arXiv:hep-ph/0107026 3 Jul 2001

University of Wisconsin - Madison^{MADPH-01-1233}

IFT{P.048/2001 July 2001

Soft Color Enhancement of the Production of J/ψ’s by Neutrinos

O. J. P. Éboli^1, E. M. Gregores^2, and F. Halzen^3 1Instituto de Física, Universidade de São Paulo, São Paulo – SP, Brazil.

2Instituto de Física Teórica, Universidade Estadual Paulista, São Paulo – SP, Brazil.

3Department of Physics, University of Wisconsin, Madison – WI, USA.

Abstract

We calculate the production of J/ψ mesons by neutrino–nucleon collisions in fixed target experiments. Soft color, often referred to as color evaporation effects, enhance production cross sections due to the contribution of color octet states. Though still small, J/ψ production may be observable in present and future experiments like NuTeV and μ colliders.

13.15.+g, 14.40.Gx

Typeset using REVTEX

I. INTRODUCTION

The power of neutrino beams for probing the structure of the nucleon as well as general properties of QCD, has been demonstrated by many experiments [1–3]. We revisit here the measurement of charm production in neutrino–nucleon interactions, which has been extensively studied [4–7]. Because of its striking experimental signature into dimuons, the neutral current production of charm as a J/ψ bound state is of particular interest [8]. This process only happens at an observable rate provided color octet states also lead to the formation of charmonium in addition to the traditional color singlet contributions [9].

It is now clear that J/ψ production is a two-step process where a heavy quark pair is produced first, followed by the non-perturbative formation of the colorless asymptotic state. As a consequence, color octet as well as singlet cc̄ states contribute to the production of J/ψ. This is clearly supported by the data [10–13]. Two formalisms have been proposed to incorporate these features: the Non-Relativistic QCD (NRQCD) [14], and the Soft Color (SC) scheme [15,16]. Experiments measuring the polarization of bound charm and beauty mesons, or, more precisely, the absence of it, now clearly favor the second framework.

We therefore reevaluate here the production of J/ψ by neutrino beams in the SC scheme; for comparison, see Ref. [17] which contains the NRQCD results. The basic SC assumption is that no observable dynamics is associated with the soft processes that connect the color of the perturbative produced charm pair with the colorless charmonium bound state. This scheme, although far more restrictive than other proposals, successfully accommodates all features of charmonium and bottomonium production. Earlier quarkonium production computations already referred to it as the color evaporation model [15]. It correctly predicts the energy and final state momentum dependence of charmonium and bottomonium hadro- and photoproduction at all energies, as well as their production in electron-positron colliders. This approach to color is also used to formulate a successful prescription for the production of rapidity gaps between jets at Tevatron [18–20] and HERA [20,21].

The SC formalism predicts that the sum of the cross sections of all onium and open charm states is described by [16,18]

σ_{onium} = 1 9 Z_{2m}D 2mc dM_{cc̄} dσ_{cc̄} dM_{cc̄} , (1) and σ_{open} = 8 9 Z_{2m}D 2mc dM_{cc̄} dσ_{cc̄} dM_{cc̄} + Z 2mD dM_{cc̄} dσ_{cc̄} dM_{cc̄} , (2)

where M_{cc̄} is the invariant mass of the cc̄ pair. The factor 1/9 stands for the probability that a pair of charm quarks formed at a typical time scale 1/M_ψ ends up as a color singlet state after exchanging an uncountable number of soft gluons with the reaction remnants. One attractive feature of this model is the above relation between the production of charmonium and open charm which allows us to use the open charm data to normalize the perturbative QCD calculation, and consequently to make more accurate predictions for charmonium cross sections.

The fraction ρ_ψ of produced onium states that materialize as ψ,

σ_ψ = ρ_ψ σ_{onium} , (3) has been inferred from low energy measurements to be a constant [22,23]. From the charmonium photoproduction, we determined that ρ_ψ = 0.43–0.5 [13], and even this parameter can be accounted for by statistical counting of final states [24]. The fact that all ψ production data are described in terms of this single parameter, fixed by J/ψ photoproduction, permitted us to correctly predict a rate for Z-boson decay into prompt ψ [25] an order of magnitude larger then the color singlet predictions, and to explain the observed production at the Tevatron [26] and HERA [27]. Therefore, let us study the SC prediction for charmonium production in neutrino–nucleon collisions.

II. RESULTS

The NuTeV Collaboration recently reported on the first observation of open charm production in neutral current deep inelastic neutrino scattering [7]. The observed production rate is consistent with a pure gluon-Z^0 boson fusion, and the observed level of charm production was used to determine the effective charm mass. They found that a value of

m_c = 1.40^{+0.83}�_{0.36} ± 0.26GeV (4)

best describes the total open charm production for an average neutrino energy ⟨E_ν ⟩ = 154 GeV.

The SC contribution for the prompt J/ψ is directly connected to open charm total cross section; see Eqs. (1) and (2). The same value of the naked charm mass that best describes the open charm production rate must also describe the bound states, as they are both produced through the same leading perturbative subprocess ν + g → ν + cc̄. To evaluated the J/ψ production via neutral current we used the package MADGRAPH [28] and HELAS routines [29] to obtain the full-tree level scattering amplitude. We used the GRV94-LO [30] parton distribution function, adjusting the renormalization and factorization scales as appropriate for a leading order calculation; we choose μ_R = μ_F = Q^2 + 4m^2_c , where Q^2 is the momentum transfered from the leptonic system. The strong coupling constant was evaluated in leading order with Λ_{QCD} = 300 MeV, and the fraction of color singlet cc̄ pairs with invariant mass below the open flavor threshold that hadronizes as J/ψ was assumed to be ρ_ψ = 0.5. Using the central value m_c = 1.40 GeV, we obtained

σ(νN → νJ/ψX) = 9.0^{+8.1}�_{5.7} × 10�^2 fb (5)

for the NuTeV experiment, where the errors reflect the systematic uncertainty on the charm mass measurement.

Using these same choice of parameters we extrapolated the total J/ψ production cross section for other values of ⟨E_ν ⟩; the result is presented in Fig. 1, where we pinpoint the mean neutrino beam energy achieved at NuTeV, as well as the value expected at planned muon collider facilities. In order to show the cross section dependence on the uncertainty of the charm mass, we also present in this figure the error band that corresponds to the systematic error on the charm mass as measured by NuTeV.

These results clearly indicate that the detection of J/ψ’s at NuTeV is a challenging task. For instance, taking into account that NuTeV observed about 1.3 million DIS events, with σ_{total} = 0.82 pb, we could expect between 3 and 16 dimuons events to be produced from J/ψ decays.

The planned muon colliders should be able to generate neutrino beams with sufficient high luminosity to clearly observe J/ψ events. Moreover, at these machines the neutrino flux can be accurately calculated [31], allowing more precise predictions. For instance, a 2 × 250 GeV muon collider produces a collimated neutrino beam with average energy ⟨E_ν ⟩ = 200 GeV [31]. If we assume the general purpose detector suggested by King [32] with ≃ 50 g/cm^2 density, we should have the production of 35–180 dimuons events per year originated from J/ψ decays, which would allow a more detailed study of its production properties.

In Fig. 2 we present the Q^2 distribution for a neutrino beam with average energy ⟨E_ν ⟩ = 200 GeV [31]. Figure 3 shows that J/ψ’s will be mostly produced with a small transverse momentum, however the J/ψ’s will carry a rather large energy (on average 88.7 GeV); see Fig. 4.

III. CONCLUSION

Using the NuTeV analysis of open charm production, we calculated the J/ψ cross section in the soft color model. We found that σ(ν_μN → ν_μJ/ψX) = 9.0^{+8.1}�_{5.7} ×10�^2 fb at the average neutrino beam energy of the NuTeV experiment. We subsequently calculated dependence of the J/ψ cross section as a function of the average energy of the incident neutrino beam, and displayed some differential cross sections for a neutrino beam associated with a future muon collider.

ACKNOWLEDGMENTS

One of us (EMG) would like to thank the University of Wisconsin for its kind hospitality during the elaboration of this work. This research was supported in part by the University of Wisconsin Research Committee with funds granted by the Wisconsin Alumni Research Foundation, by the U.S. Department of Energy under grant DE-FG02-95ER40896, by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), by Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), and by Programa de Apoio a Núcleos de Excelência (PRONEX).

REFERENCES

[1] C. Llewellyn Smith, Phys. Rept. 3, 261 (1972).

[2] J. Conrad, M. Shaevitz, and T. Bolton, Rev. Mod. Phys. 70, 1341 (1998). [3] U. Yang et al. [CCFR/NuTeV Collaboration], hep-ex/0009041. [4] H. Abramowicz et al. [CDHS Collaboration], Phys. Lett. B 109, 115 (1982). [5] P. Astier et al. [NOMAD Collaboration], Phys. Lett. B 486, 35 (2000). [6] T. Adams et al. [NuTeV Collaboration], Phys. Rev. D 61, 092001 (2000). [7] A. Alton et al. [NuTeV Collaboration], hep-ex/0008068. [8] V. Barger, W. Keung, and R. Phillips, Phys. Lett. B 92, 179 (1980). [9] R. Baier and R. Ruckl, Z. Phys. C 19, 251 (1983).

[10] F. Abe et al. [CDF Collaboration], Phys. Rev. Lett. 69, 3704 (1992); ibid 79, 572 (1997);

ibid 79, 578 (1997).

[11] S. Abachi et al. [DØ Collaboration], Phys. Lett. B 370, 239 (1996). [12] E. Braaten, S. Fleming, and T. Yuan, Ann. Rev. Nucl. Part. Sci. 46, 197 (1996). [13] J. Amundson, O. Éboli, E. Gregores, and F. Halzen, Phys. Lett. B 390, 323 (1997). [14] G. Bodwin, E. Braaten, and G. Lepage, Phys. Rev. D 51, 1125 (1995). [15] H. Fritzsch, Phys. Lett. B 67, 217 (1977);

F. Halzen, Phys. Lett. B 69, 105 (1977);

F. Halzen and S. Matsuda, Phys. Rev. D 17, 1344 (1978).

[16] J. Amundson, O. Éboli, E. Gregores, and F. Halzen, Phys. Lett. B 372, 127 (1996). [17] A. Petrov and T. Torma, Phys. Rev. D 60, 093009 (1999).

[18] O. Éboli, E. Gregores, and F. Halzen, Proceedings of the 26th International Symposium on Multiparticle Dynamics (ISMD 96), Faro, Portugal, 1996 (hep-ph/9611258).

[19] O. Éboli, E. Gregores, and F. Halzen, Phys. Rev. D58, 114005 (1998); Nucl. Phys. Proc.

Suppl. 71, 349 (1999).

[20] O. Éboli, E. Gregores, and F. Halzen, Phys. Rev. D 61 (2000) 034003; Nucl. Phys. Proc.

Suppl. 99A, 275 (2001).

[21] W. Buchmüller, Phys. Lett. B353, 335 (1995);

W. Buchmüller and A. Hebecker, Phys. Lett. B 355, 573 (1995). [22] R. Gavai et al., Int. J. Mod. Phys. A 10, 3043 (1995). [23] G. Schuler, report CERN-TH.7170/94.

[24] A. Edin, G. Ingelman, and J. Rathsman, Phys. Rev. D 56, 7317 (1997). [25] O. Éboli, E. Gregores, and F. Halzen, Phys. Lett. B 395, 113 (1997). [26] O. Éboli, E. Gregores, and F. Halzen, Phys. Rev. D 60, 117501 (1999). [27] O. Éboli, E. Gregores, and F. Halzen, Phys. Lett. B 451, 241 (1999). [28] W. Long and T. Steltzer, Comput. Phys. Commun. 81, 357 (1994). [29] H. Murayama, I. Watanabe, and K. Hagiwara, KEK report 91-11. [30] M. Gluck, E. Reya, and A. Vogt, Z. Phys. C 67, 433 (1995). [31] D. Harris and K. McFarland, hep-ex/9804009.

[32] B. King, in Batavia 1998 Physics at the first muon collider, 334-338.

FIG. 1. Cross section of the reaction νN ! νJ/ψX as function of the energy of the incident neutrino beam for three values of the charm quark mass. The central (upper — lower) curve was obtained using m_c = 1.40 (1.14 — 1.66) GeV. The arrows indicate the average beam energy for the NuTeV experiment and a future muon collider (NMC).

FIG. 2. Differential cross section of J/ψ as function of the squared momentum transfered by the leptonic system.

FIG. 3. Transverse momentum differential cross section of the produced J/ψ’s.

FIG. 4. J/ψ energy distribution for an incident neutrino beam of 200 GeV.