arXiv:hep-ph/0010183 17 Oct 2000

NIKHEF/00-31 YITP-SB-00-60 BNL-HET-00/38 RBREC 144

POWER CORRECTIONS IN EIKONAL CROSS SECTIONS

ERIC LAENEN NIKHEF Theory Group, Kruislaan 409 1098 SJ Amsterdam, The Netherlands

GEORGE STERMAN C.N. Yang Institute for Theoretical Physics, SUNY Stony Brook Stony Brook, New York 11794 – 3840, U.S.A.

Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA

WERNER VOGELSANG RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973, U.S.A.

We discuss power corrections associated with the infrared behavior of the perturbative running coupling in the eikonal approximation to Drell-Yan and other annihilation cross sections in hadron-hadron scattering. General properties of the eikonal approximation imply that only even powers of the energy scale are necessary.

1 Introduction

Power corrections^{1,2} are phenomenologically significant in many QCD hard-scattering cross sections for which the operator product expansion is not directly available. Examples that have received considerable attention include event shapes in electron-positron annihilation and transverse momentum distributions in Drell-Yan cross sections. In each of these cases, a perturbative description of the cross section leads to integrals of the form I_p ≡ Q^{−p} ∫_Q 0 dμ μ^{p−1} α_s(μ) with Q the hard scale and p ≥ 1. In perturbation theory with a fixed coupling, I_p is just a number, but when the coupling runs, the integral becomes ill-defined at its lower limit. This observation requires us to introduce a minimal set of power corrections of the form λ_p/Q^p, one for each ambiguous I_p that we encounter^{3,4}. The perturbative expression is cut off, or otherwise regularized to make it finite without changing the set of exponents p. The values of the coefficients λ_p are then to be found by comparison with experiment; they depend on the nature of the perturbative regularization that is employed. In any case, it is only the sum of regularized perturbation theory and power corrections that has physical meaning.

The first step in this process is to show that in some self-consistent approximation the cross section at hand may be written in terms of integrals like the I_p above. In many cases, this step involves the resummation of logarithms associated with soft gluon emission, for which the eikonal approximation is useful. In this talk^a, we discuss an expression for the eikonal approximation in hadronic collisions, where the analysis of power corrections through the running coupling is particularly transparent.

2 The Eikonal Cross Section

To be specific, we discuss the eikonal approximation as it appears when partons a and b combine through an electroweak current, such as the Drell-Yan annihilation of quark with antiquark to a lepton pair or gluon fusion to a Higgs boson,

σ^{(eik)}_{ab} (q) = ∫ d^4x e^{iq·x}⟨0|W^†_{ab}(x)W_{ab}(−0)|0⟩. (1) The operators W_{ab} are defined by

W_{ab}(0) ≡ Φ^†_β0 (0)Φ_β(0) , (2)

in terms of nonabelian phase operators for a and b, Φ_β(0) = P e^{−ig} ∫ 1_{0 dλβ·A(λβ), with} lightlike velocities β and β^′, β · β^′ = 1.

The eikonal cross sections reproduce the logarithms, as singular as (Q/q_0)α^n_s ln^{2n−1}(q_0/Q) and (Q/q_T )α^n_s ln^{2n−1}(q_T /Q), that characterize the edges of partonic phase space at which the energy of radiation, q_0, or its total transverse momentum, q_T , vanish. The resummation of these logarithms is most convenient in terms of transforms,

σ̃^{(eik)}_{ab} (N, b) = ∫ d^4q e^{−Nq0−ib·q} σ^{(eik)}_{ab} (q) . (3) In the transformed functions we find logarithms at each order up to α^n_s ln^{2n} N and α^n_s ln^{2n}(bQ), which exponentiate. The exponentiation of energy logarithms is known as threshold resummation^{5,6,7}, of transverse momentum logarithms as k_T resummation 7,8.

aContributed to the 30th International Conference on High-Energy Physics (ICHEP 2000), Osaka, Japan, 27 Jul - 2 Aug 2000

3 Exponentiation

Transforms of the eikonal cross section may be written in exponential form on the basis of algebraic considerations that have been known for a long time,

σ̃^{(eik)}_{ab} (N, b) = exp [ E^{(eik)}_{ab} (N, bQ, ϵ) ] , (4)

where the exponent is an integral over functions w_{ab}, sometimes called “webs”^9, which are defined by a modified set of diagrammatic rules,

E^{(eik)}_{ab} = 2 ∫_Q d^{4−2ϵ}k Ω_{1−2ϵ} × w_{ab} ( k^2, k · βk · β^′ β · β^′ , μ^2, α_s(μ^2), ϵ )

× ( e^{−N (k0/Q)+ik·b} − 1 ) . (5)

The variable k in this expression may be thought of as the momentum contributed by the web to the final state. The webs factor from each other under the transforms, and indeed in any symmetric integral over phase space.^{11}

Webs have a number of restrictive properties. At fixed k, they are invariant under rescalings of the velocities in the eikonal phases, which corresponds to boost invariance under the axis defined by the two. In addition, at any fixed order, the web function has only one overall collinear and IR divergence, from k_T → 0 and k_0 → 0, respectively. Finally, the web functions have no overall renormalization: μ d dμ w_{ab} ( k^2, k · βk · β^′ β · β^′ , μ^2, α_s(μ^2), ϵ ) = 0 . (6) Using boost invariance in the large-N limit, we find that the exponent takes the form

E^{(eik)}_{ab} = 2 ∫ d^{2−2ϵ}k_T Ω_{1−2ϵ} (7) × ∫_Q2_{−k}2T 0 dk^2 w_{ab} ( k^2, k^2_T + k^2 )

× [ e^{−ib·k}T K_0 2N √ k^2_T + k^2 Q^2

− ln √ Q^2 k^2_T + k^2 ] + O ( e^{−N} ) . This expression, which requires dimensional regularization for its collinear divergences, is completely general for the eikonal cross section.

4 Factorization

The factorized hard-scattering function, σ̂^{(eik)}_{ab} , for the eikonal cross section may be constructed in moment space to O(1/N ) by dividing by moments of eikonal distributions, 10 ϕ̃^{(eik)}_f (N, μ, ϵ) (8)

= exp [ − ln (N e^γE )

∫_μ2 0 dμ^{′2} μ^{′2} A_f ( α_s(μ^{′2}) ) ] , where A_a, with A^{(1)}a = C_a, is the coefficient of ln N in the N th moment of the a → a splitting function. Factorization theorems ensure the cancellation of collinear divergences in the resulting hard-scattering functions. Invoking this requirement, we find an explicit relation between the webs and the anomalous dimensions, ∫_Q2_{−k}2T 0 dk^2 w_{ab} ( k^2, k^2_T + k^2 ) (9) = A_a ( α_s(k^2_T ) ) + A_b ( α_s(k^2_T ) ) (k^2_T )^{1−2ϵ} + . . . . In this fashion, we derive a general form for the eikonal approximation to the hardscattering functions σ̂_{ab} of electroweak annihilation,

σ̂^{(eik)}_{ab} (N, b, Q, μ) = σ^{(eik)}_{ab} (N, b, Q) ϕ̃_a(N, μ) ϕ_b(N, μ) = exp [ Ê^{(eik)}_{ab} (N, b, Q) ] , (10)

where the collinear-finite exponent (here shown in a simplified form, accurate to NLL) is: Ê^{(eik)}_{ab} =

∫_Q2 0 dk^2_T k^2_T ∑ i=a,b A_i ( α_s(k^2_T ) ) × [ J_0 (bk_T ) K_0 ( 2N k_T Q ) + ln ( N e^γE k_T Q )] . (11)

This result is the basis of the joint thresholdk_T resummation^{12} developed in Ref.^{13}.

As described above, the resummation of logarithms as in (11) requires the inclusion of power corrections in both Q^{−1} as well as b, to compensate for the ill-defined behavior of the strong coupling at low scales. In^3 it was shown that for the Drell-Yan cross section only integer powers of Q^{−1} are necessary; in^{14} models of the running coupling were invoked to suggest that power corrections begin at order Q^{−2}. Eq. (7) implies that only even powers of Q are present in all generality for the eikonal approximation. This is because, up to a single log, the expansion of the Bessel function K_0(z) at small z involves only even powers of z. This conclusion includes, and requires, an expression which, like Eq. (7), is accurate to the level of “constant terms”, (ln N )^0. Other consequences of this approach have been discussed in Ref.^{13}.

Acknowledgements

The work of E.L. is part of the research program of the Foundation for Fundamental Research of Matter (FOM) and the National Organization for Scientific Research (NWO). The work of G.S. was supported in part by the National Science Foundation, grant PHY9722101. G.S. thanks Brookhaven National Laboratory for its hospitality. W.V. is grateful to RIKEN, Brookhaven National Laboratory and the U.S. Department of Energy (contract number DE-AC02- 98CH10886) for providing the facilities essential for the completion of this work.

References

1. M.L. Mangano, in High Energy Physics 99, ed. K. Huitu et al. (Institute of Physics, Bristol, UK, 2000) p. 33, hepph/9911256; M. Beneke, in proceedings of the 19th International Symposium on Lepton and Photon Interactions at High- Energy (LPS 99), eConf C990809, 632 (2000), hep-ph/0001134.

2. Yu.L. Dokshitzer, 11th Rencontres de Blois, hep-ph/9911299.

3. H. Contopanagos and G. Sterman, Nucl.

Phys. B419, 77 (1994) hep-ph/9310313. 4. B.R. Webber, Phys. Lett. B339 (1994) 148, hep-ph/9408222; G.P. Korchemsky and G. Sterman, Nucl. Phys. B437, 415 (1995), hep-ph/9411211; Yu. L. Dokshitzer and B.R. Webber, Phys. Lett. B352 (1994) 451, hepph/9504219; R. Akhoury and V. Zakharov, Phys. Lett. B357 (1995) 646, hep-ph/9504248; V.M. Braun, 30th Rencontres de Moriond, hep-ph/9505317; G. Grunberg Phys. Lett. B349 (1995) 469; E. Gardi, JHEP 0004, 030 (2000), hepph/0003179; A. Guffanti and G.E. Smye, hep-ph/0007190.

5. G. Sterman, Nucl. Phys. B281, 310 (1987); S. Catani and L. Trentadue, Nucl. Phys. B327, 323 (1989), B353, 183 (1991).

6. N. Kidonakis, Int. J. Mod. Phys. A15 (2000) 1245, hep-ph/9902484.

7. S. Catani et al., Workshop on Physics at TeV Colliders, Les Houches, 1999, hepph/000511.

8. J.C. Collins, D.E. Soper and G. Sterman, Nucl. Phys. B223, 381 (1983).

9. G. Sterman, in Perturbative quantum chromodynamics, ed. D.W. Duke and J.F. Owens (AIP Conference Proc., 1981), p. 22; J.G.M. Gatheral, Phys. Lett. B133, 9 (1983). J. Frenkel and J.C. Taylor, Nucl. Phys. B246 (1984) 231.

10. G.P. Korchemsky, Mod. Phys. Lett. A4 (1989) 1257.

11. S. Catani, L. Trentadue, G. Turnock and B.R. Webber, Nucl. Phys. B407 (1993) 3. 12. H.-n. Li, Phys. Lett. B454, 328 (1999), hep-ph/9812363.

13. E. Laenen, G. Sterman and W. Vogelsang, Phys. Rev. Lett. 84, 4296 (2000), hep-ph/0002078, and hep-ph/0010080.

14. M. Beneke and V. Braun, Nucl. Phys.

B454, 253 (1995), hep-ph/9506452; Yu.L. Dokshitzer, G. Marchesini and B.R. Webber, Nucl. Phys. B469, 93 (1996), hep-ph/9512336.