hep-ph/9909242 3 Sep 1999

Confronting electroweak precision measurements with New Physics models

M. Czakon^a, J. Gluza^{a,b}, F. Jegerlehner^b and M. Zrałek^a

a Department of Field Theory and Particle Physics, Institute of Physics, University of Silesia, Uniwersytecka 4, PL-40-007 Katowice, Poland b DESY Zeuthen, Platanenallee 6, D-15738 Zeuthen, Germany

Precision experiments, such as those performed at LEP and SLC, offer us an excellent opportunity to constrain extended gauge model parameters. To this end, it is often assumed, that in order to obtain more reliable estimates, one should include the sizable one–loop Standard Model (SM) corrections, which modify the Z^0 couplings as well as other observables. This conviction is based on the belief that the higher order contributions from the “extension sector” will be numerically small. However, the structure of higher order corrections can be quite different when comparing the SM with its extension, thus one should avoid assumptions which do not care about such facts. This is the case for all models with ρtree ≡ M^2_W /(M^2_Z cos^2 ΘW ) ≠ 1. As an example, both the manifest left-right symmetric model and the SU(2)L ⊗ U(1)Y ⊗ Ũ(1) model, with an additional Z^0 boson, are discussed and special attention to the top contribution to Δρ is given. We conclude that the only sensible way to confront a model with the experimental data is to renormalize it self-consistently, if not, parameters which depend strongly on quantum effects should be left free in fits, though essential physics is lost in this way. We should note that arguments given here allow us to state that at the level of loop corrections (indirect effects) there is nothing like a “model independent global analysis” of the data.

I. INTRODUCTION

It is a remarkable fact, that precise theoretical predictions of the electroweak SM, obtained after taking into account one-, two-, or even in some cases three- loop effects, fully agree with all experimental data which have been accumulated so far and which have reached a surprisingly high level of precision [1]. Moreover, these theoretical calculations have a high indirect predictive power because of the substantial sensitivity to non–decoupling heavy particle effects. A potentially large top quark contribution to boson self-energies has been recognized long time ago [2]. Based on this, the top mass has been estimated quite accurately (m^{ind}_t = 170(184) ± 7 GeV , assuming M_H = M_Z (300 GeV )) [3] prior to its direct determination (m^{dir}_t = 173.8 ± 5.2 GeV ) which confirmed the indirect result not so long ago [4]. Now, with the top quark at hand, the only not yet discovered particle which is required in the SM, the Higgs boson, can be studied. At present, the indirect bound after inclusion of the relevant higher order corrections to the Z^0–peak observables implies m_H < 262 GeV at 95% C.L. [5].

It could be that better and better agreement between SM theory and experiments will follow the increasing sophistication of perturbative calculations. In the framework of the SM, this is a logic and obvious possibility.

In the following, let us focus on a different scenario. There are many arguments against the SM to herald in the ultimate theory of elementary particles. We believe that, beyond the SM regime, at higher energies, new physics will show up. Precision experiments provide us an important tool to find its remnants already at todays energies. They have been analyzed in the context of many different models, e.g, those which include an additional Z^′ boson. For details we refer to [6]. It is customary to assume that extended models can be constrained in particular by the neutral current (NC) data, through their modified tree level Z^0 couplings and improved by radiative corrections from the SM. Contributions from the heavy non-standard sector seem to be negligible in a first approximation. However, the situation in general is more complicated and this “standard” approach can be misleading. Before going further we should make this point clearer. In GUT models, typically, per construction a gauge hierarchy exists [7]: a Higgs field exhibites a small vacuum expectation value (VEV) v determines the SM particle mass spectrum and another Higgs field with a large VEV V generates the super heavy sector. Decoupling theory states [8] that once a proper identification of the light and of the heavy particles at tree level is done then such a division will be maintained in any order of perturbative calculations (all the super heavy particle effects enter at most as logarithmic corrections to the light particle effects). However, in phenomenological applications we have no direct experimental access to the parameters of the heavy sector (V, M_{Hi} , ...) but only to some effective low energy parameters, like for instance ρ parameter which is also a function of the parameters of the heavy sector. If we constrain the low energy effective parameter by experiment (in some physical on-shell renormalization scheme) then we in general set up boundary conditions which are not compatible with the set up of a gauge hierarchy and the just mentioned decoupling theory does not work. This has further consequences. After letting the superheavy masses go to infinity, the low energy effective theory (assuming light fields are the same as in the SM) is not any longer renormalizable, much in the same way as the low energy effective four fermion interactions are nonrenormalizable if we fix G_μ and let M_W → ∞ (which requires g → ∞ simultaneously).

II. DISCUSSION

To outline our point of view let us consider left (L) – right (R) symmetric models (LRM) with gauge group SU (2)_L ⊗ SU (2)_R ⊗ U (1)_{B−L} which are manifestly LR–symmetric before the symmetry is broken by the appropriate Higgs mechanism [9]. These models have all the necessary features of a large class of extended models, and some results at the one-loop level have lately been obtained [10,11] which are applicable to LEP/SLC physics.

Let us start by considering the Z^0 partial decay widths and forward-backward asymmetries, theoretically described by the following relations [12]:

Γ_f¯_f =

N^f_c G_F M^3_Z 6π √ 2 β ( 3 − β^2 2 v^2_f + β^2a^2_f ) K_{QCD}K_{QED}, (1) A^f_{FB} = 3 4 A_eA_f , A_f = 2v_f a_f ( v^2_f + a^2_f

) (2)

where N^f_c is the color factor, β the fermion velocity, the K factors take into account electromagnetic and strong corrections, and v_f and a_f are vector and axial fermion couplings. In the LRM model these can be written in the simple and compact form (T^3_f , Q_f being fermion’s isospin and charge, respectively):

v_f = √ ρ^f_{eff} (T^3_f − 2Q_f sin^2 Θ^f_{eff} )(cos ϕ − sin ϕ/ √ cos 2Θ_W ) (3)

a_f = √ ρ^f_{eff} T^3_f (cos ϕ + sin ϕ √ cos 2Θ_W ) . (4)

Here ϕ is the Z^0 − Z^′ mixing angle and the two other angles are connected to the effective weak mixing parameter sin^2 Θ^f_{eff} in the NC at the Z^0 resonance (for which (3) is the defining equation) and the weak mixing angle Θ_W defined via the vector boson masses by

sin^2 Θ_W = 1 −

M^2_W ρ_0M^2_Z

. (5)

While the ρ-parameter is unity at the tree level in the SM, it differs from unity in many extended models: ρ_{tree} ≡ ρ_0 ≠ 1. Let us assume that higher order effects are really small and can be gathered by SM like relations ρ = ρ_0 (1 − Δρ)

ρ^f_{eff} = ρ (1 + Δρ^f_{rem}) . (6)

In the LR model ρ_0 should be understood as ρ_0/ρ^± where ρ_0 is given by ρ_0 = 1 + sin^2 ϕ ( M^2_{Z2} /M^2_{Z1} − 1 ) and is due to the Z–Z^′ mixing and ρ^± = 1 + sin^2 ϕ_± (M^2_{W2} /M^2_{W1} − 1) is due to the W –W^′ mixing.

In terms of the input parameters α, G_F , M_Z ,... with A_Z =^{πα(MZ )√}_{2GF} and α(M_Z ) =^α_{1−Δα} we can predict

sin^2 Θ_W = 1 2 [ 1 − √ 1 − 4A_Z ρM^2_Z (1 + Δr_{rem}) ] (7)

sin^2 Θ^f_{eff} = 1 2 [ 1 − √ 1 − 4A_Z ρ^f_{eff} M^2_Z ( 1 + Δr^f_{rem} ) ] , (8)

with leading higher order corrections incorporated in resummed form [13]. Let us put ϕ = 0, so that pure SM physics is restored. Then the terms Δα, Δρ, Δρ^f_{rem}, Δr_{rem}, Δr^f_{rem} include SM radiative corrections to the Z^0 and muon physics [12]. These depend on many details, for instance, the f superscript means that actually sin^2 Θ^f_{eff} and ρ^f_{eff} are not universal quantities but differs for each fermion flavor produced at the Z^0 resonance through flavor specific vertex (and box) effects. The flavor dependence, however, is relatively small except for f = b which requires separate treatment. Appealing to lepton universality, we denote the leptonic weak mixing parameter by sin^2 Θ^ℓ_{eff} (ℓ = e, μ or τ ). Some of the radiative corrections are dominant. For instance, in Eq. (7) the two leading effects have been incorporated by including the running of the fine structure constant (shift by Δα) from low to high (Z-mass) energies and the renormalization of ρ_0 = 1 by the large mass splitting between top and bottom quarks in boson self-energies (shift by Δρ):

Δρ = Δρ^{top} + Δρ_{rem} , Δρ^{top} = 3x_t , x_t ≡ √ 2G_F 16π^2 m^2_t (9)

For f ≠ b, all other contributions indexed by “rem” are smaller remainder terms, e.g., Δr^f_{rem} is the remainder gathering non-leading effects from boson self-energies, vertices and boxes. In the case f = b there is a leading top mass correction coming from the Zbb̄ vertex [14] which can be incorporated as

ρ^b_{eff} = ρ^ℓ_{eff} (1 + τ_b)^2 sin^2 Θ^b_{eff} = sin^2 Θ^ℓ_{eff} /(1 + τ_b) (10)

with τ_b = −2x_t (see (9)). All correction factors influence Γ_f¯_f , A^f_{FB} given in Eqs. (1,2), as well as other observables.

Now, let us switch on “new physics” again (ϕ ≠ 0). The question is (apart from coupling modifications) what is going to change in the loop effects. As written in the introduction, the “canonical” answer is [15] (here we refer only to papers where LRM have been considered): Eqs. (6-9) will not be changed, except for negligible contributions affecting the sub-leading terms. The leading behavior will be governed by the SM.

However, beyond the tree level, as shown in [11], a substantial part of the relevant radiative corrections change completely and there is only a weak relationship between the radiative corrections of the SM and the new physics model (NPM=extended SM). While corrections like Δα are universal others may change dramatically, in particular the non–decoupling heavy particle effects. For instance, one of the most important one-loop terms, Δρ^{top} looses its m^2_t dependence, namely, in the LR model we obtain

Δρ^{top}_{LR} = √ 2G_F 8π^2 c^2_W ( c^2_W s^2_W − 1 ) M^2_{W1} M^2_{W2} − M^2_{W1}

3m^2_t (11)

as a leading term. For a W_2 boson mass of the order of 400 GeV or larger this contribution is much smaller than the SM one, actually even smaller than the SM logarithmic terms. Besides this, other particles like heavy neutrinos and heavy scalars [10,11] influence substantially the sub-leading terms in Eqs. (6-9).

The traditional philosophy simply breaks down. When fitting parameters within the framework of a NPM, e.g. the Z^0 − Z^′ mixing parameter ϕ, the only way of including one-loop effects is to renormalize the whole model. Except from universal corrections like the QED shift Δα, it is not legitimate to use radiative corrections from the SM for its extension unless ρ_0 remains unity. Affected are in particular the zero momentum gauge boson contributions.

Although at low energies and at tree level the LRM seems to be effectively equivalent to the SM (ϕ, ϕ_± → 0 and M_{Z2} , M_{W2} → ∞), radiative corrections can be quite different and do not follow this naive expectation (see Eq. (11) and M_{W2} → ∞)^1.

The crucial point is that associated with the additional free parameters there are new divergences and hence new subtractions needed. Then Eqs. (6-9) will get additional contributions and now will be functions of the extended set of input parameters (SM parameters plus ϕ, M_{W2} , M_{Z2} , ...). Let us note, that the naively written one-loop level definition of sin^2 Θ^f_{eff} in Eq. (8) should also be different from its SM structure. The LRM angle ϕ can be fixed at tree level by:

sin 2ϕ = − g^2 √ cos 2Θ_W [( g^2 + g^{′2} ) ( M^2_{W2} + M^2_{W1} ) −^1_2 g^2 ( M^2_{Z1} + M^2_{Z2} )] cos^2 Θ_W ( M^2_{Z2} − M^2_{Z1} ) g^2

(_1 2 g^2 + g^{′2}

) (12)

and extraction of sin^2 Θ^f_{eff} from Z-fermion couplings Eq. (3) at the one-loop level will also include its renormalization. The same touches the sin^2 Θ_W definition Eqs. (5,7) , where ρ_{tree} ≠ 1 is present (see [11] for the renormalization of the sin^2 Θ_W parameter).

The observation that the structure of higher order effects is highly model dependent was pointed out long time ago in [16] for the case of models with an enhanced Higgs sector (the so called “unconstrained” extended models) for which the custodial symmetry exhibited by the SM Higgs is violated at the tree level, causing ρ_{tree} ≠ 1. In [17] it was shown in general, how the SM radiative corrections are modified in models which require a direct or indirect renormalization of the ρ–parameter. See [18] for an analysis of precision observables in a SM enhanced by an additional Higgs triplet. In any case, if ρ is itself a free parameter or a function of other input parameters, the quadratic top mass contributions coming from self-energy diagrams are lost by the required subtraction and only logarithmic top mass dependences remain. The dependence on the Higgs mass is also affected substantially (see the Appendix for details). Hence, in models with ρ_{tree} ≠ 1 the LEP/SLC indirect top mass limits become obsolete. Such models are unable to explain why the direct top mass agrees with the one obtained from precision measurements of the loop effects in Δρ. The coincidence m^{ind}_t ≃ m^{dir}_t obtained by SM fits has a meaning only when ρ is a finite calculable quantity, which requires ρ_{tree} = 1, like in the SM or in its minimal supersymmetric extension. In the case of the LRM, which we have discussed before, the phenomenon of a complete change in the large m_t behavior to (11) was obtained in a different renormalization scheme which did not treat ρ_{tree} itself as an independent parameter. In contrast to the m^2_t dependence originating in the W and Z self-energies at zero momentum, the m^2_t dependence of the Zbb̄ vertex is not (or little) affected when going to an extended model. Therefore, the observables including b quark contributions, like Γ_b¯_b, A^b_{FB}, the Z width or the Z peak cross-section, still exhibit strong m_t dependencies (now very different from the ones in the SM) which allow to get good indirect m_t bounds [18,19]. However, there is no good reason why the new bounds should coincide with the ones obtained in the SM. This does not necessarily mean that one cannot obtain equally good global fits, because in the extended model more free parameters are at our disposal (ρ_0 free fits [19]).

The mentioned “instability of quantum effects” may also be observed in rather simple modifications of the SM, like, the SU (2)_L ⊗ U (1)_Y ⊗ Ũ (1) models, which often arise as the low energy limit of interesting GUT’s, and which exhibit an additional Z^′ boson mixing with the Z^0. We may restrict ourselves to consider the constrained version, where Higgs bosons transform as doublets or singlets of SU (2)_L. Aspects of the renormalization of such models have been considered in Ref. [20].

If Z^′ mixes with Z^0 then we obtain neutral vector bosons of masses M_{Z1} (≤ M_Z0 ) and M_{Z2} (≥ M_Z0 ) and at the tree level the Z_1 − Z_2 mixing angle ϕ is fixed by:

tan^2 ϕ =

M^2_W / cos^2 Θ_W − M^2_{Z1} M^2_{Z2} − M^2_W / cos^2 Θ_W

(13)

or, equivalently:

1As discussed at the end of the Introduction we should be careful in refering to decoupling in the limit MW_2 → ∞. In reality we fix Δρ^{top}_{LR} to experimental data, which means also that a limit MW_2 → ∞ not necessarily is allowed any longer.

ρ_{tree} ≡ ρ_0 ≡

M^2_W M^2_{Z1} cos^2 Θ_W

= 1 + sin^2 ϕ ( M^2_{Z2} M^2_{Z1} − 1 ) > 1 . (14)

In [20] sin^2 Θ_W has been calculated in terms of α, G_F and M_W at one-loop order

sin^2 Θ_W = πα √ 2G_F M^2_W

(1 + Δr̃) (15)

with the conclusion that Δr̃ ≃ Δr^{SM} up to negligible corrections, in a scheme where continuity in the limit ϕ → 0 is imposed by hand. Note that this relation, which derives from the charged current (CC) muon decay, is not modified at the tree level. Thus sin^2 Θ_W ≃ sin^2 Θ^{SM}_W when calculated in terms of α, G_μ, M_W and the subtraction is imposed at ϕ = 0.

However, if we calculate sin^2 Θ_W in terms of α, G_F and M_Z (the standard input parameters for precision calculations), again at one-loop order, we have

sin^2 Θ_W cos^2 Θ_W = πα √ 2G_F ρ_0M^2_Z

(1 + Δr̃) (16)

which is modified by the appearance of the new parameter ρ_0, which has to be renormalized now as well. Since ρ_0 acts as a free parameter we cannot get any longer the m_t bounds of the SM. In the commonly accepted procedure one would argue as follows: in linear approximation, due to ρ_0 = 1 + Δρ_0 ≠ 1 we get effectively an extra classical contribution δΔr = − cos^2 Θ^0_W sin^2 Θ^0_W

Δρ_0, Δρ_0 = sin^2 ϕ ( M^2_{Z2} M^2_{Z1} − 1 ) (17)

where

sin^2 Θ^0_W = 1 −

M^2_W M^2_Z

. (18)

Thus it looks as if we would substitute in (6)

Δρ^{top} → Δρ^{top} + Δρ_0 (19)

with both contributions positive. Formally, one seems to be able to constrain both m_t and ρ_0. After a full one-loop renormalization of the NPM a term Δρ^{top} ∼ m^2_t is absent, however, and the conventional recipe breaks down (see the Appendix for details).

We conclude that self-consistent constraints on the NPM parameters can be obtained only by a consequent order by order analysis of the model.

The question which remains is the following: can we make reasonable fits of the new parameters without any knowledge of the radiative corrections in the NPM? The answer is positive.

Let us take the LEP/SLC data [3]

M_Z = 91.1867 ± 0.0021 GeV Γ_Z = 2.4939 ± 0.0024 GeV σ^0_h = 41.491 ± 0.058 nb R_ℓ = 20.765 ± 0.026 A^{0,ℓ}_{F B} = 0.01683 ± 0.00096

They have been extracted from the line-shape and lepton asymmetries. We will also use A_ℓ, R^0_b, R^0_c , A^{0,b}_{F B} , A^{0,c}_{F B} , A_b, A_c (values, correlation matrices and definitions are to be found in [3]). The important point is that all of them are expressible through Eqs. (1-4).

According to our approach sin Θ_W , sin^2 Θ^f_{eff} should be left as free parameters. But a closer look at Eqs. (3,4), leads to the conclusion that their values can not be separated from ϕ (the χ^2 minimization procedure [21] would break down). This is why we have to tune rough starting values for the weak mixing parameters. Instead of [3]: sin^2 Θ^ℓ_{eff} (Q_{F B} ) = 0.2321 ± 0.001 (20) sin^2 Θ_W = 0.2254 ± 0.0021 (21)

which are extracted from experiment, the following starting points to the χ^2 minimization procedure sin^2 Θ^ℓ_{eff} = 0.230 ± 0.01 (22) sin^2 Θ_W = 0.225 ± 0.01 (23)

are taken.

ρ^f_{eff} is also to be taken as a free parameter. Technically, we know that results connected to the heavy b quark at LEP differ from those of other fermions. We take it into account and introduce two more free parameters, namely ρ^b_{eff} and sin^2 Θ^b_{eff} (with the starting value as given in Eq. (22)).

To sum up, we have 18 physical data (M_Z , Γ_Z, σ^0_h, R_ℓ, A^{0,ℓ}_{F B} , A_ℓ, R^0_b, R^0_c , A^{0,b}_{F B} , A^{0,c}_{F B} , A_b, A_c, sin^2 Θ^ℓ_{eff} , sin^2 Θ^b_{eff} , sin^2 Θ_W , m_t, α_s, M_W ) as a function of 3 completely free parameters ρ^ℓ_{eff} , ρ^b_{eff} ,ϕ.

The χ^2 minimization procedure gives (at 90 % C.L.): |ϕ| ≤ 0.003 (24) ρ^ℓ_{eff} = 1.005 ± 0.004 (25) ρ^b_{eff} = 1.002 ± 0.028 (26) and sin^2 Θ^ℓ_{eff} = 0.232 ± 0.001 (27) sin^2 Θ^b_{eff} = 0.236 ± 0.021 (28) sin^2 Θ_W = 0.2254 ± 0.0045 (29)

If we assume, as already discussed, that the Zbb̄ vertex is not affected too much in NPM then the relations given in Eq. (10) hold and an upper limit on the top mass can be derived. We get within given errors from Eqs. (25,26):

ρ^b_{eff} ρ^e_ff

= (1 + τ_b)^2 ≥ 0.965 (30)

from which m_t ≤ 290 GeV follows (a weaker limit comes from the sin^2 Θ^ℓ_{eff} / sin^2 Θ^b_{eff} ratio, Eqs. (27,28)). See also the discussion in Ref. [19].

In the frame of the LR model, for M_{Z2} >> M_{Z1} we may use the approximate relation [22] ϕ ≃ √ 2 cos Θ_W

M^2_{Z1} M^2_{Z2}

(31)

in order to obtain the Z_2 mass bound

M_{Z2} ≥ 1420 GeV . (32)

This is a quite strong constraint^2 (see [25] for a comprehensive analysis including also the low energy data). However, we should stress here that treating sin^2 Θ_W and sin^2 Θ^f_{eff} as “black boxes” we lost essential physical information on the NPM. In reality, at loop level, sin^2 Θ_W and sin^2 Θ^f_{eff} are complicated functions of new parameters e.g. ϕ, M_{Z2} , M_{W2} , heavy neutrinos, extra Higgs particles. We do not know what is the relation between the result obtained in Eqs. (24)- (29) and those which would come from the full one-loop analysis.

III. CONCLUSIONS

To summarize, fitting precision data requires precise predictions (including the relevant higher order effects) to be confronted with data, i.e., for conclusive comparisons the precision of data and theory have to match as far as possible. For example, fitting the electroweak data with SM tree level predictions only, would rule out the SM, while including radiative corrections leads to perfect agreement. These rules apply as well for any extension of the SM. Such NPM exhibit additional free parameters, so that parameters of the SM, which may be substantially shifted by higher order SM corrections, turn into free parameters in the NPM. It is thus obvious that taking into account just the SM radiative corrections plus the tree level extension cannot make sense, in general. This is the case in particular for all ρ_{tree} ≠ 1 extensions. In our opinion, there is much more model dependences of global fits and their interpretation than usually presumed. As an example, the S, T , U parameter description of physics beyound the SM [26,27] directly only applies to ρ = 1 extensions, like models with additional fermion families (already discussed in [2]), additional scalar singlets and doublets, massive neutrinos which might exhibit ν-mixing and supersymmetric extensions of the SM. For ρ ≠ 1 extensions our discussion concerning Δρ and the m_t bounds applies directly to T which is defined as Δρ/α. S and U are scale sensitive quantities which are expected to survive modifications in the renormalization procedure. The problem here is that the gauge boson self-energies which are intended to be described by these parameters are not observables themselves. They cannot be separated in general from vertex and box corrections. See also the discussion within the effective Lagrangian approach [28] for this point. One of the most important results of the electroweak precision measurements is the fact that ρ is very close to its SM prediction. All models with ρ_0 ≠ 1 have a severe fine tuning problem: why does the value of the “ρ_0 free” fits yield a result which by accident is very close to the SM prediction?

Acknowledgments

We would like to thank A. Nyffeler for helpful discussion. This work was supported by the Polish Committee for Scientific Research under Grants Nos. 2P03B08414 and 2P03B04215. J.G. would like to thank the Alexander von Humboldt-Stiftung for a fellowship.

Appendix: Modification of the SM top quark and Higgs boson contributions in extensions of the SM with æ 6= 1

One of the crucial features of the SM is the validity of the relationship

2Our analysis should be taken as an illustration only. Our approach is not fully self-consistent. Some of the Z^0 parameters used here are so-called pseudo-observables, which have been extracted from experimental data utilizing SM radiative corrections [23]. We could in principle extract the Z^0 parameters from experimental data using the ZFITTER program [24] leaving, according to our approach, model-dependent radiative corrections as free numbers and see precisely the difference in fits. Also γ − Z interference should be taken into account in the appropriate manner.

ρ = G_{NC} G_{CC} = M^2_W M^2_Z cos^2 Θ^0_W

= 1 , cos^2 Θ^0_W = g^2 g^2 + g^{0 2}

(33)

at the tree level. As discussed in the main text, many extensions of the minimal SM share this property with the SM. For all these models G_{NC} G_{CC} (0) = ρ = 1 1 − Δρ (34)

is a calculable quantity which is sensitive to weak hypercharge breaking and weak isospin breaking due to mass splittings of multiplets. Here we mention that if ρ_0 = ρ_{tree} ≠ 1 one should consequently replace

sin^2 Θ^0_W → sin^2 Θ_W = (e/g)^2 = 1 −

M^2_W ρ_0M^2_Z

(35)

Δr → Δr_g = 1 − πα √ 2G_μM^2_W 1 sin^2 Θ_W

in all SM formulae. If we define Δρ_0 in analogy to Eq. (34) by

ρ_0 = 1 1 − Δρ_0

we have

sin^2 Θ_W = sin^2 Θ^0_W ( 1 + cos^2 Θ^0_W sin^2 Θ^0_W

Δρ_0 )

and hence the exact relation 1 1 − Δr = 1 1 − Δr_g ( 1 + cos^2 Θ^0_W sin^2 Θ^0_W

Δρ_0 ) (36)

holds. The experimental bounds mentioned before suggest that deviations from ρ_0 = 1 can be treated as perturbations. In the standard approach such “tree level” perturbations may be included by using (Δρ)_{irr} → (Δρ)_{irr} + (1 − ρ^{−1}_0 ) (37)

or, in linear approximation, simply by adding δΔr = − cos^2 Θ^0_W sin^2 Θ^0_W

Δρ_0 (38)

where Δρ_0 depends on the extension considered. This approach is wrong, however. In the following we show which of the SM contributions survive once ρ_0 is subject to renormalization.

Consider the low energy effective neutral current “Fermi constant” √ 2G_{NC} = πα M^2_Z cos^2 Θ^ℓ_{eff} sin^2 Θ^ℓ_{eff}

(1 + δ_{NC}) . (39)

Since it is an independent parameter here and hence appears subtracted independently of G_{CC} = G_μ, no term Δρ is left over and we have^3 (s^2_W = 1 − c^2_W , c^2_W = M^2_W /M^2_Z )

3In the notation of Ref. [27] Δρ = ε1, Δ1 = ε3 and Δ2 = ε2, which up to normalization correspond to T , S and U [26].

δ_{NC} = Δα − 1 c^2_W

Δ_1 + δ^{vertex+box}

NC (40)

For the leading heavy particle effects we obtain

δ^{top}_{NC} = −K 2 3c^2_W ln m^2_t M^2_Z

δ^{Higgs}

NC = −K 1 3c^2_W ( ln m^2_H M^2_Z − 5 3 ) (41)

where K =^α_{4πs2W} . For the charged current amplitude we have √ 2G_μ = πα M^2_W sin^2 Θ^ℓ_{eff}

(1 + δ_{CC}) (42)

where α and M_W are renormalized as usual and sin^2 Θ^ℓ_{eff} as in the NC case. With G_μ fixed from the μ decay rate we have

δ_{CC} = Δα − Δ_1 + Δ_2 + δ^{vertex+box}

CC (43)

The leading heavy particle effects in this case are

δ^{top}_{CC} = K 4 3 ln m^2_t M^2_W

δ^{Higgs}

CC = K 1 3 ( ln m^2_H M^2_W − 5 3 ) . (44)

For the ratio we find ρ = G_{NC} G_μ = M^2_W M^2_Z sin^2 Θ^ℓ_{eff}

(1 − Δρ̂^′) (45)

where Δρ̂^′ = δ_{CC} − δ_{NC}. Here the leading heavy particle terms read

Δρ̂^{0top} = K ( 4 3 + 2 3c^2_W ) ln m^2_t M^2_W

Δρ̂^{0 Higgs} = −K 1 3 s^2_W c^2_W ( ln m^2_H M^2_W − 5 3 ) . (46)

Obviously no terms proportional to m^2_t (which originate in the SM from the W and Z self-energies at zero momentum) have survived and the leading heavy Higgs terms are reduced by roughly a factor 10 (!) relative to the minimal SM. In contrast, the m^2_t terms showing up for the Zbb̄ vertex and the observables which depend on it are at most weakly affected due to mixing effects.

[1] W. Hollik, Radiative Corrections in the MSSM beyond One Loop: Precision Observables and Neutral Higgs Masses, in Proc. of 29th International Conference on High-Energy Physics (ICHEP 98), 23-29 July 1998, Vancouver, Canada

[2] M. Veltman, Nucl. Phys. B123 (1977) 89.

[3] The LEP Collaborations ALEPH, DELPHI, L3, OPAL, the LEP Electroweak Working Group and the SLD Heavy Flavour and Electroweak Groups, A Combination of Preliminary Electroweak Measurements and Constraints on the Standard Model, CERN-EP/99-15, 1999.

[4] F. Abe et al., Phys. Rev. Lett. 74 (1995) 2626; S. Abachi et al., Phys. Rev. Lett. 74 (1995) 2632. [5] G. Degrassi, P. Gambino, hep-ph/9905472.

[6] P. Langacker, M. Luo, K. Mann, Rev. Mod. Phys. 64 (1992) 87;

P. Langacker, Tests of the Standard Model and Searches for New Physics in Precision Tests of the Standard Electroweak Model (P. Langacker,ed.), pp. 883-950, World Scientific, Singapore, 1994; J. Erler, P. Langacker, Phys. Lett. B456 (1999) 68.

[7] E. Gildener, Phys. Rev. D14 (1976) 1667.

[8] Y. Kazama and Y. Yao, Phys. Rev. D25 (1982) 1605; Y. Kazama, D.G. Unger and Y. Yao, FERMILAB-PUB-81-17-THY. [9] J.C. Pati and A. Salam, Phys. Rev. D10 (1975) 275;

R.N. Mohapatra, J.C. Pati, Phys. Rev. D11 (1975) 566, 2558; G. Senjanovic, R. N. Mohapatra, Phys. Rev. D12 (1975) 1502;

R.N. Mohapatra, G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912; Phys. Rev. D23 (1981) 165; J.F. Gunion, J. Grifols, A. Mendez, B. Kayser and F. Olness, Phys. Rev. D40 (1989) 1546; N.G. Deshpande, J.F. Gunion, B. Kayser, F. Olness, Phys. Rev. D44 (1991) 837.

[10] A. Pilaftsis, Phys. Rev. D52 (1995) 459;

Z. Gagyi-Palffy, A. Pilaftsis, K. Schilcher Nucl. Phys. B513 (1998) 517. [11] M. Czakon, J. Gluza, M. Zrałek, hep-ph/9906356.

[12] See, e.g., M. Consoli et al., in Z Physics at LEP 1, eds. G. Altarelli, R. Kleiss and C. Verzegnassi, CERN Report CERN 89-08 (1998), Vol. 1 p. 7 and references therein.

[13] M. Consoli, W. Hollik, F. Jegerlehner, Phys. Lett. B227 (1989) 167. [14] A.A. Akhundov, D.Yu. Bardin, T. Riemann, Nucl. Phys. B276 (1986) 1.

[15] G. Altarelli et. al., Nucl. Phys. B342 (1990) 15; Phys. Lett. B245 (1990) 669 and addendum CERN-TH-5752/90-ADD;

Phys. Lett. B26 (1991) 459; Phys. Lett. B318 (1993) 139;

G. Bhattacharyya et al., Mod. Phys. Lett. A6 (1991) 2557; Phys. Rev. D47 (1993) R3693; A. Leike, S. Riemann and T. Riemann, Phys. Lett. B291 (1992) 187 J. Polak, M. Zrałek, Phys. Rev. D46 (1992) 3871; O. Adriani et al. [L3 Collaboration], Phys. Lett. B306 (1993) 187. H. Czyż and M. Zrałek, Phys. Lett. B325 (1994) 157; J. Maalampi, J. Sirkka, Z. Phys. C61 (1994) 471;

O.G. Miranda, M. Maya, R. Huerta, Phys. Rev. D49 (1994) 6148; J. Sirkka, Phys. Lett. B344 (1995) 233.

G. Barenboim, J. Bernabeu, J. Prades and M. Raidal, Phys. Rev. D55 (1997) 4213 J. Blümlein, A. Leike and T. Riemann, hep-ph/9808372.

[16] B.W. Lynn, E. Nardi, Nucl. Phys. B381 (1992) 467;

[17] F. Jegerlehner, Prog. Part. Nucl. Phys. 27 (1991) 1; extended version: PSI-PR-91-16 (1991) pp. 98-102. [18] T. Blank, W. Hollik, Nucl. Phys. B514 (1998) 113. [19] P. Langacker, M. Luo, Phys. Rev. D45 (1992) 278. [20] G. Degrassi, A. Sirlin, Phys. Rev. D40 (1989) 3066. [21] F. James and M. Roos, CERN D506.

[22] J. Gluza and M. Zrałek, Phys. Rev. D48 (1993) 5093. [23] D. Bardin, M. Grünewald and G. Passarino, hep-ph/9902452.

[24] D. Bardin et al., hep-ph/9412201; D. Bardin, P. Christova, M. Jack, L. Kalinovskaya, A. Olchevski, S. Riemann and T. Riemann, hep-ph/9908433.

[25] J. Erler, hep-ph/9903449; J. Erler, P. Langacker, hep-ph/9903476.

[26] M.E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65 (1990) 964; Phys. Rev. D46 (1992) 381. [27] G. Altarelli, R. Barbieri, Phys. Lett. B253 (1991) 61;

G. Altarelli, R. Barbieri, S. Jadach, Nucl. Phys. B369 (1992) 3;

D.C. Kennedy, P. Langacker, Phys. Rev. Lett. 65 (1990) 2967; [Erratum: 66 (1991) 395]; Phys. Rev. D44 (1991) 1591. [28] A. Nyffeler, A. Schenk, DESY-99-088 (1999), hep-ph/9907294.