arXiv:0912.1319v1 [hep-ph] 7 Dec 2009

Single transverse spin asymmetry of dilepton production near Z^0 pole

Zhong-Bo Kang^∗ RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973, USA

Jian-Wei Qiu^† Department of Physics and Astronomy, Iowa State University, Ames, IA 50011, USA (Dated: December 8, 2009)

Using the latest quark Sivers functions extracted from the global analysis of available data on single transverse spin asymmetry (SSA), we calculate the SSA of Drell-Yan inclusive production of lepton pairs of invariant mass Q at both 4 < Q < 9 GeV and Q ∼ MZ in p^↑p collisions at RHIC energies. We find that the features of the asymmetry AN for Q ∼ MZ are significantly different from that when 4 < Q < 9 GeV. The AN near Z^0 pole is positive and sizable in the central rapidity region while the AN at low Q is negative and only sizable in the forward rapidity region. We show that the size of AN is sufficiently large for a wide range of Q around the Z^0 pole, and even with the lepton pair’s invariant mass integrated from Q = 70 GeV to 110 GeV, the AN is still close to 10 percent for the central and near forward rapidity region. We argue that the SSAs of Drell-Yan inclusive dilepton production at low Q and that near the Z^0 pole provide complementary information for testing the time-reversal modified universality (the sign change) of the Sivers functions.

PACS numbers: 12.38.Bx, 12.39.St, 13.85.Qk, 13.88+e

I. INTRODUCTION

Single transverse-spin asymmetries (SSAs) in both semi-inclusive deeply inelastic scattering (SIDIS) and high energy hadronic collisions have attracted much attention from both experimental and theoretical sides in recent years. From the parity and time-reversal invariance of the strong interaction dynamics, the measured asymmetries in these collisions should be directly connected to the transverse motion of partons inside a polarized hadron. Understanding the dynamics behind the measured asymmetries should have the profound impact on our knowledge of Quantum Chromodynamics (QCD) and hadron structure [1].

Two QCD-based approaches for analyzing the observed novel SSAs, the higher twist collinear factorization approach [2, 3, 4, 5] and the transverse momentum dependent (TMD) distribution approach [6, 7, 8, 9, 10, 11], have been proposed and been applied extensively in phenomenological studies. The first approach is based on the QCD collinear factorization [12, 13]. By generalizing the successful leading power QCD collinear factorization formalism to the next-to-leading power in the momentum transfer of the collision, non-vanishing SSAs could be generated by quantum interference between the real part and the imaginary part of the scattering amplitudes, and the SSA is proportional to twist-three transverse-spin-dependent multiparton correlation functions [2, 3, 14]. This collinear factorization based approach is more relevant to the SSAs of the processes with all observed momentum transfers Q ≫ Λ_{QCD}. The other approach relies on the TMD factorization in QCD [15, 16, 17]. In this approach, the non-vanishing SSAs are attributed to the spin-dependent TMD parton distribution functions (PDFs), known as the Sivers functions [6], or the TMD fragmentation functions, known as the Collins functions [7]. The TMD factorization based approach is more suitable for evaluating the SSAs of the processes with two very different momentum transfers, Q_1 ≫ Q_2 >∼ Λ_{QCD}. The larger scale Q_1 is necessary for using perturbative QCD while the lower scale Q_2 makes the observable sensitive to the momentum of parton’s transverse motion. These two approaches have their own kinematic domains of validity, which are complementary to each others. In the region where their validity overlaps, Q_1 ≫ Q_2 ≫ Λ_{QCD}, these two seemingly different approaches should describe the same physics, and indeed, they were shown to be consistent for various processes where both factorizations were proved to be valid [18].

The predictive power of both approaches relies on the respective factorization. For the collinear factorization based approach, the predictive power is a consequence of the infrared safety of all-order perturbatively calculatable partonic hard parts and the universality of all factorized and nonperturbative PDFs and correlation functions [12, 13]. Unlike the collinearly factorized PDFs and correlation functions, the non-perturbative TMD PDFs or the Sivers functions

∗Electronic address: zkang@bnl.gov †Electronic address: jwq@iastate.edu

are not exactly universal, instead, they have the time-reversal modified universality [15]. It was shown from the parity and time-reversal invariance of QCD that the Sivers functions in SIDIS and that in Drell-Yan (DY) process should have the same functional form but an opposite sign - the time-reversal modified universality [15]. From the measurement of Sivers functions in SIDIS, the sign of Drell-Yan SSA is uniquely predicted by the TMD factorization and the time-reversal modified universality of Sivers functions.

The experimental test of the sign change of Sivers functions would provide a critical test for the TMD factorization approach and our understanding of the SSAs. Recently, HERMES and COMPASS experiments have performed measurements of Sivers functions in SIDIS [19, 20]. A new set of Sivers functions of various quark flavors was derived by the global analysis of available data [21]. Future measurements of the SSAs in DY production have been planned [22, 23]. The SSAs of W^± boson production in p^↑p collision at RHIC were also proposed to measure the DY-type Sivers functions [24]. Since it is difficult to reconstruct W^± bosons by the current detectors at RHIC, we recently proposed to measure the SSA of single lepton decayed from W bosons at RHIC to test the time-reversal modified universality of Sivers functions [25]. We argued that with the large mass of W bosons M_W setting up the hard scale and the fact that the typical transverse momentum of W bosons |q_⊥| produced at √ s = 500 GeV at RHIC is much less than the W mass (|q_⊥| ≪ M_W ), the single lepton production from W boson decay at √ s = 500 GeV at RHIC is an ideal process for the TMD factorization. We demonstrated that the SSA of single lepton decayed from W bosons is sizable and its rapidity distribution is sensitive to the quark flavor of Sivers functions, and therefore, a good observable to test the sign change of the Sivers functions [25].

In this paper, we extend our previous work on the SSA of single lepton from the decay of W bosons to the SSA of inclusive lepton pair production with the pair’s invariant mass near Z^0 boson mass M_Z at √ s = 500 GeV at RHIC. In addition, we update the prediction of SSA of Drell-Yan lepton pair production with the pair’s invariant mass Q between the J/ψ and Υ at RHIC energies by using the Sivers functions recently extracted from data of SIDIS experiments [21]. We show that the asymmetry A_N changes sign from low Q to high Q in mid-rapidity region and is sizable. We find that the A_N near Z^0 pole is significant for a wide range of Q around M_Z , and the asymmetry could be used to test the time-reversal modified universality (the sign change) of the Sivers functions.

The rest of the paper is organized as follows. In Sec. II, we derive the theoretical formalism for calculating the SSA of inclusive lepton pair production in hadronic collisions in the TMD factorization approach. In Sec. III, we present our numerical predictions for the SSA of lepton pairs for RHIC kinematics. Finally, we summarize our findings, corresponding conclusions and the potential improvements for our calculations in Sec. IV.

II. SINGLE TRANSVERSE SPIN ASYMMETRY OF DILEPTON PRODUCTION

The SSA of Drell-Yan lepton pair production via a virtual photon γ^∗ has been studied previously in Refs. [22, 23, 26, 27]. In this paper, we study the SSA of inclusive lepton pair production via both a virtual photon γ^∗, a Z^0 boson, and their interference,

A^↑(p_A, S) + B(p_B ) → [γ^∗, Z →] ℓ^+ℓ^−(Q) + X , (1)

in hadronic collisions between a polarized proton A of momentum p_A and transverse-spin vector S and an unpolarized proton B of momentum p_B . The scale of hard collision Q in Eq. (1) is the invariant mass of the observed lepton pair. For testing the TMD factorization and the time-reversal modified universality of Sivers functions, we concentrate on the kinematic region where the transverse momentum of the produced lepton pair |q_⊥| is much less than the mass of the pair (|q_⊥| ≪ Q), which is the region of phase space where the TMD factorization formalism is expected to be valid [16].

In terms of the TMD factorization, the leading order cross section for dilepton production can be written as

dσ_A↑_{B→ℓ}+_ℓ−_{+X} (S)

dQ^2dy d^2q_⊥ = ∑ q ∫ d^2k_{a⊥}d^2k_{b⊥}δ^2(q_⊥ − k_{a⊥} − k_{b⊥})f_{q/A}↑ (x_a, k_{a⊥}, S)f_{q̄/B} (x_b, k_{b⊥}) σ̂^{qq̄}_0 , (2)

where ∑ q runs over all light (anti)quark flavors, y is the rapidity of the observed lepton pair, and k_{b⊥} = |k_{b⊥}| is the magnitude of parton transverse momentum. The lowest order partonic cross section σ̂^{qq̄}_0 in Eq. (2) receives the contribution from both the virtual photon and the Z^0 boson, as well as their interference, and is given by,

σ̂^{qq̄}_0 = 1 N_cs [ e^2_q 4πα^2 3Q^2 + e_q 4α 3 G_F √ 2 v_q v_ℓRe(R) + Q^2 3π ( G_F √ 2 )_2 ( v^2_q + a^2_q ) ( v^2_ℓ + a^2_ℓ ) |R|^2 ] , (3)

where s = (p_A + p_B )^2, α and G_F are the electro-magnetic and Fermi weak coupling constants, respectively, e_q is the quark fractional charge of flavor q, N_c = 3 is the number of color, v_{q(ℓ)} and a_{q(ℓ)} are the vector and axial couplings of the Z^0 boson to the quark (lepton), respectively, and R = M^2_Z Q^2 − M^2_Z + i M_Z Γ_Z

, (4)

with M_Z and Γ_Z the mass and decay width of the Z^0 boson, respectively. The parton momentum fractions in Eq. (2) are given by,

x_a = Q √ s e^y, x_b = Q √ s e^{−y} (5)

to the leading power in q^2_⊥/Q^2.

Following the notation of Ref. [21], we expand the spin dependent TMD quark distribution as, f_{q/A}↑ (x, k_⊥, S) ≡ f_{q/A}(x, k_⊥) + 1 2 Δ^N f_{q/A}↑ (x, k_⊥) S · (p̂_A × k̂_⊥), (6)

where k_⊥ = |k_⊥|, p̂_A and k̂_⊥ are the unit vectors of p_A and k_⊥, respectively, f_{q/A}(x, k_⊥) is the spin-averaged TMD quark distribution function of flavor q, and Δ^N f_{q/A}↑ (x, k_⊥) is the Sivers function of flavor q. Substituting Eq. (6) to Eq. (2), we obtain for the spin-dependent cross section as

dΔσ_A↑_{B→ℓ}+_ℓ−_{+X} (S) dQ^2dy d^2q_⊥ ≡ 1 2 [ dσ_A↑_{B→ℓ}+_ℓ−_{+X} (S) dQ^2dy d^2q_⊥ − dσ_A↑_{B→ℓ}+_ℓ−_{+X} (−S) dQ^2dy d^2q_⊥ ]

= 1 2 ∑ q ∫ d^2k_{a⊥}d^2k_{b⊥}δ^2(q_⊥ − k_{a⊥} − k_{b⊥}) S · (p̂_A × k̂_{a⊥}) ×Δ^N f_{q/A}↑ (x_a, k_{a⊥}) f_{q̄/B} (x_b, k_{b⊥}) σ̂^{qq̄}_0 , (7) and corresponding spin-averaged cross section as dσ_{AB→ℓ}+_ℓ−_{+X} dQ^2dy d^2q_⊥ = ∑ q ∫ d^2k_{a⊥}d^2k_{b⊥}δ^2(q_⊥ − k_{a⊥} − k_{b⊥}) f_{q/A}(x_a, k_{a⊥}) f_{q̄/B} (x_b, k_{b⊥}) σ̂^{qq̄}_0 . (8)

From Eqs. (7) and (8), we obtain the conventionally defined SSA as

A_N = dΔσ_A↑_{B→ℓ}+_ℓ−_{+X} (S) dQ^2dy d^2q_⊥ / dσ_{AB→ℓ}+_ℓ−_{+X} dQ^2dy d^2q_⊥

. (9)

The commonly used weighted asymmetry is defined as A^{sin(ϕ−ϕs)} N = 2 ∫_{2π} 0 dϕ sin(ϕ − ϕ_s) dΔσ_A↑_{B→ℓ}+_ℓ−_{+X} (S) dQ^2dy d^2q_⊥ /∫_{2π} 0 dϕ dσ_{AB→ℓ}+_ℓ−_{+X} dQ^2dy d^2q_⊥

, (10)

where ϕ is the azimuthal angle of the lepton pair of transverse momentum q_⊥ and ϕ_s is the azimuthal angle of the spin vector S of incoming polarized hadron.

In order to evaluate the SSAs in Eqs. (9) and (10) for inclusive lepton pair production in p^↑p collisions, we adopt the parameterization of TMD parton distributions introduced in Ref. [21], f_{q/h}(x, k_⊥) = f_q (x) 1 π⟨k^2_⊥⟩ e^{−k2⊥/⟨k2⊥ ⟩}, (11) Δ^N f^{SIDIS}_{q/h}↑ (x, k_⊥) = 2 N_q (x) h(k_⊥) f_{q/h}(x, k_⊥), (12)

h(k_⊥) = √ 2e k_⊥ M_1 e^{−k2⊥/M1} (13) where f_q(x) is the standard unpolarized parton distribution of flavor q, ⟨k^2_⊥⟩ and M_1 are fitting parameters, and N_q (x) is a fitted distribution given in Ref. [21].

With the Gaussian ansatz for the transverse momentum dependence of the TMD distributions, one could carry out the integration d^2k_{a⊥}d^2k_{b⊥} in Eqs. (7) and (8) analytically, and obtain

A_N = S · (p̂_A × q_⊥) √ 2e M_1

2⟨k^2_s ⟩^2 [⟨k^2_⊥⟩ + ⟨k^2_s ⟩]^2 e^− [_{⟨k2⊥ ⟩−⟨k2s ⟩} ⟨k2 ⊥ ⟩+⟨k2s⟩ ]_{q2⊥} 2⟨k2 ⊥ ⟩ ∑ q σ̂^{qq̄}_0 [−N_q(x_a)] f_{q/A}(x_a)f_{q̄/B} (x_b) ∑ q σ̂^{qq̄}_0 f_{q/A}(x_a)f_{q̄/B} (x_b) , (14) where ⟨k^2_s ⟩ = M^2_1 ⟨k^2_⊥⟩/[M^2_1 + ⟨k^2_⊥⟩] and the “−” sign in front of N_q (x_a) is due to the sign difference between the Sivers function in DY process and that in SIDIS process.

For our numerical results in next section, we choose a frame in which the polarized hadron A moves in the +zdirection, and S and q_⊥ along y- and x-directions, respectively. It is important to realize that the weighted asymmetry defined in Eq. (10) differ from A_N in Eq. (9) by a minus sign, A^{sin(ϕ−ϕs)} N = −A_N (15)

in our choice of frame.

III. PHENOMENOLOGY

In this section, we present our numerical estimates for the SSA of inclusive lepton pair production in p^↑p collisions at RHIC energies by using Eq. (14). We use GRV98LO parton distribution [28] to be consistent with the usage of the TMD distributions of Ref. [21].

In Fig. 1, we plot the asymmetry A_N for the lepton pair production with the pair’s transverse momentum integrated up to q_T ≡ |q_⊥| = 1 GeV at RHIC energy √ s = 200 GeV (solid lines) and √ s = 500 GeV (dashed lines). In the figure on the left, we plot A_N as a function of rapidity y of the lepton pair with the pair’s invariant mass Q integrated from 4 GeV to 9 GeV. Similarly, in the figure on the right, we plot A_N as a function of the pair’s invariant Q with the pair’s rapidity integrated from 0 to 3. Since the mass of Z^0 boson is so much larger than the lepton pair’s invariant mass Q considered in Fig. 1, the A_N at √ s = 200 GeV (solid lines in two figures) are effectively the same as those presented in Ref. [23], in which only the virtual photon channel was considered. That is, as expected, the Z^0 boson’s contribution to the production rate as well as the asymmetry is not important for the region where Q ≪ M_Z .

FIG. 1: SSA of lepton pair production as a function of the pair’s rapidity y (left) and invariant mass Q (right) at √ s = 200 GeV (solid lines) and √ s = 500 GeV (dashed lines). We have integrated the pair’s transverse momentum from 0 to 1 GeV.

As shown in Fig. 1, A_N of inclusive lepton pair production in this small Q region is negative. Unlike the W^±-boson production (or the lepton production from the decay of W -boson) [25], Drell-Yan inclusive lepton pair production via a virtual photon or a Z^0 boson is not very good in separating contributions from different quark or antiquark flavors. The SSA in this low Q region is dominated by the virtual photon channel and is proportional to a sum of quark (antiquark) Sivers function of all flavors weighted by the quark fractional charge square e^2_q and corresponding spin-averaged antiquark (quark) distribution. Since the u-quark and d-quark Sivers functions have the opposite sign [21], the sign and size of the SSA of inclusive dilepton production is a result of an incomplete cancelation between contributions from different quark flavors. For the latest parameterization of the Sivers functions obtained in Ref. [21], the u-quark Sivers function for Drell-Yan type processes is negative while d-quark Sivers function is positive, and the absolute size of u-quark Sivers function is slightly smaller than d-quark Sivers function. Since the contribution to the SSA from u-quark Sivers function is weighted by a larger fractional charge square, it wins over the contribution from d-quark Sivers function, and consequently, we have a negative A_N as shown in Fig. 1. The rapidity dependence of A_N is a consequence of the x-dependence of the Sivers functions extracted from the global fitting in Ref. [21]. The measurement of the rapidity dependence of the SSA of Drell-Yan lepton pair production could provide information on both the sign and the functional form of the Sivers functions to test the time-reversal modified universality of the Sivers functions.

In Fig. 1, we also plot the SSA of Drell-Yan lepton pair production at √ s = 500 GeV (dashed lines). It is clear that the asymmetries at √ s = 500 GeV carry the same features as those at √ s = 200 GeV. However, due to the larger collision energy while keeping the same range of q_T and Q, the same rapidity y corresponds to different values of momentum fractions of colliding partons. That is, the rapidity dependence of the SSA at different collision energy provides additional information on the functional form of the Sivers functions.

The SSA of Drell-Yan lepton pair production is small in the central region of the collision (y ∼ 0) due to the cancelation of the contributions from different quark flavors. The asymmetry becomes sizable for the experimental measurement only in the forward region (y ∼ 1 − 3), as shown in Fig. 1, where the production rate for the lepton pair is significantly reduced. Since the hard scale Q is not very large in this low Q region, the theoretical uncertainty for (or correction to) the leading power TMD factorization formalism becomes larger in the large y forward region. In principle, the TMD factorization works better when the hard scale Q is much larger than q_T . But, in practice, the rate for lepton pair production quickly diminishes when the invariant mass Q and/or rapidity y increase while the collision energy √ s is fixed. However, with the new collision energy at √ s = 500 GeV, RHIC can produce sufficient numbers of W^± and Z^0 bosons. The large mass of W^± and Z^0 makes the corrections to the TMD factorization formalism smaller and the theoretical calculations more reliable. The SSA of inclusive lepton pair production at Q = M_Z , which is mainly from the decay of Z^0, could be a very good complementary observable to the SSA of W^± production to test the TMD factorization in QCD and the time-reversal modified universality of the Sivers functions.

In Fig. 2, we plot the SSA of lepton pair production at Z^0 pole (Q = M_Z ) at RHIC at √ s = 500 GeV as a function of the pair’s transverse momentum q_T (left) and the rapidity y (right). We find that the SSA of inclusive lepton pair production at Z^0 pole is positive, in contrast to the negative SSA in Fig. 1. Different from the low Q region, the production of lepton pair at Q = M_Z is dominated by the Z^0 channel. Although both u- and d-quark Sivers function in the Z^0 channel contribute to the SSA in the same way as that in the virtual photon channel, the relative weight between their contributions is different. Instead of the fractional charge square e^2_q in the virtual photon channel, the contribution of quark flavor q in the Z^0 channel is weighted by v^2_q + a^2_q with

v_u = 1 2 − 4 3 sin^2 θ_W a_u = 1 2 , v_d = − 1 2 + 2 3 sin^2 θ_W a_d = − 1 2 . (16)

Unlike the virtual photon channel, where e^2_u > e^2_d, the relative weight for the contribution of u- and d-quark Sivers function in the Z^0 channel is opposite, v^2_u + a^2_u < v^2_d + a^2_d. Since the absolute value of d-quark Sivers function is larger than that of u-quark Sivers function as found in Ref. [21], the contribution from the d-quark Sivers function wins over that from u-quark Sivers function in the Z^0 channel, and consequently, A_N > 0 when the lepton pair’s invariant mass is near the Z^0 pole, Q ∼ M_Z , as shown in Fig. 2.

FIG. 2: SSA of lepton pair production at Z^0 pole Q = MZ as a function of the pair’s transverse momentum qT (left) and rapidity y at √ s = 500 GeV.

As shown in Fig. 2, A_N of inclusive lepton pair production with the pair’s invariant mass Q = M_Z in p^↑p collisions at √ s = 500 GeV is very significant at q_T ∼ 1 GeV in the central y region. The absolute size of the asymmetry in the central region is much larger than those shown in Fig. 1 for the low Q region. The SSA of inclusive lepton pair production near Z^0 pole could be an equally good observable as the low Q Drell-Yan lepton pair production to test the time-reversal modified universality of the Sivers functions, if there is a sufficient rate of producing Z^0 bosons at RHIC.

To better understand the sign change of A_N of inclusive lepton pair production from the low Q region to the region near Z^0 pole, we plot the A_N as a function of Q in Fig. 3 (left). The figure clearly demonstrates the transition from the negative A_N at a low invariant mass Q to the positive A_N when Q is near Z^0 pole. In our calculation, the lowest order partonic cross section, σ̂^{qq̄}_0 in Eq. (3), determines the relative weight between the contributions of u-quark and d-quark Sivers function at a given dilepton invariant mass Q.

FIG. 3: Left: SSA of lepton pair production as a function of the pair’s invariant mass Q. Right: SSA of lepton pair accumulated around Z^0 pole as a function of rapidity y.

From Fig. 3 (left), the A_N is sufficiently large even when the pair’s invariant mass is not exactly sitting at the Z^0 pole. Therefore, we could have a relatively wide bin of Q to improve the event rate of inclusive lepton pair production at large Q. In Fig. 3 (right), we plot the SSA as a function of rapidity y for all lepton pairs whose invariant mass Q are between 70 GeV to 110 GeV. It is clear that the SSA of inclusive lepton pair production at √ s = 500 GeV for a wide bin of invariant mass Q around the Z^0 pole is close to 10% at the central rapidity, and could be measurable in the future at RHIC.

IV. CONCLUSION

We studied, in terms of TMD factorization formalism, the single transverse spin asymmetry of inclusive lepton pair production in p^↑p collisions at RHIC energies for the kinematic region where the lepton pair’s transverse momentum is much less than the pair’s invariant mass, q_T ≪ Q, the condition that is required for justifying the TMD factorization. In our calculation of the SSA, we included contributions to the lepton pair production from both the virtual photon and Z^0 boson channel as well as the contribution from their interference.

By using the latest Sivers functions extracted from the global analysis of available data [21], we evaluated the SSA of Drell-Yan lepton pair production for 4 < Q < 9 GeV at √ s = 200 GeV and 500 GeV. The asymmetry A_N at this low Q region is close to zero for the central and negative rapidity region due to the cancelation between the contribution from u-quark and d-quark Sivers functions. The asymmetry A_N is negative and sizable in the forward rapidity region (y ∼ 1 − 3) [23].

We also calculated the SSA for inclusive production of lepton pairs with the pairs’ invariant mass near Z^0 boson pole in p^↑p collisions at √ s = 500 GeV. We found that the features of the asymmetry A_N for Q ∼ M_Z are significantly different from that when 4 < Q < 9 GeV. As shown in Figs. 1 and 2, the asymmetry A_N near Z^0 pole is positive and sizable in the central rapidity region while the A_N at low Q is negative and only sizable in the forward rapidity region. The sign change of the asymmetry is due to the transition of contributions from the virtual photon channel dominance to Z^0 channel dominance when Q increases, which leads to the change of the relative weight of the contributions from u-quark and d-quark Sivers function that have opposite sign. Since the effective weight of the different flavor contributions to the asymmetry A_N varies when the hard scale Q changes, we conclude that the SSAs at low Q region and that near Z^0 pole provide complementary information on both the sign and the functional form of the Sivers functions as well as their flavor dependence.

We noticed that the size of asymmetry A_N for inclusive lepton pair production is sufficiently large for a wide range of Q around the Z^0 pole. We found that the A_N with lepton pair’s invariant mass integrated from Q = 70 GeV to

110 GeV is close to 10 percent for the central and near forward rapidity region. This large bin width for the lepton pair’s invariant mass helps to increase the event rate, and the size of A_N should be measurable in the future at RHIC. The successful measurement of SSA of inclusive lepton pair production could provide a crucial test of the time-reversal modified universality (or the sign change) of Sivers functions and the validity of TMD factorization approach to the novel phenomenon of SSA.

Our results and conclusions for the SSA of inclusive lepton pair production rely on the TMD factorization and the accuracy of the extracted spin-averaged TMD parton distributions and the Sivers functions as well as their factorization scale dependence. Unlike the parton distribution functions in the collinear factorization approach, whose factorization scale dependence is well-understood and determined by the DGLAP evolution equation, the factorization scale dependence of TMD parton distributions is not yet fully understood. Without reliable theoretical input, authors of Ref. [21] assumed that the Sivers functions obey the spin-averaged DGLAP evolution equation in their global analysis of extracting TMD parton distributions. Although it is difficult to judge how good the assumption is, we noticed that the evolution equation for the twist-3 quark-gluon correlation functions relevant to the SSA in collinear factorization approach, which are one-to-one related to the first moment of the quark Sivers functions [29], is different from the spin-averaged DGLAP evolution equation [25, 30]. But, the difference is relatively small as long as the parton momentum fraction x is not too small [25]. Therefore, we think that using the Sivers functions from Ref. [21], which fit all existing data, is a reasonable choice that we can make now, and the general features of the SSA of inclusive lepton pair production presented in this paper should be valid. For the precision test of TMD factorization in QCD, it is of course very important to understand the factorization scale dependence of the Sivers functions or TMD parton distributions in general, which is beyond the scope of this paper.

When the hard scale of the collision, Q, the invariant mass of the produced lepton pair is so much larger than the observed transverse momentum of the pair, Q ≫ q_T , the Q and q_T dependence of the production rate is dominated by the gluon shower right before the hard quark-antiquark annihilation to produce the lepton pair. The Q and q_T dependence of the lepton pair production in this kinematic region is dominated by the ln^2(Q^2/q^2_T )-type of leading logarithmic contribution and can be calculated by using the Collins-Soper-Sterman (CSS) resummation formalism in the b-space, the Fourier transform of the q_T space [31]. Although the Fourier transformation from b-space calculation to the q_T -space could be sensitive to the non-perturbative physics at large b, the resummation formalism does have an excellent predictive power if the Fourier transform of the b-space distribution is dominated by the small b region where the perturbative QCD calculation is effectively done in collinear factorization and reliable [32]. The CSS resummation formalism should work well for processes with a large hard scale Q and large enough phase space for the gluon shower [33]. The formalism has been successful in interpreting the data on W^± and Z^0 production in spin-averaged hadronic collisions [34]. The generalization of the resummation formalism to the spin-dependent cross section with transversespin is nontrivial when the partonic hard part is not azimuthal symmetric, but, it should be a very interesting and important project for the future publication [35, 36].

Acknowledgments

We thank C. Gagliardi, T. Kempel, J. Lajoie, M. Liu, E. Sichtermann, and F. Wei for helpful discussions. This work was supported in part by the U. S. Department of Energy under Grant No. DE-FG02-87ER40371. Z. K. is grateful to RIKEN, Brookhaven National Laboratory, and the U.S. Department of Energy (Contract No. DE-AC02-98CH10886) for providing the facilities essential for the completion of his work.

[1] For a review, see: U. D’Alesio and F. Murgia, Prog. Part. Nucl. Phys. 61, 394 (2008) [arXiv:0712.4328 [hep-ph]]. [2] A. V. Efremov and O. V. Teryaev, Sov. J. Nucl. Phys. 36, 140 (1982) [Yad. Fiz. 36, 242 (1982)]; A. V. Efremov and O. V. Teryaev, Phys. Lett. B 150, 383 (1985).

[3] J. W. Qiu and G. Sterman, Phys. Rev. Lett. 67, 2264 (1991); Nucl. Phys. B 378, 52 (1992); Phys. Rev. D 59, 014004 (1999).

[4] H. Eguchi, Y. Koike and K. Tanaka, Nucl. Phys. B 763, 198 (2007) [arXiv:hep-ph/0610314]; Y. Koike and K. Tanaka, Phys. Lett. B 646, 232 (2007) [Erratum-ibid. B 668, 458 (2008)] [arXiv:hep-ph/0612117]; Phys. Rev. D 76, 011502 (2007) [arXiv:hep-ph/0703169].

[5] J. W. Qiu, W. Vogelsang and F. Yuan, Phys. Lett. B 650, 373 (2007) [arXiv:0704.1153 [hep-ph]]; Phys. Rev. D 76, 074029 (2007) [arXiv:0706.1196 [hep-ph]].

[6] D. W. Sivers, Phys. Rev. D 41, 83 (1990); Phys. Rev. D 43, 261 (1991). [7] J. C. Collins, Nucl. Phys. B 396, 161 (1993).

[8] 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].

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

[10] X. d. Ji and F. Yuan, Phys. Lett. B 543, 66 (2002) [arXiv:hep-ph/0206057]; A. V. Belitsky, X. Ji and F. Yuan, Nucl. Phys.

B 656, 165 (2003) [arXiv:hep-ph/0208038].

[11] D. Boer, P. J. Mulders and F. Pijlman, Nucl. Phys. B 667, 201 (2003) [arXiv:hep-ph/0303034]; A. Bacchetta, C. J. Bomhof, P. J. Mulders and F. Pijlman, Phys. Rev. D 72, 034030 (2005) [arXiv:hep-ph/0505268]; C. J. Bomhof, P. J. Mulders and F. Pijlman, Eur. Phys. J. C 47, 147 (2006) [arXiv:hep-ph/0601171].

[12] For a review, see: J. C. Collins, D. E. Soper, and G. Sterman, Adv. Ser. Direct. High Energy Phys. 5, 1 (1988), and references therein.

[13] J. W. Qiu and G. Sterman, Nucl. Phys. B 353, 137 (1991); AIP Conf. Proc. 223, 249 (1991). [14] Z. B. Kang and J. W. Qiu, Phys. Rev. D 78, 034005 (2008) [arXiv:0806.1970 [hep-ph]]; Phys. Rev. D 79, 016003 (2009) [arXiv:0811.3101 [hep-ph]]; Z. B. Kang, J. W. Qiu, W. Vogelsang and F. Yuan, Phys. Rev. D 78, 114013 (2008) [arXiv:0810.3333 [hep-ph]].

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

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

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

[18] X. Ji, J. W. Qiu, W. Vogelsang and F. Yuan, Phys. Rev. Lett. 97, 082002 (2006) [arXiv:hep-ph/0602239], Phys. Rev. D 73, 094017 (2006) [arXiv:hep-ph/0604023], Phys. Lett. B 638, 178 (2006) [arXiv:hep-ph/0604128]; Y. Koike, W. Vogelsang and F. Yuan, Phys. Lett. B 659, 878 (2008) [arXiv:0711.0636 [hep-ph]].

[19] A. Airapetian et al. [HERMES Collaboration], Phys. Rev. Lett. 94, 012002 (2005) [arXiv:hep-ex/0408013]; M. Diefenthaler [HERMES Collaboration], arXiv:0706.2242 [hep-ex].

[20] V. Y. Alexakhin et al. [COMPASS Collaboration], Phys. Rev. Lett. 94, 202002 (2005) [arXiv:hep-ex/0503002]; A. Martin [COMPASS Collaboration], Czech. J. Phys. 56, F33 (2006) [arXiv:hep-ex/0702002]; M. Alekseev et al. [COMPASS Collaboration], Phys. Lett. B 673, 127 (2009) [arXiv:0802.2160 [hep-ex]].

[21] M. Anselmino et al., Eur. Phys. J. A 39, 89 (2009) [arXiv:0805.2677 [hep-ph]]. [22] J. C. Collins et al., Phys. Rev. D 73, 094023 (2006) [arXiv: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] S. J. Brodsky, D. S. Hwang and I. Schmidt, Phys. Lett. B 553, 223 (2003) [arXiv:hep-ph/0211212]; I. Schmidt and J. Soffer, Phys. Lett. B 563, 179 (2003) [arXiv:hep-ph/0304290].

[25] Z. B. Kang and J. W. Qiu, Phys. Rev. Lett. 103, 172001 (2009) [arXiv:0903.3629 [hep-ph]]. [26] S. Arnold, A. Metz and M. Schlegel, Phys. Rev. D 79, 034005 (2009) [arXiv:0809.2262 [hep-ph]]. [27] J. Zhou, F. Yuan and Z. T. Liang, arXiv:0909.2238 [hep-ph].

[28] M. Gluck, E. Reya and A. Vogt, Eur. Phys. J. C 5, 461 (1998) [arXiv:hep-ph/9806404]. [29] D. Boer, P. J. Mulders and F. Pijlman, Nucl. Phys. B 667, 201 (2003) [arXiv:hep-ph/0303034]. [30] 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, arXiv:0909.3410 [hep-ph].

[31] J. C. Collins, D. E. Soper and G. Sterman, Nucl. Phys. B 250, 199 (1985).

[32] J. W. Qiu and X. F. Zhang, Phys. Rev. Lett. 86, 2724 (2001) [arXiv:hep-ph/0012058]; Phys. Rev. D 63, 114011 (2001) [arXiv:hep-ph/0012348].

[33] E. L. Berger, J. w. Qiu and Y. l. Wang, Phys. Rev. D 71, 034007 (2005) [arXiv:hep-ph/0404158]. [34] G. A. Ladinsky and C. P. Yuan, Phys. Rev. D 50, 4239 (1994) [arXiv:hep-ph/9311341]; F. Landry, R. Brock, P. M. Nadolsky and C. P. Yuan, Phys. Rev. D 67, 073016 (2003) [arXiv:hep-ph/0212159]; A. V. Konychev and P. M. Nadolsky, Phys. Lett. B 633, 710 (2006) [arXiv:hep-ph/0506225].

[35] D. Boer, Nucl. Phys. B 603, 195 (2001) [arXiv:hep-ph/0102071].

[36] A. Idilbi, X. d. Ji, J. P. Ma and F. Yuan, Phys. Rev. D 70, 074021 (2004) [arXiv:hep-ph/0406302].