arXiv:hep-ph/0410092 v1 6 Oct 2004

Two-loop QCD corrections to the vector form factors for the heavy-quark photo-production

R. Bonciani^{a∗}

aPhysikalisches Institut, Albert-Ludwigs-Universität Freiburg, D-79104 Freiburg, Germany

We review on the calculation of the heavy-quark photo-production vector form factors, with the full dependence on the mass of the heavy-quark. The Feynman diagrams are evaluated within the dimensional regularization scheme and expressed in Laurent series of ϵ = (4 − D)/2, where D is the space-time dimension. The coefficients of the expansion are expressed in terms of harmonic polylogarithms. The numerical evaluation of the analytical formulas and the threshold limit of our results are presented.

The measurement of the forward-backward asymmetry of the production of heavy quarks in e^+e^− → QQ̄ processes, such as A^{c,b}_{F B} on the Z^0 peak [1], and, at the next generation of Linear Colliders, also the measurement of A^t_{F B} [2], is a stringent test of the Standard Model, providing a precise determination of sin^2 θ^{eff}_W [3].

The present theoretical description includes the NNLO QCD corrections. For massless quarks, they were calculated numerically in [4] and analytically in [5], while in [6] the order O(α^2_S )- corrections were calculated numerically for the b-quark retaining terms that do not vanish in the small-mass limit (constants and log-enhanced terms), but neglecting both terms containing linear mass corrections, like m^2_b /s, and terms in which such a ratio is enhanced by a power of log(s/m^2_b ). In order to take into account also this kind of terms, a full analytic calculation in which the mass of the heavy quark is kept systematically different from zero is required. Three classes of contributions are involved: the tree level matrix elements for the decay of a vector boson into four partons, at least two of which being the heavy quark-antiquark pair; the one-loop corrected matrix elements for the decay of a vector boson into a heavy quark-antiquark pair plus a gluon; the two-loop corrections to the decay of a vector boson into a heavy quark-antiquark pair.

∗This work was supported by the European Union under contract HPRN-CT-2000-00149.

In this paper we consider the virtual NNLO QCD corrections to the process γ^∗ → Q(p_1)Q̄(p_2), with P = p_1 + p_2 the momentum of the virtual photon and p_1, p_2 the momenta of the outgoing on-shell quark and antiquark respectively (p^2_1 = p^2 = −m^2 with m the mass of the heavy quark). The vertex amplitude V^μ(p_1, p_2) can be expressed in terms of two form factors as:

V^μ(p_1, p_2) = ū(p_1)Γ^μ(p_1, p_2)v(p_2), (1)

Γ^μ(p_1, p_2) = F_1(p^2)γ^μ + 1 2m F_2(p^2)σ^{μν} P_ν, (2)

where ū(p_1), v(p_2) are the spinor wave functions of the quark and antiquark, σ^{μν} = −^i_2 [γ^μ, γ^ν], and p^2 = P^2/m^2 = −s/m^2, with s the squared c.m. energy.

At the two-loop level, the contributions to F_1(p^2) and F_2(p^2) come from the diagrams shown in Fig. 1. They are evaluated in [7] using a method based essentially on two steps:

1. By means of suitable projector operators, the contributions to F_1(p^2) and F_2(p^2) are expressed in terms of a big number of scalar integrals, whose ultraviolet (UV) and infrared (IR) singularities are regularized within the dimensional regularization scheme. Applying the so-called Laporta algorithm, introduced in [8] and become, in the last few years, a standard technique for the calculation of Feynman diagrams, all these scalar integrals are expressed in terms 1

Figure 1. Two-loop Feynman diagrams. The curly lines represent gluons; the double straight lines, quarks of mass m; the single straight lines, massless quarks and the dashed lines ghosts.

of 34 independent integrals called Master Integrals (MIs). The algorithm is based on Integration by Parts Identities [9], Lorenz invariance identities [10] and General Symmetry Relations. It is completely algebraic and it is implemented in a code written in FORM [11].

2. The calculation of the Master Integrals, then, is carried out [12,13] by means of the Differential Equations technique [14].

The renormalization of UV divergences is performed in a hybrid scheme: we renormalize the mass and wave function of the heavy quark in the on-shell renormalization scheme, while the coupling constant, as well as the light-fermion and gluon wave functions, are renormalized in the MS scheme.

The final result of the calculation is an analytical expression for the form factors, written in terms of harmonic polylogarithms of one variable [15,16]. The result has still IR divergences that appear as poles in 1/ϵ. These divergences have to be canceled against those arising from the real radiation, which are not taken into account here.

We present, in this short review, the numerical

Figure 2. One-loop form factors, F_1 and F_2, in the case of top-antitop production.The charge form factor (upper plot) has an IR pole, while the magnetic form factor is IR finite. Note the Coulomb divergences of the form factors in the threshold limit. The real part of the pole of F_1 and the real part of F_2 are, instead, finite (0 and -C_F respectively).

evaluation of the different parts of the form factors (real and imaginary parts of the poles and finite parts) at one- and two-loop level above the threshold for the case of the production of a pair of top-antitop quarks (one massive and five light flavours). The numerical evaluation is performed in F77 using the subroutine of [16]. The color charges are set according to the SU (3) group. The c.m. energy runs from the threshold value ( √ s ∼ 2m, m = 178 GeV ) to 2 TeV. The plots are shown in Figs. 2, 3 and 4.

The knowledge of the exact analytical formula for the form factors allows a perfect control on

Two-loop QCD corrections to the vector form factors for the heavy-quark photo-production 3

Figure 3. Two-loop charge form factor, F_1, in the case of top-antitop production. The charge form factor has a double IR pole.

Figure 4. Two-loop magnetic form factor F_2, in the case of top-antitop production. The magnetic form factor has a simple IR pole.

their numerical evaluation as well as on their analytical behaviour in all the regions of the spectrum. As an example, consider the threshold region. The NNLO determination of the threshold limit of the vector form factors were already present in the literature [17] as an independent calculation, performed with a different technique. With the method outlined above, however, this result can be achieved as a limiting case of the full calculation.

In fact, let us define the real and imaginary parts of the UV-renormalized form factors at one and two loops as: F^{(1l,2l)} i = C(ϵ) { ℜ F^{(1l,2l)} i + iπ ℑ F^{(1l,2l)}_i } , (3)

with i = 1, 2 and C(ϵ) = (4π)^ϵΓ(1 + ϵ). Moreover, consider the total cross-section for the process e^+e^− → QQ̄ near the threshold:

σ_e+_e−_{→Q}¯_Q = σ^{(0)} [ 1+ α_S 2π Δ^{(1)}+ ( α_S 2π )_2 Δ^{(2)} ] , (4)

where σ^{(0)} = (2πα^2e^2_Q/s) β(3 − β^2) is the tree-

level cross-section and β = √ 1 −^{4m2}_s is the quark velocity. The one- and two-loop corrections, Δ^{(1)} and Δ^{(2)}, can be written in terms of the form factors, up to O(β^2), in the following way:

Δ^{(1)} = 2 [ ℜF^{(1l)}_1 + ℜF^{(1l)}_2 ] , (5)

Δ^{(2)} = [ ℜF^{(1l)}_1

]_2 + 2 ℜF^{(1l)}_1 ℜF^{(1l)}_2 + 2 ℜF^{(2l)}_1

+π^2 [ ℑF^{(1l)}_1

]_2

+2π^2 ℑF^{(1l)}_1 ℑF^{(1l)}_2 + [ ℜF^{(1l)}_2

]_2

+ 2 ℜF^{(2l)}_2 +π^2 [ ℑF^{(1l)}_2

]_2

. (6)

Using the analytical expressions for the threshold limits of ℜF^{(1l)}_1 , ℑF^{(1l)}_1 , ℜF^{(1l)}_2 , ℑF^{(1l)}_2 , ℜF^{(2l)}_1 , and ℜF^{(2l)}_2 , given in [7], the functions Δ^{(1)} and Δ^{(2)} read:

Δ^{(1)} = C_F [ 6ζ_2 β − 8 ] , (7)

Δ^{(2)} = C^2_F { 12ζ^2_2 β^2 − 48ζ_2 β +39 − 142 3 ζ_2 − 4ζ_3

+24ζ^2_2 + 32ζ_2 ln 2 − 16ζ_2 ln β }

+C_F C_A { 1 β [ 31 3 ζ_2 − 22ζ_2 ln (2β) ] − 151 9 + 179 3 ζ_2 − 26ζ_2 −64ζ_2 ln 2−24ζ_2 ln β }

−C_F T_RN_f { 1 β [ 20 3 ζ_2 −8ζ_2 ln (2β) ] − 44 9 }

+C_F T_R { 176 9 − 32 3 ζ_2 } , (8)

where ζ_2 and ζ_3 are the Riemann ζ function evaluated in 2 and 3 respectively. Eqs. (7,8) are in complete agreement with the results in [17].

To conclude, we presented the calculation of the two-loop QCD contributions for the vector form factors of the photo-production of heavy quarks. By means of the Laporta and differential equations methods we were able to calculate analytically the form factors, keeping the full dependence on the heavy-quark mass. We presented the numerical evaluation of the form factors as well as their threshold limit, interesting for the calculation, in this kinematical region, of the total cross section for the photo-production of heavy quarks. This result is in complete agreement with the existing result in the literature.

Acknowledgment The author wishes to thank W. Bernreuther, T. Gehrmann, R. Heinesch, T. Leineweber, P. Mastrolia and E. Remiddi for their collaboration and B. Tausk for useful discussions.

REFERENCES

1. The LEP collaborations ALEPH, DELPHI, L3, OPAL, the LEP Electroweak Working Group, and the SLD Heavy Flavour Group, report LEPEWWG/2003-01, April 2003.

2. J. A. Aguilar-Saavedra et al. [ECFA/DESY LC Physics Working Group Collaboration], DESY-report 2001-011 (hep-ph/0106315).

3. Z Physics at LEP, vol.1, edited by G.

Altarelli, CERN 89-08, 1989.

4. G. Altarelli and B. Lampe, Nucl. Phys. B391 (1993) 3.

5. V. Ravindran and W. L. van Neerven, Phys.

Lett. B445 (1998) 214. (hep-ph/9809411). 6. S. Catani and M.H. Seymour, JHEP 07 (1999) (hep-ph/9905424).

7. W. Bernreuther, R. Bonciani, T. Gehrmann, R. Heinesch, T. Leineweber, P. Mastrolia, and E. Remiddi, hep-ph/0406046.

8. S. Laporta and E. Remiddi, Phys. Lett. B379 (1996) 283 (hep-ph/9602417).

S. Laporta, Int. J. Mod. Phys. A 15 (2000) 5087 (hep-ph/0102033).

9. F.V. Tkachov, Phys. Lett. B100 (1981) 65.

K.G. Chetyrkin and F.V. Tkachov, Nucl. Phys. B192 (1981) 159.

10. T. Gehrmann and E. Remiddi, Nucl. Phys.

B580 (2000) 485 (hep-ph/9912329). 11. J.A.M. Vermaseren, Symbolic Manipulation with FORM, Version 2, CAN, Amsterdam, 1991;

New features of FORM (math-ph/0010025). 12. R. Bonciani, P. Mastrolia and E.

Remiddi, Nucl. Phys. B661 (2003) 399 (hep-ph/0301170).

13. R. Bonciani, P. Mastrolia and E.

Remiddi, Nucl. Phys. B690 (2004) 138 (hep-ph/0311145).

14. A. V. Kotikov, Phys. Lett. B254 (1991) 158.

A. V. Kotikov, Phys. Lett. B259 (1991) 314. A. V. Kotikov, Phys. Lett. B267 (1991) 123. E. Remiddi, Nuovo Cim. 110A (1997) 1435 (hep-th/9711188).

M. Caffo, H. Czyż, S. Laporta and E. Remiddi, Acta Phys. Polon. B29 (1998) 2627 (hep-ph/9807119).

M. Caffo, H. Czyż, S. Laporta and E. Remiddi, Nuovo Cim. A111 (1998) 365 (hep-ph/9805118).

15. E. Remiddi and J. A. M. Vermaseren, Int. J. Mod. Phys. A15 (2000) 725 (hep-ph/9905237).

16. T. Gehrmann and E. Remiddi, Comput. Phys.

Commun. 141 (2001) 296 (hep-ph/0107173). 17. A.H. Hoang et al., Eur. Phys. J. direct C2 (2000) 3 (hep-ph/0001286).

A. Czarnecki and K. Melnikov, Phys. Rev. Lett. 80 (1998) 2531 (hep-ph/9712222). M. Beneke, A. Signer and V.A. Smirnov, Phys. Rev. Lett. 80 (1998) 2535 (hep-ph/9712302).