arXiv:0911.2146v1 [hep-ph] 11 Nov 2009

Next-to-Leading Order QCD Corrections to Heavy Quark Correlations in Longitudinally Polarized Hadron-Hadron Collisions

Johann Riedl^∗ and Andreas Schäfer^† Institut für Theoretische Physik, Universität Regensburg, 93040 Regensburg, Germany

Marco Stratmann^‡ Institut für Theoretische Physik, Universität Regensburg, 93040 Regensburg, Germany Institut für Theoretische Physik und Astrophysik, Universität Würzburg, 97074 Würzburg, Germany

We present a comprehensive phenomenological study of heavy flavor distributions and correlations in longitudinally polarized proton-proton collisions at BNL-RHIC. All results are obtained with a flexible parton-level Monte Carlo program at next-to-leading order accuracy and include the fragmentation into heavy mesons, their subsequent semi-leptonic decays, and experimental cuts. Nextto-leading order QCD corrections are found to be significant for both cross sections and double-spin asymmetries. The sensitivity of heavy flavor measurements at BNL-RHIC to the gluon polarization of the nucleon is assessed. Electron-muon and muon-muon correlations turn out to be the most promising observables. Theoretical uncertainties are estimated by varying renormalization and factorization scales, heavy quark masses, and fragmentation parameters.

PACS numbers: 12.38.Bx, 13.88.+e

I. MOTIVATION AND INTRODUCTION

Recent results from longitudinally polarized leptonnucleon scattering experiments [1, 2, 3, 4] and, in particular, for single-inclusive pion and jet production in helicity-dependent proton-proton (pp) collisions at the Relativistic Heavy Ion Collider (RHIC) [5, 6] have started to put significant limits on the amount of gluon polarization in the nucleon [7, 8].

This is best quantified in a “global QCD analysis”, which treats all available experimental probes simultaneously and consistently at a given order in the strong coupling α_s in perturbative QCD (pQCD). It allows one to extract the set of universal, spin-dependent parton distribution functions, defined as Δf(x, μ) ≡ f_+(x, μ) − f_−(x, μ) , (1) that yields the optimum theoretical description of the combined data. In (1), f_+ (f_−) denotes the probability of finding a parton of flavor f = q, q̄, g at a resolution scale μ with light-cone momentum fraction x and helicity + (−) in a proton with helicity +.

Our current understanding of the spin structure of the nucleon is derived from Eq. (1) by taking the first moments of the densities Δf(x, μ). These quantities enter the helicity sum rule of the nucleon along with the contributions from the orbital angular momenta of quarks and gluons [7]. Specifically, the total gluon polarization

∗Electronic address: johann.riedl@physik.uni-r.de †Electronic address: andreas.schaefer@physik.uni-r.de ‡Electronic address: marco@ribf.riken.jp

is given by Δg(μ) ≡ ∫_1 0 Δg(x, μ)dx , (2) and the challenge is to precisely map the gluon helicity density Δg(x, μ) in a wide range of x in order to minimize extrapolation uncertainties in the first moment Δg(μ).

A first global QCD analysis of polarized parton densities Δf(x, μ) at next-to-leading order (NLO) accuracy was completed recently [8]. It was based on the worlddata on polarized inclusive and semi-inclusive deepinelastic scattering, which are pivotal in constraining the quark and antiquark densities [7], as well as on the latest RHIC pp measurements [5, 6] mentioned above. The conclusion is that available results from all lepton-nucleon scattering experiments and the RHIC spin program are in nice agreement. This underpins the notion of factorization also for spin-dependent hard scattering processes, which is the foundation for most pQCD calculations and their predictive power. The polarized gluon density Δg(x, μ) turns out to be compatible with zero in the range of momentum fractions, 0.05 ≲ x ≲ 0.2, accessible to experiments so far. However, it is still impossible to give a reliable estimate for the total gluon polarization Δg(μ) [8]. A significant contribution to the integral in Eq. (2) can still come from the unexplored small x region. Hence, the fundamental question of what constitutes the proton spin still remains largely unanswered, despite the fact that impressive progress, both theoretically and experimentally, was made in the past two decades. Back then, it was discovered that only an unexpectedly small fraction, about a quarter, of the proton’s spin can be attributed to the intrinsic spin of quarks and antiquarks [7].

Narrowing down the uncertainties on Δg(x, μ) and, at the same time, extending the range in x continues to be the main objective of experimental efforts in the years to come, utilizing both longitudinally polarized leptonnucleon and proton-proton scattering. With higher luminosities becoming available at RHIC, less inclusive final-states like jet-jet correlations will be instrumental in achieving this goal as they give a much better handle on the x range probed in experiment [9]. Also, rare probes like prompt photons and heavy quarks come into focus. Both will not be able to compete with single-inclusive pion or jet measurements with respect to statistical precision, but they follow rather different underlying QCD hard scattering dynamics. Therefore, such measurements are crucial for further testing and establishing the universality of helicity-dependent parton densities and hence for our understanding of the spin structure of the nucleon and QCD in general.

In this paper, we present a comprehensive phenomenological analysis of open heavy flavor production in longitudinally polarized pp collisions at RHIC. Until vertex detector upgrades are in place, RHIC experiments will identify heavy quarks through their semi-leptonic decay electron or muon spectra, which receive contributions from both charm and bottom hadron decays, or by direct reconstructions of hadronic D meson decays. Since heavy flavors are a versatile probe of high-density medium effects in nucleus-nucleus collisions, such as modifications of the transverse momentum spectra [10], various reference data have been taken at RHIC in unpolarized pp collisions [11, 12]. Similar measurements are intended with longitudinally polarized protons [13].

To reduce the uncertainties from deconvoluting experimental results for decay lepton spectra back to the heavy quark level, all theoretical calculations should be done as close as possible to the observational level. This was achieved, e.g., in a recent phenomenological study of unpolarized charm and bottom production at RHIC [14]. For the simplest example of a single-inclusive electron spectrum from semi-leptonic decays of a heavy meson H_Q, the corresponding invariant cross section takes schematically the following form E_e d^3(Δ)σ^e dp^3_e = E_Q d^3(Δ)σ^Q dp^3_Q ⊗ D^{Q→HQ} ⊗ f^{HQ→e} , (3) where the symbol ⊗ denotes a convolution. The cross section d(Δ)σ^Q for the production of a heavy quark Q with mass m_Q, energy E_Q, and momentum p_Q in (polarized) pp collisions can be evaluated within pQCD. NLO QCD corrections, which are essential for any meaningful, quantitative analysis, are known, both in the unpolarized [15, 16] and polarized [17] case, for quite some time. We note that the longitudinally polarized hadronic cross section is defined as the combination dΔσ^Q ≡ 1 2 [dσ^Q_{++} − dσ^Q_{+−}] , (4)

where the subscripts ± label the helicity states of the colliding hadrons. The result for d(Δ)σ^Q depends on the choice of non-perturbative (helicity-dependent) parton densities, the value of m_Q, and on the unphysical factorization (μ_f ) and renormalization (μ_r) scales. The sensitivity of the cross section to variations of μ_{f,r} can be taken as a rough estimate of the theoretical uncertainty due to the truncation of the perturbative series at a certain order. Likewise, variations of m_Q contribute to the theoretical ambiguities as well. We will assess all these sources of uncertainties in our detailed numerical studies.

The other two ingredients to Eq. (3), are the fragmentation D^{Q→HQ} of the heavy quark Q into a heavy meson H_Q and the semi-leptonic decay f^{HQ→e} of H_Q into the experimentally observed electrons e. Since m_Q cuts off final-state collinear singularities associated with the heavy quark, its hadronization D^{Q→HQ} is fundamentally different from those for light quarks and gluons. In the latter case, scale-dependent parton-to-hadron fragmentation functions [18] have to be introduced by virtue of the factorization theorem. The non-perturbative transition Q → H_Q is described by various phenomenological models for a scale independent function D^{Q→HQ} , whose parameters are determined from fits to e^+e^− data [19]. For our phenomenological studies, we use the functional form proposed in Ref. [20], with its single parameter taken in the range given in [19]. In addition, a fixed order pQCD calculation of d(Δ)σ^Q in Eq. (3) can be supplemented by all-order resummations of quasi-collinear logarithms of the form α^n_s log^n(p^Q_T /m_Q) [21], which can be large if the transverse momentum p^Q_T of the produced heavy quark is much larger than its mass. For the time being, we do not pursue similar resummations for the polarized hadroproduction of heavy quarks since p^Q_T ≃ m_Q for all phenomenologically relevant applications at RHIC. We adopt the parameterization of the semi-leptonic decay spectrum f^{HQ→e} obtained in Ref. [14] from a fit to BaBar and CLEO data [22] and used in unpolarized analyses of heavy quark production at RHIC [14].

The expression in Eq. (3) can be easily generalized to the important case of heavy quark or decay lepton correlations. As will be demonstrated in some detail below, such measurements appear to be more promising for accessing the gluon polarization at RHIC than singleinclusive decay electron or muon spectra. To make theoretical calculations for such observables feasible at NLO accuracy, we develop a flexible parton-level Monte Carlo program to perform all phase-space integrations numerically. For the subtraction of soft and collinear divergences present at intermediate stages, we follow closely the methods devised in Ref. [23] for the computation of heavy flavor correlations in unpolarized hadron-hadron collisions.

Our Monte Carlo code is capable of computing any infrared safe heavy flavor cross section at O(α^3_s ), including correlations of the QQ̄ pair and control of the accompanying jet, with the same kinematic cuts as used in experiment. The hadronization of the QQ̄ pair into heavy mesons and their subsequent semi-leptonic decays are modeled as outlined above. Our results complement and significantly extend previous spin-dependent NLO calculations of single-inclusive heavy (anti)quark yields and of the heavy quark charge asymmetry based on largely analytical methods [17, 24], where any information on the partonic recoil system was lost. The required spindependent matrix elements squared at O(α^3_s ) for producing a QQ̄ pair plus a light parton, gg → QQ̄g , qq̄ → QQ̄g , gq(q̄) → QQ̄q(q̄) , (5) as well as the virtual corrections to the O(α^2_s ) Born cross sections, gg → QQ̄ , qq̄ → QQ̄ , (6) can be taken from Ref. [17]. Expressions obtained in d = 4 − 2ε dimensional regularization are required only in the singular regions of phase-space, and ε can be set to zero otherwise.

After appropriate modifications, the results obtained in this work can be used also as the “resolved” photon contribution to the spin-dependent photoproduction of heavy quarks at NLO. A similar parton-level Monte Carlo program including both direct and resolved photon processes will be presented in a forthcoming publication [25]. It will allow one to include existing data on spindependent charm photoproduction [4] into future global QCD analyses of polarized parton densities. NLO expressions for the point-like, “direct” photon part of the cross section can be adapted from [26]; see also [27].

The outline of the paper is as follows: in Sec. II we briefly review some of the technical aspects of setting up a parton-level Monte Carlo program for heavy flavor production in polarized hadron-hadron collisions at NLO accuracy. Some additional technical details can be found in the Appendix. In Sec. III we present a detailed phenomenological study of heavy flavor production in polarized pp collisions at RHIC, focussing on experimentally relevant decay lepton, electron or muon, distributions and correlations within the kinematic acceptance of the PHENIX and STAR experiments at RHIC. We assess theoretical uncertainties due to variations of μ_f and μ_r, the heavy quark mass m_Q, and parameters related to modeling the fragmentation process. Finally, we give predictions for double-spin asymmetries and discuss their potential in further constraining helicity-dependent parton densities, in particular, Δg(x, μ). We summarize our results in Sec. IV.

II. TECHNICAL FRAMEWORK

We consider heavy quark hadroproduction in longitudinally polarized pp collisions at O(α^3_s ) in QCD. All phase-space integrations are performed numerically with Monte Carlo techniques. This enables us to compute any observable involving heavy quarks within experimental acceptance cuts, including single-inclusive distributions, correlations among the heavy quark-antiquark pair, and, although not pursued in this work, with the associated hard jet present for the first time at O(α^3_s ). This significantly extends available calculations [17, 24] based on largely analytical integrations over the variables characterizing the partons recoiling from the observed singleinclusive heavy quark or antiquark.

In the integration of the fully exclusive partonic cross sections for the processes in Eqs. (5) and (6) at O(α^3_s ), one has to deal with ultraviolet, infrared, and collinear divergences, which have to be eliminated before any numerical approach can be used. To this end, we follow closely the subtraction method devised and used in Ref. [23] to compute the unpolarized production of a QQ̄ pair. The subtraction method is based on adding and subtracting counter terms which approximate the real emission processes in (5) in the singular regions of phase-space and are integrable with respect to the momentum of an unresolved parton. In this Section, we briefly review the technical aspects relevant to extend and apply the subtraction method of [23] to heavy quark hadroproduction in longitudinally polarized pp collisions and discuss the numerical implementation. For further details, we refer the reader to Ref. [23]. We note that a general formulation of the dipole subtraction method for NLO calculations with massive partons in QCD and supersymmetric QCD has been developed in [28].

Assuming, as usual, factorization, the cross section (4) for producing a heavy QQ̄ pair in longitudinally polarized pp collisions at a center-of-mass system (c.m.s.) energy √ S can be written as a convolution,

dΔσ^Q = ∑ a,b ∫ dx_1dx_2Δf_a(x_1, μ_f )Δf_b(x_2, μ_f ) S

× dΔσ̂_{ab}(x_1, x_2, S, m_Q, k_1, k_2, μ_f , μ_r) , (7)

where the Δf_{a,b}(x_{a,b}, μ_f ) denote the spin-dependent parton distribution functions of flavor a, b at momentum fraction x_{a,b} and scale μ_f , as defined in Eq. (1). The sum in (7) is over all contributing partonic processes ab → QQ̄c to O(α^3_s ) with dΔσ̂_{ab} the associated polarized hard scattering cross sections. They are defined in complete analogy to Eq. (4) and can be computed perturbatively as a series in the strong coupling α_s. Parton c is either a gluon or a light (anti)quark producing the associated jet possible at O(α^3_s ). k_{1,2} denote the momenta of the heavy quark Q and antiquark Q̄ with mass m_Q, i.e., k^2_{1,2} = m^2_Q.

The required spin-dependent matrix elements squared at O(α^3_s ) in d = 4 − 2ε dimensional regularization for the processes in (5) and (6) can be taken from Ref. [17]. Starting from the NLO level, the subprocess cross sections dΔσ̂_{ab} in (7) depend explicitly on the renormalization and factorization scale μ_r and μ_f , arising from the subtraction of ultraviolet and collinear singularities, respectively. Infrared (soft gluon) divergences cancel among real emission and virtual loop corrections.

In Eq. (7), S is the “measurement function” used to define the observable one is interested in. One can think of S as being a set of step functions implementing the experimental cuts imposed on the final-state particles and selecting a certain bin in a histogram. As mentioned in the Introduction, charm and bottom quarks are currently detected only indirectly at RHIC, mainly through the semi-leptonic decays of the produced heavy D and B mesons. Thus, the cross section (7) at the heavy quarklevel is not yet sufficient for comparing theory with experimental results. As indicated in Eq. (3), one needs to convolute the parton-level results for dΔσ^Q with additional phenomenological functions D^{Q→HQ} and f^{HQ →e} describing the hadronization into a heavy meson H_Q and the semi-leptonic decay of H_Q into the observed lepton, respectively. Our flexible parton-level Monte Carlo program not only performs the phase-space integrations for arbitrary S for any infrared safe observable but can also account for the semi-leptonic decays of the heavy quark pair into electrons and muons. We specify our choice for D^{Q→HQ} and f^{HQ→e} in Sec. III A.

For the implementation of Eq. (7) in a numerically efficient integration it is convenient to express the threebody phase-space and the matrix elements squared for the 2 → 3 processes listed in (5) in terms of variables in which soft and collinear singularities can be identified easily. Instead of choosing the usual set of five independent scalar products (or Mandelstam variables) of the parton momenta in ab → QQ̄c, this is achieved by introducing x, y, θ_1, θ_2, and s = x_1x_2S [23]. They are defined as follows: x = (k_1 + k_2)^2/s, the invariant mass of the QQ̄ pair scaled by the available partonic c.m.s. energy squared, i.e., ρ ≡ 4m^2_Q/s ≤ x ≤ 1, and y is the cosine of the angle between the z-direction, aligned with the spatial direction of parton a, and ⃗k_3, the momentum of parton c, in the c.m.s. of the incoming partons, i.e., −1 ≤ y ≤ 1. Soft and collinear regions of phase-space are associated with x = 1 and y = ±1, respectively. Both θ_1 and θ_2 do not matter for this discussion. They range between 0 and π and are used to parameterize the spatial orientation of k_{1,2} with respect to the plane span by the other three momenta in the c.m.s. of the QQ̄ pair, see [23] for an explicit parameterization of the momenta.

The d-dimensional three-body phase-space expressed in terms of the variables x, y, θ_1, θ_2, and s reads

dPS_3 = 1 Γ(1 − 2ε)

2^{−9+6ε}π^{−4+2ε}s^{1−2ε}β^{1−2ε}_x × x^{−ε}(1 − x)^{1−2ε}dx (1 − y^2)^{−ε}dy × sin^{1−2ε} θ_1 dθ_1 sin^{−2ε} θ_2 dθ_2 , (8)

which agrees with the result in [23] and where we have introduced β_x = [1 − 4m^2_Q/(sx)]^{1/2}. Γ(z) represents the Gamma function.

The contribution of the 2 → 3 real emission processes in (5) is then given by

dΔσ̂_{ab} = Δ|M_{ab}|^2 dPS_3 , (9)

where the spin-dependent amplitude squared, Δ|M_{ab}|^2, includes the partonic flux factor 1/(2s) and is summed over final-state color and spin degrees of freedom and averaged over the color of the interacting partons a, b [17]. Soft (x = 1) and collinear (y = ±1) singularities in Δ|M_{ab}|^2 appear as

Δ|M_{ab}|^2 = Δf_{ab}(s, m_Q, x, y, θ_1θ_2) s^2(1 − x)^2(1 − y^2)

, (10)

where Δf_{ab} is regular for x = 1 and y = ±1. The qg process in (5) can have only collinear singularities at NLO. Due to the finite mass m_Q, there can be no collinear gluon radiation from a heavy quark (“dead cone”).

Upon inserting (8) and (10) into (9), one can proceed by expanding the resulting (1−x)^{−1−2ε} and (1−y^2)^{−1−ε} for small ε as shown in Ref. [23],

(1 − x)^{−1−2ε} = − β̃−4ε 2ε δ(1 − x) + ( 1 1 − x ) ρ̃ − 2ε ( log(1 − x) 1 − x ) ρ̃ + O(ε^2) ,

(1 − y^2)^{−1−ε} = −[δ(1 + y) + δ(1 − y)] (2ω)^{−ε} 2ε + 1 2 [( 1 1 − y ) ω + ( 1 1 + y ) ω ] + O(ε) , (11)

where β̃ = √ 1 − ρ̃. Explicit expressions for the distributions [1/(1 − x)]_{ρ̃}, . . . in (11) are collected in Eq. (30) of the Appendix. The choice of the parameters ρ̃ and ω is to some extent arbitrary and will be discussed at the end of this Section. Using Eq. (11), the subprocess cross sections for ab → QQ̄c at O(α^3_s ) can be decomposed as

dΔσ̂_{ab} = dΔσ̂^{(b)}_{ab} + dΔσ̂^{(c+)}_{ab} + dΔσ̂^{(c−)}_{ab}

+ dΔσ̂^{(s)}_{ab} + dΔσ̂^{(v)}_{ab} + dΔσ̂^{(f )}_{ab} . (12)

Here, dΔσ̂^{(b)}_{ab} and dΔσ̂^{(v)}_{ab} denote the O(α^2_s ) Born contribution and the O(α^3_s ) one-loop corrections to the gg and qq̄ scattering processes in (6), respectively. Analytic expressions for the virtual contributions in d dimensions, with ultraviolet divergences being subtracted at a renormalization scale μ_r, have been obtained in Ref. [17].

In Eq. (12), dΔσ̂^{(s)}_{ab} is the soft component of the gg or qq̄ scattering cross section, which can be either evaluated by explicitly taking the soft gluon limit of the full d-dimensional matrix elements squared computed in Ref. [17] or constructed using general properties of soft gluon emission in QCD, see, e.g., [23]. In the limit x → 1, the kinematics simplifies, and phase-space integrations can be performed analytically. The relevant integrals are the same as for unpolarized heavy flavor hadroproduction and can be found, e.g., in App. A of Ref. [23]. One obtains

dΔσ̂^{(s)}_{ab} = −

Γ(1 − ε) Γ(1 − 2ε) (4π)^{ε−3}s^{−1−ε}β̃^{−4ε} × 1 ε Δf^{(s)}_{ab} (s, m_Q, θ_1)dPS_2 . (13)

Explicit expressions for dΔσ̂^{(s)}_{ab} and, for completeness, the standard two-body phase-space factor dPS_2 in d dimensions are given in the Appendix.

All 2 → 3 processes in (5) exhibit singularities related to collinear splittings off the incoming partons. Again, for such configurations the kinematics collapses to the simpler case of 2 → 2 scattering, and these contributions, summarized by dΔσ̂^{(c±)}_{ab} in Eq. (12), can be evaluated analytically. As for the soft contribution, one can either start by taking the collinear (y → ±1) limit of the full, d-dimensional 2 → 3 matrix elements taken from Ref. [17] or by deriving the expressions from scratch. After combining the relevant matrix elements with dPS_3 in Eq. (8), taking the limit y → ±1, and integrating over θ_2 one obtains

dΔσ̂^{(c±)}_{ab} = −(4π)^{ε−2}Γ[1 + ε] ( 2 ω )_ε s^{−1−ε} 4ε dPS^x_2 × [( 1 1 − x ) ρ̃ − 2ε ( log(1 − x) 1 − x ) ρ̃ ]

× Δf^{(c±)}_{ab} (s, m_Q, x, θ_1) , (14)

where dP S^x_2 = dP S_2 | |_{s→xs}dx. The superscript ± in

dΔσ̂^{(c±)}_{ab} distinguishes the two configurations with y = +1 and y = −1, where parton c is emitted collinearly to the momentum of parton a and b, respectively. The relevant Δf^{(c±)}_{ab} are again collected in the Appendix.

The last term in Eq. (12), dΔσ̂^{(f )}_{ab} , contains all the finite contributions after using the expansions (11) for (1 − x)^{−1−2ε} and (1 − y^2)^{−1−ε}, and the phase-space integration can be performed numerically in four dimensions, i.e., with ε → 0. One obtains

dΔσ̂^{(f )}_{ab} = 1 2^{10}π^4s ( 1 1 − x ) ρ̃ [( 1 1 − y ) ω + ( 1 1 + y ) ω ]

× β_x sin θ_1dθ_1 dθ_2 dx dy × Δf_{ab}(s, m_Q, x, y, θ_1, θ_2) . (15) As can be seen, all soft and collinear singularities are regulated by the ρ̃- and ω-prescriptions defined in (30).

The resulting 1/ε divergence in (14) assumes the form dictated by the factorization theorem, i.e., a convolution of d-dimensional helicity-dependent LO splitting functions ΔP_{ij} (x) and Born matrix elements Δ|M_{ab}|^2. Due to the collinear splitting, the latter have to be evaluated at a “shifted kinematics” where parton a (or b) carries only a fraction x of its original momentum, i.e., s → xs and dPS_2 → dPS^x_2 ; see Eqs. (38)-(43) in the Appendix, where, for convenience, also the Born cross sections and the LO ΔP_{ij} (x) are listed. Collinear singularities are factorized into the bare parton distribution functions at a scale μ_f by adding an appropriate “counter cross section” to (14) which to O(α^3_s ) schematically reads

dΔσ̂^{c̃}_{ab}(μ_f ) = − α_s 2π ∑ i ∫ dx x [ ΔP_{ia}(x, μ_f )dΔσ̂^{(b)}_{ib} (xs) + ΔP_{ib}(x, μ_f )dΔσ̂^{(b)}_{ai} (xs) ] , (16) where

P_{ij} (x, μ_f ) = ΔP_{ij} (x)[− 1 ε + γ_E − ln 4π + ln μ^2_f μ^2

] + Δg_{ij} (x).

(17) The sum in (16) is over all possible collinear configurations involving one of the initial-state partons a, b. The argument xs of the Born cross sections dΔσ̂^{(b)}_{ai} in (16) indicates that they have to be evaluated at the shifted kinematics as discussed above. In Eqs. (16) and (17), the Euler constant γ_E and ln 4π, both, like the scale μ, artifacts of dimensional regularization, are subtracted along with the 1/ε singularity. The factorization scheme is fully determined by the choice of Δg_{ij} , for which we take Δg_{qq} = −4C_F (1 − x) with C_F = 4/3 and Δg_{ij} = 0 otherwise. This guarantees helicity conservation when the HVBM prescription for γ_5 in d dimensions is adopted to project onto definite helicity states [29] and defines the MS scheme in the polarized case [30], which we use throughout our calculations. As a consequence of factorization, both the hard scattering cross sections and the parton distribution functions in Eq. (7) depend on the scale μ_f which is arbitrary. μ_f can be chosen differently than the renormalization scale μ_r at which ultraviolet singularities are absorbed into the bare coupling and heavy quark mass.

Note that dΔσ̂^{(s)}_{ab} given in Eq. (13) receives an additional singular contribution from the soft gluon parts of the diagonal splitting functions ΔP_{qq} (x) and ΔP_{gg} (x) in the factorization procedure, which is proportional to δ(1 − x). Only then, all remaining singularities cancel in the sum of dΔσ̂^{(s)}_{ab} and dΔσ̂^{(v)}_{ab} , and the full expression for the subprocess cross section dΔσ̂_{ab} in Eq. (12) is finite in the limit ε → 0.

The numerical evaluation of (7) for different measurement functions S can now be done in parallel with standard Monte Carlo techniques by randomly generating a large sample of final-state configurations characterized by x_1, x_2, x, y, θ_1, and θ_2. The ρ̃ and ω-distributions regulating the singularities in dΔσ̂^{(f )} and the sum of dΔσ̂^{(c±)} and dΔσ̂^{c̃} in Eqs. (15), (14), and (16), respectively, need special attention. To this end, one inserts the definitions of distributions, given in Eq. (30) of the Appendix, into Eqs. (14)-(16) and computes for each phase-space point a set of six correlated weights to account for all possible configurations with x = 1 and y = ±1. The values of the measurement functions S one is interested in are then multiplied by the appropriate weights and accumulated in different histograms. In principle, the choice for the parameters ρ̃ ∈ [ρ, 1[ and w ∈]0, 2[ in (30) does not matter as it only leads to different values for each of the individual, unphysical contributions at O(α^3_s ) on the right-hand-side of Eq. (12) but not for their sum. Large cancellations among the different terms in (12) can take place, however, if ρ̃ is chosen too close to 1 or ω too close to 0 [23].

To validate the numerical implementation of (7), we compare the results obtained with the Monte Carlo tech-

FIG. 1: Comparison of the results of our Monte Carlo code, dΔσMC , with the analytical calculation dΔσan of Refs. [17, 24] for single-inclusive charm production as a function of transverse momentum p^c_T and integrated over all rapidities.

niques outlined above to those of the largely analytical code developed and used in Refs. [17, 24]. Since the analytical calculation is only applicable for singleinclusive heavy quark (or antiquark) hadroproduction, the comparison is done for charm production in longitudinally polarized pp collisions at a c.m.s. energy of √ S = 200 GeV, without any experimental acceptance cuts. Figure 1 shows the difference of the numerical results obtained with both codes, labelled as dΔσ_{MC} and dΔσ_{an}, as a function of the transverse momentum p^c_T of the charm quark, normalized to the analytical calculation dΔσ_{an}. As can be seen, deviations are at a level of a few per cent at most, well within the precision of the Monte Carlo integration for the relatively small sample of phase-space points used in Fig. 1.

Needless to say that all discussions in this Section also apply in the unpolarized case, and the corresponding expressions are obtained by appropriately replacing all helicity-dependent terms by their spin-averaged counterparts. We fully agree with the results given in [23].

III. PHENOMENOLOGICAL STUDIES

A. Preliminaries

Having laid out the technical framework in the previous Section, we now turn to a detailed phenomenological study of heavy flavor hadroproduction in longitudinally polarized pp collisions and their semi-leptonic decays at RHIC. For comparison and to compute experimentally relevant double-spin asymmetries, defined as A_{LL} ≡ dΔσ dσ , (18)

we also present results for the corresponding unpolarized quantities. We study the impact of the NLO QCD corrections on the polarized and unpolarized cross sections and quantify the theoretical uncertainties from different choices for unphysical factorization and renormalization scales, heavy quark masses, and parameters describing the hadronization of the heavy quarks.

We concentrate on observables of immediate relevance for the RHIC spin program with collisions of longitudinally polarized protons at a c.m.s. energy of √ S = 200 GeV. These are single-inclusive transverse momentum distributions of electrons and muons from semileptonic decays of charm and bottom quarks, and, in particular, invariant mass spectra for two leptons observed in coincidence. Such measurements have been already carried out in spin-averaged pp collisions at RHIC [11, 12] and are intended with longitudinally polarized beams once sufficient statistics has been accumulated [13].

We note that the leptons can stem from both charm and bottom quark decays which cannot be separated experimentally until displaced vertex detector upgrades have been installed. Therefore, our results always refer to the sum of charm and bottom production, their hadronization into D and B mesons, including c → D, b → B, and “cascade” b → B → D contributions, and the subsequent semi-leptonic decays of the heavy mesons into the observed leptons. We assume that electrons and muons are detected at central and forward rapidities, |η_e| ≤ 0.35 and 1.2 ≤ |η_μ| ≤ 2.2, respectively, which corresponds to the acceptance of the PHENIX experiment [11, 13].

The fragmentation of the heavy quarks into D and B mesons, i.e., D^{c→D} and D^{b→B} , is modeled by phenomenological functions extracted from fits to e^+e^− data [19]. D and B indicate a generic admixture of charm and bottom mesons. Contrary to fragmentation functions for light quarks and gluons into light mesons [18], the non-perturbative functions describing the hadronization of heavy quarks are very hard, i.e., charm and bottom quarks only lose very little momentum when hadronizing. The main effect of the fragmentation functions is to introduce a shift in the normalization of the heavy meson spectra. It depends mainly on the average momentum fraction z taken by the meson, while the details of the shape of D^{Q→HQ} (z) have a negligible effect [19]. One can expect that ratios of cross sections, like in the experimentally most relevant double-spin asymmetry (18), are much less affected by the actual choice of D^{Q→HQ} (z). We use the functional form of Kartvelishvili-Likhoded- Petrov [20] with a single parameter α_Q controlling the hardness of

D^{Q→HQ} (z) = N_Qz^{αQ} (1 − z) , (19)

where N_Q = (α_Q + 1)(α_Q + 2) to normalize the integral of D^{Q→HQ} (z) to one. We take α_c = 5 and α_b = 15 from

Tab. 4 in Ref. [19] as the default values in Eq. (19) and vary them in the range 3 ≤ α_c ≤ 7 and 10 ≤ α_b ≤ 20, respectively, to estimate the uncertainties associated with the choice of α_Q. As in Ref. [14], the fragmentation is numerically performed by rescaling the heavy quark’s threemomentum by z at a constant angle in the laboratory frame, i.e., ⃗p_{HQ} = z⃗p_Q. The uncertainty introduced by this particular choice for the “scaling variable” z, which is not uniquely defined for D^{Q→HQ} , was shown to be not larger than scale and mass uncertainties [31] and will be not considered further.

The subsequent semi-leptonic decay of the D and B mesons into leptons is controlled by another set of phenomenological functions f^{HQ→e,μ} which need to be extracted from data as well. Here we use the spectra obtained in Ref. [14, 32] based on BaBar and CLEO data [22]. We note that we do not normalize our cross sections with the appropriate branching ratios for D → e, B → e, etc., which are all close to 10% [33]. Of course, branching ratios drop out of experimentally relevant double-spin asymmetries (18).

The main motivation to study heavy flavor production with polarized beams at RHIC is the expected sensitivity to the helicity-dependent gluon density through the tree-level gluon-gluon fusion process, gg → QQ̄, which is known to be dominant for unpolarized collisions up to the largest values of the heavy quark’s transverse momentum currently accessible at RHIC [15, 16].

We will show, however, that the fractional contribution of gluon-gluon fusion to the spin-dependent cross section depends crucially on the assumed set of polarized parton densities. Our default choice is the DSSV set [8], obtained in a global QCD analysis of the latest spin-dependent data, including those from RHIC on single-inclusive pion and jet production [5, 6]. Due to the smallness of Δg(x) in the DSSV set and a node in the x-shape near x ≃ 0.1 [8], the qq̄ annihilation subprocess, qq̄ → QQ̄, turns out to be the dominant mechanism for charm and bottom production in polarized pp collisions at RHIC. This is in sharp contrast to naive expectations based on unpolarized results. For comparison and to study the sensitivity to Δg(x), we adopt also two alternative sets of spin-dependent parton densities, GRSV(std) [34] and DNS(KRE) [35], both characterized by a positive gluon polarization of moderate size. In general, for gluon polarizations from current QCD fits [8, 34, 35] , the double-spin asymmetries for leptons from heavy flavor decays all turn out to be small, often well below the one percent level, making their measurement very challenging. This is in particular true for singleinclusive lepton observables; see below.

Heavy flavor production at RHIC cannot compete with the statistical precision achievable for more abundant probes of the nucleon’s spin structure, like pions and jets [5, 6], which are already used in global fits [8]. Nevertheless, measurements of double-spin asymmetries related to heavy flavor production will be crucial for further testing and establishing the all important concept of factorization and universality for helicity-dependent scattering processes and parton densities, respectively. The underlying dynamics of the partonic scattering processes, i.e., gg → QQ̄ and qq̄ → QQ̄, is very much different as compared to the multitude of QCD processes driving the production of light hadrons [36] or jets [37].

In the computation of the NLO unpolarized cross sections in (18), which proceeds along similar lines as outlined in Sec. II, for details, see Ref. [23], we use the NLO CTEQ6M parton densities [38] and values for the strong coupling α_s. Since the DSSV analysis [8] does not provide a LO set of spin-dependent parton distributions, our LO results always refer to the Born part of the full NLO calculation, i.e., they are computed with NLO parton densities and values for α_s. Strictly speaking this is, of course, inconsistent as it introduces some unwanted scheme dependence into a tree-level quantity. Nevertheless, the LO results should give a faithful estimate of the relevance of NLO corrections. As will be demonstrated below, they turn out to be sizable and rather different for unpolarized and polarized cross sections such that they do not cancel in experimentally relevant double-spin asymmetries.

We take m_c = 1.35 GeV and m_b = 4.75 GeV as reference values for the charm and bottom quark mass and vary them in the range 1.2 ≤ m_c ≤ 1.5 GeV and 4.5 ≤ m_b ≤ 5.0 GeV, respectively, to estimate the resulting mass uncertainties. For the factorization and renormalization scale we take μ_f = μ_r = ξ(m^2_Q + [(p^Q_T )^2 +

(p^{Q̄}_T )^2]/2)^{1/2} with ξ = 1 as the central value. As usual, the sensitivity of the cross section to missing higher order corrections is estimated by varying μ_f and μ_r simultaneously in the range 1/2 ≤ ξ ≤ 2. Following the procedure used for unpolarized charm and bottom production at RHIC in Ref. [14] , we also vary μ_f and μ_r independently in the same range of ξ and combine the ensuing uncertainty with the one stemming from variations of m_{c,b} in quadrature. Unless stated otherwise, we use the central values for μ_f , μ_r, m_{c,b}, and α_{c,b} given above.

B. Heavy Flavor Cross Sections And Correlations

We begin our detailed numerical studies with a discussion of unpolarized and polarized cross sections for various decay lepton distributions accessible at RHIC.

Figure 2 shows the single-inclusive transverse momentum spectrum of electrons from charm and bottom decays in LO and NLO accuracy, integrated over the angular acceptance of the PHENIX detector, i.e., |η_e| ≤ 0.35 [11]. Similar results are obtained for the STAR experiment [12] with its larger acceptance for electrons at central rapidities, |η_e| < 1, and hence not shown. The transverse momentum p^e_T is limited to a region which should be accessible with luminosities envisaged in longitudinally polarized pp collisions at RHIC. Photon conversion, γ → e^+e^−, and π^0 → γe^+e^− Dalitz decays are the dominant source of electron background for such measurements and may require an additional cut p^e_T > 1 GeV

FIG. 2: Scale dependence of the single-inclusive transverse momentum spectrum of electrons from heavy quark decays at central rapidities |ηe | ≤ 0.35 in unpolarized (upper panel) and polarized (middle panel) pp collisions at RHIC. All scales are varied simultaneously, i.e., μ_f = μr = ξ(m^2_Q + [(p^Q_T )^2 + (p^{Q̄}_T )^2]/2)^{1/2} , in the range 1/2 ≤ ξ ≤ 2 (shaded bands). The solid lines correspond to the default choice ξ = 1. Note that the LO results are rescaled by a factor of 0.1, and all polarized cross sections are multiplied by −1. The lower panel shows the ratio of NLO to LO polarized and unpolarized cross sections (K-factor).

[11, 12]. Recall that the branching ratios of about 10% are not included in the cross sections shown in Fig. 2.

The solid lines are obtained with the default values of the heavy quark masses, scales, parameters, and parton densities stated in the previous Subsection. The shaded bands indicate the theoretical uncertainty from varying the factorization and renormalization scale simultaneously in the range 1/2 ≤ ξ ≤ 2 specified above. Note that the LO results are rescaled by a factor of 0.1, and all polarized cross sections are multiplied by -1 to display them on a logarithmic scale. The bottom panel of Fig. 2 gives the resulting unpolarized and polarized “Kfactors”, defined as usual by the ratio K ≡ d(Δ)σ^{NLO} d(Δ)σ^{LO}

. (20)

One notices that the NLO corrections are sizable in the unpolarized case, K ≃ 3, but moderate for polarized pp collisions, except for the region p^e_T ≳ 5 GeV. Here, the polarized cross section approaches a node, and perturbative corrections are artificially enhanced.

Less pronounced NLO corrections for polarized cross

FIG. 3: Same as in Fig. 2 but for the single-inclusive transverse momentum spectrum of muons from heavy quark decays at forward rapidities 1.2 ≤ |ημ| ≤ 2.2.

sections are a rather generic feature and have been observed already for other hadronic processes such as singleinclusive pion [36] and jet [37] production. To some extent this behavior can be traced back to the less singular scale evolution of polarized parton densities at small momentum fractions x [30]. This has the effect that the partonic threshold region, which is the source of large logarithmic corrections associated with the emission of soft gluons, is less emphasized in the convolution (7) than in the unpolarized case. Specifically for heavy flavor production, it was noticed in [17] that large NLO corrections to the gluon-gluon fusion process related to amplitudes with a gluon exchange in the t-channel are independent of the helicities of the interacting gluons and hence do not contribute to the polarized cross section. Substantially different K-factors for unpolarized and polarized cross sections immediately imply that Born level estimates for double-spin asymmetries (18) can serve only as very rough estimates. In general, they are insufficient for any quantitative analysis such as a global QCD extraction of spin-dependent parton densities.

As can be inferred from Fig. 2, theoretical ambiguities due to the choice of μ_r and μ_f in (7) are reduced in the polarized but not in the unpolarized case. Along with the observation of large QCD corrections, this indicates the need for next-to-next-to-leading order corrections for the unpolarized cross section to better control the dependence on μ_f and μ_r. We note that substantial progress toward this direction has already been made recently [39], mainly to allow for precision studies with the large

FIG. 4: Same as in Fig. 2 but for the invariant mass spectrum of electron-muon correlations from heavy quark decays. Electrons are detected at central rapidities, |ηe| ≤ 0.35, and muons are detected at forward rapidities, 1.2 ≤ |ημ| ≤ 2.2. The transverse momenta of both electrons and muons are required to be larger than 1 GeV.

amount of top quarks expected to be produced at the CERN-LHC. In addition, fixed order calculations need to be amended by all-order resummations if ln p^Q_T /m_Q becomes large. This was achieved in [21] but is not really relevant for our discussions here since we are mainly interested in the region where p^Q_T ∼ m_Q. We postpone a discussion of theoretical uncertainties due to the choice of m_Q and α_Q in Eq. (19), as well as the effect of varying μ_r and μ_f independently, until the end of this Subsection.

The single-inclusive transverse momentum spectrum of muons from heavy quark decays is shown in Fig. 3 in LO and NLO accuracy. The pseudorapidity η_μ of the muon is integrated in the range 1.2 ≤ |η_μ| ≤ 2.2 corresponding to the angular acceptance of the PHENIX experiment. All observations made in Fig. 2 regarding the relevance of NLO corrections, the behavior of the K-factor, and the dependence on μ_{f,r} apply also here. The polarized Kfactor stays even closer to one than in Fig. 2 as dΔσ/dp^μ_T develops no node in the p^μ_T range shown.

By glancing at the relative sizes of the unpolarized and polarized single-inclusive transverse momentum spectra for electrons and muons shown in Fig. 2 and 3, respectively, it becomes immediately obvious that the corresponding double-spin asymmetries A^e_{LL} and A^μ_{LL}, to which we turn to in Subsec. III D, are very small if the most up-to-date DSSV parton densities [8] are used. Expected asymmetries of the order of a few tenths of a

FIG. 5: Same as in Fig. 2 but for the invariant mass spectrum of muon-muon correlations from heavy quark decays. Both muons are detected at forward rapidities, 1.2 ≤ |ημ| ≤ 2.2, but in different hemispheres. The transverse momentum of each muons is required to be larger than 1 GeV.

percent are extremely challenging experimentally as systematic uncertainties, like from the determination of the relative beam luminosities at RHIC, are of similar size [9]. At higher p^{e,μ}_T , where double-spin asymmetries are largest, the single-inclusive cross sections in Figs. 2 and 3 have dropped already several orders of magnitude from their peak values, and measurements require substantial integrated luminosities.

More promising appear to be observables where both the heavy quark and the heavy antiquark decay semileptonically, and both leptons are observed in coincidence. This is also where our numerical phase-space integration and the flexible Monte Carlo code for polarized heavy flavor hadroproduction introduced in Sec. II become truly essential. Particle correlations are hard, and often impossible, to compute at NLO with largely analytical methods, see, e.g., [40].

Figure 4 shows our results for the invariant mass spectrum of electron-muon correlations from semi-leptonic decays of D and B mesons within the angular acceptance of the PHENIX detector, i.e., |η_e| ≤ 0.35 and 1.2 ≤ |η_μ| ≤ 2.2. In addition, we require a minimum transverse momentum for both leptons of 1 GeV as required by experiment. As in Figs. 2 and 3, results shown as solid lines are obtained with the default choice of parameters. Again, shaded bands indicate the theoretical uncertainty from varying the factorization and renormalization scales simultaneously in the range 1/2 ≤ ξ ≤ 2.

FIG. 6: Scale and mass uncertainties for the polarized invariant mass spectrum of electron-muon correlations at NLO accuracy, using the same cuts as in Fig. 4. The upper and lower panel shows the contribution from cc̄ and bb̄ decays, respectively, multiplied by −1. The dashed lines indicate the range of uncertainties for μ_f = μr , 1/2 ≤ ξ ≤ 2, and central values of m_{c,b} as in Fig. 4. The solid curves are for ξ = 1. The effect of varying μ_f and μr independently in the same range of ξ for fixed mc = 1.35 GeV, m_b = 4.75 GeV and for 1.35 ≤ mc ≤ 1.5 GeV, 4.5 ≤ m_b ≤ 5.0 GeV is illustrated by hatched and solid bands, respectively. In the latter case, scale and mass uncertainties are combined in quadrature (see text).

The K-factor, shown in the lower panel of Fig. 4, is smaller than what was found for the single-inclusive observables in Figs. 2 and 3 in the unpolarized case. Still, NLO corrections differ considerably for the unpolarized and polarized invariant mass spectra. Again, the corrections are such that the corresponding double-spin asymmetry is reduced at NLO accuracy. The scale uncertainty is significantly smaller for the spin-dependent cross section with NLO corrections included. The improvement in the helicity-averaged case is much less pronounced.

Compared to the single-inclusive results in Figs. 2 and 3, the cross sections obtained for the electron-muon invariant mass spectrum are smaller, but d(Δ)σ/dm_{eμ} drops much less with increasing m_{eμ} than d(Δ)σ/dp^{e,μ}_T with increasing p^e_T or p^μ_T . This makes measurements of A^{eμ}_{LL} at comparatively large values of m_{eμ} feasible. We do not consider here correlations with back-to-back electrons at central rapidities. Electron-muon correlations are phenomenologically more interesting due to their asymmetric kinematics with respect to rapidity, probing the interacting partons at different momentum fractions x as will be demonstrated below.

The corresponding invariant mass spectrum for two muons from D and B meson decays observed in coincidence is shown in Fig. 5. Both muons are required to have 1.2 ≤ |η_μ| ≤ 2.2 and p^μ_T > 1 GeV, with one muon detected at forward (positive) and one muon detected at backward (negative) pseudorapidities. Again, the cross sections d(Δ)σ decrease rather slowly with increasing invariant mass m_{μμ}. This observable is very demanding in terms of required Monte Carlo statistics as can be seen by the still fairly pronounced fluctuations, most noticeable in the unpolarized K-factor. The general trend and features of the cross sections are, however, reliable. As before, NLO corrections are more significant in the unpolarized case, where K ≃ 2. Unfortunately, the reduction of the theoretical ambiguities related to the choice of μ_{f,r} is only marginal at NLO.

We now turn to a more detailed discussion of theoretical uncertainties for the observables discussed in this Section, taking the phenomenologically interesting invariant mass spectrum for electron-muon correlations, presented in Fig. 4, as an example. Qualitatively very similar results are obtained for the other cross sections given in Figs. 2, 3, and 5 and hence not shown here.

The impact of varying μ_f and μ_r independently is shown in Fig. 6 for the electron-muon invariant mass spectrum in polarized pp collisions at NLO accuracy. Since we are also interested in variations of m_{c,b}, the contribution from cc̄ and bb̄ decays are shown in separate panels and add up to −dΔσ/dm_{eμ} discussed in Fig. 4. Following Ref. [14], we compute our results for seven different settings of scales μ_{f,r} = ξ_{f,r}(m^2_Q + [(p^Q_T )^2 + (p^{Q̄}_T )^2]/2)^{1/2}, using (ξ_f , ξ_r) = {(1, 1), (2, 2), (1/2, 1/2), (1, 1/2), (2, 1), (1/2, 1), (1, 2)} and keeping m_Q fixed to their central values m_c = 1.35 GeV and m_b = 4.75 GeV. The envelope of all resulting curves defines the scale uncertainty and is show as hatched bands in Fig. 6. For comparison, the dashed lines indicate the range of uncertainties for standard choice μ_f = μ_r used in Fig. 4. As can be seen, taking μ_f ≠ μ_r does not significantly enlarge the scale ambiguities for the polarized cross section, in particular, for the contribution from bottom quarks shown in the lower panel.

The solid bands in Fig. 6 take also variations of m_c and m_b into account. The recipe we follow here is again similar to the one used to estimate theoretical uncertainties for unpolarized heavy flavor production [14, 31]. In practice, we add scale and mass uncertainties in quadrature, and the envelope of all results is defined by C + [(M^+_μ − C)^2 + (M^+_{mQ} − C)^2]^{1/2} and C − [(C − M^−_μ )^2 + (C − M^−_{mQ} )^2]^{1/2}. Here, C denotes the results obtained for central values of scales and masses. M^+_μ (M^−_μ ) are the maximum (minimum) cross sections computed for μ_f ≠ μ_r, m_c = 1.35 GeV, and m_b = 4.75 GeV, as depicted by the hatched bands. Correspondingly, M^+_{mQ} (M^−_{mQ} ) denote the maximum (minimum) cross sections for ξ_{f,r} = 1 and varying m_c and m_b in the range 1.35 ≤ m_c ≤ 1.5 GeV and 4.5 ≤ m_b ≤ 5.0 GeV, respectively. In general, the combined uncertainties are much smaller for bb̄ than for cc̄ production and decays, which is not too surprising. In both cases,

FIG. 7: Dependence of the polarized (solid lines) and unpolarized (dashed lines) invariant mass spectra for electron-muon correlations at NLO accuracy on the choice of fragmentation parameters αc (upper panel) and α_b (lower panel) defined in Eq. (19). Displayed are the relative deviations for cc̄ and bb̄ decays using αc = 3, 7 and α_b = 10, 20 with respect to the cross sections obtained for our default values αc = 5 and α_b = 15 [19], respectively. μ_f , μr , and heavy quark masses are taken at their central values, and the same experimental cuts as in Fig. 4 are adopted.

variations of m_Q add noticeably to the theoretical uncertainties.

The dependence of the cross sections on the choice of α_Q in the non-perturbative function D^{Q→HQ} (z) describing the hadronization of the heavy quarks into D and B mesons, see Eq. (19), is illustrated in Fig. 7. Again, we take the invariant mass spectrum for electron-muon correlations as an representative example. We vary α_c and α_b in the range [19] 3 ≤ α_c ≤ 7 and 10 ≤ α_b ≤ 20, respectively, and show the impact on the invariant mass spectrum as relative uncertainty with respect to the results obtained for the central values α_c = 5 and α_b = 15 used in Fig. 4.

It turns out that polarized and unpolarized invariant mass spectra are affected very much in the same way by variations of α_{c,b}. For charm production and taking 3 ≤ α_c ≤ 7, it roughly amounts to a shift in the normalization of the cross sections by ± 20 ÷ 30%. The impact of varying α_b on the contribution to d(Δ)σ/dm_{eμ} from bottom decays is significantly smaller, up to about ± 10% deviation from the results for α_b = 15, but is less uniform with m_{eμ}. These observations have the important implication that theoretical uncertainties associated with the actual choice of α_{c,b} drop out to a large extent for experimentally relevant double-spin asymmetries A_{LL} discussed in Sec. III D below.

C. Subprocess, Charm, and Bottom Fractions

FIG. 8: Fractional amount of different partonic subprocesses at NLO accuracy (left column) and of charm, bottom, and cascade (b → c) decays (right column) contributing to the single-inclusive transverse momentum spectrum of electrons shown in Fig. 2. Results are shown for unpolarized (upper row) and polarized (middle and lower rows) pp collisions at RHIC using the CTEQ6 [38], DSSV [8], and GRSV [34] set of parton densities, respectively.

We now take a detailed look at the fractional contributions of the different partonic hard scattering processes to the cross sections shown in Figs. 2 - 5. This will help to understand the dependence of the double-spin asymmetries on different sets of polarized parton densities, to be discussed in the next Subsection. Since charm and bottom decays both contribute to the lepton spectra, we also present their fractional contributions. This includes also the “cascade” decay b → c → e, μ, which is modeled following the procedure discussed in [14]. It is found to be negligible for all observables we are interested in.

The left-hand-side of Fig. 8 shows the contributions of the three different subprocesses at NLO accuracy, with gg, qq̄, and qg initial-states, to the single-inclusive decay electron spectra shown in Fig. 2. In the unpolarized case (upper panel), gluon-gluon fusion is the by far dominant subprocess for heavy flavor production at RHIC energies, with qq̄ annihilation becoming somewhat more relevant at larger values of transverse momentum p^e_T . Interestingly enough, the genuine NLO, i.e., α_s suppressed, qg scattering process also contributes very significantly at larger p^e_T , even exceeding the qq̄ annihilation cross section. This observation can be linked to the abundance of gluons at all momentum fractions x [38]. This implies that the partonic flux relevant for qg scattering, i.e., q(x_1, μ_f )g(x_2, μ_f ), is much larger than the corresponding flux for qq̄ annihilation, in particular, at the medium-to-large momentum fractions x_{1,2} relevant for RHIC. This compensates for the O(α_s) suppression in the qg hard scattering channel. In pp̄ scattering, e.g., at the TeVatron, where antiquarks are “valence” quarks in the antiproton beam, this is different, and the qq̄ flux is much enhanced. A similar observation concerning the relevance of the qq̄ annihilation channel was made also for fixedtarget experiments in Ref. [24], where it is expected to contribute very significantly to charm hadroproduction in proposed pp̄ collisions at the GSI-FAIR facility, but not in pp scattering of similar c.m.s. energy planned at J-PARC.

In general, the situation is much more involved in the polarized case, where both hard scattering cross sections and parton densities are not positive definite and can contribute with either sign, depending on the kinematics relevant for a particular process. In the vicinity of sign changes, large cancellations are to be expected. As we shall demonstrate below, depending on the chosen set of polarized parton densities, the subprocess fractions can differ considerably from each other and often gluon-gluon fusion does not dominate, in contrast to the unpolarized case.

The middle panel of Fig. 8 shows our results for the polarized subprocess fractions obtained with the DSSV set [8], our default choice of parton densities used in Figs. 2- 5. At small p^e_T , the cross section is entirely dominated by qq̄ annihilation, contrary to the unpolarized case. Towards larger p^e_T , both gg and qg processes contribute significantly but with opposite sign, leading to strong cancellations. This happens, however, in a kinematic region close to a sign change of the cross section at p^e_T ≃ 7 GeV.

A rather different pattern of fractional subprocess contributions can be found in the bottom panel of Fig. 8, where the GRSV(std) [34] parton densities were used. Note that the cross section has a sign change near p^e_T = 2 GeV. This explains the complicated behavior of the ratios in this region and makes it very awkward to display them properly. Like in the unpolarized case, gluon-gluon fusion is the most important contribution to the cross section. At larger p^e_T , qq̄ and qg subprocesses become more relevant, both contributing with the opposite sign than gg scattering, leading again to fairly significant cancellations.

The gross features of the results in Fig. 8 obtained with DSSV and GRSV parton densities can be readily understood by comparing the size and sign of the individual quark, antiquark, and gluon densities in both sets, see, e.g., Fig. 2 in Ref. [8]. Since the decay electrons

FIG. 9: Same as in Fig. 8 but now for the single-inclusive transverse momentum spectrum of muons shown in Fig. 3.

stem from heavy (anti)quarks produced at central rapidities, the interacting partons have very similar momentum fractions, i.e., x_1 ≃ x_2. Therefore, Δg(x_1)Δg(x_2) > 0, irrespective of the node in the DSSV gluon distribution, and the sign of the gg contribution follows the sign of the hard scattering cross section, which changes from positive at small p_T to negative at larger p_T values.

Due to helicity conservation, dΔσ̂_{qq̄} = −dσ̂_{qq̄} < 0 [17], and the sign of the qq̄ contribution depends on the individual parton densities for each quark and antiquark flavor. All sets of polarized parton densities have Δu(x) > 0 and Δd(x) < 0, resembling the features of the naive quark model. The GRSV(std) set [34] assumes an SU(3) symmetric sea, with all antiquark polarizations being negative, such that for the dominant u-quarks one has Δu(x_1)Δū(x_2) < 0, resulting in a net positive contribution to the cross section. This is exactly opposite in the DSSV set [8], where Δu(x_1)Δū(x_2) > 0, unless x_2 gets very large. The genuine NLO qg subprocess cross section, as well as the sum of all quark and antiquark polarizations, ΔΣ = ∑ q [Δq + Δq̄], are both positive.

This implies that the sign of the qg contribution depends on the sign of Δg(x) in the relevant region of x, which turns out to be positive for both GRSV(std) and DSSV. Overall, the fractional contributions of the individual subprocesses to the single-inclusive decay electron

FIG. 10: Same as in Fig. 8 but now for the invariant mass spectrum of electron-muon correlations shown in Fig. 4.

spectrum are essentially controlled by the modulus of the polarized gluon density, |Δg(x)|, which is much larger for the GRSV(std) set, i.e., |Δg(x)|_{GRSV} ≫ |Δg(x)|_{DSSV} . The bigger the gluon density, the closer the result is to what we have found in the unpolarized case. It turns out that even for the moderate gluon polarization of the GRSV(std) set, the gluon-gluon channel prevails for all p^e_T values shown in Fig. 8.

The right-hand-side of Fig. 8 shows the fractional contributions of the charm, bottom, and “cascade” b → c decays to the single-inclusive transverse momentum spectrum of electrons. For p^e_T ≲ 2 GeV, almost all electrons originate from charm decays, but above the bottom contribution catches up, yielding about 25% at p^e_T = 6 GeV in the unpolarized case shown in the upper panel of Fig. 8. Eventually, at somewhat larger values of p^e_T , it becomes dominant, as was shown in [14].

As for the subprocess fractions, the corresponding results in the polarized case depend on the choice of parton densities, and cancellations and possible sign changes of the individual hard scattering subprocesses dΔσ̂_{ab} further complicate their interpretation. The only feature common to both the unpolarized and the polarized inclusive electron spectra is the smallness of the b → c → e cascade decay contribution. The results obtained with the DSSV set (middle panel) show a very sizable bot-

FIG. 11: Same as in Fig. 10 but now for the invariant mass spectrum of muon-muon correlations shown in Fig. 5.

tom contribution, exceeding the c → e decay above p^e_T ≃ 4 GeV. However, this is due to a sign change of the c → e cross section at p^e_T ≃ 7 GeV, and above, c → e and b → e contribute on equal footing. Choosing the GRSV(std) distributions instead (lower panel), both the c → e and the b → e cross sections change from positive to negative at 2 and 4 GeV, respectively, with b → e starting to be the dominant contribution above p^e_T ∼ 6 GeV.

The fractional contributions of the different partonic hard scattering processes (left-hand-side) and heavy flavor decays (right-hand-side) to the single-inclusive muon cross section shown in Figs. 3 are given in Fig. 9. The results are qualitatively very similar to the ones depicted in Fig. 8 and discussed above. Again, the polarized subprocess fractions very much depend on the choice of parton densities, and the interpretation is obscured by sign changes and large cancellations among the different contributions. Compared to the single-inclusive electron spectrum at central rapidities, bottom decays contribute less to the muon transverse momentum spectrum at 1.2 ≤ |η_μ| ≤ 2.2, even up to p^μ_T = 10 GeV. Its contribution is rather flat with respect to p^μ_T and amounts to about 40% (20%) in the (un)polarized case.

Corresponding results for the electron-muon and muon-muon invariant mass distributions, shown in Fig. 4 and 5, can be found in Fig. 10 and 11, respectively. As

FIG. 12: Double-spin asymmetry A^e_{LL} for single-inclusive electrons from charm and bottom decays at RHIC, computed at NLO accuracy for three different sets of polarized parton densities: DSSV [8] (solid line), GRSV(std) [34] (dashed line), and DNS(KRE) [35] (dot-dashed line). Electrons are restricted to central rapidities |ηe| ≤ 0.35.

before, subprocess fractions can be found on the lefthand-side and contributions from different heavy flavor decays on the right-hand-side of the plots. Note that in all panels of Figs. 10 and 11, the bin corresponding to the smallest invariant mass only has a small number of entries due to the cuts p^{e,μ}_T > 1 GeV, and the numerical results for that bin should be taken with caution. In general, cancellations among different subprocesses are found to be less pronounced in Figs. 10 and 11, except for small invariant masses, say, below 4 GeV, where a sign change in the polarized cross section occurs.

Gluon-gluon fusion is even more dominant for electronmuon and muon-muon correlations than for singleinclusive decay lepton observables, with both qq̄ and qg subprocesses being negligible in the unpolarized case (upper row). This is also the case for the polarized cross section if the GRSV (std) parton distributions are chosen. For the DSSV set, qq̄ annihilation remains dominant for electron-muon correlations, but gluon-gluon fusion contributes significantly to muon-muon correlations for m_{μμ} ≳ 10 GeV. As will be shown in the next Subsection, back-to-back muon-muon correlations with 1.2 ≤ |η_μ| ≤ 2.2 probe on average fairly large momentum fractions, ⟨x⟩ ≳ 0.1, where the DSSV Δg(x) is positive and larger than the sea quark polarizations, such that dΔσ̂_{gg} > dΔσ̂_{qq̄} . Since the DSSV Δū(x) turns negative at large x, there are additional cancellations among the different quark flavors in the qq̄ annihilation channel, as Δu(x_1)Δū(x_2) < 0 and Δd(x_1)Δd̄(x_2) > 0.

As in Figs. 8 and 9, the contribution from the cascade b → c → e, μ decay is found to be negligible for leptonlepton correlations. In particular, the muons in back-to-

FIG. 13: Same as in Fig. 12 but for the single-inclusive muon spectrum at forward rapidities 1.2 ≤ |ημ| ≤ 2.2.

FIG. 14: Same as in Fig. 12 but for the invariant mass spectrum for electron-muon correlations. Electrons and muons are restricted to |ηe| ≤ 0.35 and 1.2 ≤ |ημ| ≤ 2.2, respectively. In addition, we demand p^e_T ≥ 1 GeV.

back correlations originate mainly from charm decays, as can be seen on the right-hand-side of Fig. 11. At the same invariant lepton-lepton mass, bottom quark decays contribute more significantly to electron-muon correlations than to muon-muon correlations for m_{eμ}, m_{μμ} > 5 GeV.

D. Double-Spin Asymmetries

The quantities of actual interest in experiments exploiting polarized beams and targets are the double-spin asymmetries A_{LL} defined in Eq. (18). Experimental normalization uncertainties conveniently cancel to a large

FIG. 15: Same as in Fig. 12 but for the invariant mass spectrum for muon-muon correlations. The muons are restricted to forward rapidities 1.2 ≤ |ημ| ≤ 2.2 and have to be in opposite hemispheres. In addition, we demand p^μ_T ≥ 1 GeV.

extent in the ratio (18). In general, this does not happen for higher order QCD corrections or the various sources of theoretical ambiguities as we shall demonstrate below. Nevertheless, it is often erroneously assumed that LO estimates for A_{LL} give reliable results which can be used in quantitative QCD analyses.

We start by giving expectations for various double-spin asymmetries at NLO accuracy in Figs. 12 - 15, based on the polarized and unpolarized cross sections for decay lepton transverse momentum and invariant mass distributions presented in Figs. 2 - 5. Apart from our default choice of DSSV polarized parton densities [8], which leads to very small asymmetries throughout, we adopt also two alternative sets, GRSV(std) [34] and DNS(KRE) [35]. Unlike DSSV, both sets are characterized by a positive gluon polarization of moderate size and an almost SU(3) symmetric sea. We refrain from using outdated models with a large, but strongly disfavored gluon polarization in the x range already probed by RHIC pp and fixed target data [1, 2, 3, 4, 5, 6].

With the exception of the double-spin asymmetry A^e_{LL} for single-inclusive electrons from charm and bottom decays shown in Fig. 12, differences in the results obtained with GRSV(std) and DNS(KRE) parton distributions are readily explained by the slightly larger Δg(x) in the GRSV set. For A^e_{LL}, the result based on the DNS(KRE) set is strongly affected by cancellations between the gg subprocess on the one hand, and the qq̄, qg processes on the other hand, leading to an essentially zero spin asymmetry in the p^e_T range shown. Cancellations among the different subprocesses contributing with different sign are less pronounced for the GRSV set, see the lower left panel of Fig. 8, due to a significantly less negative Δū density at x ≃ 0.1. Cancellations in conjunction with the smallness of A^e_{LL} for all p^e_T make this observable not really suited for studies of the nucleon’s spin structure.

The double-spin asymmetry A^μ_{LL} for single-inclusive decay muons at 1.2 ≤ |η_μ| ≤ 2.2, presented in Fig. 13, shows a much better correlation of the size of Δg(x) and A^μ_{LL}. As was demonstrated in Fig. 9, cancellations among the different subprocesses are less pronounced than for A^e_{LL}. For the same value of transverse momentum, the obtained spin asymmetries are about a factor of two larger for A^μ_{LL}(p^μ_T ) than for A^e_{LL}(p^e_T ). However, they are still significantly smaller than projections based on very large positive, but outdated gluon polarizations like GRSV(max) [34], see, e.g., Fig. 3 in Ref. [13]. Nevertheless, with sufficient statistics accumulated, spin asymmetries of O(0.5%) should be measurable. Based on the cross sections given in Figs. 2 and 3, we estimate that an integrated luminosity of about 1 fb^{−1} is required.

The best suited observables related to heavy flavor hadroproduction in longitudinally polarized pp collisions at RHIC are double-spin asymmetries for invariant mass spectra of electron-muon and muon-muon correlations shown in Fig. 14 and 15, respectively. At small invariant mass, the corresponding cross sections are smaller than for single-inclusive transverse momentum distributions at similar values of p^{e,μ}_T , but fall off much slower with increasing invariant mass, cf. Figs. 2 - 5. This should allow for measurements of A^{eμ}_{LL} and A^{μμ}_{LL} up to m_{eμ,μμ} = 10 ÷ 15 GeV, where spin asymmetries can be up to the 1÷2 % level for the GRSV(std) and DNS(KRE) parton densities. An integrated luminosity of a few hundred pb^{−1} should be sufficient. In addition, the size of A^{eμ,μμ}_{LL} and Δg(x) in the relevant range of momentum fractions x, see below, are nicely correlated. In the absence of shifted vertex detectors at the RHIC experiments, A^{μμ}_{LL} is the observable with the cleanest sample of charm decays for all m_{μμ} shown in Fig. 15 and irrespective of the set of polarized parton densities used in the calculations, cf. Fig. 11.

Figure 16 clearly illustrates the inadequacy of computing double-spin asymmetries based on LO estimates of heavy flavor cross sections. Depicted is the K-factor, i.e., A_{LL}(NLO)/A_{LL}(LO), for all double-spin asymmetries presented in Figs. 12 - 15, computed in each case using the DSSV polarized and CTEQ6 unpolarized parton densities. Other sets of polarized parton densities yield qualitatively very similar results. On average, LO estimates for A_{LL} are about a factor of two larger than corresponding calculations at NLO accuracy and depend, in case of the single-inclusive observables A^e_{LL} and A^μ_{LL}, strongly on p^{e,μ}_T . This reflects the difference of K-factors for the polarized and unpolarized cross sections found in Figs. 2 - 5 and invalidates any approximation based on constant K-factors or the idea that higher order QCD corrections cancel in A_{LL}.

As was already illustrated in Fig. 7, theoretical uncertainties associated with the actual choice of the parameters α_{c,b} in the non-perturbative function D^{Q→HQ} (z) given in Eq. (19) cancel to a large extent in double-

FIG. 16: Impact of NLO QCD corrections on the double-spin asymmetries shown in Figs. 12 - 15. Depicted is the K-factor, i.e., ALL(NLO)/ALL(LO), computed in each case using the DSSV polarized and CTEQ6 unpolarized parton densities.

spin asymmetries. Unfortunately, this is not the case for ambiguities related to the choice of scales μ_{f,r}. As we have discussed in Sec. III B, the dependence of unpolarized heavy flavor cross sections on variations of μ_{f,r} is in general more pronounced than in the polarized case, see, e.g., Fig. 4 for electron-muon correlations. This can cause sizable ambiguities also for ratios of cross sections, like double-spin asymmetries. As a representative example, we show in Fig. 17 the dependence of the double-spin asymmetry A^{eμ}_{LL} for electron-muon correlations on variations of μ_{f,r}. The shaded band in the upper panel of Fig. 17 illustrates the uncertainty on A^{eμ}_{LL} if μ_f = μ_r = ξ(m^2_Q + [(p^Q_T )^2 + (p^{Q̄}_T )^2]/2)^{1/2} are varied simultaneously in the range 1/2 ≤ ξ ≤ 2. The lower panel gives the relative deviation of A^{eμ}_{LL} for ξ = 1/2, 2 with respect to the result obtained for our default value ξ = 1.

The scale uncertainties are quite substantial and not uniform as a function of the invariant mass m_{eμ}. Nevertheless, the asymmetries obtained with the DSSV parton densities are still much smaller than for sets with larger gluon polarizations, like DNS(KRE) or GRSV(std), as can be inferred by comparing with the results given in Fig. 14. Qualitatively similar effects as in Fig. 17 are found for the other double-spin asymmetries discussed in this Subsection. We refrain from varying μ_f and μ_r independently, which increases the uncertainties only slightly for the specific observables and kinematics we are interested in, cf. Fig. 6. Similar observations apply to variations of the heavy quark masses m_{c,b}, which, in principle, need to be considered as well, see Fig. 6.

FIG. 17: Impact of variations of the scales μ_f = μr = ξ(m^2_Q + [(p^Q_T )^2 + (p^{Q̄}_T )^2]/2)^{1/2} on the double-spin asymmetry A^{eμ}_{LL} for electron-muon correlations at NLO accuracy. The upper panel shows A^{eμ}_{LL} computed with the DSSV parton densities for ξ = 1 (solid line) and in the range 1/2 ≤ ξ ≤ 2 (shaded band). The lower panel gives the relative deviation of A^{eμ}_{LL} for ξ = 1/2, 2 with respect to the result obtained for our default value ξ = 1.

Finally, we estimate the range of momentum fractions x at which the (un)polarized parton densities in Eq. (7) are predominantly probed for the different singleinclusive and lepton-lepton correlation observables discussed in this paper. Figure 18 shows the corresponding cross sections differential in x. In each case, we have integrated over the angular acceptance for detecting electrons and/or muons with the PHENIX experiment at RHIC as well as over all transverse momenta of the decay leptons. As before, an additional cut p^{e,μ}_T > 1 GeV is imposed for lepton-lepton correlations. All x distributions are normalized to the respective integrated cross section (Δ)σ_{int}.

Since small transverse momenta probe also the smallest possible x values, Fig. 18 gives a rough idea of the lowest possible momentum fractions accessible in heavy quark hadroproduction at RHIC with a c.m.s. energy of √ S = 200 GeV. As can be seen, single-inclusive observables, shown in the panels on the left, receive contributions from x values as low as 10^{−3}, but the majority of events has ⟨x⟩ ≃ 0.01. Both, electron-muon and muonmuon correlations, displayed on the right-hand-side of Fig. 18, probe on average larger values of x. In particular, the latter observable can be used to study parton densities at ⟨x⟩ ≃ 0.1 or higher. The entire suite of pos-

FIG. 18: Typical range of momentum fractions x at which the parton densities in Eq. (7) are probed for the integrated unpolarized (upper row) and polarized (lower row) cross sections for leptons from heavy flavor decays at RHIC shown in Figs. 2-5. The left panels give the results for the singleinclusive electron (solid lines) and muon (dashed lines) cross sections. Results for the electron-muon (dashed lines) and muon-muon (solid lines) correlations are presented in the right panels.

sible observables related to heavy flavor hadroproduction at RHIC can cover a wide range in x and has the potential to provide novel information on the spin structure of the nucleon and the applicability of perturbative QCD in polarized hard scattering processes.

IV. SUMMARY AND OUTLOOK

We have presented a flexible parton-level Monte Carlo program to compute heavy flavor distributions and correlations at NLO accuracy in longitudinally polarized pp collisions. Experimental acceptance cuts, the hadronization of the produced heavy quark pair into D and B mesons, and their subsequent semi-leptonic decays can be included in phenomenological applications.

Heavy flavor hadroproduction receives its importance for the field of spin physics from its partonic hard scattering processes, which differ from their counterparts for light hadron and jet production utilized in global QCD analyses so far. Upcoming measurements of heavy flavor production at RHIC will further our current understanding of factorization in the presence of spin and test the notion of universality for polarized parton densities.

We have performed a comprehensive phenomenological study of various observables where heavy quarks are identified through their semi-leptonic decays into electrons or muons. Such measurements can be done once sufficient statistics has been collected in polarized protonproton collisions at RHIC and do not require the completion of vertex detector upgrades. Decay lepton correlations turned out to be particularly suited probes for the spin structure of the nucleon, and experimentally relevant double-spin asymmetries of about one percent can be expected even for present-day gluon polarizations of rather moderate size. Contrary to naive expectations based on unpolarized results, gluon-gluon fusion is not necessarily the dominant channel for heavy flavor production in longitudinally proton-proton collisions at RHIC.

Next-to-leading order QCD corrections are in general more pronounced for unpolarized than for polarized heavy flavor production cross sections, such that they do not cancel in the ratio defining double-spin asymmetries. Also, theoretical uncertainties estimated by varying factorization and renormalization scales are usually smaller for spin-dependent observables.

The technical methods and their implementation into a parton-level Monte Carlo program can be straightforwardly extended to deal also with the spin-dependent photoproduction of heavy quarks. This will allow one to analyze already existing data for charm production consistently at NLO accuracy within future global QCD analyses of polarized parton densities. In addition, one can assess the physics impact of heavy flavor distributions and correlations obtained at a possible future polarized lepton-nucleon collider like the EIC.

Acknowledgments

We thank Ming Xiong Liu for useful discussions and Ramona Vogt for providing us with the electron spectra used in Ref. [14]. J.R. is supported by a grant of the “Cusanuswerk”, Bonn, Germany. M.S. acknowledges partial support of the Initiative and Networking Fund of the Helmholtz Association, contract HA-101 (”Physics at the Terascale”). This work was supported in part by the “Bundesministerium für Bildung und Forschung” (BMBF), Germany.

Appendix

In the Appendix we collect for completeness some additional details of the calculation and some explicit expressions which were omitted in [17] but might be useful for the reader.

First of all, we recall the LO partonic cross sections for open heavy flavor hadroproduction, which are needed for the factorization of collinear singularities. They also emerge in the soft gluon limit of the NLO 2 → 3 real emission contributions. The spin-dependent, color-averaged matrix elements squared for the tree-level processes in

(6) read in d = 4 − 2ε dimensions:

Δ|M_{gg} |^2 = 1 2s (4πα_s)^2 1 2(N^2_C − 1) × [ 2C_F − C_A 2t_1u_1

s^2 ] ΔB_{QED} , (21)

Δ|M_{qq̄} |^2 = 1 2s (4πα_s)^2 C_F N_C ΔA_{QED} , (22)

where ΔB_{QED} = ( t_1 u_1 + u_1 t_1 ) ( 2m^2_Qs t_1u_1 − 1 ) , (23)

ΔA_{QED} = − t^2_1 + u^2_1 s^2 − 2m^2_Q s − ε . (24)

Here, N_C denotes the number of colors, C_A = N_C , and C_F = (N^2_C −1)/(2N_C). Contrary to the unpolarized case [15, 16], ΔB_{QED} receives no O(ε) contributions. The Mandelstam variables used in Eqs. (21) - (24) are defined by s = (p_1 + p_2)^2 , t_1 = (p_1 − k_1)^2 − m^2_Q , u_1 = (p_1 − k_2)^2 − m^2_Q , (25)

where s + t_1 + u_1 = 0. p_{1,2} are the momenta of the incoming partons, and k_1 and k_2 are the momenta of the produced heavy quark and antiquark, respectively. Together with the appropriate two-body phase-space factor dPS_2 in d dimensions [15],

dPS_2 = 2π s [ (4π)^{2−ε}Γ(1 − ε) ]_{−1} ( t_1u_1 − m^2_Qs s )_{−ε}

× δ(s + t_1 + u_1)dt_1du_1 , (26)

the gg and qq̄ Born cross sections can be written as

d^2Δσ̂_{ab} dt_1du_1 = F_ε Δ|M_{ab}|^2 δ(s + t_1 + u_1) , (27)

where F_ε ≡ π s^2 [ (4π)^{2−ε}Γ(1 − ε) ]_{−1} ( t_1u_1 − m^2s

μ^2s )_{−ε} (28)

collects all phase-space factors given in Eq. (26) and the flux factor 1/(2s) included in Eqs. (21) and (22). The mass parameter μ is introduced to keep the strong coupling dimensionless in d dimensions. In the limit ε → 0, F_ε reduces to 1/(16πs^2). In the c.m.s. frame of the incoming partons, dPS_2 and dΔσ̂_{ab} can be conveniently expressed in terms of the scattering angle between ⃗p_1 and ⃗k_1 by using the relation

t_1 = − s 2 (1 − β cos θ_1) , (29) where β^2 = 1 − 4m^2_Q/s = 1 − ρ. The corresponding unpolarized Born cross sections in d dimensions can be found in Ref. [15].

Next, we give explicit expressions for the ρ̃ and ω prescriptions introduced in Eq. (11) to regularize soft and collinear regions of phase-space. The distributions are defined as follows [23]:

∫_1 ρ̃ h(x) ( 1 1 − x ) ρ̃ dx = ∫_1 ρ̃ h(x) − h(1) 1 − x dx, ∫_1 ρ̃ h(x) ( log(1 − x) 1 − x ) ρ̃ dx = ∫_1 ρ̃ [h(x) − h(1)] log(1 − x) 1 − x dx, ∫_1 1−w h(y) ( 1 1 − y ) w dy = ∫_1 1−w h(y) − h(1) 1 − y dy, ∫_{−1+w} −1 h(y) ( 1 1 + y ) w dy = ∫_{−1+w} −1 h(y) − h(−1) 1 + y dy. (30) h denotes an arbitrary “test function”, which is sufficiently regular in the limits x → 1 and y → ±1. In a numerical implementation, the distributions (30) need to be used only if x and y are sampled in the ranges ρ̃ < x < 1 and 1 − ω < y < 1 or −1 < y < −1 + ω, respectively, in the Monte Carlo integration.

Following Ref. [15], the soft, x → 1 limit of the 2 → 3 matrix elements squared is derived by applying the eikonal approximation, i.e., by taking the limit when the momentum of the emitted gluon gets soft. The obtained soft matrix elements squared for qq̄ and gg scattering have the same form as in the unpolarized case [15] but with the Born results replaced by their polarized counterparts ΔA_{QED} and ΔB_{QED}, given in Eq. (24) and (23), respectively. The expressions can be straightforwardly integrated over x and y in (8), and we obtain for dΔσ̂^{(s)}_{qq̄} dΔσ̂^{(s)}_{qq̄,F} dt_1du_1 = 2 C^2_F N_C F_εG_εα^3_sβ̃^{−4ε}ΔA_{QED} { 2 ε^2 + 2 ε − 2 ε ln sm^2_Q t_1u_1 − 8 ε ln t_1 u_1

+ 2 − 8 ln κ ln t_1 u_1

+ ln^2 sm^2_Q t_1u_1

+ 2Li_2 ( 1 − sm^2_Q t_1u_1 ) + 8Li_2 ( 1 − t_1 κu_1 ) − 8Li_2 ( 1 − u_1 κt_1 ) + 2(2m^2_Q − s) sβ [ln κ − S(κ)] } δ(s + t_1 + u_1)

(31) dΔσ̂^{(s)}_{qq̄,A} dt_1du_1 = C_AC_F N_C F_εG_εα^3_sβ̃^{−4ε}ΔA_{QED} { 2 ε ln sm^2_Q t_1u_1 + 6 ε ln t_1 u_1

− ln^2 sm^2_Q t_1u_1

+ 6 ln κ ln t_1 u_1

+ ln^2 t_1 u_1

− ln^2 κ

− 2Li_2 ( 1 − sm^2_Q t_1u_1 ) − 6Li_2 ( 1 − t_1 κu_1 ) + 6Li_2 ( 1 − u_1 κt_1 ) + 2(2m^2_Q − s) sβ S(κ) } δ(s + t_1 + u_1) , (32)

where we have used S(κ) = 1 ε ln κ + 2 ln κ ln(1 − κ^2) − ln^2 κ

+ Li_2κ^2 − ζ(2) , (33)

G_ε = 64πe^{−ε[γE −ln(4π)]}(1 − 3 2 ζ(2)ε^2) ( m^2_Q μ^2 )_{−ε} , (34)

and κ ≡ (1 − β)/(1 + β). The dilogarithm function Li_2(κ) is defined as in Ref. [41], and ζ(2) = π^2/6 denotes the Riemann Zeta function. G_ε in (34) parameterizes the difference of the 2 → 3 and 2 → 2 phasespace factors, the latter given by F_ε in Eq. (28). As in Ref. [15], we have split up the result for dΔσ̂^{(s)}_{qq̄} into contributions from different color structures. The results for dΔσ̂^{(s)}_{qq̄,F} and dΔσ̂^{(s)}_{qq̄,A} in Eq. (31) and (32), respectively, agree with the corresponding unpolarized expressions in Ref. [15] after replacing ΔA_{QED} by A_{QED} . With the help of (29), dΔσ̂^{(s)}_{qq̄} /dt_1du_1 can be easily transformed into dΔσ̂^{(s)}_{qq̄} /d cos θ_1 used in Eq. (13).

Likewise, we obtain for the different color factors contributing to dΔσ̂^{(s)}_{gg} :

dΔσ̂^{(s)}_{gg,QED} dt_1du_1 = 4C^2_F N^2_C − 1 F_εG_εα^3_sβ̃^{−4ε}ΔB_{QED} { 1 ε + 1 +

2m^2_Q − s sβ [ln κ − S(κ)] } δ(s + t_1 + u_1) , (35) dΔσ̂^{(s)}_{gg,A} dt_1du_1 = C^2_A N^2_C − 1 F_εG_εα^3_sβ̃^{−4ε}ΔB_{QED} { − 2t_1u_1

s^2 ( 1 ε + 1 ) + ( 1 − 2t_1u_1 s^2 )

× [ 2 ε^2 − 1 ε ln m^2_Qs t_1u_1 + 1 2 (ln^2 m^2_Qs t_1u_1

+ ln^2 t_1 u_1

− ln^2 κ) + Li_2 ( 1 − m^2_Qs t_1u_1 )]

+ t^2_1 − u^2_1

s^2 [ ln t_1 u_1 ( − 2 e + ln κ ) − Li_2 ( 1 − t_1 u_1κ ) + Li_2 ( 1 − u_1 t_1κ )]

− 2m^2_Q − s sβ [ 2t_1u_1 s^2 ln κ − S(κ) ] } δ(s + t_1 + u_1) , (36) dΔσ̂^{(s)}_{gg,1} dt_1du_1 = 1 N^2_C − 1 F_εG_εα^3_sβ̃^{−4ε}ΔB_{QED} { − 2 ε^2 + 2t_1u_1 s^2 ( 1 ε + 1 ) − ln^2 t_1 u_1

+ ln^2 κ

− 2(2m^2_Q − s) sβ [ − t_1u_1 s^2 ln κ + ( 1 + t_1u_1 s^2 ) S(κ) ] } δ(s + t_1 + u_1) . (37)

Note that we have chosen a slightly different way of orga- nizing the above results according to their color structure than in Ref. [15], but the sum of Eqs. (35)-(37) agrees with their expression after replacing ΔB_{QED} by its unpolarized counterpart B_{QED} [15]. The expressions for the virtual corrections dΔσ̂^{(v)}_{ab} and the finite contributions dΔσ̂^{(f )}_{ab} in (15) are too long to be presented here. They are available upon request.

Turning to the collinear, y → ±1 limit of the 2 → 3 processes in (5), we give explicit expressions for the functions Δf^{(c±)}_{ab} appearing in Eq. (14). They read

Δf^{(c+)}_{gg} (x, θ_1) = 32πα_ss(1 − x)

× Δ|M_{gg} |^2 |_{p1 →xp1} ΔP_{gg} (x) , (38)

Δf^{(c−)}_{gg} (x, θ_1) = 32πα_ss(1 − x)

× Δ|M_{gg} |^2 |_{p2 →xp2} ΔP_{gg} (x) , (39)

Δf^{(c+)}_{qg} (x, θ_1) = 32πα_ss(1 − x)

× Δ|M_{gg} |^2 |_{p1 →xp1} ΔP_{gq} (x) , (40)

Δf^{(c−)}_{qg} (x, θ_1) = 32πα_ss(1 − x)

× Δ|M_{qq̄} |^2 |_{p2 →xp2} ΔP_{qg} (x) , (41)

Δf^{(c+)}_{qq̄} (x, θ_1) = 32πα_ss(1 − x)

× Δ|M_{qq̄} |^2 |_{p1 →xp1} ΔP_{qq} (x) , (42)

Δf^{(c−)}_{qq̄} (x, θ_1) = 32πα_ss(1 − x)

× Δ|M_{qq̄} |^2 |_{p2 →xp2} ΔP_{qq} (x) , (43)

where the Born matrix elements squared in Eqs. (21) and (22) are to be evaluated with “shifted” kinematics. This is due to the collinear emission off one of the incoming partons such that only a fraction x of their original momenta p_{1,2} is available in the subsequent hard scattering. The d = 4 − 2ε dimensional LO polarized splitting functions ΔP_{ij} in Eqs. (38)-(43) can be found in [30] and read:

ΔP_{qq} (x) = C_F [ 2 (1 − x)_{ρ̃}

− 1 − x + 3ε(1 − x)

+ δ(1 − x) ( 3 + ε 2 + 2 log β̃ ) ] , ΔP_{qg} (x) = 1 2 [2x − 1 − 2ε(1 − x)] ,

ΔP_{gq} (x) = C_F [2 − x + 2ε(1 − x)] ,

ΔP_{gg} (x) = 2C_A [ 1 (1 − x)_{ρ̃}

− 2x + 1 + 2ε(1 − x)

+ δ(1 − x) ( β_0 2 + ε C_A 6 + 2 log β̃ ) ] , (44)

with β_0 = 11C_A/3 − 2n_f /3, n_f as the number of active flavors, and where we have expressed the standard 1/(1 − x)_+ distributions in ΔP_{qq} and ΔP_{gg} by the corresponding ρ̃-prescriptions defined in (30). This amounts to introducing an additional log β̃ term in the soft δ(1−x) parts of ΔP_{qq} and ΔP_{gg} in (44). Note that in Eqs. (38)- (43), contributions proportional to δ(1 − x) do not show up as they are already included as 1/ε^2 poles in the soft cross sections listed in Eqs. (31)-(37). In the factorization counter term dΔσ^{c̃}_{ab} in (16), only four-dimensional splitting functions are needed, i.e., ε → 0 in (44).

[1] A. Airapetian et al. [HERMES Collaboration], Phys.

Rev. Lett. 84, 2584 (2000); P. Liebing [HERMES Collaboration], AIP Conf. Proc. 915, 331 (2007).

[2] B. Adeva et al. [Spin Muon Collaboration (SMC)], Phys.

Rev. D 70, 012002 (2004).

[3] E. S. Ageev et al. [COMPASS Collaboration], Phys. Lett.

B 633, 25 (2006).

[4] M. Alekseev et al. [COMPASS Collaboration],

arXiv:0802.3023 [hep-ex]; Phys. Lett. B 676, 31

(2009).

[5] S. S. Adler et al. [PHENIX Collaboration], Phys. Rev.

Lett. 93, 202002 (2004); Phys. Rev. D 73, 091102 (2006); A. Adare et al. [PHENIX Collaboration], Phys. Rev. D 76, 051106 (2007); Phys. Rev. Lett. 103, 012003 (2009); Phys. Rev. D 79, 012003 (2009).

[6] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett.

97, 252001 (2006); Phys. Rev. Lett. 100, 232003 (2008); M. Sarsour [STAR Collaboration], AIP Conf. Proc. 1149, 389 (2009).

[7] See, e.g., M. Stratmann and W. Vogelsang, J. Phys. Conf.

Ser. 69, 012035 (2007) and references therein. [8] D. de Florian, R. Sassot, M. Stratmann, and W. Vogelsang, Phys. Rev. Lett. 101, 072001 (2008); Phys. Rev. D 80, 034030 (2009).

[9] G. Bunce et al., “Plans for the RHIC Spin Physics Program”, June 2008, http://spin.riken.bnl.gov/rsc/.

[10] See, e.g., A. D. Frawley, T. Ullrich, and R. Vogt, Phys.

Rept. 462, 125 (2008).

[11] A. Adare et al. [PHENIX Collaboration], Phys. Rev.

Lett. 97, 252002 (2006); Phys. Lett. B 670, 313 (2009); Phys. Rev. Lett. 103, 082002 (2009); S.S. Adler et al. [PHENIX Collaboration], Phys. Rev. D 76, 092002 (2007).

[12] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett.

94, 062301 (2005); B. I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 98, 192301 (2007); Phys. Rev. D 79, 112006 (2009).

[13] For a review of the current status, see, e.g., X. Wang [PHENIX Collaboration], in 18th International Symposium on Spin Physics, Charlottesville, VA, 2008, eds. D.G. Crabb et al., AIP Conf. Proc. No. 1149, p. 393.

[14] M. Cacciari, P. Nason and R. Vogt, Phys. Rev. Lett. 95, 122001 (2005).

[15] W. Beenakker, H. Kuijf, W. L. van Neerven, and J. Smith, Phys. Rev. D 40, 54 (1989); W. Beenakker, W. L. van Neerven, R. Meng, G. A. Schuler, and J. Smith, Nucl. Phys. B 351, 507 (1991).

[16] P. Nason, S. Dawson, and R. K. Ellis, Nucl. Phys. B 327, 49 (1989) [Erratum-ibid. B335, 260 (1990)].

[17] I. Bojak and M. Stratmann, Phys. Rev. D 67, 034010 (2003).

[18] D. de Florian, R. Sassot, and M. Stratmann, Phys. Rev.

D 75, 114010 (2007); Phys. Rev. D 76, 074033 (2007). [19] For a review, see, e.g., J. Baines et al., Summary Report of the Heavy Quarks Working Group for the HERA-LHC Workshop Proceedings, arXiv:hep-ph/0601164 and references therein.

[20] V. G. Kartvelishvili, A. K. Likhoded, and V. A. Petrov, Phys. Lett. B 78, 615 (1978).

[21] B. Mele and P. Nason, Nucl. Phys. B 361, 626 (1991);

M. Cacciari and M. Greco, Nucl. Phys. B 421, 530 (1994); M. Cacciari, M. Greco, and P. Nason, JHEP 9805, 007 (1998).

[22] B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 69, 111104 (2004); A. H. Mahmood et al. [CLEO Collaboration], Phys. Rev. D 70, 032003 (2004); J. Wiss, in Proceedings of 4th Flavor Physics and CP Violation Conference (FPCP 2006), Vancouver, Canada, 2006,

arXiv:hep-ex/0605030.

[23] M. L. Mangano, P. Nason, and G. Ridolfi, Nucl. Phys. B 373, 295 (1992).

[24] J. Riedl, A. Schäfer, and M. Stratmann, Eur. Phys. J. C 52, 987 (2007).

[25] J. Riedl, A. Schäfer, and M. Stratmann, work in progress. [26] I. Bojak and M. Stratmann, Phys. Lett. B 433, 411 (1998); Nucl. Phys. B 540, 345 (1999) [Erratum-ibid. B 569, 694(E) (2000)].

[27] A. P. Contogouris, Z. Merebashvili, and G. Grispos, Phys. Lett. B 482, 93 (2000); Phys. Rev. D 62, 114509 (2000) [Erratum-ibid. D 69, 019901 (2004)].

[28] L. Phaf and S. Weinzierl, JHEP 0104, 006 (2001);

S. Catani, S. Dittmaier, M. H. Seymour, and Z. Trocsanyi, Nucl. Phys. B 627, 189 (2002).

[29] G. ’t Hooft and M. J. G. Veltman, Nucl. Phys. B 44, 189 (1972); P. Breitenlohner and D. Maison, Commun. Math. Phys. 52, 11 (1977).

[30] R. Mertig and W. L. van Neerven, Z. Phys. C 70, 637 (1996); W. Vogelsang, Phys. Rev. D 54, 2023 (1996); Nucl. Phys. B 475, 47 (1996).

[31] M. Cacciari, S. Frixione, M. L. Mangano, P. Nason, and G. Ridolfi, JHEP 0407, 033 (2004).

[32] R. Vogt, private communication.

[33] C. Amsler et al. [Particle Data Group], Phys. Lett. B 667, 1 (2008).

[34] M. Glück, E. Reya, M. Stratmann, and W. Vogelsang, Phys. Rev. D 63, 094005 (2001).

[35] D. de Florian, G.A. Navarro, and R. Sassot, Phys. Rev.

D 71, 094018 (2005).

[36] D. de Florian, Phys. Rev. D67, 054004 (2003); B. Jäger et al., Phys. Rev. D67, 054005 (2003).

[37] B. Jäger, M. Stratmann, and W. Vogelsang, Phys. Rev.

D70, 034010 (2004).

[38] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. M. Nadolsky, and W. K. Tung, JHEP 0207, 012 (2002).

[39] M. Czakon, A. Mitov, and S. Moch, Phys. Lett. B 651, 147 (2007); Nucl. Phys. B 798, 210 (2008); M. Czakon, Phys. Lett. B 664, 307 (2008); B. Kniehl, Z. Merebashvili, J. G. Korner, and M. Rogal, Phys. Rev. D 77, 094011 (2008); Phys. Rev. D 78, 094013 (2008); C. Anastasiou and S. M. Aybat, Phys. Rev. D 78, 114006 (2008).

[40] C. Hendlmeier, A. Schäfer, and M. Stratmann, Eur.

Phys. J. C 55, 597 (2008).

[41] L. Lewin, Polylogarithms and Associated Functions, North Holland, Amsterdam, 1983.