arXiv:1212.4809v1 [hep-ph] 19 Dec 2012

Sivers asymmetry of Drell-Yan production in small-x regime

Zhong-Bo Kang^1 and Bo-Wen Xiao^2 1Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA 2Institute of Particle Physics, Central China Normal University, Wuhan 430079, China (Dated: December 20, 2012)

We study the Sivers single spin asymmetry of the Drell-Yan lepton pair production in the small-x regime. We find that in the corresponding kinematic region the spin asymmetry calculated in the small-x approach is consistent with either the usual transverse-momentum-dependent factorization formalism or the collinear factorization formalism, respectively. We estimate the Sivers asymmetry for both polarized p+p and p+A collisions and argue that the Drell-Yan production is an interesting and unique probe for both the transverse spin physics and the small-x saturation effect.

PACS numbers: 24.85.+p, 12.38.Bx, 12.39.St, 13.88.+e

I. INTRODUCTION

Physics at forward rapidities at Relativistic Heavy-Ion Collider (RHIC) has attracted great attention from both experimental and theoretical sides in recent years. It provides great opportunities to study novel hadronic physics phenomena, among which the single transverse spin asymmetry (SSA) in polarized p+p collisions [1], and the small-x gluon saturation in p+A (d+A) collisions [2] are particularly interesting. On one hand, it has been realized that the SSAs observed in high energy collisions are directly connected to the transverse motion of partons inside the polarized hadron. Thus it could help map out the three-dimensional image of the hadron in the transverse momentum space [3]. On the other hand, the single hadron suppression and the dihadron correlation in the forward d+Au collisions have provided a way to study the small-x gluon saturation or multiple parton scattering effect [4–8]. An effective theory of the color-glass-condensate (CGC) has been applied to describe these phenomena. Seemingly completely different research topics, the SSAs and the small-x gluon saturation can be closely related to each other and be studied in the same process [9].

The SSAs have been observed in many experiments at different collision energies. It has been found that the SSAs become the largest in the forward direction of the polarized hadron [1], where the incoming partons from the polarized hadron have relatively large momentum fraction x, thus mostly valence quarks. At the same time, the partons in the target have very small x in high energy collisions, and thus are dominated by the gluons and could be described by the small-x gluon saturation physics. In other words, the polarized p^↑+p and p^↑+A in the forward rapidity region at high energy collisions will be a unique opportunity to probe both the transverse spin and small-x saturation physics.

The Drell-Yan production in high energy polarized p^↑+p and p^↑+A collisions will be very important in such a direction. The Drell-Yan production at small transverse momentum can be described by a well-established transverse momentum dependent (TMD) factorization formalism [10–13] and thus the experimental data can be clearly analyzed and be cleanly interpreted. From the small-x perspective, because of the lack of both final state interactions and fragmentation effects, Drell-Yan lepton pair production in p+A collisions is a very clean probe for the unintegrated gluon distribution, particularly the so-called dipole gluon distribution at small-x. From the spin physics perspective, Drell-Yan lepton pair production at small transverse momentum of the pair provides a way to study the so-called transverse momentum dependent distributions (TMDs) in the polarized hadron, encoding important information about the hadron structure beyond what has been learned from the usual collinear parton distribution functions (PDFs). The particularly interesting one is the quark Sivers function [14], which represents a distribution of unpolarized quarks in a transversely polarized nucleon, through a correlation between the quark’s transverse momentum and the nucleon polarization vector. Unlike the collinear PDFs which are universal, the TMDs or the Sivers functions are not exactly universal [15], instead, they have the time-reversal modified universality. It was shown from the parity and time-reversal invariance of QCD that the quark Sivers function in semi-inclusive deep inelastic scattering (SIDIS) and that in Drell-Yan process are exactly opposite to each other [16, 17]. The sign change of the Sivers function between the SIDIS and Drell-Yan production is a unique prediction of our current QCD TMD factorization formalism, and provides a critical test of the TMD factorization approach and our understanding of the SSAs [18].

The quark Sivers functions have been measured in SIDIS process at HERMES, COMPASS, and JLab experiments [19–21]. Future measurements of the SSAs in Drell-Yan production have been planned [22–24], in the hope of verifying the sign change in the near future. In this paper, we study the Sivers asymmetry of the Drell-Yan production in high energy collisions, particularly in the small-x regime. We first formulate both the spin-averaged and spin-dependent cross section in the small-x formalism or CGC framework in Sec. II. We then compare our small-x formalism with those obtained in the TMD factorization in Sec. III. We find that the two formalisms are consistent with each other in the so-called geometric scaling region, where the invariant mass of the lepton pair M is much larger than the saturation scale Q_s but saturation effects are still important. In Sec. IV, we further show that the small-x formalism is also consistent with the usual collinear factorization formalism in the so-called forward limit. In Sec. V, we present our numerical predictions for the Sivers asymmetry of the Drell-Yan lepton pair production in the forward rapidity region at RHIC energy for both p+p and p+A collisions. We summarize our paper in Sec. VI.

II. SIVERS ASYMMETRY OF DRELL-YAN PRODUCTION IN SMALL-x REGIME

In this section, we will study the Drell-Yan lepton pair production in both transversely polarized p^↑+p and p^↑+A collisions,

p^↑(P, s_⊥) + A(P_A) → [γ^∗ →] ℓ^+ℓ^−(q) + X, (1)

where P and s_⊥ is the momentum and the transverse spin vector of the polarized proton, A represents either a proton or a nucleus with a momentum P_A, and q is the momentum of the lepton pair with invariant mass q^2 ≡ M^2. To calculate the Drell-Yan cross section in small-x regime, we first study the differential cross section in the high energy scattering of a quark off a color glass condensate, q(k)+A → γ^∗(q)+X. The first step in the calculation is to obtain the light-front wave functions of the incoming quark splitting into a quark and a virtual photon, q(k, α) → γ^∗(q, λ) + q(k − q, β), with α and β the helicity for the incoming and outgoing quarks, respectively. The splitting wave function in momentum space is given by ϕ^λ_{αβ} (k, q) = 1 √ 8(k − q)^+k^+q^+ ū_β(k − q)γ_μϵ^μ(q, λ)u_α(k) (k − q)^− + q^− − k^− (2) where k^μ = [k^+, k^2_⊥/2k^+, k_⊥] is the momentum of the incoming quark in the light-cone component, and q is the momentum of the virtual photon. For virtual photon with invariant mass M, we could write the momentum q^μ as

q^μ = [ q^+,

M^2_⊥ 2q^+ , q_⊥ ] (3) with transverse mass M_⊥ = √ q^2_⊥ + M^2. We choose the polarization of the virtual photon as ϵ^μ_T (q, λ) = [ 0, ϵ^λ_⊥ · q_⊥ q^+ , ϵ^λ_⊥ ] , ϵ^μ_L(q, λ) = 1 M [ q^+, q^2_⊥ − M^2 2q^+ , q_⊥ ] , (4)

where ϵ^μ_T and ϵ^μ_L are the transverse and longitudinal polarization vectors, and ϵ^{λ=1,2}_⊥ = (∓1, −i)/ √ 2. Our choice for the transverse polarization is consistent with those in Ref. [4]. With our choice for the longitudinal polarization vector, one could easily verify that the polarization vector satisfies the requirements: q · ϵ(q, λ) = 0, ∑ λ ϵ^μ(q, λ)ϵ^{∗ν} (q, λ) = −g^{μν} + q^μq^ν M^2

. (5)

The cross section can usually be written as a compact form in the transverse coordinate space, in which the splitting wave function ψ^λ_{αβ} (k, q^+, r) is defined as the following: ψ^λ_{αβ} (k, q^+, r) = ∫ d^2q_⊥e^{iq⊥ ·r}ϕ^λ_{αβ} (k, q). (6) With the polarization vectors defined above, we could easily calculate ψ^λ_{αβ} (k, q^+, r). The result is given by

ψ^{T λ}_{αβ} (k, q^+, r) = 2π √ 2 q^+ e^{izk⊥ ·r}iϵ_M K_1(ϵ_M |r|) r·ϵ^1_⊥ |r| [δ_{α−}δ_{β−} + (1 − z)δ_{α+}δ_{β+}] , λ = 1, r·ϵ^2_⊥ |r| [δ_{α+}δ_{β+} + (1 − z)δ_{α−}δ_{β−}] , λ = 2. (7)

ψ^L_{αβ} (k, q^+, r) = 2π √ 2 q^+ e^{izk⊥ ·r}(1 − z)MK_0(ϵ_M |r|)δ_{αβ} , (8) where z = q^+/k^+ and ϵ^2_M = (1 − z)M^2, and K_{0,1}(ϵ_M |r|) are the modified Bessel functions of the second kind. It is important to realize that we have kept the transverse momentum k_⊥-dependence for the incoming quark, which is crucial as the spin effect comes in as a quark TMD distribution inside the polarized proton. If we set k_⊥ = 0,

FIG. 1. An example diagram to illustrate the interaction between the quark and the target. Interactions before and after the splitting have to be taken into account for both the amplitude and the conjugate amplitude.

these splitting wave functions reduce to those derived in Ref. [25] where a collinear incoming quark distribution was considered.

Following Ref. [4, 26, 27], when high-energy partons scatter off the CGC, the interaction is eikonal in that the projectile partons propagate through the target without changing their transverse position but picking up an eikonal phase. This phase can be expressed by the relevant Wilson lines. With the splitting wave function in the transverse coordinate space in hand, we could easily derive the differential cross section for a quark scattered off the CGC (see Fig. 1), q(k) + A → γ^∗(q) + X, and the result is given by dσ(qA → γ^∗X) dq^+d^2q_⊥

= α_{em}e^2_q ∫ d^2b (2π)^2 d^2r (2π)^2 d^2r^′ (2π)^2 e^{−iq⊥ ·(r−r′)} ∑ αβλ ψ^{∗λ}_{αβ} (k, q^+, r^′ − b)ψ^λ_{αβ} (k, q^+, r − b) × [ 1 + S^{(2)}_{xA} (v, v^′) − S^{(2)}_{xA} (b, v^′) − S^{(2)}_{xA} (v, b) ] (9) where e_q is the quark fractional charge, v = zr + (1 − z)b and v^′ = zr^′ + (1 − z)b, and the two-point functions of form S^{(2)}(x, y) take care of the multiple scattering between the γ^∗q-pair and the nucleus target, and they are characterized by the Wilson lines with the following definition

S^{(2)}_{xA} (x, y) = 1 N_c ⟨ Tr ( U(x)U^†(y) )⟩ x_A , (10)

where the notation ⟨· · · ⟩_{xA} is used for the CGC average of the color charges over the nuclear wave function and x_A is the smallest fraction of longitudinal momentum probed, and is determined by the kinematics. U(x) is given by

U(x) = P exp { ig_s ∫_{+∞} −∞ dx^+T^cA^−_c (x^+, x_⊥) } , (11)

with T^c the generator of color SU(N_c) group in the fundamental representation, and P denoting an ordering in x^+.

Eq. (9) is a very compact form in the transverse coordinate space. In order to transparently incorporate spindependent effect and also to demonstrate the connection to the usual TMD factorization formalism for Drell-Yan production, we will transform Eq. (9) to the transverse momentum space, in which the cross section can be written in the following form dσ(qA → γ^∗X) dyd^2q_⊥ = α_{em} 2π^2 e^2_q ∫ d^2bd^2p_⊥F (x_A, p_⊥) [ H_T (q_⊥, k_⊥, p_⊥, z) + H_L(q_⊥, k_⊥, p_⊥, z) ] , (12)

where y is the rapidity of the virtual photon, and F (x_A, p_⊥) is the unintegrated gluon distribution (or dipole gluon distribution) defined as

F (x_A, p_⊥) = ∫ d^2r_⊥ (2π)^2 e^{ip⊥·r⊥} 1 N_c ⟨ Tr ( U(0)U^†(r_⊥) )⟩ x_A . (13)

H_T and H_L represent the corresponding hard-part functions for transverse and longitudinal polarized virtual photon, respectively, and they are given by H_T (q_⊥, k_⊥, p_⊥, z) = [ 1 + (1 − z)^2 ] [ q_⊥ − zk_⊥ (q_⊥ − zk_⊥)^2 + ϵ^2_M − q_⊥ − zk_⊥ − zp_⊥ (q_⊥ − zk_⊥ − zp_⊥)^2 + ϵ^2_M

]_2

, (14)

H_L(q_⊥, k_⊥, p_⊥, z) = 2(1 − z)^2M^2 [ 1 (q_⊥ − zk_⊥)^2 + ϵ^2_M − 1 (q_⊥ − zk_⊥ − zp_⊥)^2 + ϵ^2_M

]_2 . (15)

To obtain the differential cross section for Drell-Yan production in polarized p^↑+p and p^↑+A collisions from above formalism of q + A → γ^∗ + X, one realizes that the unpolarized quark distribution inside the transversely polarized proton can be expanded as follows [28] f_{q/p}↑ (x, k_⊥) = f_{q/p}(x, k^2_⊥) + ϵ^{αβ}s^α_⊥k^β_⊥ M_p f^{⊥,q}_{1T} (x, k^2_⊥), (16)

where M_p is the proton mass, and ϵ^{αβ} is a two-dimensional anti-symmetric tensor with ϵ^{12} = 1. f_{q/p}(x, k^2_⊥) is the spin-averaged quark distribution function of flavor q, while f^{⊥,q}_{1T} (x, k^2_⊥) is the quark Sivers function. Thus by simply convoluting the spin-independent quark distribution function f_{q/p}(x, k^2_⊥) with Eq. (12), we immediately obtain the spin-averaged cross section dσ ≡ [dσ(s_⊥)+dσ(−s_⊥)]/2 for virtual photon production, p^↑(P, s_⊥)+A(P_A) → γ^∗(q)+X, dσ(p^↑A → γ^∗X) dyd^2q_⊥ = α_{em} 2π^2 ∑ q e^2_q

∫_1 x_p dz z d^2k_⊥xf_{q/p}(x, k^2_⊥) ∫ d^2bd^2p_⊥F (x_A, p_⊥) × [ H_T (q_⊥, k_⊥, p_⊥, z) + H_L(q_⊥, k_⊥, p_⊥, z) ] , (17)

where ∑ q runs over all light (anti)quark flavors, the quark momentum fraction x = x_p/z with x_p = M_⊥/ √ se^y, and the gluon momentum fraction in the target is given by x_A = M_⊥/ √ se^{−y}. Eq. (17) is consistent with the results derived before in [29], if one sets the quark transverse momentum from the proton side k_⊥ → 0. In our case, since we are interested in the spin-dependent effect which involves TMDs, we generalize the formalism to include the k_⊥- dependence. Now convoluting the quark Sivers function with Eq. (12), one obtains the spin-dependent cross section dΔσ ≡ [dσ(s_⊥) − dσ(−s_⊥)]/2 as dΔσ(p^↑A → γ^∗X) dyd^2q_⊥ = α_{em} 2π^2 ∑ q e^2_q

∫_1 x_p dz z d^2k_⊥ ϵ^{αβ} s^α_⊥k^β_⊥ M_p xf^{⊥,q}_{1T} (x, k^2_⊥) ∫ d^2bd^2p_⊥F (x_A, p_⊥) × [ H_T (q_⊥, k_⊥, p_⊥, z) + H_L(q_⊥, k_⊥, p_⊥, z) ] . (18)

The differential cross section for Drell-Yan dilepton production (decayed from virtual photon) can be easily deduced using the following relation, dσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ = α_{em} 3πM^2 dσ(p^↑A → γ^∗X) dyd^2q_⊥ . (19)

From Eqs. (17), (18) and (19), we obtain the conventionally defined SSA (or the Sivers asymmetry) for Drell-Yan dilepton production as follows

A_N = dΔσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ / dσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ . (20)

III. CONNECTION TO TMD FACTORIZATION FORMALISM

In this section, we investigate the connection between the Drell-Yan differential cross section obtained above in the small-x formalism and those from the TMD factorization approach. To find such a connection, we need to study the factorization property of the above differential cross section in the kinematic region where M ≫ q_⊥. Furthermore, we assume that M is also much larger than the saturation scale Q_s which sets the transverse momentum p_⊥ of the unintegrated gluon distribution F (x_A, p_⊥). In other words, we are going to study the region M ≫ q_⊥ ∼ k_⊥ ∼ p_⊥ where the TMD factorization is supposed to hold for Drell-Yan production.

In order to extract the leading power contribution from Eqs. (17) and (18), we notice that the integral in both equations are dominated by the end point contribution of z ∼ 1 where ϵ^2_M is in order of q^2_⊥ [30, 31]. Following Ref. [30], we introduce a delta function: ∫ dẑδ(ẑ − 1/(1 + Λ^2/ϵ^2_M )) = 1, where Λ^2 = (1 − z)(q_⊥ − k_⊥)^2 + z(q_⊥ − k_⊥ − p_⊥)^2, and integrate out z first. This delta-function can be further expanded in the limit of q_⊥ ≪ M, δ ( ẑ − 1 1 + Λ^2/ϵ^2_M ) = 1 − z ẑ δ ( (1 − ẑ)(1 − z) − ẑΛ^2 M^2 )

→ 1 − z ẑ [ δ(1 − z) (1 − ẑ)_+ + δ(1 − ẑ) (1 − z)_+ ] , (21) where a logarithmic term in the above expansion is power suppressed and has been neglected. Substituting this expansion to Eqs. (17) and (18), we obtain the leading contribution to the differential cross section in the limit of q_⊥ ≪ M, dσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ = α^2_{em} 6π^3M^4 ∑ q e^2_q ∫ d^2k_⊥x_pf_{q/p}(x_p, k^2_⊥) ∫ dẑ ∫ d^2bd^2p_⊥F (x_A, p_⊥)A(p_⊥, q_⊥ − k_⊥, ẑ), (22) dΔσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ = α^2_{em} 6π^3M^4 ∑ q e^2_q ∫ d^2k_⊥ ϵ^{αβ} s^α_⊥k^β_⊥ M_p x_pf^{⊥,q}_{1T} (x_p, k^2_⊥) × ∫ dẑ ∫ d^2bd^2p_⊥F (x_A, p_⊥)A(p_⊥, q_⊥ − k_⊥, ẑ), (23)

where A(p_⊥, ℓ_⊥, ẑ) with ℓ_⊥ = q_⊥ − k_⊥ is given by A(p_⊥, ℓ_⊥, ẑ) = [ ℓ_⊥|ℓ_⊥ − p_⊥| (1 − ẑ)ℓ^2_⊥ + ẑ(ℓ_⊥ − p_⊥)^2 − ℓ_⊥ − p_⊥ |ℓ_⊥ − p_⊥| ]_2 . (24)

Several comments are in order at this point. First, we found that the contribution from the second delta function δ(1 − ẑ) is power suppressed. To see this more clear, one can substitute ϵ^2_M = ẑΛ^2/(1 − ẑ) for both hard-function H_T and H_L in Eqs. (17) and (18), there is an overall factor (1 − ẑ)^2. Second, we have also found that the contribution from hard-function H_L (corresponding to longitudinal polarized virtual photon) is power suppressed compared to H_T (corresponding to transverse polarized virtual photon). So the final leading power contributions in Eqs. (22) and (23) are purely connected to the transverse polarized virtual photon. This is consistent with the expectation of the TMD factorization formalism, in which the virtual photon is generated from qq̄ annihilation process and thus is transversely polarized.

On the other hand, in the TMD factorization [10–13], we have the spin-averaged cross section as dσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ = 4πα^2_{em} 3N_cM^4 ∑ q e^2_q ∫ d^2k_⊥d^2ℓ_⊥d^2λ_⊥δ^2 (k_⊥ + ℓ_⊥ + λ_⊥ − q_⊥)

×x_pf_{q/p}(x_p, k^2_⊥)x_Af_{q̄/A}(x_A, ℓ^2_⊥)H(M^2, x_p, x_A)S(λ_⊥), (25)

and the spin-dependent cross section as dΔσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ = 4πα^2_{em} 3N_cM^4 ∑ q e^2_q ∫ d^2k_⊥d^2ℓ_⊥d^2λ_⊥δ^2 (k_⊥ + ℓ_⊥ + λ_⊥ − q_⊥)

× ϵ^{αβ}s^α_⊥k^β_⊥ M_p x_pf^{⊥,q}_{1T} (x_p, k^2_⊥)x_Af_{q̄/A}(x_A, ℓ^2_⊥)H(M^2, x_p, x_A)S(λ_⊥). (26)

Here f^{⊥,q}_{1T} (x_p, k^2_⊥), f_{q/p}(x_p, k^2_⊥) and f_{q̄/A}(x_A, ℓ^2_⊥) are the TMD quark Sivers function, quark and anti-quark distribution, respectively. H(M^2, x_p, x_A) and S(λ_⊥) are the hard and soft factors with the lowest order expressions:

H(M^2, x_p, x_A) = 1, S(λ_⊥) = δ^2(λ_⊥). (27)

To find the connection between the above TMD formalism and the small-x formalism, we can calculate the (anti)-

FIG. 2. The Drell-Yan production in TMD factorization with the anti-quark distribution generated from the dipole gluon distribution.

quark distribution function f_{q̄/A}(x_A, ℓ^2_⊥) in terms of the dipole gluon distribution F (x_A, p_⊥) at small-x limit. This has been done in [30], and in the small-x limit, the result can be written as the following

f_{q̄/A}(x_A, ℓ^2_⊥) = N_c 8π^4 ∫ dẑ x_A ∫ d^2bd^2p_⊥F (x_A, p_⊥)A(p_⊥, ℓ_⊥, ẑ) (28)

where A(p_⊥, ℓ_⊥, ẑ) is given by Eq. (24). At the same time, since now the TMD (anti)-quark distribution starts with nontrivial leading order expansion, we could set both the hard and soft factors as their corresponding leading order expressions in Eq. (27). Now feed the expression for the TMD quark distribution in Eq. (28) back to the TMD cross sections in Eqs. (25) and (26), taking the advantage of the delta function δ^2 (k_⊥ + ℓ_⊥ + λ_⊥ − q_⊥) to integrate out d^2ℓ_⊥, thus the factor A(p_⊥, ℓ_⊥, ẑ) becomes A(p_⊥, q_⊥ −k_⊥, ẑ) which also appeares in the small-x formalism in Eqs. (22) and (23). We immediately find that both the spin-averaged and spin-dependent cross sections agree completely with those in Eqs. (22) and (23) from the small-x formalism. For an intuitive understanding, see Fig. 2 where we show the Drell-Yan production in TMD factorization but with the anti-quark distribution generated from the dipole gluon distribution. Therefore, we have demonstrated that the small-x calculation for the Drell-Yan differential cross section is consistent with the TMD factorization at this particular order.

IV. CONNECTION TO COLLINEAR FACTORIZATION FORMALISM

In this section, we discuss the connection between the differential cross section obtained in the small-x formalism and those in the usual collinear factorization. For this purpose, we are interested in the kinematic region where M^2, q^2_⊥ ≫ Q^2_s ∼ p^2_⊥, k^2_⊥. This is the region where the parton density in the nucleus target is still dilute and M^2, q^2_⊥ ≫ Λ_{QCD} thus the usual collinear factorization is supposed to hold.

A. Spin-averaged cross section

We will start with the spin-averaged cross section. Since we are interested in the region where M^2, q^2_⊥ ≫ k^2_⊥, thus we could drop the k_⊥-dependence (compared to q_⊥) in the hard-part functions H_T and H_L in Eq. (17). Once k_⊥ is dropped, the only k_⊥ dependence is then coming from the f_{q/p}(x, k^2_⊥), and we could integrate over d^2k_⊥ to obtain the usual collinear parton distribution funciton, ∫ d^2k_⊥f_{q/p}(x, k^2_⊥) = f_{q/p}(x). (29)

On the other hand, for the nucleus target side, in the dilute parton region, we have [32] ∫ d^2b d^2p_⊥p^2_⊥F (x_A, p_⊥) =

2π^2α_s N_c x_Af_{g/A}(x_A), (30)

where f_{g/A}(x_A) is the usual collinear gluon distribution inside the nucleus. In order to obtain the needed p^2_⊥ such that we could connect to the collinear gluon distribution from Eq. (17), we thus need to make the expansion with respect to p_⊥ in the hard-part functions H_T and H_L in the region where M^2, q^2_⊥ ≫ Q^2_s ∼ p^2_⊥, ∫ d^2b ∫ d^2p_⊥F (x_A, p_⊥)p^ρ_⊥p^σ_⊥ 1 2 ∂ ∂p^ρ_⊥∂p^σ_⊥ [H_T (q_⊥, k_⊥ = 0, p_⊥, z) + H_L(q_⊥, k_⊥ = 0, p_⊥, z)]_{p⊥→0} . (31)

After the p_⊥ expansion, we set p_⊥ → 0, thus the hard-part functions are now independent of p_⊥. We could then use ∫ d^2b d^2p_⊥F (x_A, p_⊥)p^ρ_⊥p^σ_⊥ = ∫ d^2b d^2p_⊥F (x_A, p_⊥)p^2_⊥ 1 2 g^{ρσ}_⊥ = 2π^2α_s N_c x_Af_{g/A}(x_A) 1 2 g^{ρσ}_⊥ . (32)

Eventually we could write the spin-averaged cross section as dσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ = α^2_{em}α_s 3πN_cM^2 ∑ q e^2_q

∫_1 x_p dz z xf_{q/p}(x)x_Af_{g/A}(x_A)H(q_⊥, z), (33) where the hard-part function H(q_⊥, z) is given by H(q_⊥, z) = 1 4 g^{ρσ}_⊥ ∂ ∂p^ρ_⊥∂p^σ_⊥ [H_T (q_⊥, k_⊥ = 0, p_⊥, z) + H_L(q_⊥, k_⊥ = 0, p_⊥, z)]_{p⊥→0} (34)

With the H_T and H_L given in Eqs. (14) and (15), we could immediately derive H(q_⊥, z) and it is given by H(q_⊥, z) = z^2 (q^2_⊥ + ϵ^2_M )^2 { [ 1 + (1 − z)^2 ] − 2z^2q^2_⊥ϵ^2_M (q^2_⊥ + ϵ^2_M )^2 } . (35)

On the other hand, in the usual collinear factorization, the spin-averaged Drell-Yan cross section at small-x regime is dominantly by the qg → γ^∗q channel and is given by [33], dσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ = σ_0 α_s 4π^2 ∑ q e^2_q ∫ dx x dx_A x_A f_{q/p}(x)f_{g/A}(x_A)σ̂_{qg} (ŝ, t̂, û)δ ( ŝ + t̂ + û − M^2 ) , (36)

where σ_0 = 4πα^2_{em}/3N_csM^2, s = (P + P_A)^2, and σ̂_{qg} (ŝ, t̂, û) has the following form σ̂_{qg} (ŝ, t̂, û) = 2 T_R [ − ŝ t̂ − t̂ ŝ − 2M^2û ŝt̂ ] , (37)

with color factor T_R = 1/2. Now to connect to the small-x formalism, realizing

ŝ = q^2_⊥ + ϵ^2_M z(1 − z) , t̂ = − q^2_⊥ + ϵ^2_M z , û = − q^2_⊥ 1 − z , (38)

we obtain σ̂_{qg} (ŝ, t̂, û) = 1 1 − z { [ 1 + (1 − z)^2 ] − 2z^2q^2_⊥ϵ^2_M (q^2_⊥ + ϵ^2_M )^2 } . (39)

Then plugging above equation back to Eq. (36), integrating over dx_A with the delta function δ(ŝ + t̂ + û − M^2) and using dx/x = dz/z, we immediately end up with an expression exactly the same as the one in Eq. (33). Thus we have found that the small-x formalism is exactly the same as the usual collinear factorization formalism for the spin-averaged cross section in the relevant kinematic region.

B. Spin-dependent cross section

Now let us study whether there is some connection between the spin-dependent cross section dΔσ/dM^2dyd^2q_⊥ in the samll-x formalism and that derived in the collinear factorization approach. Again we are interested in the region where M^2, q^2_⊥ ≫ Q^2_s ∼ p^2_⊥, k^2_⊥. In the small-x formalism, it is given by Eq. (18). For the polarized proton side, we have the k^β_⊥f^{⊥,q}_{1T} (x, k^2_⊥), thus we need another linear k_⊥ term from the hard-part functions H_T and H_L to have the d^2k_⊥ integral nonvanishing. On the other hand, for the unpolarized nucleus side, to obtain the usual collinear gluon distribution function, we need to perform the expansion with respect to p_⊥ just like what we have done for the spin-averaged case. In total, we should perform the following expansion, dΔσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ = α^2_{em} 6π^3M^2 ∑ q e^2_q

∫_1 x_p dz z d^2k_⊥ ϵ^{αβ}s^α_⊥k^β_⊥ M_p xf^{⊥,q}_{1T} (x, k^2_⊥) ∫ d^2bd^2p_⊥F (x_A, p_⊥) ×k^γ_⊥p^ρ_⊥p^σ_⊥ 1 2 ∂ ∂k^γ_⊥∂p^ρ_⊥∂p^σ_⊥ [ H_T (q_⊥, k_⊥, p_⊥, z) + H_L(q_⊥, k_⊥, p_⊥, z) ] k_⊥→0,p_⊥ →0. (40) Then we can perform the d^2k_⊥ integral as follows: 1 M_p ∫ d^2k_⊥k^β_⊥k^γ_⊥f^{⊥,q}_{1T} (x, k^2_⊥) = 1 M_p ∫ d^2k_⊥k^2_⊥ 1 2 g^{βγ}_⊥ f^{⊥,q}_{1T} (x, k^2_⊥) = 1 2 g^{βγ}_⊥ T_{q,F} (x, x), (41) where we have used the relation between the quark Sivers function f^{⊥,q}_{1T} (x, k^2_⊥) and the twist-3 quark-gluon correlation function T_{q,F} (x, x) [18] 1 M_p ∫ d^2k_⊥k^2_⊥f^{⊥,q}_{1T} (x, k^2_⊥) = T_{q,F} (x, x). (42)

For the nucleus target side, we perform the d^2p_⊥ integral the same way as in Eq. (32) for the spin-averaged cross section in last subsection. At the end of day, we have dΔσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ = α^2_{em}α_s 3πN_cM^2 ϵ^{αβ} s^α_⊥ ∑ q e^2_q

∫_1 x_p dz z x T_{q,F} (x, x)x_Af_{g/A}(x_A)H^β (q_⊥, z), (43) where the hard-part function H^β (q_⊥, z) is given by

H^β(q_⊥, z) = 1 8 g^{ρσ}_⊥ ∂ ∂k^β_⊥∂p^ρ_⊥∂p^σ_⊥ [ H_T (q_⊥, k_⊥, p_⊥, z) + H_L(q_⊥, k_⊥, p_⊥, z) ] k_⊥→0, p_⊥→0. (44) We could easily work out the explicit expression for H^β (q_⊥, z),

H^β(q_⊥, z) = q^β_⊥

2z^3 (q^2_⊥ + ϵ^2_M )^3 { [ 1 + (1 − z)^2 ] − z^2ϵ^2_M (3q^2_⊥ − ϵ^2_M )

(q^2_⊥ + ϵ^2_M )^2 } . (45)

On the other hand, in the collinear factorization approach, the spin-dependent dΔσ/dM^2dyd^2q_⊥ in the region M^2, q^2_⊥ ≫ Λ_{QCD} is a twist-3 effect and has the following form [33, 34] dΔσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ = σ_0ϵ^{αβ} s^α_⊥q^β_⊥ α_s 4π^2 ∑ q e^2_q ∫ dx x dx_A x_A f_{g/A}(x_A)δ ( ŝ + t̂ + û − M^2 ) 1 −û × { [ T_{q,F} (x, x) − x d dx T_{q,F} (x, x) ] H^s_{qg} (ŝ, t̂, û) + T_{q,F} (x, x)N^s_{qg} (ŝ, t̂, û)

+ T_{q,F} (x − x̄_g , x)H^h_{qg} (ŝ, t̂, û) } , (46)

where x̄_g = −xt̂/(M^2 − t̂), both H^s_{qg} and N^s_{qg} are the hard-part functions associated with the so-called soft-gluon pole contribution, and H^h_{qg} is the hard-part function associated with the hard-gluon pole contribution. These hard-part functions are given by [33, 34] H^s_{qg} (ŝ, t̂, û) = N^2_c N^2_c − 1 [ − ŝ t̂ − t̂ ŝ − 2M^2û ŝt̂ ] , (47) N^s_{qg} (ŝ, t̂, û) = N^2_c N^2_c − 1

M^2 ŝt̂^2 [ M^4 − 2M^2t̂ + û^2 ] , (48) H^h_{qg} (ŝ, t̂, û) = ( M^2 − t̂

)_3

+ M^2û^2 ŝt̂^2 [ 2T_R ŝ ŝ + û − N^2_c N^2_c − 1 ] . (49)

The collinear factorization expression in Eq. (46) seems very different from the small-x formalism in Eq. (43). However, if one considers the so-called forward limit, i.e., |t̂| ≪ |û| ∼ ŝ, we will find that they are indeed consistent with each other as we will show now. From Eq. (38), the forward limit is equivalent to q^2_⊥ ∼ ϵ^2_M and z → 1. In this limit, the small-x formalism in Eq. (43) reduces to dΔσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ = α^2_{em}α_s 3πN_cM^2 ϵ^{αβ} s^α_⊥q^β_⊥ 1 (2q^2_⊥)^3 ∑ q e^2_q

∫_1 x_p dz x T_{q,F} (x, x)x_Af_{g/A}(x_A). (50) On the other hand, for the collinear factorization expression in Eq. (46), we find that the hard-part function H^s_{qg} ∝ 1/(1 − z) while both N^s_{qg} and H^h_{qg} are proportional to 1/(1 − z)^2. Thus H^s_{qg} is sub-leading compared to N^s_{qg} and H^h_{qg} in the forward limit and can be neglected. At the same time, in the forward limit, x̄_g = −xt̂/(M^2 − t̂) → 0 thus the hard-pole correlation function T_{q,F} (x − x̄_g , x) → T_{q,F} (x, x) is equal to the soft-pole correlation function. Once we realize this, we find that the corresponding terms ∝ N^2_c /(N^2_c − 1) in N^s_{qg} and H^h_{qg} cancel each other, only the term ∝ T_R remains. After using the δ ( ŝ + t̂ + û − M^2 ) to take care of the dx_A integration and dx/x = dz/z, we end up with the following expression dΔσ(p^↑A → ℓ^+ℓ^−X) dM^2dyd^2q_⊥ = α^2_{em}α_s 3πN_cM^2 ϵ^{αβ} s^α_⊥q^β_⊥ 1 (2q^2_⊥)^3 ∑ q e^2_q

∫_1 x_p dz x T_{q,F} (x, x)x_Af_{g/A}(x_A), (51) which is exactly the same as the forward limit expression Eq. (50) in the small-x formalism. Thus we have demonstrated for the spin-dependent cross section that the collinear twist-three formalism is consistent with the small-x formalism in the forward limit. Since both the spin-averaged and spin-dependent cross sections are consistent with the small-x formalism in the forward limit, the Sivers spin asymmetry A_N as a ratio of these two cross sections is thus consistent between the small-x formalism and the collinear factorization approach.

V. NUMERICAL RESULTS

In this section, we present our numerical estimates for the Sivers asymmetry of Drell-Yan lepton pair production in both polarized p^↑+p and p^↑+A collisions at RHIC energies by using Eqs. (17), (18), (19) and (20). To be consistent with the experimental definition for the asymmetry A_N , we choose a frame in which the polarized proton moves in the +z-direction, the unpolarized proton (or the nucleus) moves in −z-direction, the transverse spin vector s_⊥ and the transverse momentum of the lepton pair q_⊥ along y- and x-directions, respectively. For the transversely polarized proton side, we use the quark Sivers function extracted from SIDIS in [36] and flip the sign for the Drell-Yan production. For spin-averaged cross section, we use GRV98LO unpolarized parton distribution functions [37]. In the current paper, we will not incorporate the evolution effect for the Sivers function [38, 39] and will leave such a study for a future publication. For the target proton or nucleus side, we need the dipole gluon distribution function F (x_A, p_⊥), which characterizes the dense gluon distribution in the Drell-Yan process in the proton or nucleus at the small-x regime. In the numerical estimate, we choose two parametrizations for the dipole gluon distribution: the GBW model in [40], and the solution of the BK evolution equation [41].

In the GBW model, the dipole gluon distribution has a Gaussian form [40],

F (x_A, p_⊥) = 1 πQ^2_s (x_A) e^{−p2⊥/Q2s(xA)}, (52) where the saturation scale for the proton Q^2_s(x_A) = Q^2_{s0}(x_A/x_0)^{−λ} with Q_{s0} = 1 GeV, x_0 = 3.04 × 10^{−4}, and λ = 0.288. For the saturation scale of the nucleus, we follow Ref. [42] and choose

Q^2_{sA}(x_A) = c A^{1/3}Q^2_{s0}(x_A/x_0)^{−λ}, (53)

with c = 0.5 for the minimum bias p+A collisions.

FIG. 3. The single transverse spin asymmetry AN is plotted as a function of the transverse momentum q_⊥ at rapidity y = 3 for RHIC energy √ s = 510 GeV. We have integrated over the invariant mass of the lepton pair 4 < M < 8 GeV. The red solid curve is for polarized p^↑+A collisions, while the blue dashed curve is for polarized p^↑+p collisions. On the left plot, we have used GBW model for the dipole gluon distribution; while on the right plot, the dipole gluon distribution is taken as the numerical solution of the BK evolution equation.

For the second choice, we use the numerical solution of BK evolution equation for the dipole gluon distribution in our calculation. Particularly we take those used in Ref. [6] which are able to describe successfully the single inclusive hadron production in forward d+Au collisions at RHIC in the leading order formalism. Ref. [6] has used McLerran- Venugopalan (MV) model [43] as the initial condition for the BK evolution equation, which avoids an unphysical exponential fall-off of the dipole gluon distribution at large transverse momenta.

In Fig. 3, we plot the Sivers asymmetry A_N of the Drell-Yan dilepton production as a function of the pair’s transverse momentum q_⊥ at RHIC energy √ s = 510 GeV. To keep in the forward rapidity region (such that the gluon momentum fraction x_A in the target is small thus to justify the use of our small-x formalism), we choose the rapidity y = 3. We have integrated the pair’s invariant mass M from 4 to 8 GeV. On the left panel, we show the result by using the GBW model for the dipole gluon distribution. On the right panel, the asymmetry is calculated with the dipole gluon distribution taken as the numerical solution of the BK evolution equation. The blue dashed curves are for the asymmetry in polarized p^↑+p collisions, and the red solid curves are for the asymmetry in polarized p^↑+A collisions. We find that the GBW model and the numerical solution of the BK evolution equations actually give very similar results on the Sivers asymmetry for both p^↑+p and p^↑+A collisions. The asymmetry goes to zero when the pair’s transverse momentum goes to zero q_⊥ = 0. This is because that once integrated over both k_⊥ and p_⊥ in Eq. (18), the only remaining transverse vectors are q_⊥ and the spin s_⊥, both of which are needed to form the azimuthal spin asymmetry ∼ ϵ^{αβ} s^α_⊥q^β_⊥. Thus if q_⊥ = 0, there are no enough vectors to generate the asymmetry.

FIG. 4. The single transverse spin asymmetry AN is plotted as a function of the rapidity y at q_⊥ = 1 GeV for RHIC energy √ s = 510 GeV. We have integrated over the invariant mass of the lepton pair 4 < M < 8 GeV. The red solid curve is for polarized p^↑+A collisions, while the blue dashed curve is for polarized p^↑+p collisions. On the left plot, we have used GBW model for the dipole gluon distribution; while on the right plot, the dipole gluon distribution is taken as the numerical solution of the BK evolution equation.

We also find that for relatively small q_⊥, the Sivers asymmetry A_N becomes smaller from p^↑+p to p^↑+A collisions. This is expected since the Sivers asymmetry is generated by the small quark transverse momentum k_⊥ in the polarized proton, whereas the role that the saturation momenta play in this process is to push the produced Drell-Yan lepton pair towards larger q_⊥ region. Since the saturation scale Q_s is larger in the nucleus target, the Sivers effect is attenuated and thus the asymmetry A_N is smaller for the nucleus case as compared to the case with proton targets for fixed value of q_⊥. On the other hand, when q_⊥ becomes relatively large (larger than the saturation scale Q_{sA} in the nucleus), the saturation effect (due to the difference in Q_s) becomes less important, thus we see the asymmetry becomes similar for p^↑+p and p^↑+A collisions in this region. A comparative measurement of the asymmetry for both p^↑+p and p^↑+A collisions thus might provide an interesting and novel way to study the saturation scale.

In Fig. 4, we plot A_N as a function of the dilepton rapidity y at transverse momentum q_⊥ = 1 GeV at RHIC energy √ s = 510 GeV. The left plot is for GBW model and the right plot is for the numerical solution of the BK evolution equation case. Again y-dependence of the asymmetry is similar for these two cases, and the asymmetry is smaller for p^↑+A collisions than that for p^↑+p collisions, due to the same reason as in the q_⊥-dependence case. It is easy to understand the reason why the asymmetry is peaked at y ∼ 3, which corresponds to the parton momentum fraction in the polarized proton x_p ∼ 0.2. This effect is simply due to the fact that the parametrization we used for the Sivers function has a maximum at x ∼ 0.2 [36]. Nevertheless, we also find that the saturation effect plays a non-trivial role in the calculation of the asymmetry.

VI. SUMMARY

We studied the Sivers single spin asymmetry of the Drell-Yan lepton pair production in the forward rapidity region (small-x regime) for both polarized p^↑+p and p^↑+A collisions. By including the transverse momentum dependence of the quark distribution inside the polarized proton, we calculated both the spin-averaged and spin-dependent Drell-Yan differential cross sections in the small-x formalism. In the so-called geometric scaling region in which the invariant mass M of the pair is much larger than the saturation scale Q_s and the pair’s transverse momentum q_⊥, we demonstrate that the Drell-Yan cross section in the small-x formalism agrees completely with those derived from the transverse momentum dependent factorization approach. We further show that the small-x formalism is also consistent with the collinear factorization formalism in the so-called forward limit. We evaluated the SSAs of Drell-Yan lepton pair production in both polarized p^↑+p and p^↑+A collisions for RHIC energy √ s = 510 GeV at forward rapidity region.

We find that in the region when the pair’s transverse momentum q_⊥ is small, the Sivers asymmetry is smaller in p^↑+A collisions as compared to p^↑+p collisions, while the asymmetry becomes similar at relatively large q_⊥. The future measurement and comparative study of the Sivers single spin asymmetry for the Drell-Yan lepton pair production in both polarized p^↑+p and p^↑+A collisions will be very interesting and important as they probe both the transverse spin and the small-x saturation physics.

ACKNOWLEDGMENTS

We thank D. Boer, Y. Kovchegov, Y.-Q. Ma, J.-W. Qiu, R. Venugopalan, and F. Yuan for helpful discussions, and thank J. L. Albacete for providing us their unintegrated gluon distribution used in our numerical estimate. This work was supported in part by the U.S. Department of Energy under Contract No. DE-AC52-06NA25396.

[1] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett. 92, 171801 (2004) [arXiv:hep-ex/0310058]; B. I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 101, 222001 (2008) [arXiv:0801.2990 [hep-ex]]; L. Adamczyk et al. [STAR Collaboration], arXiv:1205.6826 [nucl-ex]; I. Arsene et al. [BRAHMS Collaboration], Phys. Rev. Lett. 101, 042001 (2008) [arXiv:0801.1078 [nucl-ex]].

[2] I. Arsene et al. [BRAHMS Collaboration], Phys. Rev. Lett. 93, 242303 (2004) [arXiv:nucl-ex/0403005]; J. Adams et al.

[STAR Collaboration], Phys. Rev. Lett. 97, 152302 (2006) [arXiv:nucl-ex/0602011]; E. Braidot [STAR Collaboration], arXiv:1005.2378 [hep-ph]; S. S. Adler et al. [PHENIX Collaboration], Phys. Rev. C 73, 054903 (2006) [nucl-ex/0510021]; A. Adare et al. [PHENIX Collaboration], Phys. Rev. Lett. 107, 172301 (2011) [arXiv:1105.5112 [nucl-ex]].

[3] D. Boer, M. Diehl, R. Milner, R. Venugopalan, W. Vogelsang, D. Kaplan, H. Montgomery and S. Vigdor et al., arXiv:1108.1713 [nucl-th].

[4] C. Marquet, Nucl. Phys. A 796, 41 (2007) [arXiv:0708.0231 [hep-ph]].

[5] J. L. Albacete and C. Marquet, Phys. Rev. Lett. 105, 162301 (2010) [arXiv:1005.4065 [hep-ph]]. [6] J. L. Albacete and C. Marquet, Phys. Lett. B 687, 174 (2010) [arXiv:1001.1378 [hep-ph]].

[7] A. Stasto, B. -W. Xiao and F. Yuan, arXiv:1109.1817 [hep-ph]; G. A. Chirilli, B. -W. Xiao and F. Yuan, Phys. Rev. Lett.

108, 122301 (2012) [arXiv:1112.1061 [hep-ph]]; arXiv:1203.6139 [hep-ph].

[8] J. -W. Qiu and I. Vitev, Phys. Lett. B 632, 507 (2006) [hep-ph/0405068]; Z. -B. Kang, I. Vitev and H. Xing, Phys. Rev.

D 85, 054024 (2012) [arXiv:1112.6021 [hep-ph]]; Phys. Lett. B 718, 482 (2012) [arXiv:1209.6030 [hep-ph]]. H. Xing, Z. - B. Kang, I. Vitev and E. Wang, Phys. Rev. D 86, 094010 (2012) [arXiv:1206.1826 [hep-ph]]; Z. -B. Kang and J. -W. Qiu, Phys. Rev. D 77, 114027 (2008) [arXiv:0802.2904 [hep-ph]].

[9] See, for example: Z. -B. Kang and F. Yuan, Phys. Rev. D 84, 034019 (2011) [arXiv:1106.1375 [hep-ph]]; Y. V. Kovchegov and M. D. Sievert, arXiv:1201.5890 [hep-ph]; D. Boer, A. Utermann and E. Wessels, Phys. Lett. B 671, 91 (2009) [arXiv:0811.0998 [hep-ph]]; D. Boer, A. Dumitru and A. Hayashigaki, Phys. Rev. D 74, 074018 (2006) [hep-ph/0609083]; D. Boer and A. Dumitru, Phys. Lett. B 556, 33 (2003) [hep-ph/0212260].

[10] J. Collins, D. Soper and G. Sterman, Nucl. Phys. B 250, 199 (1985). [11] X. -D. Ji, J. -P. Ma and F. Yuan, Phys. Lett. B 597, 299 (2004) [hep-ph/0405085]. [12] J. C. Collins and A. Metz, Phys. Rev. Lett. 93, 252001 (2004) [hep-ph/0408249]. [13] S. Arnold, A. Metz and M. Schlegel, Phys. Rev. D 79, 034005 (2009) [arXiv:0809.2262 [hep-ph]]. [14] D. W. Sivers, Phys. Rev. D 41, 83 (1990); Phys. Rev. D 43, 261 (1991).

[15] C. J. Bomhof, P. J. Mulders and F. Pijlman, Phys. Lett. B 596, 277 (2004) [hep-ph/0406099]; C. J. Bomhof and P. J. Mulders, Nucl. Phys. B 795, 409 (2008) [arXiv:0709.1390 [hep-ph]]; W. Vogelsang and F. Yuan, Phys. Rev. D 76, 094013 (2007) [arXiv:0708.4398 [hep-ph]]; L. Gamberg and Z. -B. Kang, Phys. Lett. B 696, 109 (2011) [arXiv:1009.1936 [hep-ph]].

[16] J. C. Collins, Phys. Lett. B 536, 43 (2002) [hep-ph/0204004].

[17] S. J. Brodsky, D. S. Hwang and I. Schmidt, Phys. Lett. B 530, 99 (2002) [arXiv:hep-ph/0201296]; Nucl. Phys. B 642, 344 (2002) [arXiv:hep-ph/0206259]; D. Boer, P. J. Mulders and F. Pijlman, Nucl. Phys. B 667, 201 (2003) [arXiv:hep-ph/0303034]; Z. -B. Kang and J. -W. Qiu, Phys. Rev. Lett. 103, 172001 (2009) [arXiv:0903.3629 [hep-ph]].

[18] Z. -B. Kang, J. -W. Qiu, W. Vogelsang and F. Yuan, Phys. Rev. D 83, 094001 (2011) [arXiv:1103.1591 [hep-ph]]; Z. -B. Kang and A. Prokudin, Phys. Rev. D 85, 074008 (2012) [arXiv:1201.5427 [hep-ph]].

[19] A. Airapetian et al. [HERMES Coll.], Phys. Rev. Lett. 103, 152002 (2009); L.L. Pappalardo [HERMES Coll.], Eur. Phys.

J. A 38, 145 (2008).

[20] M. Alekseev et al. [COMPASS Coll.], Phys. Lett. B 673, 127 (2009); Phys. Lett. B 692, 240 (2010). [21] X. Qian et al. [Jefferson Lab Hall A Collaboration], Phys. Rev. Lett. 107, 072003 (2011) [arXiv:1106.0363 [nucl-ex]]. [22] J. C. Collins, A. V. Efremov, K. Goeke, M. Grosse Perdekamp, S. Menzel, B. Meredith, A. Metz and P. Schweitzer, Phys.

Rev. D 73, 094023 (2006) [hep-ph/0511272].

[23] M. Anselmino, M. Boglione, U. D’Alesio, S. Melis, F. Murgia and A. Prokudin, Phys. Rev. D 79, 054010 (2009) [arXiv:0901.3078 [hep-ph]].

[24] Z. -B. Kang and J. -W. Qiu, Phys. Rev. D 81, 054020 (2010) [arXiv:0912.1319 [hep-ph]]. [25] F. Dominguez, J. -W. Qiu, B. -W. Xiao and F. Yuan, Phys. Rev. D 85, 045003 (2012) [arXiv:1109.6293 [hep-ph]]. [26] J. D. Bjorken, J. B. Kogut and D. E. Soper, Phys. Rev. D 3, 1382 (1971). [27] A. Kovner and U. A. Wiedemann, Phys. Rev. D 64, 114002 (2001) [hep-ph/0106240].

[28] A. Bacchetta, U. D’Alesio, M. Diehl and C. A. Miller, Phys. Rev. D 70, 117504 (2004) [hep-ph/0410050]; P. J. Mulders and R. D. Tangerman, Nucl. Phys. B 461, 197 (1996) [Erratum-ibid. B 484, 538 (1997)] [hep-ph/9510301].

[29] B. Z. Kopeliovich, J. Raufeisen and A. V. Tarasov, Phys. Lett. B 503, 91 (2001) [hep-ph/0012035]; R. Baier, A. H. Mueller and D. Schiff, Nucl. Phys. A 741, 358 (2004) [hep-ph/0403201]; F. Gelis and J. Jalilian-Marian, Phys. Rev. D 67, 074019 (2003) [hep-ph/0211363]; Phys. Rev. D 66, 094014 (2002) [hep-ph/0208141]; A. Stasto, B. -W. Xiao and D. Zaslavsky, arXiv:1204.4861 [hep-ph].

[30] C. Marquet, B. -W. Xiao and F. Yuan, Phys. Lett. B 682, 207 (2009) [arXiv:0906.1454 [hep-ph]]. [31] A. H. Mueller, Nucl. Phys. B 558, 285 (1999) [hep-ph/9904404].

[32] R. Baier, A. H. Mueller and D. Schiff, Nucl. Phys. A 741, 358 (2004) [hep-ph/0403201]. [33] See, for example: X. Ji, J. -W. Qiu, W. Vogelsang and F. Yuan, Phys. Rev. D 73, 094017 (2006) [hep-ph/0604023]. [34] Note: we have made some notation change for the spin-dependent cross section given in Ref. [33]. [35] J. -W. Qiu and G. Sterman, AIP Conf. Proc. 223, 249 (1991); Phys. Rev. D 59, 014004 (1999) [hep-ph/9806356]. [36] M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, S. Melis, F. Murgia, A. Prokudin and C. Turk, Eur. Phys. J. A 39, 89 (2009) [arXiv:0805.2677 [hep-ph]].

[37] M. Gluck, E. Reya and A. Vogt, Eur. Phys. J. C 5, 461 (1998) [hep-ph/9806404].

[38] S. M. Aybat, J. C. Collins, J. -W. Qiu and T. C. Rogers, Phys. Rev. D 85, 034043 (2012) [arXiv:1110.6428 [hep-ph]];

Z. -B. Kang, B. -W. Xiao and F. Yuan, Phys. Rev. Lett. 107, 152002 (2011) [arXiv:1106.0266 [hep-ph]]; M. G. Echevarria, A. Idilbi, A. Schafer and I. Scimemi, arXiv:1208.1281 [hep-ph].

[39] Z. -B. Kang and J. -W. Qiu, Phys. Rev. D 79, 016003 (2009) [arXiv:0811.3101 [hep-ph]]; Phys. Lett. B 713, 273 (2012) [arXiv:1205.1019 [hep-ph]]; Z. -B. Kang, I. Vitev and H. Xing, arXiv:1212.1221 [hep-ph]; Z. -B. Kang, Phys. Rev. D 83, 036006 (2011) [arXiv:1012.3419 [hep-ph]]; J. Zhou, F. Yuan and Z. -T. Liang, Phys. Rev. D 79, 114022 (2009) [arXiv:0812.4484 [hep-ph]]; W. Vogelsang and F. Yuan, Phys. Rev. D 79, 094010 (2009) [arXiv:0904.0410 [hep-ph]]; V. M. Braun, A. N. Manashov and B. Pirnay, Phys. Rev. D 80, 114002 (2009) [arXiv:0909.3410 [hep-ph]]; A. Schafer and J. Zhou, Phys. Rev. D 85, 117501 (2012) [arXiv:1203.5293 [hep-ph]]; J. P. Ma and Q. Wang, Phys. Lett. B 715, 157 (2012) [arXiv:1205.0611 [hep-ph]].

[40] K. J. Golec-Biernat and M. Wusthoff, Phys. Rev. D 59, 014017 (1998) [hep-ph/9807513].

[41] I. Balitsky, Nucl. Phys. B 463, 99 (1996) [hep-ph/9509348]; Y. V. Kovchegov, Phys. Rev. D 60, 034008 (1999) [hep-ph/9901281].

[42] K. Dusling, F. Gelis, T. Lappi and R. Venugopalan, Nucl. Phys. A 836, 159 (2010) [arXiv:0911.2720 [hep-ph]]. [43] L. D. McLerran and R. Venugopalan, Phys. Lett. B 424, 15 (1998) [nucl-th/9705055].