arXiv:hep-ph/0703293v2 13 Jul 2007

Colour Modification of Effective T-odd Distributions

Philip G. Ratcliffe^∗ Dipartimento di Fisica e Matematica, Università degli Studi dell’Insubria, via Valleggio 11, 22100 Como, Italy and Istituto Nazionale di Fisica Nucleare—sezione di Milano–Bicocca, piazza della Scienza 3, 20126 Milano, Italy

Oleg V. Teryaev^† Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, Dubna 141980, Russia (Dated: July 17, 2007)

We show that soft-gluon twist-3 contributions to single-spin asymmetries (SSA) in hard processes may be expressed in the form of effective T-odd Sivers distributions, whose signs and scales are modified by process-dependent colour factors. We thus prove that the Sivers mechanism may also be applied at large transverse momenta. We stress that twist-3 SSA in semi-inclusive deeply inelastic scattering and Drell–Yan processes are suppressed by transverse momentum rather than a virtual-photon momentum transfer and thus naïvely correspond to twist two at the hadronic level. More rigorously, the transverse-momentum weighted averages of the Sivers function correspond to increasing twist (3, 5, 7, . . . ) while the full k_T -dependent Sivers function (just as other transversemomentum dependent distribution and fragmentation functions) corresponds to a resummed infinite tower of higher twists.

PACS numbers: 12.38.Aw, 13.60.Hb, 13.88.+e

INTRODUCTION

Single-spin asymmetries (SSA) represent one of the most subtle and intriguing effects in QCD. In the simplest inclusive processes parity conservation requires a transversely polarised beam or target. Inasmuch as the transverse polarisation component is not enhanced by Lorentz boosts, one immediately encounters the necessity of describing twist-3 effects. This can be achieved via use of either local [1] or non-local [2, 3, 4, 5] operators.

The latter approach also permits the description of the imaginary phases required to produce T-odd effects, such as SSA. These phases mimic true T(CP) violation (see e.g. [6]) and allow T-odd effects in a T-conserving theory, such as QCD. The phases emerging from gluon loops describing initial- and final-state interactions (ISI and FSI) in hard subprocesses are suppressed by powers of lightquark masses and the QCD coupling constant [7]. However, deeper analysis [8] shows that quark masses should be substituted by hadronic mass scales. Moreover, ISI and FSI between the hard and soft regions of QCD factorisation, which is just the physical picture corresponding to twist three, lead to SSA free of both suppression factors [9]. The imaginary phase is generated by gluon correlations with soft quarks; the situation when instead the gluon is soft was also considered later [10].

An alternative description of SSA effects is provided by a T-odd transverse-momentum dependent (TMD) distribution function, first introduced by Sivers [11]. As soon as there is no kinematical variable whose cut produces an imaginary phase in the hadron–parton transition amplitude, this may simply become an effective function [6], so that the phase also emerges owing to the ISI and FSI involving hard subprocess. The first case of the appearance of an effective T-odd distribution was found [12] for soft-gluon SSA in the Drell–Yan (DY) process integrated over transverse momenta [13]. It was later identified [14] with the first moment of the Sivers function, which plays a special role in what follows. The role of FSI between the hard and soft regions of semi-inclusive deeply inelastic scattering (SIDIS) was clearly revealed in the model of Brodsky, Hwang and Schmidt [15], where it was interpreted [16] as a manifestation of the Sivers function. The crucial role of hard processes in defining this function was made manifest by the discovery of a sign difference between SIDIS and DY.

This is all qualitatively similar to earlier findings [17] in the twist-3 case. However, the apparent difference between the FSI arising in twist-3 interactions is the absence of true power suppression. The situation is, though, even more peculiar. In the hard Abelian process of semiinclusive production of a real photon by a deeply virtual photon (SIDVCS, the semi-inclusive counterpart of the well-known DVCS [18] process) an overall suppression as Mp_T /Q^2 was shown [19] to be compensated by a gluonic pole in the quark–gluon correlator, which is approached at low p_T ≪ Q as the gluon momentum fraction is defined by kinematics x_g ∼ p^2_T /Q^2, indicating the possibility to obtain unsuppressed (in Q) twist-3 effects. Similar conclusions that the Sivers function and gluonic poles describe similar physics for different p_T have been reached within the framework of a general proof [20].

These analyses imply a picture in which the Sivers function is limited to the low-p_T region, where a special type of factorisation [21] is assumed valid and either the continuation of the twist-3 result to lower p_T [19] or matching [20] of high- and low-p_T results is adopted.

Here we suggest a different, complementary approach, to apply the Sivers function at high p_T . This is of special importance for hadronic processes where p_T is the only hard scale. We present general quantitative relations between the Sivers function and gluonic poles, using master formulæ [22] for the latter, and find that besides the sign there are important process-dependent colour factors (cf. [23, 24], where such colour factors were calculated by considering gauge links) modifying the Sivers function and underlining its effective nature.

We also provide a general proof of the non-suppression in Q^2 of the twist-3 SSA in question. We show that the various transverse moments of the Sivers function correspond to increasing twist (3, 5, 7, . . . ), while the entire TMD function corresponds to a resummed infinite tower of higher twists. We also perform the first rigorous application of the Sivers function to SSA at large p_T and discuss some phenomenological consequences

FROM THE SIVERS FUNCTION TO GLUONIC POLES

To prove the relation between twist three and the Sivers function we shall not attempt to obtain the latter as some special limit [19, 20] of a twist-3 contribution, but instead transform some approximation of it to the form [22] appearing in the twist-3 calculation.

We shall start with the following factorised formula involving the Sivers function dΔσ ∼ ∫ d^2k_T dx f_S(x, k_T ) Tr [ γ_ρH(xP, k_T ) ] ϵ^{ρsP kT} , (1) where other (unpolarised and collinear) distribution or fragmentation functions should normally also be present. This leads to the dependence of H on the respective transverse momenta. The presence of only one TMD distribution function makes a notable difference with respect to standard TMD factorisation [21, 25], where all non-perturbative ingredients are transverse-momentum dependent. In the latter case a similar expression is only assumed to be applicable at low transverse momenta.

We shall now prove that at large transverse momenta it is, instead, related to the contribution of gluonic poles in twist-3 factorisation. This will allow us to justify the applicability of the Sivers function in an extended kinematical region and to estimate the accuracy of such an application, depending on the degree to which the gluonic-pole contribution may be considered dominant. To achieve this goal, we expand the subprocess coefficient function H in powers of k_T , retaining only the first non-vanishing term: dΔσ ∼ ∫ d^2k_T dx f_S(x, k_T ) Tr [ γ_ρ ∂H(xP, k_T ) ∂k^α_T ] k_T =0 k^α_T ϵ^{ρsP kT}. (2) This is a natural step in selecting twist-3 terms [3, 4], justified by the expected rapid decrease of the Sivers function with respect to any hard scale determining the k_T dependence of the hard kernel, and is a crucial element of our proof.

The k_T integration now only includes soft parts and will thus be expressed via moments of the Sivers function, which may otherwise appear due to particular definitions of some measurable asymmetries [24]. Let us first average over the directions of k_T using the standard relation ⟨ k^μ_T k^ν_T ⟩ = −^1_2 g^{μν}_T ⟨ k^2_T ⟩ , (3)

where g^{μν}_T ≡ g^{μν} − P^μn^ν − n^μP^ν is defined with respect to the same light-cone vectors P and n (P ·n = 1) that define the direction of k_T , thus P ·k_T = 0 = n·k_T . On substituting this expression into (2), one obtains dΔσ ∼ −M ∫ dx f^{(1)}_S (x) Tr [ γ_ρ ∂H(xP, k_T ) ∂k^α_T ] k_T =0 × ( ϵ^{ρsP α} − P^αϵ^{ρsP n} ) , (4)

where

f^{(1)}_S (x) = ∫ d^2k_T f_S(x, k_T ) k^2_T 2M^2

. (5)

The final step now exploits the following kinematic identity [3]: ϵ^{ρsP α} = P^αϵ^{ρsP n} − P^ρϵ^{αsP n}, (6) which results from the vanishing of any totally antisymmetric fifth-rank tensor in four-dimensional space. This then allows the two terms in (4) to be recombined: dΔσ ∼ M ∫ dx f^{(1)}_S (x) Tr [ /P ∂H(xP, k^T ) ∂k^α_T ] k_T =0 ϵ^{αsP n}. (7) Note that the above-mentioned dependence of H on the momenta of other particles, described by collinear distribution and fragmentation functions, is now crucial, as only these momenta may carry the index α while the derivative is calculated. If other detected particles are absent, as in the case of DIS, the asymmetry is, of course, identically zero. The key observation now is that this expression exactly coincides with the recently obtained master formula [22] for the contribution of twist-3 gluonic poles in high-p_T processes. The Sivers distribution can then be identified with the gluonic pole strength T (x, x) multiplied by a process-dependent colour factor. In turn, the sign of the Sivers function is fixed according as to which of the ISI or FSI is relevant:

f^{(1)}_S (x) = ∑ i C_i 1 2M T (x, x), (8) where C_i is a relative colour factor, defined with respect to an Abelian subprocess (say SIDVCS discussed above, where it is just C_F ), which is naturally absorbed into the definition of the quark–gluon correlator [3]. As we shall discuss below, this is also the factor appearing in low-p_T SIDIS and DY at the Born level.

The relation established is one of the principal results of this paper. Note first that it clarifies the relation between twist-3 and twist-2 effects discussed above. Indeed, the mass parameter in the numerator is compensated by a kinematical variable, which is produced by taking the derivative of the hard kernel with respect to transverse momentum. If it depends on both the transverse momentum p_T and the (larger) virtual photon momentum Q^2, then the terms with 1/p^2_T are dominant. Thus, the result is not suppressed as 1/Q^2 and is naïvely of leading twist.

On the other hand, the second moment of the Sivers function enters the original expression (1) with a factor M instead of 1/M, indicating its twist-3 nature. This may be seen immediately by defining the Sivers function in coordinate (impact-parameter) space, in a manner similarly to earlier discussions [26] of the Collins fragmentation function: ⟨P, s|ψ(0)γ_ρψ(z)|P, s⟩ ∼ Mϵ^{ρsP z} ∫ dx e^{izx}f^{(1)}_S (x). (9)

Note too that higher Sivers-function moments enter with higher derivatives of the coefficient function and therefore correspond to higher twist (5, 7, 9, . . . ). The entire k_T -dependent Sivers function thus corresponds to a resummed infinite tower of higher twists. This property has also been studied in coordinate space [26], where k_T - dependent functions represent a complete similarity with non-local quark condensates. The latter manifest a similar resummation of an infinite tower of higher twists (see e.g. [27] and refs. therein), but for vacuum rather than hadronic matrix elements. Note also the difference between the result obtained here and that of [20]: in the latter case the twist-3 contribution at large transverse momenta p_T is expressed in terms of a perturbative Sivers function, which is the source of large p_T . In contrast, our result implies the use of an ordinary, non-perturbative, Sivers function.

COLOUR FACTORS AND THE TRANSITION FROM LARGE TO SMALL TRANSVERSE MOMENTA

Let us consider some particular applications of this relation, starting with high-p_T SIDIS. In this case there are only final-state interactions, while the colour factors differ for mesons produced in fragmentation of quarks (−1/2N_c; see Fig. 1, top) or gluons (N_c/2; see Fig. 1, bottom). This shows that there is a specific enhancement in the latter, which is of special importance for K^− mesons.

Matching of the large- and small-p_T descriptions is an π

π

FIG. 1: Twist-3 SIDIS pion production via (top) quark and (bottom) gluon fragmentation.

intriguing question as there is no sharp border. Clarification may be obtained by comparison with the perturbative Sivers-function calculation [20]: there is a hard (in addition to soft) gluonic-pole contribution (when the gluon carries a finite momentum fraction) restoring the correct “Abelian” colour factor C_F . Moreover, the entire surviving contribution is just due to hard poles.

It is interesting to consider the possibility of describing these effects within the framework of a model, such as that of [15]. To do so, one may modify it by considering the emission of an extra hard gluon, in order to allow for high p_T . Moreover, to distinguish the colour factors, one should attribute some colour-charge exchange to both the FSI and to the emission of the extra hard gluon. Another possibility may be to consider the electric instead of colour charge, following the recent idea of Collins and Qiu [28].

Generalising their approach, one may consider the emission of a hard charged gluon, balancing the large transverse momentum. In this case, the hard gluonic pole leading to the Abelian colour factor (or to the electriccharge factor corresponding to the charge of the quark from the polarised target in the approach of [28]) in SIDIS corresponds to FSI that occur before emission of this extra gluon. At the same time, the description of the twist-3 mechanism at high p_T in terms of an effective Sivers function related to soft poles emerges when the FSI happen after emission of the extra gluon, as in Fig. 1 (top). Therefore, even in SIDIS factorisation, in the sense of [28], is broken by the emission of charged gluons; that is, in the sense of the present paper, it is modified by the (colour) charge factor.

We note the similarity with the SIDVCS calculation [19], where the entire contribution associated with the Sivers function is also due to hard poles, since for finite p_T there are no soft poles at all. With decreasing p_T , the hard pole becomes soft and produces the Sivers function. We therefore expect that, with decreasing p_T , the increasing contributions of softening hard poles should smoothly alter the colour factor of quark fragmentation contributions to C_F while the gluonic contributions disappear, both effects occurring at typical hadronic scales. It would be challenging to verify this theoretical picture by experimental observation. We might also note that the Abelian colour factor is recovered if the fragmentation probabilities from quark and gluon jets coincide. This is natural, since for small p_T there is no way to distinguish or resolve quarks and collinearly emitted gluons.

To experimentally verify such a picture, it would be of major importance to distinguish between mesons originating from either quark or gluon fragmentation at large p_T . While a complete separation is impossible, there are methods that can help. Firstly, one may use jet shape, which differs for quark and gluon jets owing to the different spins of the fragmenting objects. This difference in spin can also be seen in the tensor polarisation of vector mesons [29]. However, most promising would seem to be exploration of the different z-dependences in quark and gluon fragmentation functions. The faster decrease of the latter should result in dramatic variations of SSA, so that at low z gluon fragmentation would be dominant with a colour factor N_c/2, while at large z one would expect a sign change and transition to quark fragmentation with a factor −1/2N_c.

Note that at high p_T there is thus a simple and direct connection between the Sivers functions for SIDIS and DY processes. Indeed, the relation is now

f^{SIDIS,i}

S = −f^{DY,i}_S (i = q, g), (10)

which holds separately for quark and gluon contributions. In DY this entails dilepton production by quarks or gluons from an unpolarised hadron, while in SIDIS it corresponds to meson production from quark or gluon fragmentation. The observable asymmetries are therefore proportional to distribution and fragmentation functions respectively. This relation is also very interesting to test experimentally, especially since the (unpolarised) gluon distribution function is much better known than that for fragmentation.

Let us now turn to hadronic processes, starting with the simplest: direct-photon production. There are only initial-state interactions with gluons, resulting in the very simple relation F^{hh→γX} S = N_c 2 f^{DY}_S . (11)

Exploration of this process in various kinematical regions can provide information on the gluon Sivers function [30]. There is little doubt that this is also an effective function, related to the three-gluon correlators considered earlier in relation to pion SSA [31] and the DIS structure function g_2 [32, 33]. The generalisation of our approach to the case of three-gluon correlators is therefore an important task. Consideration of quark–gluon processes is more complicated; a list of colour factors relevant for twist-3 subprocesses may be found in [23, 24]. Let us only mention that FSI for pions produced in quark fragmentation may be reexpressed in a manifestly gauge-invariant manner via the summation formula t^aS t^a = − 1 2N_c S + 1 2 1 Tr S. (12)

The first term corresponds to the usual Sivers function [34] with colour factor −1/2N_c and the second to the Abelian Compton subprocess, with s- and u-channel diagrams contributing with the same factors while the tchannel is absent. Both terms are separately gauge invariant.

Such a dramatic modifications of hadronic processes may be considered as another way of describing what, in the model approach [28] discussed above, was termed the violation of factorisation in hadronic processes. The calculation was performed there in an Abelian model similar to that of [15].

The main point of the argument in [28] is the proportionality of the contribution of the Sivers function to the electric charge of the quark from the other (unpolarised) hadron. This observation has a direct counterpart in our approach. The colour factor is defined by the colour charge of the parton participating in the ISI and FSI. This charge is, generally speaking, independent of the properties of the polarised hadron emitting the gluon that participates in the ISI and FSI and, in this sense, breaks factorisation. SIDIS and DY processes at low p_T are exceptional: the colour charge of the quark participating in the FSI in SIDIS is the same as that of the quark originally emitted by polarised hadron. By the same token, the colour charge of the antiquark participating in the ISI in DY processes at low p_T is just the opposite, which explains the Collins sign rule. At the same time, the emission of a hard gluon changes these colour charges in high-p_T SIDIS, DY processes and, needless to say, other hadronic processes. This modification of colour charge causes a colour modification of the effective Sivers function.

DISCUSSION AND CONCLUSIONS

We have suggested and proved here a method of applying the Sivers distribution at large transverse momenta. We have shown that the Sivers function is, in effect, none other than an expression of the contribution of gluonic poles. It is therefore process dependent and this dependence includes, besides the sign related to the ISI and FSI responsible for the imaginary phase, a colour factor.

Such a picture is complementary to that considered previously, in which matching between the Sivers function and twist-3 matrix elements occurred in the region where, strictly speaking, factorisation formulæ were not valid. The matching between various p_T regions now takes the form of a p_T -dependent colour factor. We have studied this dependence in SIDIS, where it is a sort of colour separation, similar to the phenomenon of colour transparency. That is, at low p_T one cannot distinguish between mesons originating from quark and gluon fragmentation. As soon as one is able to do so at larger p_T , they enter the Sivers asymmetry with dramatically different colour factors, in both sign and scale.

This complementary method of establishing a relation between the Sivers function and twist-3 matrix elements lends support to the possibility of global fits of Sivers functions [19], including lepton–hadron and hadron–hadron processes, as well as DIS, where twist three also contributes.

We have shown that transverse moments of the Sivers function correspond to increasing twists, starting at three. The entire function corresponds to a resummed tower of twists, which is just the object to be considered at low p_T .

Our result is especially relevant for those hadronic processes in which p_T is the only hard scale. We have proved that direct-photon production is described by a colour factor N_c/2 and have suggested a method to rearrange the colour factors in a manifestly gauge-invariant way.

We are indebted to Anatoly V. Efremov and Andreas Metz for useful discussions. O.V.T. is grateful to the Cariplo Science Foundation for support during his stay at the University of Insubria in Como and to the Department of Physics and Mathematics of the University for kind hospitality. This work was partially supported by the Deutsche Forschungsgemeinschaft, grant 436 RUS 113/881/0, the Russian Foundation for Basic Research (Grant 03-02-16816) and the Russian Federation Ministry of Education and Science (Grant MIREA 2.2.2.2.6546).

∗ Electronic address: philip.ratcliffe@uninsubria.it † Electronic address: teryaev@thsun1.jinr.ru [1] E. V. Shuryak and A. I. Vainshtein, Nucl. Phys. B201, 141 (1982).

[2] A. P. Bukhvostov, É. A. Kuraev and L. N. Lipatov, JETP Lett. 37, 482 (1983).

[3] A. V. Efremov and O. V. Teryaev, Sov. J. Nucl. Phys.

39, 962 (1984).

[4] P. G. Ratcliffe, Nucl. Phys. B264, 493 (1986). [5] I. I. Balitsky and V. M. Braun, Nucl. Phys. B311, 541 (1989).

[6] O. V. Teryaev, in proc. of the Circum-Pan-Pacific RIKEN Symp. on High Energy Spin Physics (Wako, Nov. 1999), eds. S. Kumano, T.-A. Shibata, Y. Watanabe and K. Yazaki; RIKEN Rev. 28, 101 (2000).

[7] G. L. Kane, J. Pumplin and W. Repko, Phys. Rev. Lett.

41, 1689 (1978).

[8] A. V. Efremov and O. V. Teryaev, Sov. J. Nucl. Phys.

36, 140 (1982).

[9] A. V. Efremov and O. V. Teryaev, Phys. Lett. B150, 383 (1985).

[10] J. Qiu and G. Sterman, Phys. Rev. Lett. 67, 2264 (1991). [11] D. Sivers, Phys. Rev. D41, 83 (1990).

[12] D. Boer, P. J. Mulders and O. V. Teryaev, Phys. Rev.

D57, 3057 (1997).

[13] N. Hammon, O. Teryaev and A. Schäfer, Phys. Lett.

B390, 409 (1997).

[14] D. Boer, P. J. Mulders and F. Pijlman, Nucl. Phys.

B667, 201 (2003).

[15] S. J. Brodsky, D. S. Hwang and I. Schmidt, Phys. Lett.

B530, 99 (2002).

[16] J. C. Collins, Phys. Lett. B536, 43 (2002); A. V. Belitsky, X. Ji and F. Yuan, Nucl. Phys. B656, 165 (2003).

[17] O. V. Teryaev, in proc. of the 10th. Int. Workshop on Deep Inelastic Scattering—DIS 2002 (Kraków, Apr.– May 2002), eds. A. Eskreys, J. Kwieciński and J. Szwed; Acta Phys. Polon. B33, 3749 (2002).

[18] X. Ji, Phys. Rev. D55, 7114 (1997).

[19] O. V. Teryaev, in proc. of the Int. Workshop on Transverse Polarisation Phenomena in Hard Processes— Transversity 2005 (Como, Sept. 2005), eds. V. Barone and P. G. Ratcliffe (World Sci., 2006), p. 276.

[20] X. Ji, J.-W. Qiu, W. Vogelsang and F. Yuan, Phys. Rev.

Lett. 97, 082002 (2006).

[21] J. C. Collins and A. Metz, Phys. Rev. Lett. 93, 252001 (2004).

[22] Y. Koike and K. Tanaka, Phys. Lett. B646, 232 (2007);

hep-ph/0703169.

[23] C. J. Bomhof and P. J. Mulders, in proc. of the XVII Int.

Symp. on High-Energy Spin Physics—SPIN 2006 (Kyoto, Oct. 2006), eds. K. Imai, T. Murakami, N. Saito and K. Tanida; AIP Conf. Proc. 915, 563 (2007).

[24] C. J. Bomhof, P. J. Mulders, W. Vogelsang and F. Yuan, Phys. Rev. D75, 074019 (2007); A. Bacchetta, C. Bomhof, U. D’Alesio, P. J. Mulders and F. Murgia, hep-ph/0703153.

[25] X.-d. Ji, J.-p. Ma and F. Yuan, Phys. Rev. D71, 034005 (2005).

[26] O. V. Teryaev, in proc. of the X Adv. Research Workshop on High Energy Spin Physics—SPIN-03 (Dubna, Sept. 2003), eds. A. V. Efremov and O. V. Teryaev; Phys. Part. Nucl. 35, S24 (2004).

[27] A. P. Bakulev and S. V. Mikhailov, Phys. Rev. D65, 114511 (2002).

[28] J. Collins and J.-W. Qiu, Phys. Rev. D75, 114014 (2007). [29] A. Schäfer, L. Szymanowski and O. V. Teryaev, Phys.

Lett. B464, 94 (1999).

[30] I. Schmidt, J. Soffer and J.-J. Yang, Phys. Lett. B612, 258 (2005).

[31] X. Ji, Phys. Lett. B289, 137 (1992).

[32] A. V. Belitsky, A. V. Efremov and O. V. Teryaev, Phys.

Atom. Nucl. 58, 1253 (1995).

[33] A. V. Belitsky, X. Ji, W. Lu and J. Osborne, Phys. Rev.

D63, 094012 (2001).

[34] M. Anselmino, M. Boglione, U. D’Alesio, E. Leader and F. Murgia, Phys. Rev. D71, 014002 (2005).