arXiv:hep-ph/0209300 v3 13 Nov 2002

CPHT RR 059.0602 hep-ph/0209300

Probing chiral-odd GPD’s in diffractive electroproduction of two vector mesons

D.Yu. Ivanov^{1,2}, B. Pire^3, L. Szymanowski^{3,4} and O.V. Teryaev^{3,5}

1Institut für Theoretische Physik, Universität Regensburg, D-93040 Regensburg, Germany

2 Institute of Mathematics, 630090 Novosibirsk, Russia

3 CPhT, École Polytechnique, F-91128 Palaiseau, France^1

4 Sołtan Institute for Nuclear Studies, Hoża 69, 00-681 Warsaw, Poland

5 Bogoliubov Lab. of Theoretical Physics, JINR, 141980 Dubna, Russia

We consider the electroproduction of two vector mesons with a large rapidity gap between them on a nucleon target in the process γ^∗N → ρ_1ρ_2N^′. We calculate the Born term for this process within the collinear factorization framework. The resulting scattering amplitude may be represented as a convolution of an impact factor describing the γ^∗ → ρ_1 transition and an amplitude describing the N → ρ_2N^′ transition. The latter amplitude is analogous to deeply virtual electroproduction of a meson, the virtual photon being replaced by two gluon (Pomeron) exchange . The long distance part of this amplitude is described by Generalized Parton Distributions (GPD) and meson light-cone distributions. The selection of a transversely polarized vector meson ρ_2 provides the first feasible selective access to chiral-odd GPD.

1 Unité mixte C7644 du CNRS.

1. Generalized Parton Distributions (GPDs) are the non-perturbative objects en-

coding the information about the quark and gluon proton structure in the most complete way [1]. While the chiral even GPD may be probed in various hard exclusive processes, no single one has yet be proven to be sensitive to chiral-odd GPDs [2], [3].

In the massless quark limit, the chiral-odd functions may appear only in pairs in a non-vanishing scattering amplitude, so that chirality flip encoded in one of them is compensated by another. The natural probe for the forward chiral-odd distributions is the Drell-Yan process, containing the convolution of chiral-odd distributions of quark and antiquark [4]. Its nonforward analog is provided by the hard exclusive production of a transversely polarized vector meson, where the quark transversity distribution in the nucleon is substituted by the chiral-odd GPD and the antiquark one by the meson distribution amplitudes (DA) However, the simplest realization of this idea [2], namely the hard exclusive electroproduction of a transversely polarized vector meson, results in a zero contribution [5]. Formally, this comes ¿from the vanishing value of the expression γ^μσ_{αβ}γ_μ, appearing after the summation over the polarizations of the virtual gluon, which is required to transfer the hard momentum transfer in the case of collinear GPD and DA. This formal argument is supported by the consideration of angular momentum conservation in the collinear kinematics.

In the present paper we suggest another process which allows to avoid these effects by ”substituting” to the virtual photon a hard two gluon exchange, i.e. a perturbative Pomeron (P) in the lowest order, coming from a photon/meson transition. Let us consider a generic process AN → BMN^′ (1) shown in Fig. 1 of scattering of a particle A, e.g. being a virtual or real photon, on a nucleon N, which leads via two gluon exchange to the production of particle B (e.g. vector meson or photon) separated by a large rapidity gap from another produced meson M and the scattered nucleon N^′. We consider the kinematical region where the rapidity gap between M and N^′ is much smaller than the one between B and M, that is the energy of the system (M − N^′) is smaller than the energy of the system (B − M) but still large enough to justify our approach (in particular much larger than baryonic resonance masses).

We show that in such kinematical circumstances the Born term for this process is calculable consistently within the collinear factorization method. The final result is represented as an integral (over the longitudinal momentum fractions of the quarks) of the product of two amplitudes: the first one describing the transition A → B via two gluon exchange and the second one describing the subprocess P N → M N^′ which is closely related to the electroproduction process γ^∗ N → M N^′ where collinear factorization theorems allow to separate the long distance dynamics expressed through the GPDs from a perturbatively calculable coefficient function. The hard scale appearing in the process in Fig. 1 is supplied by the relatively large momentum transfer p^2 in the two gluon channel, i.e. by the virtuality of the Pomeron.

Such a process is a representative of a new class of hard reactions whose QCD description within the collinear factorization scheme involves in the described above kinematics

Figure 1: Factorization of the process A N → B M N^′ in the asymmetric kinematics discussed in the text. P is the hard Pomeron.

the impact factor J appearing naturally in Regge-type perturbative description based on the BFKL evolution and it involves the collinear distributions (e.g. F), whose evolutions are governed by DGLAP-ERBL equations.

In this place we would like to mention Ref. [6] in which the factorization theorem was proven for electroproduction of multiple mesons of small invariant mass. Consequently, this bulk of mesons is described in [6] by one generalized distribution amplitude. This should be contrasted with the case which we consider below where the two produced mesons have a large invariant mass, which leads to a different, yet unproven to all orders, factorization theorem.

In order to make our discussion as clear as possible we shall consider first a reference process with all longitudinally polarized vector particles

γ^∗_L(q) N(p_2) → ρ^0_L(q_ρ) ρ^+_L (p_ρ)N^′(p_2′ ) , (2)

which involves the emission of two gluons in the γ^∗_L → ρ_L transition and which is more founded theoretically from the point of view of the collinear factorization. We choose a charged vector meson ρ^+ to select quark antiquark exchange with the nucleon line. We shall show below that the collinear factorization holds at least in the Born approximation of (2) and we shall derive the resulting scattering amplitude. At the same time it will be clear that all steps of derivation can be immediately applied to the description of a whole family of processes, in particular those involving the chiral-odd GPD, e.g. for

γ^∗_L(q) N(p_2) → ρ^0_L(q_ρ) ρ^+_T (p_ρ)N^′(p_2′ ) , (3)

which has been the main motivation for the present studies. We finish our paper by discussing some other processes which could be useful for studies of the transversity and present final conclusions.

2. Let us first summarize the details of the kinematics of the process (2). We

introduce two light-like Sudakov vectors p_{1/2}. The momenta are parametrized as follows :

q^μ = p^μ_1 −

Q^2 s p^μ_2 , q^2 = −Q^2 , s = 2(p_1p_2) q^μ_ρ = αp^μ_1 + ⃗p^2 αs p^μ_2 + p^μ_⊥ , p^2_⊥ = −⃗p^2

p^μ_ρ = ᾱp^μ_1 + ⃗p^2 ᾱs p^μ_2 − p^μ_⊥ , ᾱ ≡ 1 − α p^μ_2′ = p^μ_2 (1 − ζ) (4)

where ζ is the skewedness parameter which can be written in terms of the two meson invariant mass s_1 = (q_ρ + p_ρ)^2 = ⃗p^2 αᾱ (5) and the photon virtuality Q^2 as ζ = 1 s ( Q^2 + s_1 ) . (6)

The ρ^+(p_ρ)−meson - target invariant mass equals

s_2 = (p_ρ + p_2′ )^2 = s ᾱ (1 − ζ) . (7)

The kinematical limit with a large rapidity gap between the two mesons in the final state is obtained by demanding that s_1 is very large, being of the order of s

s_1 = s ζ , s_1 ≫ Q^2, ⃗p^2 , (8)

whereas s_2 is kept constant but large enough to justify the use of perturbation theory in the collinear subprocess PN → ρ^+_L N^′ and the application of the GPD framework

s_2 → ⃗p^2 ζ (1 − ζ) = constant . (9) In terms of the longitudinal fraction α the limit with a large rapidity gap corresponds to taking the limits α → 1 , ᾱs_1 → ⃗p^2 , ζ ∼ 1 . (10) We have choosen the kinematics so that the nucleon gets no transverse momentum in the process. Let us however note that in principle one may allow a finite momentum transfer, small with respect to |⃗p|. This case will involve additional GPDs in the expressions to follow.

Let us repeat in this place that the role of the main hard scale in the processes under discussion below is played by the virtuality p^2 = −⃗p^2, or by the large momentum transfer in the two-gluon exchange channel. If additionally the incoming photon has non zero, sufficiently large virtuality Q^2, then the theoretical description of the processes simplifies even more, as we can neglect within our approximation contribution of the hadronic component of the photon. The case with Q^2 = 0, i.e. the photoproduction at large momentrum transfer is more complicated and may require to take into account both the perturbative and the hadronic (non-perturbative) contributions (see e.g. [7]).

3. We calculate the scattering amplitude M of the process (2) using the standard

collinear factorization method, i.e. we write it in a form suggested by Fig. (1), as:

M = ∑ p=q,q̄ 1∫ 0 dz 1∫ 0 du 1∫ 0 dx_1T^p_H (x_1, u, z) F^p_ζ (x_1)ϕ_ρ+ (u)ϕ_ρ0 (z) . (11)

Here F^p_ζ (x_1) is the generalized (skewed) parton p distribution in the target at zero momentum transfer; x_1 and x_2 = x_1 − ζ are (see Fig. (2)) the momentum fractions of the emitted and absorbed partons (quarks) of the target, respectively (as usual the case x_2 < 0 is interpreted as an emitted antiquark). ϕ_ρ+ (u) and ϕ_ρ0 (z) are the distribution amplitudes of the ρ^+−meson and ρ^0−meson, respectively. T^p_H (x_1, u, z) is the hard scattering amplitude (the coefficient function). For clarity of notation we omit in Eq. (11) the factorization scale dependence of T^p_H , F^p_ζ , ϕ_ρ0 and ϕ_ρ+ .

Eq. (11) describes the amplitude in the leading twist approximation. In other words all terms suppressed by powers of a hard scale parameter 1/|⃗p| are omitted. Within this approximation one neglects (in the physical gauge) the contributions of the higher Fock states in the meson wave functions and the many parton correlations (higher twist GPD’s) in the proton. Moreover, one can neglect in the hard scattering amplitude the relative (with respect to a meson momentum) transverse momenta of constituent quarks (the collinear approximation). This results in the appearence in the factorization formula (11) of the distribution amplitudes, i.e. the usual wave functions depending on the relative transverse momenta of constituents integrated over these momenta up to the collinear factorization scale.

The additional simplification appears in the kinematics given by Eqs. (8-10). In this limit one can consider only the diagrams which involve two gluon exchange between two mesons, see Fig. 2. The other contributions (the fermion exchange diagrams) to the coefficient function T^p_H are known [9] to be suppressed by the power of energy, ∼ ⃗p^2/s, therefore we will not discuss them in what follows. We will show that at the same accuracy, i.e. neglecting terms ∼ ⃗p^2/s, the contribution of gluon exchange diagrams shown in Fig. 2 is purely imaginary and involves GPD’s in the ERBL region only, x_1 < ζ. The first property is of a general nature, it is valid for any diffractive processes calculated in the Born approximation (two gluon exchange), see [9]. The second one is specific for our process.

In the Born approximation the scattering amplitude T^q_H (x_1, u, z) for the quark q target is described by six diagrams, see Fig. 2. They are calculated for the on-mass-shell quarks carrying the collinear momenta x_{1, 2}p_2. The on-mass-shell quark and antiquark entering the ρ−mesons distribution amplitudes ϕ_ρ+ (u) and ϕ_ρ0 (z) carry fractions u and z of the momentum of a corresponding outgoing mason, q_ρ and p_ρ, respectively.

We shall show below that for the process (2) the integrals over x_1, u, z are convergent which justifies the validity of the factorization formula (11).

4. We define the light-cone distribution amplitudes ϕ‖ of ρ^{0,+}_L −mesons appearing

in (2) by the matrix elements

⟨0|q̄(0)γ^μq(y)|ρ^0_L(q_ρ)⟩ = q^μ_ρ f_ρ 1∫ 0 dz e^{−iz(qρ y)}ϕ_‖(z) (12)

⟨0|q̄(0)γ^μq(y)|ρ^+_L (p_ρ)⟩ = p^μ_ρ f_ρ 1∫ 0 du e^{−iu(pρ y)}ϕ_‖(u) (13) ϕ_{||}(z) is the meson distribution amplitude whose asymptotic form is ϕ_{||}(z) = 6zz̄, f_ρ is the ρ−meson coupling constant, f_ρ = 198 ± 7 MeV. The generalized (skewed) quark distribution in an unpolarized nucleon target F_ζ is defined by the formula

⟨N(p_2′ )|q̄(0)γ^μq(y)|N(p_2)⟩ = (14)

= ū(p_2′ )γ^μu(p_2) 1∫ 0 d x_1 [ e^{−ix1(p2y)}F^q_ζ (x_1) − e^{ix2(p2y)}F^{q̄}_ζ (x_1) ] .

The necessary condition for the validity of the collinear factorization is the absence of pinch singularities in the integration over the momentum fraction x_1. The pinch contributions can produce terms which are singular in the end-point region of the momentum fraction u, e.g. terms behaving as ∼ 1/u, 1/ū for u, ū → 0, so that an integral over u would diverge. For example, the result of an integral with a pinch contribution leads to the result ∫ dx_1 F_ζ (x_1) [x_2 + iϵ][x_2 + au − iϵ] u→0−→ ∼ − 2iπF_ζ(ζ) au ∼ 1 u (15)

whereas the one without pinch contribution gives ∫ dx_1 F_ζ (x_1) [x_2 + iϵ][x_2 + au + iϵ] u→0−→ const. (16) The above example shows that in order to avoid pinch singularities it is necessary to have the same iϵ prescriptions in the gluon poles and the quark ones of diagrams in Fig. (2) and that both poles in expression (16) contribute (see for details [8]).

To show the absence of pinch singularities in the x_1−integration it is then enough to examine the denominators appearing in all diagrams in Fig. (2). They involve two gluonic propagators which in a general kinematics, i.e. for arbitrary value of the parameter α, lead to denominators k^2_1 + iϵ = −suᾱ (x_1 − iϵ) (17)

k^2 + iϵ = sūᾱ (x_2 + iϵ) . (18)

and result in the factor of the integrand 1 uū(x_1 − iϵ)(x_2 + iϵ)

. (19)

As for the quark propagators which involve x_{1,2} dependence, it is enough to consider, for example, only those which appear in diagrams a and a’: diagram a:

(zq_ρ − q − k_1)^2 + iϵ = s(ᾱū + z̄α) [ x_2 + ū s_1z̄ s(ᾱū + z̄α) + iϵ ] (20)

diagram a’:

(zq_ρ − q − k_2)^2 + iϵ = −s(ᾱu + z̄α) [ x_1 − u s_1z̄ s(ᾱu + z̄α) − iϵ ] (21)

All remaining quark propagators with x_{1,2} dependence either coincide with (20) and (21) or they are obtained from (20) and (21) by the substitution z ↔ z̄, which is unimportant for the present discussion. A comparison of Eqs. (17), (18), (20), (21) leads to the conclusion that in each separate diagram in Fig. (2) the iϵ prescriptions in quark and gluon propagators coincide and consequently there are no pinch singularities.

5. Now we pass to the calculation of the process (2) in the kinematics with large

rapidity gap between ρ^0_L and ρ^+_L , i.e. characterized by conditions

s_1 ∼ s ≫ Q^2 , ⃗p^2 , ζ ∼ 1 . (22)

They mean that ρ^0_L−meson is produced in the fragmentation region of the photon and consequently we should consider the limit α → 1. Thus we shall neglect terms suppressed by ᾱ → 0 but keeping the condition (10).

In such kinematics we can substitute the numerator of the gluon propagators in the Feynman gauge by g^{μ ν} → 2 s p^μ_1 p^ν_2 , (23) where the Sudakov vector p_2 acts on the upper part of diagrams in Fig. 2.

The gauge invariance of these diagrams allows us to omit the component proportional to q^μ in the polarization vector ε^μ_L of the longitudinaly polarized photon, i.e. to take it in the form ε^μ_L → 2Q s p^μ_2 . (24) Calculations of diagrams in Fig. 2 for quark u contribution and analogous set of diagrams for antiquark d̄ contribution lead to the result M^{γ∗Lp→ρ0Lρ+L n} = − e α^2_s π^2 2^2 C_F √ 1 − ζ f^2_ρ 4 √ 2 s^2 N^2

(25) 1∫ 0 dz ϕ_‖(z) du ϕ_‖(u) dx_1 [F^u_ζ (x_1) − F^{d̄}_ζ (x_1)] [k^2_1 + iϵ][k^2 + iϵ]

T r (p̂_ρ p̂_1 p̂_2 p̂_1) ∑ i=a,b,c,a^′,b^′,c^′ I_i ,

with C_F =^{N 2−1}_{2 N} , and I_a = T r ( q̂_ρ ε̂_L 1 zq̂_ρ − q̂ p̂_2 1 zq̂_ρ − q̂ − k̂_1 p̂_2 ) ,

I_b = T r ( q̂_ρ p̂_2 1 zq̂_ρ − k̂_2 p̂_2 1 q̂ − z̄q̂_ρ ε̂_L ) ,

I_c = T r ( q̂_ρ p̂_2 1 zq̂_ρ − k̂_2 ε̂_L 1 −z̄q̂_ρ + k̂_1 p̂_2 ) , I_a′ = I_a(k_1 ↔ k_2) , I_b′ = I_b(k_1 ↔ k_2) , I_c′ = I_c(k_1 ↔ k_2) , (26)

where we have as usual denoted v̂ = γ^μ v_μ and we have neglected all quark masses.

After calculation of the traces in Eq. (25) we can simplify the numerators of resulting expressions using conditions (10) and keeping the denominators exact. In this way we obtain that the scattering amplitude under study takes the form M^{γ∗Lp→ρ0Lρ+L n} = 8 e α^2_s π^2 C_F √ 1 − ζ Q s_1 f^2_ρ √ 2 N^2 s 1∫ 0 dz ϕ_‖(z) du ϕ_‖(u) dx_1 zz̄[F^u_ζ (x_1) − F^{d̄}_ζ (x_1)] ᾱ^2 u ū [−x_1 + iϵ][x_2 + iϵ] ∑ i=a,b,c,a^′,b^′,c^′ Ĩ_i ,

where

Ĩ_a = z̄ z 1 [Q^2 (1 − z α) + ᾱ z s_1] [x_2 s (ū ᾱ + z̄ α) + s_1 ū z̄ + iϵ] , Ĩ_{a′} = z̄ z 1 [Q^2 (1 − z α) + ᾱ z s_1] [−x_1 s(ᾱ u + z̄ α) + s_1 u z̄ + iϵ] , Ĩ_c = 1

[−x_1 s(z̄ + ᾱ(u + z − 1)) + s_1 u z̄ + iϵ] [s x_2(z + ᾱ(1 − u − z)) + z ū s_1 + iϵ] , Ĩ_b = Ĩ_a(z ↔ z̄) , Ĩ_{b′} = Ĩ_{a′} (z ↔ z̄) , Ĩ_{c′} = Ĩ_c(z ↔ z̄) . (27)

Going to the limit (10) also in the denominators leads to

Ĩ_a + Ĩ_{a′} → 1 Q^2 z z̄ + z^2 ⃗p^2 [ 1 x_1 s − s_1 u + iϵ + 1 −x_1 s + s_1 u + iϵ ]

= −2 π i δ(x_1 s − s_1 u) 1 Q^2 z z̄ + z^2 ⃗p^2

, (28)

Ĩ_b + Ĩ_{b′} → −2 π i δ(x_1 s − s_1 u) 1 Q^2 z z̄ + z̄^2 ⃗p^2

, (29)

Ĩ_c → 2 π i δ(x_1 s − s_1 u) 1 Q^2 z z̄ + (1 − u − z)^2 ⃗p^2

, (30)

Ĩ_{c′} → 2 π i δ(x_1 s − s_1 u) 1 Q^2 z z̄ + (u − z)^2 ⃗p^2

. (31)

¿From Eqs. (28), (29), (30) and (31) we see that in our kinematics with a large rapidity gap, the sum of all Ĩ^′s contributions leads to a result which is purely imaginary. Below we identify it with the discontinuity across the sum of upper parts of diagrams in Fig. 2. Let us also observe that the delta function in the above expressions leads to the value x_1 = u s_1/s = u ζ, i.e. we probe the GPD’s in the ERBL region. Substituting (28), (29), (30), (31) into (27) we obtain the result M^{γ∗Lp→ρ0L ρ+L n} = − i 16 s ζ e α^2_s π^3 C_F √ 1 − ζ Q f^2_ρ √ 2 N^2 (⃗p^2)^2 1∫ 0 du ϕ_‖(u) u^2 ū^2 [ F^u_ζ (u ζ) − F^{d̄}_ζ (u ζ) ]

1∫ 0 dz ϕ_‖(z) z z̄ ( 1 Q^2 z z̄ + z^2 ⃗p^2 + 1 Q^2 z z̄ + z̄^2 ⃗p^2 − 1 Q^2 z z̄ + (1 − u − z)^2 ⃗p^2 − 1 Q^2 z z̄ + (u − z)^2 ⃗p^2 ) . (32)

In the result (32) all integrals are well defined and converge, which shows that the collinear factorization holds for our process. For its validity it is important that the last integral over z in (32) vanishes when u or ū → 0. This fact is not surprising since this integral is well known in BFKL approach [9] as the impact factor describing in the Born approximation the transition γ^∗_L → ρ^0_L by two gluon exchange (Fig. (2)).

The impact factor J^{γ∗L→ρ0L} (⃗k_1, ⃗k_2) depends on the transverse components of the momenta of the t−channel gluons ⃗k_1, ⃗k_2, ⃗k_1 + ⃗k_2 = ⃗p. It is defined as the discontinuity in the channel (γ^∗_L(q) g(k_1)), i.e. in the Mandelstam variable sβ ≡ (q + k_1)^2 i δ^{a b} J^{γ∗L→ρ0L} (⃗k_1, ⃗k_2) = ∫ d(sβ) 2πi Disc_{sβ} (S^{γ∗L→ρ0L ,a b} μν p^μ_2 p^ν_2 )

s^2

. (33) Here S^{γ∗L →ρ0L ,a b} μν is the S-matrix element for the above transition. It contributes to the impact factor through its contraction with the light cone components of the Sudakov vector p_2. a, b are the colour indices of the gluons. In the Born approximation it is described by a quark loop with two t-channel gluons coupled to it in all possible ways, i.e. by the upper parts of Fig. 2. The calculation of J^{γ∗L→ρ0L} (⃗k_1, ⃗k_2) is standard [10], leading to the result (for nonvanishing quark mass m_q case):

J^{γ∗L→ρ0L} (⃗k_1, ⃗k_2) = −f_ρ eα_s2πQ N_c √ 2 1∫ 0 dz zz̄ϕ_{||}(z)P (⃗k_1, ⃗k_2) , (34) with

P (⃗k_1, ⃗k_2 = ⃗p − ⃗k_1) = 1 z^2⃗p^2 + m^2_q + Q^2zz̄ + 1 z̄^2⃗p^2 + m^2_q + Q^2zz̄ − 1 (⃗k_1 − z⃗p )^2 + m^2_q + Q^2zz̄ − 1 (⃗k_1 − z̄⃗p )^2 + m^2_q + Q^2zz̄

. (35)

Let us note also that the impact factor J^{γ∗L→ρ0L} (⃗k_1, ⃗k_2) vanishes linearly when the transverse momentum of one of the t-channel gluons, ⃗k_1 or ⃗k_2, vanishes. This fact is related to the gauge invariance of QCD. Its physical interpretation in this case is that a soft gluon cannot probe the structure of a colourless scattered object (photon dissociating into a small quark dipole).

The last integral over z in Eq. (32) is proportional to J^{γ∗L→ρ0L} (⃗k_1 = u⃗p, ⃗k_2 = ū⃗p) for m_q = 0. The values appearing as arguments of this impact factor follow in an obvious way from the conservation of transverse momentum in the diagrams in Fig. (2) and Eq. (4): the quark and antiquark momenta x_1 p_2 and x_2 p_2, respectively, are longitudinal ones, consequently ⃗k_1 = −u ⃗p_ρ = u ⃗p and ⃗k_2 = −ū ⃗p_ρ = ū ⃗p.

Expressing the result (32) in terms of the impact factor J^{γ∗L→ρ0L} we obtain M^{γ∗ p →ρ0L ρ+L n} = i8π^2ζsα_sf_ρ √ 1 − ζ C_F N (⃗p^2)^2 1∫ 0 du ϕ_‖(u) u^2ū^2 J^{γ∗L→ρ0L} (u⃗p, ū⃗p) [ F^u_ζ (uζ) − F^{d̄}_ζ (uζ) ] (36)

Eq. (36) exhibits an interesting property which we would like to emphasize. Our calculations were done consistently within the framework of the collinear factorization. Nevertheless the result (36) shows that the end-point singularities related to the singular behaviour of the hard t-channel two gluon propagators, ∼^1_{u2ū2} for u, ū → 0, are regularized by both the ρ-meson distributions amplitudes ( ϕ_{||}(u)) characteristic of the collinear factorization and by the impact factor (J^{γ∗L→ρ0L} (u⃗p, ū⃗p)) appearing naturally in the BFKL approach. It would be very desirable to investigate whether such compensation of the end-point singularities persists also after taking into account of radiative corrections.

6. All steps of the derivation which led us to Eq. (36) can be now repeated for the

process (3) which involves the chiral-odd transversity distribution whose investigation was the main motivation of our studies.

To proceed with this program we need to define the corresponding distribution amplitudes. We describe the production of a transversely polarized ρ-meson by means of its chiral-odd light-cone distribution amplitude [11] defined by the matrix element

⟨ρ_T (p_ρ, T ) | q̄(x)σ^{μν} q(−x) | 0⟩ = if_T ( p^μ_ρ ϵ^{∗ν}_T − p^ν_ρ ϵ^{∗μ}_T )^1∫ 0 due^{−i(2u−1)(pρx)} ϕ_⊥(u) , (37)

where the ϕ_⊥(u) = 6uū and f_T (μ) = 160 ± 10 MeV at the scale μ = 1 GeV.

The generalized (skewed) transversity distribution in nucleon target described by the polarization vector n^μ is defined by the formula ⟨N(p_2′ , n)|q̄(0)σ^{μ ν} q(y)|N(p_2, n)⟩ = (38) = ū(p_2′ , n)σ^{μ ν} u(p_2, n) 1∫ 0 d x_1 [ e^{−ix1(p2y)}F^{T q}_ζ (x_1) − e^{ix2(p2y)}F^{T q̄}_ζ (x_1) ] , where σ^{μ ν} = i/2[γ^μ , γ^ν ]. Using the formulas (37) and (38) we obtain for the sum of the contributions of diagrams (2) the expresion M^{γ∗Lp→ρ0L ρ+T n} = − i e α^2_s π^2 2^2 C_F √ 1 − ζ f_ρ f_T 64 √ 2 s^2 N^2

(39) 1∫ 0 dz ϕ_‖(z) du ϕ_⊥(u) dx_1 [F^{T u}_ζ (x_1) − F^{T d̄}_ζ (x_1)] [k^2_1 + iϵ][k^2 + iϵ] ∑ i=a,b,c,a^′,b^′,c^′ I_i T r ( σ^{α β} p̂_1 σ_{μ ν} p̂_1 ) T r ( σ_{α β} p̂_2 γ^5 n̂ ) ( p^μ_ρ ϵ^{∗ ν}_T − p^ν_ρ ϵ^{∗ μ}_T ) where I_i’s are given by Eq. (26) and γ^5 = γ_5 = iγ^0γ^1γ^2γ^3. This formula is the analog of Eq. (25). The product of traces in Eq. (39) comes from the definitions of distributions in Eqs. (37) and (38). This is the main difference between this expression and Eq. (25). The calculation of the above traces leads to the formula M^{γ∗Lp→ρ0L ρ+T n} = −i sin θ e α^2_s π^2 2 C_F √ 1 − ζ f_ρ α s_1 f_T √ 2 s N^2

(40) 1∫ 0 dz ϕ_‖(z) du ϕ_⊥(u) dx_1 [F^{T u}_ζ (x_1) − F^{T d̄}_ζ (x_1)] [k^2_1 + iϵ][k^2 + iϵ] ∑ i=a,b,c,a^′,b^′,c^′ I_i

where θ is the angle between the transverse polarization vector of the target ⃗n and the polarization vector ⃗ϵ_T of the produced ρ^+_T −meson. The comparison of Eq. (40) for transversity with the analogous expression for ρ^+_L −meson production (25) leads to the conclusion that apart from obvious changes of coupling constants and distribution amplitudes the only difference between these two expressions is the presence in (40) of the additional factor i sin θ. Thus the final result for the scattering amplitude for the process γ^∗_Lp → ρ^0_Lρ^+_T n with transversity distribution takes the form M^{γ∗ p →ρ0L ρ+T n} = − sin θ 8π^2ζsα_sf_T √ 1 − ζ C_F N (⃗p^2)^2 1∫ 0 du ϕ_⊥(u) u^2ū^2 J^{γ∗L→ρ0L} (u⃗p, ū⃗p) [ F^{T u}_ζ (uζ) − F^{T d̄}_ζ (uζ) ] , (41)

where J^{γ∗L→ρ0L} is the same impact factor as in (36) given by Eqs. (34) and (35).

7. The simple form of the scattering amplitude (41) (and of (36)) involving the

convolution of the impact factor, the vector meson distribution amplitude and the GPD suggests a search for other processes in which the transversity can be described in a similar framework and which are may be easier for experimental studies. If for such a new process the impact factor of corresponding transition is known it is enough to replace in Eq. (41) the impact factor J^{γ∗L→ρ0L} by another one to obtain the appropriate scattering amplitude.

The most obvious candidate is the process (3) with the transversely polarized photon γ^∗_T N → ρ^0_L ρ^+_T N^′. The impact factor J^{γ∗T →ρ0L} has then the form:

J^{γ∗T →ρ0L} (⃗k_1, ⃗k_2 = ⃗p − ⃗k_1) = − e α_s π f_ρ √ 2 N 1∫ 0 dz (2z − 1) ϕ_‖(z) ( ⃗ε ⃗Q_P ) . (42)

with ⃗ε being the polarization vector of the initial photon, and ⃗Q_P (⃗k_1, ⃗k_2 = ⃗p − ⃗k_1) = z ⃗p z^2 ⃗p^2 + Q^2 z z̄ + m^2_q − z̄ ⃗p z̄^2 ⃗p^2 + Q^2 z z̄ + m^2_q

(43)

+ ⃗k_1 − z ⃗p (⃗k_1 − z ⃗p)^2 + Q^2 z z̄ + m^2_q − ⃗k_1 − z̄ ⃗p (⃗k_1 − z̄ ⃗p)^2 + Q^2 z z̄ + m^2_q . Another example is the process (3) with ρ^0 replaced by heavy J/Ψ−meson. One could study either γ^∗_L N → J/Ψ_L ρ^+_T N^′ involving the impact factor

J^{γ∗L→J/ΨL} (⃗k_1, ⃗k_2 = ⃗p − ⃗k_1) = (44) = − 8π e α_s Q f_{J/Ψ} 3 N ( 1 ⃗p^2 + Q^2 + 4 m^2_c − 1 (2 ⃗k_1 − ⃗p)^2 + Q^2 + 4 m^2_c ) , or the process γ^∗_T N → J/Ψ_T ρ^+_T N^′ for which the impact factor J^{γ∗T →J/ΨT} has the form

J^{γ∗T →J/ΨT} (⃗k_1, ⃗k_2 = ⃗p − ⃗k_1) = (45) = 4 e α_s π m_c f_{J/Ψ} 3 N (⃗ε⃗ϵ^∗) ( 1 ⃗p^2 + Q^2 + 4 m^2_c − 1 (2 ⃗k_1 − ⃗p)^2 + Q^2 + 4 m^2_c ) . These impact factors are obtained from the corresponding ones for light quarks by applying a standard non-relativistic approximation for the J/Ψ-meson vertex, i.e. by approximating the distribution amplitude by ϕ_{j/Ψ}(z) = δ(z − 1/2). The coupling constant f^2_{J/Ψ} =^{27 mJ/Ψ ΓJ/Ψ→e+e−} 16 π α^2_{em} is expressed in terms of the width ΓJ/Ψ→e^+ e^− and αem = e 2/4π. This last process (45) can be of course also studied both for virtual as well as real photon.

One can also study the transversity in the inelastic DVCS: γ^∗_{L/T} N → γ ρ^+_T N^′. The expressions for the corresponding impact factors J^{γ∗T →γT ′} and J^{γ∗L→γT ′} are also known and can be found e.g. in [12] ( Eq. (11) and Eq. (12), respectively).

Another very natural and interesting choice is the hadroproduction of a vector meson in such ”asymmetric” kinematics. Hadron collider experiments should in principle give a powerful opportunity to test our factorization scheme and give access to transversity. Diffractive physics is indeed a topical subject of investigation of the Tevatron at FNAL, RHIC at BNL and LHC at CERN facilities and high quality data will be obtained in the near future at these places. Contrary to the γ^∗ P ρ−coupling, the p P p−coupling is not yet under theoretical control (diffractive factorization breaking in hadron hadron collisions[13] may forbid the extension of the electroproduction case; moreover, one should take into account the Landshoff mechanism [14]), and deserves much more study before we can apply the ideas of the present paper to meson production in diffractive p p scattering with asymmetric kinematics.

8. In conclusion, the electroproduction process of two mesons with large rapidity

gap can be described consistently within the collinear factorization approach. Higher order studies are necessary to establish its validity beyond the Born order. On the other hand the chiral-odd GPD may now be accessed in a feasible reaction, namely γ^∗ p → ρ^0_L ρ^+_T n. An estimate of the cross-section of this reaction requires a knowledge of the chiral-odd GPD. No model has yet been proposed for this quantity. We believe that further improvement of the theoretical understanding of hadronic impact factors may help us to access this chiral-odd GPD also in hadronic diffractive reactions at RHIC and LHC.

Acknowledgments

We acknowledge useful discussions with M. Diehl, H.G. Dosch, S. Munier, D. Müller, A. Schäfer and G. Sterman. D.I., L.Sz. and O.T. acknowledge the warm hospitality in École Polytechnique. This work is supported in part by the TMR and IHRP Programmes of the European Union, Contracts No. FMRX-CT98-0194 and No. HPRN- CT-2000-00130, INTAS Project 587 (Call 2000), Deutsche Forschungsgemeinschaft DFG (Hadronische Spinphysik, Scha-458) and BMBF (06OR984).

References

[1] D. Muller, D. Robaschik, B. Geyer, F. M. Dittes and J. Horejsi, Fortsch. Phys. 42 (1994) 101 [arXiv:hep-ph/9812448].

X. D. Ji, Phys. Rev. Lett. 78 (1997) 610 [arXiv:hep-ph/9603249]. A. V. Radyushkin, Phys. Rev. D 56 (1997) 5524 [arXiv:hep-ph/9704207].

[2] J. C. Collins, L. Frankfurt and M. Strikman, Phys. Rev. D 56 (1997) 2982 [arXiv:hepph/9611433].

[3] A. V. Belitsky and D. Muller, Phys. Lett. B 417 (1998) 129 [arXiv:hep-ph/9709379].

P. Hoodbhoy and X. D. Ji, Phys. Rev. D 58 (1998) 054006 [arXiv:hep-ph/9801369]. M. Diehl, Eur. Phys. J. C 19 (2001) 485 [arXiv:hep-ph/0101335].

[4] J.P. Ralston and D.E. Soper, Nucl. Phys. B152, 109 (1979); X. Artru and M. Mekhfi, Z. Phys. C45, 669 (1990); J.L. Cortes, B. Pire and J.P. Ralston, Z. Phys. C55, 409 (1992); R.L. Jaffe and X. Ji, Phys. Rev. Lett. 67, 552 (1991).

[5] M. Diehl, T. Gousset and B. Pire, Phys. Rev. D 59 (1999) 034023 [arXiv:hepph/9808479].

J. C. Collins and M. Diehl, Phys. Rev. D 61 (2000) 114015 [arXiv:hep-ph/9907498].

[6] A. Freund, Phys. Rev. D 61 (2000) 074010 [arXiv:hep-ph/9903489]

[7] D. Y. Ivanov, R. Kirschner, A. Schafer and L. Szymanowski, Phys. Lett. B 478 (2000) 101 [Erratum-ibid. B 498 (2001) 295] [arXiv:hep-ph/0001255].

[8] V. M. Braun, D. Y. Ivanov, A. Schäfer and L. Szymanowski, nuclei,” Nucl. Phys. B 638 (2002) 111 [arXiv:hep-ph/0204191].

[9] E.A. Kuraev, L.N. Lipatov and V.S. Fadin, Sov. JETP 44 (1976) 443 ; ibid 45 (1977) 199 ; Ya.Ya. Balitsky and L.N. Lipatov, Sov. J. Nucl. Phys. 28 (1978) 822 ; L.N. Lipatov, Sov. Phys. JETP 63 (1986) 904

[10] I. F. Ginzburg and D. Yu. Ivanov, Phys. Rev. D 54 (1996) 5523 [arXiv:hepph/9604437].

[11] P. Ball and V.M. Braun, Phys. Rev. D54, 2182 (1996).

[12] I. Balitsky and E. Kuchina, Phys. Rev. D 62 (2000) 074004 [arXiv:hep-ph/0002195].

[13] J. C. Collins, Phys. Rev. D 57 (1998) 3051 [Erratum-ibid. D 61 (2000) 019902] [arXiv:hep-ph/9709499], J. Phys. G 28 (2002) 1069 [arXiv:hep-ph/0107252], H. Jung, R. Peschanski and C. Royon, arXiv:hep-ph/0209143.

[14] P. V. Landshoff, Phys. Rev. D 10 (1974) 1024.

Figure 2: Diagrams contributing to the scattering amplitude in the Born approximation