arXiv:0812.1899v1 [hep-ph] 10 Dec 2008

DESY 08-091 SFB-CPP-08/101 December 2008

Target mass and finite t corrections to diffractive deeply inelastic scattering

Johannes Blümlein^a, Dieter Robaschik^{a,b} and Bodo Geyer^c

a Deutsches Elektronen–Synchrotron, DESY, Platanenallee 6, D–15738 Zeuthen, Germany

b Brandenburgische Technische Universität Cottbus, Fakultät 1, PF 101344, D–03013 Cottbus, Germany

cCenter for Theoretical Studies and Institute of Theoretical Physics, Leipzig University, Augustusplatz 10, D-04109 Leipzig, Germany

Abstract

The quantum field theoretic treatment of inclusive deep–inelastic diffractive scattering given in a previous paper [1] is discussed in detail using an equivalent formulation with the aim to derive a representation suitable for data analysis. We consider the off-cone twist–2 light-cone operators to derive the target mass and finite t corrections to diffractive deep– inelastic scattering and deep–inelastic scattering. The corrections turn out to be at most proportional to x|t|/Q^2, xM^2/Q^2, x = x_{BJ} or x_P, which suggests an expansion in these parameters. Their contribution varies in size considering diffractive scattering or meson– exchange processes. Relations between different kinematic amplitudes which are determined by one and the same diffractive GPD or its moments are derived. In the limit t, M^2 → 0 one obtains the results of [2] and [3].

PACS: 24.85.+p, 13.88.+e, 11.30.Cp Keywords: Diffractive Scattering, Target Mass Effects, Finite momentum transfer corrections, Twist decomposition, Nonlocal light-cone operators, Multivalued distribution amplitude, Generalized Bjorken limit.

1 Introduction

The process of deep–inelastic diffractive lepton–nucleon scattering can be measured at high energy colliders and constitutes a large fraction of the inclusive statistics, although being a semi–inclusive process. It was first observed at the electron–proton collider HERA some years ago [4] and is now measured in detail [5]. The structure function F^D_2 (x, Q^2) was extracted. In the same manner it is desirable to compare the longitudinal diffractive structure function F^D_L (x, Q^2) with the longitudinal structure function in the inclusive case [6,7]. The measurement of the polarized diffractive structure functions g^D_{1,2}(x, Q^2) will be possible at future facilities like EIC [8], which are currently planned. The experimental measurements clearly showed that the scaling violations of the deep-inelastic and the diffractive structure functions in the deep-inelastic regime, after an appropriate change of kinematic variables, are the same. Furthermore, the ratio of the two quantities, did not vary strongly, cf. [9]. While the former property is clearly of perturbative nature, the latter is of non–perturbative origin. For diffractive scattering, however, another mass scale is of importance, which is given by the invariant mass t = (p_2 −p_1)^2. Here p_{1(2)} denote the 4–momenta of the incoming and outgoing proton, where for the latter a sufficiently large rapidity gap between this particle and the remainder final state hadrons is demanded as process signature. A similar class of processes are the so-called meson–exchange processes, cf. e.g. [10], where the finite rapidity gap is not required, but the rôle of the formerly diffractive final state proton is taken by a leading hadron, which distinguishes itself due to its high momentum from the remaining hadrons. Also in this case one may try a leading twist description, although the signature for this process is less clear than in the diffractive case.

The process of deep–inelastic diffractive scattering was first described phenomenologically [11]. A consistent field-theoretic description of the process requires factorization for the twist–2 contributions [12]. It is due to this description that reference to specific pomeron models are thoroughly avoided. In Refs. [2, 3, 13] two of the present authors gave a corresponding field– theoretic description of the process in the limit t, M^2 → 0. In [2] we proved that under these conditions the scaling violations for diffractive scattering and inclusive deeply inelastic scattering are the same, up to a change in the momentum-fraction variable in the former case.

At low 4–momentum transfer Q^2 both target mass (M^2) and finite momentum transfer (t) corrections have to be considered for the diffractive and leading hadron processes with meson exchange. In the deep-inelastic case the target mass corrections were studied in Refs. [14–17], see also [18]. The kinematics of the diffractive and leading hadron processes is similar to that in deeply-virtual non–forward scattering. Considering this general class of processes, one finds that the treatment of target mass effects and finite t–effects can only be performed by combining both, see [19, 20]. If compared with the deep–inelastic case the number of hadronic structure functions enlarges in the diffractive case from two to four for unpolarized scattering and to eight for polarized scattering, as shown in [2, 3], if the general kinematics is considered. In Ref. [1] we worked out these corrections for the hadronic tensor in general, yet without quantifying the result. If one departs form the limit t, M^2 → 0 the corresponding representations require to carry out a one-dimensional definite integral which kinematically relates the two proton momenta p_1 and p_2. As the integration is to be performed over unknown non-perturbative functions there is no a priori experimental way to unfold the non-perturbative distributions, which also would invalidate the partonic description in case of diffractive scattering. Moreover, the M^2 and t effects dealt with in this case are not yet complete, since there emerge other contributions more in the scattering cross section. One may expand the complete solution in two variables t/Q^2, M^2/Q^2. It is found that these terms multiply at least with a factor x = x_{BJ(P)}, which is bounded in the diffractive case to values below 0.01 and in the meson–exchange case ⪅ 0.3. Thus the leading terms beyond t, M^2 = 0 give a good first estimate for the corrections. The further corrections turn out to be widely suppressed in the diffractive case, while they are larger for leading particle cross sections in the meson–exchange case.

In the present paper we will discuss both the unpolarized and polarized case. The paper is organized as follows. In Section 2 we derive the differential scattering cross section for inclusive diffractive scattering at the Lorentz level. Main aspects of the relation of this process to the Compton amplitude within the light–cone expansion including finite M^2 and t effects are summarized in Section 3. The hadronic tensors for the unpolarized and polarized case are expanded in terms of the variables t/Q^2, M^2/Q^2 in Section 4 to show the size of the correction terms. Section 5 contains the conclusions. In Appendix A we summarize some kinematic relations. The present formalism is specified to the case of deep–inelastic forward scattering (DIS) in Appendix B, where we obtain the target mass corrections given in [15–17] before.

2 The Lorentz Structure

The process of deep–inelastic diffractive scattering belongs to the class of semi–inclusive processes. It is described by an effective 2 → 3 diagram, cf. Figure 1 Ref. [2], with incoming and outgoing charged lepton and nucleon lines and an effective 4-vector for all the other hadron lines in the final state, which are well separated in rapidity from the outgoing diffractive nucleon line.

The differential scattering cross section for single–photon exchange is given by

d^5σ_{diffr} = 1 2(s − M^2) 1 4 dP S^{(3)} ∑ spins

e^4 Q^2

L_{μν} W^{μν} . (2.1)

Here s = (p_1 + l_1)^2 is the cms energy squared of the process and M denotes the nucleon mass. The phase space dP S^{(3)} depends on five variables since the mass M_X of the diffractively produced inclusive set of hadrons varies. We choose as basic variables

x_{BJ} =

Q^2 Q^2 + W^2 − M^2 = − q^2 2 qp_1

, (2.2) y = Q^2 x_{BJ}(s − M^2)

, (2.3)

t = (p_2 − p_1)^2 the 4–momentum difference squared between incoming and outgoing nucleon, a variable describing the non-forwardness w.r.t. the incoming proton direction,

x_P =

Q^2 + M^2_X − t Q^2 + W^2 − M^2 = − qp_− qp_1 ≥ x_{BJ} , (2.4)

and the angle ϕ_b between the lepton plane p_1 × l_1 and the hadron plane p_1 × p_2,

cos(ϕ_b) =

(p_1 × l_1).(p_1 × p_2) |p_1 × l_1||p_1 × p_2|

. (2.5)

Here Q^2 = −q^2 denotes the photon virtuality and W is the hadronic mass with W^2 = (p_1 + q)^2. We also refer to x = Q^2/qp_+. It is useful to introduce the 4–vectors

p_± = p_2 ± p_1 . (2.6)

The diffractive mass squared is given by M^2_X = (q − p_−)^2. The momenta p_± obey

(p_+ p_−) = 0, p^2_+ p^2_− = 4M^2 t − 1 . (2.7)

For later use we refer to the non-forwardness η and the variable β defined by η = qp_− qp_+ = −x_P 2 − x_P ∈ [ −1 , −x 2 − x ] , β = q^2 2 qp_− = x_{BJ} x_P ≤ 1 . (2.8)

The variable x_P is directly related to η but is more commonly used in experimental analyzes,

x_P = 2η η − 1 . (2.9)

More kinematic invariants are given in Appendix A.

The transverse momentum variable, introduced as π̂_−, [1], or π_− = −ηπ̂_− is of special importance, π_− = p_− − p_+η, (qπ_−) = 0 . (2.10) Later on it plays the role of an expansion parameter. The variables x_{BJ}, x_P, β and η obey the inequalities

0 ≤ x_{BJ} ≤ x_P ≤ 1, 0 ≤ x_{BJ} ≤ β ≤ 1, (2.11) −∞ ≤ 1 − 2 x_{BJ} ≤ 1 − 2β x_{BJ} = 1 η ≤ −1 ≤ η ≤ −x_{BJ} 2 − x_{BJ}

≤ 0 . (2.12)

For the spin averaged cross section, the leptonic tensor is symmetric. Taking into account conservation of the electromagnetic current one obtains [2]

W^s_{μν} = −g^T_{μν} W^s_1 + p^T_{1μ}p^T_{1ν}

W^s_2 M^2

+ p^T_{2μ}p^T_{2ν}

W^s_4 M^2 + [ p^T_{1μ}p^T_{2ν} + p^T_{2μ}p^T_{1ν}

] W^s_5 M^2

. (2.13)

Here and in the following we do not assume that azimuthal integrals are performed as sometimes is done in experiment. In the latter case the number of contributing structure function reduces.

In the case of polarized nucleons we consider the initial state spin–vector S_1 ≡ S, S^2 = −M^2, only and sum over the spin of the outgoing hadrons. One usually refers to the longitudinal (||) and transverse (⊥) spin projections choosing

S_{||} = ( √ E^2 − M^2; 0, 0, 0, E) , (2.14) S_⊥ = (0; cos γ, sin γ, 0)M , (2.15)

in the laboratory frame with p_1 = (E; 0, 0, √ E^2 − M^2), with S.p_1 = 0. Here γ denotes the azimuthal angle. In the case of longitudinal polarization the contraction of S_{||} with l_1 and p_2 being nearly collinear to p_1 are of O(μ^2/Q^2), μ^2 = |t|, M^2, see Appendix A.

The antisymmetric part of the hadronic tensor was derived in [3] and is given by W^a_{μν} = i [ p^T_{1μ}p^T_{2ν} − p^T_{1ν} p^T_{2μ} ] ε_{p1p2qS} W^a_1 M^6 + i [ p^T_{1μ}ε_{νSp1q} − p^T_{1ν} ε_{μSp1q} ]W^a_2 M^4 + i [ p^T_{2μ}ε_{νSp1q} − p^T_{2ν} ε_{μSp1q} ]W^a_3 M^4 + i [ p^T_{1μ}ε_{νSp2q} − p^T_{1ν} ε_{μSp2q} ]W^a_4 M^4 + i [ p^T_{2μ}ε_{νSp2q} − p^T_{2ν} ε_{μSp2q} ]W^a_5 M^4 + i [ p^T_{1μ}ε^T_{νp1p2S} − p^T_{1ν} ε^T_{μp1p2S} ]W^a_6 M^4 + i [ p^T_{2μ}ε^T_{νp1p2S} − p^T_{2ν} ε^T_{μp1p2S} ]W^a_7 M^4 + i ε_{μνqS} W^a_8 M^2

, (2.16) where ε_{μναβ} denotes the Levi–Civita symbol. The kinematic factors above are constructed out of the four–vectors q, p_1, p_2 and S as well as g_{μν} and ε_{v0v1v2v3} using

p^T_μ = p_μ − q_μ q.p q^2 , g^T_{μν} = g_{μν} − q_μq_ν q^2

, (2.17) ε^T_{μv1v2v3} = ε_{μv1v2v3} − ε_{qv1v2v3} q_μ q^2

, (2.18) ε^{T T}_{μνv1v2} = ε_{μνv1v2} − ε_{qνv1v2} q_μ q^2 − ε_{μqv1v2} q_ν q^2

. (2.19)

One may rewrite (2.16) into an equivalent form using the Schouten-identities [21].

Target mass and finite t corrections to the differential scattering cross section (2.1) in the leading twist approximation emerge from three sources: (i) from kinematic terms at the Lorentz level after contracting the leptonic and hadronic tensor; (ii) from the expectation value of the Compton operator; (iii) the t-behaviour of the non–perturbative distribution functions.

We will first consider the contributions (i) and discuss the terms (ii) in Section 4. The nonperturbative effects cannot be calculated by rigorous methods within Quantum Chromodynamics at present, but are left to phenomenological models or are determined through fits to data, cf. [11].

For pure photon exchange the leptonic tensor is given by

L_{μν} = 2(l_{1μ}l_{2ν} + l_{2μ}l_{1ν} − g_{μν} l_1.l_2 − iε_{μναβ} l^α_1 q^β), (2.20)

cf. [22], in case of longitudinal lepton polarization.

We consider the Bjorken limit,

2p_1.q = 2Mν → ∞, p_2.q → ∞, Q^2 → ∞, with x_{BJ} and x_P = fixed. (2.21)

Here,

MW^s_1 → F_1 (2.22) νW^s_k → F_k, k = 2, 4, 5 , (2.23)

with ν = y(s − M^2)/(2M).

In the unpolarized case we obtain in the limit M^2, t → 0 w.r.t. the kinematics of the momenta p_1 and p_2, keeping the target mass dependence

d^sσ^{unpol} dx_{BJ} dQ^2 = 2πα^2 Q^4x_{BJ} [ 2xF_1 · y^2 + [ F_2 + (1 − x_P)F_4 + (1 − x_P)^2F_5 ] · 2 ( 1 − y − x^2_{BJ}y^2M^2

Q^4 )] ,(2.24)

where F_k = F_k(x_{BJ}, x_P, Q^2; t) are the diffractive structure functions, cf. [2]. The correction terms are of O(M^2/Q^2, t/Q^2). In the limit M^2, t → 0 the azimuthal dependence on ϕ_b vanishes.

Likewise we obtain in the polarized case for longitudinal nucleon polarization,

d^3σ^{pol}(λ, ±S_{||}) dx_{BJ}dQ^2dx_P = ∓4πsλ α^2 Q^4 [ y ( 2 − y − 2x_{BJ}yM^2 s ) xg_1 − 4x_{BJ}y

M^2 s g_2 ] , (2.25)

d^4σ^{pol}(λ, ±S_⊥) dx_{BJ}dQ^2dx_P.dΦ = ∓4πsλ √ M^2 s α^2 Q^2 √ x_{BJ}y [ 1 − y − x_{BJ}yM^2 s ] cos(γ − Φ) [yx_{BJ}g_1 + 2x_{BJ}g_2] .

(2.26)

Here ϕ denotes the angle between the ⃗l_1 − ⃗S and the ⃗l_1 − ⃗l_2 plane and α is the anle between ⃗l_1 and ⃗S. The structure functions g_{1,2}(x_{BJ}, x_P, Q^2; t) are obtained from W^a_2 , W^a_3 , W^a_4 , W^a_5 and W^a_8 by g_1 = p.q_1 M^2

W^a_8 , (2.27)

g_2 =

(p.q_1)^3 q^2M^4 [ W^a_2 + (1 − x_P)[W^a_3 + W^a_4 ] + (1 − x_P)^2W^a_5 ] (2.28)

and the different structure functions F_i and g_i depend on the variables x_{BJ}, x_P, Q^2 and t.

3 The Compton Amplitude

The hadronic tensor for deep–inelastic diffractive scattering can be obtained from a Compton amplitude as has been outlined in [1–3] before. We limit the description to the level of the twist–2 contributions, where factorization holds for the semi–inclusive diffractive process [12]. Furthermore, A. Mueller’s generalized optical theorem [23] allows to move the final state proton into an initial state anti-proton, where both particle momenta are separated by t and form a formal ‘quasi two–particle’ state |p_1, −p_2, S; t⟩. These states are used to form the operator matrix elements. The correctness of this procedure within the light–cone expansion relies, first, on the rapidity gap between the outgoing proton and the remaining hadronic part with invariant mass M_X and, second, on the special property of matrix elements of the contributing light-cone operators to contain no absorptive part. Independently, one could argue that the corresponding matrix element is a pure phenomenological quantity satisfying restrictions imposed by quantum field theory. The general structure of the scattering amplitude is completely determined by the off-cone structure of the twist-2 Compton operator (3.4), cf. [24].

The structure functions for the diffractive process can thus be obtained by analyzing the absorptive part W_{μν} = ImT_{μν} (3.1)

of the expectation value

T_{μν} (x) = ⟨ p_1, −p_2, S; t | | ^T_{μν} (x) | |p_1, −p_2, S; t⟩ , (3.2)

with the well-known operator ^T_{μν} of (virtual) Compton scattering defined as ^T_{μν} (x) ≡ iR T [ J_μ (x 2 ) J_ν ( − x 2 ) S ] . (3.3)

In [1], based on a general quantum field theoretic consideration of virtual Compton scattering at twist 2 [20, 25, 26], we specified the various terms which contribute to the general structure of the hadronic tensor W_{μν} = ImT_{μν} in case of deep–inelastic diffractive scattering. As shown in [27, 28] the operator ^T_{μν} in lowest order of the non–local light–cone expansion [29] contains the vector or axial vector operators only. The scattering amplitude is obtained by the Fourier transform of the operator ^T_{{μν}} (x) and forming the matrix element (3.2). Here, we want to study its twist–2 contributions including target mass and finite momentum transfer corrections. This is obtained by harmonic extension [26, 30, 31] of the twist–2 light-cone operators to twist–2 off-cone operators [32], leading to

^T^{tw2}_{μν} (q) = − e^2 ∫ d^4x 2iπ^2 e^{iqx} x_λ (x^2 − iϵ)^2 { S_{μν|}^{αλ} O^{tw2}_α (κx, −κx)+ϵ_{μν}^{αλ} O^{tw2}_{5 α} (κx, −κx) } , (3.4) with O^{tw2}_α (κx, −κx) = i[ψ(κx)γ_αψ(−κx) − [ψ(−κx)γ_αψ(κx)]^{tw2}, O^{tw2}_{5 α} (κx, −κx) = [ψ(κx)γ_5γ_αψ(−κx) + [ψ(−κx)γ_5γ_αψ(κx)]^{tw2}, and κ = 1/2. The matrix elements can be written in terms of vectors K^a_{μ,(5)} and 2–dimensional Fourier-integrals over partonic distributions f_{a(5)}(z_+, z_−, t) summing over a,

⟨p_1, −p_2; t| e^2 O^{tw2}_μ (κx, −κx) |p_1, −p_2; t⟩ = K^a_μ(p_±) ∫ DZ (2π)^4 e^{iκx(p−z−+p+z+)} f_a(z_+, z_−, t) , (3.5) ⟨p_1, −p_2, S; t| e^2 O^{tw2}_{5μ} (κx, −κx) |p_1, −p_2, S; t⟩ = K^a_{5 μ}(p_±, S) ∫ DZ (2π)^4 e^{iκx(p−z−+p+z+)} f_{5 a}(z_+, z_−, t) , (3.6)

which is defined as asymptotic expression on the light-cone at x^2 = 0.

We choose as kinematic factors for the representation of the matrix element of the non-local operator for the symmetric part (3.5)

K^{1 μ} = p^μ_+ , K^{2 μ} = π^μ_− ≡ p^μ_− − ηp^μ_+ , (3.7)

and for its antisymmetric part (3.6)

K^{1 μ}_5 = S^μ , K^{2 μ}_5 = p^μ_+ (p_2S)/M^2 , K^{3 μ}_5 = π^μ_− (p_2S)/M^2 . (3.8)

The normalization to M^2 in (3.8) is arbitrary and has to be arranged with the definition of the corresponding distribution functions f_{a,(5 a)}(z_+, z_−), respectively. The corresponding Lorentzinvariant has to be formed out of the hadronic momenta, except the spin vector, since the polarization–symmetries are assumed to be linear in the spin.

The momentum fractions z_± in (3.5, 3.6) corresponding to the momenta p_± are

P = (p_+, p_−) = (p_2 + p_1, p_2 − p_1), Z = (z_+, z_−) = ((z_2 + z_1)/2, (z_2 − z_1)/2) , (3.9)

with the measure DZ

DZ = 2 dz_+dz_− θ(1 − z_+ + z_−) θ(1 + z_+ − z_−) θ(1 − z_+ − z_−) θ(1 + z_+ + z_−) . (3.10)

We refer to f_{a(5)}(z_+, z_−, t) as diffractive generalized parton distribution functions, (dGPD), in distinction to the GPDs emerging in deeply virtual Compton scattering [33]. These amplitudes are directly connected to the total cross sections and polarization asymmetries, respectively. Both kinds of GPDs are expectation values of the same light–cone operator, however, between different states. Interesting limiting cases can be derived from them. For the dGPDs these are the quasi collinear limit: π_− → 0, M^2 → 0, [2, 3], and the limit of deep–inelastic scattering, see Appendix B. Furthermore, for both types of GPDs the evolution equations are derived from the renormalization group equation for the same light–cone operators. It is remarkable, that the evolution equations for the dGPDs are two–variable equations which reduce to the simple evolution equation for forward scattering in the quasi collinear limit, cf. [2].

The (dimensionless) amplitudes f_{(5) a}(z_+, z_−, t) depend on t and η explicitly. In addition, there appears a t– and M^2–dependence of the amplitude (3.2) in momentum space, which finally, on the one hand, results from the Fourier transform in (3.4) where the operator O^{tw2}_{(5) α}(κx, −κx) is off the light-cone, i.e. with all trace subtractions. On the other hand, the dependence results from the kinematic pre–factors K^a_{(5) μ}(p_±, S).^1

Concerning the independent kinematic factors one has two possibilities, which are mathematically equivalent, depending on whether one chooses p_− or p_+ as essential variable as we did in our previous papers [1] and [20], respectively. The corresponding choices lead to different dGPDs.

(1) In the first case, which we considered in [1], cf. also [2] and [3], p_− was chosen as essential variable, by starting from the physical picture using the generalized optical theorem, and the parameterization^2

p_−z_− + p_+z_+ = λ̂ [p_− + ζ̂(p_+ − p_−/η)] = λ̂ [p_− + ζ̂π̂_−] ≡ λ̂ P̂, (3.11)

with λ̂ = z_− + z_+/η , z_+ = λ̂ ζ̂ , z_− = λ̂ (1 − ζ̂/η) . (3.12)

(2) A mathematically equivalent description is obtained starting from p_+ as the essential variable [20]. In this approach we introduce the new variables λ and ζ instead of z_+ and z_−,

p_−z_− + p_+z_+ = λ [ p_+ + ζ (p_− − η p_+)] = λ (p_+ + ζ π_−) ≡ λ P= 2 Π , (3.13)

with

λ = z_+ + ηz_− , z_− = λζ , z_+ = λ(1 − ζη) . (3.14)

Here the variable λ plays the role of a common scale for z_±. Compared to Ref. [20] we list the essential kinematic variables using the above parameterization

P(η, ζ) = p_+(1 − η ζ) + p_−ζ , (3.15) P^2 = p^2_+ − 2 ζ ηp^2_+ + ζ^2(p^2_− + p^2_+η^2), (3.16) qP = qp_+, P^2/(P^T)^2 = x^2(P^2/Q^2) / [ 1 + x^2(P^2/Q^2) ] , (3.17) and ξ_± = 2x 1 ± √ 1 + x^2P^2/Q^2 , x = Q^2 qp_+ = Q^2 2qp_1 (1 − η) = x_{BJ}(1 − η) = −2 β η. (3.18)

Obviously, ξ_+ ≡ ξ is the appropriate generalization of the Nachtmann variable. With these definitions the measure of the Z–integration is DZ = 2|λ| dλ dζ θ ( 1 − λ + (1 + η)λ ζ ) θ ( 1 + λ − (1 + η)λ ζ ) × θ ( 1 − λ − (1 − η)λ ζ ) θ ( 1 + λ + (1 − η)λ ζ ) . (3.19)

1 In the following the explicit t–dependence of the distribution functions is always understood and we drop this variable to lighten the notation.

2 For later convenience the notation (ϑ, ζ) of Ref. [1] has been changed into (λ̂, ζ̂).

In the present treatment we choose p_+ as the essential variable.

In Ref. [1] deep–inelastic diffractive scattering has been worked out within the first approach. The resulting expressions contain an internal ζ̂–integral which is not well suited for the direct comparison of experimental data with the diffractive GPDs. One way out is to introduce new ‘integrated distributions’. Furthermore, we can perform a systematic 1/Q^2 expansion which leads to an expansion in terms of P^2/Q^2 directly. Since P^2 is a polynomial of second order in the variable ζ we are led to a ζ– expansion,

P̂^2 = t − 2 ζ̂ t/η + (4M^2 − t + t/η^2) ζ̂^2|_{ζ̂→0} = t , (3.20)

P^2 = P̂^2/ η^2 = (4 M^2 − t)(1 − 2 η ζ) + [ t + (4 M^2 − t) η^2 ] ζ^2|_{ζ→0} = (4M^2 − t). (3.21)

We prefer the second parameterization which leads to expressions which contain as lowest approximation the mass corrections known from deep–inelastic scattering, without requiring any further redefinition of the dGPDs. We use the original expression for the Compton scattering amplitude [20] with the λ–parameterization and apply the matrix elements (3.5, 3.6).

4 The Hadronic Tensor

In the following we discuss the symmetric and antisymmetric contributions to the hadronic tensor, which correspond to the unpolarized and polarized case, separately.

4.1 The Symmetric Part

The symmetric part of the hadronic tensor for diffractive scattering, cf. [1, 20] is given by

W^{tw2}_{{μν}} (q) = Im q^2 2 ∫ DZ A_{{μν}}(q, P) λ √ (qP)^2 − q^2P^2 ( 1 1 − ξ_+/λ + iε − 1 1 − ξ_−/λ − iε )

= −2π ∫ dζ q^2 √ (qP)^2 − q^2P^2 { qK^a qP [ g^T_{μν} F_{a 1}(ξ, ζ) − P^T_μ P^T_ν (P^T)^2 F_{a 2}(ξ, ζ) ]

+ (qKa qP − PK^a P^2 )[ g^T_{μν} F_{a 3}(ξ, ζ) − P^T_μ P^T_ν (P^T)^2 F_{a 4}(ξ, ζ) ]

− ( K^{a T}_μ P^T_ν + P^T_μ K^{a T}_ν (P^T)^2 − 2 qK^a qP P^T_μ P^T_ν (P^T)^2 ) F_{a 5}(ξ, ζ) } . (4.1)

The relevant imaginary part belongs to the δ–distribution δ(1 − ξ_+/λ) in terms of variables (ξ_+ ≡ ξ, ζ), with the λ–integration, (3.19), being carried out. It implies the pole condition, cf. [20] Eqs. (6.6–6.10) and [1],

1 + 12ξ x P^2/Q^2 = √ 1 + x^2P^2/Q^2 = −(1 − 2 x/ ξ) . (4.2)

which we use below. The structure functions F_{ai}, i = 1, . . . , 5 are given by

F_{a 1}(ξ, ζ) = Φ^{(0)}_a (ξ, ζ) + 1 2 x P^2/Q^2 √ 1 + x^2P^2/Q^2

Φ^{(1)}_a (ξ, ζ) + 1 4 (x P^2/Q^2)^2 1 + x^2P^2/Q^2

Φ^{(2)}_a (ξ, ζ) , (4.3)

F_{a 2}(ξ, ζ) = Φ^{(0)}_a (ξ, ζ) + 3 2 x P^2/Q^2 √ 1 + x^2P^2/Q^2

Φ^{(1)}_a (ξ, ζ) + 3 4 (x P^2/Q^2)^2 1 + x^2P^2/Q^2

Φ^{(2)}_a (ξ, ζ) . (4.4)

F_{a 3}(ξ, ζ) = − 1 2 ξ x P^2/Q^2 √ 1 + x^2P^2/Q^2

Φ^{(0)}_a (ξ, ζ) (4.5) + 1 2ξ ( ξ x P^2/Q^2 √ 1 + x^2P^2/Q^2 − (ξ x P^2/Q^2)^2 1 + x^2P^2/Q^2 ) Φ^{(1)}_a (ξ, ζ) − 1 ξ ( ξ x P^2/Q^2 √ 1 + x^2P^2/Q^2 − (ξ xP^2/Q^2)^2 1 + x^2P^2/Q^2 + 3 8 (ξ x P^2/Q^2)^3 √ 1 + x^2P^2/Q^{2 3}

) ∫_1 ξ dy y Φ^{(1)}_a (y, ζ) − 1 ξ ( (ξ x P^2/Q^2)^2 1 + x^2P^2/Q^2 − 3 4 (ξ x P^2/Q^2)^3 √ 1 + x^2P^2/Q^{2 3} + 3 16 (ξ x P^2/Q^2)^4 [1 + x^2P^2/Q^2]^2

) ∫_1 ξ dy y^2

Φ^{(2)}_a (y, ζ) , F_{a 4}(ξ, ζ) = − 1 2 ξ xP^2/Q^2 √ 1 + x^2P^2/Q^2

Φ^{(0)}_a (ξ, ζ) (4.6) + 1 ξ ( 5 2 ξ xP^2/Q^2 √ 1 + x^2P^2/Q^2 − 3 2 (ξ xP^2/Q^2)^2 1 + x^2P^2/Q^2 ) Φ^{(1)}_a (ξ, ζ) − 3 ξ ( ξ xP^2/Q^2 √ 1 + x^2P^2/Q^2 − 2 (ξ xP^2/Q^2)^2 1 + x^2P^2/Q^2 + 5 8 (ξ xP^2/Q^2)^3 √ 1 + x^2P^2/Q^{2 3}

) ∫_1 ξ dy y Φ^{(1)}_a (y, ζ) − 3 ξ ( (ξ xP^2/Q^2)^2 1 + x^2P^2/Q^2 − 5 4 (ξ xP^2/Q^2)^3 √ 1 + x^2P^2/Q^{2 3} + 5 16 (ξ xP^2/Q^2)^4 [1 + x^2P^2/Q^2]^2

) ∫_1 ξ dy y^2

Φ^{(2)}_a (y, ζ) ,

F_{a 5}(ξ, ζ) = 1 ξ [ Φ^{(1)}_a (ξ, ζ) + 3 2 ξ xP^2/Q^2 √ 1 + xP^2/Q^2

∫_1 ξ dy y Φ^{(1)}_a (y, ζ) + 3 4 (ξ xP^2/Q^2)^2 1 + xP^2/Q^2

∫_1 ξ dy y^2

Φ^{(2)}_a (y, ζ) ] . (4.7)

Whereas F_{a 1(2)}(ξ, ζ) are direct generalizations of the well-known deep–inelastic structure functions. F_{a k}(ξ, ζ)|_{k=3,4,5} are new structure functions, which vanish in the forward limit, cf. Appendix B. The typical square roots √ 1 + x^2P^2/Q^2 for the mass corrections depend on the generalized momentum P = P(ζ). After substituting λ → ξ in (4.3–4.7), we introduce the following iterated representations for the basic dGPDs f_a(λ, ζ), cf. (3.5):

Φ^{(0)}_a (ξ, ζ) ≡ f_a(ξ, ζ) , (4.8)

Φ^{(1)}_a (ξ, ζ) ≡

∫_1 ξ dy_1 f_a(y_1, ζ) = ξ

∫_1 0 dτ τ^2 f_a ( ξ τ , ζ ) , (4.9)

Φ^{(2)}_a (ξ, ζ) ≡

∫_1 ξ dy_2 ∫_1

y_2

dy_1 f_a(y_1, ζ) = ξ^2

∫_1 0 dτ_1 τ^3_1

∫_1 0 dτ_2 τ^2_2 f_a ( ξ τ_1τ_2 , ζ ) , (4.10)

Φ^{(i)}_a (ξ, ζ) ≡

∫_1 ξ dy Φ^{(i−1)}_a (y, ζ) , for i ≥ 1 , (4.11) ∫_1 ξ dy y Φ^{(1)}_a (y, ζ) ≡

∫_1 ξ dy_1 y_1

∫_1

y_1

dy Φ^{(0)}_a (y, ζ) = ξ

∫_1 0 dτ_1 τ^2_1

∫_1 0 dτ_2 τ^2_2 f_a ( ξ τ_1τ_2 , ζ ) , (4.12) ∫_1 ξ dy y^2

Φ^{(2)}_a (y, ζ) ≡

∫_1 ξ dy_1 y^2_1

∫_1

y_1

dy Φ^{(1)}_a (y, ζ) = ξ

∫_1 0 dτ_1 τ^3_1

∫_1 0 dτ_2 τ^2_2

∫_1 0 dτ_3 τ^2_3 f_a ( ξ τ_1τ_2τ_3 , ζ ) . (4.13)

Let us now investigate the effect of target masses and finite terms in t in more detail. It turns out that both the M^2– and t–contributions in the diffractive structure functions emerge due to the parameter ρ

ρ = ϵ x^2 p^2_+ Q^2 1 1 + x^2p^2_+/Q^2

, (4.14)

with ϵ given by P^2 = p^2_+(1 + ϵ), ϵ = 1 p^2_+ [ 2ζp_+π_− + ζ^2π^2_− ] = −2ηζ + ( η^2 + t p^2_+ ) ζ^2 . (4.15)

Since

− η ≃ x_P ≪ 1 , (4.16)

ρ effectively takes values ρ ≲ 10^{−3} for x_P ≲ 10^{−2}, |t| ≈ (0.1...1)M^2, Q^2 ≈ (1...5)M^2. The range of ζ is determined both by the support condition (3.19) and the condition P^2 = p^2_+(1 + ϵ) > 0 in the diffractive case.

To prepare the expansion in ρ we rewrite the hadronic tensor as

W^{tw2}_{{μν}} (q) = 2π ∫ dζ qK^a qP [ − g^T_{μν} W^{diff}_{a 1} ( x, P^2 Q^2 ; ζ ) + P^T_μ P^T_ν M^2

W^{diff}_{a 2} ( x, P^2 Q^2 ; ζ )] , + {( qK^a qP − PK^a P^2 ) P^2 Q^2 [ − g^T_{μν} W^{diff}_{a 3} ( x, P^2 Q^2 ; ζ ) + P^T_μ P^T_ν M^2

W^{diff}_{a 4} ( x, P^2 Q^2 ; ζ )]

+ ( P^T_μ K^{a T}_ν + P^T_ν K^{a T}_μ − 2 P^T_μ P^T_ν qK^a qP ) 1 M^2

W^{diff}_{a 5} ( x, P^2 Q^2 ; ζ ) } . (4.17)

The integral over ζ cannot be performed easily. Here, the un-integrated structure functions W^{diff}_{a k} (x, P^2(ζ)/Q^2; ζ) are given by

W^{diff}_{a 1} ( x, P^2(ζ) Q^2 ; ζ ) ≡ − x √ 1 + x^2P^2/Q^2

F_{a 1}(ξ, ζ) , (4.18)

W^{diff}_{a 3} ( x, P^2(ζ) Q^2 ; ζ ) ≡ − x √ 1 + x^2P^2/Q^2

Q^2 P^2

F_{a 3}(ξ, ζ) , (4.19)

W^{diff}_{a k} ( x, P^2(ζ) Q^2 ; ζ ) ≡ − M^2 Q^2 ( x √ 1 + x^2P^2/Q^2

)_3

F_{a k}(ξ, ζ) for k = 2, 5 , (4.20)

W^{diff}_{a 4} ( x, P^2(ζ) Q^2 ; ζ ) ≡ − M^2 P^2 ( x √ 1 + x^2P^2/Q^2

)_3

F_{a 4}(ξ, ζ) . (4.21)

As noted in [1] a generalized Callan–Gross [34] relation between W^{diff}_{a 1} and W^{diff}_{a 2} , which holds for diffractive scattering in the limit M^2, t → 0, [2], is broken as in the case of deep–inelastic scattering [15]. Correspondingly, the distribution functions W^{diff}_{a (1,2)} are related to W^{diff}_{a L} , the diffractive analogue of the longitudinal structure function of deep–inelastic scattering, by

W^{diff}_{a L} (x, P^2/Q^2; ζ) = − W^{diff}_{a 1} (x, P^2/Q^2; ζ) + ( 1 + x^2P^2 Q^2 ) qp_+ x M^2

W^{diff}_{a 2} (x, P^2/Q^2; ζ) . (4.22)

To see this in detail, we insert (4.3), (4.4) and (4.20), so that

W^{diff}_{a L} (x, P^2/Q^2; ζ) = x √ 1 + x^2P^2/Q^2 ( F_{a 1}(ξ, ζ) − F_{a 2}(ξ, ζ) ) ≈ O ( x^2P^2 Q^2 ) . (4.23)

The last relation follows by direct inspection of F_{a i} and is explicit in

W^{diff}_{a L} (x, P^2/Q^2; ζ) = − x^2P^2 2Q^2 ∂ ∂x ( x ξ √ 1 + x^2P^2/Q^2

Φ^{(2)}_a (ξ, ζ) ) (4.24)

derived in [20], cf. also [15, 16] for the case of forward scattering.

Most of the above quantities depend on P^2 (3.15) which we write now as

P^2 = p^2_+ + 2ζp_+π_− + ζ^2π^2_− = p^2_+(1 + ϵ) . (4.25)

Let us simplify the contraction of the kinematic coefficients in (4.17). For K_1 = p_+, observing qP = qp_+ and Eq. (4.25) for P^2, we obtain qK_1 qP = 1 , (4.26) (qK_1 qP − PK_1 P^2 )P 2 Q^2 = p^2_+ Q^2 ( − ηζ + ζ^2 ( η^2 + t p^2_+ ) ) (4.27)

K^T_{1μ}P^T_ν + P^T_μ K^T_{1ν} − 2 qK_1 qP P^T_μ P^T_ν = − ζ ( p^T_{+μ}π_{−ν} + p^T_{+ν} π_{−μ} ) − 2 ζ^2π_{−μ}π_{−ν} , (4.28)

and for K_2 = π_−, due to the transversality of π_−, one finds qK_2 qP = 0 , (4.29) (qK_2 qP − PK_2 P^2 )P 2 Q^2 = p^2_+ Q^2 ( η − ζ ( η^2 + t p^2_+ ) ) , (4.30)

K^T_{2μ}P^T_ν + P^T_μ K^T_{2ν} − 2 qK_2 qP P^T_μ P^T_ν = ( p^T_{+μ}π_{−ν} + p^T_{+ν} π_{−μ} ) + 2 ζ π_{−μ}π_{−ν} . (4.31)

It is remarkable that only for K_1 = p_+ the first invariant qK_1/qP contributes to the zeroth power in ζ, whereas the other ones start at most with the first power. The contributions of invariants belonging to kinematic coefficients containing π_− are less important because this variable is transverse to q with π_−q = 0. The corresponding invariants

π^2_− = t + η^2 p^2_+, π_−p_+ = −η p^2_+, π_−p_− = t , (4.32)

are small compared to Q^2.

Having now expressed the ζ–dependence in all kinematic factors explicitly, we may perform the ζ–integral introducing nth moments :

W^{(n) diff} a k (x, η, t, p^2_+/Q^2) = ∫ dζ ζ^n W^{diff}_{a k} (x, P^2/Q^2; ζ) . (4.33)

The hadronic tensor reads 1 2π Im T^{tw2}_{{μν}} (q) = − g^T_{μν} { W^{(0) diff}

1 1 + p^2_+ Q^2 [ η (W^{(0) diff}_{2 3} − W^{(1)diff}_{1 3} ) + ( η^2 + t p^2_+ ) (W^{(2)diff}_{1 3} − W^{(1)diff}_{2 3} ) ]}

+ p^T_{+ μ}p^T_{+ ν} M^2 { W^{(0) diff}

1 2 + p^2_+ Q^2 [ η ( W^{(0) diff}

2 4 − W^{(1) diff}_{1 4} ) + ( η^2 + t p^2_+ ) (W^{(2) diff}

1 4 − W^{(1) diff}_{2 4} ) ]}

+ p^T_{+ μ}π_{− ν} + p^T_{+ ν} π_{− μ} M^2 { W^{(1) diff}

1 2 + p^2_+ Q^2 [ η(W^{(1) diff}_{2 4} − W^{(2) diff}_{1 4} ) + ( t p^2_+

+ η^2 ) (W^{(3) diff}

1 4 − W^{(2) diff}_{2 4} ) ] + W^{(0) diff}_{2 5} − W^{(1) diff}_{1 5} }

+ π_{− μ}π_{+ ν} M^2 { W^{(2) diff}

1 2 + 2W^{(1) diff}_{2 5} − 2W^{(2) diff}_{1 5} + p^2_+ Q^2 [ η ( W^{(2) diff}

2 4 − W^{(3) diff}_{1 4} ) + ( η^2 + t p^2_+ ) ( W^{(4) diff}

1 4 − W^{(3) diff}_{2 4} )]} . (4.34)

Here the momentum fraction argument of the structure functions W^{diff}_{ak} is the original Nachtmann variable (3.18), whereas for the functions W^{(n) diff}_{a k} (x, η, t, p^2_+/Q^2) it is x. These structure functions are in principle accessible experimentally, varying the external kinematic parameters x_{BJ}, Q^2, t and x_P, (η = η(x_P)).

Up to this point no approximations have been made. We would now like to discuss the above structure. Note that disregarding of π_− as transversal degree of freedom corresponds to the limit ϵ → 0, (4.25). However, ϵ, (4.15), is not necessarily a small quantity. The Taylor expansion in ϵ would retain the DIS-like target mass corrections and lead to the physically relevant power series in p^2_+/Q^2 of the denominators. Because of the smallness of ρ (4.14) and also x^2p^2_+/Q^2 we use the latter as expansion parameter. Thereby the Nachtmann variable is substituted by x in lowest order, whereas by setting π_− = 0 we would retain an approximate Nachtmann variable,

ξ_0 = 2x/(1 + √ 1 + x^2p^2_+/Q^2). (4.35)

For simplicity we proceed as follows:

• effective expansion w.r.t. the parameter p^2_+/Q^2, ( 1 + x^2

P^2 Q^2 )_{−n} = ( 1 + x^2 p^2_+(1 + ϵ) Q^2 )_{−n} = ( 1 − nx^2 p^2_+ Q^2

(1 + ϵ) + ... ) , (4.36)

• expansion of the Nachtmann variable (3.18), ξ − x = − 1 4 x x^2p^2_+ Q^2

(1 + ϵ) + ... , (4.37)

• use of x instead of the Nachtmann variable ξ.

• For the treatment of the denominators we shift the integration variable λ = λ^′ + ξ − x, 1 λ − ξ + iελ = 1 λ^′ − x + iελ . (4.38)

Through this procedure we avoid the expansion of the denominator in favor of an expansion of the dGPDs. In principle problems could arise because of possible differences in ε(λ − λ^′). Therefore we have to expand the basic dGPD

Φ^{(i)}_a (λ, ζ) = Φ^{(i)}_a (λ^′ + ξ − x, ζ) = Φ^{(i)}_a (λ^′, ζ) + ∂_λ′ Φ^{(i)}_a (λ^′, ζ)(ξ − x) + . . .

= Φ^{(i)}_a (λ^′, ζ) − 1 4 x x^2p^2_+ Q^2

(1 + ϵ)∂_λ′ Φ^{(i)}_a (λ^′, ζ) + . . . .

As a test we can study the limit of deep–inelastic scattering, whereby we reproduce the standard result. For diffractive DIS it is sufficient to consider the lowest approximation which extends our results [2, 3]. In the following we define moments of the dGPDs by

Φ^{(i n)}_a (x) = ∫ dζζ^nΦ^{(i)}_a (x, ζ). (4.39)

This corresponds to a change from a GPD to a parton density.

Now we apply our approximation procedure directly to Eq. (4.17) using (4.18–4.21) and (4.3–4.7). We write the result separately for the invariants K^1 = p_+, 1 2π Im T^{tw2}_{{μν}} (q) |_1 = g^T_{μν} [ xΦ^{(0 0)}_1 (x) + x^2p^2_+ Q^2 ( t^0_{1 1} + t^0_{1 3} − t̃^0_{1 3} + ηt̃^1_3 ) ]

− p^T_{+ μ}p^T_{+ ν}

Q^2 [ x^3Φ^{(0 0)}_1 + x^2p^2_+ Q^2 x^2 ( t^0_{1 2} + t^0_{1 4} − t̃^0_{1 4} + ηt̃^1_{1 4} ) ]

− p^T_{+ μ}π_{− ν} + p^T_{+ ν} π_{− μ} Q^2 [ x^3Φ^{(0 1)}_1 − x^2Φ^{(1 1)}_1

+ x^2p^2_+ Q^2 x^2 ( t^1_2 + t^1_4 − t̃^1_{1 4} − t^1_5 + ηt̃^2_{1 4} )]

− π_{− μ}π_{− ν} Q^2 [ x^3Φ^{(0 2)}_1 − 2x^2Φ^{(1 2)}_1 + x^2p^2_+ Q^2 x^2 ( t^2_{1 2} + t^2_{1 4} − t̃^2_{1 4} − 2t^2_{1 5} + ηt̃^3_{1 4} ) ] , (4.40)

and for K^2 = π_−, 1 2π Im T^{tw2}_{{μν}} (q) |_2 = g^T_{μν} x^2p^2_+ Q^2 [ ηt̃^0_{2 3} − ( η^2 + t p^2_+ ) t̃^1_{2 3} ]

− p^T_{+ μ}p^T_{+ ν}

Q^2 x^2p^2_+ Q^2 x^2 [ ηt̃^0_{2 4} − ( η^2 + t p^2_+ ) t̃^1_{2 4} ) ]

− p^T_{+ μ}π_{− ν} + p^T_{+ ν} π_{− μ} Q^2 [ x^2Φ^{(1 0)}_2 + x^2p^2_+ Q^2 x^2 ( t^0_{2 5} + ηt^1_{2 4} − ( η^2 + t p^2_+ ) t̃^2_{2 4} ) ]

− π_{− μ}π_{− ν} Q^2 [ 2x^2Φ^{(1 1)}_2 + x^2p^2_+ Q^2 x^2 ( 2t^1_{2 5} + ηt^2_4 − ( η^2 + t p^2_+ ) t̃^3_{2 4} ) ] . (4.41)

Here t^n_{ai} and t̃^n_{ai} are given by

t^n_{a1} = ∫ dζ(1 + ϵ(ζ))ζ^n ( − 12 xΦ^{(0)}_a (x, ζ) + 12 Φ^{(1)}_a (x, ζ) − 1 4 x^2∂_xΦ^{(0)}_a (x, ζ) ) , t^n_{a2} = ∫ dζ(1 + ϵ(ζ))ζ^n ( − 3 2 xΦ^{(0)}_a (x, ζ) + 3 2 Φ^{(1)}_a (ξ_{00}, ζ) − 1 4 x^2∂_xΦ^{(0}_a (x, ζ) ) , (4.42)

t^n_{a3} = ∫ dζ(1 + ϵ(ζ))ζ^n ( − 12 xΦ^{(0)}_a (x, ζ) + 1 2 Φ^{(1)}_a (ξ_{00}, ζ) −

∫_1 x dy y Φ^{(1)}_a (y, ζ) ) , t^n_{a4} = ∫ dζ(1 + ϵ(ζ))ζ^n ( − 12 xΦ^{(0)}_a (x, ζ) + 5 2 Φ^{(1)}_a (x, ζ) − 3

∫_1 x dy y Φ^{(1)}_a (y, ζ) ) , t^n_{a5} = ∫ dζ(1 + ϵ(ζ))ζ^n ( − 5 4 Φ^{(0)}_a (x, ζ) + 3 2 ∫_1 x dy y Φ^{(1)}_a (y, ζ) − 1 4 x∂_xΦ^{(1)}_a (x, ζ) ) , (4.43) and t̃^n_{a1} = ∫ dζζ^n ( − 12 xΦ^{(0)}_a (x, ζ) + 12Φ^{(1)}_a (x, ζ) − 1 4 x^2∂_xΦ^{(0)}_a (x, ζ) ) . (4.44)

Similar for all other terms t̃^n_{ak}, the factor (1 + ϵ(ζ)) is absent compared to t^n_{ak}.

It is remarkable that each kinematic coefficient K^a contributes to all possible kinematic structures. Because of the transversal behaviour of π_− we expect that the last two structures p^T_{+ μ}π_{− ν} + p^T_{+ ν} π_{− μ} and π_{− μ}π_{− ν} as well as the complete contributions of the second invariant (4.41) are less important in comparison with the structures g^T_{μν} and p^T_{+ μ}p^T_{+ ν} and the first invariant in (4.40). Moreover the leading contributions to the first two structures in (4.41) contain the small coefficient η. In Eqs. (4.40, 4.41) the contributions ∝ M^2, t emerge as x^2p^2_+ Q^2 = x^2 (4M^2 − t)

Q^2

, (4.45)

x^2p^2_− Q^2 = x^2t Q^2

, (4.46)

respectively. Noting that |η| ≃ x_P, and x_P ∼ O(x_{BJ}) for diffractive scattering the target mass and finite t corrections are suppressed by O(x^2M^2/Q^2), with x ≲ 10^{−2}. In the meson-exchange case, x–values of around x ≃ 0.3 may be reached and O(10% × (M^2/Q^2)) effects may be obtained.

Let us consider the complete zeroth order term 1 2π Im T^{tw2}_{{μν}} (q) |_0 =g^T_{μν} xΦ^{(0 0)}_1 (x) − p^T_{+ μ}p^T_{+ ν}

Q^2 x^3 Φ^{(0 0)}_1 − p^T_{+ μ}π_{− ν} + p^T_{+ ν} π_{− μ} Q^2 x^2 [ x Φ^{(0 1)}_1 + Φ^{(1 0)}_2 − Φ^{(1 1)}_1 ]

− π_{− μ}π_{− ν} Q^2 x^2 [ x Φ^{(0 2)}_1 − 2Φ^{(1 2)}_1 + 2Φ^{(1 1)}_2 ] . (4.47)

Also here we can see that the contributions to the first two kinematic structures result from the distribution functions Φ^{(0 0)}_1 (x) of the first kinematic structure only. This reproduces our result [2] obtained for vanishing t, target mass, and negligible transversal momenta π_−, 1 2π Im T^{tw2}_{{μν}} (q) |_0 = g^T_{μν} xΦ^{(0 0)}_1 (x) − p^T_{+ μ}p^T_{+ ν}

Q^2 x^3 Φ^{(0 0)}_1 .

The leading t-dependence is contained in the first structure g^T_{μν} of (4.40) 1 2π Im T^{tw2}_{{μν}} (q) |_t =g^T_{μν} x^2t Q^2 χ(x), (4.48) χ(x) ≈ { 1 2 x ( Φ^{(0 0)}_1 − Φ^{(0 2)}_1 − η(3Φ^{(0 1)}_1 + Φ^{(0 3)}_1 ) ) − 1 2 ( Φ^{(1 0)}_1 − Φ^{(1 2)}_1 − η(3Φ^{(1 1)}_1 + Φ^{(1 3)}_1 ) )

+ 1 4 x^2∂_x(Φ^{(0 0)}_1 − Φ^{(0 2)}_1 − 2ηΦ^{(0 1)}_1 ) −

∫_1 x dy y (ηΦ^{(1 1)}_1 + ηΦ^{(1 3)}_1 + Φ^{(1 2)}_1 ) } . (4.49)

Terms ∝ η^2 ≃ x^2_P are dropped.

A last remark concerns the generalized Callan-Gross relation (4.22). This relation can be written for ζ–moments (4.33) as

W^{(n)diff} a L (x, p^2_+/Q^2) = − W^{(n)diff}_{a 1} (x, p^2_+/Q^2) + p^2_+ + (qp_+)^2/Q^2 M^2

W^{(n)diff} a 2 (x, p^2_+/Q^2) + p^2_+ M^2 ∫ dζζ^n ϵ W^{diff}_{a 2} (x, P^2/Q^2, ζ). (4.50)

Finally we remark that an equivalent kinematic parameterization can be obtained using

p^T_± = p^T_2 ± p^T_1 , π_− = p_− − ηp_+ = p_2(1 − η) − p_1(1 + η) = p^T_2 (1 − η) − p^T_1 (1 + η). (4.51)

These relations allow to link different representations of the hadronic tensor, which linearly relates various definitions of structure functions, cf. (2.13). All contributions due to M^2 and t–effects in the above are suppressed like ∝ x^2_{(P)}μ^2/Q^2 with μ^2 = |t|, M^2.

There are, however also other contributions emerging in the scattering cross sections, which are of kinematic origin and stem from 4-vector products contributing to the process contracting the leptonic and hadronic tensor, see Appendix A for details. Most of these invariants are large, like l_1.l_2 and l_1.p_1. The invariant l_1.p_2, (A.37), leads to kinematic power corrections further to those considered in (2.24–2.26). Here the leading contribution beyond the lowest order term is of O(cos(ϕ_b)x_{BJ} √ μ^2/Q^2), μ^2 = |t|, M^2 . The terms, which do not vary with the angle ϕ_b are of O(x_{BJ}μ^2/Q^2). In conclusion, the largest dependences from the limiting case |t|, M^2 → 0 are obtained from the kinematic terms in the cross section. Those resulting from the target-mass and t-corrections of the hadronic matrix elements always occur with an extra power in x_{BJ} or x_P.

4.2 The Antisymmetric Part

The contribution to the antisymmetric part of the hadronic tensor is given by, cf. [1, 20],

W^{tw2}_{[μν]} (q) = −π ϵ^{αβ}_{μν} ∫ dζ { q_α K^a_{5β} qP [ g_{a1}(x; ζ) + g_{a2}(x; ζ) ] − q_α P_β qP (qK^a_5 ) qP g_{a2}(x; ζ) + 1 2 q_α P_β qP (PK^a_5 )

Q^2 g_{a0}(x; ζ) } , (4.52)

in terms of the ζ-integral. Here the coefficients K^a_{5 μ} are given by (3.8) and the functions g_{a k}(x; ζ) ≡ g_{a k}(x, ξ, P^2/Q^2, ζ)|_{k=0,1,2} read

g_{a1}(x; ζ) = x ξ 1 [1 + x^2 P^2/Q^2]^{3/2}

× (4.53) [ Φ^{(0)}_{5a} (ξ, ζ) + x(ξ + x) P^2/Q^2 [1 + x^2P^2/Q^2]^{1/2}

Φ^{(1)}_{5a} (ξ, ζ) − xξ P^2 2 Q^2

2 − x^2P^2/Q^2 1 + x^2P^2/Q^2

Φ^{(2)}_{5a} (ξ, ζ) ] , g_{a2}(x; ζ) = − x ξ 1 [1 + x^2P^2/Q^2]^{3/2}

× (4.54) [ Φ^{(0)}_{5a} (ξ, ζ) −

1 − xξ P^2/Q^2 [1 + x^2P^2/Q^2]^{1/2}

Φ^{(1)}_{5a} (ξ, ζ) − 3 2 xξ P^2/Q^2 1 + x^2P^2/Q^2

Φ^{(2)}_{5a} (ξ, ζ) ] , g_{a1}(x; ζ) + g_{a2}(x; ζ) = x ξ 1 [1 + x^2P^2/Q^2]^{3/2} [( 1 + xξP^2 2Q^2 ) Φ^{(1)}_{5a} (ξ, ζ) + xξP^2 2Q^2

Φ^{(2)}_{5a} (ξ, ζ) ] (4.55) = x ξ 1 1 + x^2P^2/Q^2 [ Φ^{(1)}_{5a} (ξ, ζ) + 1 2 xξ P^2/Q^2 [1 + x^2P^2/Q^2]^{1/2}

Φ^{(2)}_{5a} (ξ, ζ) ] , g_{a0}(x; ζ) = x^2 [1 + x^2P^2/Q^2]^{3/2}

× (4.56) [ Φ^{(0)}_{5a} (ξ, ζ) − 3 [1 + x^2P^2/Q^2]^{1/2}

Φ^{(1)}_{5a} (ξ, ζ) +

2 − x^2P^2/Q^2 1 + x^2P^2/Q^2

Φ^{(2)}_{5a} (ξ, ζ) ] . The dGPDs Φ^{(i)}_{5 a}(ξ, ζ) are based on (3.6) and, similar to the definitions (4.8–4.11) of Φ^{(i)}a (ξ, ζ),

Φ^{(0)}_{5 a} (ξ, ζ) ≡ ξ f_{5 a}(ξ, ζ) , (4.57)

Φ^{(i)}_{5 a} (ξ, ζ) =

∫_1 ξ dy y Φ^{(i−1)}_{5 a} (y, ζ) , i ≥ 1 . (4.58)

As shown before [1, 20] the Wandzura–Wilczek (WW) relation [35] holds for the un-integrated distribution functions

g^{tw2}_{a2} (x; ζ) = − g^{tw2}_{a1} (x; ζ) +

∫_1 x dy y g^{tw2}_{a1} (y; ζ) , (4.59)

between g^{tw2}_{a2} and g^{tw2}_{a1} . All target mass and t–corrections can uniquely be absorbed into the structure functions. Note that this relation holds for all invariants K^a_5 independently. The validity of the Wandzura–Wilczek relation for diffractive scattering at general hadronic scales M^2, t is a further example in a long list of cases. It was observed using the covariant parton model and light-cone expansion [36, 37]. For forward scattering, target- and quark-mass corrections could be completely absorbed into the structure functions maintaining the WW-relation [16, 17]. It is valid for gluon-induced heavy flavor production [38], non–forward scattering [39], and diffractive scattering in the limit M^2, t → 0 [3]. In the electro–weak case further sum–rules exist [37]. Considering the target mass corrections there are new twist–3 integral relations [16]. The distribution function g^{tw2}_{a0} is also related to g^{tw2}_{a1} but in a more complicated manner:

g^{tw2}_{a0} (x; ζ) = xξ g^{tw2}_{a1} (x; ζ) −

2x^2 + xξ [1 + x^2P^2/Q^2]^{1/2}

∫_1 x dy y g^{tw2}_{a1} (y; ζ) + 2x^2 [1 + x^2P^2/Q^2]^{3/2}

∫_1 x dy y ∫_1 y dy^′ y^′ g^{tw2}_{a1} (y^′; ζ) . (4.60)

From (4.52) – (4.56) we now extract the ζ-independent functions. In the kinematic factors ζ appears only up to second power. As preliminary classification we therefore can perform the ζ–integrals according to the ζ–powers of the kinematic factors, not counting the internal ζ-dependence of the GPDs g_{ak}(x; ζ) itself.

For each invariant a let us define

G^{(n)}_{a k} (x, η, t, p^2_+/Q^2) = ∫ dζ ζ^n g_{a k}(x; ζ) , k = 0, 1, 2, (4.61) so that from (4.52) one obtains

Im T^{tw2}_{[μν]} (q) = −π ϵ^{αβ}_{μν} { q_α K^a_{5β} qp_+ ( G^{(0)}_{a1} + G^{(0)}_{a2} )

− q_α p_{+β} qp_+ ( qK^a_5 qp_+ G^{(0)}_{a2} − 1 2 p_+K^a_5 Q^2

G^{(0)}_{a0} − 1 2 π_−K^a_5 Q^2

G^{(1)}_{a0} )

− q_α π_{−β} qp_+ ( qK^a_5 qp_+ G^{(1)}_{a2} − 1 2 p_+K^a_5 Q^2

G^{(1)}_{a0} − 1 2 π_−K^a_5 Q^2

G^{(2)}_{a0} )} . (4.62)

≈ −π ϵ^{αβ}_{μν} { q_α K^a_{5β} qp_+ ( G^{(0)}_{a1} + G^{(0)}_{a2} ) − q_α p_{+β} qp_+ qK^a_5 qp_+ G^{(0)}_{a2} − q_α π_{−β} qp_+ qK^a_5 qp_+ G^{(1)}_{a2} } . (4.63)

In the last line the leading terms are written only. Now, inserting the three invariants K^a_5 in (3.8) explicitly, one obtains disregarding sub-leading terms in 1/Q^2 :

Im T^{(0) tw2} [μν] (q) ≈ −π ϵ αβ μν { q_αS^T_β qp_+ ( G^{(0)}_{1 1} + G^{(0)}_{1 2} ) − q_αp^T_{+β} qp_+ [ qS qp_+ G^{(0)}_{1 2} − p_2.S M^2

G^{(0)}_{2 1} ]

− q_απ^T_{−β} qp_+ [ qS qp_+ G^{(1)}_{1 2} + p_2.S M^2 ( G^{(1)}_{2 2} − G^{(0)}_{3 1} − G^{(0)}_{3 2} )]} . (4.64)

Due to the presence of the Levi-Civita symbol, only transversal components (2.17) contribute. Note that p_1.S = 0. The approximate expressions for G^{(n)}_{a k} are

G^{(n)}_{a1} (x) ≈ Φ^{(0 n)}_{5a} (x) − x^2 p^2_+ Q^2 γ^n_{a1} G^{(n)}_{a2} (x) ≈ − [ Φ^{(0 n)}_{5a} (x) − Φ^{(1 n)}_{5a} (x) ] − x^2 p^2_+ Q^2 γ^n_{a2}, G^{(n)}_{a1} (x) + G^{(n)}_{a2} (x) ≈ Φ^{(1 n)}_{5a} (x) − x^2 p^2_+ Q^2 γ^n_{a12} G^{(n)}_{a0} (x) ≈ x^2 [ Φ^{(0 n)}_{5a} (x) − 3Φ^{(1 n)}_{5a} (x) + 2Φ^{(2 n)}_{5a} (x) ] − x^2 p^2_+ Q^2 γ^n_{a0} , (4.65)

with

γ^n_{a1} = ∫ dζ(1 + ϵ(ζ))ζ^n ( 5 4 Φ^{(0)}_{a5} (x, ζ) − 2Φ^{(1)}_{a5} (x, ζ) + Φ^{(2)}_{a5} (x, ζ) + 1 4 x∂_xΦ^{(0)}_{a5} (x, ζ) ) , γ^n_{a2} = ∫ dζ(1 + ϵ(ζ))ζ^n ( − 5 4 Φ^{(0)}_{a5} (x, ζ) + 11 4 Φ^{(1)}_{a5} (x, ζ) − 3 2 Φ^{(2)}_{a5} (x, ζ) − 1 4 x∂_x ( Φ^{(0}_{a5}(x, ζ) − Φ^{(1)}_{a5} (x, ζ) ) ) , γ^n_{a12} = ∫ dζ(1 + ϵ(ζ))ζ^n ( − 12 xΦ^{(2)}_{a5} (x, ζ) + 3 4 Φ^{(1)}_{a5} (x, ζ) + 1 4 x∂_xΦ^{(1)}_{a5} (x, ζ) )

and ~γ^n_{a1} = ∫ dζζ^n ( 5 4 Φ^{(0)}_{a5} (x, ζ) − 2Φ^{(1)}_{a5} (x, ζ) + Φ^{(2)}_{a5} (x, ζ) + 1 4 x∂_xΦ^{(0)}_{a5} (x, ζ) ) , with similar expressions for the other terms ~γ^n_{ak}. The functions Φ^{(1 n)}_{5a} (x) are determined as in Eq. (4.39). The last function G^{(n)}_{a0} does not contribute to leading order. As final approximate result in leading order we obtain

Im T^{(0) tw2} [μν] (q) |0 ≈ −π ϵ αβ μν { q_αS^T_β qp_+ Φ^{(1, 0)}_{51} (x) (4.66) + q_αp^T_{+β} qp_+ [ qS qp_+ ( Φ^{(0, 0)}_{51} (x) − Φ^{(1, 0)}_{51} (x) ) + p_2S M^2

Φ^{(0, 0)}_{52} (x) ]

+ q_απ^T_{−β} qp_+ [ qS qp_+ ( Φ^{(0, 1)}_{51} (x) − Φ^{(1, 1)}_{51} (x) ) + p_2S M^2 ( Φ^{(1, 0)}_{53} (x) + Φ^{(0, 1)}_{52} (x) − Φ^{(1, 1)}_{52} (x) ) ] } . In Ref. [3] the terms ∝ p_2.S were neglected treating p_2||p_1 and vanishing contributions ∝ π_−. While this is correct for t → 0, a finite contribution remains for M^2 → 0, Eq. (A.23),

lim_{t→0} p_2.S M^2 = x_P 1 − x_P/2 1 − x_P + O ( x_{BJ}x_P

M^2 Q^2 ) . (4.67)

So the previous result [3] is to be modified by a third term

Im T^{(0) tw2} [μν] (q) |0 ≈ −π ϵ αβ μν { q_αS^T_β qp_+ Φ^{(1, 0)}_{51} (x) + q_αp^T_{+β} qp_+ [ qS qp_+ ( Φ^{(0, 0)}_{51} (x) − Φ^{(1, 0)}_{51} (x) ) + x_PΦ^{(0, 0)}_{52} (x) ] } . (4.68)

The t-dependent correction terms result from the (η^2 + t/p^2_+)–contributions in ϵ and they are entirely contained in correction terms γ^n_{ak} :

Im T^{(0) tw2} [μν] (q) |t ≈ +π ϵ αβ μν x^2 t Q^2 { q_αS^T_β qp_+ ( (~γ^2_{1 1} + ~γ^2_{1 2}) + 2η(~γ^1_1 + ~γ^1_2) − (~γ^0_{1 1} + ~γ^0_{1 2}) )

− q_αp^T_{+β} qp_+ [ qS qp_+ ( ~γ^2_{1 2} + 2η~γ^1_2 − ~γ^0_{1 2} ) − p_2S M^2 ( ~γ^2_1 + 2η~γ^1_{2 1} − ~γ^0_{2 1} ) ]

− q_απ^T_{−β} qp_+ [ qS qp_+ ( ~γ^3_{1 2} + 2η~γ^2_{1 2} − ~γ^0_{1 2} )

+ p_2S M^2 ( (~γ^3_{2 2} − ~γ^2_{3 1} − ~γ^2_{3 2}) + 2η(~γ^2_2 − ~γ^1_{3 1} − ~γ^1_{3 2})

−(~γ^1_{2 2} − ~γ^0_{3 1} − ~γ^0_{3 2}) )]} . (4.69)

The corresponding terms are of the same size as in the unpolarized case, Section 4.1, and may have a quantitative effect only in the low Q^2–region in the meson–exchange case.

It is remarkable that the Wandzura-Wilczek relation [35] remains intact after ζ-integrations and is valid for the experimentally observable moments,

G^{(n)}_{a 2} (x, η, t, p^2_+/Q^2) = − G^{(n)}_{a 1} (x, η, t, p^2_+/Q^2) +

∫_1 x dy y G^{(n)}_{a 1} (y, η, t, p^2_+/Q^2) . (4.70)

The second integral relation (4.60) contains the ζ–dependent denominator √ 1 + x^2P^2/q^2 so that we obtain after ζ-integration more complicated expressions. In the approximation π_− = 0 one obtains

G^{(n)}_{a 0} (x, η, t, p^2_+/Q^2) ≈ xξ_0 G^{(n)}_{a 1} (x, η, t, p^2_+/Q^2) −

2x^2 + xξ_0 [1 + 4x^2 p^2_+/Q^2]^{1/2}

∫_1 x dy y G^{(n)}_{a 1} (y, η, t, p^2_+/Q^2) + 2x^2 [1 + 4x^2 p^2_+/Q^2]^{3/2}

∫_1 x dy y ∫_1 y dy^′ y^′ G^{(n)}_{a 1} (y^′, x, η, t, p^2_+/Q^2) . (4.71)

ξ_0 denotes the Nachtmann variable (4.35). However the functions G^{(n)}_{a 0} (x, η, t, p^2_+/Q^2) contribute to sub-leading terms only.

5 Conclusions

Deep–inelastic diffractive scattering, like other hard scattering processes off nucleons, requires target mass corrections in the region of lower Q^2-scales. In fact, the nucleon mass M is not the only hadronic scale relevant to that process where both the incoming and outgoing nucleon play a role. The invariant t = (p_2 − p_1)^2 on average is of the same size as M^2.^3 In the present paper we investigated in detail the conditions under which terms like M^2/Q^2 or |t|/Q^2 contribute.

We considered the leading twist contributions for which factorization theorems allow a partonic description. With the help of A. Mueller’s generalized optical theorem it was possible to reformulate diffractive scattering in terms of deep–inelastic scattering off an effective two– nucleon pseudo-state accounting for t. All essential expressions determining experimentally relevant quantities are the diffractive generalized parton densities (dGPD) defined as expectation values of non-local light-cone operators (3.5,3.6). The involved iterated diffractive dGPDs (4.8–4.13), respectively (4.57) and (4.58), Φ^{(i)}_{(5)a}(λ, ζ, t, η; μ^2) depend on at least three variables, λ, ζ and t. Hereby t is an external variable, whereas λ is defined as overall scale multiplied with a generalized momentum in (p_+z_+ + p_−z_−) = λP. In the hadronic tensor W_{μν} = Im T_{μν} it is fixed by ξ, the generalized Nachtmann variable (3.18). Moreover the generalized momentum P = p_+ + ζπ_− splits into a “longitudinal” and a “transversal” part π_− multiplied by a new variable ζ and can be treated separately. The problem in applying the results of our previous work [1] is the dependence of the dGPDs on the ‘internal’ variable ζ which is not measurable in experiment since it contributes through a definite integral in the final expressions. We performed an expansion w.r.t. the external variable p^2_+/Q^2. This leads to a set of integrated dGPDs which describe the process and the relevant mass corrections in a well-defined approximation.

One of our results is a prescription of experimental data in terms of experimentally accessible integrated diffractive GPD’s,

Φ^{(i n)}_{(5)a} (ξ, t, η) = ∫ dζ ζ^n Φ^{(i)}_{(5)a}(ξ, ζ, t, η) , (5.1)

or approximately by the functions (4.39), which could be considered as diffractive parton densities, as it is the case for vanishing masses [2]. For our approximation a similar relation holds, where ξ is substituted by the variable x = Q^2/qp_+. Note that one and the same diffractive input GPD Φ^{(i)}_{(5)a}(ξ, ζ, t, η) determines several amplitudes with different kinematic factors. This can be seen in the lowest approximations (4.47) or (4.66) and for the t-dependent corrections (4.49) and (4.69).

3 In case of related semi–exclusive processes in which more than one final–state hadron is well separated in rapidity from the inclusively produced hadrons other invariants more would emerge.

The t– and M^2–dependence due to the functions Φ^{(in)}_{(5)a}(ξ, t, η), besides the non-perturbative t–behaviour, turns out to be of O(x^2_{BJ(P)}μ^2/Q^2), μ^2 = |t|, M^2. Some of the kinematic factors emerging in the scattering cross section turn out to be less suppressed and are of O(x_{BJ(P)}μ^2/Q^2). In the case of diffractive scattering the region of x_{BJ} and x_P is effectively limited by ⪅ 10^{−2}. The corresponding corrections cannot be resolved at the experimental accuracy. The effects are larger in the case of meson–exchange processes with a fast hadron due to the range x ⪅ 0.3. Due to the smallness of these corrections the diffractive distribution functions obey a partonic description, where t plays the role of an additional variable besides β = x_{BJ}/x_P.

At the level of twist–2 the structure functions the scattering cross section can be built from the corresponding operator expectation values (3.5–3.6) as in the case of deep–inelastic scattering since the specifics of diffractive scattering is moved into the corresponding two–particle wave functions. Consequently, the logarithmic scaling violations, which can be completely associated with that of the operators, cf. [2,27], are found to be the same as in DIS or DVCS, if the complete diffractive GPDs are used.

The integral relations (4.22), (4.59) and (4.60) can be transformed in part to the integrated functions only. The presence of target mass and t-effects enlarges the number of structure functions determining the hadronic tensor if compared to the case of forward scattering. As shown in the present paper, these corrections are suppressed by at least one power in x_{BJ} or x_P and therefore the picture derived in [2, 3] remains valid quantitatively. In the polarized case, there is a new term, cf. (4.68), which contains x_P as prefactor. The Wandzura–Wilzcek relation remains unbroken and holds even separately for the contributions of the three different invariants K^5_a (3.8). We have also shown how the present formalism can be used to derive the target mass corrections in the limit of forward scattering.

A Kinematic Relations

In the following we list kinematic relations for the process of deeply-inelastic diffractive scattering. The incoming and outgoing lepton momenta are l_1 and l_2, those of the nucleon are p_1 and p_2 (diffractive nucleon), and the vector of the remainder hadrons is denoted by r. We disregard the lepton masses, l_1.l_1 = l_2.l_2 = 0. The kinematic invariants of this 2 → 3 particle scattering process are, cf. [40], p_1.p_1 = p_2.p_2 = M^2 , (A.1) r.r = M^2_X , (A.2) s = (l_1 + p_1)^2 = 2l_1.p_1 + M^2 , (A.3) q^2 = −Q^2 = (l_1 − l_2)^2 = −2l_1.l_2 , (A.4) t = (p_1 − p_2)^2 = 2M^2 − 2p_1.p_2 , (A.5)

W^2 = (r + p_2)^2 = (q + p_1)^2 = Q^2 ( 1 x_{BJ} − 1 ) + M^2 , (A.6)

l_1.q = −Q^2/2 , (A.7) l_2.q = +Q^2/2 , (A.8) s_1 = (l_2 + r)^2 , (A.9) 2l_1.p_2 = s − s_1 + t − M^2 . (A.10) For the later analysis it will be useful to consider the cms frame of the momenta p_1 + q = p_2 + r = 0 . (A.11) We need to express S_{||}.p_2. This requires a suitable representation of p_2, which cannot be obtained from the invariants above. In the frame (A.11) the energies and absolute values of the threemomenta are given by

E_q = 1 2 √ W^2 [ W^2 − Q^2 − M^2 ] , (A.12)

E_{p1} = 1 2 √ W^2 [ W^2 + Q^2 + M^2 ] , (A.13) |q| = |p_1| = 1 2 √ W^2 λ^{1/2}(W^2, −Q^2, M^2) , (A.14)

E_r = 1 2 √ W^2 [ W^2 + M^2_X − M^2_1 ] , (A.15)

E_{p2} = 1 2 √ W^2 [ W^2 + M^2 − M^2_X ] , (A.16) |r| = |p_2| = 1 2 √ W^2 λ^{1/2}(W^2, M^2, M^2_X ) , (A.17) E_l = |l| = 1 2 √ W^2 [ s − Q^2 − M^2 ] . (A.18)

The spin vector S_{||} and the four vector p_2 read S_{||} = 1 2 √ W^2 ( λ^{1/2}(W^2, −Q^2, M^2); 0, 0, W^2 + M^2 + Q^2 ) , (A.19)

p_2 = 1 2 √ W^2 ( W^2 + M^2 − M^2_X ; p_{⊥,2}, cos θ_{1,2}λ^{1/2}(W^2, M^2, M^2_X ) ) , (A.20) with S^2_{||} = −M^2 and

cos θ_{1,2} =

2W^2(t − 2M^2) + (W^2 + Q^2 − M^2)(W^2 + M^2 − M^2_X ) √ λ(W^2, M^2, −Q^2)λ(W^2, M^2, M^2_X ) = 1 − x_P +^{txBJ}_{Q2} −^{4xBJM 2}_{Q2} ( 1 − x_{BJ} + x_{BJ}^{M 2}_{Q2} ) − 2^{x2BJt}_{Q2} ( 1 −^{M 2}_{Q2} ) {( 1 +^{4x2BJM 2}_{Q2} ) [( 1 − x_P −^{xBJt}_{Q2}

)_2

− 4x_{BJ}x_P^{M 2}_{Q2} ( 1 − β + β^t_{Q2} )]}

≃ 1 − x_{BJ} 1 − x_P [ |t| Q^2 ( 1 + 2 1 − x_P ) + 4M^2 Q^2 ] + O (( x^2_{BJ}, x_{BJ}μ^2 Q^2

)_2) , (A.21)

with μ^2 = t, M^2. Note that the dependence on μ^2/Q^2 is here linear with x_{BJ}. λ(a, b, c) = (a − b − c)^2 − 4bc (A.22) denotes the triangle-function. In the limit t, M^2 → 0 one obtains cos θ_{1,2} = 1.

S_{||}.p_2 is given by

S_{||}.p_2 = 1 4W^2 [ λ^{1/2}(W^2, −Q^2, M^2)(W^2 + M^2 − M^2_X )

− cos(θ_{1,2})λ^{1/2}(W^2, M^2, M^2_X )(W^2 + M^2 + Q^2) ]

= M^2x_P(1 − x_P/2) 1 − x_P + |t|(3 − x_P) 4(1 − x_{BJ})(1 − x_P)

+ O(|t|^2, M^4, |t|M^2) . (A.23)

Further S_{||}.l_1 and S_{||}.q are

S_{||}.l_1 = 1 4W^2 ( s − Q^2 − M^2 ) Q^2 x_{BJ} [( 1 + 4x^2_{BJ}M^2 Q^2 )_{1/2} − ( 1 + 2x_{BJ}M^2 Q^2 )]

≃ − 1 2y (1 − x_{BJ}y)M^2 + O ( x^2_{BJ}M^4

Q^2 ) , (A.24)

S_{||}.q = − 1 2W^2 ( Q^2 − M^2 ) Q^2 x_{BJ} √ 1 + 4x^2_{BJ}M^2

Q^2 = − Q^2 1 − x_{BJ} [ 1 − M^2 Q^2 ( 1 1 − x_{BJ}

− 4x^2_{BJ} ) + O (( x_{BJ}

M^2 Q^2 )_2)] . (A.25)

Note that these expressions contain terms of O(M^2/Q^2) and O(x_{BJ}M^2/Q^2). S_{||}.l_1 and S_{||}.p_2 vanish in the strict collinear limit t, M^2 → 0.

The above invariants, except s_1, were all parameterized in terms of the dimensionless quantities, as x_{BJ}, y, x_P keeping M^2 and t, which are normalized to Q^2. The invariant

s_1 = s + M^2 − 1 λ(W^2, q^2, M^2) [ D_1 + 2 cos(ϕ_b) √ G_1G_2 ] , (A.26)

in addition depends on the azimuthal angle ϕ_b. Here,

G_1 = G(s, q^2, W^2, 0, M^2, 0) ≤ 0 , (A.27) G_2 = G(W^2, t, M^2, q^2, M^2, M^2_X ) ≤ 0 , (A.28) where G denotes the Caley determinant

G(x, y, z, u, v, w) = − 1 2

| | | | | | | |

0 1 1 1 1 1 0 v x z 1 v 0 u y 1 x u 0 w 1 z y w 0

| | | | | | | | . (A.29)

D_1 is the determinant

D_1 = | | | | | 2M^2 W^2 − q^2 + M^2 2M^2 − t W^2 − q^2 + M^2 2W^2 W^2 − M^2_X + M^2 s + M^2 s + W^2 0

| | | | | . (A.30)

Let us consider the limit M^2, t → 0. Here

G_2 = G(W^2, 0, 0, q^2, 0, M^2_X ) = 0 , (A.31)

and s_1 does not depend on the azimuthal angle ϕ_b. Furthermore,

D_1 = (W^2 + Q^2)(W^2 − M^2_X )s = sQ^4 x^2_{BJ}

(1 − x_P) , (A.32)

2l_1.p_2 = s(1 − x_P) . (A.33)

Therefore we obtain in the limit M^2, t → 0 the hadronic tensors given in [2, 3].

We now expand 2l_1.p_2 up to terms linear in M^2 and t. One obtains

G_1 ≃ −s^2Q^2 [ (1 − y) − M^2 Q^2 x_{BJ}y (2 − y(1 − x)) ] , (A.34)

G_2 ≃ −

Q^4 x^2_{BJ} [ (1 − 2x_{BJ} − x_P) |t| Q^2 − M^2 Q^2 x^2_P (1 + 2β)^2 ] , (A.35)

D_1 ≃

Q^6 yx^3_{BJ} [ 1 − x_P + |t| Q^2 x_{BJ}(y(1 − x_{BJ}) + 2x_{BJ}) + 2

M^2 Q^2 x_{BJ}(2x_{BJ} + y(1 − x_{BJ}x_P))

+O(μ^4/Q^4) ] . (A.36)

The ratio l_1.p_2/l_1.p_1 receives √ μ^2/Q^2 corrections for the angular term ∝ cos ϕ_b and μ^2/Q^2 corrections otherwise,

l_1.p_2 l_1.p_1

= 1 − x_P + |t| Q^2 x_{BJ} [y(1 − x_{BJ}) + 2x_{BJ}] + 2

M^2 Q^2 x_{BJ}y(1 − x_{BJ}x_P)

+2 cos ϕ_bx √ 1 − y [ (1 − 2x_{BJ} − x_P) |t| Q^2 − M^2 Q^2 x^2_P(1 + 2β)^2 ]_{1/2}

+O ( μ^3 (Q^2)^{3/2} ) . (A.37)

B The Limiting Case of Deep–Inelastic Scattering

As a check of our general result we perform the limit p_2 → 0 to obtain the results of Refs. [15–17]. In this limit the kinematic variables and invariants are given by

P → p_1 ≡ p , x → 2x^f_{Bj} ≡

Q^2 qp , η → −1 , π_− → 0 , (B.1)

P^2 → M^2 , t → M^2 , p_−p_+ → −M^2 , K^1 → p , K^2 → 0 . (B.2)

The generalized Nachtmann variable takes the form ξ → 2 2x^f_{Bj} 1 + √ 1 + 4x^f_{Bj}M^2/Q^2

= 2ξ^f . (B.3)

First, we consider the symmetric part of the amplitude. The second kinematic variable K^2 = π_− vanishes. In (4.17) only the contributions for a = 1 remain,

Im T^{tw2}_{1 {μν}} (q) = 2π ∫ dζ [ − g^T_{μν} W^{diff}_{1 1} (x, P^2/Q^2; ζ) + p^T_μ p^T_ν M^2

W^{diff}_{1 2} (x, P^2/Q^2; ζ) ] (B.4) → 2π [ − g^T_{μν} W_1(ξ^f ) + p^T_μ p^T_ν M^2

W_2(ξ^f ) ] . (B.5)

Because of p_2 = 0, the integration over z_2 can now be performed, ∫ dz_2 ϕ(z_1, z_2) = ^ϕ(z_1) , (B.6)

where ^Φ(z_1) denotes the parton density in the deep–inelastic case. The variables z_i are expressed by z_1 → λ = ξ , z_2 → λ(2ζ + 1) = ξ(2ζ + 1) , dz_2 = 2 ξ dζ . (B.7)

From the complete integration measure 2|λ|dλdζ the λ-integral has already been carried out, so that only the ζ-integration remains.

To get the standard structure functions for deep–inelastic scattering we take the limits (B.1– B.3) and perform the ζ-integration,

W_k(ξ^f , x^f_{Bj}, p^2/Q^2) = ∫ dζ lim_{p2→0} W^{diff}_{1 k} (ξ, x, P^2/Q^2; ζ) for k = 1, 2 . (B.8)

To obtain explicit expressions we use W^{diff}_{1 1} (ξ, x, P^2/Q^2; ζ) and W^{diff}_{1 2} (ξ, x, P^2/Q^2; ζ) in (4.18) and (4.20) together with the diffractive structure functions F_{1 1}(ξ, ζ) and F_{1 2}(ξ, ζ) as given by (4.3) and (4.4), respectively. We obtain

W_1 =

2 x^f_{Bj} √ 1 + 4(x^f_{Bj})^2M^2/Q^2 [ ^Φ^{(0)}_{f 1} + x f BjM^2/Q^2 √ 1 + 4(x^f_{Bj})^2M^2/Q^2

^Φ^{(1)}_{f 1} + (x f Bj M^2/Q^2)^2 1 + 4(x^f_{Bj})^2M^2/Q^2

^Φ^{(2)}_{f 1} ]

(B.9) and W_2 =

(2 x^f_{Bj})^3M^2/Q^2 √ 1 + 4(x^f_{Bj})^2M^2/Q^{2 3} [ ^Φ^{(0)}_{f 1} + 3 x f Bj M^2/Q^2 √ 1 + 4(x^f_{Bj})^2M^2/Q^2

^Φ^{(1)}_{f 1} + 3 (x f Bj M^2/Q^2)^2 1 + 4(x^f_{Bj})^2M^2/Q^2

^Φ^{(2)}_{f 1} ] , (B.10)

where the functions ^Φ^{(n)}_{f 1} (2ξ^f ) follow from (4.8–4.10).

The ζ–integrals can be performed taking into account

^Φ^{(n)}_{f 1} (2ξ^f ) = 2^n Φ^{(n)}_{f 1} (ξ^f ), (B.11)

which yields ∫ dζΦ^{(0)}_a (ξ, ζ) ≡ ^Φ^{(0)}_a (ξ) → ^Φ^{(0)}_{f a}(2ξ^f ) = f_{f a}(ξ^f ) = Φ^{(0)}_{f a}(ξ^f ) , (B.12) ∫ dζΦ^{(1)}_a (ξ, ζ) ≡ ^Φ^{(1)}_a (ξ) → ^Φ^{(1)}_{f a}(2ξ^f ) = 2

∫_1 ξ^f dy_1 f_{f a}(y_1) = 2Φ^{(1)}_{f a}(ξ^f ) , (B.13) ∫ dζΦ^{(2)}_a (ξ, ζ) ≡ ^Φ^{(2)}_a (ξ) → ^Φ^{(2)}_{f a}(2ξ^f ) = 4

∫_1 ξ^f dy_2 ∫_1

y_2

dy_1 f_{f a}(y_1) = 4Φ^{(2)}_{f a}(ξ^f ) , (B.14)

in the limit p_2 → 0. Finally one obtains

W_1(ξ^f ) =

2 x^f_{Bj} √ 1 + 4(x^f_{Bj})^2M^2/Q^2 [ Φ^{(0)}_{f 1} +

2 x^f_{Bj}M^2/Q^2 √ 1 + 4(x^f_{Bj})^2M^2/Q^2

Φ^{(1)}_{f 1} +

4 (x^f_{Bj} M^2/Q^2)^2 1 + 4(x^f_{Bj})^2M^2/Q^2

Φ^{(2)}_{f 1} ]

(B.15) and W_2(ξ^f ) =

(2 x^f_{Bj})^3M^2/Q^2 √ 1 + 4(x^f_{Bj})^2M^2/Q^{2 3} [ Φ^{(0)}_{f 1} +

6 x^f_{Bj}M^2/Q^2 √ 1 + 4(x^f_{Bj})^2M^2/Q^2

Φ^{(1)}_{f 1} +

12 (x^f_{Bj} M^2/Q^2)^2 1 + 4(x^f_{Bj})^2M^2/Q^2

Φ^{(2)}_{f 1} ] , (B.16)

the representation for the target mass corrections in the unpolarized case given in [15] before.

As in the case of generalized parton densities also here the diffractive hadronic distribution amplitudes contain as limit the parton distribution of deeply inelastic scattering. However, care is needed because

Φ^{(0)}_{f a}(ξ_f ) = ^Φ_a(2ξ^f , t = M^2) (B.17)

includes an analytic continuation from the physical values t < 0 to t = M^2.

Next, we consider the antisymmetric contributions in the Compton amplitude, which correspond to the case of polarized scattering. From the kinematic factors (3.8) only K^1_5 = S remains in the limit p_2 → 0. We consider (4.62) and (4.64) with the definition (4.61) for G^{(n)}_{1 k} . This results in

Im T^{tw2}_{[μν] f} (q) = π ϵ^{αβ}_{μν} { q_αS_β qp ( G^{(0)}_{11} (x^f_{Bj}) + G^{(0)}_{12} (x^f_{Bj}) ) − q_αp_β qp qS qp G^{(0)}_{12} (x^f_{Bj}) } , (B.18) the forward scattering limit (B.1) of our general result (4.62) and (4.64) with the definition (4.61) of G^{(n)}_{1 k} . The antisymmetric part of the amplitude simplifies to

G^{(0)}_{11} (x^f_{Bj}) = x^f_{Bj}/ξ^f [1 + 4(x^f_{Bj})^2M^2/Q^2]^{3/2} [ ^Φ^{(0)}_{51} (2ξ^f ) + 4x f Bj(x^f_{Bj} + ξ^f )M^2/Q^2 [1 + (4x^f_{Bj})^2M^2/Q^2]^{1/2}

^Φ^{(1)}_{51} (2ξ^f )

− 2x^f_{Bj}ξ^f M^2/Q^2

2 − 4(x^f_{Bj})^2M^2/Q^2 1 + 4(x^f_{Bj})^2M^2/Q^2

^Φ^{(2)}_{51} (2ξ^f ) ] , (B.19)

G^{(0)}_{12} (x^f_{Bj}) = −x^f_{Bj}/ξ^f [1 + 4(x^f_{Bj})^2M^2/Q^2]^{3/2} [ ^Φ^{(0)}_{51} (2ξ^f ) − 1 − 4x f Bjξ^f M^2/Q^2 [1 + 4(x^f_{Bj})^2M^2/Q^2]^{1/2}

^Φ^{(1)}_{51} (2ξ^f )

− 6 x^f_{Bj}ξ^f M^2/Q^2 1 + 4(x^f_{Bj})^2M^2/Q^2

^Φ^{(2)}_{51} (2ξ^f ) ] , (B.20)

and G^{(0)}_{11} (x^f_{Bj}) + G^{(0)}_{12} (x^f_{Bj}) = x^f_{Bj}/ξ^f [1 + 4(x^f_{Bj})^2M^2/Q^2]^{3/2}

(B.21) × [( 1 + 2x^f_{Bj}ξ^f M^2/Q^2 ) ^Φ^{(1)}_{51} (2ξ^f ) + 2x^f_{Bj}ξ^f M^2/Q^2 ^Φ^{(2)}_{51} (2ξ^f ) ] . Again we introduced the (integrated) parton distributions ^Φ^{(0)}_{5 a} (ξ) and performed the limit (B.1) as follows: ∫ dζΦ^{(0)}_{5 a} (ξ, ζ) ≡ ^Φ^{(0)}_{5 a} (ξ) → ^Φ^{(0)}_{5 a} (2ξ^f ) = 2ξ^f f_{5 f a}(ξ^f ) = Φ^{(0)}_{5 f a}(ξ^f ) , (B.22) ∫ dζΦ^{(1)}_{5 a} (ξ, ζ) ≡ ^Φ^{(1)}_{5 a} (ξ) → ^Φ^{(1)}_{5 a} (2ξ^f ) =

∫_1 ξ^f dy_1 y_1

Φ^{(0)}_{5 f a}(y_1) = Φ^{(1)}_{5 f a}(ξ^f ) , (B.23) ∫ dζΦ^{(2)}_{5 a} (ξ, ζ) ≡ ^Φ^{(2)}_{5 a} (ξ) → ^Φ^{(2)}_{5 a} (2ξ^f ) =

∫_1 ξ^f dy_2 y_2

∫_1

y_2 dy_1 y_1

Φ^{(0)}_{5 f a}(y_1) = Φ^{(2)}_{5 f a}(ξ^f ) . (B.24)

Finally we substitute ^Φ^{(i)}_{5 a}(2ξ^f ) by Φ^{(2)}_{5 f a}(ξ^f ) and obtain the result given in [16, 17] before.

Acknowledgment

This paper was supported in part by SFB-TR-9: Computergestütze Theoretische Teilchenphysik. We thank M. Diehl, P. Kroll, D. Müller, W.-D. Nowak and M. Vanderhaeghen for discussions.

References

[1] J. Blümlein, B. Geyer and D. Robaschik, Nucl. Phys. B 755 (2006) 112-136 [arXiv:hep-ph/0605310].

[2] J. Blümlein and D. Robaschik, Phys. Lett. B 517 (2001) 222 [arXiv:hep-ph/0106037].

[3] J. Blümlein and D. Robaschik, Phys. Rev. D 65 (2002) 096002 [arXiv:hep-ph/0202077].

[4] M. Derrick et al. [ZEUS Collaboration], Phys. Lett. B 315 (1993) 481;

T. Ahmed et al. [H1 Collaboration], Nucl. Phys. B 429 (1994) 477.

[5] M. Derrick et al. [ZEUS Collaboration], Z. Phys. C 70 (1996) 391 [arXiv:hep-ex/9602010];

C. Adloff et al. [H1 Collaboration], Z. Phys. C 76 (1997) 613 [arXiv:hep-ex/9708016]; S. Chekanov et al. [ZEUS Collaboration], Nucl. Phys. B 713 (2005) 3 [arXiv:hep-ex/0501060].

[6] C. Adloff et al. [H1 Collaboration], Phys. Lett. B 393 (1997) 452 [arXiv:hep-ex/9611017] .

[7] F.D. Aaron et al., [H1 Collaboration], arXiv:0805.2809 [hep-ex].

[8] C. Aidala et al. [EIC Working Group], A White Paper Prepared for the NSAC LPR 2007, A High Luminosity, High Enery Electron-Ion-Collider.

[9] H. Abramowicz and J. B. Dainton, J. Phys. G 22 (1996) 911.

[10] B. Kopeliovich, B. Povh and I. Potashnikova, Z. Phys. C 73 (1996) 125 [hep-ph/9601291].

[11] G. Ingelman and P. E. Schlein, Phys. Lett. B 152 (1985) 256;

J. Bartels and G. Ingelman, Phys. Lett. B 235 (1990) 175;

A. Donnachie and P. V. Landshoff, Phys. Lett. B 518 (2001) 63 [arXiv:hep-ph/0105088]; W. Buchmüller and A. Hebecker, Phys. Lett. B 355 (1995) 573 [arXiv:hep-ph/9504374]; M. Wüsthoff and A. D. Martin, J. Phys. G 25 (1999) R309 [arXiv:hep-ph/9909362]; J. Bartels, J. R. Ellis, H. Kowalski and M. Wüsthoff, Eur. Phys. J. C 7 (1999) 443 [arXiv:hep-ph/9803497];

J. Bartels and H. Kowalski, Eur. Phys. J. C 19 (2001) 693 [arXiv:hep-ph/0010345]; M. Diehl, T. Feldmann, R. Jakob, and P. Kroll, Phys. Lett. B460 (1999) 204; Eur. Phys. J. C8 (1999) 409;

P. Kroll, Nucl. Phys. A666 (2000) 3.

[12] A. Berera and D. E. Soper, Phys. Rev. D 53 (1996) 6162 [arXiv:hep-ph/9509239];

A. Berera, arXiv:hep-ph/9606448;

J. C. Collins, Phys. Rev. D 57 (1998) 3051 [Erratum-ibid. D 61 (2000) 019902] [arXiv:hep-ph/9709499].

[13] J. Blümlein and D. Robaschik, Nucl. Phys. A 711 (2002) 228 [arXiv:hep-ph/0207250].

[14] O. Nachtmann, Nucl. Phys. B 63 (1973) 237.

[15] H. Georgi and H. D. Politzer, Phys. Rev. D 14 (1976) 1829.

[16] J. Blümlein and A. Tkabladze, Nucl. Phys. B 553 (1999) 427 [arXiv:hep-ph/9812478] ;

Nucl. Phys. Proc. Suppl. 79 (1999) 541 [arXiv:hep-ph/9905524].

[17] A. Piccione and G. Ridolfi, Nucl. Phys. B 513 (1998) 301 [arXiv:hep-ph/9707478].

[18] V. Baluni and E. Eichten, Phys. Rev. D 14 (1976) 3045; Phys. Rev. Lett. 37 (1976) 1181;

S. Wandzura, Nucl. Phys. B 122 (1977) 412;

S. Matsuda and T. Uematsu, Nucl. Phys. B 168 (1980) 181; R. L. Jaffe and M. Soldate, Phys. Rev. D 26 (1982) 49;

H. Kawamura and T. Uematsu, Phys. Lett. B 343 (1995) 346 [arXiv:hep-ph/9409455].

[19] A. V. Belitsky and D. Müller, Phys. Lett. B 507 (2001) 173 [arXiv:hep-ph/0102224].

[20] B. Geyer, D. Robaschik and J. Eilers, Nucl. Phys. B 704 (2005) 279 [arXiv:hep-ph/0407300] .

[21] M. J. G. Veltman, Nucl. Phys. B 319 (1989) 253;

B. De Wit and J. Smith, Field Theory in Particle Physics, North Holland, Amsterdam, 1986, p. 414.

[22] B. Lampe and E. Reya, Phys. Rept. 332 (2000) 1 [arXiv:hep-ph/9810270].

[23] A. H. Mueller, Phys. Rev. D 2 (1970) 2963; Phys. Rev. D 4 (1971) 150;

P.D.P. Collins, An Introduction to Regge Theory and High Energy Physics, Cambridge 1977, pp. 331;

A. A. Logunov, B. V. Medvedev, M. A. Mestvirishvili, V. P. Pavlov, M. K. Polivanov and A. D. Sukhanov, Theor. Math. Phys. 33 (1978) 935 [Teor. Mat. Fiz. 33 (1977) 149].

[24] B. Geyer, M. Lazar and D. Robaschik, Nucl. Phys. B 618 (2001) 99 [Erratum-ibid. B 652 (2003) 408][arXiv:hep-ph/0108061].

[25] B. Geyer and D. Robaschik, Phys. Rev. D 71 (2005) 054018 [arXiv:hep-ph/0407301].

[26] B. Geyer, M. Lazar and D. Robaschik, Nucl. Phys. B 559 (1999) 339 [arXiv:hep-th/9901090];

B. Geyer and M. Lazar, Nucl. Phys. B 581 (2000) 341 [arXiv:hep-th/0003080].

[27] J. Blümlein, B. Geyer and D. Robaschik, Nucl. Phys. B 560 (1999) 283 [arXiv:hep-ph/9903520].

[28] J. Blümlein, J. Eilers, B. Geyer and D. Robaschik, Phys. Rev. D 65 (2002) 054029 [arXiv:hep-ph/0108095].

[29] S.A. Anikin and O.I. Zavialov, Ann. Phys. (N.Y.) 116 (1978) 135;

O.I. Zavialov, Renormalized Quantum Field Theory, Dordrecht, 1990.

[30] V. Bargmann and I. T. Todorov, J. Math. Phys. 18 (1977) 1141.

[31] J. Eilers, B. Geyer and M. Lazar, Phys. Rev. D 69 (2004) 034015.

[32] B. Geyer, M. Lazar and D. Robaschik, Nucl. Phys. B 618 (2001) 99 [Erratum-ibid. B 652 (2003) 408] [arXiv:hep-ph/0108061].

[33] D. Müller, D. Robaschik, B. Geyer, F.-M. Dittes and J. Horejsi, Fortschr. Physik 42 (1994) 101, [arXiv:hep-ph/9812448];

X. D. Ji, Phys. Rev. D 55 (1997) 7114, [arXiv:hep-ph/9609381]; A. V. Radyushkin, Phys. Rev. D 56 (1997) 5524,[arXiv:hep-ph/9704207];

M. Diehl, Phys. Rept. 388 (2003) 41 [arXiv:hep-ph/0307382].

P.A.M. Guichon and M. Vanderhaeghen, Prog. Part. Nucl. Phys. 41 (1998) 125, [arXiv: hep-ph/9806305];

M. Vanderhaeghen, P.A.M. Guichon and M. Guidal, Phys. Rev. D 60 (1999) 094017. [34] C. G. Callan and D. J. Gross, Phys. Rev. Lett. 22 (1969) 156. [35] S. Wandzura and F. Wilczek, Phys. Lett. B 72 (1977) 195.

[36] R. G. Roberts and G. G. Ross, Phys. Lett. B 373 (1996) 235 [arXiv:hep-ph/9601235]. [37] J. Blümlein and N. Kochelev, Nucl. Phys. B 498 (1997) 285 [arXiv:hep-ph/9612318]; Phys.

Lett. B 381 (1996) 296 [arXiv:hep-ph/9603397].

[38] J. Blümlein, V. Ravindran and W. L. van Neerven, Phys. Rev. D 68 (2003) 114004 [arXiv:hep-ph/0304292].

[39] J. Blümlein and D. Robaschik, Nucl. Phys. B 581 (2000) 449 [arXiv:hep-ph/0002071]. [40] E. Byckling and K. Kajantie, Particle Kinematics, John Wiley & Sons, New York, 1973.