TTP04-21 SFB/CPP-04-42 hep-ph/0409091

Next-to-leading electroweak logarithms at two loops^†

S. Pozzorini^‡

Institut für Theoretische Teilchenphysik, Universität Karlsruhe D-76128 Karlsruhe, Germany

Abstract:

We review a recent calculation of the two-loop next-to-leading logarithmic electroweak corrections to the form factors for massless chiral fermions coupling to an SU(2) × U(1) singlet gauge boson.

Septermber 2004

†Talk given at the International Conference on Linear Colliders, LCWS Paris, April 2004. ‡pozzorin@particle.uni-karlsruhe.de

NEXT-TO-LEADING ELECTROWEAK LOGARITHMS AT TWO LOOPS

STEFANO POZZORINI Institut für Theoretische Teilchenphysik, Universität Karlsruhe, D-76128 Karlsruhe

We review a recent calculation of the two-loop next-to-leading logarithmic electroweak corrections to the form factors for massless chiral fermions coupling to an SU(2) × U(1) singlet gauge boson.

1 Introduction

In the energy region √ s ≫ M_W ∼ M_Z, the electroweak (EW) radiative corrections are strongly enhanced by logarithms of the form^a α^l log^{2l−j} ( s/M^2_W ) , with j = 0, 1, . . . , 2l. At √ s ∼ 1 TeV, these logarithms yield one-loop corrections of tens of per cent and two-loop corrections of several per cent. These EW corrections will be important for the interpretation of the measurements at the Linear Collider.

At one loop, the EW LLs and NLLs are now well understood^{1,2}. Resummation prescriptions for the LL^3 and NLL^{4,5} corrections to arbitrary processes exist and the EW logarithmic corrections to 4-fermion processes have been resummed up to the NNLLs^6. At the TeV scale, the leading and subleading logarithms have similar size^{4,6} and these latter must be under control in order to reduce the theoretical error at the few per mille level. The above resummations were obtained by means of the infrared evolution equation^3 (IREE) assuming exact SU(2)×U(1) and U(1)_{em} gauge symmetry for the regimes above and below the EW scale, respectively. This approach relies on the assumption that several aspects of symmetry breaking can be neglected in the high-energy limit. In particular, the following aspects are neglected. (i) The couplings proportional to the vacuum expectation value (vev); (ii) The weak-boson mass gap (M_W = M_Z approximation); (iii) The mixing between neutral gauge bosons.

These resummations need to be checked by means of two-loop calculations based on the electroweak Lagrangian, where all effects from symmetry breaking are taken into account. It was alredy confirmed that the LL corrections^{7,8,9} as well as the angular-dependent subset of the NLL corrections^{10} to arbitrary processes exponentiate as predicted by the IREE. At the NLL level (and beyond) only few two-loop calculations exist^{11,12,13}. Here we review a calculation

aThe terms with j = 0, 1, 2, . . . are denoted as leading logarithms (LLs), next-to-leading logarithms (NLLs), next-to-next-to-leading logarithms (NNLLs), etc.

of the one- and two-loop virtual EW NLL corrections to the form factors for massless chiral fermions coupling to an SU(2) × U(1) singlet gauge boson^{12}.

2 Perturbative and asymptotic expansion

The vertex function for an SU(2)×U(1) singlet gauge boson (which might be for instance a gluon) coupled to massless fermions can be written in terms of chiral form factors F_± as

= iū(p_1)γ^ν ( ω_−F_− + ω_+F_+ ) v(p_2) (1)

with ω_± =^1_2 (1 ± γ^5) and the perturbative expansion

F_σ = F^{(0)}_σ [ 1 + ∞∑ l=1 ( α 4π )_l

N^l_εδF^{(l)}_σ ] with N_ε = 1 Γ(1 − ε) ( 4πμ_0^2 −s )_ε (2) in D = 4 − 2ε dimensions. The one- and two-loop EW corrections, δF^{(1)}σ and δF^{(2)}σ , were evaluated in the asymptotic region s = (p_1 + p_2)^2 ≫ M^2_W ∼ M^2_Z, including mass singular logarithms L = log ( −s/M^2_W ) originating from massive weak bosons and 1/ε poles from massless photons. Corrections of order M^2_W/s were neglected. The relevant Feynman diagrams were computed to NLL accuracy using an algorithm^{15} based on sector decomposition^{16,17,18}. The NLL approximation includes all terms of the order α^lε^k log^{j+k} (s/M^2_W) with j = 2l, 2l − 1. Contributions depending on M_Z/M_W were also included.

3 Results

The one-loop corrections read^b

e^2δF^{(1)}_σ^{NLL}= [ g^2_1 ( Y_σ 2 )_2 + g^2 C_σ ] I(ε, M_W)

+ [ g^2_1 ( Y_σ 2 )_2 + g^2 (T^3_σ )^2 − e^2Q^2 ] ΔI(ε, M_Z) + e^2Q^2ΔI(ε, 0), (3)

bThe corrections are expressed in terms of the hypercharge Y_σ , the weak isospin T^3_σ and the SU(2) Casimir operator C_σ for left-handed (σ = −) and right-handed (σ = +) fermions. The electromagnetic charge of the fermions is denoted as Q whereas g_1 and g_2 represent the U(1) and SU(2) coupling constants, respectively.

where^c

I(ε, M_W)^{NLL}= −L^2 − 2 3 L^3ε − 1 4 L^4ε^2 + 3L + 3 2 L^2ε + 1 2 L^3ε^2 + O(ε^3),

I(ε, M_Z)^{NLL}= I(ε, M_W) + log ( M^2_Z M^2_W ) ( 2L + 2L^2ε + L^3ε^2 ) + O(ε^3),

I(ε, 0)^{NLL}= −2ε^{−2} − 3ε^{−1}, (4)

and ΔI(ε, m) = I(ε, m) − I(ε, M_W). The corrections are split into a contribution I(ε, M_W), which corresponds to a symmetric SU(2)×U(1) theory with all gauge boson masses equal to M_W, and additional contributions ΔI(ε, M_Z) and ΔI(ε, 0), which result from the Z–W and γ–W mass gaps. It was found that the two-loop corrections can be written in terms of the one-loop functions (4) in a form that is strictly analogous to Catani’s formula for two-loop mass singularities in massless QCD^{14}. In the on-shell renormalisation scheme with the electromagnetic coupling constant renormalised at the scale M_W we have

e^4δF^{(2)}_σ^{NLL}= 1 2 [ e^2δF^{(1)}_σ

]_2 + e^2 [ g^2_1 b^{(1)}_1 ( Y_σ 2 )_2

+ g^2 b^{(1)}_2 C_σ ] J(ε, M_W, M_W)

+ e^4b^{(1)}_{QED}Q^2ΔJ(ε, 0, M_W). (5)

The first term on the right-hand side can be regarded as the result of the exponentiation of the one-loop corrections. The additional contributions, which are associated to the one-loop β-function coefficients^{12} b^{(1)}_1 , b^{(1)}_2 and b^{(1)}_{QED}, are proportional to the functions J and ΔJ, defined as

J(ε, m, μ) = 1 ε [ I(2ε, m) − ( −s μ^2

)_ε I(ε, m) ] (6) and ΔJ(ε, m, μ) = J(ε, m, μ)−J(ε, M_W, μ). The contributions proportional to [I(ε, M_W)]^2 and J(ε, M_W, M_W) correspond to the two-loop corrections within an unbroken SU(2) × U(1) theory where all gauge bosons have mass M_W. The only two-loop terms depending on the Z–W mass gap are the NLLs proportional to log(M^2_Z/M^2_W) that arise from the squared one-loop corrections in (5) via the term ΔI(ε, M_Z) in (3). This means that such Z–W mass-gap terms exponentiate. The infrared divergent 1/ε poles are isolated in the terms proportional to Q^2ΔI(ε, 0) and Q^2b^{(1)}_{QED}ΔJ(ε, 0, M_W). Such terms originate from

cNote that the one-loop corrections are expanded up to order ε^2. These higher-order terms in the ε-expansion must be taken into account in the relation (5) between one- and two-loop mass singularities.

the γ–W mass gap and correspond to QED corrections with photon mass λ = 0 subtracted at λ = M_W. Apart from the NLLs proportional to log(M^2_Z/M^2_W), the result (5) is independent on the vev, the Z–W mass gap and the weak mixing angle. This simple behaviour of the two-loop form factors results from cancellations between NLLs from different diagrams and is ensured by the relations between the vev, the weak-boson masses and the weak mixing angle^{12}. This result confirms the assumptions (i)–(iii) discussed in the introduction and the IREE-approach^{3,4,5} to resum the NLL EW corrections.

References

1. A. Denner and S. Pozzorini, Eur. Phys. J. C 18 (2001) 461 [hepph/0010201]; Eur. Phys. J. C 21 (2001) 63 [hep-ph/0104127].

2. S. Pozzorini, doctoral thesis, Universität Zürich, 2001, hep-ph/0201077. 3. V. S. Fadin et al., Phys. Rev. D 61 (2000) 094002 [hep-ph/9910338]. 4. J. H. Kühn, A. A. Penin and V. A. Smirnov, Eur. Phys. J. C 17 (2000) 97 [hep-ph/9912503].

5. M. Melles, Phys. Rev. D 63 (2001) 034003 [hep-ph/0004056]; Phys. Rev.

D 64 (2001) 014011 [hep-ph/0012157]; Phys. Rev. D 64 (2001) 054003 [hep-ph/0102097]; Phys. Rept. 375 (2003) 219 [hep-ph/0104232]; Eur. Phys. J. C 24 (2002) 193 [hep-ph/0108221].

6. J. H. Kühn et al., Nucl. Phys. B 616 (2001) 286 [hep-ph/0106298]. 7. M. Melles, Phys. Lett. B 495 (2000) 81 [hep-ph/0006077]. 8. M. Hori, H. Kawamura and J. Kodaira, Phys. Lett. B 491 (2000) 275 [hep-ph/0007329].

9. W. Beenakker and A. Werthenbach, Phys. Lett. B 489 (2000) 148 [hep-ph/0005316]; Nucl. Phys. B 630 (2002) 3 [hep-ph/0112030].

10. A. Denner, M. Melles and S. Pozzorini, Nucl. Phys. B 662 (2003) 299 [hep-ph/0301241].

11. B. Feucht, J. H. Kühn and S. Moch, Phys. Lett. B 561 (2003) 111 [hepph/0303016].

12. S. Pozzorini, Nucl. Phys. B 692 (2004) 135 [hep-ph/0401087]. 13. B. Feucht, J. H. Kuhn, A. A. Penin and V. A. Smirnov, hep-ph/0404082. 14. S. Catani, Phys. Lett. B 427 (1998) 161 [hep-ph/9802439]. 15. A. Denner and S. Pozzorini, hep-ph/0408068. 16. K. Hepp, Commun. Math. Phys. 2 (1966) 301.

17. M. Roth and A. Denner, Nucl. Phys. B 479 (1996) 495 [hepph/9605420].

18. T. Binoth and G. Heinrich, Nucl. Phys. B 585 (2000) 741 [hepph/0004013].