arXiv:hep-ph/0401022 v3 12 May 2004

BNL-NT-04/2

Heavy quark production by a quasi-classical color field in proton-nucleus collisions

Kirill Tuchin Physics Department, Brookhaven National Laboratory, Upton, NY 11973-5000, USA (Dated: May 12, 2004)

We calculate the inclusive heavy quark production cross section for proton-nucleus collisions at high energies. We perform calculation in a quasi-classical approximation (McLerran-Venugopalan model) neglecting all low-x evolution effects. The derived expression for the differential cross section can be applied for studying the heavy quark production in the central rapidity region at RHIC.

In this letter we address a problem of heavy quark production in proton-nucleus collisions at very high energy. Heavy quarks are a very important tool for studying the properties of the strong interactions. At not very high energies the heavy quark mass provides a scale which allows one to use the perturbative QCD [1] since the long distance dynamics is effectively decoupled [2]. However, at high energies which correspond to low values of Bjorken x a nucleus becomes a strongly coupled dense partonic system (Color Glass Condensate) with large typical transverse momentum Q_s determined by density of nuclear partons over the nucleus transverse area [3, 4, 5, 6]. Experimental data suggest that Q^2_s ≃ 2 GeV^2 for the Gold nucleus at x ≃ 0.01[7]. It is existence of the strong color field which violates the decoupling of the heavy quark production subprocess from the dynamics of partons in the nucleus wave function [8, 9].

The Color Glass Condensate starts to play a significant role in scattering processes at low-x since a coherence length of gluons in a nuclear wave function is of the order 1/(xM_N ) [10, 11] which allows them to coherently interact with all nucleons in a nucleus. It was argued in refs. [6, 12, 14] that the color field of a nucleus in a low-x regime is given by the classical solution to the Yang-Mills equations. It includes all multiple rescatterings of a gluons with the color charges of a nucleus [12, 14]. However, the quasi-classical approach is not sufficient when x < e^{−1/αs}. In that case quantum evolution effects become important and must be resumed using the low-x evolution equations [3, 13, 14, 15, 16].

In this paper we undertake the first step towards solution of a problem of heavy quark production in pA collisions at high energies by deriving the heavy quark production differential cross section (24) in a quasi-classical approximation which is equivalent to inclusion of all multiple rescatterings of a proton with a nucleus.

The process of heavy quark production at high energies in a quasi-classical approximation has three separated in time stages in the nucleus rest frame. Emission of a gluon g by a proton’s valence quark q_v takes much longer time τ_{qv →qvg} than a subsequent emission of a qq̄ pair by a gluon t_{g→qq̄} ≪ τ_{qv →qvg}. In turn, the time of interaction of a q_vgqq̄ system with a nucleus is of the order of nuclear length R_A and is negligible as compared to the evolution time of the proton wave function τ_{qv →qvg} ≫ t_{g→qq̄} ≫ R_A. Indeed, assume that proton is moving in the ”+” light cone direction with four momentum p = (p^+, 0, 0) and nucleus is at rest. Denote the emitted gluon four-momentum by q = (ςp^+,^{p2}_{ςp+} , p). By uncertainty principle emission of a gluon by a valence quark takes time τ_{qv →qg} = 2 q^+ + q^− + (p − q)^+ + (p − q)^− − p^+ − p^− = 2ς(1 − ς)p_+ q^2 ≈ 2q^+ q^2 (1) since the emission of a gluon at high energy is dominated by ς ≪ 1. The Bjorken x is defined as x =^{q2}_{2q+MN} , where M_N is a nucleon mass. Therefore τ_{qv→qg} = 1 x M_N ≫ R_A ≃ τ_{int} (2)

for very low x. The same argument applies to the successive emission of a quark-antiquark pair by a gluon in a proton’s wave function: a q_v → q_vg fluctuation spans much longer time than g → qq̄. Therefore, processes in which gluon or heavy quarks are produced in course of the rescatterings in a nucleus are suppressed by powers of energy p^+.

Let us choose the A_+ = 0 light cone gauge. In view of the above argument we can separate the process of heavy quark production in nine terms according to the time of gluon emission in the amplitude τ_1 and in the complex conjugate one τ_2, time of quark-antiquark emission in the amplitude t_1 and in the complex conjugate one t_2, and the time of interaction which happens at light-cone time τ_{int} = x_+ = 0. In Fig. 1 we show all possible cases.

To proceed we need to know the light-cone wave functions of a valence quark and of a virtual gluon in transverse configuration space. The light-cone wave function of a valence quark in momentum space is given by ψ_{qv→qv g}(q) = g T^a ϵ^λ · q q^2

, (3)

where q is the gluon’s transverse momentum and ϵ^λ is the gluon’s polarization vector. Its Fourier image reads ψ_{qv→qvg}(z) = ∫ d^2q (2π)^2 e^{−i q·z} ψ_{qv→qvg}(q) = g T^a 1 2πi ϵ^λ · z z^2

, (4)

Averaging square of Eq. (4) over quantum numbers of the initial quark and summing over quantum numbers of the final quark and gluon we obtain the familiar gluon radiation kernel of a dipole model [17]

Φ_{qv →qvg}(z_1, z_2) = 1 2N_c ∑ a,λ ψ_{qv→qvg}(z_1)ψ^∗_{qv→qvg}(z_2) = α_sC_F 2π z_1 · z_2 z^2_1 z^2

, (5)

where z_1 and z_2 are the transverse coordinates of the gluon in the amplitude and in the complex conjugated amplitude correspondingly.

Light-cone wave function of a virtual gluon of momentum q reads, see Fig. 1 ψ_{g→qq̄}(k, k−q, α) = g T^a (k − α q)^2 + m^2 (δ_{r,r}′ (k−α q)·ϵ^λ [r(1−2α)+λ]+r δ_{r,−r}′ m (1+rλ)), (6) where k is the produced quark’s transverse momentum, m its mass, α = k^+/q^+ is the fraction of the gluon’s light-cone momentum it carries, r and r^′ are the quark and the antiquark helicities correspondingly. Eq. (6) can be written in transverse configuration space using modified Bessel functions ψ_{g→qq̄}(z_1, x, x_0, α) = ∫ d^2k (2π)^2 e^{−i k·(x−x0)} ∫ d^2q (2π)^2 e^{−i q·(x0−z1 )} ψ_{g→qq̄}(k, k − q, α) = δ((x_0 − z_1) + α (x − x_0)) gT^a 2π ( i δ_{r,r}′ (x − x_0) · ϵ^λ |x − x_0| m K_1(|x − x_0| m) [r(1 − 2α) + λ] +K_0(|x − x_0| m) r δ_{r,−r}′ m (1 + rλ) ) , (7)

where x_1 and x_0 are the quark’s and antiquark’s transverse coordinates in the amplitude correspondingly, see Fig. 1 and x ≡ |x|. Averaging square of Eq. (7) over quantum numbers of the initial gluon and summing over quantum numbers of the final quark and antiquark [18] we find Φ_{g→qq̄} (z, x, x_0, α) = α_s π m^2

( (x − x_0) · (y − x_0) |x − x_0| |y − x_0| K_1(|x − x_0| m) K_1(|y − x_0| m)

×[ α^2 + (1 − α)^2 ] + K_0(|x − x_0| m)K_0(|y − x_0| m) ) , (8)

FIG. 1: Diagrams which contribute to the heavy quark production in the light-cone perturbation theory. A: τ_1 < 0, t_1 < 0, τ_2 < 0, t_2 < 0, B: τ_1 < 0, τ_2 < 0, t_1 > 0, t_2 > 0, C: τ_1 > 0, t_1 > 0, τ_2 > 0, t_2 > 0, D: τ_1 < 0, t_1 < 0, τ_2 < 0, t_2 > 0, E: τ_1 > 0, t_1 > 0, τ_2 < 0, t_2 > 0, F: τ_1 < 0, t_1 < 0, τ_2 > 0, t_2 > 0. Not shown are the complex conjugates D^∗: τ_1 < 0, t_1 > 0, τ_2 < 0, t_2 < 0, E^∗: τ_1 < 0, t_1 > 0, τ_2 > 0, t_2 > 0, F^∗: τ_1 > 0, t_1 > 0, τ_2 < 0, t_2 < 0. Instantaneous interaction of a q_v gqq̄ system with the nucleus happens at light-cone time τ_{int} = 0. The final state is denoted by the vertical dashed line at τ = ∞.

where y is the quark’s transverse coordinate in the complex conjugate amplitude and we do not include two delta functions (see (7)) in definition of Φ_{g→qq̄}. Eq. (8) is a special case of light-cone wave function of an off-shell gauge boson derived in Refs. [18, 19].

Rescatterings of the produced partonic system in a nucleus must be calculated separately for each time ordering [20] as shown in Fig. 1. The result can be written in terms of the Fourier transformation of the normalized gluon-nucleon cross section [20, 21]: V (x) = ∫ d^2l e^{−il·x} 1 σ dσ d^2l

. (9)

FIG. 2: Diagrams contributing to the time ordering of the diagram F in Fig. 1.

All diagrams contributing to the time ordering of the diagram F in Fig. 1 are shown in Fig. 2. The sum of diagrams a-j in Fig. 2 is given by F = 1 2N_c ( N_c − 2 N_c ) V (x) + 1 N^2_c

V (x_0) − 1 2N^2_c

V (0) − C_F 2N_c V (0) − C_F 2N_c V (0) − 1 2N^2_c

V (x − x_0) − C_F 2N_c V (0) + 1 N^2_c

V (0) − C_F 2N_c V (0) + 1 2N_c ( N_c − 2 N_c ) V (x_0) = 1 2 (V (x) − V (0)) + 1 2 (V (x_0) − V (0)) − 1 2N^2_c

(V (x − x_0) − V (0)) , (10)

where x and y are coordinates of the produced quark in the amplitude and in the complex conjugate one correspondingly, x_0 is coordinate of antiquark, see Fig. 1. Multiplying expression (10) by the nucleus profile function T (b), nuclear density ρ and the gluon-nucleon cross section σ [20] we obtain

− P (x, x_0) = − 1 8 x^2 Q^2_s − 1 8 x^2_0 Q^2_s + 1 8N^2_c

(x − x_0)^2 Q^2_s, (11)

where we follow notations of [22]. The saturation scale Q^2_s in (11) is given by [17, 20]

Q^2_s(x) =

4π^2α_sN_c N^2_c − 1 ρ T (b) xG(x, 1/x^2), (12)

FIG. 3: Diagrams contributing to the time ordering of the diagram D in Fig. 1

where the gluon distribution function in a nucleon reads xG(x, 1/x^2) = α_s C_F π ln 1 x^2μ^2

, (13)

with μ some infrared cutoff. For spherical nucleus T (b) = 2 √ R^2 − b^2. Assuming that the interactions of a proton with individual nucleons are independent [17] we can exponentiate the formula (11) to obtain for the diagram F on Fig. 1

F = exp {−P (x, x_0)} = exp { − 1 8 x^2 Q^2_s − 1 8 x^2_0Q^2_s + 1 8N^2_c

(x − x_0)^2 Q^2_s } . (14)

This formula coincides with the qq̄g “propagator” derived in refs. [22, 23, 24].

Analogously, all diagrams contributing to the time ordering of the diagram D in Fig. 1 are shown in Fig. 3 and in Fig. 2: e-j. The sum of diagrams a-i in Fig. 3 and e-j in Fig. 2 yields D = 1 2 V (x − z_2) − 1 N^2_c

V (x) + 1 2 V (x_0 − z_2) − 1 2N_c ( N_c − 2 N_c ) V (x_0) − 1 2 V (z_2) + C_F N_c V (0) − 1 2 V (0) − C_F 2N_c V (0) + 1 2 V (z_2) − C_F 2N_c V (0) − 1 2N^2_c

V (x − x_0) − C_F 2N_c V (0) + 1 N^2_c

V (0) − C_F 2N_c V (0) − 1 2N_c ( N_c − 2 N_c ) V (x_0) = 1 2 (V (x − z_2) − V (0)) + 1 2 (V (x_0 − z_2) − V (0)) − 1 2N^2_c

(V (x − x_0) − V (0)) . (15)

Multiplying (15) by T (b) ρ σ and exponentiating we derive D = exp {−P (x − z_2, x_0 − z_2)} (16) where we used definition (14). Complex conjugated of F and D can be obtained by replacing x ↔ y, and z_1 ↔ z_2: D^∗ = exp { −P (y, x_0) } , (17) F^∗ = exp { −P (y − z_1, x_0 − z_1) } . (18) Diagrams B,C and E, E^∗ have been calculated in [20]. The only difference is additional color factor^1_2 emerging due to fluctuation of a virtual gluon into quark–anti-quark pair. We included this factor in the definition of the wave function (8). We have B = e^{− 14 (z1−z 2)2 Q2s} (19) E = e^{− 14 z2 Q2s} (20) E^∗ = e^{− 14 z21 Q2s} (21) Finally, it is easy to see that the diagram A in Fig. 1 is equal to A = e^{− 14 CFN}c^{(x−y)2 Q2s} . (22) Summing up diagrams A – E and their complex conjugates results in the following rescatterings factor

Ξ(x, y, x_0, z_1, z_2) = e^{− 14 (z1−z2 )2 Q2s} − e^{− 14 z21 Q2s} − e^{− 14 z2 Q2s} + e^{− 14 CFNc (x−y)2 Q2s} +e^{−P (x,x0)} + e^{−P (y,x0)} − e^{−P (x−z2,x0−z 2)} − e^{−P (y−z 1,x0−z1)} (23) Using (5), (8) and (23) we can write down the inclusive quark production cross section dσ d^2k dy = ∫ d^2b d^2z_1 d^2z_2 α_s C_F π^2 z_1 · z_2 z^2_1 z^2 ∫ d^2x_0 ∫ dα ∫ d^2x d^2y (2π)^3

Φ_{g→qq̄}(x − x_0, y − x_0, α) ×e^{−ik·(x−y)} Ξ(x, y, x_0, z_1, z_2) δ((x_0 − z_1) + α (x − x_0)) δ((x_0 − z_2) + α (y − x_0)). (24) where b is an impact parameter. This formula is a generalization of result obtained by Kopeliovich and Tarasov in Ref. [25].

Formula (24) is the main result of our paper. It resums all higher twist effects in the quasiclassical approximation which means that we keep all terms proportional to α^2_s A^{1/3} ∼ 1 and neglect terms suppressed by powers of α_s ≪ 1. We explicitly neglected the low-x quantum evolution effects assuming that α_s ln(1/x) ≪ 1. Therefore formula (24) is applicable when e^{−1/αs} <∼ x ≪ 1. As resent experimental data on dA collisions at RHIC show, this corresponds to the central rapidity region at √ s = 200 GeV [43].

Formula (24) has been used in Ref. [9] for numerical calculations of charm production at RHIC. It was shown that the charm spectrum obtained according to (24) is much harder than in naive parton model approach. This is attributed to the presence of a hard ‘intrinsic’ scale Q^2_s. It is clear that the dependence of a heavy quark yield on A is closely related to the relation between Q_s and m. In the strong color field Q_s ≫ m the total cross section of heavy quark production in pA collisions is proportional to the transverse size of a nucleus σ_{tot} ∼ A^{2/3} due to saturation in a nucleus wave function. In the opposite limit Q_s ≪ m the color field of a nucleus is not able to produce heavy quarks from the vacuum in which case σ_{tot} ∼ A. Therefore, at high energies one expects suppression of the heavy quark yield. In the case of charm quark production numerical calculations in [9] show that at y = 0 at RHIC the charm quark yield is not suppressed. However at forward rapidities it gets suppressed since the nuclear color field strength increases at small x due to quantum evolution. I refer the reader interested in phenomenological applications of (24) to Ref. [9] for more detailed discussion.

Dynamics of saturated quasi-classical color fields dominates the total multiplicities of AA and dA collisions in the central rapidity region at RHIC [7, 26, 27, 28, 29]. The Cronin enhancement seen in the data [30] is produced by multiple rescatterings of a proton [34, 35] in a saturated wave function of a nucleus [31, 32, 33]. These multiple rescatterings produce particle correlations which give a substantial contribution to the elliptic flow phenomenon in AA collisions [36]. Eq. (24) can be used for analysis of the heavy quark production in pA collisions at the central rapidity region at RHIC. In particular, one can address the question of whether formula (24) yields the Cronin enhancement of charm production analogously to the case of gluon production [31, 32, 33].

High energy quantum evolution has been neglected throughout this paper. However, as energy/rapidity increases the quantum evolution becomes important [14, 15, 16, 37]. It gives rise to a number of spectacular effects [9, 31, 33, 38] associated with the extended geometric scaling phenomenon [39, 40, 41, 42]. Recent results of BRAHMS collaboration [43] at RHIC indicate onset of the high energy evolution at rapidities close to the proton fragmentation region in agreement with theoretical predictions. Therefore, generalization of (24) to include low-x quantum evolution is an important task which will be pursued in our forthcoming publications.

Finally, we would like to mention an important theoretical question which have not been touched in this paper. It is whether eq. (24) can be reduced to the k_T -factorized form. The k_T -factorization was proved for dilute target regime in [8, 44, 45] and have been recently rederived in a Color Glass Condensate framework in ref [46]. It was also proved in ref. [47] that the inclusive gluon production cross section in pA collisions can be reduced to the k_T -factorized form even if the quantum evolution is included. So far all phenomenological studies of the heavy quark hadroproduction at high partonic densities [9, 48] have been based on k_T -factorization. Therefore it is important to understand to what extend it can be realized at high energies and/or for heavy nuclei. We are going to address this problem elsewhere.

Acknowledgments

The author is indebted to Yuri Kovchegov for a continuous fruitful discussions of saturation physics over many years. The author gratefully acknowledges stimulating and helpful discussions with Francois Gelis, Dmitri Kharzeev, Eugene Levin, Larry McLerran and Raju Venugopalan. This research was supported by the U.S. Department of Energy under Grant No. DE-AC02-98CH10886.

[1] P. Nason, S. Dawson and R. K. Ellis, Nucl. Phys. B 327, 49 (1989) [Erratum-ibid. B 335, 260 (1990)]; P. Nason, S. Dawson and R. K. Ellis, Nucl. Phys. B 303, 607 (1988).

[2] T. Appelquist and J. Carazzone, Phys. Rev. D 11, 2856 (1975). [3] L. V. Gribov, E. M. Levin and M. G. Ryskin, Phys. Rept. 100, 1 (1983). [4] A. H. Mueller and J. w. Qiu, Nucl. Phys. B 268, 427 (1986). [5] J. P. Blaizot and A. H. Mueller, Nucl. Phys. B 289, 847 (1987).

[6] L. D. McLerran and R. Venugopalan, Phys. Rev. D 49, 2233 (1994) [arXiv:hep-ph/9309289], Phys. Rev. D 49, 3352 (1994) [arXiv:hep-ph/9311205], Phys. Rev. D 50, 2225 (1994) [arXiv:hep-ph/9402335], Phys. Rev. D 59, 094002 (1999) [arXiv:hep-ph/9809427]. A. Ayala, J. Jalilian-Marian, L. D. McLerran and R. Venugopalan, Phys. Rev. D 53, 458 (1996)

[arXiv:hep-ph/9508302].

[7] D. Kharzeev and E. Levin, Phys. Lett. B 523, 79 (2001) [arXiv:nucl-th/0108006]. [8] E. M. Levin, M. G. Ryskin, Y. M. Shabelski and A. G. Shuvaev, Sov. J. Nucl. Phys. 53, 657 (1991) [Yad. Fiz. 53, 1059 (1991)]. M. G. Ryskin, Y. M. Shabelski and A. G. Shuvaev, Z. Phys. C 69, 269 (1996) [Yad. Fiz. 59, 521 (1996 PANUE,59,493-500.1996)] [arXiv:hep-ph/9506338].

[9] D. Kharzeev and K. Tuchin, arXiv:hep-ph/0310358.

[10] V. N. Gribov, B. L. Ioffe and I. Y. Pomeranchuk, Sov. J. Nucl. Phys. 2, 549 (1966) [Yad. Fiz.

2, 768 (1965)]; B. L. Ioffe, Phys. Lett. B 30, 123 (1969).

[11] L. Frankfurt, V. Guzey and M. Strikman, J. Phys. G 27, R23 (2001) [arXiv:hep-ph/0010248] and references therein; Y. V. Kovchegov and M. Strikman, Phys. Lett. B 516, 314 (2001) [arXiv:hep-ph/0107015].

[12] Y. V. Kovchegov, Phys. Rev. D 54, 5463 (1996) [arXiv:hep-ph/9605446]; Y. V. Kovchegov, Phys. Rev. D 55, 5445 (1997) [arXiv:hep-ph/9701229].

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

Teor. Fiz. 72, 377 (1977)]. I. I. Balitsky and L. N. Lipatov, Sov. J. Nucl. Phys. 28, 822 (1978) [Yad. Fiz. 28, 1597 (1978)].

[14] J. Jalilian-Marian, A. Kovner, L. D. McLerran and H. Weigert, Phys. Rev. D 55, 5414 (1997) [arXiv:hep-ph/9606337]. J. Jalilian-Marian, A. Kovner, A. Leonidov and H. Weigert, Nucl. Phys. B 504, 415 (1997) [arXiv:hep-ph/9701284]. J. Jalilian-Marian, A. Kovner, A. Leonidov and H. Weigert, Phys. Rev. D 59, 014014 (1999) [arXiv:hep-ph/9706377]. J. Jalilian-Marian, A. Kovner, A. Leonidov and H. Weigert, Phys. Rev. D 59, 034007 (1999) [Erratum-ibid. D 59, 099903 (1999)] [arXiv:hep-ph/9807462]. J. Jalilian-Marian, A. Kovner and H. Weigert, Phys. Rev. D 59, 014015 (1999) [arXiv:hep-ph/9709432].

[15] A. Kovner, J. G. Milhano and H. Weigert, Phys. Rev. D 62, 114005 (2000) [arXiv:hep-ph/0004014]. H. Weigert, Nucl. Phys. A 703, 823 (2002) [arXiv:hep-ph/0004044]. E. Iancu, A. Leonidov and L. D. McLerran, Nucl. Phys. A 692, 583 (2001) [arXiv:hep-ph/0011241]. E. Iancu, A. Leonidov and L. D. McLerran, Phys. Lett. B 510, 133 (2001) [arXiv:hep-ph/0102009]. E. Iancu and L. D. McLerran, Phys. Lett. B 510, 145 (2001) [arXiv:hep-ph/0103032]. E. Ferreiro, E. Iancu, A. Leonidov and L. McLerran, Nucl. Phys. A 703, 489 (2002) [arXiv:hep-ph/0109115].

[16] I. Balitsky, Nucl. Phys. B 463, 99 (1996) [arXiv:hep-ph/9509348]; Y. V. Kovchegov, Phys.

Rev. D 60, 034008 (1999) [arXiv:hep-ph/9901281].

[17] A. H. Mueller, Nucl. Phys. B 335, 115 (1990); A. H. Mueller, Nucl. Phys. B 415, 373 (1994). [18] Y. V. Kovchegov and L. D. McLerran, Phys. Rev. D 60, 054025 (1999) [Erratum-ibid. D 62, 019901 (2000)] [arXiv:hep-ph/9903246].

[19] N. N. Nikolaev and B. G. Zakharov, Z. Phys. C 49, 607 (1991).

[20] Y. V. Kovchegov and A. H. Mueller, Nucl. Phys. B 529, 451 (1998) [arXiv:hep-ph/9802440]. [21] R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigne and D. Schiff, Nucl. Phys. B 484, 265 (1997) [arXiv:hep-ph/9608322].

[22] Y. V. Kovchegov, Phys. Rev. D 64, 114016 (2001) [Erratum-ibid. D 68, 039901 (2003)] [arXiv:hep-ph/0107256].

[23] B. Z. Kopeliovich, A. V. Tarasov and A. Schafer, Phys. Rev. C 59, 1609 (1999) [arXiv:hep-ph/9808378]; B. Z. Kopeliovich, A. Schafer and A. V. Tarasov, quark Phys. Rev. D 62, 054022 (2000) [arXiv:hep-ph/9908245]; B. Kopeliovich, A. Tarasov and J. Hufner, energies of Nucl. Phys. A 696, 669 (2001) [arXiv:hep-ph/0104256].

[24] A. Kovner and U. A. Wiedemann, Phys. Rev. D 64, 114002 (2001) [arXiv:hep-ph/0106240]. [25] B. Z. Kopeliovich and A. V. Tarasov, Nucl. Phys. A 710, 180 (2002) [arXiv:hep-ph/0205151]. [26] D. Kharzeev and M. Nardi, Phys. Lett. B 507, 121 (2001) [arXiv:nucl-th/0012025]. [27] D. Kharzeev, E. Levin and M. Nardi, arXiv:hep-ph/0111315. [28] D. Kharzeev, E. Levin and M. Nardi, arXiv:hep-ph/0212316.

[29] A. Krasnitz and R. Venugopalan, Phys. Rev. Lett. 84, 4309 (2000) [arXiv:hep-ph/9909203], [30] I. Arsene et al. [BRAHMS Collaboration], Phys. Rev. Lett. 91, 072305 (2003) [arXiv:nucl-ex/0307003]; S. S. Adler et al. [PHENIX Collaboration], Phys. Rev. Lett. 91, 072303 (2003) [arXiv:nucl-ex/0306021]. B. B. Back et al. [PHOBOS Collaboration], Phys. Rev. Lett. 91, 072302 (2003) [arXiv:nucl-ex/0306025]. J. Adams et al. [STAR Collaboration], Phys. Rev. Lett. 91, 072304 (2003) [arXiv:nucl-ex/0306024].

[31] D. Kharzeev, Y. V. Kovchegov and K. Tuchin, Phys. Rev. D 68, 094013 (2003) [arXiv:hep-ph/0307037].

[32] J. Jalilian-Marian, Y. Nara and R. Venugopalan, arXiv:nucl-th/0307022, and references therein.

[33] J. L. Albacete, N. Armesto, A. Kovner, C. A. Salgado and U. A. Wiedemann, arXiv:hep-ph/0307179; R. Baier, A. Kovner and U. A. Wiedemann, Phys. Rev. D 68, 054009

(2003) [arXiv:hep-ph/0305265].

[34] M. Gyulassy, I. Vitev, X. N. Wang and B. W. Zhang, arXiv:nucl-th/0302077, and references therein.

[35] B. Z. Kopeliovich, J. Nemchik, A. Schafer and A. V. Tarasov, Phys. Rev. Lett. 88, 232303 (2002) [arXiv:hep-ph/0201010].

[36] Y. V. Kovchegov and K. L. Tuchin, Nucl. Phys. A 708, 413 (2002) [arXiv:hep-ph/0203213], Nucl. Phys. A 717, 249 (2003) [arXiv:nucl-th/0207037].

[37] E. Levin and K. Tuchin, Nucl. Phys. B 573, 833 (2000) [arXiv:hep-ph/9908317], Nucl. Phys.

A 693, 787 (2001) [arXiv:hep-ph/0101275].

[38] D. Kharzeev, E. Levin and L. McLerran, Phys. Lett. B 561, 93 (2003) [arXiv:hep-ph/0210332]. [39] A. M. Stasto, K. Golec-Biernat and J. Kwiecinski, Phys. Rev. Lett. 86, 596 (2001) [arXiv:hep-ph/0007192].

[40] E. Levin and K. Tuchin, Nucl. Phys. A 691, 779 (2001) [arXiv:hep-ph/0012167]. [41] E. Iancu, K. Itakura and L. McLerran, Nucl. Phys. A 708, 327 (2002) [arXiv:hep-ph/0203137], E. Iancu, K. Itakura and L. McLerran, Nucl. Phys. A 724, 181 (2003) [arXiv:hep-ph/0212123].

[42] A. H. Mueller and D. N. Triantafyllopoulos, Nucl. Phys. B 640, 331 (2002) [arXiv:hep-ph/0205167], D. N. Triantafyllopoulos, Nucl. Phys. B 648, 293 (2003) [arXiv:hep-ph/0209121].

[43] R. Debbe, [BRAHMS Collaboration], talk given at the APS DNP Meeting at Tucson, AZ, October, 2003; I. Arsene [BRAHMS Collaboration], arXiv:nucl-ex/0403005.

[44] S. Catani, M. Ciafaloni and F. Hautmann, Nucl. Phys. B 366, 135 (1991). [45] J. C. Collins and R. K. Ellis, Nucl. Phys. B 360, 3 (1991). [46] F. Gelis and R. Venugopalan, arXiv:hep-ph/0310090.

[47] Y. V. Kovchegov and K. Tuchin, Phys. Rev. D 65, 074026 (2002) [arXiv:hep-ph/0111362]. [48] M. G. Ryskin, A. G. Shuvaev and Y. M. Shabelski, Phys. Atom. Nucl. 64, 1995 (2001) [Yad. Fiz. 64, 2080 (2001)] [arXiv:hep-ph/0007238]; P. Hagler, R. Kirschner, A. Schafer, L. Szymanowski and O. Teryaev, Phys. Rev. D 62, 071502 (2000) [arXiv:hep-ph/0002077]; N. P. Zotov, A. V. Lipatov and V. A. Saleev, Phys. Atom. Nucl. 66, 755 (2003) [Yad. Fiz. 66, 786 (2003)]; V. P. Goncalves and M. V. Machado, Eur. Phys. J. C 30, 387 (2003) [arXiv:hep-ph/0305045].