hep-ph/9907357 14 Jul 1999

RAL–TR–1999–048 CERN–TH/99–204 hep-ph/9907357

The Forward{Backward Asymmetry in NNLO QCD^∗

Stefano Catani^†

Theory Division, CERN CH-1211 Geneva 23, Switzerland

Michael H. Seymour

Rutherford Appleton Laboratory, Chilton Didcot, Oxfordshire, OX11 0QX, England

Abstract

We have recently calculated the second-order QCD corrections to the forward–backward asymmetry in e^+e^− annihilation. Here we recall the results and compare them to others in the literature.

RAL–TR–1999–048 CERN–TH/99–204 July 1999

�Talk given by M. Seymour at 13th Rencontres de Physique de la Vallée d’Aoste, Results and Perspectives in Particle Physics, La Thuile, Aosta Valley, Italy, February 28th–March 6th, 1999. This work was supported in part by the EU Fourth Framework Programme “Training and Mobility of Researchers”, Network “Quantum Chromodynamics and the Deep Structure of Elementary Particles”, contract FMRX–CT98–0194 (DG 12 – MIHT).

yOn leave of absence from INFN, Sezione di Firenze, Florence, Italy.

THE FORWARD{BACKWARD ASYMMETRY IN NNLO QCD

Stefano Catani Theory Division, CERN, CH-1211 Geneva 23, Switzerland (On leave of absence from INFN, Sezione di Firenze, Florence, Italy) Michael H. Seymour Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire, OX11 0QX, England

Abstract

We have recently calculated the second-order QCD corrections to the forward– backward asymmetry in e^+e^− annihilation. Here we recall the results and compare them to others in the literature.

Experimental measurements of the forward–backward and left–right forward–backward asymmetries in e^+e^− annihilation to fermions provide some of the best determinations of the weak mixing angle sin^2 θ_{eff} 1). In particular, the forward– backward asymmetry of b quarks is measured with a precision of about 2%, allowing an extraction of sin^2 θ_{eff} with almost per mille accuracy. However, since we are dealing with quarks in the final state, we must ensure that QCD corrections, both perturbative and non-perturbative, are understood to at least the same precision. For the perturbative corrections, this requires working to at least next-to-next-to-leading order (NNLO).

To date there have been two O(α^2_S) calculations, both in the massless approximation and using a slightly different definition of the asymmetry than the experimental measurements, which use the thrust axis rather than the quark direction. The classic calculation of Altarelli and Lampe 2) determined the O(α^2_S) coefficient numerically and found it to be small. This result has been the basis of all the experimental analyses since. However, the recent analytical calculation by Ravindran and van Neerven 3) obtained a coefficient about four times bigger. This discrepancy is comparable to the size of the experimental errors and needs to be resolved before the final electroweak fits to the LEP1 data can be made. The O(α^2_S)-calculation using the experimentally-used thrust axis definition, would also be highly desirable.

We have recently performed a numerical calculation of the O(α^2_S) corrections to the forward–backward asymmetry 4). Anticipating the result, given below, we can say that to the precision required by experiment we confirm the result of Ravindran and van Neerven and therefore rule out the result of Altarelli and Lampe. However, we do have a theoretically-important difference compared to Ravindran and van Neerven, in that we find that the forward–backward asymmetry contains terms enhanced by logarithms of the quark mass. Even though these terms are numerically tiny for realistic quark masses, as a point of principle it means that the forward–backward asymmetry of massless quarks is not perturbatively calculable and non-perturbative fragmentation functions have to be introduced.

We also calculated for the first time the corrections using the thrust axis definition rather than the quark direction. These lie approximately midway between the results of Refs. 2) and 3) for the quark axis definition.

We here only briefly sketch the method and give the final result, and refer the reader to Ref. 4) for more details.

The simplest definition of the b-quark^1 forward–backward asymmetry A_{F B} is A_{F B} = N_F − N_B N_F + N_B

, (1)

where N_F and N_B are the number of b quarks observed in the forward and backward hemispheres, respectively.

The axis that identifies the forward direction can be defined in a variety of ways. In this paper we explicitly consider two different definitions: the b-quark direction, and the thrust axis direction, which we denote by A^b_{F B} and A^T_{F B} respectively.

According to the definition in Eq. (1), A_{F B} can be expressed in an equivalent way in terms of the cross section dσ(e^+e^− → b + X) dx dcos θ (2) for inclusive b-quark production, where x is the fraction of the electron energy carried by the b quark and θ is the angle between the electron momentum and the direction defining the forward hemisphere (both energies and angles are defined in the centreof-mass frame).

Starting from the distribution in Eq. (2), we can introduce the forward and backward cross sections σ_F and σ_B: σ_F ≡ ∫_1 0 dcos θ

∫_1 0 dx dσ dx dcos θ , σ_B ≡ ∫_0 −1 dcos θ

∫_1 0 dx dσ dx dcos θ

, (3)

and the symmetric and antisymmetric cross sections σ_S and σ_A:

σ_S = σ_F + σ_B , σ_A = σ_F − σ_B . (4)

We can then write the forward–backward asymmetry as

A_{F B} = σ_A σ_S . (5)

In order to calculate this ratio perturbatively, we first separate the contributions to the cross sections into three classes: flavour non-singlet (NS), flavour singlet (S), and interference (or triangle) (T r) (see Ref. 4) for their precise definition). We thus write the cross sections as

σ_S = σ_{S,NS} + σ^{(2)}_{S,S} + σ^{(2)}_{S,T r} + O(α^3_S) , (6) σ_A = σ_{A,NS} + σ^{(2)}_{A,T r} + O(α^3_S) . (7)

1Throughout this paper we explicitly consider the case of the b-quark. The results for the charm quark can be simply obtained by properly replacing the mass and couplings of the massive quark.

In this notation, up to O(α_S) there are only non-singlet contributions. Thus, σ^{(2)}_{S,S} , σ^{(2)}_{S,T r} and σ^{(2)}_{A,T r} are proportional to α^2_S. There are no singlet contributions to the antisymmetric cross section σ_A.

The forward–backward asymmetry is decomposed in a similar way. Expanding the ratio σ_A/σ_S up to O(α^2_S), we write

A^{(2)}_{F B} = A^{(2)}_{F B,NS} + σ^{(0)}_A σ^{(0)}_S σ^{(2)}_{A,T r} σ^{(0)}_A − σ^{(2)}_{S,T r} σ^{(0)}_S − σ^{(2)}_{S,S} σ^{(0)}_S , (8) where A^{(2)}_{F B,NS} denotes the non-singlet component: A^{(2)}_{F B,NS} = σ_{A,NS} σ_{S,NS} . (9)

The triangle contributions give non-universal (i.e. non-factorizable) corrections to both the symmetric and antisymmetric cross sections. They are calculated in Ref. 2) for the b-quark axis definition and found to be very small. To our knowledge their contribution to the thrust axis definition has never been calculated, but we expect it to be similarly small. We therefore neglected it, i.e. σ^{(2)}_{S,T r} and σ^{(2)}_{A,T r} in Eq. (8), from our calculation.

The singlet contribution to the symmetric cross section, σ_S, is logarithmically enhanced in the small-mass limit and proportional to α^2_S ln^3 Q^2/m^2_b. An approximate expression for it, denoted by F^{Branco}, was used in Ref. 2). It is calculated exactly to O(α^2_S) in Refs. 5, 6), and the leading and next-to-leading logarithms are summed to all orders in α_S in Ref. 6).

In some sense the singlet component is a ‘background’ to the forward– backward asymmetry measurement and, in fact, in the experimental analyses (see e.g. Ref. 7)) it is statistically subtracted using Monte Carlo event generators. We therefore neglected it, i.e. σ^{(2)}_{S,S} in Eq. (8), from our calculation.

Before describing the calculation of A^{(2)}_{F B,NS}, we take a slight diversion to discuss the contribution to it from four-b final states. Let us first point out a basic fact. The four-b process contributes to both the b-quark cross sections σ_S and σ_A and the e^+e^− total cross section. However, they appear with different multiplicity factors in the two cases. In the case of the e^+e^− total cross section the multiplicity factor is simply equal to unity. In the contribution to the inclusive b-quark cross sections σ_S and σ_A, these terms count twice since there are two b quarks in the final state. This observation is important in understanding the results for the non-singlet component of the symmetric cross section σ_S discussed shortly.

After summing and squaring the Feynman diagrams for four-b production, we obtain two types of contribution: i) those that are identical to the bb̄qq̄ final state but with the other quark q replaced by an untriggered-on b quark, and ii) those that are genuine interference terms arising from the fact that the two antiquarks are indistinguishable, called the E-term in Ref. 8). The squared diagrams of type i) are lumped together with the corresponding terms from bb̄qq̄ in the singlet (σ^{(2)}_{S,S} in Eq. (6)), non-singlet (σ_{S,NS} and σ_{A,NS} in Eqs. (6) and (7)) or triangle (σ^{(2)}_{S,T r} and σ^{(2)}_{A,T r} in Eqs. (6) and (7)) contributions. The squared diagrams of type ii), which give a universal (i.e. factorizable) correction to both the antisymmetric and symmetric cross sections, can be considered part of the non-singlet contributions.

It is not entirely clear how four-quark final states are actually treated in the different experimental analyses, i.e. the extent to which they are genuinely measuring the inclusive cross sections. Often some vague statement like “a four-b final state is more likely to be tagged than a two-b one, but less than twice as likely” is made. To know what to calculate one must understand the corrections that are applied for this difference in tagging efficiency, which are not usually explicitly stated in the papers. In the absence of a unique experimental procedure and of a definitive statement from the experiments on what they are measuring, we make this ambiguity explicit by multiplying the E-term by an arbitrary weight factor W_E. An inclusive definition would correspond to W_E = 2 (each b quark contributing once), while an exclusive definition (the cross section for events containing at least one b quark) would correspond to W_E = 1. Since the forward–backward asymmetry is defined to be the asymmetry of a differential cross section, it is clear that we must use the same cross section definition in the numerator and denominator, i.e. that W_E must be the same in the symmetric and antisymmetric cross sections.

Having defined the weight factor W_E for the E-term, we can define the following symmetric and antisymmetric cross sections

σ_{S,NS}(W_E) = σ_{S,NS}(W_E = 0) + W_E σ^{(0)}_S ∫ E_S , (10)

σ_{A,NS}(W_E) = σ_{A,NS}(W_E = 0) + W_E σ^{(0)}_A ∫ E_A , (11)

where ∫ E_S and ∫ E_A denote the integral of the symmetric and antisymmetric Eterm, respectively. We recall that the ‘truly’ inclusive cross sections in Eq. (4) correspond to the definition with W_E = 2, i.e. σ_{S,NS} = σ_{S,NS}(W_E = 2) and σ_{A,NS} = σ_{A,NS}(W_E = 2).

The O(α^2_S)-calculation of the cross sections in Eqs. (10, 11) and of the corresponding forward–backward asymmetry in the case of a finite b-quark mass is extremely complicated, and we are not able to perform it. It is thus convenient to separate the calculation into a piece that is finite (although still cumbersome) in the massless limit and a simpler piece that is not. Then, the finite piece can be more easily computed in the massless approximation, while the simpler non-finite piece can be computed in the massive theory.

It is possible to show 4) that the inclusive definition, with W_E = 2, results in an antisymmetric cross section σ_A (or, analogously, σ_{A,NS}) that is finite in the massless limit, at least at O(α^2_S). However, in the same limit, the inclusive symmetric cross section is divergent at O(α^2_S), even if we only consider its non-singlet component. The corrections to (the non-singlet component of) the forward–backward asymmetry itself must therefore also be divergent in the massless limit.

This final statement remains true for any value of W_E > 0. For example, with W_E = 1, the non-singlet part of the symmetric cross section is finite, but the antisymmetric cross section contains logarithmically-enhanced terms.

The divergences in the non-singlet components correspond to logarithmically-enhanced terms α^2_S ln Q^2/m^2_b coming from the E-term in the triple-collinear limit, i.e. when three fermions of the four-quark final state become simultaneously parallel. The integral of the symmetric E-term is calculated numerically in Ref. 4) and, neglecting corrections of O(m_b/Q), the final result is ∫ E_S = C_F ( C_F − C_A 2 ) ( α_S 2π )_2 [ 2 ( 13 4 − π^2 2 + 2ζ_3 ) ln Q^2 m^2_b

− 8.1790 ± 0.0013 ] , (12) where the analytic coefficient in front of ln Q^2/m^2_b is proportional to the integral of the non-singlet Altarelli–Parisi probability P^{NS}_{qq̄} (z, α_S) (see, for instance, Ref. 9)):

∫_1 0 dz P^{NS}_{qq̄} (z, α_S) = ( α_S 2π )_2 C_F ( C_F − 1 2 C_A ) ( 13 4 − π^2 2 + 2ζ_3 ) , (13)

and the constant term is the result of our numerical calculation.

Having pointed out that the symmetric E-term is divergent in the massless limit, it is very simple to show how the divergence appears in the inclusive symmetric cross section. According to the definition of the non-singlet component of σ_S, the virtual diagrams that contribute to σ_{S,NS} are exactly those that contribute to the e^+e^− total cross section. As for the real diagrams, they only differ by the contributions coming from the E-term. In the total cross section, the E-term enters with a multiplicity factor W_E = 1, and its divergence is cancelled by that of the virtual diagrams. In the inclusive b-quark cross section, the multiplicity factor of the E-term is W_E = 2 and, thus, the cancellation of the divergence with the virtual terms is spoiled.

This argument also allows us to directly compute the O(α^2_S)-correction to Eq. (10). Exploiting the fact that the massless QCD correction to σ_{S,NS}(W_E = 1) is equal to the correction R_e+_e� to the total cross section, we write

σ_{S,NS}(W_E) = σ^{(0)}_S [ R_e+_e� + (W_E − 1) ∫ E_S + O(α^3_S) ] . (14)

Then, we obtain an explicit expression for σ_{S,NS}(W_E) by simply introducing in Eq. (14) our result in Eq. (12) for ∫ E_S and the well-known result 10) for R_e+_e�. In particular, for the inclusive symmetric cross section we obtain

σ_{S,NS} = σ_{S,NS}(W_E = 2) = σ^{(0)}_S [ R_e+_e� + ∫ E_S + O(α^3_S) ] . (15)

Since both σ_{A,NS}(W_E = 2) and σ_{S,NS}(W_E = 1) are finite when m_b → 0, we can use the dependence on W_E to construct an unphysical observable that is finite in the massless limit: A^{(2);}finite F B ≡ σ_{A,NS}(W_E = 2) σ_{S,NS}(W_E = 1) . (16)

This observable is the ratio of the antisymmetric part of the inclusive cross section and the symmetric part of the exclusive cross section. Thus A^{(2);}finite_{F B} is unphysical in the sense that it is not the forward–backward asymmetry of a single differential cross section. Nonetheless the definition in Eq. (16) helps us to perform a massless calculation. The physical result for W_E = 2 is then given by

A^{(2)}_{F B,NS} = A^{(2);}finite F B − A^{(0)}_{F B} ∫ E_S , (17)

where ∫ E_S is the integral of the symmetric E-term, given in Eq. (12). Even in the massless limit numerical two-loop calculations are prohibitively difficult to set up. Fortunately there is a cancellation between the genuinely twoloop effects in the ratio on the right-hand-side of Eq. (16), which does allow its numerical evaluation. The total contribution can be written as

A^{(2);}finite F B = σ^{(0)}_A + σ^{(1);}one-loop

A + σ^{(1);}tree_A + σ^{(2);}two-loop

A + σ^{(2);}one-loop

A + σ^{(2);}tree_A (W_E = 2) σ^{(0)}_S + σ^{(1);}one-loop

S + σ^{(1);}tree_S + σ^{(2);}two-loop

S + σ^{(2);}one-loop

S + σ^{(2);}tree_S (W_E = 1) . (18) The O(α_S)-contributions come from the one-loop cross sections σ^{(1);}one-loop for the two-parton process e^+e^− → bb̄ and the tree-level cross sections σ^{(1);}tree for the threeparton process e^+e^− → bb̄g. Similarly the non-singlet O(α^2_S)-contributions from the two-parton, three-parton and four-parton final states are denoted by σ^{(2);}two-loop, σ^{(2);}one-loop and σ^{(2);}tree respectively. Of course, the dependence on W_E enters only through the four-parton terms σ^{(2);}tree_A (W_E = 2) and σ^{(2);}tree_S (W_E = 1).

Each of the cross sections is separately divergent, so they have to be regularized in some way before being combined together. In any regularization scheme that preserves the helicity conservation of massless QCD^2 (for example, dimensional regularization), we have the properties

σ^{(1);}one-loop A σ^{(0)}_A = σ^{(1);}one-loop S σ^{(0)}_S , σ^{(2);}two-loop A σ^{(0)}_A = σ^{(2);}two-loop S σ^{(0)}_S

, (19)

so that if we expand the ratio in Eq. (18) up to O(α^2_S), the two-loop corrections cancel, and we obtain

A^{(2);}finite F B = σ^{(0)}_A σ^{(0)}_S [ 1 + ( 1 − σ^{(1)}_S σ^{(0)}_S )( σ^{(1)}_A σ^{(0)}_A − σ^{(1)}_S σ^{(0)}_S ) (20)

+ σ^{(2);}one-loop A σ^{(0)}_A − σ^{(2);}one-loop S σ^{(0)}_S + σ^{(2);}tree

A (W_E = 2) σ^{(0)}_A − σ^{(2);}tree

S (W_E = 1) σ^{(0)}_S ] ,

where σ^{(1)}_A and σ^{(1)}_S are the complete contributions to the antisymmetric and symmetric cross sections at O(α_S), σ^{(1)} = σ^{(1);}one-loop + σ^{(1);}tree. The first line can be calculated analytically, but the second line is too complicated to be able to, so must be done numerically. Since the two-loop terms have cancelled, this has the structure of a NLO three-jet calculation, as first noticed by Altarelli and Lampe 2). Thus the calculation can be performed using known techniques (we use the dipole-formalism version of the subtraction method 11)).

We are finally ready to present our numerical results. We start with the unphysical, but finite, quantity defined in Eq. (16), and separate out the different colour factors, as in Refs. 2, 3):

A^{(2);}finite^{;b}

F B = A^{(0)}_{F B} [ 1 − α_S 2π ( 1 − α_S 2π 3 2 C_F ) (3 2 C_F )

+ ( α_S 2π )_2

C_F (CC_F + NN_C + T T_RN_f ) ] , (21)

with α_S ≡ α_S(Q^2). Our numerical results are shown in Table 1, in comparison with the previous calculations. It is clear that we disagree badly with the results of Altarelli and Lampe 2), but are in excellent agreement with Ravindran and van Neerven 3), who give the coefficients analytically. However, we should recall that A^{(2);}finite

F B , as given in Eq. (21), is not the forward–backward asymmetry of a definite cross section. The physical forward–backward asymmetry must have subtracted

2Note that the relations (19) are explicitly violated for massive quarks.

b-quark axis C N T AL 2) 4.4 ± 0.5 −10.3 ± 0.3 5.68 ± 0.04 RvN 3)^3_8 = 0.375 −^{123}_8 = −15.375^{11}_2 = 5.5 Our Calculation 0.3765 ± 0.0038 −15.3769 ± 0.0034 5.5002 ± 0.0008

Table 1: Results for the coefficients of the O(α^2_S) correction to the finite part of the forward–backward asymmetry with the b-quark axis definition, Eqs. (17, 21).

from Eq. (21) the logarithmically-enhanced term of Eq. (17), which is not present in the result of Ref. 3). Thus it seems that they have somehow computed the unphysical A^{(2);}finite

F B rather than the forward–backward asymmetry. In fact, their expression for the correction to the symmetric cross section (f_T + f_L in their Eqs. (31) and (32)) is actually equal to our σ_{S,NS}(W_E = 1) in Eq. 14. So, the fact that their result for A^{(2)}_{F B} agrees with our A^{(2);}finite_{F B} means that we confirm their result 12, 3) for the inclusive antisymmetric cross section σ^{(2)}_A = σ^{(2)}_A (W_E = 2) (f_A in Eq. (33) of Ref. 3)).

Using our numerical program it is straightforward to calculate the forward– backward asymmetry with any other axis definition (or cuts, for example on the value of the thrust). With the thrust axis definition, we obtain

A^{(2);}finite^{;T}

F B = A^{(0)}_{F B} [ 1 − α_S 2π ( 1 − α_S 2π 3 2 C_F ) (1.34C_F ) + ( α_S 2π )_2

C_F (CC_F + NN_C + T T_RN_f ) ] , (22)

with α_S ≡ α_S(Q^2) and the coefficients given in Table 2. The logarithmicallyenhanced piece that has to be added to this is identical to that in the b-quark axis definition, namely Eqs. (17, 12). It is worth noting that the difference between the two definitions is the same size and in the same direction as at O(α_S), leading to an overall difference of 0.8% for α_S ∼ 0.12.

We finally recall that we include an arbitrary factor W_E in front of the

thrust axis C N T Our Calculation −3.7212 ± 0.0065 −9.6011 ± 0.0049 4.4144 ± 0.0006

Table 2: Results for the coefficients of the O(α^2_S) correction to the finite part of the forward–backward asymmetry with the thrust axis definition, Eqs. (17, 22).

four-b contribution to account for the way in which it is treated in the experimental analyses. For a fully inclusive definition, in which each b quark contributes once, W_E should be set equal to 2, while for an exclusive definition, W_E should be set equal to 1. Our final result for the non-singlet component of the forward–backward asymmetry, is then: A^{(2)}_{F B,NS}(W_E) ≡ σ_{A,NS}(W_E) σ_{S,NS}(W_E) = A^{(2);}finite F B − A^{(0)}_{F B} [ (1 −^1_2 W_E) ( 2 ∫ E_A − ∫ E_S ) +^1_2 W_E ∫ E_S ] , (23) where A^{(2);}finite

F B is given in Eqs. (21, 22) and Tables 1 and 2, ∫ E_S is given in Eq. (12), and (see Appendix B of Ref. 4)) 2 ∫ E_A − ∫ E_S = ( α_S 2π )_2

C_F (C_F −^1_2 C_A) ( 0.3620 ± 0.0007 ) , quark axis, (24) 2 ∫ E_A − ∫ E_S = ( α_S 2π )_2

C_F (C_F −^1_2 C_A) ( 0.1144 ± 0.0009 ) , thrust axis. (25)

Note that the combinations of E-term contributions in Eqs. (24) and (25) are finite in the massless limit (see the discussion in Appendix B of Ref. 4)).

Putting all these numbers together, and setting N_f = 5, we write the forward–backward asymmetry according to the two definitions as:

A^{(2);b}_{F B,NS}(W_E) = A^{(0)}_{F B} [ 1 − 0.318α_S − 0.973α^2_S + W_Eα^2_S ( 0.00405 ln

Q^2 m^2_b

− 0.0240 )] , (26)

A^{(2);T}_{F B,NS}(W_E) = A^{(0)}_{F B} [ 1 − 0.284α_S − 0.676α^2_S + W_Eα^2_S ( 0.00405 ln

Q^2 m^2_b

− 0.0233 )] , (27)

with α_S ≡ α_S(Q^2). Note that the logarithmically-enhanced term, ln Q^2/m^2_b , is present for any physical (W_E > 0) value of W_E.

Putting in an explicit value for α_S, we summarize the total QCD correction according to the various available calculations in Table 3. We continue to neglect all terms that vanish in the massless limit. Since in the existing experimental analyses (see for example Ref. 7)), the known O(α_S) correction for the thrust axis definition was included, together with the Altarelli and Lampe quark axis value for the O(α^2_S) corrections, we do the same in Table 3.

We find that the difference between the Ravindran and van Neerven calculation and ours is numerically irrelevant, being smaller than 10^{−4} for b quarks and ∼ 2.5×10^{−4} for c quarks. Therefore at the numerical precision required by current or any foreseen experiments, we agree with their result – the difference is only one

AL 2) RvN 3) Our Calculation Our Calculation quark axis quark axis quark axis thrust axis Correction, A^{(2)}_{F B}/A^{(0)}_{F B} 0.962 0.952 0.952 0.956

Table 3: Total QCD correction to the forward–backward asymmetry in the smallmass limit, with α_S = 0.12. In each case, the thrust axis definition is used for the O(α_S) correction and the definition shown is used for the O(α^2_S) correction, as discussed in the text.

of principle. The difference between the Altarelli and Lampe calculation and ours for the quark axis definition is more significant though, at around 1%. However, the error in their calculation and the effect of using the thrust axis definition partially cancel, and the total difference is around 0.6%.

We should also mention the important fact, discussed in Ref. 7), that the experimental procedures introduce a bias towards more two-jet-like events. This actually decreases the size of the QCD corrections considerably, so our number should be considered as an upper bound on the final difference.

In Ref. 4) we try to estimate the remaining uncertainties in the forward– backward asymmetry, bearing in mind that while the 2% precision of current experiments is close to their final limit, a future linear collider could be capable of experimental errors on the left–right forward–backward asymmetry of order 0.1% 13). We found several sources of uncertainty that all contribute at the few per mille level. While this is certainly sufficient for the current precision of the data, matching the precision of a future linear collider measurement could be extremely difficult. It is likely that this could only be done by making even more stringent two-jet cuts in order to work in a region in which the corrections and their uncertainties are smaller.

Acknowledgements We are grateful to Guido Altarelli, Klaus Mönig and especially Willy van Neerven for discussions of the forward–backward asymmetry. References 1. The LEP collaborations ALEPH, DELPHI, L3, OPAL, the LEP Electroweak Working Group, and the SLD Heavy Flavour Group, “A Combination of Preliminary Electroweak Measurements and Constraints on the Standard Model”, report CERN–EP/99–15, February 1999.

2. G. Altarelli and B. Lampe, Nucl. Phys. B391 (1993) 3. 3. V. Ravindran and W.L. van Neerven, Phys. Lett. 445B (1998) 214. 4. S. Catani and M.H. Seymour, hep-ph/9905424.

5. A.H. Hoang, M. Jeżabek, J.H. Kühn and T. Teubner, Phys. Lett. 338B (1994) 330.

6. M.H. Seymour, Nucl. Phys. B436 (1995) 163. 7. D. Abbaneo et al., Eur. Phys. J. C4 (1998) 185.

8. R.K. Ellis, D.A. Ross and A.E. Terrano, Nucl. Phys. B178 (1981) 421. 9. G. Curci, W. Furmanski and R. Petronzio, Nucl. Phys. B175 (1980) 27. 10. K.G. Chetyrkin, A.L. Kataev and F.V. Tkachov, Phys. Lett. 85B (1979) 277;

W. Celmaster and R.J. Gonsalves, Phys. Rev. Lett. 44 (1980) 560. 11. S. Catani and M.H. Seymour, Phys. Lett. 378B (1996) 287, Nucl. Phys. B485 (1997) 291 (Erratum Nucl. Phys. B510 (1997) 503).

12. P.J. Rijken and W.L. van Neerven, Phys. Lett. 392B (1997) 207. 13. K. Mönig, “Running TESLA on the Z Pole”, talk given at the Worldwide Study on Physics and Experiments with Future Linear e^+e^− Colliders, Sitges, Spain, April 28–May 5, 1999, available from

http://www.cern.ch/Physics/LCWS99/talks.html.