hep-ph/9903546 v2 10 Sep 1999

FTUV/99−15 IFIC/99−16

An effective field theory approach to the electroweak corrections at LEP energies

A. A. Akhundov^∗, J. Bernabéu, D. Gómez Dumm and A. Santamaria

Departament de Física Teòrica, IFIC, CSIC – Universitat de València Dr. Moliner 50, E-46100 Burjassot (València), Spain

Abstract

In the framework of the effective field theory (EFT) we discuss the electroweak (EW) corrections at LEP energies. We obtain the effective Lagrangian in the large m_t limit, and reproduce analytically the dominant EW corrections to the LEP2 processes e^+e^− ! γZ and e^+e^− ! ZZ. To include effects of finite top–quark and Higgs masses, we use the effective Lagrangian at tree level and fit LEP1/SLD observables with four arbitrary parameters, plus α_s(m_Z). The EFT approach works remarkably well. Using the effective couplings determined from the fit, and tree–level EFT formulae, we predict the cross sections for e^+e^− ! ZZ, γZ at a level better than 1%.

PACS numbers: 12.15.Lk, 14.70.-e Keywords: Effective field theory, Gauge boson production, Electroweak corrections

I. INTRODUCTION

The radiative corrections play a very important role in the analysis of the Standard Model (SM) predictions [1,2]. The knowledge of radiative corrections up to definite order for different processes is necessary to perform accurate tests of the SM, allowing to probe the quantum structure of the theory and also to search for possible effects of new physics [3]. The precision achieved in these tests has been significantly increased in the last years, in view of the experimental information provided by the e^+e^− colliders LEP and SLC and the p̄p collider Tevatron [4], and the theoretical computation of the SM predictions including radiative corrections beyond the level of one loop [3,5,6]. In fact, the calculation of higher– order radiative corrections has reached an extremely complicated level and heavily relies

∗On sabbatical leave from Institute of Physics, Azerbaijan Academy of Sciences, AZ-370143 Baku, Azerbaijan now on computer facilities [7]. For the main processes measured at LEP1, the final results are presented through computer programs [8].

The main goal of this paper is to show how the effective field theory (EFT) [9–12] can help in the estimation of the electroweak (EW) corrections at LEP2 energies by using the precise measurements of LEP1 and SLD. Indeed, the standard approach to EW radiative corrections in the SM requires firstly the evaluation of those corrections for LEP1/SLD observables, in order to extract the relevant SM parameters from the available experimental data. It is seen that the extracted values depend strongly on the top–quark mass, m_t, and (to a lesser extent) on the Higgs mass, m_H. Then, in terms of these parameters, one can calculate the radiative corrections to LEP2 observables. As expected, the results also show a strong dependence on m_t and m_H . However, this is cancelled almost completely by the m_t and m_H dependences of the input parameters extracted from LEP1/SLD. This is not surprising, since for both LEP1 and LEP2 energies top quarks and Higgs bosons are always virtual. It is then conceivable that a description in terms of an effective theory without explicit top quarks or Higgs bosons is good enough for both LEP1 and LEP2. All top quark and Higgs–boson mass dependences will be absorbed in the effective Lagrangian parameters, which can be determined at LEP1/SLD and then used to make predictions for LEP2 that will be trivially independent on m_t and m_H. We will show that this program can be carried out basically at tree level, achieving precisions for LEP2 predictions at the % level, which should be enough for most purposes.

We will focus on the neutral gauge boson production at LEP2,

e^+e^− → γZ (1) and e^+e^− → ZZ . (2)

The process (1), so–called “Z radiative return”, has already been observed at LEP2 with a hard photon and an on–shell Z in the final state [13] and it is expected that about 10000 γZ events will be collected until the end of LEP2. This process is the main source of the well–known Initial State Radiation in e^+e^− collisions [14]. The process (2) is similar to (1), with a lower cross section [15]. Both processes (1) and (2) are interesting for seeking for possible nonstandard effects in LEP2, such as the presence of anomalous three–gauge boson couplings [16].

The complete one–loop EW corrections in the SM for (1) and (2) have been calculated some years ago by Böhm and Sack [17] and by Denner and Sack [18] respectively, using an on–shell renormalization scheme [19] in the ’t Hooft–Feynman gauge. For both processes (1) and (2), the differential cross section can be written as dσ dΩ = ( dσ dΩ ) 0 (1 + δ^{QED} + δ^{EW}) , (3)

where (dσ/dΩ)_0 is the corresponding cross section in the Born approximation. For convenience, the one–loop corrections have been split in two: δ^{QED} contains the “pure” QED —or photonic— contributions, while δ^{EW} includes the remaining, non–QED EW corrections.

The pure QED correction δ^{QED} for neutral gauge boson production is gauge invariant and depends on the experimental conditions. To get an analytical result, it is possible to use the soft–photon approximation for the Bremsstrahlung of an additional photon with energy ω <∼ ΔE, being ΔE some energy cutoff. In this way δ^{QED} has been calculated for the processes (1) and (2) in [20] and [18] respectively. It is seen that, with a cutoff ΔE = 0.1 √ s, δ^{QED} can reach up to ∼ −10% for process (1) and ∼ −17% for process (2) at LEP2 energies. In this paper we will concentrate in the analysis of the non–QED corrections, δ^{EW}. For a full calculation of the pure one–loop QED contributions we refer the reader to the articles in Refs. [20] and [18].

The analytical results for δ^{EW} obtained in [17] and [18] involve huge formulae. We will show that within the framework of our EFT, the analysis of the EW corrections for these processes can be carried out with good accuracy in a very simple way. Our approach just requires the knowledge of tree–level expressions for the corresponding cross sections, plus the introduction of a few input parameters, which can be fitted from existing experimental data for LEP1 and SLD observables. The quality of the approach can be tested by comparing our results with the full one–loop calculations for δ^{EW} mentioned above.

The paper is organized as follows: in section II we briefly discuss how to integrate the top quark to obtain an effective Lagrangian that can be used at LEP energies, and give explicit formulae for the effective couplings in the limit of large m_t. In section III we use the previously obtained effective Lagrangian to calculate, in the large m_t limit, the dominant radiative corrections to e^+e^− → ZZ and e^+e^− → γZ. We show that this simple tree– level analytical calculation in EFT is able to reproduce, in this limit, the results obtained through a full one–loop calculation in the SM. In sections IV and V we go beyond the large m_t limit, assuming that our effective Lagrangian is valid for both LEP1 and LEP2 energies. In section IV we consider different Z–pole observables measured at LEP1 and SLD, and use tree–level formulae (plus standard QCD and QED corrections) expressed in terms of the effective Lagrangian couplings to get the corresponding theoretical predictions. Then we use the experimental results of LEP1 and SLD to fit the parameters of the Lagrangian. Finally the same Lagrangian is used in section V to give predictions for e^+e^− → ZZ and e^+e^− → γZ at LEP2 energies using again tree–level formulae. We expect to include in this way all the leading EW corrections to the observables studied. This is checked by comparing our results with full one–loop calculations. To conclude, in section VI we collect the main results of this paper.

II. AN EFFECTIVE EW LAGRANGIAN FOR LEP ENERGIES

The effective Lagrangian for μ ≤ m_t is obtained by integrating the top quark at μ = m_t. At one–loop level this is done by computing all diagrams containing at least one top quark. In the case of the kinetic terms of the gauge bosons it is enough to compute a few gauge boson self–energies. After a trivial field redefinition one obtains (for details see [11])

L_{eff} = W^+_μ ∂^2W^{−μ} + g^2_+(μ) 4 ( v^2 + δv^2_+(μ) ) W^+_μ W^{−μ} + 1 2 W^3_μ ∂^2W^{3μ} + 1 2 B_μ∂^2B^μ + 1 2 (g_3(μ)W^μ_3 − g^′(μ)B^μ) [1 4 ( v^2 + δv^2_3(μ) ) − δZ_{3Y} (μ)∂^2 ] ( g_3(μ)W_{3μ} − g^′(μ)B_μ )

+ ψ̄ iD/( g_+(μ)W^+, g_3(μ)W_3, g^′(μ)B) ψ + ib̄∂/b + 1 2 (g_3(μ)W^μ_3 − g^′(μ)B^μ) (1 + ϵ_b(μ))b_Lγ_μb_L + 1 3 g^′(μ)B^μb̄γ_μb . (4) Here quark mixing has been neglected and ψ stands for all the fermions but the bottom and top quarks. Since the top quark has been integrated out, there are no charged current couplings for the bottom. In addition, the standard neutral couplings of the bottom quark get further modified due to both vertex and wave function corrections to b_L. The contributions to the b_L self–energy have been absorbed in (4) by a redefinition of the b_L field, whereas the remaining corrections are collected in ϵ_b(μ). The mixing between the W_3 and B wave functions has been treated by including a ∂^2 operator in the form of a “mass term” to make simpler the subsequent diagonalization. The covariant derivative D/ in Eq. (4) is just a simplified notation to refer to the standard gauge interactions to the fermions, but with the renormalized couplings g_+(μ), g_3(μ) and g^′(μ).

Higher dimensional operators suppressed by the corresponding inverse powers of the top– quark mass, as well as other operators not relevant for the discussion in this paper —e.g. four fermion operators involving the bottom quark— have not been included. Triangle diagram contributions to gauge boson interactions depending on the top–quark mass are small and have also been neglected. In addition, in (4) we have not included trilinear couplings of gauge bosons; these will be important for some processes such as W boson production at LEP2.

The redefinition of fields also leads to a redefinition of coupling constants. The initially unique coupling constant g splits into g_+ and g_3 below the top–quark mass scale [10]. At one loop one obtains g^2_+(μ) ≃ g^2 (1 − g^2δZ_+(μ)), g^2_3(μ) ≃ g^2 (1 − g^2δZ_3(μ) − g^2δZ_{3Y} (μ)) and g^{′2}(μ) ≃ g^{′2} (1 − g^{′2}δZ_Y (μ) − g^{′2}δZ_{3Y} (μ)), where g^2δZ_+(μ), g^2δZ_3(μ), g^{′2}δZ_Y (μ) are the top–quark induced wave function renormalizations of the W^+, W_3 and B gauge bosons respectively while g^′gδZ_{3Y} (μ) is the top–quark induced W_3 − B wave–function mixing. Similarly v^2_+(μ) ≡ v^2 + δv^2_+(μ) and v^2_3(μ) ≡ v^2 + δv^2_3(μ) are also different.

In order to obtain the effective Lagrangian at LEP scales μ ≃ m_Z it is necessary to perform the matching of the effective theory to the full theory at scales μ = m_t, and then to scale down the effective Lagrangian, using the renormalization group equations, for each of the “couplings” g_+(μ), g_3(μ), g^′(μ), δv^2_+(μ), δv^2_3(μ), δZ_{3Y} (μ) and ϵ_b(μ). In the limit of large m_t one obtains [11]

v^2_+(m_Z) v^2_3(m_Z) ≃ v^2_+(m_t) v^2_3(m_t)

≃ 1 + 3 (4π)^2 m^2_t v^2

(5a)

g^2_+(m_Z) g^2_3 (m_Z)

≃ 1 +

2g^2 3(4π)^2 log ( m_t m_Z ) (5b) δZ_{3Y} (m_Z) ≃ − 1 3(4π)^2 log ( m_t m_Z ) (5c)

ϵ_b(m_Z) ≃ −2 m^2_t (4π)^2v^2 − 1 (4π)^2 (17 6 g^2 + 1 6 g^{′2} ) log ( m_t m_Z ) . (5d)

One observes here the leading non–decoupling top mass effects, appearing both in the universal self–energy coupling [21] and in the specific vertex to b quarks [22]. QCD corrections to the parameters in (5) can be easily included, if needed [11,12] (for QCD corrections to electroweak parameters in the large m_t limit see also [23] and references therein). Finally, to get the effective Lagrangian at the m_Z scale one still has to diagonalize the neutral gauge boson sector, including a further wave function renormalization of the Z field to absorb the δZ_{3Y} term (i.e. the mixing between the W_3 and B wave functions). The effective Lagrangian reads

L_{eff} = W^+_μ ∂^2W^{−μ} + m^2_W W^+_μ W^{−μ} + 1 2 A_μ∂^2A^μ + 1 2 Z_μ∂^2Z^μ + 1 2 m^2_ZZ_μZ^μ + ψ̄ iD/( e_W (m_Z) s_Z W^+, e_Z(m_Z) s_Zc_Z Z, e(m_Z)A) ψ + ib̄∂/b − e_Z(m_Z) 2s_Z c_Z b̄γ_μ ( g^b_V − g^b_Aγ_5 ) bZ^μ + 1 3 e(m_Z)b̄γ_μbA^μ , (6) where c_Z ≡ cos θ_W (m_Z), s_Z ≡ sin θ_W (m_Z), are the cosine and the sine, respectively, of the effective weak mixing angle at the scale m_Z. As usual, θ_W (m_Z) is determined by the diagonalization of the mass matrix for the neutral gauge bosons. It is trivially related to the gauge couplings by tan θ_W (m_Z) ≡ g^′(m_Z)/g_3(m_Z). In the same way, e(m_Z) = g_3(m_Z)s_Z is the electromagnetic coupling at the scale m_Z. As commented above, the Z field needs a further rescaling owing to the δZ_{3Y} term in (4). This leads us to define e_Z(m_Z), which appears in all Z couplings and which is related to e(m_Z) through

e^2_Z(m_Z) = e^2(m_Z) ( 1 − g^2 c^2_Z δZ_{3Y} (m_Z) ) . (7)

Similarly, we found it convenient to express the coupling of the W^+ gauge bosons, g_+(m_Z), in terms of an effective coupling e_W (m_Z) ≡ g_+(m_Z)s_Z. From this definition and Eq. (5b) we get

e^2_W (m_Z) = e^2(m_Z) g^2_+(m_Z) g^2_3 (m_Z)

. (8)

As it is usually done for the electromagnetic coupling, we can define α(m_Z ) ≡ e^2(m_Z) 4π ≡ α 1 − Δα , (9)

α_Z(m_Z) ≡ e^2_Z(m_Z) 4π ≡ α(m_Z) (1 + δα_Z) , (10)

α_W (m_Z) ≡ e^2_W (m_Z) 4π ≡ α(m_Z) (1 + δα_W ) . (11)

Here α = 1/137.036 is the fine structure constant and Δα is the QED shift produced by the running from its on–shell value to μ = m_Z. It can be obtained from e^+e^− → hadrons data. If α(m_Z) is given in the MS scheme one obtains Δα = 0.067 [24,1]. δα_Z and δα_W represent the additional shifts in α_Z and α_W due, in part, to the heavy top. From (5b), (5c), (7) and (8) we obtain δα_Z ≃ α 12πs^2_Zc^2_Z log ( m_t m_Z ) , (12) δα_W ≃ α 12πs^2_Z log ( m_t m_Z ) . (13)

Given the size of these corrections, we expect the three couplings α(m_Z), α_Z(m_Z), and α_W (m_Z) to be almost equal, at least, at the percent level. Their values can be extracted directly from experiment and we will see that, indeed, that is the case. Therefore, if only precisions at the percent level are needed, one can safely assume α(m_Z) = α_Z(m_Z) = α_W (m_Z).

The physical W and Z masses are given, in the large m_t limit, by the equations

m^2_W = e^2_W (m_Z) 4s^2_Z v^2_+(m_Z)

m^2_Z = e^2_Z(m_Z) 4c^2_Z s^2_Z v^2_3(m_Z) . (14)

Then, we can obtain the cosine of the Sirlin weak mixing angle [25] in terms of the cosine of the effective mixing angle at the scale m_Z:

c^2_W ≡ m^2_W m^2_Z

= c^2_Z e^2_W (m_Z) e^2_Z(m_Z) v^2_+(m_Z) v^2_3(m_Z)

. (15)

If we write now the relation between these two mixing angles as s^2_Z = s^2_W + δs^2_W , from equations (5a–5c), (7) and (8) we immediately obtain

δs^2_W = α π [ 3 16s^2_Z m^2_t m^2_Z + (3 − 2s^2_Z ) 12s^2_Z log ( m_t m_Z )] . (16)

On the other hand, the coupling of the bottom quark to the Z boson gets extra contributions due to the vertex diagrams involving the top quark. These contributions can be taken into account by parametrizing the effective g^b_V and g^b_A couplings as

g^b_V = − 1 2 (1 + ϵ_b(m_Z)) + 2 3 s^2_Z , g^b_A = − 1 2 (1 + ϵ_b(m_Z)) , (17)

where ϵ_b(m_Z) is given in Eq. (5d). Finally, although it is not relevant for the neutral current processes we want to study, one can also relate m_W and s_Z with the Fermi coupling constant, G_F , measured in the muon decay [6]. This relation reads G_F √ 2 ≃ e^2_W (m_Z) 8m^2_W s^2_Z

, (18)

and allows to estimate α_W (m_Z) from s_Z, m_W and G_F .

III. e^+e^− ! ZZ AND e^+e^− ! γZ IN THE LARGE m_t LIMIT

We can use now the Lagrangian (6) at tree level, together with the results in the previous section, to estimate the dominant electroweak corrections to e^+e^− → ZZ and e^+e^− → γZ at LEP2 in the large m_t limit.

From the Lagrangian (6) and the diagrams in Fig. 1 we easily obtain the cross section for e^+e^− → ZZ. It is the usual tree–level result obtained in the SM, but expressed in terms of the effective couplings α_Z (m_Z) and s_Z: ( dσ^{ZZ} dΩ ) eff = α^2_Z (m_Z) 32s^4_Z c^4_Z

(g^4_V + 6g^2_V g^2_A + g^4_A) × 1 s ( 1 − 4m^2_Z s ) 1_2 [

s^2 + 6m^4_Z ut − m^4_Z(s − 2m^2_Z)^2

(ut)^2 − 2 ] , (19)

where g_V = −1/2 + 2s^2_Z , g_A = −1/2 are, respectively, the vector and the axial–vector couplings of the Z boson to the electrons, and s, t and u are the usual Mandelstam variables

s = (p_+ + p_−)^2 , t = (p_+ − p_1)^2 , u = (p_+ − p_2)^2 , (20)

being p_+, p_− and p_1, p_2 the lepton and gauge boson four–momenta respectively. In the center of mass frame, the dependence on the scattering angle θ is carried by t and u through the relations t = − 1 2 [ s − m^2_1 − m^2 − λ^{1/2}(s, m^2_1, m^2) cos θ ] , u = − 1 2 [ s − m^2_1 − m^2 + λ^{1/2}(s, m^2_1, m^2) cos θ ] , (21)

where λ(s, m^2_1, m^2) ≡ (s − m^2_1 − m^2)^2 − 4m^2_1m^2 (here m_1 = m_2 = m_Z).

The accuracy of the effective cross section (19) can be tested by comparing with full explicit EW calculations in the SM. As commented in the introduction, the EW corrections to e^+e^− → ZZ were calculated in [18]. There, the Born cross section is defined in terms of the fine structure constant α and the Sirlin weak mixing angle s_W . That is, our expression (19), but changing α_Z (m_Z) → α and s_Z → s_W . With respect to this reference value, the effective cross section (19) shows a correction

δ^{EW (ZZ)} eff ≡ ( dσZZ dΩ ) eff − ( dσZZ dΩ ) 0 ( dσZZ dΩ ) 0 . (22)

To compare the results from our effective Lagrangian with those in [18] we rewrite Eq. (19) in terms of α and s_W by using (10) and s^2_Z = s^2_W + δs^2_W . The leading electroweak corrections can be easily obtained in the large m_t limit:

δ^{EW (ZZ)} ≃ 2 Δα + 2 δα_Z + s^4_Zc^4_Z (g^4_V + 6g^2_V g^2_A + g^4_A) d ds^2_Z [ (g^4_V + 6g^2_V g^2_A + g^4_A) s^4_Z c^4_Z ] δs^2_W , (23)

with δα_Z and δs^2_W given by (12) and (16) respectively. Using these equations we find δ^{EW (ZZ)} ≃ 2 Δα − α πs^4_Zc^2_Z [ 3 (1 − 6 s^2_Z + 12 s^4_Z − 8 s^6_Z − 16 s^8_Z ) 8 (1 − 8 s^2_Z + 24 s^4_Z − 32 s^6_Z + 32 s^8_Z ) m^2_t m^2_Z + + (3 − 21 s^2_Z + 56 s^4_Z − 72 s^6_Z ) 6 (1 − 8 s^2_Z + 24 s^4_Z − 32 s^6_Z + 32 s^8_Z ) log ( m_t m_Z )] . (24)

We have checked explicitly this result against the one obtained in [18] by taking there the large m_t limit, and found complete agreement.

Let us discuss now the case of γZ production at LEP2. As in the previous case, we begin by writing the SM lowest–order differential cross section for the process, which is obtained from the diagrams in Fig. 1 after replacing one of the Z bosons by a photon. Here we find ( dσ^{γZ} dΩ ) eff = αα_Z (m_Z)

4s^2_Z c^2_Z

(g^2_V + g^2_A)

(s − m^2_Z) s^2 ( s^2 + m^4_Z 2ut − 1 ) . (25)

Although in principle the situation is similar to the case of ZZ production, there is a crucial difference if the photon is a real one, that is with q^2 = 0. In that case, in the MS scheme we are using, and choosing a renormalization scale μ = m_Z, one finds that the photon self–energy diagrams of Fig. 2 contain large logarithms ∑ f Q^2_f log(m_f /m_Z ), which effectively produce the “running back” of the electromagnetic coupling constant from α(m_Z ) to α(m_e) ≃ α. This agrees with common wisdom that says that real, on–shell photons (no matter whether they are soft or hard) couple with α strength. Thus, the use of our effective Lagrangian at the scale μ = m_Z has to be supplemented with the rule that a real photon couples with its on–shell coupling.

As in the previous case, we can easily obtain the electroweak correction

δ^{EW (γZ)} = Δα + δα_Z + s^2_Z c^2_Z (g^2_V + g^2_A) d ds^2_Z [ (g^2_V + g^2_A)

s^2_Z c^2_Z ] δs^2_W , (26)

and using (12) and (16) we get, in the large m_t limit,

δ^{EW (γZ)} = Δα − α πs^4_Zc^2_Z [ 3 (1 − 2 s^2_Z − 4 s^4_Z ) 16 (1 − 4 s^2_Z + 8 s^4_Z ) m^2_t m^2_Z + (3 − 9 s^2_Z − 4 s^4_Z ) 12 (1 − 4 s^2_Z + 8 s^4_Z ) log ( m_t m_Z )] . (27)

As in the ZZ production, we should be able to test our EFT approach by comparing our results with those arising from explicit calculations of the EW effects in the limit of large m_t. For this process, an explicit one–loop calculation of δ^{EW (γZ)} in the SM has been carried out by Böhm and Sack [17]. However, we could not reproduce their results in the large m_t limit. We believe they missed a factor 1/2 entering the Z boson renormalized self–energy, therefore the bulk of the EW corrections, namely Δα, has been overestimated. This is confirmed by the study of the crossed reaction e^−γ → e^−Z, which has been extensively analysed in the literature (see for instance [26]). Here the EW corrections are reproduced completely, in the large m_t limit, with Eq. (27)^1.

1Notice that in our approach the size of the electroweak corrections is exactly the same in the case of e^+e^− ! γZ and e^−γ ! e^−Z.

IV. GLOBAL FIT FOR LEP1/SLD OBSERVABLES

The analytical results of the previous section, obtained in the large m_t limit, are very interesting and very useful to test the overall approach and contain the bulk of EW radiative corrections. However, the top–quark mass is not so large and there could be other corrections at least comparable to those considered. In addition, Higgs mass corrections, though in principle can also be included, have not been taken into account in the previous analysis. This makes it difficult to achieve precisions better than the 2–3% with the above analytical approach. As an alternative procedure, we can use our effective Lagrangian at tree level with arbitrary couplings, and fit those couplings with LEP1/SLD observables. In this way, the effective couplings will contain not only the leading top–quark and Higgs mass dependences but also other universal non–leading corrections. This includes, a priori, also possible effects of new physics in the effective couplings. In this sense, the procedure is related to the “S, T, U” [27] or “epsilon” [28] analyses proposed already in the literature. The excellent agreement between the SM predictions and LEP1/SLD observables suggests, however, that our EFT couplings do not include any significant effect arising from non–standard physics.

Once we have fitted the parameters entering the effective Lagrangian for the processes observed at LEP1/SLD, we can use the result to give predictions for e^+e^− → ZZ and e^+e^− → γZ cross sections at LEP2 energies, considering once again tree–level formulae. With this procedure, we expect to achieve precisions better than 1%, which should be enough for most LEP2 observables. This can be checked by comparing our results with known one–loop calculations.

The list of LEP1 and SLD observables that we consider for our fit is presented in Table I. These include: the Z mass (m_Z), the total Z width (Γ_Z), the hadronic cross section (σ_{had}), the ratio of the widths Z → hadrons to Z → l^+l^−, l = e, μ, τ (R_l), the ratios of the widths Z → b̄b (R_b) and Z → c̄c (R_c) to Z → hadrons, the leptonic (A^{(0,l)}_{F B} ), b–quark (A^{(0,b)}_{F B} ) and c–quark (A^{(0,c)}_{F B} ) C–odd forward–backward asymmetries, and the P –odd leptonic (A_l), b– quark (A_b) and c–quark (A_c) asymmetries. The quoted experimental value for the leptonic asymmetry A_l is the average of LEP1 and SLD results, assuming lepton universality.

From the Lagrangian (6), it is immediate to see that the lowest–order formulae in the EFT scheme are basically the same as in the SM, just taking e_Z(m_Z)/(s_Z c_Z) and s_Z as the weak Zf̄f coupling constant and the sine of the Weinberg angle respectively. Only special care has to be taken in the case of the Zb̄b coupling, which requires the inclusion of the additional parameter ϵ_b(m_Z) defined in the previous section. The tree–level expressions for the LEP1/SLD observables, as well as the leading QCD and QED corrections, are well– known and will not be reproduced here.

The parameters to be fitted are five, namely m_Z, α_Z(m_Z), s^2_Z, ϵ_b(m_Z) and α_s(m_Z), although the value of α_s(m_Z) could be obtained independently from other processes [1]. In any case, the result of the fit is found to be rather stable with respect to the value of α_s(m_Z).

We obtain from the fit the following values for the parameters:

m_Z = 91.1867 ± 0.0020 α_Z(m_Z) = 0.007788 ± 0.000012 s^2_Z = 0.23103 ± 0.00021 ϵ_b(m_Z) = −0.0053 ± 0.0023 α_s(m_Z) = 0.1215 ± 0.0052 (28)

with

χ^2/ndf = 2.6/7 . (29)

If instead we fix α_s(m_Z) to its world average α_s(m_Z) = 0.119 [1] we obtain m_Z = 91.1867 ± 0.0020, α_Z(m_Z) = 0.007790 ± 0.000011, s^2_Z = 0.23102 ± 0.00021, and ϵ_b(m_Z) = −0.0045 ± 0.0017 with χ^2/ndf = 2.9/8.

Notice that in these fits we neglect the correlations in the input data. We have checked that the impact of these correlations in the results of the fit is negligible. We did so by performing a fit including the main correlations (we have considered only the correlations which are larger than 10% [29]: Γ_Z –σ_{had} ≈ −0.19, R_l–σ_{had} ≈ 0.13,R_b–R_c ≈ −0.17, A^{(0,b)}_{F B} – A^{(0,c)}_{F B} ≈ 0.13). The errors remain unchanged and the central values are shifted at most by 10% of one standard deviation.

The predictions for the LEP1/SLD observables obtained with these values can be read from the third column in Table I. We also quote in the fourth column the deviations of the different observables from the measured central values in units of experimental standard deviations (the pull). It can be seen that all the predictions deviate less than 1.5σ from the measured values. This is reflected in the very low χ^2 in (29), and shows that for LEP1 and SLD data the EFT approach works remarkably well.

From Eq. (18), using the value of s^2_Z in (28), the W boson mass, m_W = 80.42±0.08 GeV, and the Fermi constant, we can also estimate the value of α_W (m_Z). We obtain 1/α_W (m_Z) = 127.2±0.3, to be compared with 1/α_Z (m_Z) = 128.4±0.2 from our fit (28), and to 1/α(m_Z ) = 127.88 ± 0.09 obtained by running from the Thomson limit. We see that, as expected from (12) and (13), the differences are really small and the three couplings can be taken as equal if only precisions at the 1% level are needed.

V. PREDICTIONS FOR e^+e^− ! ZZ AND e^+e^− ! γZ AT LEP2

Now, once the effective couplings at the scale of m_Z have been determined, our goal is to use the same approach to predict the magnitude of the electroweak corrections for processes to be measured at LEP2. To estimate the corresponding cross sections, we will use the values of α_Z(m_Z), m_Z and s^2_Z from the result of the fit (28). Although the relevant scale at LEP2 could reach 190 GeV, the running of the parameters from m_Z to 190 GeV will give at most corrections of the order of α/π log 2 which are small^2. In addition, in the processes we are interested in this paper, e^+e^− → ZZ and e^+e^− → γZ, the gauge bosons are on–shell, therefore the relevant scale is fixed by their masses.

Let us take the EFT tree–level expressions (19) and (25) for e^+e^− → ZZ and e^+e^− → γZ respectively, with α_Z, m_Z and s^2_Z from (28), and compute the size of the deviations from

2Note, however, that if needed, these corrections can be easily included in our approach.

the Born cross sections expressed in the on–shell scheme as in Eq. (22) (or its equivalent for γZ production). For the process e^+e^− → ZZ we obtain

δ^{EW (ZZ)} eff ≃ 5.4 ± 0.4 % . (30)

Since for our fit we have used LEP1/SLD values, we have also taken the last SM fit for Z–pole data to evaluate the Born cross section written in terms of on–shell parameters. Thus, we have used for the Sirlin weak mixing angle the value s^2_W = 0.2236 ± 0.0008 [1].

On the other hand, the full one–loop EW correction to (dσ/dΩ)_0 can be obtained from the analysis carried out by Denner and Sack [18], after updating the values for the masses of the gauge bosons and —especially— the top quark. It can be seen that, for LEP2 energies, the shift is strongly dominated by the one–loop correction to the Z self–energies, which contain the top quark dependence. To obtain the EW corrections from [18] we use the value of s^2_W quoted above, together with m_t = 168 ± 8 GeV (arising from Z–pole analysis [1]) and m_H = m_Z. We find

δ^{EW (ZZ)}

SM−1 loop ≃ 5.3 ± 1.0 % , (31)

where the error is mainly due to the uncertainty in m_t. As can be seen, the agreement between the values in (30) and (31) is remarkably good. Notice that, in general, one would expect δ^{EW (ZZ)}

SM−1 loop to depend on the scattering angle θ. However, it can be seen [18] that for

these energies the distribution is almost flat, so that the constant value in (31) represents a good approximation. This is also consistent with our approach. As can be seen from Eqs. (19) and (21), the dependence of the differential Born cross section with the scattering angle is contained in the Mandelstam variables t and u, which only enter the factor in square brackets in (19). The shift of α and sin θ_W from the on–shell to the effective values leads only to a global correction that does not affect the θ–dependence.

It is important to remark that the value in (30) has been found in a quite straightforward way, whereas that in (31) can be obtained only after a very lengthy calculation. In addition, the one–loop result, though in principle more precise, depends not only on m_t but also on other uncertain parameters, such as the Higgs mass and the running of the electromagnetic coupling from the Thomson limit to the m_Z scale.

For e^+e^− → γZ we use Eq. (25), taking once again α_Z, m_Z and s^2_Z from (28). Notice that, as discussed in the previous section, the value of the electromagnetic coupling to be used in (25) is the on–shell fine structure constant α. This is because the photon is on shell, i.e. with q^2 = 0. For the rest of the parameters the same considerations as for e^+e^− → ZZ apply. We obtain

δ^{EW (γZ)} eff ≃ 3.7 ± 0.2 % . (32)

As commented in section III we cannot use the expressions in [17] to check this last result. Still, we can take into account the known calculations [26] for the crossed reaction e^−γ → e^−Z. Within the EFT approach, the cross section for this process shows exactly the same dependence on the parameters α_Z(m_Z) and s_Z as in (25), therefore for both e^−γ → e^−Z and e^+e^− → γZ the correction δ^{EW}_{eff} will be exactly the same.

For a center–of–mass energy of 100 GeV, and using a top–quark mass of 140 GeV, the analysis in Ref. [26] shows that the EW corrections to e^−γ → e^−Z are ≃ 4.2%. Once again, it is found that this result is almost independent from the scattering angle (see Table 3 of [26]). Now increasing m_t up to 168 GeV, and taking into account the errors in s_W and m_t as in the e^+e^− → ZZ case, we find

δ^{EW e} �_{γ→e}�_Z SM−1 loop ≃ 3.1 ± 0.4% . (33)

That means, our result (32) lies within the expected level of accuracy. Moreover, our approach succeeds in predicting the flat behaviour of δ^{EW} with respect to the scattering angle.

Notice that in the definition of δ^{EW} we refer to the Born cross section. The latter is defined in terms of the Sirlin weak mixing angle (or equivalently, the W mass), which is not measured with sufficiently high precision in LEP1/SLD and introduces some error. In order to estimate the accuracy of our approach, it is better to compare directly the values for the cross sections obtained from both the EFT and SM one–loop analyses. In this way the comparison is much less sensitive to the top–quark mass, which does not appear explicitly in σ_{eff} . Thus for both e^+e^− → ZZ and e^−γ → e^−Z we compute the ratio Δ ≡ σ_{eff} − σ_{SM−1 loop}

σ_{SM−1 loop}

, (34)

obtaining

Δ^{(ZZ)} = 0.0012 ± 0.0038 (35) and Δ^{(γZ)} = 0.0065 ± 0.0017 . (36)

In both cases, the agreement between EFT and one–loop SM values is found to be better than 1%. For the crossed reaction e^+e^− → γZ, the result is expected to be similar to that obtained for e^−γ → e^−Z.

It is also worth to mention that in our effective Lagrangian approach we trivially find that pure Compton processes (only containing real photons and electrons), such as e^−γ → e^−γ and γγ → e^−e^+, have zero EW radiative corrections, since the tree–level cross sections are independent of s_Z and α_Z(m_Z). It can be seen that this result is also obtained from full one–loop SM calculations [30], for a range of center of mass energies of 100–200 GeV. Our approach is again successful in this case.

VI. CONCLUSIONS

In this paper we elaborate an effective field theory approach to the analysis of the electroweak corrections at LEP energies.

We review how to obtain the effective EW Lagrangian that arises when the top quark is integrated out. At the leading order in the top–quark mass, we obtain the effective couplings that are relevant for LEP energies.

Using this Lagrangian at tree level we obtain analytical formulae for the differential cross sections for the LEP2 processes e^+e^− → ZZ and e^+e^− → γZ, in the large m_t limit. The results agree completely with full one–loop EW calculations.

This approach allows us to compute LEP2 observables in the large m_t limit. However, this cannot be used in general to achieve precisions better than 2–3%. To go beyond that, we consider an effective Lagrangian similar to that arising from the EFT, but leaving the couplings as free parameters. Then, using the effective Lagrangian at tree level, we fit the parameters from present LEP1 and SLD data. In this way, the effective couplings should take into account the effects arising from virtual top quarks and Higgs, as well as other possible universal contributions. The fit is performed for 12 LEP1/SLD observables, and the parameters to be determined are five, including m_Z and α_s(m_Z). The results are amazingly good: as shown in Table I, in all cases the difference between fitted and experimental values is less than 1.5σ. Finally, taking the effective couplings from the LEP1/SLD fit, we compute the differential cross sections for e^+e^− → ZZ and e^+e^− → γZ at LEP2 energies, using once again the effective Lagrangian at tree level. The predictions are in this way completely independent on the masses of the top quark and the Higgs boson. Our results are compared with the values of the corresponding Born cross sections written in terms of on–shell parameters: at LEP2 energies, the EW corrections for e^+e^− → ZZ and e^+e^− → γZ amount to 5.4 % and 3.7 % respectively for a fixed value of the on–shell weak mixing angle. In addition, our EFT cross sections are compared with those arising from one–loop analyses in the SM. The agreement is found to be better than 1 % for both e^+e^− → ZZ and e^+e^− → γZ.

It is worth to point out that our effective Lagrangian can be used to estimate the size of EW corrections in other LEP2 processes that involve the subprocesses e^+e^− → V V , V e → V e and V V → f̄f (V = γ, Z). This is e.g. the case of the scattering e^+e^− → e^+e^−b̄b, which is a very important background process in searches for new particles, and where the full one–loop EW calculation turns out to be very hard . Another important example is the neutrino counting process e^+e^− → νν̄γ, for which the full one–loop EW calculation is also missing. The extension of the effective Lagrangian to include triple gauge boson couplings is presently under study.

ACKNOWLEDGMENTS

A. A. A. thanks the Spanish Ministry of Education and Culture for the sabbatical grant No. SAB1998-0068 at the University of Valencia. D. G. D. has been supported by a grant from the Commission of the European Communities, under the TMR programme (Contract No. ERBFMBICT961548). This work has been funded by CICYT under the Grant AEN- 96-1718, by DGESIC under the Grant PB97-1261 and by the DGEUI of the Generalitat Valenciana under the Grant GV98-01-80.

REFERENCES

[1] Particle Data Group: C. Caso et al., Eur. Phys. J. C 3 (1998) 1. [2] J. Erler and P. Langacker, Talk given at 5th Int. Wein Symposium, Santa Fe, USA, June 1998, hep-ph/9809352;

G. Montagna, O. Nicrosini and F. Piccinini, Riv. Nuovo Cim. 21 (1998) 1. [3] W. Hollik, Plenary talk at ICHEP98, Vancouver, Canada, July 1998, hep-ph/9811313. [4] D. Karlen, Plenary talk at ICHEP98, Vancouver, Canada, July 1998. [5] R. Harlander, Acta Phys. Polon. B 29 (1998) 2691;

A. Czarnecki, B. Krause and W. J. Marciano, Phys. Rev. Lett. 76 (1996) 3267; A. Czarnecki and M. Skrzypek, preprint BNL-HET-98-38, Dec. 1998, hep-ph/9812394.

[6] T. van Ritbergen and R. Stuart, Phys. Rev. Lett. 82 (1999) 488. [7] M. Steinhauser, talk given at RADCOR98, Barcelona, Spain, September 1998,

hep-ph/9811342;

R. Harlander and M. Steinhauser, preprint TTP-98-41, Dec. 1998, hep-ph/9812357. [8] D. Bardin et al., in Reports of the Working Group, CERN Yellow Report, CERN 95-03, 1995.

[9] H. Steger, E. Flores and Y. -P. Yao, Phys. Rev. Lett. 59 (1987) 385;

G. -L. Lin, H. Steger and Y. -P. Yao, Phys. Rev. D 44 (1991) 2139; Phys. Rev. D 49 (1994) 2414;

H. Georgi, Annu. Rev. Nucl. Part. Sci. 43 (1993) 209; F. Feruglio, A. Masiero and L. Maiani, Nucl. Phys. B 387 (1992) 523; F. Feruglio, Int. J. Mod. Phys. A 8 (1993) 4937; E. Malkawi and C.-P. Yuan, Phys. Rev. D 52 (1995) 472;

A. Pich, Lectures given at Les Houches Summer School in Theoretical Physics, Les Houches, France, July–September 1997, hep-ph/9806303.

[10] R. D. Peccei and S. Peris, Phys. Rev. D 44 (1991) 809. [11] S. Peris, Phys. Lett. B 343 (1995) 339.

[12] S. Peris and A. Santamaria, Nucl. Phys. B 445 (1995) 252; [13] L3 Collaboration: M. Acciarri et al., Phys. Lett. B 436 (1998) 187. [14] E. Accomando et al., in: CERN 96-01 (1996), p. 207, hep-ph/9601224. [15] L3 Collaboration: M. Acciarri et al., Phys. Lett. B 450 (1999) 281. [16] K. J. Abraham and B. Lampe, Phys. Lett. B 446 (1999) 163;

J. Biebel, preprint DESY-98-163, hep-ph/9810522. [17] M. Böhm and T. Sack, Z. Phys. C 35 (1987) 119. [18] A. Denner and T. Sack, Nucl. Phys. B 306 (1988) 221. [19] M. Böhm, W. Hollik and H. Spiesberger, Fortschr. Phys. 34 (1986) 687. [20] F. A. Berends, G. J. H. Burgers and W. L. van Neerven, Phys. Lett. B 177 (1986) 191. [21] M. Veltman, Nucl. Phys. B 123 (1977) 89;

M. S. Chanowitz, M. A. Furman and I. Hinchliffe, Phys. Lett. B 78 (1978) 285. [22] A. A. Akhundov, D. Yu. Bardin and T. Riemann, Nucl. Phys. B 276 (1986) 1;

J. Bernabéu, A. Pich and A. Santamaria, Phys. Lett. B 200 (1988) 569; Nucl. Phys. B 363 (1991) 326;

W. Beenakker and W. Hollik, Z. Phys. C 40 (1988) 141.

[23] K.G. Chetyrkin, J.H. Kühn and M. Steinhauser, Phys. Rev. Lett. 75 (1995) 3394;

R. Harlander, T. Seidensticker and M. Steinhauser, Phys. Lett. B 426 (1998) 125. [24] S. Fanchiotti, B. Kniehl and A. Sirlin, Phys. Rev. D 48 (1993) 307. [25] A. Sirlin, Phys. Rev. D 22 (1980) 971.

[26] A. Denner and S. Dittmaier, Nucl. Phys. B 398 (1993) 265. [27] W. J. Marciano and J. L. Rosner, Phys. Rev. Lett. 65 (1990) 2963;

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

[28] G. Altarelli, R. Barbieri and F. Caravaglios, Int. J. Mod. Phys. A 13 (1998) 1031, and references therein.

[29] The LEP Electroweak Working Group, and the SLD Heavy Flavor and Electroweak Groups: D. Abbaneo et al., CERN-EP/99-015, Feb 1999.

[30] A. Denner and S. Dittmaier, Nucl. Phys. B 407 (1993) 43; preprint CERN-TH/98-335, PSI-PR-98-28, hep-ph/9812411.

FIGURES

FIG. 1. Tree–level contributions to e^+e^− ! ZZ.

FIG. 2. Photon self–energy diagrams contributing to e^+e^− ! γZ.

TABLES TABLE I. Results for combined LEP1 and SLD observables obtained within the EFT scheme using the fitted values for α_Z(m_Z), m_Z, s_Z , ϵ_b(m_Z) and α_s(m_Z). We have used EFT tree–level formulae plus standard QCD and QED corrections.

Observable Experimental value Fitted value Pull m_Z [GeV] 91.1867 � 0.0020 91.1867 0.00 Γ_Z [GeV] 2.4948 � 0.0025 2.4949 0.04 σ_{had} [nb] 41.486 � 0.053 41.499 0.24 R_l 20.775 � 0.027 20.779 0.15 R_b 0.2170 � 0.0009 0.2169 -0.09 R_c 0.1734 � 0.0048 0.1711 -0.47 A^{(0,l)}_{F B} 0.0171 � 0.0010 0.0170 -0.05 A^{(0,b)}_{F B} 0.0984 � 0.0024 0.1015 1.30 A^{(0,c)}_{F B} 0.0741 � 0.0048 0.0726 -0.31 A_l 0.1521 � 0.0021 0.1506 -0.71 A_b 0.900 � 0.050 0.899 -0.02 A_c 0.650 � 0.058 0.643 -0.12