arXiv:1109.3108v2 [hep-ph] 3 Mar 2013

Probing flavor-dependent EMC effect with W boson production

W.C. Chang^a, I.C. Cloët^b, D. Dutta^c, J.C. Peng^{a,d}

aInstitute of Physics, Academia Sinica, Taipei 11529, Taiwan bDepartment of Physics, University of Washington, Seattle, Washington 98195, USA cDepartment of Physics, Mississippi State University, Mississippi State, Mississippi 39762, USA dDepartment of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA

Abstract

A recent theoretical model predicts that the modification of quark distributions in the nuclear medium (EMC effect) depends on the flavor of the quarks. We investigate W -boson production in proton-nucleus collision as a possible tool to test this theoretical prediction. Several experimental observables in W production sensitive to the flavor-dependent EMC effect are identified. Calculations for these experimental observables at the RHIC and LHC energies are presented using the recent flavor-dependent EMC model.

Keywords: EMC effect, flavor dependence, W boson PACS: 13.85.Qk, 14.20.Dh, 21.65.Cd, 24.85.+p

The first definitive evidence for the modification of quark distributions in the nuclear medium was observed in muon deep inelastic scattering (DIS) experiment [1]. This surprising finding, called the EMC effect, was later confirmed by other DIS experiments using electron, muon, and neutrinos beams [2, 3, 4]. Many theoretical models have been proposed to explain the EMC effect [5, 6]. Although these models are capable of describing certain features of the EMC effect, they span a wide range of underlying physics. The physics origin of the EMC effect remains to be better understood.

An effective tool to shed additional light on this subject is to study the quark flavor dependences of the EMC effect. This was clearly demonstrated by the measurements of the nuclear dependence of the proton-induced Drell-Yan process [7, 8], which was primarily sensitive to the ū quark distributions in the nucleus. The lack of the nuclear enhancement of ū distributions in these experiments has already provided strong constraints on various EMC models [7].

To further understand the EMC effect, it would be very valuable to examine other flavor dependences of the EMC effect. In this paper, we discuss the possible dependence of the EMC effect on the flavor of valence quarks for an N ≠ Z nucleus, where N and Z are the numbers of neutrons and protons in the nucleus. We investigate the feasibility for observing such flavor-dependent EMC effect with W - boson production at the RHIC and LHC colliders.

The possibility for a flavor-dependent modification of quark distributions in N ≠ Z nuclei was recently considered by Cloët, Bentz, and Thomas (CBT) [9, 10]. In the CBT model, the isoscalar and isovector mean fields in a nucleus will modify the quark distributions in the bound nucleons according to the Nambu-Jona-Lasinio model. These modified nucleon quark distributions will then be convoluted with nucleon’s momentum distribution in the nucleus to obtain the nuclear quark distributions. The strength of the ρ_0 field, characterized by the G_ρ coupling, is determined by the empirical symmetry energy of nuclear matter. The value of G_ρ = 14.2 GeV^{−2} is obtained [10]. An interesting consequence of this approach is that the presence of the isovector vector meson (ρ^0) mean field in an N ≠ Z nucleus will modify the u and d quarks in the bound nucleons differently, leading to flavor dependence of nuclear quark distributions.

The predictions of the CBT model can be compared with existing DIS data. Figure 1 shows the F^A_2 /F^D_2 ratios, where F^A_2 and F^D_2 are the structure functions (per nucleon) of N = Z nuclear matter and deuteron, extracted by Sick and Day [11]. The CBT model calculation, shown as the solid curve, is in good agreement with the data. For N > Z nuclei, such as^{197}Au and^{208}Pb, the ρ^0 mean field causes stronger binding for the u quarks compared to the d quarks in the protons [9]. Therefore, the nuclear modification of the u-quark distribution is greater than that of the d-quark distributions. This is illustrated in Fig. 1, where the dotted and dashed curves show the nuclear modification of u and d quarks, denoted as u_{Au}/u_D and d_{Au}/d_D respectively, in the^{197}Au nucleus. Note that for an N < Z nucleus, the ρ^0 mean field will lead to an opposite effect, namely, the d-quark distribution will be modified more by the nuclear medium than the u-quark distribution.

There are other reasons for different nuclear modifications of u and d quarks in an N ≠ Z nucleus [12]. In particular, the well-established difference between the u and d quark distributions in the proton would lead to some

Preprint submitted to Physics Letter B March 5, 2013

difference between u_A/u_D and d_A/d_D. This ‘trivial’ flavor dependence is usually taken into account in EMC models automatically when the nucleon parton distributions are weighted by the N and Z of the nucleus. To illustrate the size of this ‘trivial’ flavor dependence, the ρ^0 mean-field in the CBT model is turned off and the resulting u_A/u_D and d_A/d_D are shown in Fig. 1. The relatively small difference between u_A/u_D and d_A/d_D confirms that the effect of this ‘trivial’ flavor dependence is much smaller than that caused by the ρ^0 mean-field.

Since the inclusive DIS on nuclear targets probes the combined nuclear medium effects of u and d quarks, they do not provide a sensitive test for the flavor-dependent EMC effect predicted by the CBT model. Several new measurements sensitive to the flavor-dependent EMC effects have been considered. They include the parity-violating DIS asymmetry proposed at the future JLab 12 GeV facility [13], the semi-inclusive DIS on nuclear target first considered by Lu and Ma [14] and recently proposed at JLab [15], and future pion-induced Drell-Yan experiments [16]. In this paper, we discuss another process, the W -boson production in proton-nucleus collision, as an experimental tool sensitive to the flavor-dependent EMC effect.

Figure 1: Ratios of quark distributions and structure functions in nuclear matter versus the deuteron plotted as a function of Bjorkenx, at Q^2 = 10 GeV^2. The solid circles are data for N = Z nuclear matter from Ref. [11]. The solid curve is the calculation of F^A_2 /F^D_2 for N = Z nuclear matter from Cloët, Bentz, and Thomas [9, 10]. The dotted curves are the ratios of quark distributions in a gold nucleus to those in a deuteron, for u and d quarks, respectively. The dashed and dot-dashed curves are obtained by setting the ρ^0 mean field to 0.

The differential cross section for W^+ production in hadron-hadron collision can be written as [17] dσ dx_F (W^+) = K √ 2π 3 G_F ( x_1x_2 x_1 + x_2 ) { cos^2 θ_c[u(x_1)d̄(x_2) + d̄(x_1)u(x_2)]+ sin^2 θ_c[u(x_1)s̄(x_2) + s̄(x_1)u(x_2)] } , (1)

where u(x), d(x), and s(x) signify the up, down, and strange quark distribution functions in the hadrons. x_1, and x_2 are the fractional momenta carried by the partons in the colliding proton and nucleus, respectively, and x_F = x_1 − x_2.

Figure 2: Calculations of the three W production ratios, R^+_{A/D} ,

R^−_{A/D} , and R^±_A , for negative x_F at √ s = 5.520 TeV. The solid curves correspond to calculations using the flavor-dependent PDFs from the CBT model with N/Z equal to that of^{208}Pb. The dashed curves are obtained by setting the ρ^0 mean field to zero in the CBT model. The dot-dashed curve corresponds to calculation using the nuclear PDFs from Hirai et al. [23].

The W mass, M_W , is related to x_1, x_2 and the center-of-mass energy squared s as M^2_W = x_1x_2s. G_F is the Fermi coupling constant and θ_c is the Cabbibo angle. The factor K takes into account the contributions from first-order QCD corrections

K ≃ 1 + 8π 9 α_s(Q^2). (2)

At the W mass scale, α_s ≃ 0.1158 and K ≃ 1.323. This indicates that higher-order QCD processes are relatively unimportant for W production. An analogous expression for W^− production cross section is given as dσ dx_F (W^−) = K √ 2π 3 G_F ( x_1x_2 x_1 + x_2 ) { cos^2 θ_c [ū(x_1)d(x_2) + d(x_1)ū(x_2)]+ sin^2 θ_c [ū(x_1)s(x_2) + s(x_1)ū(x_2)] } , (3)

To explore the sensitivity of W production to a flavordependent EMC effect, we first consider the ratio of W production cross sections for p + A and p + D collisions. If one ignores the much smaller contribution from the strange quarks, the ratio can be written as

R^+_{A/D}(x_F ) ≡ dσ dx_F (p + A → W + + X) dσ dx_F (p + D → W + + X) ≈ u_p(x_1)d̄_A(x_2) + d̄_p(x_1)u_A(x_2) u_p(x_1)d̄_D (x_2) + d̄_p(x_1)u_D(x_2)

, (4)

where the subscripts p, D, and A refer to the parton distributions in the proton, deuteron, and nucleus, respectively. At large negative x_F , x_1 << x_2, d̄(x_2) is negligible compared to u(x_2), and R^+_{A/D}(x_F ) becomes

R^+_{A/D}(x_F ) ≈ u_A(x_2) u_D(x_2)

. (5)

Similarly, for W^− production at the large negative x_F region, we have R^−_{A/D}(x_F ) ≡ dσ dx_F (p + A → W − + X) dσ dx_F (p + D → W − + X) ≈ d_A(x_2) d_D(x_2)

. (6)

Finally, for the ratio of W^+ and W^− production in p + A collision at negative x_F region, we obtain

R^±_A (x_F ) ≡ dσ dx_F (p + A → W + + X) dσ dx_F (p + A → W − + X) ≈ d̄_p(x_1) ū_p(x_1) u_A(x_2) d_A(x_2)

. (7)

Eqs. (5)-(7) show that these three W production ratios are sensitive to the flavor dependence of the EMC effect. With the advent of the W production physics program at the RHIC [18, 19] and LHC [20, 21] colliders, the measurements of these W production ratios now become feasible.

To study the sensitivity of the W production in p + A collisions to the flavor dependence of the EMC effect, we have calculated the three ratios (R^+, R^−, and R^±) using the nucleon and nuclear PDFs from the CBT model [9, 10]. The PDFs in the CBT model are evolved to the W mass scale using the DGLAP evolution equations for these calculations. Instead of using the approximate expressions of Eqs. (5)-(7), the full expressions in Eqs. (1) and (3) are used for the W production cross sections. The solid curves in Fig. 2 show the results for the three W production ratios for p + D and p + Pb collisions at the LHC energy of √ s = 5.520 TeV [22]. Only the results at x_F < 0 are shown, since this is the region sensitive to u_A(x_2) and d_A(x_2) distributions for the valence quarks. Also shown in Fig. 2 are the dashed curves obtained by setting the ρ^0 mean field in the CBT model to zero, that is, removing the flavor-dependent EMC effect. The significant difference in

Figure 3: Calculations of the three W production ratios, R^+_{A/D} ,

R^−_{A/D} , and R^±_A , for negative x_F at √ s = 200 GeV. The solid curves correspond to calculations using the flavor-dependent PDFs from the CBT model with N/Z equal to that of^{197}Au. The dashed curves are obtained by setting the ρ^0 mean field to zero in the CBT model.

the predicted ratios using the flavor-dependent versus the flavor-independent nuclear PDFs suggests the feasibility for such measurements to check the flavor dependence of the EMC effect. Figure 2 also shows the calculation using the flavor-independent nuclear PDFs from Hirai et al. [23]. The good agreement between the calculations using the CBT(ρ^∘ = 0) and the Hirai et al. nuclear PDFs suggests that the systematic uncertainties due to the nuclear PDFs are largely cancelled for the ratios R considered here.

Figure 3 shows calculations for W production ratios at the RHIC energy of √ s = 200 GeV for p + D and p + Au. The predictions at the RHIC energy (Fig. 3) are quite similar to those at the LHC energy (Fig. 2). This is expected from Eqs. 5 - 7, which show that these ratios are insensitive to the center-of-mass energies. The larger W production cross sections at higher energies offer a significant advantage for measurements at LHC, and we will focus on measurements at LHC from now on.

Figure 4: Calculations of the three W production ratios, R^+_{A/D} ,

R^−_{A/D} , and R^±_A , for negative rapidity (y) of the charged leptons at √ s = 5.520 TeV. The solid curves correspond to calculations using the flavor-dependent PDFs from the CBT model with N/Z equal to that of^{208}Pb. The dashed curves are obtained by setting the ρ^0 mean field to zero in the CBT model. The expected statistical uncertainties for a measurement at the LHCb with an integrated luminosity of 1 fb^{−1} are also shown.

Although Figs. 2 and 3 show that the W production ratios are sensitive to the flavor dependence of the EMC effect, in practice it is not the x_F distributions of the W which are measured but rather the charged leptons from the W decays. The relevant ratios can be expressed in terms of the charged lepton’s rapidity y = (1/2)ln[(E + p_l)/(E − p_l)], where E and p_l are the charged lepton’s energy and longitudinal momentum, respectively. We have therefore convoluted the dσ/dx_F with the W → lν decay angular distribution, dσ/d cos θ ∼ (1 ± cos θ)^2, where θ is the angle between the lepton l^± momentum vector and the W^± polarization direction in the W rest frame. From the resulting dσ/dy, the various W production ratios can be evaluated as a function of the y.

In Fig. 4 we show the predicted W production ratios as a function of the charged lepton’s rapidity at √ s = 5.520 TeV using the nucleon and nuclear PDFs from the CBT model [9, 10]. The dashed curves are obtained by setting the ρ^0 mean field to zero in the CBT model. The differences between the solid and dashed curves show that the measurement of various R as a function of y remains sensitive to the flavor dependence of the nuclear modification of valence quarks. The maximal effect of the ρ_0 mean field is about 3.6% at y=-3.5 for R^+_{A/D}, 3.6% at y=-4.5 for R^−_{A/D} and 6.5% at y=-3.8 for R^±_A . Although the size of the predicted flavor-dependent EMC effect is relatively small, we note that many systematic uncertainties, such as those associated with beam luminosity and detector acceptance, are largely cancelled for the proposed measurement of various ratios. First results on W production at LHC [20, 21, 24] have shown that high-statistics precision measurements can be obtained with existing detectors. Although the detector coverage for ATLAS and CMS does not go beyond |y| > 2.5, the LHCb has good detector coverage up to |y| = 4.5. Figure 4 shows that the expected statistical accuracy for a measurement at the LHCb with an integrated luminosity of 1 fb^{−1} is sufficient to distinguish the solid from the dashed curves for R^+_{A/D} and R^−_{A/D}. Since the CMS and ATLAS experiments have excellent coverage for the mid-rapidity region (−2.5 < y < 2.5), the shape of R will be well determined by the LHC experiments over a broad rapidity range. This would allow a stringent test of any EMC models, including the CBT model.

It is worth noting that this study uses the leading-order (LO) expressions for W production. This is necessary since the PDFs in the CBT model was obtained using the LO formalism. It would be interesting to extend the calculations to next-to-leading order (NLO) once the corresponding PDFs for the CBT model become available. The NLO PDFs for the CBT model would be constrained by the existing extensive DIS data on nuclear targets. Moreover, future W -production cross section data in pA collision at LHC, including data with isoscalar beams such as^{12}C and 40Ca, could become available. Data involving isoscalar nuclear beams would provide strong additional constraints for the CBT model when no ρ^∘ mean field is present. Although the absolute values of the various ratios R could depend on the choice of LO versus NLO calculations, it is expected that the relative effect of the ρ_0 mean field on R should be insensitive to whether LO or NLO calculations are adopted. Therefore, the required sensitivities of the proposed measurements for identifying the flavordependent EMC effect, as shown in Fig. 4, should also be applicable in the NLO formualism.

In conclusion, this study shows that W production in pA collisions is sensitive to flavor dependence of the EMC effect predicted by the CBT model. We have identified several W production cross section ratios which are sensitive to the flavor-dependent EMC effect. The proposed measurements, though quite challenging, are within the capability of the existing detectors at LHC and could be carried out in the near future. A reliable extraction of the flavor-dependent EMC effect would also require future analysis based on NLO formulation for the CBT model and nuclear PDFs. The absolute W production cross sections anticipated for pA collision at LHC would provide important additional constraints for the NLO analysis. We expect that the proposed measurements, together with future theoretical development, could lead to valuable new insight on the origin of the EMC effect.

Acknowledgments

This work was supported in part by the National Science Council of the Republic of China and the U.S. Department of Energy and the National Science Foundation. One of the authors (J.C.P.) thanks the members of the Institute of Physics, Academia Sinica for their hospitality.

References

[1] J. J. Aubert et al. (European Muon Collaboration), Phys. Lett.

B 123, 275 (1983).

[2] J. Gomez et al., Phys. Rev. D 49, 4348 (1994). [3] G. Bari et al., Phys. Lett. B 163, 282 (1985); A. C. Benvenuti et al., Phys. Lett. B 189, 483 (1987).

[4] A. M. Cooper et al., Phys. Lett. B 141, 133 (1984);

H. Abramowicz et al., Z. Phys. C 25, 29 (1984).

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

Part. Sci. 45, 337 (1995).

[6] P. R. Norton, Rept. Prog. Phys. 66, 1253 (2003). [7] D. M. Alde et al., Phys. Rev. Lett. 64, 2479 (1990). [8] P. L. McGaughey, J. M. Moss, and J. C. Peng, Annu. Rev.

Nucl. Part. Sci. 49, 217 (1999).

[9] I. C. Cloët, W. Bentz and A. W. Thomas, Phys. Lett. B 642, 210 (2006).

[10] I. C. Cloët, W. Bentz and A. W. Thomas, Phys. Rev. Lett.

102, 252301 (2009).

[11] I. Sick and D. Day, Phys. Lett. B 274, 16 (1992). [12] S. Kumano, Phys. Rev. D 66, 111301 (2002). [13] P. Souder et al., PR12-10-007, JLab Proposal to PAC-35, unpublished (2010).

[14] B. Lu and B.-Q. Ma, Phys. Rev. C 74, 055202 (2006). [15] D. Dutta, D. Gaskell, K. Hafidi et al., PR12-09-004, JLab Proposal to PAC-34, unpublished (2009).

[16] D. Dutta, J. C. Peng, I. C.Cloët, and D. Gaskell, Phys. Rev.

C 83, 042201 (2011).

[17] V. D. Barger and R. J. N. Phillips, Collider Physics, Addison - Wesley Publishing Company, 1987.

[18] A. Adare et al. (PHENIX Collaboration), Phys. Rev. Lett.

106, 062001 (2011).

[19] M. Aggarwal et al. (STAR Collaboration), Phys. Rev. Lett.

106, 062002 (2001).

[20] S. Chatrchyan et al. (CMS Collaboration), JHEP 1104, 050 (2011).

[21] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 701 31 (2011).

[22] C. A. Salgado et al., J. Phys. G: Nucl. Part. Phys. 39, 015010 (2012).

[23] M. Hirai, S. Kumano and T. H. Nagai, Phys. Rev. C 76, 065207 (2007).

[24] The LHCb Collaboration, http://cdsweb.cern.ch/record/1367851/ files/LHCb-CONF-2011-039v2.pdf.