arXiv:nucl-th/0402014 v2 29 Apr 2004

INT–PUB 04–02

Electromagnetic Signatures of the Color Glass Condensate: Dileptons

Jamal Jalilian-Marian

Institute for Nuclear Theory, University of Washington, Seattle, WA 98195

Abstract

We evaluate the invariant cross section for production of dileptons in forward rapidities at RHIC and LHC, using the Color Glass Condensate formalism and present results for the nuclear modification factor R_{d(p)A} as a function of dilepton invariant mass for the most central deuteron (proton)-nucleus collisions.

1 Introduction

The recent results on suppression of hadron spectra in deuteron gold (dA) collisions in the forward rapidity region [1] of the Relativistic Heavy Ion Collider (RHIC) at the Brookhaven National Lab (BNL) has generated a lot of interest in the applications of semi-classical QCD and the Color Glass Condensate [2] to RHIC. Even though the Color Glass Condensate is the prediction of QCD for the wave function of a hadron or nucleus at high energies [3, 4, 5], it is not a priori clear at what energy this happens. There is some experimental evidence [6] that RHIC may be at just high enough energy to see glimpses of the Color Glass Condensate.

The applications of the Color Glass Condensate formalism to the heavy ion collisions at RHIC have been most successful at low p_t [6] which probe the kinematic region where x_{bj} ∼ 0.01 at mid rapidity. However, the mid rapidity region in heavy ion collisions is not the best place to look for the Color Glass Condensate because of the dominance of the final state effects, such as the energy loss of energetic partons [7] from the possibly formed Quark Gluon Plasma.

The forward rapidity region in dA collisions (the deuteron fragmentation region) is the best place in a hadronic/nuclear collision to probe the Color Glass Condensate [8]. First, there is presumably no Quark Gluon Plasma formed in a deuteron gold collision so that the dominant final state effects such the jet energy loss from the plasma are absent. Second, the forward rapidity region probes the small x_{bj} part of the nuclear wave function and the large x_{bj} part of the deuteron wave function. This is the ideal situation for the Color Glass Condensate probes since the high gluon density effects in the nucleus which give rise to the Color Glass Condensate are the strongest in this kinematics.

RHIC is a unique experiment in the sense that it has almost a continuous rapidity coverage, 0 < y < 4, among its various detectors where it can detect various particles. The STAR detector can measure hadrons and photons in mid rapidity as well as at y = 4. The PHENIX collaboration can measure hadrons at mid rapidity as well as dimuons in the rapidity region between 1.2 − 2.2 while BRAHMS has measured hadrons at mid rapidity as well as rapidities of 1, 2.2 and 3.2. Therefore, one has the chance to map out the rapidity (x_{bj} ) dependence of particle production and confront it with the predictions of the Color Glass Condensate formalism. Already, the qualitative agreement between the predictions of the Color Glass Condensate formalism [9, 10, 11] and the data from BRAHMS, both the suppression of R_{dA} and its centrality dependence, are quite remarkable specially since all the available models in the market missed this suppression despite their many free parameters [12].

Electromagnetic probes such as photons and dileptons provide another tool, in addition to hadrons, with which to investigate the properties of the Color Glass Condensate [13]. They are cleaner in the sense that they do not undergo strong interactions with the other partons produced after the collision. Furthermore, in the case of hadrons, one needs to convolute the produced parton with the desired hadron fragmentation function. This means that a hadron measured at a given transverse momentum p_t comes from the fragmentation of a parton at a yet higher transverse momentum k_t = p_t/z. Since the collision energy is fixed, this takes one to higher momenta which correspond to higher x_{bj} where the Color Glass Condensate effects become less dominant. Dileptons and photons do not suffer from this and are therefore, a better signature of the high gluon density effects.

In this short paper, we provide a numerical analysis of the dilepton production cross section in deuteron-gold collisions [13] at RHIC and proton-lead collisions at LHC in the forward rapidity region. We consider y = 2.2 at RHIC where the PHENIX detector is located and y = 5 at LHC where there are plans to measure dileptons. We show our results for the absolute cross sections as well as the nuclear modification factor R_{d(p)A} and show that, similar to hadrons, dilepton production is also suppressed in the forward rapidity region.

2 Dilepton Production in d(p)A Collisions

Our starting point is the dilepton production in quark-nucleus scattering using the Color Glass Condensate formalism as derived in [13] (see also [14] for an equivalent approach). The diagrams corresponding to this process are shown in Fig. (1) where the virtual photon is emitted before, after or during the multiple scatterings of the quark from the target nucleus.

Figure 1: Dilepton production in quark-nucleus scattering.

It can be shown that the diagram where the virtual photon is emitted during the scattering of the quark from the nucleus is suppressed by the Lorentz factor γ and does not contribute. Assuming the incoming quark is on shell and ignoring all the quark masses, one gets

dσ^{q A→q l+ l− X} dz d^2b_t d^2k_t d log M^2 = 2α^2_{em} 3π ∫ d^2l_t (2π)^4 σ̂_{dipole}(x, b_t, l_t) {[ 1 + (1 − z)^2 z ] z^2l^2_t [k^2_t + M^2(1 − z)][(k_t − zl_t)^2 + M^2(1 − z)]

−z(1 − z) M^2 [ 1 [k^2_t + M^2(1 − z)] − 1 [(k_t − zl_t)^2 + M^2(1 − z)]

]_2} (1) with l_t = q_t+k_t and q_t and k_t are the transverse momenta of the outgoing quark and dilepton pair respectively while z is the fraction of the energy of the incoming quark carried away by the virtual photon and M is the dilepton pair invariant mass. σ̂ is the Fourier transform of the dipole cross section given in (5).

To proceed further, we will integrate over the transverse momentum of the dilepton pair. This can be done analytically and simplifies the expression for the cross section considerably. The transverse momentum integrated cross section is also more useful experimentally since the production rate is quite small, at least at RHIC. Rewriting the dipole cross section in the coordinate space, we get dσ^{q A→q l+l− X} d^2b_t dM^2 = α^2_{em} 3π^2 ∫ dz 1 − z z^3 ∫ dr^2_t σ_{dipole}(x_g, b_t, r_t) [ [1 + (1 − z)^2] K^2_1 [ √ 1 − z z Mr_t] + 2(1 − z) K^2_0 [ √ 1 − z z Mr_t] ] (2) To relate this to deuteron (proton)-nucleus scattering, we need to convolute (2) with the quark (and anti-quark) distributions q(x, M^2) in a deuteron (proton). As shown in [14], this can be written in terms of the deuteron (proton) structure function F_2 dσ^{d(p) A→l+ l− X} d^2b_t dM^2 dx_F = α^2_{em} 6π^2 1 x_q + x_g

∫_1 x_q dz ∫ dr^2_t 1 − z z^2 F^{d(p)}_2 (x_q/z) σ_{dipole}(x_g, b_t, r_t) [ [1 + (1 − z)^2] K^2_1 [ √ 1 − z z Mr_t] + 2(1 − z) K^2_0 [ √ 1 − z z Mr_t] ] (3) where

x_q = 1 2 [√ x^2_F + 4

M^2 s + x_F ]

x_g = 1 2 [√ x^2_F + 4

M^2 s − x_F ] (4) and F^{d(p)}_2 ≡ ∑ f x [q_f (x, M^2) + q̄_f (x, M^2)]

is the deuteron (proton) structure function with x_F ≡^{M√}_s [e^y −e^{−y}]. Note that the sum over quark and anti-quark flavors is different for protons and deuterons. Here, we will use eq. (3) to calculate the dilepton production cross section in deuteron (proton) nucleus collisions. In case of a proton projectile, we use the GRV98 parameterization [15] of the structure function F^p_2 . We note that, in this kinematic region, the incoming quark or anti-quark distributions in a proton are well known and there is very little difference between different parameterizations. For a deuteron projectile, we use the HKM parameterization [16] of the F^d_2 structure function which includes shadowing. Again, since the projectile quarks and anti-quarks are in the large x_{bj} region, the nuclear effects in the projectile deuteron are not large except at very large x_{bj} ∼ 0.7 − 0.9 where shadowing can be a 20% − 30% effect.

The forward rapidity region in a d(p)A collision probes small x_{bj} gluons in the nucleus. Therefore, the target nucleus is treated as a Color Glass Condensate. To proceed further, we need to know the dipole cross section σ_{dipole}(x_g, b_t, r_t). The dipole cross section satisfies the JIMWLK equation [17]. This equation has recently been solved on a lattice in [18]. Alternatively, one can solve the large N_c limit of the JIMWLK equation, known as the BK equation [19]. This has been done numerically by several authors [20].

Alternatively, one can model the dipole cross section based on the known properties of the solution to the non-linear evolution equation in various limits. This has been done in [21] and a comparison to the HERA data on structure functions has been performed. It is shown in [21] that one can fit the HERA data in the kinematic region Q^2 < 50 GeV^2 and x_{bj} < 0.01. Furthermore, this ansatz has a simple form which includes the right anomalous dimension in the extended scaling region [22, 23], unlike some previous parameterizations of the dipole cross section [24]. Having the right anomalous dimension is extremely important specially since the recent data from BRAHMS at RHIC may indicate that we are in the region corresponding to the linear evolution and the BFKL anomalous dimension.

In [21] parameterization, the dipole cross section has the following simple form ∫ d^2b_t σ_{dipole}(x_g, b_t, r_t) ≡ 2πR^2 N (x_g, r_tQ_s) (5)

where N (x_g, r_tQ_s) = 1 − e^{−a ln2 b rtQs} r_tQ_s > 2 and N (x_g, r_tQ_s) = N_0 exp { 2 ln( r_tQ_s 2 ) [ γ_s + ln 2/r_tQ_s κλ ln 1/x_g ]} r_tQ_s < 2 (6)

The constants a, b are determined by matching the solutions at r_tQ_s = 2 while γ_s = 0.63 and κ = 9.9 are determined from LO BFKL. The form of the saturation scale Q^2_s is taken to be Q^2_s ≡ (x_0/x)^λ GeV^2 with x_0, λ, N_0 determined from fitting the HERA data on proton structure function F_2. We refer the reader to [21] for details of the fit. In case of a nucleus, we make the assumption that the saturation scale of the nucleus is Q^2_{sA} ≡ A^{1/3}Q^2_{sp}. We now have all the ingredients necessary to evaluate the dilepton production cross section as given by eq. (3).

It is instructive to consider the kinematic regions where a parameterization of the form used in [21] is appropriate. This parameterization is valid in the saturation region, defined by scales M < Q_s, and in the extended scaling region defined by M < Q_{es} where

Q_{es} ≡ Q^2_s /Q_0. In the case of the proton, the initial scale Q_0 is of the order of Λ_{QCD} while in the case of nuclei, it is Q_0 = Q_s(x_0) where ln 1/x_0 is the initial rapidity where high gluon density effects become important. This is usually taken to be x_0 ∼ 0.05 − 0.01. It is important to notice that the actual value of the extended scaling scale does not enter anywhere in our results, but that it just defines how high in dilepton invariant mass M we can go in this formalism.

To get a feeling for the saturation and extended scaling scales, we note that at y = 2.2, the extended scaling scale of a proton is ∼ 3 GeV for M ∼ 3 GeV. This is why, at RHIC, we show results for dilepton invariant masses up to M ∼ 3 GeV. For rapidity y ∼ 5 at LHC, the extended scaling scale goes up to 13 GeV.

We show our results for the absolute cross sections, as given in eq. (3), in Fig. (2). For comparison, we show the cross sections for both proton-proton and deuteron-gold scattering for different dilepton invariant masses at rapidity y = 2.2, appropriate for the PHENIX detector at RHIC.

Figure 2: Dilepton production at RHIC: y = 2.2 and b_t = 0.

It should be kept in mind that M ∼ 3 GeV is quite likely at the edge of the extended scaling region for this kinematics while our formalism is best suited for the saturation and extended scaling region and could very well begin to break down as we go to higher dilepton masses. Also, since the saturation and extended scaling scales are larger for a nucleus than a proton, our results are probably more reliable for deuteron-gold collisions than proton-proton collisions for this particular kinematics. This will improve as we go to higher energies and/or higher rapidities such as those covered by LHC.

The nuclear modification factor R_{dA} defined as R_{dA} ≡ dσ^{dA→l+ l−X} /dy dM^2 d^2b_t A^{1/3}dσ^{pp→l+l−X} /dy dM^2 d^2b_t is shown in Fig. (3) for the most central deuteron-gold collisions. We also show the nuclear modification factor for the proton-gold collisions for sake of comparison. It should be noted that nuclear shadowing of the incoming deuteron wave function is taken into account in the HKM parameterization [16]. As is clear from the figure, there is a large difference between dilepton production in proton-gold and deuteron-gold collisions as there must be since the flavor and as a result, electric charge, decomposition of proton and deuteron are different.

Figure 3: R_{dA} and R_{pA} at RHIC: y = 2.2 and b_t = 0.

In Fig. (4), we show the dilepton production cross section in proton-proton and protonlead collisions at LHC, at the rapidity of y = 5. We now go to dilepton masses as high as M ∼ 13 GeV because the saturation scale is now much larger so that our formalism is valid for higher dilepton invariant masses.

In Fig. (5), we show our results for the nuclear modification factor R_{pA} at LHC for the most central collisions proton-lead collisions. The suppression of the dilepton spectrum is much stronger than that at RHIC as expected since at LHC smaller x_{bj} is probed.

3 Discussion

Semi-classical QCD extends the domain of applicability of weak coupling (perturbative) QCD to high energies where the naive perturbative QCD approach fails due to high parton densities. The resulting state of a hadron or nucleus at high energy where parton densities are high is called a Color Glass Condensate. While the existence of such a high parton

Figure 4: Dilepton production at LHC: y = 5 and b_t = 0

Figure 5: R_{pA} at LHC: y = 5 and b_t = 0.

density state follows from QCD, the energy at which this happens can not be derived, at the moment, from the theory itself and needs to be determined experimentally.

While there is some evidence in favor of Color Glass Condensate from HERA on electron-proton Deep Inelastic Scattering [21, 24], the BRAHMS collaboration at RHIC may have the best signature of the Color Glass Condensate in a nuclear environment so far in their measurement of the negatively charged hadrons in the forward rapidity region. To verify that this indeed the case, it is important to investigate the predictions of the Color Glass Condensate formalism for other processes such as dilepton production.

In this paper, we provide predictions for dilepton production cross sections in protonproton and deuteron (proton)-nucleus collisions in forward rapidity regions at RHIC and LHC. The universal ingredient in this cross section, as well as cross sections for hadronic observables, is the quark anti-quark dipole- nucleus cross section which is subject to the non-linear evolution equation and which has recently been solved. In this work, we use an ansatz for the dipole cross section which has been successfully used to fit the HERA data on proton structure function. This model includes the physics of the BFKL anomalous dimension as well as scaling properties of the Color Glass Condensate and therefore, is well suited for our purpose.

There are several caveats in this work which need a more careful treatment than considered here. First, the dipole ansatz as given in (6) has been shown to work for a proton target, but has not been used for nuclei. In this work, we assumed that the A dependence comes in through the saturation scale Q^2_s A^{1/3}. Ideally, one would like to have this only in the initial shape of the dipole. The subsequent A dependence will then be determined by the non-linear equations. There are some indications that as long as x_{bj} is not too small, the assumed A^{1/3} dependence may be fine for large nuclei[25].

Another caveat is that the dipole model used here does not have the correct high p_t behavior. In other words, it does not match onto the Double Log DGLAP limit which is contained in the Color Glass Condensate. This may not be very important in the forward rapidity region since the p_t coverage in this region is limited due to kinematics of the experiment.

Most importantly, it remains to be seen whether dileptons at low invariant mass (below J/ψ) peak can be measured at RHIC. This is most important since this is where our predictions are most reliable at RHIC. If and when RHIC future upgrades allow measurement of dileptons at higher rapidities, one can go to higher dilepton masses since the saturation scale is larger at more forward rapidities. Therefore, it is highly desirable to have the capability to measure dileptons (as well as photons) at RHIC in as forward rapidity as possible. Also, the STAR collaboration may be able to measure direct photons as well as photon + jets at rapidity y = 4 in the next deuteron-gold run at RHIC. The photon + jet process is unique in the sense it directly probes the dipole cross section. Color Glass Condensate predictions for this process will be presented elsewhere [26]. Finally, having another deuteron-gold run at RHIC in the near future will establish conclusively whether the Color Glass Condensate has been observed at RHIC, which seems to be the case, and will allow one to investigate its properties in detail. Acknowledgments

We would like to thank R. Baier, F. Gelis, B. Kopeliovich, S. Kumano, A. Mueller and J. Raufeisen for useful discussions. This work is supported by DOE under grant number DOE/ER/41132. References

[ 1 ] R. Debbe for BRAHMS collaboration, Quark matter 2004 and DNP 2003. [ 2 ] L. D. McLerran and R. Venugopalan, Phys. Rev. D 49, 2233 (1994), Phys. Rev. D 49, 3352 (1994), Phys. Rev. D 59, 094002 (1999); Y. V. Kovchegov, Phys. Rev. D 54, 5463 (1996), Phys. Rev. D 55, 5445 (1997).

[ 3 ] L. V. Gribov, E. M. Levin and M. G. Ryskin, Phys. Rept. 100 (1983) 1. [ 4 ] A. H. Mueller and J. W. Qiu, Nucl. Phys. B 268, 427 (1986).

[ 5 ] E. L. Berger et al., in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed. N. Graf, eConf C010630, P5001 (2001).

[ 6 ] D. Kharzeev, E. Levin and M. Nardi, hep-ph/0111315, Nucl. Phys. A 730, 448 (2004);

J. Jalilian-Marian, nucl-th/0212018.

[ 7 ] M. Gyulassy and X. N. Wang, Nucl. Phys. B 420, 583 (1994); M. Gyulassy, I. Vitev and X. N. Wang, Phys. Rev. Lett. 86, 2537 (2001); X. N. Wang, Phys. Lett. B 579, 299 (2004); M. Gyulassy, P. Levai and I. Vitev, Phys. Rev. D 66, 014005 (2002), Nucl. Phys. B 594, 371 (2001); S. Jeon, J. Jalilian-Marian and I. Sarcevic, Nucl. Phys. A 715, 795 (2003), Phys. Lett. B 562, 45 (2003), Nucl. Phys. A 723, 467 (2003); J. Jalilian-Marian, K. Orginos and I. Sarcevic, Nucl. Phys. A 700, 523 (2002), Phys. Rev. C 63, 041901 (2001); A. Kovner and U. A. Wiedemann, hep-ph/0304151; C. A. Salgado and U. A. Wiedemann, Phys. Rev. D 68, 014008 (2003).

[ 8 ] A. Dumitru and J. Jalilian-Marian, Phys. Lett. B 547, 15 (2002), Phys. Rev. Lett.

89, 022301 (2002).

[ 9 ] D. Kharzeev, Y. V. Kovchegov and K. Tuchin, Phys. Rev. D 68, 094013 (2003), [ 10 ] J. L. Albacete, N. Armesto, A. Kovner, C. A. Salgado and U. A. Wiedemann, hep-ph/0307179.

[ 11 ] J. Jalilian-Marian, Y. Nara and R. Venugopalan, Phys. Lett. B 577, 54 (2003). [ 12 ] I. Vitev, Phys. Lett. B 562, 36 (2003); A. Accardi and M. Gyulassy, nucl-th/0308029. [ 13 ] F. Gelis and J. Jalilian-Marian, Phys. Rev. D 66, 014021 (2002), Phys. Rev. D 66, 094014 (2002), Phys. Rev. D 67, 074019 (2003).

[ 14 ] B. Z. Kopeliovich, J. Raufeisen, A. V. Tarasov and M. B. Johnson, Phys. Rev. C 67, 014903 (2003), M. B. Johnson et al., Phys. Rev. C 65, 025203 (2002), B. Z. Kopeliovich, J. Raufeisen and A. V. Tarasov, Phys. Lett. B 503, 91 (2001); S. J. Brodsky, A. Hebecker and E. Quack, Phys. Rev. D 55, 2584 (1997).

[ 15 ] M. Gluck, E. Reya and A. Vogt, Eur. Phys. J. C 5, 461 (1998). [ 16 ] M. Hirai, S. Kumano and M. Miyama, Phys. Rev. D 64, 034003 (2001). [ 17 ] A. Ayala, J. Jalilian-Marian, L. D. McLerran and R. Venugopalan, Phys. Rev. D 52, 2935 (1995), Phys. Rev. D 53, 458 (1996); J. Jalilian-Marian, A. Kovner, A. Leonidov and H. Weigert, Nucl. Phys. B 504, 415 (1997), Phys. Rev. D 59, 014014 (1999), Phys. Rev. D 59, 034007 (1999), [Erratum-ibid. D 59, 099903 (1999)]; J. Jalilian-Marian, A. Kovner and H. Weigert, Phys. Rev. D 59, 014015 (1999);

A. Kovner, J. G. Milhano and H. Weigert, Phys. Rev. D 62, 114005 (2000); A. Kovner and J. G. Milhano, Phys. Rev. D 61, 014012 (2000); E. Iancu, A. Leonidov and L. D. McLerran, Nucl. Phys. A 692, 583 (2001), hep-ph/0202270, Phys. Lett. B 510, 133 (2001); E. Iancu and L. D. McLerran, Phys. Lett. B 510, 145 (2001); E. Ferreiro, E. Iancu, A. Leonidov and L. McLerran, Nucl. Phys. A 703, 489 (2002); E. Iancu and R. Venugopalan, hep-ph/0303204.

[ 18 ] K. Rummukainen and H. Weigert, hep-ph/0309306.

[ 19 ] Y. V. Kovchegov, Phys. Rev. D 60, 034008 (1999), Phys. Rev. D 61, 074018 (2000);

I. Balitsky, Nucl. Phys. B 463, 99 (1996).

[ 20 ] K. Golec-Biernat and A. M. Stasto, Nucl. Phys. B 668, 345 (2003); E. Gotsman, M. Kozlov, E. Levin, U. Maor and E. Naftali, hep-ph/0401021.

[ 21 ] E. Iancu, K. Itakura and S. Munier, hep-ph/0310338. [ 22 ] J. Kwiecinski and A. M. Stasto, Phys. Rev. D 66, 014013 (2002). [ 23 ] E. Iancu, K. Itakura and L. McLerran, Nucl. Phys. A 708, 327 (2002), hep-ph/0205198.

[ 24 ] K. Golec-Biernat and M. Wusthoff, Phys. Rev. D 59, 014017 (1999), Phys. Rev. D 60, 114023 (1999).

[ 25 ] A. Freund, K. Rummukainen, H. Weigert and A. Schafer, Phys. Rev. Lett. 90, 222002 (2003).

[ 26 ] J. Jalilian-Marian, work in progress.