arXiv:1109.3232v2 [hep-ph] 7 Nov 2011

Transverse momentum dependent twist-three result for polarized Drell-Yan processes

Zhun Lu^1 and Ivan Schmidt^2 1Department of Physics, Southeast University, Nanjing 211189, China 2Departamento de Física, y Centro Científico-Tecnológico de Valparaíso, Universidad Técnica Federico Santa María, Casilla 110-V, Valparaíso, Chile

We study the polarized Drell-Yan processes from the collision of two spin-1/2 hadrons at order 1/Q based on the framework of transverse momentum dependent factorization. We give the complete twist-three results of total sixteen independent structure functions in terms of twist-two and twistthree transverse momentum dependent distribution functions.

PACS numbers: 12.38.Bx, 12.39.St, 13.85.Qk

I. INTRODUCTION

Polarized Drell-Yan processes are a promising ground for the study of nucleon structure [1, 2]. If the transverse momentum of the lepton pair is detected, polarized Drell-Yan processes can be used to probe [3, 4] various transverse momentum dependent (TMD) parton distributions, which have received considerable interest recently (e.g., see [5– 8] and reference therein). Compared with semi-inclusive deep inelastic scattering (SIDIS), which has been used intensively to study TMD distributions in the last decade [9–20], Drell-Yan reactions have the feature that only parton distributions are involved, that is, there is no hadron detected in the final state.

Theoretically, the TMD factorization for Drell-Yan process at low transverse momentum has been established, and also the complete leading-twist Drell-Yan structure functions for spin-1/2 hadrons beams have been given in Ref. [21]. Previous studies on Drell-Yan processes based on TMD framework mainly focused on the contribution at leading power of 1/Q, where Q is the invariant mass of the lepton pair. This motivate us to present a full expression for the Drell-Yan process at twist-three level with dilepton transverse momentum kept unintegrated, which is the main goal of this paper. We note that at order 1/Q, results contributed by the (transverse momentum) integrated distributions f_T (x), g_T (x), h_L(x) and h(x) have been worked out in Refs. [22, 23]. We will consider both polarized and unpolarized scattering of spin-1/2 hadron beams. We find that at order 1/Q there are sixteen transverse momentum dependent structure functions for the Drell-Yan process, which can be expressed as a convolution of twist-two and twist-three TMD distributions.

Experimentally, a number of polarized Drell-Yan programs have been proposed at several facilities [24–31] and some of them could be realized in the near future to provide the first polarized data. The twist-three contributions can be potential experimental observables and may be accessible in certain kinematical regions. The interest on the twist-three contributions also comes from the fact that they are related to the quark-gluon correlation inside the nucleon [32, 33], which is still not understood yet.

We need to emphasize that the approach in this paper is based on the assumption that the framework of TMD factorization is valid at order 1/Q. The same approach has been applied in Ref. [34, 35] to calculate the complete leading-twist and subleading-twist observables in SIDIS (for the production of spin-0 hadrons), where ten twist-three TMD structure functions have been found. Therefore our twist-three results should not be compared with the twistthree mechanism [36–41] in collinear factorization that has been applied to study the single-spin asymmetries in Drell-Yan processes [41].

The remaining content of the paper is organized as follows. In Section. II we introduce the formalism needed in the construction of TMD twist-three observables. In Section. III we present the complete expressions for the differential cross section of Drell-Yan process with dilepton transverse momentum unintegrated at order 1/Q. We summarize the paper in Section. IV.

II. FORMALISM AND KINEMATICAL SETTINGS

The process we study is

h_1(P_1, S_1) + h_2(P_2, S_2) → ℓ(l) + ℓ̄(l^′) + X. (1)

Here we consider only the electromagnetic interaction. The notations P_i and S_i are the four-momenta and spins of the hadron beams which can be decomposed as

P^μ_1 = P^+_1 n^μ_+ +

M^2_1 P^+_1 n^μ_−, (2)

P^μ_2 =

M^2_2 P^−_2 n^μ_+ + P^−_2 n^μ_−, (3)

S_1 = λ_1P^+_1 M_1 n^μ_+ − λ_1M_1 P^+_1 n^μ_− + S^μ_{1T} , (4)

S_2 = λ_2P^−_2 M_2 n^μ_− − λ_2M_2 P^−_2 n^μ_+ + S^μ_{2T} , (5)

where n_+ and n_− are two light-like vectors expressed in the light-cone coordinates, in which an arbitrary four-vector a is written as {a^−, a^+, a_T }, with a^± = (a^0 ± a^3)/ √ 2 and a_T = (a^1, a^2). Then one can define following transverse tensors

g^{μν}_T = g^{μν} − n^μ_+n^ν_− − n^μ_−n^ν_+, ϵ^{μν}_T = ϵ^{μνρσ} n_{+ρ}n_{−σ} . (6)

We will apply the parton model to study the Drell-Yan pair production. In this model, the leading contribution is from the annihilation of the quark and antiquark from each proton: q(k_1)q(k_2) → γ^∗ → ℓℓ̄. The momenta of the quark, antiquark and the virtual photon can be decomposed as

k_1 = x_1 P^+_1 n_+ +

(k^2_1 + k^2_{1T} )

x_1P^+_1 n_− + k_{1T} , (7)

k_2 = x_2 P^−_2 n_− +

(k^2 + k^2_T )

x_2P^−_2 n_+ + k_{2T} , (8)

q = Q √ 2 n_+ + Q √ 2 n^μ_− + q_T , (9)

where Q^2 = q^2, and we limit our study to the region Q^2_T = q^2_T = −q^2_T ≪ Q^2, and thus the intrinsic transverse momenta of quarks play significant role.

The angular distribution of the Drell-Yan cross section is usually expressed in the dilepton rest frame (Fig. 1), which can be defined by introducing the following normalized vectors [23]: t̂ = q/Q, (10) ẑ = (1 − c)

2x_1 Q P̃_1 − c 2x^2 Q P̃_2, (11)

ĥ = q_T /Q_T = (q − x_1 P_1 − x_2 P_2)/Q_T , (12)

where P̃_i = P_i − q/(2x_i). The parameter c represents the degree of freedom to distribute the transverse momentum between P_1 and P_2. The cases c = 0, 1/2 and 1 correspond to the Gottfried-Jackson frame [42], the Collins-Soper frame [43] and the u-channel frame, respectively. Using the normalized vectors t̂ and ẑ one can construct the perpendicular tensors as

g^{μν}_⊥ = g^{μν} − t̂^μt̂^ν + ẑ^μẑ^ν , ϵ^{μν}_⊥ = −ϵ^{μνρσ}t̂_ρẑ_σ. (13)

As shown in Fig. 1, the azimuthal angles of the dilepton and of the transverse spin of the hadrons with respect to the hadron plane can defined as [44]

cos ϕ = −g^{μν}_⊥ ĥ_μl̂_{⊥ν} , sin ϕ = ϵ^{μν}_⊥ ĥ_μl̂_{⊥ν} , (14)

cos ϕ_S = −g^{μν}_⊥ ĥ_μS_{⊥ν} √ −S^2_⊥ , sin ϕ_S = ϵ^{μν}_⊥ ĥ_μS_{⊥ν} √ −S^2_⊥ , (15)

FIG. 1: Angular definitions of polarized Drell-Yan process in the lepton pair center of mass frame.

where l̂^μ_⊥ = g^{μν}_⊥ l_ν / √ −g^{μν}_⊥ l_μl_ν and S^μ_⊥ = g^{μν}_⊥ S_ν . We note that the definition in Eqs.(14) and (15) is the same as the one used in Ref. [21]. The two light-like vectors can be expanded as linear combinations of t̂, ẑ and the perpendicular vector ĥ

n^μ_+ = 1 √ 2 [ t̂^μ + ẑ^μ − 2c Q^T Q ĥ ] , (16)

n^μ_− = 1 √ 2 [ t̂^μ − ẑ^μ − 2(1 − c) Q^T Q ĥ^μ ] . (17)

Thus the transverse tensor and the perpendicular tensor are related by

g^{μν}_T = g^{μν}_⊥ + Q_T Q t̂^{{μ}ĥ^{ν}} + (1 − 2c) Q^T Q ẑ^{{μ}ĥ^{ν}} + O(1/Q^2). (18)

where the symmetrization of indices is used. One can see that the differences are of order 1/Q. As we study the twist-three contribution, we need to keep track of these differences.

In the rest frame of the dilepton, one can express the differential cross section of the Drell-Yan process as dσ d^4q dΩ = α^2_{em} 2s q^4

L_{μν} W^{μν} , (19)

where dΩ = d cos θdϕ is the solid angle of the lepton ℓ. The notation L^{μν} denotes the lepton tensor which has the following form [22]:

L^{μν} = Q^2 [ − ( 1 + cos^2 θ 2 ) g^{μν}_⊥ + sin^2 θẑ^μẑ^ν

− sin^2 θ ( l̂^μ_⊥l̂^ν_⊥ + 1 2 g^{μν}_⊥ ) + sin 2θ ẑ^{{μ}l̂^{ν}}_⊥ ] , (20)

Here we have ignored the lepton masses and their polarization.

The hadronic tensor W^{μν} can be expressed as [45]

W^{μν} = 1 3 ∑ a e^2_a ∫ d^2k_{1T} d^2k_{2T} δ^2(k_{1T} + k_{2T} − q_T ) Tr { Φ^a(x, k_{1T} )γ^μΦ^a(x_2, k_{2T} )γ^ν (21) + 1 Q √ 2 [ γ^α n/_+γ^ν Φ̃^a_{Aα}(x, k_{1T} )γ^μΦ^a(x, k_{2T} ) + γ^μ n/_+γ^αΦ(x, k_{2T} )γ^μΦ̃^a_{Aα}(x, k_{1T} ) ]

− 1 Q √ 2 [ γ^ν n/_−γ^αΦ^a(x, k_{1T} )γ^μΦ̃^a_{Aα}(x, k_{1T} ) + γ^α n/_−γ^μΦ̃^a_{Aα}(x, k_{2T} )γ^ν Φ^a(x, k_{1T} ) ]} + ( q ↔ −q μ ↔ ν ) , (22)

where the factor 1/3 takes into account color average, a is the flavor index and e_a denotes the charge for flavor a. The first line in the curly brackets in Eq. (22) comes from the diagram without additional gluon connecting to the soft parts: the gauge-invariant TMD dependent quark-quark correlation function Φ(x, k_{1T} ) and antiquark-antiquark correlation function Φ(x, k_{2T} ). The second and third lines in the curly brackets in Eq. (22) correspond to the diagrams involving one gluon which connects to one of the two soft parts, represented by the quark-gluon-quark correlator Φ^a_{Aα}(x, k_{1T} ) or the antiquark-gluon-antiquark correlator Φ̃^a_{Aα}(x, k_{1T} ), with α restricted to be the transverse index. Up to twist-three level, the TMD correlator Φ(x, k_T ) can be parameterized as [35, 46]

Φ(x, k_T ) = 1 2 { f_1 n/_+ − f^⊥_{1T} ϵ^{ρσ}_T k_{T ρ} S_{T σ} M n/_+ + g_{1s}γ_5 n/_+ + h_{1T} [ S/_T , n/_+ ] γ_5 2 + h^⊥_{1s} [ k/_T , n/_+ ] γ_5 2M + i h^⊥_1 [ k/_T , n/_+ ] 2M }

+ M 2P^+ { e − i e_s γ_5 − e^⊥_T ϵ^{ρσ}_T k_{T ρ} S_{T σ} M + f^⊥ k/_T M − f^′_T ϵ^{ρσ}_T γ_ρ S_{T σ} − f^⊥_s ϵ^{ρσ}_T γ_ρ k_{T σ} M + g^′_T γ_5 S/_T

+ g^⊥_s γ_5 k/_T M − g^⊥γ_5 ϵ^{ρσ}_T γ_ρ k_{T σ} M + h_s [ n/_+, n/_−]γ_5 2 + h^⊥_T [ S/_T , k/_T ] γ_5 2M + i h [ n/_+, n/_− ] 2 } . (23)

The distribution functions on the right hand side (r.h.s.) of (23) depend on x and k^2_T , except for the functions with subscript s, where the following shorthand notation has been used [47]

g_{1s}(x, k^2_T ) = S_L g_{1L}(x, k^2_T ) − k_T · S_T M g_{1T} (x, k^2_T ) (24)

and so on for the other functions. The functions with subscript “1” are the leading twist distributions which have probability interpretations. The other sixteen functions are twist-tree distributions. The calculations for eight T-even twist-three distributions has been carried in the diquark spectator model [48] and in the bag model [49]. There is also attempt to calculate naive-T-odd twist-three distributions [50], for which the light-cone divergence emerges.

The decomposition of antiquark correlator Φ(x, k_T ) can be achieved by the replacements x_1 → x_2, n_+ ↔ n_−, ϵ_T → −ϵ_T , and by the relations Φ^{[Γ]} = Φ^{c[Γ]} for Γ = γ_μ, iσ_{μν} γ_5, iγ_5 and Φ^{[Γ]} = −Φ^{c[Γ]} for 1, iγ_μγ_5 [47], where c denotes the charge conjugation operation.

The quark-gluon-quark correlator Φ^a_{Aα}(x, k_T ) can be decomposed as [35]

Φ̃^α_A(x, k_T ) =xM 2 {[ (~ f^⊥ − ig̃^⊥ ) k_{T ρ} M − (~ f^′_T + ig̃^′_T ) ϵ_{T ρσ} S^σ_T − (~ f^⊥_s + i g̃^⊥_s ) ϵ_{T ρσ} k^σ_T M ]( g^{αρ}_T − iϵ^{αρ}_T γ_5 )

− (~ h_s + i ẽ_s ) γ^α_T γ_5 + [( h̃ + i ẽ) + (h̃^⊥_T − i ẽ^⊥_T ) ϵ ρσ T k_{T ρ} S_{T σ} M ] iγ^α_T + . . . ( g^{αρ}_T + iϵ^{αρ}_T γ_5 ) } n/_+ 2 , (25)

where the index α is restricted to be transverse. The functions on the r.h.s with tilde are interaction-dependent twist-three distributions. They depend on x and k^2_T , except for the functions with subscript s, which are defined as in Eq. (24). The last term inside the curly brackets will not be used in our following calculation and can be omitted here. In the Wandzura-Wilczek approximation [51], the interaction-dependent distributions are set to be zero. However, quantitative analysis [52] on the g_2 structure function shows that the violation of the Wandzura-Wilczek approximation is sizable.

According to the equation of motion for the quark field, relations between twist-two distributions and twist-three distributions can be established [47]. A full list of these relations can be found in Ref. [35]. Here we only quote the ones which will be used in our later calculations:

xf^⊥ = xf̃^⊥ + f_1, (26)

xg^′_T = xg̃^′_T + m M h_{1T} , (27)

xg^⊥_T = xg̃^⊥_T + g_{1T} + m M h^⊥_{1T} , (28) xg_T = xg̃_T − p^2_T 2M^2 g_{1T} + m M h_1, (29)

xg^⊥_L = xg̃^⊥_L + g_{1L} + m M h^⊥_{1L}, (30)

xh_L = xh̃_L + p^2_T M^2 h^⊥_{1L} + m M g_{1L}, (31)

xh_T = xh̃_T − h_1 + p^2_T 2M^2 h^⊥_{1T} + m M g_{1T} , (32)

xh^⊥_T = xh̃^⊥_T + h_1 + p^2_T 2M^2 h^⊥_{1T} , (33)

xf^′_T = xf̃^′_T + p^2_T M^2 f^⊥_{1T} , (34) xf^⊥_T = xf̃^⊥_T + f^⊥_{1T} , (35)

xf_T = xf̃_T + p^2_T 2M^2 f^⊥_{1T} , (36)

xf^⊥_L = xf̃^⊥_L , (37)

xg^⊥ = xg̃^⊥ + m M h^⊥_1 , (38) xh = xh̃ + p^2_T M^2 h^⊥_1 . (39)

We note that the Lorentz invariance relations [22, 47, 53, 54] for integrated twist-tree distributions and their violations [55–57] have been discussed in literature.

III. EXPRESSIONS FOR TWIST-TREE STRUCTURE FUNCTIONS OF DRELL-YAN PROCESS

By substituting Eqs.(23), (25) into Eq. (22), and then contracting the lepton tensor and the hadronic tensor, one can get the expression of the cross section for the Drell-Yan process up to order 1/Q. As shown in Ref. [21], there are forty-eight independent structure functions for Drell-Yan processes from the collision of two polarized spin-1/2 hadrons beams, and twenty-four of them are leading-twist observables. Here we restrict ourself to consider the contributions at order 1/Q. We found that the angular distribution of the differential cross section of polarized Drell-Yan process at twist-three level can be expressed as

dσ^{twist-3} dx_1dx_2d^2q_T dΩ = α^2_{em} 3Q^2 sin 2θ { cos ϕ F^{cos ϕ}_{UU} + S_{1L} sin ϕ F^{sin ϕ}_{LU} + S_{2L} sin ϕ F^{sin ϕ}_{UL} + S_{1L} S_{2L} cos ϕ F^{cos ϕ}_{LL} + |⃗S_{1T} | [ sin(ϕ_1 + ϕ)F^{sin(ϕS1 +ϕ)}

T U + sin(ϕ_{S1} − ϕ)F^{sin(ϕS1 −ϕ)} T U ]

+ |⃗S_{2T} | [ sin(ϕ_{S2} + ϕ)F^{sin(ϕS2 +ϕ)}

UT + sin(ϕ_{S2} − ϕ)F^{sin(ϕS2 −ϕ)} UT ]

+ S_{1L} |⃗S_{2T} | [ + cos(ϕ_{S2} + ϕ) F^{cos(ϕS2 +ϕ)}

LT + cos(ϕ_{S2} − ϕ) F^{cos(ϕS2 −ϕ)} LT ]

+ S_{2L} |⃗S_{1T} | [ + cos(ϕ_{S1} + ϕ) F^{cos(ϕS1 +ϕ)}

T L + cos(ϕ_{S1} − ϕ) F^{cos(ϕS1 −ϕ)} T L ]

+ |⃗S_{1T} | |⃗S_{2T} | [ cos(ϕ_{S1} + ϕ_{S2} + ϕ)F^{cos(ϕS1 +ϕS2 +ϕ)}

T T + cos(ϕ_{S1} + ϕ_{S2} − ϕ)F^{cos(ϕS1 +ϕS2 −ϕ)} T T + cos(ϕ_{S1} − ϕ_{S2} + ϕ)F^{cos(ϕS1 −ϕS2 +ϕ)}

T T + cos(ϕ_{S1} − ϕ_{S2} − ϕ)F^{cos(ϕS1 −ϕS2 −ϕ)} T T ]} . (40)

We obtain sixteen twist-three structure functions, the angular dependences of which are consistent with the results given in Eq. (57) of Ref. [21].

To shorten the notation we will use following combinations, since they always appear in the same way: ^f = x_1 ( (1 − c) f + c f̃ ) , ^f = x_2 ( c f + (1 − c) f̃ ) (41)

where f and f̃ stand for the twist-three quark distributions, and f and f̃ for the antiquark distributions, respectively. Using the EOM relations in Eqs.(26) to (39), the structure functions for polarized Drell-Yan processes at twist-three thus are expressed as

F^{cos ϕ}_{UU} = 2 Q C [ (h · k_{1T} ) ( ^f^⊥f_1 − M^2

M_1 h^⊥_1 ^h ) − (h · k_{2T} ) ( f_1 ^f^⊥ −

M_1 M_2 ^h h^⊥_1 )] (42)

F^{sin ϕ}_{UL} = − 2 Q C [ (h · k_{1T} ) ( ^g^⊥ g_{1L} +

M_2 M_1 h^⊥_1 ^h_L ) − (h · k_{2T} ) ( f_1^f^⊥_L +

M_1 M_2 ^h h^⊥_{1L} )] (43)

F^{sin ϕ}_{LU} = 2 Q C [ (h · k_{1T} ) ( ^f^⊥_L f_1 + M^2

M_1 h^⊥_{1L} ^h ) − (h · k_{2T} ) ( g_{1L}^g^⊥ +

M_1 M_2 ^h_L h^⊥_1 )] (44)

F^{sin(ϕS2 −ϕ)} UT = 1 Q C [ 2M_2f_1 ^f_T + 2M_1 ^h h_1 + (k_{1T} · k_{2T} ) ( ^f ⊥ f_{1T} M_2 − ^g^⊥ g_{1T} M_2 − h^⊥_1 ^h_T M_1 + h^⊥_1 ^h^⊥_T M_1 )] (45)

F^{sin(ϕS2 +ϕ)} UT = 1 Q C [ − ( 2 ( ĥ · k_{2T} )_2 − k^2_T ) ( f_1 ^f^⊥_T M_2 + M_1 ^h h^⊥_{1T} M^2_2 )

+ ( 2ĥ · k_{1T} ĥ · k_{2T} − k_{1T} · k_{2T} ) ( ^f ⊥f ⊥_{1T} M_2 + ^g^⊥ g_{1T} M_2 + h^⊥_1 ^h^⊥_T M_1 + h^⊥_1 ^h_T M_1 )] (46)

F^{sin(ϕS1 −ϕ)} T U = 1 Q C [ 2M_1 ^f_T f_1 + 2M_2 h_1^h + (k_{1T} · k_{2T} ) ( f^⊥_{1T} ^f^⊥ M_1 − g_{1T} ^g^⊥ M_1 − ^h_T h⊥_1 M_2 + ^h⊥_T h⊥_1 M_2 )] (47)

F^{sin(ϕS1 +ϕ)} T U = 1 Q C [ − ( 2 ( ĥ · k_{1T} )_2

− k^2_{1T} ) ( ^ f^⊥_T f_1 M_1 + M_1 h^⊥_{1T} ^h

M^2_1 )

+ ( 2ĥ · k_{1T} ĥ · k_{2T} − k_{1T} · k_{2T} ) ( f^⊥_{1T} ^f^⊥ M_1 + g_{1T} ^g^⊥ M_1 + ^h_T h⊥_1 M_2 + ^h⊥_T h⊥_1 M_2 )] (48)

F^{cos ϕ}_{LL} = − 2 Q C [ (h · k_{1T} ) ( ^g^⊥_L g_{1L} +

M_2 M_1 h^⊥_{1L} ^h_L ) − (h · k_{2T} ) ( g_{1L}^g^⊥_L +

M_1 M_2 ^h_Lh^⊥_{1L} )] (49)

F^{cos(ϕ2−ϕ)} LT = 1 Q C [ 2M_2 g_{1L}^g_T + 2M_1^h_L h_1 − (k_{1T} · k_{2T} ) ( ^g^⊥_L g_{1T} M_2 + h^⊥_{1L} ^h_T M_1 + ^f ⊥_L f^⊥_{1T} M_2 − h^⊥_{1L} ^h^⊥_T M_1 )] (50)

F^{cos(ϕ2+ϕ)} LT = 1 Q C [( 2 ( ĥ · k_{2T} )_2

− k^2_{1T} ) ( g_{1L}^g^⊥_T M_2 + M_1 ^h_L h^⊥_{1T}

M^2_2 )

− ( 2ĥ · k_{1T} ĥ · k_{2T} − k_{1T} · k_{2T} ) ( ^g^⊥_L g_{1T} M_2 + h^⊥_{1L} ^h_T M_1 − ^f ⊥_L f ⊥_{1T} M_2 + h^⊥_{1L}^h^⊥_T M_1 )] (51)

F^{cos(ϕS1 −ϕ)} T L = 1 Q C [ −2M_1 ^g_T g_{1L} − 2M_2 h_1^h_L + (k_{1T} · k_{2T} ) ( g_{1T} ^g^⊥_L M_1 + ^h_T h⊥_{1L} M_2 + f^⊥_{1T} ^f^⊥_L M_1 − ^h⊥_T h⊥_{1L} M_2 )] (52)

F^{cos(ϕS1 +ϕ)} T L = 1 Q C [ − ( 2 ( ĥ · k_{1T} )_2

− k^2_{1T} ) ( ^g^⊥_T g_{1L} M_1 + M_2 h^⊥_{1T} ^h_L

M^2_1 )

+ ( 2ĥ · k_{1T} ĥ · k_{2T} − k_{1T} · k_{2T} ) ( g_{1T} ^g^⊥_L M_1 + ^h_T h⊥_{1L} M_2 − f^⊥_{1T} ^f^⊥_L M_1 + ^h⊥_T h⊥_{1L} M_2 )] (53)

F^{cos(ϕa+ϕb−ϕ)} T T = 1 Q C [ (h · k_{1T} ) ( M_2 f^⊥_{1T} ^f_T M_1 − M_2 g_{1T} ^g_T M_1

− ^h_T h_1 − ^h^⊥_T h_1 )

− (h · k_{2T} ) ( M_1^g_T g_{1T} M_2 − M_1 ^f_T f^⊥_{1T} M_2

+ h_1 ^h_T + h_1 ^h^⊥_T )] (54) F^{cos(ϕa+ϕb+ϕ)} T T = 1 Q C [( 4(ĥ · k_{2T} )(ĥ · k_{1T} )^2 − 2(ĥ · k_{1T} )(k_{1T} · k_{2T} ) − (ĥ · k_{2T} )k^2_{1T} )

× ( ^f ⊥_T f ⊥_{1T} 2M_1M_2 − ^g^⊥_T g_{1T} 2M_1M_2 − h^⊥_{1T} ^h_T 2M^2_1 − h^⊥_{1T} ^h^⊥_T 2M^2_1 )

− ( 4(ĥ · k_{1T} )(ĥ · k_{2T} )^2 − 2(ĥ · k_{2T} )(k_{1T} · k_{2T} ) − (ĥ · k_{1T} )k^2_T )

× ( f^⊥_{1T} ^f^⊥_T 2M_1M_2 − g_{1T} ^g^⊥_T 2M_1M_2 − ^h_T h⊥_{1T} 2M^2_2 − ^h⊥_T h⊥_{1T} 2M^2_2 )] (55)

F^{cos(ϕa−ϕb+ϕ)} T T = − 1 Q C [ (h · k_{1T} ) ( M_2 f^⊥_{1T} ^f_T M_1 − M_2g_{1T} ^g_T M_1

− ^h_T h_1 − ^h^⊥_T h_1 )

− ( 2(ĥ · k_{1T} )(k_{1T} · k_{2T} ) − (ĥ · k_{2T} )k^2_{1T} )

× ( ^f ⊥_T f ⊥_{1T} 2M_1M_2 + ^g^⊥_T g_{1T} 2M_1M_2 + h^⊥_{1T} ^h_T 2M^2_1 − h^⊥_{1T} ^h^⊥_T 2M^2_1 )] (56)

F^{cos(ϕa−ϕb−ϕ)} T T = 1 Q C [ (h · k_{2T} ) ( M_1 ^f_T f^⊥_{1T}

M_2 − M_1^g_T g_{1T}

M_2 − h_1 ^h_T − h_1^h^⊥_T ) (57) − ( 2(ĥ · k_{2T} )(k_{1T} · k_{2T} ) − (ĥ · k_{1T} )k^2_T )

× ( f^⊥_{1T} ^f^⊥_T 2M_1M_2 + g_{1T} ^g^⊥_T 2M_1M_2 + ^h_T h⊥_{1T} 2M^2_2 − ^h⊥_T h⊥_{1T} 2M^2_2 )] (58)

In the above equations we have used the notation: C [ w(k_{1T} , k_{2T} )fḡ ] = ∑ q e^2_q ∫ d^2k_{1T} d^2k_{2T}

× δ^{(2)} (q_T − k_{1T} − k_{2T} ) w(k_{1T} , k_{2T} ) × [ f^q(x_1, k^2_{1T} )g^{q̄}(x_2, k^2_T ) +f^{q̄}(x_1, k^2_{1T} )g^q(x_2, k^2_T ) ] .

(59)

Also, we have applied the following combinations for certain distribution functions:

f_T (x, k^2_T ) = f^′_T (x, k^2_T ) − k^2_T 2M^2 f^⊥_T (x, k^2_T ), (60)

g_T (x, k^2_T ) = g^′_T (x, k^2_T ) − k^2_T 2M^2 g^⊥_T (x, k^2_T ), (61)

f̃_T (x, k^2_T ) = f̃^′_T (x, k^2_T ) − k^{2T} 2M^2 f̃^⊥_T (x, k^2_T ), (62)

g̃_T (x, k^2_T ) = g̃^′_T (x, k^2_T ) − k^2_T 2M^2 g̃^⊥_T (x, k^2_T ), (63)

h_1(x, k^2_T ) = h_{1T} (x, k^2_T ) − k^2_T 2M^2 h^⊥_{1T} (x, k^2_T ), (64)

Equations (42) to (58) represent a main result of this work. They are complementary to the leading-twist structure functions of Drell-Yan processes. We note that, after being integrated over q_T , the expression in Eq. (40) reduces to the following result [22, 23]:

dσ^{twist-3} dx_1dx_2 dΩ = α^2_{em} 3Q^2 sin 2θ 2 Q { |S_{1T} | sin(ϕ_{S1} − ϕ) ( M_1 ^f_T f_1 + M_2h_1 ^h )

+ |S_{2T} | sin(ϕ_{S2} − ϕ) ( M_2 f_1 ^f_T + M_1^h h_1 )

+ S_{1L}|S_{2T} | cos(ϕ_{S2} − ϕ) ( M_2 g_1^g_T + M_1^h_L h_1 )

− S_{2L}|S_{1T} | cos(ϕ_{S1} − ϕ) ( M_1 ^g_T g_1 + M_2h_1^h_L ) } . (65)

where the distributions are the transverse-momentum integrated version. The last two terms in the curly brackets were given in Ref. [22], while the first two terms were given in Ref. [23]. However, as f_T (x) and h(x) vanish because of time reversal invariance [46], the first two terms in Eq. (65) only receive contributions from the interaction-dependent twist-three distributions f̃_T and h̃. The function f̃_T (x) is related [45, 58] to the collinear twist-3 Efremov-Teryaev- Qiu-Sterman (ETQS) function T_F (x, x) [36–38]. The role of the ETQS function in the single spin asymmetry A_N in Drell-Yan were studied intensively in the literature [58–61], and has been revisited in Refs. [62] and [63] recently. It was found that different theoretical approaches lead to different results. For example, an additional factor 2 was found in Ref. [62] while factor 1/2 was gained in Ref. [63], in comparison with the expression for A_N in Refs. [23, 60, 61]. We note that the normalization of the asymmetry of our result (in the Collins-Soper frame) agrees with that in Refs. [23, 60, 61], but not with that in Refs. [62, 63].

In the following we present further comments on our result.

• Certain structure functions in Eqs.(42) to (58) satisfy the following symmetric or antisymmetric property:

F^{sin ϕ}_{UL} = −F^{sin ϕ}_{LU} , F^{sin(ϕS2 −ϕ)} UT = F^{sin(ϕS1 −ϕ)} T U , (66)

F^{sin(ϕS2 +ϕ)}

UT = F^{sin(ϕS1 +ϕ)} T U , F^{cos(ϕS2 −ϕ)} LT = −F^{cos(ϕS1 −ϕ)} T L , F^{cos(ϕS2 +ϕ)} LT = −F^{cos(ϕS1 +ϕ)} T L , (67)

which agree with the general analysis given in Ref. [21].

• The expressions of the twist-three structure functions depend on the choice of the dilepton rest frame, characterized by the parameter c. This feature is different from that of leading-twist structure functions, whose expressions of which are the same in different dilepton rest frames.

• Among the 16 twist-three distributions, 12 of them appear in the twist-three structure functions for Drell- Yan processes, including the new distributions g^⊥ [34] and f^⊥_T [46]. The first one appears in both the single longitudinally and transverse polarized Drell-Yan processes, while the later one appears in single and double transversely polarized Drell-Yan processes. These new twist-three TMDs are quite interesting, since evidence of their existence will indicate the necessity of introducing the gauge-link direction in the decomposition of the correlator [34, 46]. They represent new nucleon parton structure information that has not been explored before. Calculations [64, 65] in a diquark model show that the contribution from g^⊥ should be included in order to give a complete description of the asymmetries in longitudinally polarized SIDIS.

The distributions e, e_L, e_T and e^⊥_T do not contribute here, since we have not considered the lepton polarization. These four distributions could be studied in SIDIS with a polarized lepton beam [12, 35, 66, 67].

• Equation (42) shows that the combination ^f^⊥ ⊗ f_1 or h^⊥_1 ⊗ ^h and so on can lead to a cos ϕ asymmetry in unpolarized Drell-Yan processes, which is similar to the case in SIDIS [68]. Apart from the well-known cos 2ϕ distributions, the measurements of dilepton production in unpolarized hadron-hadron collision also show a cos ϕ angular dependence [69–71]. It has been shown that the QCD corrections can generate such angular distribution [72–77]. Our study shows that there is an alternative mechanism for the cos ϕ asymmetry in the unpolarized Drell-Yan process, due to the presence of twist-three TMD distributions.

• In the region where the TMD framework is assumed to be valid, there is a suppression factor q_T /Q for twistthree structure functions. Therefore the asymmetries arising from twist-three structure functions are supposed to be smaller than the leading-twist observables. However, the asymmetries are also directly determined by the size of the twist-three TMD distributions. It is not known whether there are positivity bounds to constrain twist-three TMD distributions, like the case of leading-twist distributions [78]. Sizable twist-three TMD distributions could lead to nonvanishing asymmetries in Drell-Yan process. Furthermore, the SIDIS measurements on fixed targets [9, 11, 12, 17, 67, 79–81] show that the twist-three asymmetries are not small. This also encourages the corresponding measurements of twist-three effects in Drell-Yan processes, especially for fixed-target experiments [24, 26–28, 30].

• For each structure function, there are several combinations of twist-two distribution and twist-three distribution which can contribute, similar to the twist-three results of SIDIS process. This makes twist-three parton distributions more difficult to be probed in high energy processes than the twist-two ones. Further theoretical and experimental studies are needed to provide more constrains the size of different TMD twist-three distributions.

• We point out that our calculation is based on a generalization of the TMD factorization to the twist-three level. Therefore the correctness of our results relies on the validation of the twist-three TMD factorization. Unlike the twist-three collinear factorization, which has been widely applied in SIDIS and Drell-Yan, the TMD factorization formalism at twist-three level has not been established yet. The main challenge for twist-three TMD observables is that when one calculates the twist-three TMDs, there are light-cone divergences [50] for which it has not been understood how to control them at order 1/Q. This does not necessarily means that twist-three TMD factorization cannot be developed. Further study is needed to overcome this difficulty.

IV. CONCLUSION

Drell-Yan process has been recognized as an important tool to study the structure of the nucleon. In this work, we have studied polarized Drell-Yan processes from the collision of two polarized spin-1/2 hadrons beams at order 1/Q, based on the framework of TMD factorization. We find that, among a total of twenty-four subleading-twist structure functions in Drell-Yan process, sixteen of them are at twist-three level and can be expressed as combinations of twisttwo and twist-three TMD distribution functions. We give the complete expressions for these structure functions, for each of which there are several twist-three distributions that contribute. Based on our result, we point out that twistthree distributions can provide an alternative explanation for the cos ϕ angular dependence in unpolarized Drell-Yan processes. The measurements of the asymmetries at order 1/Q in Drell-Yan process therefore can provide useful information on the twist-three TMD distributions and the multi-parton correlations in the nucleon.

Acknowledgements This work is supported by FONDECYT (Chile) Projects No. 11090085, No. 1100715, by Project Basal FB0821, by NSFC (China) Project No. 11005018, and by Teaching and Research Foundation for Outstanding Young Faculty of Southeast University.

[1] J. P. Ralston and D. E. Soper, Nucl. Phys. B152, 109 (1979). [2] R. L. Jaffe and X. -D. Ji, Phys. Rev. Lett. 67, 552 (1991). [3] R.D. Tangerman and P.J. Mulders, Phys. Rev. D 51, 3357 (1995). [4] D. Boer, Phys. Rev. D 60, 014012 (1999).

[5] V. Barone, A. Drago, and P. G. Ratcliffe, Phys. Rep. 359, 1 (2002).

[6] D. Boer, M. Diehl, R. Milner, R. Venugopalan, W. Vogelsang, A. Accardi, E. Aschenauer, and M. Burkardt et al., arXiv:1108.1713.

[7] V. Barone, F. Bradamante, and A. Martin, Prog. Part. Nucl. Phys. 65, 267 (2010). [8] U. D’Alesio and F. Murgia, Prog. Part. Nucl. Phys. 61, 394 (2008).

[9] A. Airapetian et al. [ HERMES Collaboration ], Phys. Rev. Lett. 84, 4047-4051 (2000). [hep-ex/9910062]. [10] A. Bravar et al., (SMC Collaboration), Nucl. Phys. A666,314 (2000). [11] A. Airapetian et al. [ HERMES Collaboration ], Phys. Rev. D64, 097101 (2001). [12] H. Avakian et al. [CLAS Collaboration], Phys. Rev. D 69, 112004 (2004). [13] A. Airapetian et al., (HERMES Collaboration), Phys. Rev. Lett. 94, 012002 (2005). [14] V. Y. Alexakhin et al., (COMPASS Collaboration), Phys. Rev. Lett. 94, 202002 (2005). [15] A. Airapetian et al. (HERMES Collaboration), Phys. Lett. B 693, 11 (2010). [16] E. S. Ageev et al., (COMPASS Collaboration), Nucl. Phys. B765, 31 (2007). [17] H. Mkrtchyan, et al., Phys. Lett. B665, 20-25 (2008).

[18] A. Airapetian et al., (HERMES Collaboration), Phys. Rev. Lett. 103, 152002 (2009). [19] M. G. Alekseev et al., (COMPASS Collaboration), Phys. Lett. B 692, 240 (2010). [20] X. Qian et al. [The Jefferson Lab Hall A Collaboration], Phys. Rev. Lett. 107, 072003 (2011). [21] S. Arnold, A. Metz, and M. Schlegel, Phys. Rev. D 79, 034005 (2009). [22] R. D. Tangerman and P. J. Mulders, hep-ph/9408305.

[23] D. Boer, P. J. Mulders, O. V. Teryaev, Phys. Rev. D 57, 3057-3064 (1998). [24] V. Barone et al. [PAX Collaboration], arXiv:hep-ex/0505054.

[25] G. Bunce et al., http://spin.riken.bnl.gov/rsc/report/spinplan 2008/spinplan08.pdf, Plans for the RHIC Spin Physics Program.

[26] The COMPASS Collaboration, COmmon Muon and Proton Apparatus for Structure and Spectroscopy, Report No. CERN SP SLC 96-14.

[27] Y. Goto, PoS DIS2010, 264 (2010). [28] Y. Goto, J. Phys. Conf. Ser. 295, 012166 (2011).

[29] I. N. Meshkov and Yu. N. Filatov, J. Phys. Conf. Ser. 295, 012144 (2011). [30] M. X. Liu, X. Jiang, D. G. Crabb, J. P. Chen, and M. Bai, J. Phys. Conf. Ser. 295, 012164 (2011). [31] A. N. Vasiliev, et al., arXiv:0712.2691.

[32] R. L. Jaffe, Comments Nucl. Part. Phys. 19, 239 (1990). [33] M. Burkardt, arXiv:0810.3589.

[34] A. Bacchetta, P. J. Mulders and F. Pijlman, Phys. Lett. B 595, 309 (2004).

[35] A. Bacchetta, M. Diehl, K. Goeke, A. Metz, P. J. Mulders, and M. Schlegel, J. High Energy Phys 02, 093 (2007). [36] A. V. Efremov, O. V. Teryaev, Sov. J. Nucl. Phys. 36, 140 (1982). [37] A. V. Efremov, O. V. Teryaev, Phys. Lett. B150, 383 (1985). [38] J. -w. Qiu, G. F. Sterman, Phys. Rev. Lett. 67, 2264-2267 (1991). [39] J. -w. Qiu, G. F. Sterman, Phys. Rev. D 59, 014004 (1998). [40] Y. Koike, W. Vogelsang, F. Yuan, Phys. Lett. B 659, 878-884 (2008). [41] X. Ji, J. -w. Qiu, W. Vogelsang, F. Yuan, Phys. Rev. D73, 094017 (2006).

[42] K. Gottfried and J. D. Jackson, Nuovo Cim. 33, 309 (1964). [43] J. C. Collins and D. E. Soper, Phys. Rev. D 16, 2219 (1977).

[44] A. Bacchetta, U. D’Alesio, M. Diehl, and C. A. Miller, Phys. Rev. D 70, 117504 (2004). [45] D. Boer, P. J. Mulders, and F. Pijlman, Nucl. Phys. B667, 201 (2003). [46] K. Goeke, A. Metz, and M. Schlegel, Phys. Lett. B 618, 90 (2005).

[47] P. J. Mulders and R. D. Tangerman, Nucl. Phys. B461, 197 (1996); Erratum-ibid. B484, 538 (1997). [48] R. Jakob, P. J. Mulders, J. Rodrigues, Nucl. Phys. A626, 937-965 (1997). [49] H. Avakian, A. V. Efremov, P. Schweitzer, F. Yuan, Phys. Rev. D 81, 074035 (2010). [50] L. P. Gamberg, D. S. Hwang, A. Metz, M. Schlegel, Phys. Lett. B 639, 508-512 (2006). [51] S. Wandzura, F. Wilczek, Phys. Lett. B 72, 195 (1977).

[52] A. Accardi, A. Bacchetta, W. Melnitchouk, M. Schlegel, JHEP 0911, 093 (2009). [arXiv:0907.2942 [hep-ph]]. [53] D. Boer and P. J. Mulders, Phys. Rev. D 57 (1998) 5780. [54] A. Metz, P. Schweitzer, T. Teckentrup, Phys. Lett. B 680, 141-147 (2009). [55] R. Kundu and A. Metz, Phys. Rev. D 65 (2001) 014009. [56] M. Schlegel and A. Metz, arXiv:hep-ph/0406289.

[57] K. Goeke, A. Metz, P. V. Pobylitsa and M. V. Polyakov, Phys. Lett. B 567 (2003) 27 [58] J. P. Ma, Q. Wang, Eur. Phys. J. C37, 293-298 (2004). [59] N. Hammon, O. Teryaev, A. Schafer, Phys. Lett. B390, 409-412 (1997). [60] D. Boer, P. J. Mulders, Nucl. Phys. B569, 505-526 (2000). [61] D. Boer, J. -w. Qiu, Phys. Rev. D65, 034008 (2002). [62] I. V. Anikin, O. V. Teryaev, Phys. Lett. B690, 519-525 (2010). [63] J. Zhou, A. Metz, arXiv:1011.5871. [64] A. Afanasev, C. E. Carlson, hep-ph/0308163. [65] A. Metz, M. Schlegel, Eur. Phys. J. A22, 489-494 (2004). [66] F. Yuan, Phys. Lett. B 589, 28-34 (2004). [67] M. Aghasyan et al., [arXiv:1106.2293 [hep-ex]]. [68] J. Levelt, P. J. Mulders, Phys. Lett. B338, 357-362 (1994). [69] S. Falciano, et al., NA10 Collaboration, Z. Phys. C 31, 513 (1986). [70] M. Guanziroli, et al., NA10 Collaboration, Z. Phys. C 37, 545 (1988). [71] J.S. Conway, et al., Phys. Rev. D 39, 92 (1989). [72] J. C. Collins, Phys. Rev. Lett. 42, 291 (1979). [73] J. Cleymans, M. Kuroda, Nucl. Phys. B155, 480 (1979). [74] J. Lindfors, Phys. Scripta 20, 19-22 (1979).

[75] E. Mirkes and J. Ohnemus, Phys. Rev. D 50, 5692 (1994); Phys. Rev. D 51, 4891 (1995). [76] D. Boer and W. Vogelsang, Phys. Rev. D 74, 014004 (2006).

[77] E. L. Berger, J. -W. Qiu, R. A. Rodriguez-Pedraza, Phys. Rev. D76, 074006 (2007). [78] A. Bacchetta, M. Boglione, A. Henneman, and P. J. Mulders, Phys. Rev. Lett. 85, 712 (2000). [79] J. J. Aubert et al. [ European Muon Collaboration ], Phys. Lett. B130, 118 (1983). [80] M. Arneodo et al. [ European Muon Collaboration ], Z. Phys. C34, 277 (1987). [81] W. Kafer [ COMPASS Collaboration ], [arXiv:0808.0114 [hep-ex]].