arXiv:hep-ph/0104271 25 Apr 2001

hep-ph/0104271

Evolution of transverse momentum dependent distribution and fragmentation functions

A.A. Henneman^1, Daniël Boer^2, and P.J. Mulders^1

1Division of Physics and Astronomy, Vrije Universiteit De Boelelaan 1081, NL-1081 HV Amsterdam, the Netherlands 2RIKEN-BNL Research Center Brookhaven National Laboratory, Upton, NY 11973, U.S.A.

We use Lorentz invariance and the QCD equations of motion to study the evolution of functions that appear at leading order in a 1/Q expansion in azimuthal asymmetries. This includes the evolution equation of the Collins fragmentation function. The moments of these functions are matrix elements of known twist two and twist three operators. We present the evolution in the large Nc limit, restricting to non-singlet for the chiral-even functions.

I. INTRODUCTION

Azimuthal asymmetries in hard scattering processes with at least two relevant hadrons constitute a rich phenomenology, suitable for studying quark and gluon correlations in hadrons. By relevant hadrons we mean hadrons used as target or detected in the final state. A well-known azimuthal asymmetry appears in the semiinclusive deep inelastic polarized leptoproduction of pions (ep^↑ → e^′πX) generated by the so-called Collins effect [1]. This asymmetry is one of the few possibilities to gain access to the so-called transversity or transverse spin distribution function [2,3], which is the third distribution function needed for the complete characterization of the (collinear) spin state of a proton as probed in hard scattering processes. In contrast to the transversity function, the evolution of the Collins fragmentation function has not been presented yet. Knowledge of this evolution is indispensable for relating measurements at different energies.

In processes like the semi-inclusive leptoproduction mentioned above, it is important to take transverse momentum of partons into account. The parton distribution functions as a function of a light-cone momentum fraction and transverse momentum have first been studied by Ralston and Soper [2] for the Drell-Yan process at tree level. The precise operator definition of such transverse momentum (p_T ) dependent distribution (and also fragmentation) functions is a non-trivial issue (mainly because of gauge invariance) and in several studies this matter has been addressed [4–7]. Besides their definition and appearance in cross sections, they have not yet been considered beyond tree level. One thing that one wants to know is how these p_T dependent distribution and fragmentation functions evolve, for instance the fragmentation function pointed out by Collins, which is one of the new functions entering in the description of hadrons when transverse momentum is considered. Its evolution will be one of the new results presented in this paper, although we limit ourselves to the large N_c limit, in which case the evolution is an autonomous one.

In general, factorization of hard scattering processes means that it is possible to separate parts containing only soft or hard physics. In the perturbative calculation of the hard subprocess (the partonic cross section) one encounters collinear divergences, which one can absorb into the matrix elements (or equivalently the distribution or fragmentation functions) describing the soft part of the process. This redefinition of the soft parts should be possible to all orders in the coupling constant. This procedure introduces a factorization scale and the goal is to calculate the dependence on this scale, which determines the high-energy behavior of the cross section.

Factorization crucially depends on the presence of a large energy scale in the process, such as the space-like momentum transfer squared in leptoproduction or the time-like momentum squared of a lepton pair in Drell- Yan scattering. In this paper we will be concerned with functions that appear in processes which have, apart from such a hard scale, an additional soft momentum scale, related to the transverse momentum of the partons. The first factorization theorem for such a situation was obtained in Ref. [4] for the process e^+e^− → h_1h_2X, where the vector boson has a large invariant mass Q, but a small transverse momentum Q_T with respect to the two almost back-to-back hadrons h_1 and h_2, i.e. Q^2_T ≪ Q^2. Similar situations occur in the Drell-Yan process, where one has besides the momentum of the lepton pair, two hadron momenta and in one-hadron inclusive leptoproduction where one also deals with three momenta: the large momentum transfer, the target momentum and the momentum of the produced hadron.

The effects of parton transverse momenta lead to azimuthal asymmetries in such processes, often coupled to the spin of the partons and/or hadrons. Just as for spin asymmetries, the azimuthal asymmetries provide a rich new phenomenology in Drell-Yan scattering, semi-inclusive deep inelastic scattering and electron-positron annihilation [2,8–13]. In this paper we will study the scale dependence of the various distribution and fragmentation functions appearing in these (polarized) processes. We do this for specific moments in both p_T and x, employing Lorentz invariance and the QCD equations of motion. The moments in x for leading (collinear) distribution functions (appearing for instance in inclusive leptoproduction) are related to matrix elements of twist two operators. On the other hand, for the transverse moments entering the azimuthal asymmetry expressions of interest, one finds relations to matrix elements of twist two and twist three operators, for which the evolution, however, is known. In the large N_c limit this evolution becomes particularly simple and is known from studies of inclusive processes where the transverse moments can be eliminated from the expressions. This knowledge allows us to obtain the evolution equations for the desired p_T and x moments of the transverse momentum dependent distribution and fragmentation functions, that enter in azimuthal (spin) asymmetries. Such asymmetries recently have gained in interest, as can be seen from the experimental studies in Refs. [14–16].

II. FORMALISM

In this paper we will study the scale dependence of the distribution and fragmentation functions in (for example) one-hadron inclusive leptoproduction (eH → ehX) at leading order in an expansion in 1/Q, where q^2 = −Q^2 is the space-like momentum transfer squared. Experimentally, we are interested in azimuthal asymmetries in the current fragmentation region, in which case the target hadron momentum P and the produced hadron momentum P_h satisfy P ·P_h ∼ Q^2. We introduce two light-like vectors via the hadron momenta and parameterize P = ξ M^2 Q̃√2 n^− + Q̃ ξ √ 2 n_+, (1)

P_h = ζ Q̃ √ 2 n_− +

M^2_h ζQ̃ √ 2 n_+, (2) q = Q̃ √ 2 n_− − Q̃ √ 2 n_+ + q_T , (3)

where n_+ and n_− are two light-like vectors, chosen such that n_+ · n_− = 1. We will often refer to the ± components of a vector p, which are defined as p^± = p · n_∓. We define the transverse momentum scale Q^2_T = −q^2_T . We are interested in the region where Q^2_T ≪ Q^2. Up to mass corrections of order 1/Q^2 one then has Q̃^2 = Q^2 − Q^2_T ≈ Q^2. The ratio ξ = −q^+/P^+ ≈ Q^2/2P · q = x_B is the Bjorken scaling variable and the ratio ζ = P^−_h /q^− ≈ P · P_h/P · q = z_h is the usual fragmentation variable.

In the case of inclusive deep inelastic scattering the soft part of the process is described by a correlation function. To be more specific, in leading order in powers of 1/Q, the forward scattering Compton amplitude T^{μν} can be written as

T^{μν} = ∫ dx Tr [S^{μν} (x)Φ(x)] + · · · (4)

Here, S^{μν} and Φ are the hard and soft scattering parts, respectively. The hard part S^{μν} is the γ^∗–quark forward scattering amplitude. The color gauge invariant soft part is defined as Φ_{ij}(x) ≡ ∫ dξ^− 2π e^{i p·ξ}⟨P, S| ψ_j (0) U(0, ξ) ψ_i(ξ)|P, S⟩ | | |_{LC} . (5)

where the subscript ‘LC’ indicates ξ^+ = ξ_T = 0 and

U(0, ξ) = P exp ( −ig ∫_ξ� 0 dη^− A^+(η) ) , (6)

is a gauge link with the path running along n_−. The correlation function Φ is a function of the light-cone momentum fraction x = p^+/P^+ only. The most general parameterization of Φ which is in accordance with the required symmetries (hermiticity, parity, time reversal) and which is relevant for calculations at leading order in 1/Q is given by

Φ^{twist−2}(x) = 1 2 { f_1(x) ̸n_+ + S_L g_1(x) γ_5 ̸n_+ + h_1(x) γ_5 ̸S_T ̸n_+ } , (7)

where also for the spin vector a decomposition in n_± is adopted, S = S_L (P^+/M ) n_+ − S_L (P^−/M ) n_− + S_T . Specifying also the flavor one also encounters the notations q(x) = f^q_1 (x), Δq(x) = g^q_1(x) and δq(x) = Δ_T q(x) = h^q_1(x). The evolution equations for these functions are known to next-to-leading order [17,18] and for the singlet f_1 and g_1 there is mixing with the unpolarized and polarized gluon distribution functions g(x) and Δg(x), respectively.

Denoting these functions as twist-2 makes sense because the local operators connected to the Mellin moments of these functions are related to the matrix elements of local twist-2 operators, like ψ γ^+(D^+ )^n ψ.

If one calculates T_{μν} up to order 1/Q one needs also the M/P^+ parts in the parameterization of Φ(x) [3,11]

Φ^{twist−3}(x) = M 2P^+ { e(x) + g_T (x) γ_5 ̸S_T + S_L h_L(x) γ_5

[ ̸n_+, ̸n_−] 2 }

+ M 2P^+ { −i S_L e_L(x)γ_5 − f_T (x) ϵ^{ρσ}_T γ_ρS_{T σ} + i h(x)

[ ̸n_+, ̸n_−] 2 } . (8)

We have not imposed time-reversal invariance in order to study also the T-odd functions, which are important e.g. in the study of fragmentation functions. The functions e, g_T and h_L are T-even, the functions e_L, f_T and h are T-odd (we will not concern ourselves with the formal problems related to T-odd distribution functions [1,11]). The leading order evolution of e, g_T and h_L is known [19–22] and for the non-singlet case this also provides the evolution of the T-odd functions e_L, f_T and h respectively, for which the operators involved differ only from those of the T-even functions by a γ_5 matrix.

The twist assignments of these functions is better seen by considering the light-cone correlators Φ^α_{D ij} (x, y) ≡ P^+ M ∫ dξ^− 2π dη^− 2π e^{i p1 ·(ξ−η)+ip·η}⟨P, S|ψ_j (0) U(0, η) iD^α_T (η) U(η, ξ) ψ_i(ξ)|P, S⟩ | | | |_{LC} , (9)

depending on x = p^+/P^+ and y = p^+_1 /P^+. It is parameterized in terms of two-argument functions [3]

Φ^α_D(x, y) = 1 2 { G_D(x, y) iϵ^{αβ}_T S_{T β} ̸n_+ + G̃_D(x, y) S^α_T γ_5 ̸n_+

+ H_D(x, y) S_L γ_5γ^α_T ̸n_+ + E_D(x, y) γ^α_T ̸n_+ } , (10)

where parity invariance has been imposed. Hermiticity leads to G^∗_D(x, y) = −G_D(y, x), G̃^∗_D(x, y) = G̃_D(y, x), H^∗_D(x, y) = H_D(y, x), and E^∗_D(x, y) = −E_D(y, x). Time reversal invariance would require these functions to be real. The QCD equations of motion can be used to relate the twist-3 functions appearing in the parameterization of Φ to the correlators Φ^α_D. This gives the relations ∫ dy [ G_D(x, y) + G̃_D(x, y) ] = x g_T (x) − m M h_1(x) + ix f_T (x), (11) 2 ∫ dy H_D(x, y) = x h_L(x) − m M g_1(x) − ix e_L(x), (12) 2 ∫ dy E_D(x, y) = x e(x) − m M f_1(x) + ix h(x). (13)

The local operator matrix elements corresponding with the moments of the functions in Φ^α_D(x) are (note that α is transverse) twist-3 operators, up to quark mass contributions multiplying twist-2 operators.

III. TRANSVERSE MOMENTUM DEPENDENT DISTRIBUTION FUNCTIONS

If one considers a semi-inclusive hard scattering process in which two hadrons are identified (in either initial and/or final state), then the treatment of transverse momentum is important. One needs to study correlation functions that also depend on the transverse momentum, Φ(x, p_T ), for which the most general parameterization involves more functions. To be more specific, one needs the lightfront correlation function

Φ_{ij} (x, p_T ) ≡ ∫ dξ^− d^2ξ_T (2π)^3 e^{i p·ξ}⟨P, S| ψ_j(0) U(0, −∞) U(−∞, ξ) ψ_i(ξ)|P, S⟩ | | | |_{ξ+=0} . (14)

At leading orders in powers of 1/Q the following transverse momentum dependent distribution functions are needed to parameterize this correlation function [2,11]

Φ(x, p_T ) = 1 2 { f_1(x, p^2_T ) ̸n_+ + f^⊥_{1T} (x, p^2_T ) ϵ_{μνρσ}γ^μn^ν_+p^ρ_T S^σ_T M − g_{1s}(x, p_T ) ̸n_+γ_5 − h_{1T} (x, p^2_T ) iσ_{μν} γ_5S^μ_T n^ν_+ − h^⊥_{1s}(x, p_T ) iσ_{μν} γ_5p^μ_T n^ν_+ M + h^⊥_1 (x, p^2_T ) σ_{μν} p^μ_T n^ν_+ M } . (15)

We used the shorthand notation

g_{1s}(x, p_T ) ≡ S_L g_{1L}(x, p^2_T ) +

(p_T · S_T ) M g_{1T} (x, p^2_T ), (16)

and similarly for h^⊥_{1s}. The parameterization contains two T-odd functions, the Sivers function f^⊥_{1T} [23,24] and the function h^⊥_1 , the distribution function analogue of the Collins fragmentation function [1]. Upon integration over p_T , Eq. (15) reduces to Φ(x) with

f_1(x) ≡ ∫ d^2p_T f_1(x, p^2_T ), (17)

g_1(x) ≡ ∫ d^2p_T g_{1L}(x, p^2_T ), (18)

h_1(x) ≡ ∫ d^2p_T [ h_{1T} (x, p^2_T ) + p^2_T 2M^2 h^⊥_{1T} (x, p^2_T ) ] . (19)

The deep inelastic scattering process is only sensitive to the latter three functions, but in semi-inclusive deep inelastic scattering or in the Drell-Yan process (at small q_T ), one is sensitive to the p_T -dependent functions. At measured q_T one deals with a convolution of two p_T -dependent functions, where the transverse momenta of the partons from different hadrons combine to q_T [2,10,25]. A decoupling is achieved by studying cross sections weighted with the momentum q^α_T , leaving only the directional (azimuthal) dependence. The functions that appear in that case are contained in

Φ^α_∂ (x) ≡ ∫ d^2p_T p^α_T M Φ(x, p_T ) (20)

which projects out the functions in Φ(x, p_T ) where p_T appears linearly,

Φ^α_∂ (x) = 1 2 { −g^{(1)}_{1T} (x) S^α_T ̸n_+γ_5 − S_L h^{⊥(1)}_{1L} (x)

[γ^α, ̸n_+]γ_5 2 − f^{⊥(1)}_{1T} (x) ϵ^α_{μνρ}γ^μn^ν_−S^ρ_T − i h^{⊥(1)}_1 (x)

[γ^α, ̸n_+] 2 } , (21)

where we define p^2_T /2M^2-moments (transverse moments) as

f^{(n)}(x) = ∫ d^2p_T ( p^2_T 2M^2 )_n f(x, p_T ). (22)

The functions h^⊥_1 and f^⊥_{1T} are T-odd, vanishing if T-reversal invariance can be applied to the matrix element.

At this point one can invoke Lorentz invariance as a possibility to rewrite some functions. All functions in Φ(x) and Φ^α_∂ (x) involve nonlocal matrix elements of two quark fields. Before constraining the matrix elements to the light-cone or lightfront only a limited number of amplitudes can be written down [10]. This leads to the following Lorentz-invariance relations [19,10,11]

g_T = g_1 + d dx g^{(1)}_{1T} , (23)

h_L = h_1 − d dx h^{⊥(1)}_{1L} , (24)

f_T = − d dx f^{⊥(1)}_{1T} , (25) h = − d dx h^{⊥(1)}_1 . (26)

From these relations, it is clear that the p^2_T /2M^2 moments of the p_T -dependent functions, appearing in Φ^α_∂ (x), involve both twist-2 and twist-3 operators.

Starting from the defining expression of Φ, one obtains, after weighting with p_T , the gauge invariant operator structure,

M (Φ^α_∂ )_{ij}(x) = ∫ dξ^− 2π e^{ip·ξ}⟨P, S|i∂^α_T [ ψ_j(0) U(0, −∞)U(−∞, ξ)ψ_i(ξ) ] |P, S⟩ | | | ξ^+ =ξT =0 = ∫ dξ^− 2π e^{ip·ξ} { ⟨P, S|ψ_j (0) U(0, ξ) iD^α_T ψ_i(ξ)|P, S⟩ | | |_{ξ+=ξT =0} − ⟨P, S|ψ_j(0) U(0, −∞) ∫_ξ� −∞ dη^− U(−∞, η) gF^{+α}(η) U(η, ξ) ψ_i(ξ)|P, S⟩ | | | |_{ξ+=ξT =0} } . (27)

To see the partonic interpretation of the second term, consider the light-cone gauge (A^+ = 0), in which case F^{+α} = ∂_−A^α_T and the gauge links become unity. Up to some for our purposes not relevant complications with boundary terms, the expression thus reduces to

Φ^α_∂ (x) = ∫ dy [Φ^α_D(x, y) − Φ^α_A(x, y)] , (28)

where the leading part of the Φ^α_A matrix element (in gauge A^+ = 0) is built from ψ_+ and A^α_T fields. The correlator Φ^α_A can be parameterized analogous to Φ^α_D with (interaction-dependent) functions G_A, G̃_A, H_A and E_A with similar hermiticity properties as the functions in Φ^α_D. Using Eq. (28) we define the following combinations, ∫ dy [ G_A(x, y)+G̃_A(x, y) ] = x g_T (x) − m M h_1(x) − g^{(1)}_{1T} (x) + i [ x f_T (x)+f^{⊥(1)}_{1T} (x) ] ≡ x g̃_T (x) + ix f̃_T (x), (29) 2 ∫ dy H_A(x, y) = x h_L(x) − m M g_1(x) + 2 h^{⊥(1)}_{1L} (x) − ix e_L(x) ≡ x h̃_L(x) − ix ẽ_L(x), (30) 2 ∫ dy E_A(x, y) = x e(x) − m M f_1(x) + i [ x h(x) + 2 h^{⊥(1)}_1 (x) ] ≡ x ẽ(x) + ix h̃(x). (31) In principle, one can connect the functions defined here to those appearing in the treatments of Ellis, Furmanski and Petronzio [26] or to those in the treatment of Jaffe and Soldate [27]. We end this section by giving the relation to the functions used in a more recent treatment by Belitsky [28,29]; comparison of the equations of motion Eqs. (29) - (31) and Lorentz invariance relations Eqs. (23) - (26) with those given in Ref. [29] leads us to identify

g^{(1)}_{1T} (x) = K̄(x) −

∫_1 x dyf(y), (32) xg̃_T (x) = ∫ dx^′D̄(x, x^′) + ∫_1 x dyf(y), (33) with K̄, D̄ as defined in Ref. [29] and f(y) = ∫ dx^′ D̄(y, x^′) + D̄(x^′, y) x^′ − y . (34)

IV. RELATIONS BETWEEN TWIST-3 FUNCTIONS AND TRANSVERSE MOMENTS

Using the equations of motion relations in Eqs. (29) - (31) and the relations based on Lorentz invariance in Eqs. (23) - (26), it is straightforward to relate the various twist-3 functions and the p^2_T /2M^2 (transverse) moments of p_T -dependent functions. The results, grouping relevant combinations, are

g_T (x) =

∫_1 x dy g_1(y) y + m M [ h_1(x) x − ∫_1 x dy h_1(y) y^2 ] + [ g̃_T (x) −

∫_1 x dy g̃_T (y) y ] , (35)

g^{(1)}_{1T} (x) x = ∫_1 x dy g_1(y) y − m M ∫_1 x dy h_1(y) y^2 − ∫_1 x dy g̃_T (y) y , (36)

h_L(x) = 2x

∫_1 x dy h_1(y) y^2 + m M [ g_1(x) x − 2x ∫_1 x dy g_1(y) y^3 ] + [ h̃_L(x) − 2x ∫_1 x dy h̃_L(y)

y^2 ] , (37)

h^{⊥(1)}_{1L} (x)

x^2 = − ∫_1 x dy h_1(y) y^2 + m M ∫_1 x dy g_1(y) y^3 + ∫_1 x dy h̃_L(y)

y^2

, (38)

e(x) = ẽ(x) + m M f_1(x) x , (39)

f_T (x) = [ f̃_T (x) −

∫_1 x dy f̃_T (y) y ] , (40)

f^{⊥(1)}_{1T} (x) x = ∫_1 x dy f̃_T (y) y , (41)

h(x) = [ h̃(x) − 2x ∫_1 x dy h̃(y) y^2 ] , (42)

h^{⊥(1)}_1 (x)

x^2 = ∫_1 x dy h̃(y) y^2

, (43)

e_L(x) = ẽ_L(x). (44)

Note that often the combinations of tilde functions between brackets are denoted by a single ‘interactiondependent’ function.

In order to study the evolution of these functions, we consider the moments [f]_n ≡ ∫ dx x^{n−1} f(x), giving

[g_T ]_n = 1 n [g_1]_n + n − 1 n [g̃_T ]_n + m M n − 1 n [h_1]_{n−1} , (45)

[g^{(1)}_{1T} ]_n = 1 n + 1 ( [g_1]_{n+1} − [g̃_T ]_{n+1} − m M [h_1]_n ) , (46)

[h_L]_n = 2 n + 1

[h_1]_n + n − 1 n + 1

[h̃_L]_n + m M n − 1 n + 1

[g_1]_{n−1} , (47)

[h^{⊥(1)}_{1L} ]_n = − 1 n + 2 ( [h_1]_{n+1} − [h̃_L]_{n+1} − m M [g_1]_n ) , (48)

[e]_n = [ẽ]_n + m M [f_1]_{n−1} , (49)

[f_T ]_n = n − 1 n [f̃_T ]_n , (50)

[f^{⊥(1)}_{1T} ]_n = 1 n + 1

[f̃_T ]_{n+1} , (51)

[h]_n = n − 1 n + 1

[h̃]_n , (52)

[h^{⊥(1)}_1 ]_n = 1 n + 2

[h̃]_{n+1} , (53)

[e_L]_n = [ẽ_L]_n . (54)

Actually, we need not consider the five T-odd functions separately. They can be simply considered as imaginary parts of other functions, when we allow complex functions. In particular one can expand the correlation functions into matrices in Dirac space [30] to show that the relevant combinations are (g_{1T} − i f^⊥_{1T} ) which we can treat together as one complex function g_{1T} . Similarly we can use complex functions (h^⊥_{1L} + i h^⊥_1 ) → h^⊥_{1L}, (g_T + i f_T ) → g_T , (h_L + i h) → h_L, (e + i e_L) → e.

V. EVOLUTION EQUATIONS

In case of autonomous evolution of a function f one has d dτ f(x, τ ) = α_s(τ ) 2π ∫_1 x dy y P^{[f]} ( x y ) f(y, τ ), (55) where τ = ln Q^2 and P^{[f]} are the splitting functions. Using moments A^{[f]}_n of these splitting functions - the anomalous dimensions -, this is d dτ [f]_n(τ ) = α_s(τ ) 2π A^{[f]}_n [f]_n(τ ). (56)

This applies to the leading order results for the non-singlet twist-2 functions (with the usual + prescription) [31,32],

P^{[f1]}(β) = P^{[g1 ]}(β) = C_F [ 3 2 δ(1 − β) +

1 + β^2 (1 − β)_+ ] , (57)

P^{[h1]}(β) = C_F [ 3 2 δ(1 − β) + 2β (1 − β)_+ ] , (58)

and the large N_c result in leading order for the interaction-dependent functions [33]

P^{[f̃]}(β) = N_c 2 [ 1 2 δ(1 − β) + 2 (1 − β)_+ + c ] , (59)

with c = −1 for g̃_T , c = −3 for h̃_L and c = +1 for ẽ. The corresponding anomalous dimensions are

A^{[f1 ]}_n = A^{[g1 ]}_n = C_F 3 2 + 1 n(n + 1) − 2 n∑ j=1 1 j , (60)

A^{[h1 ]}_n = C_F 3 2 − 2 n∑ j=1 1 j , (61)

and for the interaction-dependent functions in the large N_c limit

A^{[g̃T ]}_n = N_c 2 1 2 + 1 n − 2 n∑ j=1 1 j , (62)

A^{[h̃L]}_n = N_c 2 1 2 − 1 n − 2 n∑ j=1 1 j , (63)

A^{[ẽ]}_n = N_c 2 1 2 + 3 n − 2 n∑ j=1 1 j . (64)

Using the moment analysis of the previous section, it is straightforward to find that the evolution of g^{(1)}_{1T} is driven not only by this function itself but also by a higher moment of g_1 and a similar situation for h^{⊥(1)}_{1L} . In the large N_c limit (C_F → N_c/2) one obtains (omitting mass terms) d dτ [g^{(1)}_{1T} ]_n = α_s(τ ) 4π N_c 1 2 − 1 n + 1 − 2 n∑ j=1 1 j [g^{(1)}_{1T} ]_n + 1 n + 2

[g_1]_{n+1}

, (65)

d dτ [h^{⊥(1)}_{1L} ]_n = α_s(τ ) 4π N_c 1 2 − 3 n + 1 − 2 n∑ j=1 1 j [h^{⊥(1)}_{1L} ]_n − 1 n + 1

[h_1]_{n+1}

, (66)

or in terms of the functions of light-cone momentum fractions d dτ g^{(1)}_{1T} (x, τ ) = α_s(τ ) 4π N_c ∫_1 x dy {[ 1 2 δ(y − x) + x^2 + xy y^2(y − x)_+ ] g^{(1)}_{1T} (y, τ ) + x^2 y^2 g_1(y, τ ) } , (67) d dτ h^{⊥(1)}_{1L} (x, τ ) = α_s(τ ) 4π N_c ∫_1 x dy {[ 1 2 δ(y − x) + 3x^2 − xy y^2(y − x)_+ ] h^{⊥(1)}_{1L} (y, τ ) − x y h_1(y, τ ) } . (68)

Next we note that apart from a γ_5 matrix the operator structures of the T-odd functions f^{⊥(1)}_{1T} and h^{⊥(1)}_1 are in fact the same as those of g^{(1)}_{1T} and h^{⊥(1)}_{1L} (they can be considered as the imaginary part of these functions [30]). This implies that for the non-singlet functions, one immediately can obtain the evolution of the T-odd functions, d dτ [f^{⊥(1)}_{1T} ]_n = α_s(τ ) 4π N_c 1 2 − 1 n + 1 − 2 n∑ j=1 1 j [f^{⊥(1)}_{1T} ]_n, (69)

d dτ [h^{⊥(1)}_1 ]_n = α_s(τ ) 4π N_c 1 2 − 3 n + 1 − 2 n∑ j=1 1 j [h^{⊥(1)}_1 ]_n. (70)

Furthermore, for the chiral-odd functions, which do not mix with a gluon distribution, there is no difference between the non-singlet and the singlet evolution.

In the large N_c limit, the evolution equations for the non-singlet T-odd functions are of simple diagonal form with splitting functions P^{[f} ?(1)_{1T ]}

(β) = N_c 2 [ 1 2 δ(1 − β) + β + β^2 (1 − β)_+ ] , (71) P^{[h} ?(1)_{1 ]}

(β) = N_c 2 [ 1 2 δ(1 − β) +

3β^2 − β (1 − β)_+ ] . (72)

Actually, we also obtain the anomalous dimensions (and splitting functions) of the T-odd twist-3 functions using A^{[fT ]} = A^{[f̃T ]} = A^{[g̃T ]}, A^{[h]} = A^{[h̃]} = A^{[h̃L]} and A^{[eL]} = A^{[ẽL]} = A^{[e]} = A^{[ẽ]}.

VI. FRAGMENTATION FUNCTIONS

Just as for the distribution functions one can perform an analysis of the soft part describing quark fragmentation. One needs [5]

Δ_{ij}(z, k_T ) = ∑ X ∫ dξ^+d^2ξ_T (2π)^3 e^{ik·ξ} T r⟨0|U(∞, ξ) ψ_i(ξ)|P_h, X⟩⟨P_h, X|ψ_j(0) U(0, ∞)|0⟩ | | | | |_ξ�_{=0}

. (73)

Note that because of the definition of the light-like vectors n_± (via P and P_h), the role of these vectors for fragmentation functions will be interchanged with respect to the distribution functions. For the production of unpolarized or spin-1/2 hadrons h in semi-inclusive hard scattering processes one needs to leading order in 1/Q the correlation function [10]

Δ(z, k_T ) = zD_1(z, k^{′2}_T ) ̸n_− + zD^⊥_{1T} (z, k^{′2}_T ) ϵ_{μνρσ} γ^μn^ν_−k^ρ_T S^σ_{hT} M_h − zG_{1s}(z, k^′_T ) ̸n_−γ_5 + zH_{1T} (z, k^{′2}_T ) [ ̸S_{hT} , ̸n_−] γ_5 2 + zH^⊥_{1s}(z, k^′_T )

[ ̸k_T , ̸n_−] γ_5 2M_h + i zH^⊥_1 (z, k^{′2}_T ) [ ̸k_T , ̸n_−] 2M_h + O ( M_h P^−_h ) . (74)

We used the shorthand notation

G_{1s}(z, k_T ) ≡ S_{hL} G_{1L}(z, k^{′2}_T ) +

(k_T · S_{hT} ) M_h G_{1T} (z, k^{′2}_T ), (75)

etc. The arguments of the fragmentation functions are z = P^−_h /k^− and k^′_T = −zk_T . The first is the (lightcone) momentum fraction of the produced hadron, the second is the transverse momentum of the produced hadron with respect to the quark. The k_T -integrated results are, using F (z) ≡ ∫ d^2k^′_T F (z, k^{′2}_T ) and F^{(n)}(z) ≡ ∫ d^2k^′_T (k^2_T /2M^2_h )^n F (z, k^{′2}_T ) = ∫ d^2k^′_T (k^{′2}_T /2z^2M^2_h )^n F (z, k^{′2}_T ),

Δ^{twist−2}(z) =

D_1(z) z ̸n_− + S_{hL} G_1(z) z γ_5 ̸n_− +

H_1(z) z γ_5 ̸S_{hT} ̸n_−, (76)

Δ^{twist−3}(x) = M_h P^−_h { E(z) z + G_T (z) z γ_5 ̸S_{hT} + S_{hL} H_L(z) z γ_5

[ ̸n_−, ̸n_+] 2 }

+ M_h P^−_h { −i S_{hL} E_L(z) z γ_5 −

D_T (z) z ϵ^{ρσ}_T γ_ρS_{hT σ} + i H(z) z [ ̸n_−, ̸n_+] 2 } , (77)

Δ^α_∂ (z) = −

G^{(1)}_{1T} (z) z S^α_{hT} ̸n_−γ_5 − S_{hL} H^{⊥(1)}_{1L} (z) z [γ^α, ̸n_−]γ_5 2 − D^{⊥(1)}_{1T} (z) z ϵ^α_{μνρ}γ^μn^ν_+S^ρ_{hT} − i H^{⊥(1)}_1 (z) z [γ^α, ̸n_−] 2 . (78)

In the twist-3 functions one can again isolate the interaction-dependent parts as done for the distribution functions. They are now given by

G̃_T (z) = G_T (z) − z G^{(1)}_{1T} (z) − m M_h zH_1(z), (79)

H̃_L(z) = H_L(z) + 2z H^{⊥(1)}_{1L} (z) − m M_h zG_1(z), (80) Ẽ(z) = E(z) − m M_h zD_1(z), (81)

D̃_T (z) = D_T (z) + z D^{⊥(1)}_{1T} (z), (82) H̃(z) = H(z) + 2z H^{⊥(1)}_1 (z), (83) Ẽ_L(z) = E_L(z). (84)

For the k_T -integrated or the k^2_T /2M_h-weighted fragmentation functions all results are obtained from the distribution functions by replacing x → 1/z and f_{...}(x) −→ D_{...}(z)/z, g_{...}(x) → G_{...}(z)/z and h_{...}(x) → H_{...}(z)/z. The same applies to the relations from Lorentz invariance [10,34]

G_T (z) = G_1(z) − z^3 d dz [ G^{(1)}_{1T} (z) z ] , (85)

H_L(z) = H_1(z) + z^3 d dz [ H^{⊥(1)}_{1L} (z) z ] , (86)

D_T (z) = z^3 d dz [ D^{⊥(1)}_{1T} (z) z ] , (87)

H(z) = z^3 d dz [ H^{⊥(1)}_1 (z) z ] . (88)

Expressing the functions in twist-2 functions and interaction-dependent functions gives

G_T (z) z = − ∫_1 z dy G_1(y) y^2 + m M_h [ H_1(z) +

∫_1 z dy H_1(y) y ] + [ G̃_T (z) z + ∫_1 z dy G̃_T (y) y^2 ] , (89)

G^{(1)}_{1T} (z) = −

∫_1 z dy G_1(y)

y^2 + m M_h ∫_1 z dy H_1(y) y + ∫_1 z dy G̃_T (y) y^2

, (90)

H_L(z) = −2

∫_1 z dy H_1(y) y + m M_h [ zG_1(z) + 2

∫_1 z dy G_1(y) ] + [ H̃_L(z) + 2

∫_1 z dy H̃_L(y) y ] , (91)

z H^{⊥(1)}_{1L} (z) =

∫_1 z dy H_1(y) y − m M_h ∫_1 z dy G_1(y) − ∫_1 z dy H̃_L(y) y , (92)

E(z) = Ẽ(z) + m M_h zD_1(z), (93)

D_T (z) z = [ D̃_T (z) z + ∫_1 z dy D̃_T (y) y^2 ] , (94)

D^{⊥(1)}_{1T} (z) = −

∫_1 z dy D̃_T (y) y^2

, (95)

H(z) = [ H̃(z) + 2

∫_1 z dy H̃(y) y ] , (96)

z H^{⊥(1)}_1 (z) = −

∫_1 z dy H̃(y) y , (97)

E_L(z) = Ẽ_L(z). (98)

The relations for the moments of fragmentation functions can be obtained from the above equations or from the results of the distribution functions via the replacements n → −n followed by [f]_{−n} → [D/z]_n = [D]_{n−1}. This yields

[G_T ]_n = − 1 n + 1

[G_1]_n + n + 2 n + 1

[G̃_T ]_n + m M_h n + 2 n + 1

[H_1]_{n+1} , (99)

[G^{(1)}_{1T} ]_{n+1} = − 1 n + 1 ( [G_1]_n − [G̃_T ]_n − m M_h [H_1]_{n+1} ) , (100)

[H_L]_n = − 2 n [H_1]_n + n + 2 n [H̃_L]_n + m M_h n + 2 n [G_1]_{n+1} , (101)

[H^{⊥(1)}_{1L} ]_{n+1} = 1 n ( [H_1]_n − [H̃_L]_n − m M_h [G_1]_{n+1} ) , (102)

[E]_n = [Ẽ]_n + m M_h [D_1]_{n+1} , (103)

[D_T ]_n = n + 2 n + 1

[D̃_T ]_n , (104)

[D^{⊥(1)}_{1T} ]_{n+1} = − 1 n + 1

[D̃_T ]_n , (105)

[H]_n = n + 2 n [H̃]_n , (106)

[H^{⊥(1)}_1 ]_{n+1} = − 1 n [H̃]_n , (107)

[E_L]_n = [Ẽ_L]_n . (108)

The autonomous evolution equations are again of the form d dτ D(z, τ ) = α_s(τ ) 2π ∫_1 z dy y P^{[D]} ( z y ) D(y, τ ), (109) or via the (usual) moments A^{[D]}_n =

∫_1 0 dz z^{n−1} P^{[D]}(z) of the splitting functions, d dτ [D]_n(τ ) = α_s(τ ) 2π A^{[D]}_n [D]_n(τ ). (110)

For the leading order contributions the analytic structure of the corrections for fragmentation functions is similar as for distribution functions. We note a (generalized) Gribov-Lipatov reciprocity, summarized by the following procedure. The splitting functions for distribution functions f(x, τ ) and corresponding fragmentation functions z D(z, τ ) are related by

P^{[f]}(β) = N (β) (1 − β)_+

, (111)

P^{[zD]}(β) = β^2 N (1/β) (1 − β)_+

. (112)

This relation works for the twist-2 fragmentation functions and the interaction-dependent functions [28], for N (β) being (at most a quadratic) polynomial in β. In the case of the twist-2 functions the functional form of the splitting functions is the same for distribution and fragmentation functions. This is no longer true for the interaction-dependent functions. For the anomalous dimensions of distribution and fragmentation functions the relation becomes

A^{[f]}_n = A(n) − 2 n∑ j=1 1 j = A(n) − 2γ_E − 2ψ(n + 1), (113)

A^{[D]}_{n+1} = A (−(n + 1)) − 2γ_E − 2ψ(n + 1) = A (−(n + 1)) − 2 n∑ j=1 1 j , (114)

where A(n) is a rational function. We have not yet investigated the wider applicability of the above relations. We find for the twist-2 fragmentation functions the familiar results, which obey the original Gribov-Lipatov reciprocity relation A^{[f]}_n = A^{[D]}_{n+1} between the twist-2 distribution functions f = f_1, g_1, h_1 and fragmentation functions D = D_1, G_1, H_1,

A^{[D1 ]}_{n+1} = A^{[G1 ]}_{n+1} = C_F 3 2 + 1 n(n + 1) − 2 n∑ j=1 1 j , (115)

A^{[H1 ]}_{n+1} = C_F 3 2 − 2 n∑ j=1 1 j . (116)

In the large N_c limit, our generalized reciprocity relations in Eqs. (113) and (114) applied to Eqs. (62) - (64) give the results for the interaction-dependent functions [28,29]

A^{[G̃T ]}_{n+1} = N_c 2 1 2 − 1 n + 1 − 2 n∑ j=1 1 j , (117)

A^{[H̃L]}_{n+1} = N_c 2 1 2 + 1 n + 1 − 2 n∑ j=1 1 j , (118)

A^{[Ẽ]}_{n+1} = N_c 2 1 2 − 3 n + 1 − 2 n∑ j=1 1 j . (119)

Again one then also knows A^{[DT ]} = A^{[D̃T ]} = A^{[G̃T ]}, A^{[H]} = A^{[H̃]} = A^{[H̃L]} and A^{[EL]} = A^{[ẼL]} = A^{[E]} = A^{[Ẽ]}.

Using the moment analysis (the reciprocity relations cannot be used straightforwardly) one obtains, omitting the mass terms, d dτ [G^{(1)}_{1T} ]_{n+1} = α_s(τ ) 4π N_c 1 2 + 1 n − 2 n∑ j=1 1 j [G^{(1)}_{1T} ]_{n+1} − n (n − 1)(n + 1)

[G_1]_n

, (120)

d dτ [H^{⊥(1)}_{1L} ]_{n+1} = α_s(τ ) 4π N_c 1 2 + 3 n − 2 n∑ j=1 1 j [H^{⊥(1)}_{1L} ]_{n+1} + n − 1 n^2

[H_1]_n

, (121)

with in this case mixing with a lower moment of the twist-2 functions. In terms of the functions of lightcone momentum fractions one finds d dτ zG^{(1)}_{1T} (z, τ ) = α_s(τ ) 4π N_c ∫_1 z dy {[ 1 2 δ(y − z) + y + z y(y − z)_+ ] yG^{(1)}_{1T} (y, τ ) − y^2 + z^2 2y^2z

G_1(y, τ ) } , (122) d dτ zH^{⊥(1)}_{1L} (z, τ ) = α_s(τ ) 4π N_c ∫_1 z dy {[ 1 2 δ(y − z) + 3y − z y(y − z)_+ ] yH^{⊥(1)}_{1L} (y, τ ) +

1 + ln(z/y) y H_1(y, τ ) } . (123)

Given the fact that, apart from an additional γ_5, the operator structure for the T-odd Sivers and Collins functions, D^{⊥(1)}_{1T} and H^{⊥(1)}_1 , are the same as those of G^{(1)}_{1T} and H^{⊥(1)}_{1L} but without mixing with G_1 or H_1, one finds in the large N_c limit an autonomous evolution for the T-odd functions, with anomalous dimensions

A^{[D} ?(1)_{1T ]} n+1 = N_c 2 1 2 + 1 n − 2 n∑ j=1 1 j , (124)

A^{[H} ?(1)_{1 ]} n+1 = N_c 2 1 2 + 3 n − 2 n∑ j=1 1 j . (125)

corresponding to splitting functions P^{[zD} ?(1)_{1T ]} (β) = N_c 2 [ 1 2 δ(1 − β) +

1 + β (1 − β)_+ ] , (126) P^{[zH} ?(1)_{1 ]} (β) = N_c 2 [ 1 2 δ(1 − β) + 3 − β (1 − β)_+ ] . (127)

The results Eqs. (125) and (127) should prove useful for studies of the Collins effect and Eqs. (124) and (126) for studies of transversely polarized Λ production [35].

TABLE I. The anomalous dimensions from which the large Q^2 behavior of the moments, proportional to [αs(Q^2)]^{dn} , is obtained. Defining the moments an taking out the factor CF or Nc/2 from the anomalous dimensions An, one has for the twist-2 functions dn = �2an CF /b0 with b0 = (11 Nc � 2 Nf )/3, while for the large Nc results one has dn = �3 an /11. Also indicated is the charge conjugation behavior of the functions, f̄(x) = �f(�x).

function C a1 a2 a3 validity

f1 � 0 -7/6 -25/12

g1 + 0 -7/6 -25/12

h1 � -1/2 -3/2 -13/6

g̃T and f̃T + -1/2 -2 -17/6 large Nc h̃_L and h̃ � -5/2 -3 -7/2 large N_c ẽ + +3/2 -1 -13/6 large Nc g^{(1)}_{1T} and f?^{(1)}_{1T} � -2 -17/6 -41/12 large Nc

h?(1)_{1L and h}?(1)_{1 + -3 -7/2 -47/12 large Nc}

zD1 � 0 -7/6 -25/12

zG1 + 0 -7/6 -25/12

zH1 � -1/2 -3/2 -13/6

zG̃T and zD̃T + -2 -17/6 -41/12 large Nc zH̃L and zH̃ � -1 -13/6 -35/12 large Nc zẼ + -3 -7/2 -47/12 large Nc zG^{(1)}_{1T} and zD?^{(1)}_{1T} � -1/2 -2 -17/6 large Nc

zH?(1)_{1L and zH}?(1)_{1 + +3/2 -1 -13/6 large Nc}

VII. DISCUSSION AND CONCLUSIONS

Our goal was to obtain the evolution equations of the functions that appear in azimuthal spin asymmetries. These p_T -dependent functions appear in asymmetries that are not suppressed by explicit powers of the hard momentum. But as functions of transverse momentum they are not of definite twist, which implies that in order to obtain the evolution equations one has to calculate corrections to higher twist operators as well. For the first p^2_T /2M^2 moment (transverse moment) of these p_T -dependent functions, such as for the Collins fragmentation function H^{⊥(1)}_1 = ∫ d^2k^′_T k^{′2}_T /2z^2M^2_h H^⊥_1 (z, k^{′2}_T ), we obtain DGLAP-like evolution equations.

Such moments appear in cross sections weighted with the momentum q^α_T , where only the directional (azimuthal) dependence remains. For explicit examples we refer to Refs. [13,11]. In case one does not weight the transverse momentum integration of the differential cross section, one is only sensitive to the twist-2 functions f_1, g_1 and h_1 (and their fragmentation counterparts), but in case one weighs with one or more powers of the observed transverse momentum, one becomes sensitive to the functions g^{(1)}_{1T} , h^{⊥ (1)}_{1L} , f^{⊥ (1)}_{1T} , h^{⊥ (1)}_1 (and their fragmentation counterparts), which are functions of the lightcone momentum fraction x only.

In the large-N_c limit, the non-singlet evolution of these functions involves only the functions themselves and (in the T-even case) only well-known twist-2 functions. For the chiral-odd functions the equations also apply to the singlet case, since there is no mixing with gluon distribution functions. The large-N_c evolution equations are expected to be good approximations to the full evolution equations which are not of this simple form (cf. Ref. [36]), because of the appearance of two-argument twist-3 functions as in Eq. (10). It is not excluded that the first 1/N_c correction to the result obtained here may still lead to autonomous evolution equations, but we will not address this issue here. Especially the (large N_c) evolution equation we have obtained for H^{⊥(1)}_1 , d dτ zH^{⊥(1)}_1 (z, τ ) = α_s 4π N_c ∫_1 z dy [ 1 2 δ(y − z) + 3y − z y(y − z)_+ ] yH^{⊥(1)}_1 (y, τ ), (128)

should prove useful for the comparison of data on Collins function asymmetries from different experiments, performed at different energies.

It is worth investigating the large Q behavior of the solutions to the various evolution equations. For this purpose we have given the first 3 anomalous dimensions for the different functions in Table I. First we note that all (diagonal) anomalous dimensions of g^{(1)}_{1T} , h^{⊥ (1)}_{1L} , f^{⊥ (1)}_{1T} and h^{⊥ (1)}_1 are negative, implying that these functions will vanish asymptotically (Q^2 → ∞), except that for the T-even functions there is mixing with g_1 and h_1, but this does not alter the conclusion.

For the fragmentation counterparts the conclusion is similar, except for the fact that the lowest anomalous dimensions of zH^{⊥(1)}_{1L} and zH^{⊥(1)}_1 are positive, potentially leading to divergent behavior of the functions as Q^2 → ∞. However, here we recall the Schäfer-Teryaev sum rule [37] ∫ dz zH^{⊥(1)}_1 (z) = 0, (129)

which states that the first moment of zH^{⊥(1)}_1 is zero, making the sign of the first anomalous dimension irrelevant. Similar sum rules hold for the other first transverse moments of fragmentation functions [37,35]. All higher moments will vanish asymptotically. The behavior of the sum rule for the first moment of the function e is discussed in Ref. [3].

In conclusion, using Lorentz invariance and the QCD equations of motion, the operator structure of the transverse moments of p_T -dependent quark distribution and fragmentation functions can be found in terms of twist-2 and twist-3 operators. Knowing their, for large N_c simple, evolution one also knows the evolution of azimuthal asymmetries in semi-inclusive hard scattering processes.

ACKNOWLEDGMENTS

We acknowledge early work of Rik Tangerman on this subject and we thank Andrei Belitsky, Bob Jaffe, Werner Vogelsang for helpful comments and discussions. D.B. thanks RIKEN, Brookhaven National Laboratory and the U.S. Department of Energy for support under contract # DE-AC02-98CH10886.

[1] J.C. Collins, Nucl. Phys. B 396 (1993) 161.

[2] J.P. Ralston and D.E. Soper, Nucl. Phys. B 152 (1979) 109. [3] R.L. Jaffe and X. Ji, Nucl. Phys. B 375 (1992) 527.

[4] J.C. Collins and D.E. Soper, Nucl. Phys. B 193 (1981) 381; Nucl. Phys. B 213 (1983) 545 (E). [5] J.C. Collins and D.E. Soper, Nucl. Phys. B 194 (1982) 445.

[6] J.C. Collins, D.E. Soper and G. Sterman, Phys. Lett. B 109 (1982) 388; Nucl. Phys. B 223 (1983) 381; Phys. Lett. B 126 (1983) 275.

[7] D. Boer and P.J. Mulders, Nucl. Phys. B 569 (2000) 505. [8] J. Levelt and P.J. Mulders, Phys. Lett. B 338 (1994) 357.

[9] A. Kotzinian, Nucl. Phys. B441 (1995) 234; R. Tangerman and P.J. Mulders, Phys. Lett. B 352 (1995) 129; A.M.

Kotzinian and P.J. Mulders, Phys. Lett. B 406 (1997) 373 [10] P.J. Mulders and R.D. Tangerman, Nucl. Phys. B 461 (1996) 197; Nucl. Phys. B 484 (1997) 538 (E). [11] D. Boer and P.J. Mulders, Phys. Rev. D 57 (1998) 5780. [12] D. Boer, R. Jakob and P.J. Mulders, Nucl. Phys. B 564 (2000) 471.

[13] D. Boer, R. Jakob and P.J. Mulders, Nucl. Phys. B 504 (1997) 345; Phys. Lett. B 424 (1998) 143. [14] A.V. Efremov, O.G. Smirnova and L.G. Tkachev, Nucl. Phys. B (Proc. Suppl.) 79 (1999) 554; Nucl. Phys. B (Proc. Suppl.) 74 (1999) 49.

[15] A. Bravar (for the SMC Collaboration), Nucl. Phys. B (Proc. Suppl.) 79 (1999) 520. [16] A. Airapetian et al., HERMES Collaboration, Phys. Rev. Lett. 84 (2000) 4047. [17] R. Mertig and W. van Neerven, Z. Phys. C 70 (1996) 637;

W. Vogelsang, Phys. Rev. D 54 (1996) 2023.

[18] A. Hayashigaki, Y. Kanazawa and Y. Koike, Phys. Rev. D 56 (1997) 7350;

S. Kumano and M. Miyama, Phys. Rev. D 56 (1997) 2504; W. Vogelsang, Phys. Rev. D 57 (1998) 1886.

[19] A.P. Bukhvostov, E.A. Kuraev and L.N. Lipatov, Sov. Phys. JETP 60 (1984) 22; Sov. J. Nucl. Phys. 39 (1984) 121;

Sov. J. Nucl. Phys. 38 (1983) 263; JETP Letters 37 (1984) 483. [20] E.V. Shuryak and A.I. Vainshtein, Nucl. Phys. B 201 (1982) 141;

P.G. Ratcliffe, Nucl. Phys. B 264 (1986) 493;

I.I. Balitsky and V.M. Braun, Nucl. Phys. B 311 (1989) 541; X. Ji and C. Chou, Phys. Rev. D 42 (1990) 3637; D. Müller, Phys. Lett. B 407 (1997) 314. .

[21] Y. Koike and K. Tanaka, Phys. Rev. D 51 (1995) 6125; Prog. Theor. Phys. Suppl. 120 (1995) 247. [22] A.V. Belitsky and D. Müller, Nucl. Phys. B 503 (1997) 279. [23] D. Sivers, Phys. Rev. D 41, 83 (1990); Phys. Rev. D 43 (1991) 261. [24] M. Anselmino, M. Boglione and F. Murgia, Phys. Lett. B 362 (1995) 164. [25] D. Boer, Phys. Rev. D 62 (2000) 094029; hep-ph/0102071.

[26] R.K. Ellis, W. Furmanski and R. Petronzio, Nucl. Phys. B 212 (1983) 29; Nucl. Phys. B 207 (1982) 1. [27] R.L. Jaffe and M. Soldate, Phys. Rev. D 26 (1982) 49. [28] A.V. Belitsky, Phys. Lett. B 405 (1997) 312.

[29] A.V. Belitsky, Lectures given at the XXXI PNPI Winter School on Nuclear and Particle Physics, St. Petersburg, Repino, February, 1997, hep-ph/9703432.

[30] A. Bacchetta, M. Boglione, A. Henneman and P.J. Mulders, Phys. Rev. Lett. 85 (2000) 712. [31] G. Altarelli and G. Parisi, Nucl. Phys. B 126 (1977) 298. [32] F. Baldracchini et al., Fortsch. Phys. 29/30 (1981) 505;

X. Artru and M. Mekhfi, Z. Phys. C 45 (1990) 669. [33] A. Ali, V.M. Braun, G. Hiller, Phys. Lett. B 266, 117 (1991);

I.I. Balitsky, V.M. Braun, Y. Koike, K. Tanaka, Phys. Rev. Lett. 77 (1996) 3078; X. Ji and J. Osborne, Eur. Phys. J. C 9, 487 (1999).

[34] R. Jakob, P.J. Mulders and J. Rodrigues, Nucl. Phys. A 626 (1997) 937. [35] M. Anselmino, D. Boer, U. D’Alesio and F. Murgia, Phys. Rev. D 63 (2001) 054029. [36] V.M. Braun, G.P. Korchemsky and A.N. Manashov, Phys. Lett. B 476 (2000) 455. [37] A. Schäfer and O.V. Teryaev, Phys. Rev. D 61 (2000) 077903; O.V. Teryaev, RIKEN rev. 28 (2000) 101.