arXiv:hep-ph/0207142 v1 10 Jul 2002

Two-loop QCD calculations in the eikonal approximation

Nikolaos Kidonakis^1

Department of Physics Southern Methodist University Dallas, TX 75275-0175 and Department of Physics and Astronomy University of Rochester Rochester, NY 14627-0171

Abstract

I discuss recent progress in the calculation of two-loop QCD corrections in the eikonal approximation. I present specific results for the UV structure of the corrections.

1Presented at DPF2002, Williamsburg, Virginia, May 24-28, 2002

1 Introduction

The eikonal approximation has been extremely useful in calculations of QCD hard scattering cross sections, including both fixed-order and resummed calculations. It is valid for the emission and absorption of soft gluons from partons in the hard scattering. When the gluon momentum goes to zero the usual Feynman rules simplify as follows (Figure 1): ū(p)(−iγ^μ) i(p/ − k/) (p − k)^2 + iϵ → ū(p)γ^μ p/ −2p · k + iϵ = ū(p) v^μ −v · k + iϵ (1.1)

with v a dimensionless vector, p ∝ v.

p − k p k → 0

Figure 1: Eikonal approximation

The eikonal approximation is used to derive the soft part of the cross section in standard fixed-order QCD calculations [1], and it has been used to calculate the high energy behavior of elastic quark-quark scattering, (near) forward scattering amplitudes, and wide-angle elastic scattering [2, 3, 4, 5]. In addition, the eikonal approximation is a useful tool in developing resummations for a variety of partonic processes.

Here we are mainly interested in the ultraviolet (UV) pole structure of loop diagrams involving eikonal lines, because the UV poles play a direct role in renormalization group evolution equations that are used in threshold resummations [6, 7, 8, 9]. At present the UV results are known to one loop and have been used in state-of-the-art NLL resummations and derivative NNLO-NNLL calculations for many processes [6-12]. To go beyond this level of accuracy two loop eikonal calculations are needed. Of course the study of the two-loop UV structure of eikonal diagrams has intrinsic theoretical interest as well. We note that there has also been recent progress in ordinary (i.e. not eikonal) two loop QCD calculations [13, 14, 15] that will be needed in future fixed-order NNLO calculations.

We will limit our discussion here to eikonal lines that represent massive partons. This is useful for heavy quark production, for example. Studies for massless partons will be presented in future work.

2 UV poles at one loop for eikonal diagrams with massive partons

We begin by reviewing one-loop results in the eikonal approximation using the axial gauge. A representative one-loop vertex correction diagram is given in Figure 2.

The general axial gauge gluon propagator is given by

D^{μν} (k) = −i k^2 + iϵ N^{μν} (k), N^{μν} (k) = g^{μν} − n^μk^ν + k^μn^ν n · k + n^2 k^μk^ν (n · k)^2

, (2.1)

with n^μ the axial gauge-fixing vector.

The propagator for a quark, antiquark, or gluon eikonal line is i/(δv·k+iϵ) with δ = +1(−1) when the momentum k flows in the same (opposite) direction as the dimensionless vector v. The interaction gluon-eikonal line vertex for a quark or antiquark eikonal line is −ig_s(T^c_F )_{ba}v^μΔ with Δ = +1(−1) for a quark (antiquark), g^2_s = 4πα_s, and T^c_F the generators of SU(3) in the fundamental representation. The interaction gluon-eikonal line vertex for a gluon eikonal line is −ig_sf^{abc}v^μΔ with Δ = −i(+i) for a gluon located below (above) the eikonal line, f^{abc} the totally antisymmetric SU(3) invariant tensor, and we read the color indices a, b, c anticlockwise.

p_i + k p_i

k p_j − k p_j Figure 2: One-loop diagram

We denote the kinematic (color independent) part of the n-loop correction to the vertex, with the virtual gluon linking lines v_i and v_j, as ω^{(n)}_{ij} (v_i, v_j ). The one-loop expression for ω_{ij} is then

ω^{(1)}_{ij} (v_i, v_j ) ≡ g^2_s ∫ d^nk (2π)^n −i k^2 + iϵ N^{μν} (k) Δ_i v^μ_i δ_iv_i · k + iϵ Δ_j v^ν_j δ_jv_j · k + iϵ = g^2_s ∫ d^nk (2π)^n −i k^2 + iϵ { Δ_i Δ_j v_i·v_j (δ_iv_i·k + iϵ)(δ_jv_j ·k + iϵ) − Δ_i v_i·n (δ_iv_i·k + iϵ) P (n·k) − Δ_j v_j ·n (δ_j v_j·k + iϵ) P (n·k) + n^2 P (n·k)^2 } , (2.2)

where P stands for principal value. We may rewrite (2.2) as

ω^{(1)}_{ij} (v_i, v_j) = S^{(1)}_{ij} [ I^{(1)}_1 (v_i, v_j ) + I^{(1)}_2 (v_i, v_j , n) + I^{(1)}_3 (n^2) ] , (2.3) where

I^{(1)}_1 = g^2_s ∫ d^nk (2π)^n −i k^2 + iϵ v_i·v_j (v_i·k + iϵ)(v_j·k + iϵ) I^{(1)}_2 = g^2_s ∫ d^nk (2π)^n i k^2 + iϵ ( v_i·n v_i·k + iϵ + v_j ·n v_j ·k + iϵ ) P (n·k) I^{(1)}_3 = g^2_s ∫ d^nk (2π)^n −i k^2 + iϵ n^2 P (n·k)^2 (2.4) and where S^{(1)}_{ij} is an overall sign S^{(1)}_{ij} = Δ_i Δ_j δ_i δ_j . (2.5) For the integrals when both v_i and v_j refer to massive quarks we have (with ε = 4 − n) [6]

I^{(1) UV pole} 1 = α_s π 1 ε L_β , I^{(1) UV pole} 2 = α_s π 1 ε (L_i + L_j ) ,

I^{(1) UV pole}

3 = − α_s π 1 ε , (2.6)

where the L_β is the velocity-dependent eikonal function

L_β =

1 − 2m^2/s β ( ln 1 − β 1 + β + πi ) , (2.7)

with β = √ 1 − 4m^2/s. The L_i and L_j are rather complicated functions of the gauge vector n.

Their contributions are cancelled by the inclusion of self energies. Then, using Eq. (2.3), we get ω^{(1) UV pole} ij (v_i, v_j) = S^{(1)}_{ij} α_s πε [L_β + L_i + L_j − 1] . (2.8)

3 Leading UV poles at two loops for eikonal diagrams with massive partons

We now continue with a calculation of the two-loop diagram in Figure 3.

p_i + k_1 + k_2 p_i + k_1 p_i

k_2

p_j − k_1 − k_2 p_j − k_1 p_j k_1

Figure 3: Two-loop diagram

At two loops, the expression for ω_{ij} is

ω^{(2)}_{ij} (v_i, v_j ) = g^4_s ∫ d^nk_1 (2π)^n (−i) k^2_1 + iϵ ∫ d^nk_2 (2π)^n (−i) k^2 + iϵ

N^{μν} (k_1) N^{ρσ} (k_2) × Δ_{1i} v^μ_i δ_{1i}v_i · k_1 + iϵ

Δ_{2i} v^ρ_i δ_{2i}v_i · (k_1 + k_2) + iϵ

Δ_{2j} v^σ_j δ_{2j} v_j · (k_1 + k_2) + iϵ

Δ_{1j} v^ν_j δ_{1j}v_j · k_1 + iϵ

. (3.1)

We may rewrite (3.1) as

ω^{(2)}_{ij} (v_i, v_j ) = S^{(2)}_{ij} [ I^{(2)}_{11} (v_i, v_j ) + I^{(2)}_{12} (v_i, v_j , n) + I^{(2)}_{21} (v_i, v_j , n)

+ I^{(2)}_{22} (v_i, v_j , n) + I^{(2)}_{13} (v_i, v_j , n^2) + I^{(2)}_{31} (v_i, v_j, n^2) + I^{(2)}_{23} (v_i, v_j , n, n^2) + I^{(2)}_{32} (v_i, v_j, n, n^2) + I^{(2)}_{33} (v_i, v_j , n^2) ] , (3.2)

where S^{(2)}_{ij} is an overall sign

S^{(2)}_{ij} = Δ_{1i} Δ_{1j} Δ_{2i} Δ_{2j} δ_{1i} δ_{1j} δ_{2i} δ_{2j} . (3.3)

We will discuss explicitly the integral I^{(2)}_{11} . For the production of a heavy quark pair QQ̄, v_i = v_Q, v_j = v¯_Q, we find

I^{(2)}_{11} ≡ g^4_s ∫ d^nk_1 (2π)^n (−i) k^2_1 + iϵ v_i · v_j (v_i · k_1 + iϵ)(v_j · k_1 + iϵ) ∫ d^nk_2 (2π)^n (−i) k^2 + iϵ v_i · v_j [v_i · (k_1 + k_2) + iϵ][v_j · (k_1 + k_2) + iϵ]

= g^4_s ∫ d^nk_1 (2π)^n i π^{ε/2}2^{2ε} Γ(1 + ε/2) (1 − 2m^2/s)^2 4π^2 (k^2_1 + iϵ) (v_i · k_1 + iϵ) (v_j · k_1 + iϵ) [ 1 ε F (x) +

∫_1 0 dx ∫_1 0 dz f(x, z) (1 − z)_+ ] (3.4)

where we used v_i · v_j = 1 − 2m^2/s, with m the mass of the heavy quark. Here f(x, z) = [ 2m^2 s x^2 +

2m^2 s z^2(1 − x)^2 + 2 ( 1 − 2m^2 s ) x(1 − x)z −4(1 − x)(1 − z) k_1 · (xv_i + z(1 − x)v_j)]^{−1} (3.5) and F (x) =

∫_1 0 dx f(x, 1) = − L_β 1 − 2m^2/s

(3.6)

with L_β defined in Eq. (2.7).

After some further calculation we can extract the leading (double) UV pole in the above integral in a simple form:

I^{(2), UV DP}

11 = α^2_s π^2 1 ε^2

L^2_β . (3.7)

Note that infrared poles are also encountered in this integral. We can extract, for example, a term involving an ultraviolet and an infrared pole: α^2_s π^2 1 ε 1 ε^{IR} L_β (1 − 2m^2/s) 2β ln ( 4m^2 − 2s − 2sβ 4m^2 − 2s + 2sβ ) = − α^2_s π^2 1 ε 1 ε^{IR}

L_β Re L_β . (3.8)

However, here we are not interested in infrared poles or finite terms so we will only concern ourselves with the UV poles at two loops. As we see, the double UV poles take a particularly simple form.

After calculating the other I^{(2)} integrals, we can present the leading UV poles for the twoloop diagram in Figure 3:

ω^{(2) UV DP} ij (v_i, v_j ) = S^{(2)}_{ij} α^2_s π^2 1 ε^2 [ L^2_β + 2L_β (L_i + L_j ) − 2L_β + (L_i + L_j )^2 − 2(L_i + L_j ) + 1 ]

= S^{(2)}_{ij} α^2_s π^2 1 ε^2

[L_β + L_i + L_j − 1]^2 . (3.9)

More details and further results will appear in a forthcoming paper.

References

[1] B.W. Harris and J.F. Owens, Phys. Rev. D 65, 094032 (2002) and references therein. [2] J. Botts and George Sterman, Nucl. Phys. B325, 62 (1989).

[3] M.G. Sotiropoulos and George Sterman, Nucl. Phys. B419, 59 (1994); B425, 489 (1994) and references therein.

[4] I.A. Korchemskaya and G.P. Korchemsky, Nucl. Phys. B437, 127 (1995). [5] A.I. Karanikas, C.N. Ktorides, N.G. Stefanis, and S.M.H. Wong, Phys. Lett. B455, 291 (1999).

[6] N. Kidonakis and G. Sterman, Phys. Lett. B 387, 867 (1996); Nucl. Phys. B505, 321 (1997); N. Kidonakis, Int. J. Mod. Phys. A 15, 1245 (2000).

[7] N. Kidonakis, G. Oderda, and G. Sterman, Nucl. Phys. B525, 299 (1998); B531, 365 (1998).

[8] E. Laenen, G. Oderda, and G. Sterman, Phys. Lett. B438, 173 (1998). [9] E. Laenen, G. Sterman, and Werner Vogelsang, Phys. Rev. D 63, 114018 (2001). [10] N. Kidonakis, Phys. Rev. D 64, 014009 (2001); N. Kidonakis, E. Laenen, S. Moch, and R. Vogt, Phys. Rev. D 64, 114001 (2001).

[11] N. Kidonakis and J. F. Owens, Phys. Rev. D 61, 094004 (2000); Phys. Rev. D 63, 054019 (2001); N. Kidonakis and V. Del Duca, Phys. Lett. B480, 87 (2000).

[12] A. Belyaev and N. Kidonakis, Phys. Rev. D 65, 037501 (2002).

[13] Summary: Working Group on QCD and Strong Interactions, hep-ph/0201146 and references therein.

[14] The QCD/SM Working Group: Summary Report, hep-ph/0204316 and references therein. [15] Z. Bern, A. De Freitas, and Lance Dixon, JHEP 0203, 018 (2002).