arXiv:hep-ph/0507266 v2 28 Sep 2005

BNL-NT-05/26 RBRC-537

Single-Transverse Spin Asymmetries:

From DIS to Hadronic Collisions

Werner Vogelsang^{1, 2, ∗} and Feng Yuan^{2, †} 1Physics Department, Brookhaven National Laboratory, Upton, NY 11973 2RIKEN BNL Research Center, Building 510A, Brookhaven National Laboratory, Upton, NY 11973

Abstract

We study single-spin asymmetries in semi-inclusive deep inelastic scattering with transversely polarized target. Based on the QCD factorization approach, we consider Sivers and Collins contributions to the asymmetries. We fit simple parameterizations for the Sivers and Collins functions to the recent HERMES data, and compare to results from COMPASS. Using the fitted parameterizations for the Sivers functions, we predict the single transverse spin asymmetries for various processes in pp collisions at RHIC, including the Drell-Yan process and angular correlations in di-jet and jet-plus-photon production. These asymmetries are found to be sizable at forward rapidities.

∗Electronic address: vogelsan@quark.phy.bnl.gov †Electronic address: fyuan@quark.phy.bnl.gov

I. INTRODUCTION

Single-transverse spin asymmetries (SSA) in hadronic processes have a long history, starting from the 1970s and 1980s when surprisingly large SSAs were observed in p_↑p → πX [1] and pp → Λ_↑X [2] at forward rapidities of the produced hadron. They have again attracted much interest in recent years from both experimental and theoretical sides [3]. In particular, first measurements by the STAR, PHENIX, and BRAHMS collaborations at RHIC have now become available [4, 5, 6], which extend the SSA observations from the fixed-target energy range to the collider regime. Again, large asymmetries were found in p_↑p → πX at forward rapidities of the produced pion. Meanwhile, experimental studies in Deep Inelastic Scattering (DIS) by the HERMES collaboration at DESY, by SMC at CERN, and by CLAS at the Jefferson Laboratory also show remarkably large SSAs in semi-inclusive hadron production, γ^∗p_↑ → πX [7, 8, 9, 10, 11]. Data from COMPASS for scattering off deuterons have been published as well [12], which show no large asymmetry. On the theoretical side, there are several approaches to understanding SSAs within Quantum Chromodynamics (QCD) [3, 13, 14]. Recent interest focuses on the role of partonic transverse momentum in creating the observed asymmetries. Transverse-momentum-dependent (TMD) parton distributions and fragmentation functions, and their relevance for semi-inclusive DIS (SIDIS), the Drell- Yan process, and single-inclusive hadron production at hadron colliders have been investigated in [15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27]. Compared to the normal integrated distributions, the TMD distributions provide much more information; for example, some of them contain information on orbital angular momenta of partons in the nucleon and have also been linked to spatial distributions of partons [28, 29].

The Sivers function [19] is one of these interesting TMD parton distributions. It represents a distribution of unpolarized quarks in a transversely polarized nucleon, through a correlation between the quark’s transverse momentum ⃗k_⊥ and the nucleon polarization vector ⃗S_⊥. The existence of the Sivers function requires final/initial-state interactions, and an interference between different helicity Fock states of the nucleon. In the absence of interactions, the Sivers function would vanish by time-reversal invariance of QCD, hence it is often referred to as a “naively time-reversal-odd” distribution. As was shown in [24, 25, 26], the interactions are represented in a natural way by the gauge link that is required for a gauge-invariant definition of a TMD parton distribution. Interference between different helicity Fock states implies nonzero orbital angular momentum [24, 28]. Both these properties motivate the study of this function. The Sivers function will contribute to the target SSA in semi-inclusive DIS, but also to SSAs in polarized pp scattering processes such as the Drell-Yan process and di-jet or jet-photon correlations. We will discuss all these asymmetries in this paper.

The Collins function is another “naively time-reversal-odd” function. It is a transversemomentum dependent fragmentation function and was introduced in [20]. It represents a correlation between the transverse spin of a fragmenting quark and the transverse momentum of the hadron relative to the “jet axis” in the fragmentation process. Like the Sivers function, it vanishes when integrated over all transverse momentum. Indications of a nonvanishing Collins effect have been found in semi-inclusive DIS [9]. Very recently results for measurements in e^+e^− annihilation to two hadrons have been reported, which give direct evidence for the Collins effect [30].

The formulation and study of TMD functions is really useful only when they appear in processes for which QCD factorization at small transverse momentum can be established. The processes, therefore, also need to be characterized by a large momentum scale, and there has to be additionally a small measured transverse momentum. Rigorous theoretical analyses of such reactions started from Collins and Soper’s seminal paper [16], in which they proved factorization for di-hadron semi-inclusive processes in e^+e^− annihilation. Nonperturbative TMD fragmentation functions were defined and then further studied along with TMD parton distributions in [17]. The approach was extended to Drell-Yan dimuon production at hadron colliders [18].

More recently, these factorization theorems and the one for semi-inclusive DIS have been carefully (re-)examined in the context of the gauge-invariant definitions of the TMD parton distributions and fragmentation functions [31, 32], paying in particular attention to the “naively time-reversal-odd” functions. In summary, QCD factorization has been established for three classes of semi-inclusive processes: di-hadron production in e^+e^− annihilation, semiinclusive DIS, and the Drell-Yan process. It still remains to be seen whether factorization holds for more complicated processes in hadronic scattering, such as for di-jet (di-hadron) azimuthal angular correlations [33, 34]. These processes, too, are characterized by a large scale (the individual jet or hadron transverse momenta), and by an additional small transverse momentum related, for example, to the pair transverse momentum, or to the deviation of the two jets from being “back-to-back”. Note that this is in contrast to single-inclusive processes at hadron colliders like p_↑p → πX. The spin asymmetries for such reactions are power-suppressed (“higher twist”), and the theoretical description should be based on the methods developed in [14], where factorization in terms of higher-twist correlation functions was established.

In this paper, we will use the factorization approaches at small transverse momentum discussed above to study the single spin asymmetries in semi-inclusive DIS. We will focus on the Sivers and Collins asymmetries which presently are the most interesting ones. We realize that at the current stage it is difficult to apply the full factorization formulas developed in the literature in fitting the data and making predictions. Instead, we will make some approximations, neglecting higher order terms in the hard and soft factors. In this way we of course introduce some theoretical shortcoming, which we hope can be overcome in future studies. Our purpose is to look for the “main effects”, that is, to provide a quantitative description of the spin effects now studied experimentally, and to draw our conclusions on the Collins and Sivers functions from these. Another goal of this paper is to use the information gathered from semi-inclusive DIS to make predictions for processes at RHIC, which is now taking data in transversely polarized pp scattering. With the fitted parameterizations for the Sivers functions that describe the HERMES data very well, we will calculate the Sivers asymmetries for processes at RHIC, including Drell-Yan dimuon production and di-jet and jet-plus-photon correlations. We will demonstrate that these asymmetries are expected to be large at RHIC and should therefore be closely investigated in the future polarized pp runs. This would then provide further tests of the physical picture behind the SSA, and of our theoretical understanding.

To predict the SSAs at RHIC from the distributions fitted in DIS relies on the factorization for the pp processes which, as discussed above, is so far only established for the Drell-Yan reaction. It also relies on the universality of the TMD distributions. This issue has been addressed in detail in [25, 26, 27, 32, 34]. It was found, for example, that the Sivers functions for the Drell-Yan process will have an opposite sign compared to those for SIDIS, as a result of the behavior of the gauge-links in the functions under the time-reversal operation. We will use this additional sign in our prediction for the Drell-Yan SSA at RHIC based on our Sivers function fitted to the DIS data. However, recent work has shown [34] that the issue of universality appears to be much more complicated for the case of di-jet correlations, where the more involved color structure has profound consequences on the gauge links. As a result, the Sivers functions for this reaction will differ from those in DIS by more than just a sign. This reservation notwithstanding, in order to obtain an order of magnitude estimate we will assume in this paper that the Sivers functions to be used for di-jet correlations have the same sizes as those for the Drell-Yan processes, and opposite signs with respect to the DIS Sivers functions.

In all calculations of cross sections and asymmetries below, we will use the GRV LO parameterizations for the unpolarized quark distributions [35], and the Kretzer set of unpolarized quark fragmentation functions [36]. These will also serve as starting points for our parameterizations of the Sivers and Collins functions.

The rest of the paper is organized as follows. In Sec. II, we will review the basic formulas for the SSAs in SIDIS, and make model parameterizations for the Sivers and Collins functions. We then fit our parameterizations to the HERMES data. We will also compare our fit with the recent COMPASS data on the Sivers and Collins asymmetries. In Sec. III, we will calculate the Sivers asymmetries for the Drell-Yan process and for di-jet and jet-photon correlations at RHIC, using the fitted parameterizations from Sec. II. We summarize in Sec. IV.

II. SSA IN SEMI-INCLUSIVE DEEP INELASTIC SCATTERING

In this section, we will study the SSA in the SIDIS processes ep → ehX and μd → μhX, where h represents a hadron observed in the final state. We will compare the theoretical calculations of the asymmetries with the HERMES measurements. We will use some simple parameterizations for the Sivers functions and the Collins fragmentation functions, and fit these to the experimental data. A comparison of our fit with the COMPASS measurements will also be presented. Similar phenomenological studies of these asymmetries have also been performed in [37, 38] for the Sivers case and in [39] for the Collins asymmetry, using the earlier HERMES data.

We will start by briefly recalling the factorization formulas for the SIDIS process. For details, we refer the reader to Ref. [31]. As discussed in the introduction, we will make some simplifying approximations, in order to sharpen the constraints on the Sivers and Collins functions.

A. Theoretical Formalism and Approximations

The differential cross section for SIDIS, including the unpolarized part and the Sivers and Collins asymmetry contributions, may be written in the following form: dσ dx_Bdydz_hd^2 ⃗P_{h⊥} = 4πα^2_{em}s

Q^4 [ (1 − y + y^2/2)x_B ( F_{U U} − sin(ϕ_h − ϕ_S )|⃗S_⊥|F^{sivers}_{U T} )

−(1 − y)x_B|⃗S_⊥| sin(ϕ_h + ϕ_S )F^{collins}_{U T} ] , (1)

where ϕ_h (ϕ_S ) is the angle between the lepton plane and the γ^∗-hadron-plane (and the transverse target spin), y is the fraction of the incident lepton energy carried by the photon, and ⃗P_{h⊥} is the (measured) transverse momentum of the hadron. In order to compare with the experimental data, in the above formula and the following calculations, the azimuthal angles (ϕ_S and ϕ_h) are defined in the so-call virtual photon frame where the virtual photon is moving in the z direction. These definitions are different from those in [31] where a hadron frame has been chosen to define these angles. This difference has led to the different signs in the above formula, compared to that in [31]. The structure functions F_{U U} and F_{U T} will depend in general on ⃗P_{h⊥}, and on the invariant mass Q^2 of the virtual photon, the Bjorken variable x_B, and on the fraction z_h of the photon longitudinal momentum carried by the hadron observed in the final state. According to the factorization formula of [31], the structure functions can be factorized into the TMD parton distributions and fragmentation functions, and soft and hard factors. For example, for the unpolarized structure function, we will have [31]

F_{U U} (x_B, z_h, Q^2, P_{h⊥}) = ∑ q=u,d,s,... e^2_q ∫ d^2⃗k_⊥d^2⃗p_⊥d^2⃗λ_⊥ ×q ( x_B, k_⊥, μ^2, x_Bζ, ρ ) q̂ ( z_h, p_⊥, μ^2, ζ̂/z_h, ρ ) S(⃗λ_⊥, μ^2, ρ) ×H ( Q^2/μ^2, ρ ) δ^{(2)}(z_h⃗k_⊥ + ⃗p_⊥ + ⃗λ_⊥ − ⃗P_{h⊥} ) . (2)

This form is valid at low transverse momentum P_{h⊥} ≪ Q and is accurate at the leading power of P^2_{h⊥}/Q^2. As seen from the δ-function expressing transverse-momentum conservation, the observed hadron’s transverse momentum is generated by three contributions: the transverse momentum ⃗k_⊥ of partons in the nucleon, (described by the TMD distribution q), the transverse momentum ⃗p_⊥ acquired in the fragmentation process (as expressed by the TMD fragmentation function q̂), and the combined transverse momenta ⃗λ_⊥ of (large-angle) soft-gluon radiation, embodied in the soft factor S. Each of these transverse momenta is integrated in Eq. (2), but leaves its imprint in the distribution in P_{h⊥} of the observed hadron. In contrast to the TMD functions in (2), H is a hard factor that depends solely on the large scale Q. Furthermore, μ ∼ Q is a renormalization scale, ρ a gluon rapidity cut-off parameter, and ζ is defined as ζ = (2P · v)^2/v^2, with P the target hadron momentum, taken in the “plus”-light-cone direction, P = (P^+, P^− = 0, ⃗P_⊥ = ⃗0_⊥), and v a time-like vector conjugate to P , i.e., with only a “minus”-light-cone component. For details, see [31], where also the related definition of ζ̂ is given. Similar factorization formulas as (2) can be written down for the single-transversely polarized structure functions F^{sivers}_{U T} and F^{collins}_{U T} .

For simplicity, in the following numerical calculations, we will use the leading order expressions for the hard scattering and the soft factors, for which we have S = H = 1. At this order, we may also neglect the ζ, ζ̂ dependences in the parton distributions and fragmentation functions. All this brings us to the parton model picture for semi-inclusive DIS [23]. However, we stress that higher order effects can be systematically and consistently studied only within the complete factorization framework. With the above approximations, the structure functions can be simplified to [31]

F_{U U} = ∫ d^2⃗k_⊥d^2⃗p_⊥q (x_B, k_⊥) q̂ (z_h, p_⊥) δ^{(2)}(z_h⃗k_⊥ + ⃗p_⊥ − ⃗P_{h⊥}) , F^{sivers} U T = ∫ d^2⃗k_⊥d^2⃗p_⊥ ⃗k_⊥ · ^⃗P_{h⊥} M q_T (x_B , k_⊥) q̂ (z_h, p_⊥) δ^{(2)}(z_h⃗k_⊥ + ⃗p_⊥ − ⃗P_{h⊥}) , F^{collins} U T = ∫ d^2⃗k_⊥d^2⃗p_⊥ ⃗p_⊥ · ^⃗P_{h⊥} M_h δq_T (x_B, k_⊥) δq̂ (z_h, p_⊥) δ^{(2)}(z_h⃗k_⊥ + ⃗p_⊥ − ⃗P_{h⊥}) , (3)

where a sum over all quark and antiquark flavors, weighted with the squared quark electric charge, is implicitly understood from now on. ^⃗P_{h⊥} denotes a unit vector in direction of ⃗P_{h⊥}. In the above equations, q and q̂ represent the unpolarized quark distribution and fragmentation functions, respectively, q_T the Sivers functions, δq̂ the Collins functions, and δq_T the transversity distribution functions. The definitions of the above distributions and fragmentation functions are consistent with the so-called “Trento conventions” [40], while opposite in sign with respect to that used in [38] for the Sivers function. To optimize statistics, the experimental measurements of the asymmetries are normally presented after integrating over the modulus of the hadron’s transverse momentum P_{h⊥}. After integration, the cross section can be written as dσ dx_B dydz_hdϕ_h = dσ_{U U} dx_B dydz_h − sin(ϕ_h − ϕ_S ) dσ^{sivers}_{U T} dx_Bdydz_h − sin(ϕ_h + ϕ_S ) dσ^{collins} U T dx_Bdydz_h , (4)

where the various differential cross sections will depend on x_B, z_h and y. The dependence of the cross sections on the azimuthal angles results in the azimuthal asymmetries measured in experiment. The unpolarized cross section is given by dσ_{U U} dx_Bdydz_h = 4πα^2_{em}s

Q^4 ( 1 − y + y^2 2 ) x_Bq(x_B)q̂(z_h) , (5)

where q(x_B) and q̂(z_h) are the integrated parton distribution and fragmentation functions. Here we assume that we can obtain the integrated parton distribution by integrating over the transverse momentum in the corresponding TMD parton distribution. This assumption will of course need to be modified if higher-order corrections are considered [31]. Similarly, we can calculate the polarized cross sections. In these calculations, we further assume that the final hadron’s transverse momentum is entirely related to the transverse-momentum dependence in the Sivers and Collins functions. The transverse momentum contributed by the other factors in the factorized formula (2) will give some smearing effects which may be viewed as “sub-dominant”. After this approximation, we can write down the polarized cross sections as dσ^{sivers}_{U T} dx_Bdydz_h = |S_⊥| 4πα^2_{em}s Q^4

(1 − y + y^2 2 )x_Bq^{(1/2)}_T (x_B)q̂(z_h) , (6) dσ^{collins} U T dx_Bdydz_h = |S_⊥| 4πα^2_{em}s Q^4

(1 − y)x_Bδq_T (x_B)δq̂^{(1/2)}(z_h) , (7)

where δq_T is the integrated transversity distribution function. q^{(1/2)}_T (x_B) and δq̂^{(1/2)}(z_h) are defined as

q^{(1/2)}_T (x_B) = ∫ d^2k_⊥ |⃗k_⊥| M q_T (x_B, k_⊥) ,

δq̂^{(1/2)}(z_h) = ∫ d^2p_⊥ |⃗p_⊥| M_h q_T (z_h, p_⊥) . (8)

The above formulas (4)-(8) will be used in the following calculations to study the experimental data for the asymmetries as functions of x_B and z_h. Before doing so, we need to set up models for the Collins and Sivers functions.

We would like to add one more comment before we proceed. In the derivation of Eq. (6), we have omitted the transverse momentum dependence of the fragmentation function, which we referred to as “sub-dominant”. This “sub-dominant” contribution could become important at small z_h where we cannot neglect the influence of the transverse momentum in the fragmentation process. For example, for a typical transverse momentum of the final state hadron of P_{h⊥} ≈ 200 ∼ 300 MeV, the quark transverse momentum could be as large as 2 ∼ 3 GeV at z_h ≈ 0.1, much bigger than the typical value of the intrinsic quark transverse momentum for the Sivers function, which is of order of a few hundred MeV. This means that at small z_h our approximation will break down, and the transverse momentum in the fragmentation function will be important. This effect will smear out the polarized cross section and suppress the asymmetry. Indeed, when assuming a Gaussian transverse momentum dependence for both the distribution and the fragmentation functions, an additional factor of z_h appears, suppressing the polarized cross section at small z_h [38]. As a consequence, we should be cautious to apply Eq. (6) at small z_h. On the other hand, the above drawback does not apply to the case of the polarized cross section for the Collins contribution, Eq. (7), where we omit the transverse momentum dependence in the distribution. This is because there is no kinematic enhancement associated with the intrinsic transverse momentum in the parton distribution, compared to the fragmentation case.

B. Model for the Sivers functions

There exist by now quite a few model calculations for the quark Sivers functions in the nucleon [41]. The results of these vary rather widely. Here, we will instead adopt simple parameterizations for the Sivers functions and fit these to the HERMES data. We choose a form that has only a single free parameter for each flavor; the present data probably do not yet warrant a more complex form. Our parameterization is as follows: u^{(1/2)}_T (x) u(x) = S_ux(1 − x) , d^{(1/2)}_T (x) u(x) = S_dx(1 − x) , (9)

where in both equations u(x) is the unpolarized u-quark distribution. We assume that only the quark Sivers functions are non-zero, and that the antiquark ones vanish. This assumption will of course likely need to be modified at small x. In the above parameterization, the factor x on the right-hand-side represents the valence nature of the Sivers function, whereas the factor (1 − x) denotes an expected suppressed behavior of the function at large x^1

C. Model for the Collins functions

For the Collins asymmetry, we have two sets of unknown functions: the transversity distributions and the Collins fragmentation functions. From the present experimental data on the Collins asymmetries we cannot obtain constraints on both of them simultaneously^2. Here we adopt a parameterization for the transversity function [42] that is based on saturation of the Soffer inequality [43]. We note that this parameterization represents an upper bound for the transversity functions for the quarks.

As for the Sivers functions, there have also been several model calculations for the Collins functions [44], showing rather wide variations. Again, we will just use a simple parameterization for the z_h dependence of δq̂^{(1/2)}. The flavor dependence of the Collins functions is important since one would like to describe the asymmetries for different hadron species. From the theory side, one could get constraints for the flavor dependence based on momentum conservation in the fragmentation process: the Schäfer-Teryaev sum rules [45]. These sum rules state that the odd-moment (for the intrinsic transverse momentum) of the Collins function vanishes when the function is summed over all hadron states. Because the sum rules only involve the integrals over z_h and p_⊥ (with a weight p_⊥) of the Collins functions, one cannot obtain from them more detailed constraints, e.g., for the z_h or p_⊥ dependences. In the following we will motivate a simple conjecture for the Collins functions, based on quark-hadron duality in the fragmentation process. This will provide us with additional constraints. The main result is that any quark Collins fragmentation function is very small when summed over all final hadrons. For example, the u quark Collins functions to all hadron final states will satisfy ∑ h δû^h(z_h, p_⊥) = O(m_u) . (10)

1 This power suppression in (1 − x) could actually be as strong as (1 − x)^2 [37]. In our fit, most data are in the intermediate range of x, and the x → 1 limit is not really reached. In any case, the power of (1 − x) will be modified by logarithms.

2 Note, however, that independent information on the Collins functions is now coming from measurements of hadron-pair production by the BELLE collaboration [30]. It is hoped that combination of these results with those from lepton scattering would eventually give information on transversity.

The above equation is motivated as follows. The Collins function is defined as ϵ^{ij} p^j_⊥ M_h δq̂^h(z_h, p_⊥) = n^− 3z ∫ dξ^+ 2π d^2⃗b (2π)^2 e^{−i(k− ξ+−⃗k⊥ ·⃗b⊥)} ∑ X Tr { γ_5γ^−γ^i (11) ×⟨0|L(−∞, 0)ψ(0)|P_hX⟩⟨P_h X|ψ(ξ^+,⃗b)L^†(ξ^+,⃗b, −∞)|0⟩ } , where k^− = P^−_h /z_h and ⃗k_⊥ = −⃗p_⊥/z_h. Here, the final state hadron has been taken to have a large light-cone “minus” momentum component P^−_h [we remind the reader that P_h denotes the momentum of the observed hadron, while ⃗p_⊥ is the (integrated) transverse momentum that the hadron acquires in the fragmentation process relative to the fragementing parton; see Eq. (2)]. Finally, L is the gauge link along the light-cone direction conjugate to P_h. Here, Now, if we sum over all hadrons in the above Collins fragmentation functions, the intermediate hadronic states can be replaced by a quark or a quark plus gluons (or quarkantiquark pairs) using quark-hadron duality arguments. We then get the following equation: ∑ h ϵ^{ij} p^j_⊥ M_h δq̂^h(z_h, p_⊥) = n^− 3z ∫ dξ^+ 2π d^2⃗b (2π)^2 e^{−i(k−ξ+−⃗k⊥ ·⃗b⊥)} ∑ X Tr { γ_5γ^−γ^i (12) ×⟨0|L(−∞, 0)ψ(0)|P_q X⟩⟨P_q X|ψ(ξ^+,⃗b)L^†(ξ^+,⃗b, −∞)|0⟩ } , whose validity rests on the argument of quark-hadron duality for the fragmentation process. Duality-breaking effects will somewhat modify the above equation. The right hand side of Eq. (12) may be viewed as a quark Collins fragmentation function into a quark (or antiquark/gluon) state. The helicity-flip required for a non-vanishing Collins function is then possible because of a finite quark mass. Thus, we approximately expect ∑ h δq̂^h(z_h, p_⊥) = O(m_q) ≈ 0 . (13)

If we further assume that the fragmentation functions for u and d quarks to strange mesons are suppressed relative to those into pions, we can have even stronger constraints for the pion Collins functions:

δq̂^{π+} (z_h, p_⊥) + δq̂^{π−} (z_h, p_⊥) + δq̂^{π0} (z_h, p_⊥) ≈ 0 , (14)

where q represents any flavor of u,d quarks and their antiquarks. Further simplification of the above equation can be derived by considering isospin and charge symmetry relations between the different fragmentation functions. For example, we will have the following relations, δû^{π+} = δd̂^{π−} = δ ^̄d^{π+} = δ^̄u^{π−} ≡ δq̂^π_{f av.} δd̂^{π+} = δû^{π−} = δ^̄u^{π+} = δ ^̄d^{π−} ≡ δq̂^π_{unf av.} δû^{π0} = δd̂^{π0} = δ ^̄d^{π0} = δ^̄u^{π0} = 1 2 [ δq̂^π_{f av.} + δq̂^π_{unf av.} ] . (15)

Here δq̂^π_{f av.} and δq̂^π_{unf av.} represent the “favored” (in the sense that the leading Fock state of the hadron contains the parent quark flavor) and “unfavored” (where it does not contain it) fragmentation functions, respectively. Substituting the above relations into Eq. (14), we will obtain δq̂^π_{f av.} + δq̂^π_{unf av.} ≈ 0 , (16) which means that the unfavored Collins function is approximately equal to the favored one with opposite sign. This result is counter to the usual notion in the literature that the favored fragmentation functions should be much larger than the unfavored ones. It of course crucially depends on the validity of the approximations made in the above derivation and will be subject to some corrections. We note, however, that this observation has also support from a string model description for the Collins fragmentation function [46]. As a test, we will treat in the following the favored and unfavored Collins functions free from the constraint (16), and fit them to the data to see if they naturally satisfy the above relation or not. To parameterize the Collins functions, we use the following two sets of functional forms,

Set I : δq̂^{π(1/2)}_{f av.} (z) = C_f z(1 − z)û^{π+} (z) , δq̂^{π(1/2)}_{unf av.}(z) = C_uz(1 − z)û^{π+} (z) , Set II : δq̂^{π(1/2)}_{f av.} (z) = C_f z(1 − z)û^{π+} (z) , δq̂^{π(1/2)}_{unf av.}(z) = C_uz(1 − z)d̂^{π+} (z) . (17)

The z factor in these parameterizations represents the vanishing of the Collins function at small z, and the (1 − z) factor follows arguments made in [20]. The difference between these two sets is that for Set I we parameterize both favored and unfavored Collins functions in terms of the favored unpolarized quark fragmentation function, while for Set II we parameterize the unfavored Collins function using the unfavored unpolarized quark fragmentation function. Set I is inspired by the constraint of Eq. (16); note that this ansatz is expected to violate the positivity constraints at very large z_h. On the other hand, Set II respects the positivity constraints, provided |C_{f,u}| ≤ 4. In the following, we will fit the HERMES data with these two sets of parameterizations.

D. Comparison with SIDIS Data

We will now calculate the Collins and Sivers asymmetries using the functions specified above, and fit the free parameters to the new HERMES data on the Collins and Sivers asymmetries [10]. Here we will use Q^2 = 2.41 GeV^2, which is the average for the HERMES kinematics. We choose μ = Q in the unpolarized parton distribution and fragmentation functions. We will then compare our fit results to the recent measurements by COMPASS [12]. For the fitting, we use the CERNLIB MINUIT routine [47].

As a function of x_B, the Sivers asymmetry can be calculated from the following formula:

A_N (x_B) = − ∫ dz_hdy^{dσsiversU T}_{dxB dydzh} ∫ dz_hdy^{dσU U} dx_B dydz_h , (18)

where the minus sign results from the minus sign in the polarized differential cross section in Eq. (4). Since the y integral is the same for the numerator and denominator, it cancels out. Moreover, the integral over z_h can be factored out as a consequence of the approximations that led to Eqs. (5) and (6), and the Sivers asymmetry will be proportional just to the ratio of the Sivers functions over the unpolarized quark distributions, summed appropriately over flavors.

The Sivers asymmetry as a function of z_h can be calculated similarly. In Fig. 1, we show the results of our fit of the Sivers asymmetries for π^+ and π^− to the HERMES data [10]. For the two free parameters the fit gives

S_u = −0.81 ± 0.07, S_d = 1.86 ± 0.28 , (19)

with χ^2/d.o.f ≈ 1.2. The band in each plot of Fig. 1 corresponds to a 1-σ error in the determined parameters. One can see that the u quark Sivers function appears somewhat better constrained by the data than the d quark one. This is readily understood from the fact that u quarks in DIS enter with the charge factor 4/9, so that in scattering off a proton target the u quark distribution is particularly selected. Another feature is that the d Sivers function comes out larger (by about a factor of two) than the u quark one, and with opposite sign. This behavior is quite different from model calculations [41]. The result is due to the fact that the HERMES Sivers asymmetry for π^− is much smaller than that for π^+. Theoretically, however, π^− production should also have a significant contribution from u quarks, because one finds û^{π−} ≈ 0.6û^{π+} for the fragmentation functions when integrated

FIG. 1: Sivers SSA fit to the HERMES data [10]; see text. The bands correspond to the 1-σ error of the fitted parameters. Note that the data have not yet been corrected for acceptance and smearing.

over the experimentally relevant region 0.2 < z < 0.7. To obtain a much smaller asymmetry for π^− than for π^+, there then have to be fairly strong cancellations between the u and d quark Sivers functions. We note that the signs we find for our Sivers functions are consistent with expectations in [29], where they were qualitatively related to the opposites of the quark contributions to the proton anomalous magnetic moment.

Figure 2 shows predictions for the π^0 Sivers asymmetries as functions of x_B and z_h, based on our fits for the Sivers functions. We note that our prediction for the π^0 asymmetry is nearly independent of z_h. This is because the u and d quark fragmentation functions for π^0 are the same, and because in our approximation the distribution and fragmentation functions are decoupled. However, we have to keep in mind that this decoupling might break down at small z_h, as we discussed before. This could be tested by future HERMES data.

In [37, 38], earlier HERMES results [9] for the Sivers asymmetries were fitted. The methods somewhat differed from ours. In [38], a particular transverse momentum dependence is assumed for the Sivers functions and the unpolarized quark distribution and fragmentation

FIG. 2: Predicted Sivers SSA asymmetries for π^0 production at HERMES.

functions. With more free parameters the experimental data are fitted equally well, and the u and d valence Sivers functions are obtained from the fit. In [37], the asymmetries weighted with the transverse momentum of the hadron were used for the fit. Both fits find a large d quark Sivers function with opposite sign relative to the u-quark one. We have also checked that our fit results for the Sivers functions are consistent with these fits within the current large uncertainties, where we notice that the Sivers function in [38] has an opposite sign compared to ours and to the “Trento conventions” [40].

The COMPASS collaboration also has measured the Sivers asymmetry [12], separately for positively and negatively charged hadrons, produced off a deuteron target. To simplify the comparison with their data, we assume that the leading hadrons are mostly pions. We calculate the Sivers asymmetries for π^+ and π^− in the kinematic region of the COMPASS experiment, using the above fitted Sivers functions for u and d quarks, and compare to their data for leading positive and negative hadrons, respectively. We show this comparison in Fig. 3. One can see that our calculations based on fits to the HERMES data are also consistent with the COMPASS data, within error bars. We note that for the kinematical region of the COMPASS experiment, our predicted Sivers asymmetries for a deuteron target are very small, except in the large-x valence region. The smallness of the Sivers asymmetry is again related to cancellations between u and d contributions, which for deuterons enter in a different combination than for a proton target. It will be very interesting to check these predictions with future COMPASS data for a proton target. Thanks to the higher Q^2, such data would also help in confirming the leading-twist nature of the Sivers and Collins

FIG. 3: Sivers asymmetries compared to the COMPASS data [12].

asymmetries.

We next turn to the Collins asymmetry. Here we follow a similar procedure as we did for the Sivers case above. As we mentioned earlier, the situation is more complicated because of the fact the nucleon transversity densities are currently not known, and we need to resort to a model or ansatz for the latter. As described above, we will use the parameterizations for the quark transversity distributions of [42], which represent upper bounds for the densities. We will fit to the HERMES data using the two sets of simple parameterizations for favored and unfavored Collins functions given in Eq.(17).

The asymmetry as a function of x_B is calculated from the formula

A^h_N (x_B) = − ∑ q=u,d e^2_qδq̂^{(1/2)h} ∫ dy^{1−y}_{x2B y2} x_Bδq_T (x_B) ∑ q=u,d,ū,d̄ e^2_qq̂^h ∫ dy^{1−y+y2 /2} x^2_B y^2 xBq(xB) , (20)

where again the minus sign comes from the sign in the polarized differential cross section, Eq. (4). δq̂^{(1/2)h} and q̂^h represent the fragmentation functions integrated over the accessed region in z_h. Kinematic cuts impose a correlation between x_B and y, and the integral over y will depend on x_B. In the experimental analysis, the data for the Collins asymmetries

FIG. 4: Same as Fig. 1 for the Collins asymmetries, using the Set I parameterization of the Collins functions. The data [10] and the theory curves are for the so-called lepton beam asymmetries. Note that the data have not yet been corrected for acceptance and smearing.

are presented in two different ways. One is to give results in terms of the virtual-photon asymmetry, factoring out the term (1 − y)/(1 − y + y^2/2). The other way is to give the directly measured lepton-beam asymmetry. In our calculations, we follow the latter way. We neglect the contribution of longitudinal photons to the unpolarized cross section, which HERMES has considered in the analysis of the virtual-photon asymmetries [10]. In view of the overall uncertainties, this is a minor effect, as we have checked by comparing also to the virtual-photon asymmetries. From the fit to the lepton-beam asymmetry data, we get the two fit parameters as follows:

Set I : C_f = −0.29 ± 0.04, C_u = 0.33 ± 0.04 , (21) Set II : C_f = −0.29 ± 0.02, C_u = 0.56 ± 0.07 , (22)

with χ^2/d.o.f. ≈ 0.8(0.7) for the Set I and Set II parameterizations, respectively. The fit results are shown in Figs. 4 and 5, compared to the HERMES data. Both fits are of the same quality.

FIG. 5: Same as Fig. 4, for the Set II parameterizations for the Collins functions.

In Figs. 6 and 7, we plot the fitted favored and unfavored Collins functions (times z) for Sets I and II respectively. Note that we multiply the favored ones by (−1) to compare their magnitudes. For comparison, we also show the corresponding unpolarized quark fragmentation functions [36]. It is evident that the two sets of Collins functions indeed both satisfy the positivity constraints. The equal quality of the fits obtained for sets I and II implies that the current experimental data neither necessarily support the constraints we derived in Eq. (16), nor do they rule them out. However, from both fits we indeed find that in a quite large range of z_h the unfavored Collins function has the same size as that of the favored one with opposite sign. A similar conclusion was obtained from a fit to this asymmetry using the transversity functions calculated in the Chiral Quark Model [39]. We hope that higher-statistics data will become available in the near future that will test the relations.

Figures 8 and 9 show predictions for the π^0 Collins asymmetries as functions of x_B and z_h, based on our fits for the Collins functions. From these plots, we find that the asymmetries are very small for both sets of the Collins functions, because of strong cancellations between the contributions from favored and unfavored Collins functions. We note that preliminary

FIG. 6: Set I (−1)×favored and unfavored Collins fragmentation functions. Also shown are the unpolarized quark fragmentation functions from Kretzer’s parameterizations.

FIG. 7: Same as Fig. 6 for the Set II Collins fragmentation functions.

data from HERMES indeed indicate that the π^0 asymmetry is consistent with zero [48]. Higher-statistics data on this will be highly interesting for testing the above conclusions.

As before, we also compare our fit to the COMPASS measurements [12] for the Collins asymmetries, where only the virtual-photon asymmetries are presented. We also note that the convention for the Collins asymmetry used by the COMPASS Collaboration is different from that used by HERMES. In our calculations, we have made the relevant modifications in order to compare with the COMPASS data. We show these comparisons in Figs. 10 and 11 for our Set I and II Collins functions, respectively. As for the Sivers case above, there is good consistency. The overall asymmetries are again small because of the deuteron

FIG. 8: Predicted Collins SSA asymmetries for π^0 production at HERMES with Set I.

FIG. 9: Predicted Collins SSA asymmetries for π^0 production at HERMES with Set II.

target used, and because the assumed transversity sea quark distributions are small. Future high-statistics COMPASS data for a proton target would be highly interesting.

III. SINGLE-TRANSVERSE SPIN ASYMMETRIES AT HADRON COLLIDERS

An important issue in the study of hard-scattering processes is the universality of the nonperturbative objects: the parton distributions and fragmentation functions. In the case of single-spin asymmetries, if universality holds, the Sivers functions obtained from, for example, SIDIS can be used to predict single-spin asymmetries in pp or p̄p scattering. The universality between different classes of processes is a complicated and interesting issue that has attracted much interest recently [32, 34, 49, 50]. As we described earlier, it was found

FIG. 10: Collins asymmetry compared with COMPASS data [12] for Set I of our fitted Collins functions.

that, while strict universality is violated already when going from SIDIS to the Drell-Yan process, the Sivers functions for the two processes differ only by a sign. It is therefore possible to use the fitted Sivers function from the last section and to predict the Sivers single-spin asymmetry for the Drell-Yan process at hadron colliders. More complicated processes in hadronic scattering, such as the SSA in di-jet angular correlations [33], are not yet completely understood at present, as far as factorization and universality are concerned. Progress has been made recently [34]; it appears that similarly to the Drell-Yan process universality is violated only by terms that are calculable from the color structure of the partonic scattering and hence may be taken into account in phenomenological analyses. Below, we will also give estimates for Sivers contributions to SSAs in di-jet correlations and in jet-plus-photon correlations at RHIC, using the Sivers functions of Section II, and the usual unpolarized hard-scattering functions. In the light of Ref. [34], we expect that our estimates will likely need to be revised once these reactions will be completely understood in the context of factorization and universality, to take into account the appropriate factors

FIG. 11: Same as Fig. 10, but for Set II of Collins fragmentation functions.

embodying the nonuniversality of the Sivers functions. We shall briefly return to this point below.

A. Drell-Yan Dimuon Production p^↑p → μ^+μ^−X

In this subsection, we will calculate the Sivers single-spin asymmetry for the Drell-Yan process at RHIC, using the fit result of the last section [see Eqs. (9) and (19)]. As just discussed, one has q^{DY}_T = −q^{DIS}_T . (23) After integrating out the lepton angles in the rest frame of the virtual photon, we obtain the following differential cross section for the Drell-Yan process: dσ dM^2dyd^2q_⊥ = 4α^2π 3sM^2 [ W_0(x_1, x_2, M^2, q_⊥) + sin ϕW_{T U} (x_1, x_2, M^2, q_⊥) ] , (24)

where M is the invariant mass of the lepton pair, q_⊥ the virtual photon’s transverse momentum, and y its rapidity. ϕ = ϕ_γ∗ − ϕ_S is the difference between the azimuthal angles of the virtual photon and the transverse polarization vector in a frame where the polarized hadron is moving in the z direction. At low transverse momentum, x_1 and x_2 are related to the mass and rapidity through x_1 = M/ √ s e^y and x_2 = M/ √ s e^{−y} where s is the hadronic center-of-mass energy squared. According to the factorization theorem [31], the hadronic tensors W_0 and W_{U T} can be factorized into the TMD parton distributions, and soft and hard-scattering factors. Again, neglecting the soft factor and using the Born expression for the hard part, we obtain simple expressions for the tensors:

W_0 = ∑ q e^2_q 3 ∫ d^2k_{1⊥}d^2k_{2⊥}q(x_1, k_{1⊥})q(x_1, k_{2⊥})δ^{(2)}(⃗k_{1⊥} + ⃗k_{2⊥} − ⃗q_⊥) ,

W_{T U} = ∑ q e^2_q 3 ∫ d^2k_{1⊥}d^2k_{2⊥} ⃗k_{1⊥} · ^⃗q_⊥ M q_T (x_1, k_{1⊥})q(x_1, k_{2⊥})δ^{(2)}(⃗k_{1⊥} + ⃗k_{2⊥} − ⃗q_⊥) , (25)

where q_T (x_1, k_{1⊥}) is now the Sivers function for the Drell-Yan process. A further approximation can be made by integrating out the transverse momentum |⃗q_⊥|, but keeping the dependence on azimuthal angle. The differential cross section can then be written as dσ dM^2dydϕ = 4α^2π 3sM^2 [ W̃_0(x_1, x_2, M^2) + sin ϕW̃_{T U} (x_1, x_2, M^2) ] , (26)

where W̃_0 = ∑ q e^2_q 3 q(x_1)q(x_2) , (27) and W̃_{U T} = ∑ q e^2_q 3 q^{(1/2)}_T (x_1)q(x_2) . (28)

In Fig. 12, we plot the sin ϕ asymmetries as functions of the photon rapidity y and the invariant mass M. From this plot, we see that the Sivers SSA asymmetry for the Drell-Yan process at RHIC is expected to be sizable for large rapidity, and should be measurable at RHIC if enough statistics can be accumulated in transverse-spin running. We note that the Sivers asymmetry in the Drell-Yan process is also a particular focus for proposed measurements in polarized p̄p scattering at the planned GSI-FAIR facility [37, 51, 52].

B. Correlations in p^↑p → jet_1( ⃗P_{1⊥}) + jet_2( ⃗P_{2⊥}) + X

Other interesting observables at hadron colliders from which one can access the intrinsic transverse-momentum dependence of parton distributions are “back-to-back” correlations between two jets [33, 34]. More specifically, we are interested in situations in which the

FIG. 12: Sivers asymmetries for the Drell-Yan process at RHIC, as functions of virtual-photon rapidity y and invariant mass M.

sum of the two jet transverse momenta, ⃗q_⊥ ≡ ⃗P_{1⊥} + ⃗P_{2⊥} (or a component or projection thereof), is measured, while both P_{1⊥} and P_{2⊥} individually are large. As for the Drell-Yan process discussed above, this is usually a small transverse momentum, much smaller than the large scales | ⃗P_{1⊥}| ≈ | ⃗P_{2⊥}| characterizing the overall process, and a special factorization may apply. Let us first, however, consider the cross section integrated over ⃗q_⊥. Here, collinear factorization applies, and the di-jet cross section has the parton-model expression [53], dσ dy_1dy_2dP^2_⊥ = ∑ ab x_af_a(x_a)x_bf_b(x_b) dσ̂ dt̂ (ab → cd) , (29)

where dσ̂/dt̂ is the differential cross section for the partonic process ab → cd, with f_{a,b} the appropriate parton distribution functions. We have defined the transverse momentum P_⊥ ≡ | ⃗P_{1⊥}| = | ⃗P_{2⊥}|, and y_1 and y_2 denote the rapidities of the two jets. The kinematics are as follows:

x_a = P_⊥ √ s (e^{y1} + e^{y2} ) , x_b = P_⊥ √ s ( e^{−y1} + e^{−y2} ) ŝ = x_ax_bs, t̂ = −P^2_⊥ ( e^{y2−y1} + 1 ) , û = −P^2_⊥ ( e^{y1−y2} + 1 ) . (30)

Here, ŝ, t̂, and û are the usual partonic Mandelstam variables appearing in the partonic cross sections for the reactions ab → cd, namely ŝ = (p_a + p_b)^2, t̂ = (p_a − p_c)^2, û = (p_a − p_d)^2, in obvious notation of the partonic momenta. The leading order contributions produce the di-jet pair exactly balanced, that is back-to-back in the partonic center-of-mass frame. An imbalance in the transverse direction is generated by higher-order QCD corrections. At small but nonzero imbalance between the two jets, the dominant contributions will come from the intrinsic transverse momenta of the initial partons. As a model, we will generalize the above factorization formula to the case of small ⃗q_⊥, in analogy with the SIDIS and Drell-Yan cases discussed earlier, taking into account the various contributions to the transverse momentum dependence coming from the parton distributions and soft factors: dσ dy_1dy_2dP^2_⊥d^2⃗q_⊥ = ∑ ab ∫ d^2k_{1⊥}d^2k_{2⊥}d^2λ_⊥x_af_a(x_a, k_{1⊥})x_bf_b(x_b, k_{2⊥})

×S_{ab→cd}(λ_⊥)H_{ab→cd}(P^2_⊥)δ^{(2)}(⃗k_{1⊥} + ⃗k_{2⊥} + ⃗λ_⊥ − ⃗q_⊥) , (31)

where S_{ab→cd} is a soft factor for the process ab → cd, while H_{ab→cd} is the hard part of the reaction, related to lowest order to dσ̂/dt̂. We emphasize the overly simplistic character of Eq. (31) as it stands. The detailed factorized form (if it exists) will likely be different; in particular, one expects an interplay of the color structures of the soft factors and the hard parts, as found in resummation studies for jet cross sections [54].

In a similar fashion, we write the Sivers-type contribution dσ_{T U} to the single-polarized cross section, dσ dy_1dy_2dP^2_⊥ d^2⃗q_⊥ = dσ_{U U} + ⃗e_z · ( ⃗S_⊥ × ^⃗q_⊥ ) dσ_{T U} , (32)

where ⃗e_z is the unit vector in the z-axis direction. In a factorized form, we will get: dσ_{T U} = ∑ ab ∫ d^2k_{1⊥}d^2k_{2⊥}d^2λ_⊥ ⃗k_{1⊥} · ^⃗q_⊥ M x_aq_{T a}(x_a, k_{1⊥})x_bf_b(x_b, k_{2⊥})

×S_{ab→cd}(λ_⊥)H_{ab→cd}(P^2_⊥)δ^{(2)}(⃗k_{1⊥} + ⃗k_{2⊥} + ⃗λ_⊥ − ⃗q_⊥) . (33)

We can further simplify the polarized cross section by evaluating the expression ⃗e_z · ( ⃗S_⊥ × ^⃗q_⊥ ) = |S_⊥| |q_⊥| ⃗e_z · (^ ⃗S_⊥ × ( ⃗P_{1⊥} + ⃗P_{2⊥}) )

≈ |S_⊥| |q_⊥| |P_⊥| (sin ϕ_1 + sin ϕ_2) ≈ |S_⊥| ( Sgn(π − θ) cos ϕ_1 + sin ϕ_1 |q_⊥| 2|P_⊥| ) , (34)

where ϕ_1 and ϕ_2 are the azimuthal angles of the two jets relative to the polarization vector ⃗S_⊥, and θ ≡ ϕ_2 − ϕ_1 the angle between the two jet transverse momenta. All these azimuthal angles are defined in a frame that the polarized proton is moving the z direction. In the above derivation, we have used the approximations |P_{1⊥}| ≈ |P_{2⊥}| ≈ |P_⊥| and |q_⊥| ≈ |P_⊥|| sin θ|, which are valid at small q_⊥ (θ is close to π). From the above result, we can see that there are two terms contributing to the spin asymmetry: one is with cos ϕ_1 and the other with sin ϕ_1. The first term has a Sign function associated, which gives a positive contribution when θ is smaller than π and a negative one otherwise.

In the above formulas, we did not include any gluon Sivers function contributions. The gluon Sivers function could dominate the asymmetry at central rapidities [33]. Another important issue is the relevant Sudakov suppressions for the asymmetries, which was found to be sizable for the di-jet correlation in the RHIC energy range [33]. In the following numerical studies, as an order of magnitude estimate for these asymmetries, we will neglect these effects, which however should be taken into account in future more detailed studies.

Following the same procedure that we used for the Sivers asymmetries in SIDIS and Drell-Yan processes, we can further simplify the polarized cross section by integrating out the transverse momentum, but keeping the azimuthal angle dependence explicit. The differential cross section then can be written as 2πdσ dy_1dy_2dP^2_⊥dϕ_1 = dσ_{U U} dy_1dy_2dP^2_⊥

+ cos ϕ_1 dσ^{(1)}_{T U} dy_1dy_2dP^2_⊥

+ sin ϕ_1 dσ^{(2)}_{T U} dy_1dy_2dP^2_⊥

, (35)

where the unpolarized cross section has been given in Eq. (29), and the polarized ones read dσ^{(1)}_{T U} dy_1dy_2dP^2_⊥ = ∑ ab x_aq^{(1/2)}_{T a} (x_a)x_bf_b(x_b) dσ̂ dt̂ (ab → cd) , dσ^{(2)}_{T U} dy_1dy_2dP^2_⊥ = M |P_⊥| ∑ ab x_aq^{(1)}_{T a}(x_a)x_bf_b(x_b) dσ̂ dt̂ (ab → cd) , (36) with the distribution q^{(1)}_T defined as

q^{(1)}_T (x) = ∫ d^2k_⊥ k^2_⊥ 2M^2 q_T (x, k_⊥) . (37)

We note that the second term in the polarized cross section is power-suppressed by M/P_⊥ . This suppression is due to the fact that we have integrated over all intrinsic transverse momentum. Clearly, this term is beyond the approximations we have made, and we cannot reliably predict it since there will be other sources of power-suppressed contributions, for example generated within the Qiu-Sterman mechanism [14]. Since it is anyway expected to be small, we will discard it in the following. Employing the same set of Sivers functions that we used for our predictions for the Drell-Yan process above, we then find the results for A_N = dσ^{(1)}_{T U} /dσ_{U U} shown in Fig. 13. We show the asymmetries as functions of the rapidity of jet “1”, and of the jet transverse momentum P_⊥. One can see that the SSA for the di-jet correlation can become very large, in particular in the forward rapidity region. Asymmetries of this size should be relatively easily measurable in the future. We also note that the asymmetry has opposite sign compared to that for Drell-Yan dimuon production discussed earlier. The reason for this is that u-quark contributions dominate in Drell-Yan, thanks to their large electromagnetic charge, whereas for di-jets, d-quark contributions are not chargesuppressed and in fact dominate, keeping in mind that the analysis of the HERMES data appears to favor a large d quark Sivers function. The opposite signs of the Sivers up and down quark distributions we found in Eq. (19) then explains the opposite signs of the spin asymmetries for Drell-Yan and di-jets. We note that if the two jets are within the central rapidity region, our prediction for the asymmetry is much smaller. As mentioned above, the gluon Sivers function could dominate the asymmetry in this region [33].

We stress again that if factorization can be shown for the Sivers SSA in di-jet production, it is likely that the structure of the resulting expression may differ from the one we use. In particular, there will be calculable factors that represent the non-universality of the Sivers functions related to the process dependence of the gauge links, leading effectively to modified partonic hard-scattering functions [34], at variance with our use of the standard unpolarized ones. As a test, we have also used the modified partonic cross sections derived in [34]. We find relatively small changes in the results we obtain. Unfortunately, however, this is not really representative: the cross sections given in [34] are only for the quark-(anti)quark scattering channels, whereas the dominant contribution in our calculation mostly comes from qg scattering (with the gluon from the unpolarized proton). It remains to be seen to what extent eventually our predictions will change, once the process-dependence for the Sivers functions in di-jet correlations is completely understood.

We finally note that it would also be interesting – in particular for measurements with the PHENIX detector – to study correlations between hadrons in opposite jets. Such di-hadron correlations could serve as surrogates for the di-jet correlations we have discussed above. In this case there will, however, also be contributions from the Collins mechanism.

FIG. 13: Sivers asymmetries for di-jet correlations at RHIC, as functions of rapidity y_1 and transverse momentum P_⊥.

C. Jet-Photon Correlations in p^↑p → jet + γ + X

It is straightforward to extend the analysis of di-jet correlations discussed above to the case of jet-plus-photon correlations. We simply need to implement the cross sections for the appropriate Born-level partonic scatterings qq̄ → γg and qg → γq in Eq. (36). Although events with a photon suffer from smaller rates than two-jet events, they would offer additional information on the Sivers functions. It is also likely that proofs of factorization are more easily obtained here, since the reactions qq̄ → γg and qg → γq each have only a single color structure. Figure 14 shows results for the single-spin asymmetry for jet-photon correlations for the same kinematics as for the di-jet case in Fig. 13. Variables with the subscript “1” denote photon variables. Again, sizable asymmetries are seen, in particular at forward rapidities. The asymmetries are somewhat smaller than the ones we found for di-jets. This is a result of cancellations between our Sivers u and d functions, due to the larger weighting factor 4/9 that the u-quark contributions now have for the prompt-photon case.

IV. CONCLUSIONS

In this paper we have studied single-transverse spin asymmetries in semi-inclusive deep inelastic scattering and at hadron colliders. We have analyzed the Sivers and Collins con-

FIG. 14: Sivers asymmetries for jet-photon correlations at RHIC, as functions of photon rapidity y_1 and transverse momentum P_⊥.

tributions to the spin asymmetry in SIDIS, and fitted simple parameterizations of the corresponding functions to recent data from HERMES. These fits work well and also turn out to be consistent with COMPASS measurements of the asymmetries in DIS off a deuteron target. For the Sivers functions, we found dominance of the down-quark distribution over the up-quark one. The Sivers-d density in SIDIS turns out to be positive, while the u-quark distribution comes out negative. Concerning the Collins functions, we have found that current data do not yet pin down the relative size of “favored” and “unfavored” functions, which is also due to the fact that the transversity densities are not yet known. We have also given theoretical arguments that the “favored” and “unfavored” Collins functions could be of similar size, and of opposite sign.

We have then investigated Sivers-type single-spin asymmetries at hadron colliders, focusing on the Drell-Yan process and on di-jet and jet-photon correlations, all in circumstances where there is a small measured transverse momentum, but the process is overall characterized by a large scale. Using the Sivers functions obtained from the analysis of the HERMES data, we have made predictions for single-spin asymmetries for these processes. We find relatively large asymmetries, in particular at forward rapidities of the observed final state. Such asymmetries should be measurable with dedicated efforts at RHIC. Besides the additional valuable information they would give on the Sivers functions and therefore on the structure of the nucleon, they would also provide a test of our theoretical understanding of “naively time-reversal-odd” phenomena in QCD. The crucial issues in this are the factorization of the corresponding cross sections, and the universality of the Sivers functions, on both of which further theoretical work is required.

Acknowledgments

We thank Elke Aschenauer, Delia Hasch, and Gunar Schnell for providing the HERMES data, and for discussions regarding the data. We are grateful to Andrea Bressan for sending us the COMPASS data, and for discussions. We thank Leslie Bland for stimulating discussions on jet-photon correlations. We also thank Harut Avakian, Daniel Boer, Xiangdong Ji, Naomi Makins, and Matthias Grosse-Perdekamp for valuable conversations. We also thank Umberto D’Alesio, Rainer Joosten, and Aram Kotzinian for correspondence and comments. We are finally 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 his work.

Note Added: Upon completion of this paper, we noticed the preprint [55] where also the Sivers functions were fitted to the new HERMES and COMPASS data, and predictions for SSAs in the Drell-Yan process were made. As far as we can see, our results are in qualitative agreement with those of [55], keeping in mind that their sign convention for the Sivers function is opposite to ours and to that in the “Trento conventions”.

[1] see, for example: D. L. Adams et al. [E581 and E704 Collaborations], Phys. Lett. B 261, 201 (1991); D. L. Adams et al. [FNAL-E704 Collaboration], Phys. Lett. B 264, 462 (1991); K. Krueger et al., Phys. Lett. B 459, 412 (1999).

[2] G. Bunce et al., Phys. Rev. Lett. 36, 1113 (1976).

[3] for reviews, see: M. Anselmino, A. Efremov and E. Leader, Phys. Rept. 261, 1 (1995) [Erratum-ibid. 281, 399 (1997)]; V. Barone, A. Drago and P. G. Ratcliffe, Phys. Rept. 359, 1 (2002); S. D. Bass, arXiv:hep-ph/0411005.

[4] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett. 92, 171801 (2004) [arXiv:hep-ex/0310058].

[5] S. S. Adler [PHENIX Collaboration], arXiv:hep-ex/0507073; C. Aidala [PHENIX Collaboration], arXiv:hep-ex/0410003; arXiv:hep-ex/0501054.

[6] F. Videbaek [BRAHMS Collaboration], talk presented at the “13th International Workshop on Deep Inelastic Scattering (DIS 2005)”, Madison, Wisconsin, April 27-May 1, 2005, to appear in the proceedings.

[7] D. Adams et al. [Spin Muon Collaboration (SMC)], Phys. Lett. B 336, 125 (1994); A. Bravar [Spin Muon Collaboration], Nucl. Phys. A 666, 314 (2000).

[8] A. Airapetian et al. [HERMES Collaboration], Phys. Rev. Lett. 84, 4047 (2000); A. Airapetian et al. [HERMES Collaboration], Phys. Rev. D 64, 097101 (2001).

[9] A. Airapetian et al. [HERMES Collaboration], Phys. Rev. Lett. 94, 012002 (2005) [arXiv:hep-ex/0408013].

[10] M. Diefenthaler [HERMES Collaboration], talk presented at the “13th International Workshop on Deep Inelastic Scattering (DIS 2005)”, Madison, Wisconsin, April 27-May 1, 2005, to appear in the proceedings, arXiv:hep-ex/0507013.

[11] H. Avakian [CLAS Collaboration], talk presented at the RBRC workshop “Single-Spin Asymmetries”, Brookhaven National Laboratory, Upton, New York, June 1-3, 2005, to appear in the proceedings.

[12] V. Y. Alexakhin et al. [COMPASS Collaboration], Phys. Rev. Lett. 94, 202002 (2005) [arXiv:hep-ex/0503002].

[13] A. V. Efremov and O. V. Teryaev, Sov. J. Nucl. Phys. 36, 140 (1982) [Yad. Fiz. 36, 242 (1982)]; A. V. Efremov and O. V. Teryaev, Phys. Lett. B 150, 383 (1985).

[14] J. Qiu and G. Sterman, Phys. Rev. Lett. 67, 2264 (1991); Nucl. Phys. B 378, 52 (1992); Phys.

Rev. D 59, 014004 (1999).

[15] J. P. Ralston and D. E. Soper, Nucl. Phys. B 152, 109 (1979).

[16] J. C. Collins and D. E. Soper, Nucl. Phys. B 193, 381 (1981) [Erratum-ibid. B 213, 545 (1983)]; Nucl. Phys. B 197, 446 (1982).

[17] J. C. Collins and D. E. Soper, Nucl. Phys. B 194, 445 (1982). [18] J. C. Collins, D. E. Soper and G. Sterman, Nucl. Phys. B 250, 199 (1985). [19] D. W. Sivers, Phys. Rev. D 41, 83 (1990); Phys. Rev. D 43, 261 (1991). [20] J. C. Collins, Nucl. Phys. B 396, 161 (1993) [arXiv:hep-ph/9208213]. [21] A. Kotzinian, Nucl. Phys. B 441, 234 (1995) [arXiv:hep-ph/9412283].

[22] M. Anselmino, M. Boglione and F. Murgia, Phys. Lett. B 362, 164 (1995) [arXiv:hep-ph/9503290]; M. Anselmino and F. Murgia, Phys. Lett. B 442, 470 (1998) [arXiv:hep-ph/9808426]; M. Anselmino, M. Boglione, U. D’Alesio, E. Leader and F. Murgia, Phys. Rev. D 71, 014002 (2005).

[23] P. J. Mulders and R. D. Tangerman, Nucl. Phys. B 461, 197 (1996) [Erratum-ibid. B 484, 538 (1997)] [arXiv:hep-ph/9510301]; D. Boer and P. J. Mulders, Phys. Rev. D 57, 5780 (1998) [arXiv:hep-ph/9711485].

[24] S. J. Brodsky, D. S. Hwang and I. Schmidt, Phys. Lett. B 530, 99 (2002); Nucl. Phys. B 642, 344 (2002).

[25] J. C. Collins, Phys. Lett. B 536, 43 (2002).

[26] X. Ji and F. Yuan, Phys. Lett. B 543, 66 (2002); A. V. Belitsky, X. Ji and F. Yuan, Nucl.

Phys. B 656, 165 (2003).

[27] D. Boer, P. J. Mulders and F. Pijlman, Nucl. Phys. B 667, 201 (2003). [28] X. Ji, J. P. Ma and F. Yuan, Nucl. Phys. B 652, 383 (2003) [arXiv:hep-ph/0210430]. [29] M. Burkardt, Phys. Rev. D 66, 114005 (2002) [arXiv:hep-ph/0209179]; Nucl. Phys. A 735, 185 (2004) [arXiv:hep-ph/0302144]; Phys. Rev. D 69, 074032 (2004) [arXiv:hep-ph/0309072]; arXiv:hep-ph/0505189.

[30] R. Seidl [BELLE Collaboration], talk presented at the “13th International Workshop on Deep Inelastic Scattering (DIS 2005)”, Madison, Wisconsin, April 27-May 1, 2005, to appear in the proceedings.

[31] X. Ji, J. P. Ma and F. Yuan, Phys. Rev. D 71, 034005 (2005) [arXiv:hep-ph/0404183]; X. Ji, J. P. Ma and F. Yuan, Phys. Lett. B 597, 299 (2004) [arXiv:hep-ph/0405085]; JHEP 0507, 020 (2005) [arXiv:hep-ph/0503015].

[32] J. C. Collins and A. Metz, Phys. Rev. Lett. 93, 252001 (2004) [arXiv:hep-ph/0408249]. [33] D. Boer and W. Vogelsang, Phys. Rev. D 69, 094025 (2004) [arXiv:hep-ph/0312320]. [34] A. Bacchetta, C. J. Bomhof, P. J. Mulders and F. Pijlman, arXiv:hep-ph/0505268. [35] M. Glück, E. Reya and A. Vogt, Z. Phys. C 67, 433 (1995). [36] S. Kretzer, Phys. Rev. D 62, 054001 (2000) [arXiv:hep-ph/0003177]. [37] A. V. Efremov, K. Goeke, S. Menzel, A. Metz and P. Schweitzer, Phys. Lett. B 612, 233 (2005) [arXiv:hep-ph/0412353].

[38] M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F. Murgia and A. Prokudin, Phys.

Rev. D 71, 074006 (2005) [arXiv:hep-ph/0501196].

[39] A. V. Efremov, K. Goeke and P. Schweitzer, arXiv:hep-ph/0412420; and talk given by P.

Schweitzer at the “SIR05 Workshop”, JLab, May 15-18, Newport News, Viginia. [40] A. Bacchetta, U. D’Alesio, M. Diehl and C. A. Miller, Phys. Rev. D 70, 117504 (2004) [arXiv:hep-ph/0410050].

[41] D. Boer, S. J. Brodsky and D. S. Hwang, Phys. Rev. D 67, 054003 (2003) [arXiv:hep-ph/0211110]; L. P. Gamberg, G. R. Goldstein and K. A. Oganessyan, Phys. Rev. D 67, 071504 (2003) [arXiv:hep-ph/0301018]; F. Yuan, Phys. Lett. B 575, 45 (2003) [arXiv:hep-ph/0308157]; A. Bacchetta, A. Schäfer and J. J. Yang, Phys. Lett. B 578, 109 (2004) [arXiv:hep-ph/0309246]; Z. Lu and B. Q. Ma, Nucl. Phys. A 741, 200 (2004) [arXiv:hep-ph/0406171].

[42] O. Martin, A. Schäfer, M. Stratmann, and W. Vogelsang, Phys. Rev. D57, 3084 (1998); D60, 117502 (1999).

[43] J. Soffer, Phys. Rev. Lett. 74, 1292 (1995) [arXiv:hep-ph/9409254].

[44] A. Bacchetta, R. Kundu, A. Metz and P. J. Mulders, Phys. Lett. B 506, 155 (2001) [arXiv:hep-ph/0102278]; Phys. Rev. D 65, 094021 (2002) [arXiv:hep-ph/0201091]; L. P. Gamberg, G. R. Goldstein and K. A. Oganessyan, Phys. Rev. D 68, 051501 (2003) [arXiv:hep-ph/0307139]; A. Bacchetta, A. Metz and J. J. Yang, Phys. Lett. B 574, 225 (2003) [arXiv:hep-ph/0307282]; D. Amrath, A. Bacchetta and A. Metz, Phys. Rev. D 71, 114018 (2005) [arXiv:hep-ph/0504124].

[45] A. Schäfer and O. V. Teryaev, Phys. Rev. D 61, 077903 (2000) [arXiv:hep-ph/9908412]. [46] X. Artru, J. Czyzewski and H. Yabuki, Z. Phys. C 73, 527 (1997) [arXiv:hep-ph/9508239]; see also, N. Makins, for example, talks given at the RBRC workshop “Single-Spin Asymmetries”, June 1-3, 2005, and the RHIC & AGS Users Meeting, June 20-24, 2005, Brookhaven National Laboratory, Upton, New York.

[47] see: CERN Program Library, http://wwwasd.web.cern.ch/wwwasd/cernlib/ [48] see, for example, A. Miller, talk given at the Trento “International Workshop on Transversity:

New Developments in Nucleon Spin Structure”, June 13-18, 2004, ECT^∗, Trento, Italy. [49] A. Metz, Phys. Lett. B 549, 139 (2002).

[50] C. J. Bomhof, P. J. Mulders and F. Pijlman, Phys. Lett. B 596, 277 (2004) [arXiv:hep-ph/0406099].

[51] GSI-PAX Collab., P. Lenisa and F. Rathmann (spokespersons) et al., Technical Proposal, arXiv:hep-ex/0505054; arXiv:hep-ex/0412078.

[52] A. Bianconi and M. Radici, arXiv:hep-ph/0504261. [53] J. F. Owens, Rev. Mod. Phys. 59, 465 (1987).

[54] H. Contopanagos, E. Laenen and G. Sterman, Nucl. Phys. B 484, 303 (1997) [arXiv:hep-ph/9604313]; N. Kidonakis and G. Sterman, Nucl. Phys. B 505, 321 (1997) [arXiv:hep-ph/9705234]; N. Kidonakis, G. Oderda and G. Sterman, Nucl. Phys. B 525, 299 (1998) [arXiv:hep-ph/9801268]; Nucl. Phys. B 531, 365 (1998) [arXiv:hep-ph/9803241]; R. Bonciani, S. Catani, M. L. Mangano and P. Nason, Phys. Lett. B 575, 268 (2003) [arXiv:hep-ph/0307035].

[55] M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F. Murgia and A. Prokudin, arXiv:hep-ph/0507181.