arXiv:0901.4679v1 [hep-ph] 29 Jan 2009

Dominant NNLO Corrections to Four-Fermion Production at the W W Threshold

Stefano Actis^∗

Institut für Theoretische Physik E, RWTH Aachen University, D-52056 Aachen - Germany

The recent evaluation of the parametrically dominant next-to-next-to-leading order corrections to four-fermion production near the W -pair threshold in the framework of unstable-particle effective theory is briefly summarized.

1 Introduction

The production of W -boson pairs at electron-positron colliders is a process of crucial relevance for a precise determination of the W mass. If the International Linear Collider will measure the total cross section at the per-mille level [2], a direct reconstruction of the W -decay products will allow to reach a 10 MeV accuracy on the determination of the W mass [3]. A higher precision could be achieved through a dedicated threshold scan leading to a 6 MeV accuracy [4].

The aforementioned estimates rely on statistics and the performance of the future collider, and assume that the cross section for W -pair production is theoretically under control. In particular, in view of the 6 MeV precision goal, accurate predictions are needed for a final state containing the fermion pairs produced by W decay, instead of on-shell W bosons.

A full next-to-leading order (NLO) evaluation of four-fermion production in the complexmass scheme has been performed by the authors of [5], extending the methods introduced in [6]. Recently, a compact analytic result for the threshold region has been derived in [7] (see [8] for reviews) using the method of unstable-particle effective field theory [9].

The work of [7] has concluded that collinear logarithms arising from initial-state radiation have to be re-summed at next-to-leading accuracy for reducing the threshold-scan error on the W mass to less than 30 MeV. Furthermore, it has been shown that the NLO partonic evaluation in the effective-theory framework is affected by a residual error of 10 − 15 MeV. Although a large part of the uncertainty at the partonic level can be removed using the full NLO result of [5], the evaluation of the dominant next-to-next-to-leading order (NNLO) corrections is mandatory to secure the 6 MeV threshold-scan accuracy goal.

In [10] we have evaluated the parametrically dominant NNLO corrections to the total cross section for the production process e^−e^+ → μ^−ν_μud + X, where X is an arbitrary flavor-singlet state. The result is expressed through a compact semi-analytic formula that can be easily added on top of both effective-theory [7] and full NLO [5] predictions.

In Section 2 of this note we show an overview of the NNLO corrections. Next, in Section 3, we discuss their numerical impact.

∗Work supported by the DFG through SFB/TR9. Report numbers: PITHA 09/03; SFB/CPP-09-07. Slides available at [1].

LCWS/ILC 2008

2 Overview of the dominant NNLO corrections

The inclusive cross section for the process e^−e^+ → μ^−ν_μud + X is computed in the context of the effective theory [9] by means of a non-standard perturbative expansion in three small parameters of the same order δ: 1) α_{ew} ≡ α/ sin^2 θ_w, where α is the fine-structure constant and θ_w stands for the weak-mixing angle; 2) (s−4M^2_W )/(4M^2_W ) ∼ v^2, where s ≡ (p_e− +p_e+ )^2, M_W is the W mass and v is the non-relativistic velocity of the W ; 3) Γ_W /M_W , with Γ_W denoting the W decay width.

The re-organized loop and kinematical expansion is performed through the method of regions [11] and relies on the identification of different momentum scalings in the centerof-mass frame in order to exploit the hierarchy of scales around threshold. Denoting by k an arbitrary loop-integration momentum, we deal with hard (k_0 ∼ |⃗k| ∼ M_W ), potential (k_0 ∼ M_W δ, |⃗k| ∼ M_W √ δ), soft (k_0 ∼ |⃗k| ∼ M_W δ), collinear (k_0 ∼ M_W , k^2 ∼ M^2_W δ) and semi-soft (k_0 ∼ |⃗k| ∼ M_W √ δ) momentum scalings. Semi-soft modes are not relevant for the NLO evaluation [7], and start playing a role for the NNLO calculation [10].

After integrating hard modes out, the residual dynamical degrees of freedom contribute to genuine loop computations in the context of the effective theory. The different scaling properties lead to a peculiar half-integer power counting in the expansion parameter δ and to a straightforward identification of the parametrically dominant radiative corrections.

Figure 1: sample LO and NLO diagrams in the effective theory (first line) and in the full Standard Model (second line).

The total cross section for four-fermion production is computed from the cuts of the e^−e^+ forward-scattering amplitude, as shown in Figure 1a for the leading order (LO) diagram (see Figure 1d for the Standard Model counterpart). Here the LO operator O^{(0)}_p (O^{(0)†}_p ) accounts for the production (destruction) of a pair of nonrelativistic W bosons, denoted by Ω. In Figure 1b and Figure 1c we show also the NLO Coulomband soft-photon corrections evaluated in [7]. The conventional Standard Model (SM) loop expansion of Figure 1e and Figure 1f treats virtual Coulomb effects (γ_c) and soft real-photon contributions (γ_s) as genuine NLO terms. In the framework of the effective theory, instead, a simple powercounting argument shows that Coulomb corrections at the W -pair threshold are suppressed by a factor δ^{1/2} with respect to the LO result, and can be classified as dominant NLO effects, whereas soft-photon diagrams, being weighted by one power of δ, lead to sub-dominant NLO effects.

Relying on analogous observations, we have analyzed in [10] the set of SM diagrams which

LCWS/ILC 2008 are suppressed in the effective-theory framework by a factor δ^{3/2} rather than δ^2 with respect to the LO cross section, and can be classified as parametrically dominant NNLO corrections. They can be conveniently organized in three sub-sets: 1) mixed hard-Coulomb corrections; 2) interference effects of Coulomb and soft (collinear) photons; 3) radiative corrections to the Coulomb potential.

Figure 2: mixed hard-Coulomb corrections in the effective theory (first line) and in the Standard Model (second line).

Mixed hard-Coulomb corrections, given by diagrams with a Coulomb photon and one insertion of a hard NLO correction, are illustrated in Figure 2. Here a hard correction has been inserted at the: a) production stage, replacing the LO production operator O^{(0)}p with the NLO expression O^{(1)}p as in Figure 2a; b) decay stage, as graphically shown in Figure 2b by the insertion of the black dot labeled δ_{decay}, summarizing flavor-specific contributions to W decay; c) propagation stage, as illustrated by the δ_{residue} insertion in Figure 2c. The last contribution is inherent to the inclusion of wavefunction renormalization factors in the effective-theory matching coefficients. SM counterparts for all three cases are shown in Figure 2d, Figure 2e and Figure 2f.

Figure 3: diagrams involving Coulomb, soft and collinear photons and corrections to the Coulomb potential in the effective theory (first line) and in the Standard Model (second line).

Interference effects of Coulomb and soft (γ_s) or collinear (γ_{coll.}) photons are shown in Figure 3a and Figure 3b with their SM counterparts in Figure 3d and Figure 3e. As discussed in [10], they are naturally merged with the mixed hard-Coulomb corrections at the production stage of Figure 2a.

Radiative corrections to the Coulomb potential due to the insertion of a semi-soft fermion bubble (f_{ss}) are shown in Figure 3c and Figure 3f.

LCWS/ILC 2008

3 Results

The NNLO total cross section follows from the convolution of the corrections shown in Figure 2 and Figure 3 with the electron structure functions provided in [12], in order to re-sum collinear logarithms from initial-state radiation. √ s [GeV] σ_{NLO} [fb] Δσ_{NNLO} [fb] 161 117.81(5) 0.087 164 234.9(1) 0.544 167 328.2(1) 0.936 170 398.0(2) 1.207

Table 1: NLO total cross section for e^−e^+ → μ^−ν_μud + X and NNLO shift.

Results for the NLO evaluation of [7] and the NNLO shifts of [10], ranging from 0.07% for √ s = 161 GeV to 0.3% for √ s = 170 GeV, are summarized in Table 1. Using the procedure of [7], we have found that the impact of the dominant NNLO corrections on the W -mass determination is about 3 MeV. The result is well below the 6 MeV error in the measurement from an energy scan in electron-positron collisions.

We conclude observing that, although a differential calculation in the effective theory is not currently feasible (see developments for top-antitop production in [13]), the analysis of [10] has shown that the inclusive NNLO result is adequate for practical applications.

4 Acknowledgments

M. Beneke, P. Falgari and C. Schwinn are gratefully acknowledged for the collaboration. Diagrams have been drawn with Axodraw/Jaxodraw [14].

References

[1] Presentation:

http://ilcagenda.linearcollider.org/contributionDisplay.py?contribId=79&sessionId=18&confId=2628

[2] J.A. Aguilar-Saavedra et al. [ECFA/DESY LC Physics Working Group], arXiv:hep-ph/0106315 (2001). [3] A. Tonazzo and K. Mönig, Measurement of M_W with direct reconstruction, 2nd ECFA/DESY study on physics and detectors for a linear electron-positron collider, Padova, Italy (2000).

[4] G.W. Wilson, DESY LC note LC-PHSM-2001-009 (2001).

[5] A. Denner, S. Dittmaier, M. Roth and L.H. Wieders, Phys. Lett. B 612 223 (2005);

A. Denner, S. Dittmaier, M. Roth and L.H. Wieders, Nucl. Phys. B 724 247 (2005). [6] A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Nucl. Phys. B 560 33 (1999). [7] M. Beneke, P. Falgari, C. Schwinn, A. Signer and G. Zanderighi, Nucl. Phys. B 792 89 (2008). [8] C. Schwinn, arXiv:0708.0730 [hep-ph] (2007);

P. Falgari, PoS RADCOR2007 003 (2007).

[9] M. Beneke, A.P. Chapovsky, A. Signer and G. Zanderighi, Phys. Rev. Lett. 93 011602 (2004);

M. Beneke, A.P. Chapovsky, A. Signer and G. Zanderighi, Nucl. Phys. B 686 205 (2004); A.P. Chapovsky, V.A. Khoze, A. Signer and W.J. Stirling, Nucl. Phys. B 621 257 (2002); M. Beneke, N. Kauer, A. Signer and G. Zanderighi, Nucl. Phys. Proc. Suppl. 152 162 (2006).

[10] S. Actis, M. Beneke, P. Falgari and C. Schwinn, Nucl. Phys. B 807 1 (2009). [11] M. Beneke and V.A. Smirnov, Nucl. Phys. B 522 321 (1998). [12] M. Skrzypek, Acta Phys. Polon. B 23 135 (1992);

W. Beenakker et al., arXiv:hep-ph/9602351 (1996).

[13] A.H. Hoang, C.J. Reisser and P. Ruiz-Femenia, arXiv:0810.2934 [hep-ph] (2008). [14] J.A.M. Vermaseren, Comput. Phys. Commun. 83 45 (1994);

D. Binosi and L. Theussl, Comput. Phys. Commun. 161 76 (2004).

LCWS/ILC 2008