ± 0.017 −0.0395 ± 0.0004 — g^{νe}_V all −0.041 ± 0.015 −0.1 g^{νe}_A CHARM II −0.503 ± 0.017 −0.5063 ± 0.0002 — g^{νe}_A all −0.507 ± 0.014 −0.1 Q_W (Cs) Boulder −72.41 ± 0.25 ± 0.80 −73.10 ± 0.04 0.8 Q_W (Tl) Oxford + Seattle −114.8 ± 1.2 ± 3.4 −116.7 ± 0.1 0.5

Last year the Boulder group^{28} reported a much improved measurement of the amplitude of the parity violating transition between Cesium’s 6S and 7S states. The experimental error in the extracted weak charge,

Q_W = −72.41 ± 0.25 (exp.) ± 0.80 (theory), (9)

decreased by a factor of 7. A slight improvement in the atomic theory calculations due to a new semi-empirical determination of the atomic polarizability^{29} shifted the central value of Q_W closer to the SM prediction and reduced the theory error. In the future the total error is expected^{30} to decrease even further to about 0.5%. Q_W is obtained from an average of two different hyperfine transitions. The Boulder group observes a significant difference in the 6S_{F =4} to 7S_{F =3} and the 6S_{F =3} to 7S_{F =4} transitions. Most of this effect (≈ 85%) is assigned to the nuclear anapole moment (the axial electromagnetic form factor of the nucleus), which has not been observed before. Its size is somewhat larger than expected from theory estimates^{31}, but the latter are nuclear model dependent. Measurements of atomic parity violation (APV) in thallium^{32} have also recently improved to match the theory calculations^{33} and to give useful constraints on new physics. Indeed, this type of measurement is very sensitive to the S parameter to be discussed later.

The non-Z pole precision observables are summarized in Table 2. They include the results from ν-electron scattering by the CHARM II Collaboration^{34}, as well as the world averages. They are presented in terms of the vector and axial-vector couplings, g^{νe}_V and g^{νe}_A . The pp̄ value for M_W assumes a common systematic error of ±50 MeV between the three experiments.

2.4 Other SM Tests

Another important neutral current process in the context of new physics, and in particular of low energy supersymmetry, is the flavor changing loop mediated transition b → sγ. The ALEPH Collaboration^{35} studies B mesons and baryons, while CLEO^{36} focuses on meson decays. Many of the hadronic and systematic uncertainties cancel when one normalizes the rate by the charged current process b → ceν. After having done so, one finds the two experiments in good agreement with each other, and the combined result,

R^{exp} = Γ(b → sγ) Γ(b → ceν) = (3.00 ± 0.47) × 10^{−3}. (10)

A lot of effort has gone into theory calculations of b → sγ. For references and a discussion of electroweak radiative corrections see Ref.^{37}, which quotes,

R^{theory} = (3.01 ± 0.25) × 10^{−3}, (11)

for the SM. Alternatively, by writing

R^{theory} = (3.00 ± 0.25)(1 + 0.10ρ) × 10^{−3}, (12)

R can also be interpreted as a measurement of one of the Wolfenstein parameters^{38} of the CKM mixing matrix,

ρ = 0.0 ± 1.8. (13)

The present world average^{39} of the muons anomalous magnetic moment is

a^{exp}_μ = g_μ − 2 2 = (116592300 ± 840) × 10^{−11}. (14)

On the other hand, the estimated SM electroweak contribution^{40},

a^{EW}_μ = (151 ± 4) × 10^{−11}, (15)

is much smaller than the uncertainty. However, a new experiment at BNL is expected to reduce the experimental error to ±40 × 10^{−11} or better. The limiting factor will then be the uncertainty from the hadronic contribution^{41},

a^{had}_μ = (6924 ± 62) × 10^{−11}, (16) which has recently been estimated with the help of τ decay data and finiteenergy QCD sum rule techniques. This result constitutes a major improvement over previous ones which had more than twice the uncertainty^{42}. It would be important to verify it, and reduce the error even further to meet the experimental precision.

Additional hadronic uncertainties are induced by the light-by-light scattering contribution^{43},

a^{LBLS} μ = (−92 ± 32) × 10^{−11}, (17)

and other subleading hadronic contributions^{44},

a^{had}_μ [( α π )_3] = (−100 ± 6) × 10^{−11}. (18)

The SM prediction is

a^{theory} μ = (116591596 ± 67) × 10^{−11}. (19)

With the anticipated accuracy at the BNL it will be possible to explore new physics up to energies of 5 TeV and more. The result of the initial run at BNL in 1997 is^9 a^{BNL97} μ = (1165925 ± 15) × 10^{−9}. (20)

The error is expected to decrease to ±1 × 10^{−9} during the 1998–1999 run. A precise measurement can give important hints and constraints on new physics, specifically supersymmetry in the large tan β region^{45}.

3 Theoretical Developments

3.1 Schemes

There are a variety of different renormalization schemes, reflected by various definitions of the weak mixing angle. The on-shell scheme is conceptually simple, carrying the tree level relation, s^2_W ≡ 1 − M^2_W /M^2_Z , to all orders. Due to large loop effects induced by the top-bottom doublet, s^2_W is numerically several per cent smaller than the effective mixing angles, s̄^2_f ≡ κ_f s^2_W . These are defined through Z pole asymmetries, and therefore (like s^2_W ) (pseudo)- observable and scheme independent. The relatively large form factors κ_f induce large reducible higher order corrections, which frequently dominate the irreducible (genuine) corrections. Numerically much closer to the s̄^2_f is the MS definition sin^2 θ̂_{MS}(M_Z ) ≡ ŝ^2_Z . As a consequence the MS scheme has excellent convergence properties. It is also (unlike the s̄^2_f ) flavor independent, and it is very convenient in the context of gauge coupling unification. There it is compared to the strong coupling constant, α_s, which is traditionally treated in the MS scheme, as well. In general, calculations in the MS scheme tend to be technically simpler, and it is especially convenient in the presence of mixed QCD-electroweak corrections. One drawback of ŝ^2_Z is that it is a theoretical construct and not directly related to an observable. As a result, there exist various versions of MS mixing angles. Here we use the definition with the top quark decoupled^{46}. The scale, which has to be specified as well, can sometimes be used to eliminate spurious logarithms in coefficient functions, a freedom not available for the other definitions.

3.2 Recent Radiative Corrections

To match the accuracy of the high precision data, multi-loop perturbative calculations have to be performed. These include leading two-loop electroweak, three-loop mixed electroweak-QCD, and three-loop QCD corrections. O(αα_s) vertex corrections to Z decays^{47} have become available only recently, inducing an increase in the extracted α_s by about 0.001. The inclusion of top mass enhanced two-loop O(α^2m^4_t )^{48} and O(α^2m^2_t )^{49} effects is crucial for a reliable extraction of M_H .

We have collected all available results in a new radiative correction package. All Z pole and low energy observables are selfconsistently evaluated with common inputs. The routines are written entirely within the MS scheme, using MS definitions for all gauge couplings and quark masses. This reduces the size of higher order terms in the QCD expansion.

The largest theoretical uncertainty arises from the M_W –M_Z –ŝ^2_Z interdependence. The problem is directly related to the renormalization group (RGE) running of the electromagnetic coupling,

α(M_Z ) = α 1 − Δα(M_Z )

. (21)

While the contributions from leptons and bosons (and the top quark when not technically decoupled) can be computed with sufficient accuracy, the hadronic contributions from the five lighter quarks escape a first principle treatment due to strong interaction effects. If one trusts perturbative QCD down to energies below the J/Ψ threshold, one can use RGE techniques for charm and bottom quarks, as well^{50}. Complications from quark confinement are then effectively moved to the actual extraction of the c and b quark masses, which contribute a major uncertainty in this approach. Alternatively, one can use^{41,51} J/Ψ and Υ resonance parametrizations and a dispersion relation (DR) to arrive at the charm and bottom contributions to Δα(M_Z ). The latter approach is slightly more precise, while the first one allows a selfconsistent treatment of the parametric uncertainty from α_s, an advantage in electroweak fits. Both approaches give very similar results. Finally, one might prefer to use e^+e^− data and the dispersive approach for the entire energy regime up to well above the Υ resonances (the cutoff is typically 40 GeV)^{42,52,53}. However, since the relevant data is not very precise, one faces larger uncertainties; the results are in good agreement with the more theoretical approaches, but tend to give larger values of Δα(M_Z ) and smaller resulting best fit values for M_H . As for the three light flavors, a DR cannot be circumvented in any of the approaches, and differences arise only due to different data or fit procedures. The calculation of α̂_{MS} is naturally performed using an unsubtracted DR^{50}; the on-shell coupling is computed through a subtracted one^{41,42,51,52,53}. In our analysis for the Particle Data Group^{54} we relied on Ref.^{53}, while here we use Ref.^{50}. The LEP Electroweak Working Group (LEPEWWG)^9 employs Ref.^{42}.

It is interesting that the TOPAZ collaboration at TRISTAN^{55} has actually observed the running of α, albeit with large uncertainty. From the cross section for e^+e^− → e^+e^−μ^+μ^− (relative to μ^+μ^−) they obtain α^{−1}(57.77 GeV) = 128.5 ± 1.9, compared with the theoretical expectation 129.6 ± 0.1.

4 Standard Model Fit Results

4.1 Overview

We use the complete data set described in Section 2, and summarized in Tables 1 and 2 for a global electroweak analysis. We carefully took into account experimental and theoretical correlations, in particular in the Z-lineshape sector, the heavy flavor sector from LEP and the SLC, and for the DIS experiments. Predictions within and beyond the SM were calculated by means of a new radiative correction program based on the MS renormalization scheme (see Section 3). All input and fit parameters are included in a selfconsistent way, and the correlation (present in theory evaluations of α(M_Z )) between α_s and Δα(M_Z ) is automatically taken care of. We find very good agreement with the results of the LEPEWWG^9, except for well-understood effects originating from higher orders. We would like to stress that this agreement is quite remarkable as they use the electroweak library ZFITTER^{56}, which is based on the on-shell renormalization scheme. It also demonstrates that once the most recent theoretical calculations, in particular Refs.^{47,49}, are taken into account, the theoretical uncertainty becomes quite small, and is in fact presently negligible compared to the experimental errors. The relatively large theoretical uncertainties obtained in the Electroweak Working Group Report^{57} were

Table 3: Fit values of ŝ 2_Z , s2_W , αs, and mt for various combinations of observables. The quoted values are for the global best fit result, M_H = 107 GeV. The uncertainties are from mt, αs, and α(M_Z ).

Data ŝ2_Z s2_W αs(M_Z ) mt [GeV] All indirect + mt 0.23129(12) 0.2233(4) 0.1206(30) 171.4 ± 3.4 All indirect + mt + αs 0.23126(12) 0.2233(4) 0.1188(18) 171.4 ± 3.4 All indirect 0.23134(15) 0.2236(5) 0.1206(30) 169.4 ± 4.6 Z pole 0.23136(17) 0.2236(6) 0.1206(30) 168.6 ± 5.3 LEP 1 0.23163(21) 0.2246(7) 0.1219(31) 161.2 ± 6.4 SLD + M_Z 0.23080(31) 0.2216(11) 0.1200 (fixed) 185.8 ± 9.0 A_{F B}(b) + M_Z 0.23198(39) 0.2259(15) 0.1200 (fixed) 148.5 ± 13.5 M_W + M_Z 0.23115(34) 0.2228(12) 0.1200 (fixed) 175.4 ± 10.0 DIS + M_Z 0.23187(78) 0.2255(29) 0.1200 (fixed) 152.2 ± 25.1 DIS + mt 0.2334(22) 0.2253(21) 0.1200 (fixed) 173.9 ± 5.0

estimated using different electroweak libraries, which did not include the full range of higher order contributions available now.

In the Standard Model analysis we use the fine structure constant, α, and the Fermi constant, G_F = 1.16637(1)×10^{−5} GeV^{−2}, as fixed inputs. The error in G_F is now of purely experimental origin after the very recent calculation of the two-loop QED corrections to μ decay have been completed^{59}. They lower the central value by 2 × 10^{−10} GeV^{−2} and the extracted M_H by 1.3%. Moreover, there are five independent fit parameters, which can be chosen to be M_Z , M_H , m_t, α_s, and Δα(M_Z ). Alternatively, M_Z can be replaced by s^2_W or ŝ^2_Z . Unless explicitly stated, we do not use α_s determinations from outside the Z lineshape sector. The fit to all precision data is perfect with an overall χ^2 = 28.8 for 36 degrees of freedom, and yields,

M_H = 107^{+67}_{−45} GeV, m_t = 171.4 ± 4.8 GeV, α_s = 0.1206 ± 0.0030, ŝ^2_Z = 0.23129 ± 0.00019, s̄^2_ℓ = 0.23158 ± 0.00019, s^2_W = 0.22332 ± 0.00045.

(22)

Moreover, none of the observables deviates from the SM best fit prediction by more than 2 standard deviations.

In Table 3 we show the results of fits to various data sets. Shown are the MS and on-shell mixing angles, as well as α_s and m_t. In these fits we have fixed the Higgs mass to its global best fit value, M_H = 107 GeV, so that the sensitivity to m_t becomes transparent. The first line corresponds to the fit to all data. Note the smaller errors compared to the results (22) where M_H was a free parameter. The third line corresponds to a fit to all indirect data. The extracted m_t = 169.4±4.6 GeV is in good agreement with the direct result from the Tevatron, and is of similar accuracy. On the other hand, the m_t extracted from the LEP 1 (SLD) observables is slightly below (above) the Tevatron value. There is still a 2.2σ discrepancy between the ŝ^2_Z determinations at LEP and the SLC. The last 2 lines show the results from DIS. When combined with M_Z , DIS represents a measurement of ŝ^2_Z (R_ν ), and also has some sensitivity to m_t (R_{ν̄} ). The last fit is equivalent to regarding DIS as a measurement of s^2_W . Even after the end of the LEP 1 era, ν-hadron scattering experiments continue to represent competitive measurements. This is even more true in the presence of new physics.

4.2 M_H

The data show a strong preference for a low M_H ∼ O(M_Z ). Unlike in previous analyses, the central value of the global fit to all precision data, including m_t and excluding further constraints from direct searches,

M_H = 107^{+67}_{−45} GeV, (23)

is now above the direct lower limit,

M_H > 90 GeV [95% CL], (24)

from searches at LEP 2^{60}. In fact, it coincides with the 5σ discovery limit (and is 2 GeV below the 95% exclusion limit) from LEP 2 running at 200 GeV center of mass energy with 200 pb^{−1} integrated luminosity per experiment^{60}. The 90% central confidence interval from precision data only is given by

39 GeV < M_H < 226 GeV. (25)

These results are to be compared with the theoretical SM expectation,

115 GeV^<_∼ M_H^<_∼ 750 GeV, (26)

where the lower bound is derived from vacuum stability requirements^{61}, and the upper bound is a (lattice) triviality bound^{62}. The fit result (23) is also in agreement with the prediction for the lightest neutral Higgs boson^{63},

m_h0^<_∼ 130 GeV, (27)

within the Minimal Supersymmetric Standard Model (MSSM). In non-minimal extensions of the MSSM, the bound (27) is relaxed to about 150 GeV.

For the determination of the proper M_H upper limits, we scan equidistantly over ln M_H , combining the likelihood χ^2 function from the precision data with the exclusion curve (interpreted as a prior probability distribution function) from LEP 2^{60}. This curve is from Higgs searches at center of mass energies up to 183 GeV. We find the 90 (95, 99)% confidence upper limits,

M_H < 220 (255, 335) GeV. (28)

Notice, that the LEP 2 exclusion curve increases the 95% upper limit by almost 30 GeV.

Indirect M_H constraints from precision data are now very similar in precision to the indirect m_t constraints from less than a decade ago^{64}, just before the commencement of the Z pole era at LEP 1 and the SLC. This is rather remarkable, as M_H effects are, in contrast to the leading quadratic m_t effects, only approximately logarithmic. Higgs hunting in precision data is further hampered by the strong correlation of ln M_H with m_t (70%) and α(M_Z ) (30%). The strongest constraints come from the asymmetries, but M_W , R_b, and the lineshape observables are also significant. In the past, the tendency for a low M_H came almost entirely^{65} from A_{LR} and R_b, both of which were in conflict with the SM. Now they deviate much less (especially R_b), plus there are extra constraints. This also reduces possible confusion with new physics (to which R_b is particularly sensitive). It should be noted, however, that the results on M_H are strongly correlated with the S and T parameters, as discussed in Section 5. The increase in χ^2 when shifting M_H up to 1 TeV, which used to be only a few units, is now

Δχ^2 = χ^2(M_H = 1 TeV) − χ^2_{min} = 25.7, (29)

i.e., a TeV scale SM Higgs boson is now excluded at the 5σ level.

On the other hand, the χ^2 function is fairly shallow for Higgs masses up to O(200 GeV). Precise predictions are difficult due to the low sensitivity in that regime. One also has to keep in mind that there are still some 2σ level deviations, such as in A_{LR} and A_{F B} (b), and ambiguities in the treatment of α(M_Z ). Unlike the central values, however, the upper limits on M_H are rather insensitive to the used α(M_Z )^{10}. This is due to compensating effects from the larger central value of α(M_Z ) (corresponding to lower extracted Higgs masses) and the larger error bars in the data driven approach^{42,52,53} (see the discussion in Section 3.2).

One can take the point of view^{66} that the A_{LR} measurement at the SLC and A_{F B} (τ) from LEP are by themselves in conflict with the lower Higgs limit (24). For example, using the Tevatron m_t one would predict from A_{LR},

M_H (A_{LR}) = 39^{+46}_{−25} GeV. (30)

This may well be due to a statistical fluctuation, and to avoid a bias we treat it as such. Indeed, A_{LR} and A_{F B} (τ), are both consistent with the lower direct M_H limit within 1.1σ. Moreover the χ^2 per d.o.f. in the SM fit is excellent, discouraging the use of scale factors to increase error bars. It should also be stressed again that our upper M_H limits do take into account the direct search results in a proper Bayesian way. However, to get a sense of how sensitive our limits depend on A_{LR} and A_{F B} (τ), we study the effect of repudiating both measurements completely from the fit, and find,

M_H ( A̸_{LR}, A̸_{F B} (τ)) = 195^{+119}_{−78} GeV, (31)

and the 90 (95)% upper limit,

M_H ( A̸_{LR}, A̸_{F B} (τ)) < 356 (419) GeV. (32)

Hence, even such a radical treatment increases the upper M_H limit by only about 60% or ∼ 150 GeV.

We generally disagree with the conclusions drawn from PDG scale factor studies^{66} in which 95% upper limit of O(700) GeV are found. These analyses were based on data presented at summer 97 and spring 98 conferences, and should therefore be compared with our earlier results published in Refs.^{10,54} with upper limits of O(300) GeV. Since then (see the footnote in Section 2.1) there are new results on A_{LR}, and also A_{F B} (τ) has somewhat changed. When using the summer 98 conferences the author of Refs.^{66} agrees with our results^{67}.

4.3 α_s(M_Z )

As for the extraction of the strong coupling constant at the Z scale, we find the best fit value^e, α_s = 0.1206 ± 0.0030, (33)

in excellent agreement with other determinations. For example, the ALEPH^{68} and OPAL^{69} Collaborations obtain from hadronic τ decays,

α_s(Γ_τ ) = 0.1202 ± 0.0027, α_s(Γ_τ ) = 0.1219 ± 0.0020, (34)

respectively. Another result of similar precision is obtained from Υ spectroscopy using non-relativistic QCD for lattice gauge theory^{70}, which is also consistent with a preliminary result from J/Ψ spectra^{71},

α_s(bb̄ spectrum) = 0.1174 ± 0.0024, α_s(cc̄ spectrum) = 0.1159 ± 0.0030. (35)

eFor comparison, the LEPEWWG 9 quotes αs = 0.119 ± 0.003.

Measurements of the proton structure functions F_2 and xF_3 in neutrino DIS yield^{72} α_s(DIS) = 0.119 ± 0.002 ± 0.004, (36)

where the first error is experimental and the second theoretical. The NuTeV Collaboration plans to reduce the total error of α_s from scaling violations in DIS to 0.002. Finally, there are a variety of jet event shape extractions of α_s from e^+e^− annihilation at, below, and above the Z peak, again in excellent agreement with Eq. (33). One can clearly conclude that the old low energy versus high energy controversy for α_s is over!

We can use these α_s measurements as an additional external constraint in global fits. In order to do so, we use the world average by the Particle Data Group^{73} with the Z lineshape value removed,

α_s = 0.1178 ± 0.0023. (37)

The result (cf., the second row in Table 3),

α_s = 0.1188 ± 0.0018, (38)

can be viewed as the present world average. Inclusion of the constraint (37) reduces the 90 (95, 99)% upper M_H limit by 6 (9, 13) GeV.

The lineshape value (33) is also consistent with predictions from gauge unification in supersymmetric GUT’s and string theories. Using α(M_Z ) and ŝ^2_Z one predicts^{74} α_s = 0.130 ± 0.010. (39)

4.4 Future Prospects

The LEP 1 results are now close to being finalized, although some work on systematic errors and correlations still needs to be done. Similarly, the uncertainty in M_W from the Tevatron run I is expected to decrease somewhat. Run II at the Tevatron with its ten times larger luminosity is anticipated to measure M_W to ±40 MeV per experiment and channel. The statistical error of M_W from LEP 2 is likely to decrease to ±40 MeV within a year and to ±25 MeV after its completion. For a projection of the systematic error, the effects of color reconnection and Bose-Einstein correlations need to be understood more rigorously. Future M_W measurements could reach a precision of ±25 MeV, including a theoretical uncertainty from uncalculated higher order radiative corrections. Moreover, run II should determine m_t within 2 GeV, including the theoretical ambiguity from the conversion between pole and running mass definitions. The SLD Collaboration is seeking for additional run time (“SLD 2000”), which would permit them to double their statistics. This would greatly improve the A_{LR} and A^{F B}_{LR} measurements, which are still statistically limited. Given the superior three-dimensional vertexing with the SLD detector (VXD3), it would also allow competitive measurements of R_b and R_c, with errors comparable to those from LEP.

Adding the hypothetical constraints,

m_t (run II) = 171.4 ± 2.0 GeV, M_W (run II + LEP 2) = 80.362 ± 0.025 GeV, A_ℓ (SLD 2000) = 0.1466 ± 0.0020, R_b (SLD 2000) = 0.2158 ± 0.0010,

(40)

to the data (where the central values are the current global best fit values), one might find around the year 2002,

M_H (future) = 107^{+36}_{−29} GeV, (41)

i.e., a 30% determination. From direct searches, Higgs masses up to 94 (97) GeV can be discovered (excluded) from the present 189 GeV run at LEP 2.

After run II there might be a further luminosity upgrade at the Tevatron (TeV33) reducing the top mass error to about ±1 GeV. High precision measurements of the total width and the leptonic branching ratio of the W boson would be possible. In addition, a per mille determination of the weak mixing angle through A_{F B} (ℓ) is conceivable. Most importantly, with 30 fb^{−1} at TeV33, Higgs boson searches up to 130 GeV would be possible.

5 Beyond the Standard Model

5.1 Unification or Compositeness

The successful supersymmetric gauge coupling unification discussed in Section 4.3 could be coincidental. If taken seriously, however, it could also be taken as circumstantial evidence for supersymmetry (SUSY). Moreover, it would constrain extra matter to come either in complete standard families or singlets. And it would demand the absence of extended gauge structures below the unification scale M_{GUT} ∼ 10^{16} GeV, unless they commute with the SM gauge group. Of course, there is always the possibility of subtle cancellations of different effects^f .

In addition to the encouraging gauge unification, there is the agreement between the general prediction from perturbative low energy SUSY,

m_h0^<_∼ 150 GeV, (42)

f For a recent example, see Ref. 75.

and the precision data. The results in Section 4.2 apply strictly only in the context of the SM, or when the extra sparticles and Higgs bosons predicted by SUSY are decoupled, i.e., heavier than a few hundred GeV. In this case, effects in the precision data are small, and it is a remarkable prediction of the decoupled MSSM that no deviation in the precision data are to be expected. Similarly, flavor changing neutral currents (FCNC) and CP violating effects may be small, as well.

On the contrary, in scenarios of new physics involving a composite (dynamical) Higgs sector and/or composite fermions, one expects a variety of effects. These include in particular FCNC, which are typically predicted along with many new 4-Fermi operators. However, (in the absence of fine tuning) FCNC operators are already excluded up to scales of O(100 TeV), and APV excludes contact operators of eq type for scales up to O(10 TeV). These types of new physics also tend to predict a decrease in R_b, the opposite of what is being observed. Finally, they are in conflict with oblique radiative corrections, as defined and discussed below.

5.2 Oblique Parameters

The data are precise enough to constrain additional parameters describing physics beyond the SM. Of particular interest is the ρ-parameter, defined by

ρ_0 =

M^2_W M^2_Zĉ^2_Zρ̂(m_t, M_H )

, (43)

which is a measure of the neutral to charged current interaction strength. The SM contributions are absorbed in ρ̂, so that in the SM ρ_0 = 1, by definition. Examples for sources of ρ̂ ≠ 1 include non-degenerate extra fermion or boson doublets, and non-standard Higgs representations.

In a fit to all data with ρ_0 as an extra fit parameter, the correlation of M_H with m_t is lifted, and replaced by a strong (73%) correlation^g with ρ_0. As a result upper limits on M_H are weak when ρ_0 is allowed. Indeed, χ^2(M_H ) is very shallow with

Δχ^2 = χ^2(1 TeV) − χ^2(M_Z ) = 4.5, (44)

and its minimum is at M_H = 46 GeV, which is already excluded. We obtain,

ρ_0 = 0.9996^{+0.0009}_{−0.0006}, m_t = 172.9 ± 4.8 GeV, α_s = 0.1212 ± 0.0031,

(45)

gρ0 is also strongly anticorrelated with αs (−53%) and mt (−46%).

in excellent agreement with the SM. The central values are for M_H = M_Z , and the uncertainties are 1σ errors and include the range, M_Z ≤ M_H ≤ 167 GeV, in which the minimum χ^2 varies within one unit. Note, that the uncertainties for ln M_H and ρ_0 are non-Gaussian: at the 2σ level (Δχ^2 ≤ 4), Higgs masses up to 800 GeV are allowed, and we find

ρ_0 = 0.9996^{+0.0031}

−0.0013 (2σ). (46)

This implies strong constraints on the mass splittings of extra fermion and boson doublets^{76},

Δm^2 = m^2_1 + m^2 −

4m^2_1m^2 m^2_1 − m^2 ln m_1 m_2

≥ (m_1 − m_2)^2, (47)

namely, at the 1σ and 2σ levels, respectively, ∑ i C_i 3 Δm^2_i < (38 GeV)^2 and (93 GeV)^2, (48)

where C_i is the color factor. Due to the general condition (42) in the MSSM, stronger 2σ constraints result here,

ρ_0 (MSSM) = 0.9996^{+0.0017}_{−0.0013} (2σ). (49)

The constraints (48) would therefore change to ∑ i C_i 3 Δm^2_i < (38 GeV)^2 and (64 GeV)^2 (MSSM). (50)

Similarly, constraints on heavy degenerate chiral fermions can be obtained through the S parameter^{77}, defined through a difference of Z boson selfenergies, α̂(M_Z ) 4ŝ^2_Zĉ^2_Z S ≡ Π^{new}_{ZZ} (M^2_Z ) − Π^{new}_{ZZ} (0) M^2_Z

. (51)

The superscripts indicate that S includes new physics contributions only. Likewise, T = (1 − ρ^{−1}_0 )/α̂ and the U parameter to be discussed below, also vanish in the SM^h. A fit to all data with S allowed yields,

S = −0.20^{+0.24}_{−0.17}, M_H = 390^{+690}_{−310} GeV, m_t = 172.9 ± 4.8 GeV, α_s = 0.1221 ± 0.0035.

(52)

hThus, our definition differs somewhat from the original definition 77 which included the mt and M_H contributions to the self-energies in S, T , and U.

In the presence of S, constraints on M_H virtually disappear. In fact, S and M_H are almost perfectly anticorrelated (−92%). A heavy degenerate ordinary or mirror family contributes 2/3π to S. By requiring M_Z ≤ M_H ≤ 1 TeV, we find with 3σ confidence,

S = −0.20^{+0.40}_{−0.33} (3σ). (53)

A fourth sequential fermion family is excluded at the 99.8% CL.

New physics contributions to the third oblique parameter, U, which is defined through

α̂(M_Z ) 4ŝ^2_Z (S + U) ≡ Π^{new}_{W W} (M^2_W ) − Π^{new}_{W W} (0) M^2_W

, (54)

are usually expected to be small. A fit to all data with U allowed,

U = 0.09 ± 0.19, M_H = 110^{+70}_{−46} GeV, m_t = 171.1 ± 4.9 GeV, α_s = 0.1207 ± 0.0030,

(55)

reveals perfect agreement with the SM prediction U = 0. Notice, that allowing U has little effect on the extracted M_H , as it has only small correlations with the SM parameters.

A simultaneous fit to S, T , and U can be performed only relative to a specified M_H . If one fixes M_H = 600 GeV, as is appropriate in QCD-like technicolor models, one finds S = −0.27 ± 0.12, T = 0.00 ± 0.15, U = 0.19 ± 0.21.

(56)

Notice, that in such a fit the S parameter is significantly smaller than zero. From this an isodoublet of technifermions, assuming N_{T C} = 4 technicolors, is excluded by almost 6 standard deviations, and a full technigeneration by more than 15σ. However, the QCD-like models are excluded on other grounds, such as FCNC. In particular, in models of walking technicolor S can be smaller or even negative^{78}.

The allowed range of the oblique parameters in the context of SUSY is obtained by demanding M_Z ≤ M_H ≤ 150 GeV, which yields,

S = −0.17^{+0.17}_{−0.12},

T = −0.16^{+0.15}_{−0.18}, U = 0.19 ± 0.21.

(57)

Note the 2σ upper limit T ≤ 0.14. Allowing supersymmetric contributions to R_b, which can be mediated by light top squark and chargino loops, this limit would tighten further to T ≤ 0.12 (2σ). (58)

These results are to be compared with the predictions of various scenarios for the mediation of SUSY breaking from the hidden to the observable sector. For example, in the minimal supergravity model with universal soft SUSY breaking terms, there are regions of parameter space in which T can be as large as 0.20, so they have to be excluded. Of course, there are in general also (smaller) contributions to S and U, as well as non-oblique corrections, so much more parameter space can be excluded than what is suggested by the constraint (58). A systematic analysis of precision data in the MSSM, and a discussion of the excluded parameter space can be found in Ref.^{79}.

5.3 Weaker Interactions

Many GUT’s and string models predict extra gauge symmetries and new exotic states. For example, SO(10) GUT contains an extra U(1) as can be seen from its maximal subgroup, SU(5) × U(1)_χ. The spinorial 16 representation contains besides the known quarks and leptons one further state, the right-handed neutrino. This is highly desirable for the generation of neutrino mass through the see-saw mechanism. However, the scale at which the U(1)_χ is broken is not predicted, and the mass of the accompanying gauge boson, M_Z0, is arbitrary. Thus, there is no reason to expect a Z^′ of this kind at the electroweak or TeV scales, and to look for them there is like the “search under a lamppost”.

Similarly, E_6 GUT contains the subgroup SO(10) × U(1)_ψ, giving rise to another Z^′. In addition, the fundamental 27 contains besides the 16 of SO(10), a fundamental decouplet plus a singlet. The decouplet decomposes into a vector-like pair of SU(5) fundamentals, containing an isoscalar downtype quark and a lepton doublet^{80}. Searches for these exotic states at LEP 2 and the Tevatron set lower limits of about 90 GeV on their masses.

The potential Z^′ boson is in general a superposition of the SM Z and the new boson associated with the extra U(1),

Z = Z^0_1 cos θ + Z^0_2 sin θ, Z^′ = −Z^0_1 sin θ + Z^0_2 cos θ, (59)

where^{81}

tan^2 θ =

M^2_{Z01} − M_Z

M_Z0 − M^2_{Z01}

, (60) and where M_Z0_1 is the SM value for M_Z in the absence of mixing. Note that M_Z < M_Z0_1 (for the case that Z^0_1 is the lighter of the states before mixing), and that the SM Z couplings are changed by the mixing. M_Z0_1 can be calculated from M_W and compared with M_Z from LEP. A significant difference could be an indication for the presence of the extra boson, as would a difference between M_Z and the value predicted by the other Z pole observables. Z^′ exchange is suppressed (out of phase) at the Z pole. However, stringent limits can be obtained from weak neutral current data at lower energies.

One finds M_ZØ > 330 GeV from precision data for arbitrary mixing, but limits can increase to the TeV scale in specific models with known mixing. Collider limits on Z^′ masses depend on the chiral couplings of the new gauge boson to ordinary quarks and leptons, and on possible exotic decay modes. For a Z^′ with SM couplings and a width which scales like the SM one, CDF (DØ) sets a lower limit^{17} of 690 (670) GeV. For typical GUT models the limits are M_ZØ > 600–1000 GeV, with very constrained mixing angles θ of at most a few per mille. Limits on a leptophobic Z^′ are weaker, with M_Z0 ∼ 150 GeV and θ ∼ a few per cent allowed. For reviews, see Refs.^{82}.

Perturbative string models with supergravity mediated SUSY breaking usually predict many extra Z^′ bosons and exotic states. Unlike the GUT scenarios, these models tend to favor Z^′ masses of O(M_Z ). The general idea^{83} is that the mixing of the two MSSM Higgs doublets (the μ term) which is expected to vanish at tree level (and in fact to all orders in the absence of SUSY breaking) is generated radiatively through large Yukawa couplings. The μ problem, i.e., the expectation that either μ = 0 or of order the Planck scale, is solved by the introduction of a SM singlet field S. Its expectation value generates an effective μ term of O(M^2_H ) ∼ O(M^2_S ) ∼ O(M^2_{SUSY}). Given this kind of scenario, a TeV scale Z^′ boson is no longer “lamppost physics”.

Another class of models^{84} involves symmetry breaking along D-flat directions. This can introduce Z^′ bosons with intermediate scale masses (e.g. 10^{12} GeV), and can have interesting consequences for the generation of fermion mass hierarchies and neutrino masses.

6 Conclusions

The precision data confirms the validity of the SM at the electroweak loop level (i.e., within a few per mille), and there is no compelling evidence for deviations. The determination of m_t from electroweak loops is consistent with the kinetic mass measurement, and the low versus high energy α_s problem has disappeared. The evaluation of α(M_Z ) is due to new perturbative and non-perturbative QCD treatments more precise than in the past.

A low Higgs mass is strongly favored by the data. M_H is now much more robust to changes in the data set. The precise range is rather sensitive to α(M_Z ), but the upper limits are not. However, in the presence of non-standard contributions to the S or T parameters, no strong M_H bounds can be found.

There are stringent constraints on parameters beyond the SM, such as ρ_0, S, T , U, and others. This is a serious problem for models of dynamical symmetry breaking, compositeness, and the like. Those constraints are, however, consistent with gauge unification, and also with the MSSM favoring its decoupling limit. Moreover, the low favored M_H is in agreement with the expected mass range for the lightest neutral Higgs boson in the MSSM.

Perturbative string models (and also many GUT’s) suggest extra Z^′ bosons. Rather generically they are expected at the electroweak scale and are highly predictive, with many specific models already excluded. In other words, a TeV scale Z^′ is no longer “lamppost physics”, but is among the best motivated possibilities beyond the MSSM. In other scenarios extra Z^′ bosons can appear at intermediate scales, and could solve the fermion mass hierarchy problem, and simultaneously generate neutrino masses.

Acknowledgments

We would like to thank Bob Clare for providing us with details of the LEP lineshape and LEP/SLC heavy flavor fits, and Wolfgang Hollik and Hans Kühn for discussions.

References

1. Gargamelle Collaboration: F.J. Hasert et al., Phys. Lett. 46B, 138 (1973).

2. HPWF Collaboration: A. Benvenuti et al., Phys. Rev. Lett. 32, 1457 (1974).

3. UA1 Collaboration: G. Arnison et al., Phys. Lett. 122B, 103 (1983) and ibid. 126B, 398 (1983).

4. UA2 Collaboration: M. Banner et al., Phys. Lett. 122B, 476 (1983), and P. Bagnaia et al., Phys. Lett. 129B, 130 (1983).

5. Discovery of Weak Neutral Currents: The Weak Interaction Before and After, AIP Conference Proceedings, 300, ed. A.K. Mann and D.B. Cline, (AIP, New York, 1994).

6. ALEPH, DELPHI, L3, OPAL, the LEP Electroweak Working Group, and the SLD Heavy Flavour Group: D. Abbaneo et al., preprint CERN– PPE/97–154.

7. K. Baird for the SLD Collaboration: Measurements of A_{LR} and A_{lepton} from SLD, Talk presented at the XXIXth International Conference on High Energy Physics, (ICHEP 98), Vancouver, Canada, July 1998.

8. SLD Collaboration: K. Abe et al., paper (#260) contributed to ICHEP 98.

9. D. Karlen, Experimental Status of the Standard Model, Talk presented at ICHEP 98.

10. For a discussion, see J. Erler and P. Langacker, Bounds on the Standard Higgs Boson, e-print hep-ph/9801422, p. 669 of Ref.^{11}.

11. Workshop on Physics at the First Muon Collider and at the Front End of the Muon Collider, AIP Conference Proceedings, 435, ed. S.H. Geer and R. Raja, (AIP, New York, 1998).

12. DELPHI Collaboration: P. Abreu et al., Z. Phys. C67, 1 (1995); and E. Boudinov et al., paper (#127) contributed to ICHEP 98.

13. OPAL Collaboration: K. Ackerstaff et al., paper (#383) contributed to ICHEP 98.

14. J. Erler, Phys. Rev. D52, 28 (1995);

J. Erler, J.L. Feng, and N. Polonsky, Phys. Rev. Lett. 78, 3063 (1997). 15. DELPHI Collaboration: P. Abreu et al., Z. Phys. C70, 531 (1996); and G.J. Barker et al., paper (#123) contributed to ICHEP 98.

16. SLD Collaboration: K. Abe et al., Phys. Rev. Lett. 78, 17 (1997). 17. T. Dorigo for the CDF Collaboration: Electroweak Results from the Tevatron Collider, Talk presented at the 6th International Symposium on Particles, Strings and Cosmology, Boston, MA, March 1998.

18. DØ Collaboration: B. Abbott et al., Phys. Rev. Lett. 80, 3008 (1998). 19. UA2 Collaboration: S. Alitti et al., Phys. Lett. 276B, 354 (1992). 20. R. Partridge, Heavy Quark Production and Decay: t, b, and onia, Talk presented at ICHEP 98.

21. NuTeV Collaboration: K.S. McFarland et al., Measurement of sin^2 θ_W from Neutrino-Nucleon Scattering at NuTeV, e-print hep-ex/9806013, submitted to the Proceedings of the XXXIIIrd Rencontres de Moriond: Electroweak Interactions and Unified Theories, Les Arcs, France, March 1998.

22. E.A. Paschos and L. Wolfenstein, Phys. Rev. D7, 91 (1973). 23. CCFR Collaboration: K.S. McFarland et al., Eur. Phys. J. C1, 509 (1998).

24. CDHS Collaboration: H. Abramowicz et al., Z. Phys. C28, 51 (1985), and A. Blondel et al., Z. Phys. C45, 361 (1990).

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

26. F. Perrier, The Measurement of Electroweak Parameters from Deep Inelastic Neutrino Scattering, p. 385 of Ref.^{27}.

27. Precision Tests of the Standard Electroweak Model, ed. P. Langacker (World Scientific, Singapore, 1995).

28. Boulder: C.S. Wood, et al., Science 275, 1759 (1997). 29. V.A. Dzuba, V.V. Flambaum, and O.P. Sushkov, Polarizabilities and Parity Nonconservation in the Cs Atom and Limits on the Deviation from the Standard Electroweak Model, e-print hep-ph/9709251.

30. C.E. Wieman, private communication.

31. V.V. Flambaum, I.B. Khriplovich, and O.P Sushkov, Phys. Lett. 146B, 367 (1984);

W.C. Haxton, E.M. Henley, and M.J. Musolf, Phys. Rev. Lett. 63, 949 (1989).

32. Oxford: N.H. Edwards, et al., Phys. Rev. Lett. 74, 2654 (1995);

Seattle: P.A. Vetter, et al., Phys. Rev. Lett. 74, 2658 (1995). 33. V.A. Dzuba, et al., J. Phys. B20, 3297 (1987).

34. CHARM II Collaboration: P. Vilain et al., Phys. Lett. 335B, 246 (1994). 35. ALEPH Collaboration: R. Barate et al., Phys. Lett. 429B, 169 (1998). 36. CLEO Collaboration: M.S. Alam et al., Phys. Rev. Lett. 74, 2885 (1995), and T. Skwarnicki, b → sγ Measurement at CLEO, Talk presented at ICHEP 98.

37. A. Czarnecki and W.J. Marciano, Phys. Rev. Lett. 81, 277 (1998). 38. L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983). 39. Particle Data Group: C. Caso et al., Eur. Phys. J. C3, 1 (1998). 40. A. Czarnecki, B. Krause, and W.J. Marciano, Phys. Rev. Lett. 76, 3267 (1996).

41. M. Davier and A. Höcker, New Results on the Hadronic Contributions to α(M^2_Z ) and to g_μ − 2, e-print hep-ph/9805470.

42. S. Eidelman and F. Jegerlehner, Z. Phys. C67, 585 (1995). 43. J. Bijnens, E. Pallante, and J. Prades, Nucl. Phys. B474, 379 (1996). 44. B. Krause, Phys. Lett. 390B, 392 (1997).

45. M. Carena, G.F. Giudice, and C.E.M. Wagner, Phys. Lett. 390B, 234 (1997).

46. W.J. Marciano and J.L. Rosner, Phys. Rev. Lett. 65, 2963 (1990). 47. A. Czarnecki and J.H. Kühn, Phys. Rev. Lett. 77, 3955 (1996);

R. Harlander, T. Seidensticker, and M. Steinhauser, Phys. Lett. 426B, 125 (1998).

48. R. Barbieri et al., Phys. Lett. 288B, 95 (1992) and Nucl. Phys. B409, 105 (1993);

J. Fleischer, O.V. Tarasov, and F. Jegerlehner, Phys. Lett. 319B, 249

(1993).

49. G. Degrassi, P. Gambino, and A. Vicini, Phys. Lett. 383B, 219 (1996);

G. Degrassi, P. Gambino, and A. Sirlin, Phys. Lett. 394B, 188 (1996); S. Bauberger and G. Weiglein, Phys. Lett. 419B, 333 (1998).

50. J. Erler, MS Scheme Calculation of the QED Coupling α(M_Z ), e-print

hep-ph/9803453.

51. A.D. Martin and D. Zeppenfeld, Phys. Lett. 345B, 558 (1995);

M. Davier and A. Höcker, Phys. Lett. 419B, 419 (1998); J.H. Kühn and M. Steinhauser, A Theory Driven Analysis of the Effective QED Coupling at M_Z , e-print hep-ph/9802241.

52. H. Burkhardt and B. Pietrzyk, Phys. Lett. 356B, 398 (1995);

M.L. Swartz, Phys. Rev. D53, 5268 (1996).

53. R. Alemany, M. Davier, and A. Höcker, Eur. Phys. J. C2, 123 (1998). 54. J. Erler and P. Langacker, Electroweak Model and Constraints on New Physics, p. 90 of Ref.^{39}.

55. TOPAZ Collaboration: I. Levine et al., Phys. Rev. Lett. 78, 424 (1997). 56. ZFITTER: D. Bardin et al., An Analytical Program for Fermion Pair Production in e+ e- Annihilation, e-print hep-ph/9412201.

57. D. Bardin et al., Electroweak Working Group Report, e-print

hep-ph/9709229, p. 7 of Ref.^{58}.

58. Reports of the Working Group on Precision Calculations for the Z Resonance, ed. D. Bardin, W. Hollik, and G. Passarino, CERN Report 95–03.

59. T. van Ritbergen and R.G. Stuart, Complete 2-Loop Quantum Electrodynamic Contributions to the Muon Lifetime in the Fermi Model, e-print

hep-ph/9808283.

60. P. McNamara, Standard Model Higgs at LEP, Talk presented at ICHEP 98.

61. M. Sher, Phys. Lett. 317B, 159 (1993) and Addendum-ibid. 331B, 448 (1994).

62. U.M. Heller, H. Neuberger, and P. Vranas, Nucl. Phys. B399, 271 (1993).

63. S. Heinemeyer, W. Hollik, and G. Weiglein, Precise Prediction for the Mass of the Lightest Higgs Boson in the MSSM, e-print hep-ph/9807423.

64. P. Langacker, Phys. Rev. Lett. 63, 1920 (1989). 65. J. Erler and P. Langacker, Phys. Rev. D52, 441 (1995). 66. M.S. Chanowitz, Phys. Rev. Lett. 80, 2521 (1998), and Higgs Boson Mass Constraints from Precision Data and Direct Searches, e-print

hep-ph/9807452.

67. M.S. Chanowitz, private communication.

68. ALEPH Collaboration: R. Barate et al., Eur. Phys. J. C4, 409 (1998).

69. OPAL Collaboration: K. Ackerstaff et al., Measurement of the Strong Coupling Constant and the Vector and Axial-Vector Spectral Functions in Hadronic Tau Decays, e-print hep-ex/9808019.

70. NRQCD: C.T.H. Davies et al., Phys. Rev. D56, 2755 (1997). 71. J. Shigemitsu, Nucl. Phys. Proc. Suppl. 53, 16 (1997). 72. CCFR Collaboration: W.G. Seligman et al., A New Determination of α_s from Neutrino–Nucleon Scattering, e-print hep-ex/9701017.

73. I. Hinchliffe, Quantum Chromodynamics, p. 81 of Ref.^{39}. 74. P. Langacker and N. Polonsky, Phys. Rev. D52, 3081 (1995). 75. G. Cleaver et al., Physics Implications of Flat Directions in Free Fermionic Superstring Models 1. Mass Spectrum and Couplings., e-print

hep-ph/9807479.

76. M. Veltman, Nucl. Phys. B123, 89 (1977);

M. Chanowitz, M.A. Furman, and I. Hinchliffe, Phys. Lett. 78B, 285 (1978).

77. M. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990) and Phys.

Rev. D46, 381 (1992).

78. E. Gates and J. Terning, Phys. Rev. Lett. 67, 1840 (1991);

T. Appelquist and J. Terning, Phys. Lett. 315B, 139 (1993); M. Luty and R. Sundrum, Phys. Rev. Lett. 70, 529 (1993); R. Sundrum and S.D.H. Hsu, Nucl. Phys. B391, 127 (1993); R. Sundrum, Nucl. Phys. B395, 60 (1993).

79. J. Erler and D.M. Pierce, Nucl. Phys. B526, 53 (1998). 80. Y. Achiman and B. Stech, Phys. Lett. 77B, 389 (1978). 81. P. Langacker, Phys. Rev. D30, 2008 (1984).

82. P. Langacker, Tests of the Standard Model and Searches for New Physics, e-print hep-ph/9412361, p. 883 of Ref.^{27};

G.C. Cho, K. Hagiwara, and Y. Umeda, Z^′ Bosons in Supersymmetric E_6 Models Confront Electroweak Data, e-print hep-ph/9805448.

83. M. Cvetič et al., Phys. Rev. D56, 2861 (1997). 84. G. Cleaver et al., Phys. Rev. D57, 2701 (1998).