arXiv:1306.3829v1 [nucl-th] 17 Jun 2013

Nuclear medium effects in Drell-Yan process

H. Haider and M. Sajjad Athar^∗ Department of Physics, Aligarh Muslim University, Aligarh - 202 002, India

I. Ruiz Simo Departamento de Física Teórica and IFIC, Centro Mixto Universidad de Valencia-CSIC, Institutos de Investigación de Paterna, E-46071 Valencia, Spain

S. K. Singh H. N. B. Garhwal University, Srinagar - 246 174, India

We study nuclear medium effects in Drell-Yan processes at small target x using quark parton distribution functions and nucleon structure functions for a bound nucleon calculated in a microscopic nuclear model which takes into account the effect of Fermi motion, nuclear binding and nucleon correlations through a relativistic spectral function. The contributions of π and ρ mesons, target mass corrections and nuclear shadowing are also included. The results are compared with the theoretical and experimental results. The model is able to successfully explain the low target x results of E772 and E866 Drell-Yan experiments and is applicable to the forthcoming experimental analysis of E906 Sea Quest experiment at Fermi Lab.

PACS numbers: 13.40.-f,21.65.-f,24.85.+p, 25.40.-h

INTRODUCTION

Drell-Yan production of lepton pairs [1] from nucleons and nuclear targets is an important tool to study the quark structure of nucleons and its modification in the nuclear medium. In particular, the proton induced Drell-Yan production of muon pairs on nucleons and nuclei provides a direct probe to investigate the quark parton distribution functions(PDF) and nucleon structure functions for bound nucleons in nuclei. The Drell-Yan production takes place through basic process of quarkantiquark annihilation into lepton pairs i.e q_{b(t)} + q̄_{t(b)} → l^+ + l^− where b and t indicate the beam proton and target nucleon. In this basic process a quark(antiquark) in the beam carrying a longitudinal momentum fraction x_b interacts with an antiquark(quark) in the target carrying longitudinal momentum fraction x_t of the target momentum per nucleon to produce a virtual photon which decays into lepton pairs. The cross section per target nucleon^{d2σ}_{dxbdxt} is given by [2]:

d^2σ dx_bdx_t = K 4πα^2 9Q^2 ∑ f e^2_f { q^b_f (x_b, Q^2)q̄^t_f (x_t, Q^2)

+ q̄^b_f (x_b, Q^2)q^t_f (x_t, Q^2) } (1) where α is the fine structure constant, e_f is the charge of quark(antiquark) of flavor f, Q^2 is the photon virtuality and q^{b,t}_f (x) and q̄^{b,t}_f (x) are the beam(target) quark PDF. The sum is over all quark flavors f i.e u, d, s, c, b, t. K describes the higher order effects and is found to be independent of x_b, x_t [3]. By adding and subtracting q̄^b_f (x_b, Q^2)q̄^t_f (x_t, Q^2) in first and second term, Eq.(1) is rewritten as[4]:

d^2σ dx_bdx_t = K 4πα^2 9Q^2 ∑ f e^2_f v^b_f (x_b, Q^2)q̄^t_f (x_t, Q^2)

+ 1 x_t q̄^b_f (x_b, Q^2)F^t_2 (x_t, Q^2) } (2) where v^b_f (x_b, Q^2) is the valence quark PDF in the beam proton given by v^b_f (x_b, Q^2) = q^b_f (x_b, Q^2) − q̄^b_f (x_b, Q^2) and F^t_2 (x_t, Q^2) is the nucleon structure function of bound nucleons in the target nucleus. Eq.(2) shows that in the small x_b region (x_b < 0.3) which is dominated by beam proton sea quarks, the second term will give the dominant contribution. The term includes the nuclear medium effects through the structure function F^t_2 (x_t, Q^2) for bound nucleon in the nuclear target. In this region of x_b, any model for F^t_2 (x_t, Q^2) which gives satisfactory description of DIS of charged leptons and ν(ν̄) should be able to explain the Drell-Yan production of lepton pairs from nuclear targets. On the other hand in the region of large x_b(x_b > 0.3) where the first term is expected to give leading contribution, the analysis of Drell-Yan yields will provide useful information about the sea quark PDF in the nuclear medium. It is important to point out that (x_b, x_t) profile of Drell-Yan yields, thus provides very useful information about the nuclear medium modification of quark PDF and nucleon structure functions. F^t_2 (x_t, Q^2) is either determined by a phenomenological analysis of nuclear PDF using experimental data on DIS of charged leptons and neutrino and antineutrino on nuclei or alternatively, by a theoretical model to describe the nuclear medium effects in DIS charged leptons and ν(ν̄) in nuclei[5]-[6].

FIG. 1: Ratio= d2σ dxbdxt (F e) d2σ dxbdxt (D) vs xt, left panel is for x_b = 0.1

and right panel is for x_b = 0.7. Solid line: Full model, dotted line: Spectral function(SF) results, and dotted dashed line: SF with meson cloud contribution. The results of Bickerstaff et al. [4] calculated in various models [9]-[14] are shown by a shaded region which correspond to the results obtained in the different models.

The application of phenomenologically determined nuclear quark PDF and nuclear structure functions of bound nucleons determined from the analysis of the deep inelastic scattering(DIS) of leptons and ν(ν̄) on nuclei to explain the Drell-Yan processes in nuclei has met with varied success. Some authors [7] succeeded in explaining the experimental data on nuclear Drell-Yan processes using phenomenologically determined nuclear PDF and structure functions, while others [8] do not find a consistent set of nuclear PDF and structure functions which can simultaneously explain the experimental data on DIS of charged leptons, neutrinos, antineutrinos and Drell-Yan yields from nuclear targets. A theoretical microscopic nuclear model which can explain DIS of leptons, neutrinos, antineutrinos and Drell-Yan processes in nuclei has been lacking. Several attempts have been made in this direction [9]-[21].

In this letter, we report the results of nuclear medium effects on Drell-Yan production of lepton pairs calculated in a theoretical microscopic nuclear model which has been successfully used to describe the DIS of leptons, ν(ν̄) from various nuclei [22–27]. The study covers the region of x_t < 0.3 in which the experimental data on Drell-Yan yield ratios are presently available from E772 [28] and E866 [29, 30] on^{12}C,^{40}Ca,^{56}F e, and^{184}W nuclei. The results are also presented up to the extended region of x_t = 0.45 which are applicable to the SeaQuest E906 experiment being done at Fermi Lab [31].

NUCLEAR EFFECTS

The numerical calculation for the Drell-Yan production of lepton pairs from nuclear targets have been done using Eq. 2, where the valence and sea quark PDFs have been taken from the parametrization of the Coordinated Theoretical-Experimental Project on QCD (CTEQ) Collaboration (CTEQ6.6) [32]. The nuclear medium effects are included through q̄^t_f (x_t, Q^2) and F^t_2 (x_t, Q^2) which have been calculated in the nuclear medium using local density approximation. The conventional nuclear medium effects like Fermi motion, nuclear binding and nucleon correlations are taken into account using relativistic hole spectral function of nucleon S_h(p^0, p, ρ_p(r)) in the nuclear medium which is defined in terms of nucleon propagator G(p) in the nuclear medium [22–27, 33].

The nucleon structure function F^t_2 (x_t, Q^2) is obtained by calculating the hadronic tensor in the nuclear medium following Refs. [22, 24] and for nonisoscalar nuclear target(N ≠ Z), separate distributions of the Fermi sea for protons and neutrons are taken [26]. F^t_2 (x_t, Q^2) is written as [22]:

F^t_2 (x_t, Q^2) = 2 ∑ i=p,n ∫ d^3r ∫ d^3p (2π)^3 M E(p) × ∫_{μi} −∞ dp^0 S^i_h(p^0, p, ρ_i(r))F^i_2 (x^′, Q^2)C(p^0, p) (3)

where C(p^0, p) = (^{1−γ pzM} )_{γ2} ( γ^{′2} +^{6x′2(p2−p2z )}

Q^2 ) , p^0 = M + ω, γ^{′2} = 1 + 4x^{′2}p^2/Q^2 and x^′ = Q^2/(2p · q). Factor 2 is a spin factor. F^i_2 are the dimensionless structure functions for the free proton and the free neutron respectively. S^i_h are the two different spectral functions, each of them normalized to the number of protons or neutrons in the nuclear target. ρ_p(ρ_n) is the proton(neutron) density inside the nucleus.

Similarly for the antiquark inside the nuclear medium, q̄^t_f (x_t, Q^2) is written as [20]:

q̄^t_f (x_t, Q^2) = 2 ∑ i=p,n ∫ d^3r ∫ d^3p (2π)^3 M E(p) × ∫_{μi} −∞ dp^0 S^i_h(p^0, p, ρ_i(r))q̄^i_f (x^′, Q^2), (4)

where q̄^i_f is the antiquark momentum distribution function inside the nucleon.

The target mass correction(TMC) to F^t_2 (x_t, Q^2) has been made using prescription of Schienbein et al. [34] and shadowing effect has been taken into account using Glauber-Gribov multiple scattering model following the prescription of Kulagin and Petti [35].

The pion and rho meson cloud contributions are calculated from a microscopic model of meson self-energies following Refs. [22, 36]. The pion contribution F^t_{2π}(x_t, Q^2)

FIG. 2: dσ dxb (F e) dσ dxb (D) vs xt at √ s=38.8GeV. Theoretical results of

Korpa et al. [19] using different parameter values and Alde et al. [28] in the different models are shown through bands. Dashed line with triangle up: Berger and Coester [13] results, dotted dashed line: Jung and Miller [14] results, double dotted dashed line: results of Close et al. [15] and Double dotted with stars: results of Brown et al. [16]. Solid line is our result with full model.

and antiquark contribution q̄^t_{f,π}(x_t, Q^2) inside the nuclear target are written as [22]:

F^t_{2,π}(x_t, Q^2) = −6 ∫ d^3r ∫ d^4p (2π)^4 θ(p^0)δImD_π(p) × x x_π 2MF_{2π}(x_π )θ(x_π − x)θ(1 − x_π) (5) and

q̄^t_{f,π}(x_t, Q^2) = −6 ∫ d^3r ∫ d^4p (2π)^4 θ(p^0)δImD_π(p) × x x_π 2Mq̄(x_π )θ(x_π − x)θ(1 − x_π), (6)

where D_π(p) is the pion propagator in the medium defined in terms of the self energy of the pion in the nuclear medium. The pionic PDF has been taken from Ref. [37].

Similarly, the rho contribution F^t_{2ρ}(x_t, Q^2) and q̄^t_{f,ρ}(x_t, Q^2) are obtained from Eq.5 and Eq.6 respectively by changing D_π(p) → D_ρ(p), x_π → x_ρ and the factor (- 6) by (-12). The expression for q̄^t_{f,π}(x_t, Q^2) is taken from Ref. [20].

The deuteron structure functions have been calculated using the same formula as for nuclear structure function but performing the convolution with the deuteron wave function squared instead of using the spectral function with the Paris N-N potential. In terms of the deuteron

FIG. 3: Left panel: dσ dxb (C,F e) dσ dxb (D) vs xt at √ s=38.8GeV. Full

model: solid line, Full model without pion, rho and shadowing: dotted line, Full model with pion and rho contributions: dashed line. Experimental points are of E772 experiment.

Right panel: dσ dxb (Ca,W ) dσ dxb (D) vs xt, lines have same meaning as in

left panel.

wave function, F^D_2 may be written as

F^D_2 (x, Q^2) = ∫ d^3p (2π)^3

|Ψ_D(p)|^2C(p^0, p, ρ_p(r))F^N_2 (x^′, Q^2)(7)

RESULTS AND DISCUSSION

In Fig. 1, we show the results for the ratio in iron to deuteron for^{d2σ}_{dxbdxt} as a function of x_t for x_b = 0.1 and x_b = 0.7, where we compare our results with the theoretical results of Bickerstaff et al. [4] calculated in various models [9]-[14]. Our results are presented for the full model i.e. using nuclear spectral function with meson cloud contributions and nuclear shadowing, nuclear spectral function with mesons and only with the nuclear spectral function. We find that in our model the effect of meson cloud contribution is to increase the cross section, and this results an increase of 2 − 3% in the cross section at x_t = 0.1, which decreases with the increase in x_t for x_b = 0.1. At x_b = 0.7, the effect of meson cloud is 3 − 4% which decreases with the increase in x_t. The effect of shadowing is to decrease in the cross section at low x, for example this results in the decrease in the cross section by about 2 − 3% at low values of x_t, the shadowing effect decreases with the increase in x_t for x_b = 0.1. The shadowing effect decreases considerably at x_b = 0.7. In Fig.2, we present our results for (^{dσ}_{dxt} )^{F e} (^{dσ}_{dxt} )^D , in the range 0 < x_t < 0.45, and compared

FIG. 4: Left panel: dσ dxb (F e,W ) dσ dxb (C) vs xt at √ s=38.8GeV. Full

model: solid line, Experimental points are of E772 experi-

ment [28]. Right Panel: dσ dxb (F e,W ) dσ dxb (Be) vs xt, line have same

meaning as in left panel. Experimental points are of E866 experiment [29, 30].

the results with the results of various calculations available in literature [13–16, 19, 28]. Our results are presented for the full model. We see from Fig.2, that in the region x_t > 0.2, our results agree with the results of Close et al. [11], Brown et al. [16] and lie within the band of Korpa and Dieperink [21]. In region x_t < 0.2, our results in this model are smaller than all the other calculations and are in the right direction of better agreement in this region with the experimental results shown below in Fig. 3 and Fig. 4. In Fig. 3, we compare our results for this ratio with the experimental results of E772 [28] experiment in the case of^{12}C,^{40}Ca,^{56}F e, and 184W . The three cases of theoretical results with nuclear spectral function, nuclear spectral function with mesons and nuclear spectral function with mesons and nuclear shadowing are shown separately. In Fig. 4, we present the results for the Drell-Yan ratio for^{d2σ}_{dxbdxt} integrated over x_b for fixed x_t in the range x_t + 0.2 < x_b < 1 i.e. dσ dxb (A) dσ dxb (A^′) , where A = F e or W nucleus and A ′ = Be or C nucleus, where we have also shown the experimental results from E772 [28] and E866 [29, 30] experiments. We find a good agreement with the experimental results for the various Drell-Yan ratios available from E772 [28] and E866 [29, 30] experiments in the low target x_t region for 0 < x_t < 0.3 and 0 < x_t < 0.15 corresponding to the above experiments. In case of both the experimental results our model slightly overestimates the Drell-Yan yield ratios in very small region of x_t < 0.1 specially in the case of heavier nuclei where parton energy loss may play a role. A comparison of the Drell-Yan ratios in Figs. 3 and 4 show that the present model explains the nuclear ratios in heavier nuclei better than the ratios when Deuteron is involved implying that in medium nuclear effects for heavier nuclei are well described in this model.

SUMMARY AND CONCLUSION

In this letter, we have studied nuclear medium effects in Drell-Yan processes at small target x using quark parton distribution functions and nucleon structure functions for a bound nucleon. We have used a microscopic nuclear model which takes into account the effect of Fermi motion, nuclear binding and nucleon correlations through a relativistic spectral function of bound nucleon. The contributions of π and ρ mesons, target mass corrections and nuclear shadowing are also included. Our results are compared with the various theoretical results available in the literature and with the E772 [28] and E866 [29, 30] experiments. We find a reasonable good agreement with the experimental results for a wide range of nuclei. We have also presented in this paper, results for^{d2σ}_{dxbdxt} in the extended region of x_t ≤ 0.45 for various values of x_b and the results for^{dσ}_{dxt} in this region relevant to the forthcoming E906 SeaQuest [31] experiment at Fermi Lab. Our results show that this model for describing the nuclear medium effects is able to describe the DIS charged leptons and neutrino and antineutrino and Drell-Yan yield ratios on nuclei except in the region of very low x_t < 0.1 where the nuclear effects other than Fermi motion, binding, nucleon correlations, pion and rho meson cloud contributions and nuclear shadowing may come into play. High statistics, high precision data from E906 SeaQuest [31] experiment on^{d2σ}_{dxbdxt} in various regions of x_b and x_t will provide important information about the modification of quark PDF and nucleon structure function in the nuclear medium.

∗ Electronic address: sajathar@gmail.com [1] S. D. Drell and Tung-Mow Yan, Phys. Rev. Lett. 25, 316 (1970), Erratum-ibid. 25, 902 (1970).

[2] Deep Inelastic Scattering, Robin Devenish and Amanda Cooper-Sarkar, Oxford University Press, New York 2004.

[3] I. R. Kenyon, Rep. Prog. Phys. 45, 1261 (1982). [4] R. P. Bickerstaff, M. C. Birse, and G. A. Miller, Phys.

Rev. Lett. 53, 2532 (1984).

[5] D. F. Geesaman, K. Saito and A. W. Thomas, Ann. Rev.

Nucl. Part. Sci. 45, 337 (1995).

[6] S. A. Kulagin and R. Petti Phys. Rev. C 82, 054614 (2010); ibid Phys. Rev. D 76, 094023 (2007).

[7] K. J. Eskola, H. Paukkunen, C. A. Salgado, JHEP 0904 (2009) 065, K. J. Eskola, V. J. Kolhinen, H. Paukkunen and C. A. Salgado, JHEP 0705, 002 (2007), S. Kumano, Phys. Rev. D 43, 59 (1991); 43, 3067 (1991), M. Hirai,

S. Kumano and T. -H. Nagai, Phys. Rev. C 76, 065207 (2007), M. Hirai, S. Kumano and T. -H. Nagai, Phys. Rev. C 70, 044905 (2004).

[8] I. Schienbein, J.Y. Yu, C. Keppel, J.G. Morfin, F. Olness and J.F. Owens, Phys. Rev. D 77, 054013 (2008), I. Schienbein, J.Y. Yu, K. Kovarik, C. Keppel, J.G. Morfin, F. Olness, J.F. Owens, Phys. Rev. D 80 094004 (2009).

[9] C. H. Llewellyn Smith, Phys. Lett. B 128, 107 (1983). [10] C. E. Carlson and T. J. Havens Phys. Rev. Lett. 51, 261 (1983).

[11] F. E. Close, R. G. Roberts and G. G. Ross, Phys. Lett.

B 129, 346 (1983).

[12] M. Ericson and A. W. Thomas, Phys. Lett. B 148, 191 (1984).

[13] E. L. Berger and F. Coester, Phys. Rev. D 32, 1071 (1985).

[14] H. Jung and G. A. Miller, Phys. Rev. C 41, 659 (1990). [15] F. E. Close, R. L. Jaffe, R. G. Roberts and G. G. Ross, Phys. Rev. D 31, 1004 (1985).

[16] G. E. Brown, M. Buballa, Z. B. Li and J. Wambach, Nucl. Phys. A 593, 295 (1995).

[17] E. L. Berger, F. Coester and R. B. Wiringa, Phys. Rev.

D 29, 398 (1984).

[18] R. L. Jaffe and X. -D. Ji, Phys. Rev. Lett. 67, 552 (1991). [19] A. E. L. Dieperink and C. L. Korpa, Phys. Rev. C 55, 2665 (1997).

[20] E. Marco and E. Oset, Nucl. Phys. A 645, 303 (1999). [21] C. L. Korpa and A. E. L. Dieperink, Phys. Rev. C 87, 014616 (2013).

[22] E. Marco, E. Oset, and P. Fernandez de Cordoba, Nucl.

Phys. A 611, 484 (1996).

[23] M. Sajjad Athar, S.K. Singh and M.J. Vicente Vacas Phys. Lett. B 668, 133 (2008).

[24] M. Sajjad Athar, I. Ruiz Simo and M. J. Vicente Vacas, Nucl. Phys. A 857, 29 (2011).

[25] H. Haider, I. Ruiz Simo, M. Sajjad Athar and M. J. Vicente Vacas, Phys. Rev. C 84, 054610 (2011).

[26] H. Haider, I. Ruiz Simo and M. Sajjad Athar, Phys. Rev.

C 85, 055201 (2012).

[27] H. Haider, I. Ruiz Simo and M. Sajjad Athar, Phys. Rev.

C 87, 035502 (2013) [28] D. M. Alde et al., Phys. Rev. Lett. 64, 2479 (1990). [29] E. A. Hawker et al. (FNAL E866/NuSea), Phys. Rev.

Lett. 80, 3715 (1998).

[30] M.A. Vasiliev et al., Phys. Rev. Lett. 83, 2304 (1999). [31] P. E. Reimer (Fermilab SeaQuest Collaboration), J.

Phys.: Conf. Ser. 295, 012011 (2011).

[32] Pavel M. Nadolsky et al., Phys. Rev. D 78, 013004 (2008); http://hep.pa.msu.edu/cteq/public [33] P. Fernandez de Cordoba and E. Oset, Phys. Rev. C 46, 1697 (1992).

[34] I. Schienbein et al., J. Phys. G 35, 053101 (2008). [35] S. A. Kulagin and R. Petti, Nucl. Phys. A 765, 126 (2006).

[36] C. Garcia-Recio, J. Nieves and E. Oset, Phys. Rev. C 51 (1995) 237.

[37] M. Gluck, E. Reya and A. Vogt, Z. Phys. C 53, 651 (1992).