arXiv:hep-ph/0411121 v2 21 Dec 2004

December 21, 2004

Balitsky’s hierarchy from Mueller’s dipole model and more about target correlations.

E. Levin^{a ‡} and M. Lublinsky^{b ⋆}

a) HEP Department School of Physics and Astronomy Raymond and Beverly Sackler Faculty of Exact Science Tel Aviv University, Tel Aviv, 69978, Israel

b) Physics Department University of Connecticut U-3046, 2152 Hillside Rd., Storrs CT-06269, USA

Abstract

High energy scattering formulated as a classical branching process is considered within the framework of the QCD dipole model. Starting from Mueller’s generating functional, we derive the high energy evolution law for the scattering amplitude. The amplitude’s evolution is given by an infinite hierarchy of linear equations equivalent to the Balitsky’s chain reduced to dipole operators. This new derivation of the hierarchy is the central result of the paper. We also comment about target correlations which prevent the hierarchy from being expressed as the Balitsky-Kovchegov equation in closed form.

‡ Email: leving@post.tau.ac.il, levin@mail.desy.de. ⋆ Email: lublinsky@phys.uconn.edu, lublinm@mail.desy.de

1 Introduction

The high energy scattering in QCD can be most efficiently addressed in terms of colour dipole degrees of freedom. In this approach, originally proposed by Mueller [1], one considers a fast moving projectile as a bunch of dipoles created via a classical branching process. High energy evolution of the projectile wavefunction can be then found from the QCD generating functional [1], which obeys a linear functional evolution equation [2]. Though the evolution of the projectile wavefunction is independent of target, the interaction amplitude depends on it.

The energy evolution of the interaction amplitude will be the central object studied in the present paper. It was shown by Kovchegov [3], that if one assumes that all the dipoles produced via evolution interact with the target independently of each other, then the scattering amplitude obeys a nonlinear evolution equation presently referred to as the Balitsky-Kovchegov (BK) equation [4, 3]. The BK equation has been the core of numerous analytical [5] and numerical [6] studies. It has also been applied for phenomenology [7].

It was realised in Ref. [2], that the assumption regarding independent interactions can be incorrect for many targets, and in particular for realistic nuclei which are not very dense. Target correlations are needed in order to account for more realistic structure of targets. It was shown in Ref. [2] that the amplitude obeys a linear functional evolution equation, which is the most appropriate tool for the introduction of target correlations. In general, the linear functional equation for the amplitude with target correlations cannot be represented as an ordinary equation and preserves its functional form. Our goal here is to show that the linear functional evolution equation for the interaction amplitude for a generic target with correlations is equivalent to an infinite chain of linear hierarchy equations. This chain is the hierarchy of Balitsky [4] reduced to dipole operators only^1. Thus we clarify the connection between the Wilson loop approach of Balitsky and the Mueller dipole model. We also demonstrate that the large N_c limit, which is in the foundation of the dipole model, is insufficient to guarantee a close form equation for the scattering amplitude. This new derivation of the Balitsky‘s chain should be view as our main result.

We also demonstrate a possibility to rigorously derive an evolution for the amplitude without restricting ourselves to a single dipole as a specific choice of projectile. Our results are valid for any projectile whose evolution is not affected by high density effects.

At the end of the paper we discuss an ansatz for target correlations which allows one to obtain a certain generalisation of the BK equation. This part is very much along the lines of Ref. [2]. Similar result has been recently reported by Janik [9].

One of our central goals in this letter is to draw more attention to Ref.[2] in which the linear functional formalism was developed as well as many other results appearing in this reference.

1The true Balitsky’s hierarchy, as well as its equivalent, the JIMWLK equation [8], also contain non-dipole operators, which account for N_c corrections. In the present paper we have nothing to say about N_c corrections which will be systematically ignored.

2 Balitsky’s chain from the QCD generating functional

We first consider a generic fast moving projectile whose wave function can be expanded in a dipole basis. Contrary to many previous studies we do not restrict ourselves to a single dipole as a projectile. We further assume that non-linear effects associated with high dipole densities in the projectile wave function can be ignored. This is a strong assumption which eliminates effects which might be associated with pomeron loops, so called enhanced diagrams.

Let us define a probability density P_n to find n dipoles with coordinates r_1, b_1, r_2, b_2, . . . r_i, b_i, . . . r_n, b_n and rapidity Y in the projectile wave function. r_i and b_i denote the dipole’s size and impact parameter, both are two dimensional vectors. We define P_n as a dimensionfull quantity. The equation for P_n obeys the classical branching process:

∂ P_n (Y − Y_0; r_1, b_1, r_2, b_2, . . . r_n, b_n) ᾱ_s ∂ Y = − n∑ i=1 ω(r_i) P_n (Y − Y_0; r_1, b_1, r_2, b_2, . . . r_n, b_n) + n−1∑ i=1 (r_i + r_n)^2 (2 π) r^2_i r^2_n

P_{n−1} (Y − Y_0; r_1, b_1, r_2, b_2, . . . (r_i + r_n), b_{in}, . . . r_{n−1}, b_n) (2.1)

with b_{in} = b_i + r_n/2 = b_n − r_i/2 being imposed via δ-functions. Two terms of Eq.(2.1) have a very simple meaning: the first one describes the decrease in probability to find n dipoles due to a decay of one dipole into two of arbitrary sizes. This probability is equal to

ᾱ_s ω(r_i) = ᾱ_s 2 π ∫ ρ r^2_i (r_i − r^′)^2 r^{′2} d^2r^′ = ᾱ_s ln(r^2_i /ρ^2)

with ρ being some infrared cutoff, and ᾱ_S = α_S N_c/π. The second term shows the increase in probability to find n dipoles due to a creation of a new dipole from n − 1 dipoles with probability ᾱ_s 2 π (r_1 + r_2)^2 r^2_1 r^2 . Eq. (2.1) has to be supplemented by initial conditions at Y = Y_0, specifying a dipole distribution in the projectile. In writing the equation (2.1) we explicitly used our assumption that there are no nonlinear effects in the projectile. Otherwise, we would need to include dipole recombination processes.

The hierarchy (2.1) can be resolved by introducing a generating functional Z

Z (Y − Y_0; [u]) ≡ ∑ n=1 ∫ P_n (Y − Y_0; r_1, b_1, r_2, b_2, . . . , r_i, b_i, . . . , r_n, b_n) n∏ i=1 u(r_i, b_i) d^2 r_i d^2 b_i

(2.2) where u(r_i, b_i) ≡ u_i is an arbitrary function of r_i and b_i. It follows immediately from (2.1) that the functional (2.2) obeys the condition: at u = 1

Z (Y − Y_0; [u = 1]) = 1 . (2.3)

The physical meaning of (2.3) is that the sum over all probabilities is one.

Multiplying Eq. (2.1) by the product ∏_n i=1 u_i and integrating over all r_i and b_i, we obtain the following linear equation for the generating functional: ∂ Z ᾱ_s ∂ Y = − ∫ d^2r d^2b V_{1→1}(r, b, [u]) Z + ∫ d^2 r d^2 r^′ d^2b V_{1→2}(r, r^′, b, [u]) Z . (2.4)

with the definitions V_{1→1}(r, b, [u]) = ᾱ_s ω(r) u(r, b) δ δu(r, b) (2.5) and V_{1→2}(r, r^′, b, [u]) = ᾱ_s 2 π r^2 r^{′2} (r − r^′)^2 u(r^′, b + r − r^′ 2 ) u(r − r^′, b − r^′ 2 ) δ δu(r, b) . (2.6)

The functional derivative with respect to u(r, b), plays the role of an annihilation operator for a dipole of the size r, at the impact parameter b. The multiplication by u(r, b) corresponds to a creation operator for this dipole. Eq. (2.4) has an extra b integration compared to the one first derived in Ref. [2]. Motivated by the fact that evolution kernels do not depend on the impact parameter, we ignored the b-dependence in Ref. [2] in order to simplify the presentation. This procedure also corresponds to an approximation in which the impact parameter is considered to be much larger than any dipole size. The correct analysis has to preserve the true kinematics and this amounts to tracing the b-dependence which is done in Eq.(2.4). Eq.(2.4) can be also obtained starting from the JIMWLK equation [9].

The n-dipole densities in the projectile ρ^p_n(r_1, b_1, . . . , r_n, b_n) are defined as follows:

ρ^p_n(r_1, b_1 . . . , r_n, b_n; Y − Y_0) = 1 n! n∏ i=1 δ δu_i Z (Y − Y_0; [u]) |_{u=1}

One can recast the chain of equations (2.1) into hierarchy for ρ^p_n:

∂ ρ^p_n(r_1, b_1 . . . , r_n, b_n) ᾱ_s ∂ Y = ( − n∑ i=1 ω(r_i) ρ^p_n(r_1, b_1 . . . , r_n, b_n) +

2 n∑ i=1 ∫ d^2 r^′ 2 π r^{′2} r^2_i (r_i − r^′)^2 ρ^p_n(. . . r^′, b_i − r^′/2 . . .) + n−1∑ i=1 (r_i + r_n)^2 (2 π) r^2_i r^2_n ρ^p_{n−1}(. . . (r_i + r_n), b_{in} . . .) ) . (2.7) The evolution for ρ^p_1 was considered by Mueller in his original work [1]. It obeys the linear BFKL equation [10]. The n-dipole densities with n > 1, are necessary generated through the evolution even if the projectile is a single dipole. For this specific choice of the projectile, our linear equation, say, for ρ^p_2 can be identically reformulated as a nonlinear with respect to ρ^p_1. This form of the equation for ρ^p_2 was studied in Refs. [1, 11]. We would like to stress, however, that Eq. (2.7) is more general, as it does not depend on any specific choice of projectile. Our approach cannot be rigorously applied to a hadron or nucleus as a projectile, as the latter need to account for high dipole densities, in spite of this we view our finding as a first important step towards a symmetric description of target and projectile.

So far we have discussed the evolution of the projectile only. Our goal is to compute the total scattering amplitude. Following Ref. [3] the amplitude N is defined N(Y ) = − ∞∑ n=1 (−1)^n ∫ γ_n(r_1, b_1 . . . , r_n, b_n; Y_0) ρ^p_n(r_1, b_1 . . . , r_n, b_n; Y − Y_0) n∏ i=1 d^2r_i d^2b_i .

(2.8) The amplitude for simultaneous scattering of n dipoles off the target is denoted by γ_n. It has to be specified at the lowest rapidity (Y_0). γ_n can be expressed through ρ^t_n, the dipole densities in the target:

γ_n(r_1, b_1, . . . , r_n, b_n; Y_0) = (2.9) ∞∑ m=1 ∫ σ^{n m}(r_1, b_1, . . . r_n, b_n | r̄_1, b̄_1, . . . , r̄_m, b̄_m) ρ^t_m(r̄_1, b̄_1 . . . , r̄_m b̄_m; Y_0) d^2 r̄_1 d^2 b̄_1 . . . d^2 r̄_m d^2 b̄_m,

with σ^{n m} being the properly normalised amplitude for n dipoles scattering off m dipoles, at the two gluon exchange level for each pair of dipoles.

While the generating functional Z contains information about the projectile only, the target enters the amplitude through the functions γ_n (ρ^t_m). Substituting (2.9) into (2.8) we obtain: N(Y ) = − ∞∑ n, m=1 (−1)^n ∫ ρ^t_m(r̄_1, b̄_1 . . . , r̄_n, b̄_n; Y_0) ρ^p_n(r_1, b_1 . . . , r_n, b_n; Y − Y_0) (2.10)

× σ^{n m}(r_1, b_1, . . . r_n, b_n | r̄_1, b̄_1, . . . , r̄_m, b̄_m) n∏ i=1 d^2 r_i d^2 b_i m∏ j=1 d^2 r̄_j d^2 b̄_j .

Eq. (2.10) appears symmetric with respect to the exchange of the target and projectile. In fact this symmetry is illusive. As soon as we require ρ^p_n to obey the evolution given by Eq. (2.7) the boost invariance would impose a different evolution law (which we will not be able to write explicitly) for ρ^t_m. We would like to emphasise the importance of the summation over n. It guarantees the unitarity, and boost invariance of the amplitude. It is challenging to include simultaneously high dipole density effects, in both the evolution of target and projectile. Eq. (2.10) would then account for all the effects under discussion in Ref. [13].

If Y_0 = 0 Eq. (2.8) yields the expression for the amplitude in which the whole evolution is through the projectile wavefunction. The dipoles produced via the evolution then multiple rescatter off the target resulting in the unitarity respecting amplitude. The unitarisation is achieved without saturation, as no high density effects are accounted by the evolution of the projectile.

Alternatively we can take Y_0 = Y . This would bring the whole evolution into the target averaged amplitudes. By requirying the total amplitude N to be independent of our choice of frame we will be able to deduce the evolution law for γ_n(Y ). As can be expected γ_n happens to obey the Balitsky’s chain of hierarchy equations [4] projected onto dipole operators.

We now derive the evolution of γ_n. We note that

ρ^p_n = − (−1)^n δ N δ γ_n We obtain the linear functional equation for the amplitude N: ∂N ᾱ_s ∂ Y = ∞∑ n=1 ∫ n∏ i=1 d^2 r_i d^2 b_i γ_n(r_1, b_1, . . . , r_n, b_n; Y_0) ( − n∑ i=1 ω(r_i) δ N δ γ_n +

2 n∑ i=1 ∫ d^2 r^′ 2 π r^{′2} r^2_i (r_i − r^′)^2 δ N δ γ_n − n−1∑ i=1 (r_i + r_n)^2 (2 π) r^2_i r^2_n δ N δ γ_{n−1} ) . (2.11)

The equation (2.11) can be solved using the ansatz: N(Y, [γ]) = N(γ_1(Y ), γ_2(Y ) . . .) such that ∂N ∂ Y = ∞∑ n=1 ∫ δ N δ γ_n ∂ γ_n ∂ Y n∏ i=1 d^2 r_i d^2 b_i .

As all γ_n are independent of each other, Eq. (2.11) is equivalent to Balitsky’s hierarchy (restricted to dipole operators): ∂γ_n(r_1, b_1, . . . , r_n, b_n; Y ) ᾱ_s ∂ Y = − n∑ i=1 ω(r_i) γ_n(r_1, b_1, . . . , r_n, b_n) + n∑ i=1 ∫ d^2 r^′ 2 π r^2_i r^{′2} (r_i − r^′)^2 [ 2 γ_n(r_1, b_1, . . . r^′, b_i +

(r_i − r^′) 2 , . . . , r_n, b_n) (2.12)

− γ_{n+1}(r_1, b_1, . . . r^′, b_i +

(r_i − r^′) 2 , . . . (r_i − r^′), b_i + r^′ 2 ) ] . The initial conditions for the evolution chain (2.12) are given by a target model which is supposed to provide γ_n(Y = Y_0). All γ_n are defined as scattering amplitudes and hence are target averaged quantities. In principal, Eq. (2.12) governs the evolution of the target densities ρ^t_n. Though we are not able to write an explicit equation for ρ^t_n, it apparently differs from the evolution of ρ^p_n (Eq. (2.7)).

The amplitude N can be rewritten in the following form N(Y ) = − ∞∑ n=1 (−1)^n ∫ γ_n(r_1, b_1, . . . , r_n, b_n; Y − Y_0) ρ^p_n(r_1, b_1, . . . r_n, b_n ; Y_0) n∏ i=1 d^2 r_i d^2 b_i .

The Y evolution has been transferred from the evolution in the projectile wavefunction (ρ^p_n) to the evolution of the target averaged amplitudes (γ_n). Note that by construction N(Y ) is boost or frame invariant. In other words, Eq. (2.12) can be obtained just by requirying N(Y ) to be Y_0 independent. The functions ρ^p_n(Y = Y_0) have to be provided by the initial dipole distribution in the projectile. So far, our treatment was general. Note, however, the asymmetry between the target and projectile, as for the latter no high density effects are included. This asymmetry is reflected by the fact that ρ^p_n and γ_n obey different hierarchy equations.

We would like to emphasise that so far our discussion was quite general and valid for any projectile. Our results can be trusted until we violate our central assumption, namely the absence of nonlinear effects in the projectile wave function.

We now make a choice of a projectile. Consider the canonical case of a dipole of the size r scattering off a generic target at the impact parameter b. Then the initial condition in the projectile wave function at Y = Y_0 is ρ^p_1 = P_{n=1} = δ^2(r − r_1) δ^2(b − b_1) while ρ^p_{n>1} = P_{n>1} = 0. This choice of the projectile initial conditions implies

Z (Y = Y_0, r, b; [u]) = u(r, b) . (2.13)

For the total amplitude N we immediately obtain N(Y, r, b) = γ_1(r, b; Y ) For a generic target we cannot write down a closed form equation for N. It was shown in Ref. [2] that for this particular choice of the projectile, Eq. (2.4) can be rewritten in the nonfunctional but non-linear form, reproducing the same equation for Z as in Ref. [1]: ∂ Z (Y, r, b; [u]) ᾱ_s ∂ Y = − ω(r) Z (Y ; r, b; [u]) (2.14)

+ ∫ d^2 r^′ 2 π r^2 r^{′2} (r − r^′)^2 Z ( Y ; r^′, b + (r − r^′) 2 ; [u] ) Z ( Y ; (r − r^′), b − r^′ 2 ; [u] ) . The linear functional equation (2.4) is more general, however, as it is valid for any projectile.

3 Target correlations

Target correlations are defined by having

γ_n(r_1, b_1, . . . r_n, b_n; Y = Y_0) = C_n(r_1, b_1 . . . r_n, b_n) γ(r_1, b_1) . . . γ(r_n, b_n)

The coefficients C_n are n-dipole correlation parameters. They can be also viewed as effective measures of target fluctuations. If we assume C_n be pure numbers independent of coordinates, then Eq. (2.11) is reduced to the following functional equation [2] ∂ N(Y ; [γ]) ᾱ_s ∂ Y = − ∫ d^2 r^′ V_{1→1}(r^′, [γ(r^′)]) N(Y ; [γ]) (3.15)

+ 2 2 π ∫ d^2 r^′ d^2 r” γ(r”) r^{′2} r”^2 (r” − r^′)^2 δ δ γ(r^′) N(Y ; [γ]) + F (∫ d^2 r̄ γ(r̄) δ δγ(r̄) ) ∫ d^2 r” d^2 r^′ V_{1→2}(r^′, r”, [γ(r^′)]) N(Y ; [γ])

Here F (n) ≡ C_n/C_{n−1}. If we further simplify the correlations assuming F is constant

C_n = F^{n − 1} C_1 (3.16)

then Eq. (3.15) can be easily reduced to a non-functional non-linear equation (ignoring the b dependence): ∂ N(r, Y ) ∂ Y = ᾱ_S × ∫ ρ^p d^2 r^′ 2 π r^2 r^{′2} (r − r^′)^2

× (3.17) [ 2 N(r^′, Y ) − N(r, Y ) − F/C_1 N(r^′, Y ) N(r − r^′, Y )] , The initial condition is N(Y = Y_0) = C_1 γ. Note that unless target properties are specified, F and C_1 are arbitrary numbers (F ≥ C_1).

Our solution first obtained in Ref. [2], proves that under condition (3.16) the hierarchy (2.12) shrinks to a single nonlinear equation (3.17). An identical result has been obtained recently in Ref. [9] by a direct analysis of the hierarchy equations, whereas the result F/C_1 = 2 of Ref. [12] is a particular solution.

The new aspect which we find as most important, is the relation between the target correlations and Balitsky‘s hierarchy, something which we were not aware of when preparing Ref. [2]. Eq. (3.17) which we derived was viewed as a phenomenologically motivated ad hoc modification of the BK equation. By establishing in this letter a relation between the correlations and hierarchy, we attempt to correct the wrong attitude regarding our original work.

If we consider dipole interaction as fully uncorrelated F = C_1 = 1 then Eq. (3.17) reduces to the BK equation. Its solution can also be written in the following form N(Y, r, b) = − ∞∑ n=1 (−1)^n ρ^p_n(r_1, b_1, . . . r_n, b_n ; Y − Y_0) n∏ i=1 N(Y_0, r_i, b_i) d^2 r_i d^2 b_i .

So far the approximation F = const looks pure mathematical. In Ref. [2], a realistic model for target correlations was proposed. In that model the target was considered to be a nucleus (not necessary very heavy) but the approach can be viewed more generally. The target correlations were estimated based on pure counting arguments independent of the dipole coordinates. The model of Ref [2] leads to a constant F , providing a physically intuitive realisation of a more formal structure outlined above.

Acknowledgments

We are most grateful to Edmond Iancu who in fact suggested and inspired us to derive the results reported in this paper.

We wish to thank Errol Gotsman and Alex Kovner for most fruitful discussions which went far beyond this paper.

This work was initiated when M.L. was visiting SPhT of Saclay. M.L. would like to express his gratitude to SPhT for the warm hospitality. Stimulating discussions with Robi Peschanski and other members of SPhT are thankfully acknowledged.

References

[1] A. H. Mueller, Nucl. Phys. B 415 (1994) 373; ibid B 437 (1995) 107.

[2] E. Levin and M. Lublinsky, Nucl. Phys. A 730 (2004) 191.

[3] Yu. Kovchegov, Phys. Rev. D 60 (2000) 034008.

[4] Ia. Balitsky, Nucl. Phys. B 463 (1996) 99.

[5] Yu. Kovchegov, Phys. Rev. D 61 (2000) 074018;

E. Levin and K. Tuchin, Nucl. Phys. B 573 (2000) 833; Nucl. Phys. A 691 (2001) 779; E. Iancu, K. Itakura and L. McLerran, Nucl. Phys. A 708 (2002) 327; A. Kovner and U.A. Wiedemann, Phys. Rev. D 66 (2002) 051502;

S. Munier and R. Peschanski, Phys. Rev. D 69 (2004) 034008; Phys. Rev. Lett. 91 (2003) 232001; hep-ph/0401215.

[6] M. Braun, Eur. Phys. J. C 16 (2000) 337; hep-ph/0101070;

M. Lublinsky, Eur. Phys. J. C 21 (2001) 513; E. Levin and M. Lublinsky, Nucl. Phys. A 712 (2002) 95. M. Lublinsky, E. Gotsman, E. Levin and U. Maor, Nucl. Phys. A 696 (2001) 851;

N. Armesto and M. Braun, Eur. Phys. J. C 20 (2001) 517; K. Golec-Biernat, L. Motyka, A. Stasto, Phys. Rev. D 65 (2002) 074037; K. Rummukainen and H. Weigert, Nucl. Phys. A 739 (2004) 183; G. Chachamis, M. Lublinsky and A. Sabio-Vera, hep-ph/0408333; K. Golec-Biernat and A.M. Stasto, Nucl. Phys. B 668 (2003) 345; E. Gotsman, M. Kozlov, E. Levin, U. Maor, and E. Naftali, hep-ph/0401021; K. Kutak and A.M. Stasto, hep-ph/0408117;

J. L. Albacete, N. Armesto, J. G. Milhano, C. A. Salgado and U. A. Wiedemann, hep-ph/0408216.

[7] E. Gotsman, E. Levin, M. Lublinsky and U. Maor, Eur. Phys. J C 27 (2003) 411. parameterizations are available at www.desy.de/∼lublinm/ J. Bartels, E. Gotsman, E. Levin, M. Lublinsky and U. Maor, Phys. Lett. B 556 (2003) 114; Phys. Rev. D 68 (2003) 054008. E. Gotsman, E. Levin, M. Lublinsky, U. Maor, E. Naftali, Acta Phys. Polon. B 34 (2003) 3255;

E. Iancu, K. Itakura and S. Munier Phys. Lett. B 590 (2004) 199.

[8] J. Jalilian-Marian, A. Kovner, L. McLerran, and H. Weigert, Phys. Rev. D 55 (1997) 5414; J. Jalilian-Marian, A. Kovner, and H. Weigert, Phys. Rev. D 59 (1999) 014015; J. Jalilian-Marian, A. Kovner, A. Leonidov, and H. Weigert, Phys. Rev. D 59 (1999) 034007, Erratum-ibid. Phys. Rev. D 59 (1999) 099903; A. Kovner, J.Guilherme Milhano, and H. Weigert, Phys. Rev. D 62 (2000) 114005; H. Weigert, Nucl. Phys. A 703 (2002) 823; E. Iancu, A. Leonidov, and L. McLerran, Nucl. Phys. A 692 (2001) 583.

[9] R. Janik, hep-ph/0409256.

[10] E.A. Kuraev, L.N. Lipatov and V.S. Fadin, Sov. Phys. JETP 45 (1977) 199;

Ia.Ia. Balitsky and L.N. Lipatov, Sov. J. Nucl. Phys. 28 (1978) 822; L.N. Lipatov, Sov. Phys. JETP 63 (1986) 904.

[11] R. Peschanski, Phys. Lett. B 409 (1997) 491.

[12] R. Janik and R. Peschanski, hep-ph/0407007.

[13] E. Iancu and A. H. Mueller, Nucl. Phys. A 730 (2004) 494;

M. Kozlov and E. Levin, Nucl. Phys. A 739 (2004) 291; A. H. Mueller and A.I. Shoshi, Nucl. Phys. B 692 (2004) 175; E. Iancu, A. H. Muller, and S. Munier, hep-ph/0410018.