arXiv:0912.2259v4 [hep-ph] 7 Jan 2011

NSF-KITP-09-189

Hyperfine splittings in the bb̄ system

Stanley F. Radford^{1, ∗} and Wayne W. Repko^2

1Department of Physics, The College at Brockport, State University of New York, Brockport, NY 14420 and Kavli Institute for Theoretical Physics, Santa Barbara, CA 93106^∗

2Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824^†

(Dated: January 10, 2011)

Recent measurements of the η_b(1S), the ground state of the bb̄ system, show the splitting between it and the Υ(1S) to be 69.5±3.2 MeV, larger than lattice QCD and potential model predictions, including recent calculations published by us. The models seem unable to incorporate such a large hyperfine splitting within the context of a consistent description of the energy spectrum and decays. We investigate whether a perturbative treatment of our potential model (described below) can lead to such a consistent description, including the measured hyperfine splitting, by not softening the delta function terms in the hyperfine potential. With this modification, we calculate the 1S hyperfine splitting to be 67.5 MeV, with little effect on the overall fit of our model results. We also present predictions for the 2S and 3S hyperfine splittings.

1. INTRODUCTION

Recent measurements by the BABAR Collaboration [1, 2] have located the ground state of the bb̄ system, the η_b(1S), at a mass of 9390.8±3.2 MeV. This value has recently been confirmed by the CLEO Collaboration[3]. Thus, the hyperfine splitting between the 1S states is 69.5±3.2 MeV. This splitting is surprisingly large when compared with the corresponding splitting in charmonium, given the mass dependence of the leading order contribution. In addition, this hyperfine splitting is larger than predictions in recent lattice QCD calculations, which range from 52.5±1.5 MeV to 65.8±4.6 MeV [4–7], as well as those predicted by recent potential models (42±13 MeV) [8]. A comparison of the data with various model results is presented in the concluding section of this paper.

This large hyperfine splitting has recently been investigated as a possible indicator of new physics [8], as a means of adjusting the value of the strong coupling parameter [9], and to fix the value of α_S in an investigation other quarkonium states [10]. While further data should clarify these points, in this paper we investigate whether the model we employed in our 2007 paper [11], is robust enough to accommodate this new data.

The results in [11], while providing a good overall fit to the bb̄ spectrum, do not yield such a large hyperfine splitting. In that paper, we showed that the perturbative treatment of a model consisting of a relativistic kinetic energy term, a linear confining term including its scalar relativistic corrections and the complete perturbative one-loop quantum chromodynamic short distance potential was able to reproduce the overall spectrum of the bb̄ system as well as its radiative decays, with good accuracy. However, in our model results, the 1S hyperfine splitting, at 47 MeV, was considerably smaller than the BABAR measurements indicate.

In our previous calculation, we followed the standard practice of softening the delta function terms in the potential [12]. This is essential when the entire interaction is treated non-perturbatively in order to avoid instability in the numerical calculations. However, in a perturbative treatment, we can perform the calculations with the delta function terms unsoftened and still retain the overall goodness of our fit for the spectrum and leptonic decays, while reproducing the correct 1S hyperfine splitting, with only minor changes in the potential parameters.

∗Electronic address: sradford@brockport.edu †Electronic address: repko@pa.msu.edu

2. HEAVY QUARKONIUM HYPERFINE POTENTIAL

The one-loop hyperfine terms arising in the QCD potential are [13, 14]

V_{HF} = 32πα_S ⃗S_1 · ⃗S_2 9m^2 {[ 1 − α_S 12π (26 + 9 ln 2) ] δ(⃗r) − α_S 24π^2

(33 − 2n_f )∇^2 [ ln μr + γ_E r ] + 21α_S 16π^2

∇^2 [ ln mr + γ_E r ]} , (1) where α_S is the strong coupling constant in the GR scheme [15].

A variety of approaches to softening the delta function terms have been used [16]. In most instances, this softening is done because the approach to integrating the Schrödinger equation precludes the inclusion of delta function terms. In our previous calculation we chose to adopt the quasistatic approximation [17], and softened the delta function as

δ(⃗r) → m^2 πr e^{−2mr}. (2) In the interest of clarity, the reevaluation of the hyperfine splittings presented here begins with a variational calculation of the wave functions and energies of an unperturbed Hamiltonian. The Hamiltonian consists of the relativistic kinetic energy, a linear confining potential and a short-ranged Coulomb-like potential that includes the one-loop correction to the strong coupling parameter α_S . This procedure results in an orthogonal set of radial wave functions for every orbital angular momentum. These radial functions and the associated energies describe the spin-averaged upsilon spectrum. We include the contributions of all v^2/c^2 and one-loop QCD corrections to the the bb̄ potential energy using perturbation theory, retaining any delta function terms that arise in the derivation of these corrections. Further details can be found in Ref. [11].

The retention of the delta function terms in our calculation is motivated by their use in familiar QED applications. The inclusion of delta function contributions in perturbative calculations is necessary to reconcile the hydrogen fine-structure results with the Dirac equation, to derive the hydrogen hyperfine splitting, and to understand the positronium and muonuim spectra [18]. Since the wave functions in Ref. [11] are derived variationally using a non-singular Hamiltonian, there are no technical difficulties in including delta function terms perturbatively. Given the numerous approaches to the calculation of the hyperfine splittings in quarkonia, including the delta function approach of Ref.[10], our perturbative evaluation of the hyperfine intervals is relevant to the overall discussion.

3. RESULTS

As discussed above, we have recalculated the bb̄ spectrum by retaining the delta function terms in our perturbative calculation. The resulting fitted parameters are shown in Table I, along with those from Ref. [11].

Softened [11] Unsoftened

A (GeV^2) 0.177^{+0.006}_{−0.002} 0.175

αS 0.296^{+0.004}_{−0.007} 0.295

mq (GeV) 5.36^{+0.87}_{−0.42} 5.33

μ (GeV) 4.74 4.82 fV 0.00 0.00 TABLE I: Fitted parameters for the softened and unsoftened potentials

As can be seen from Table I, the retention of the delta function terms leads to a very minor adjustment of the fitted parameters. Our results for the bb̄ spectrum are shown in Table II. It can been seen that the only significant changes are in the s-state hyperfine splittings. We calculate these splittings to be: 67.5 MeV for 1S, 35.9 MeV for 2S, 30.3 MeV for 3S. The latter two values are, of course, predictions.

m_b¯_b (MeV) Softened Unsoftened Expt η_b(1S) 9413.70 9392.91 9390.8 ± 3.2 Υ(1S)^∗ 9460.69 9460.38 9460.30 ± 0.26 χ_{b 0}(1P )^∗ 9861.12 9861.39 9859.44 ± 0.52 χ_{b 1}(1P )^∗ 9891.33 9891.33 9892.78 ± 0.40 χ_{b 2}(1P )^∗ 9911.79 9910.63 9912.21 ± 0.40 h_b(1P ) 9899.99 9899.93 η_b(2S) 9998.69 9987.42 Υ(2S)^∗ 10022.5 10023.3 10023.26 ± 0.31 Υ(1D) 10149.5 10149.8 1^3D2 10157.1 10157.3 10161.1 ± 1.7 1^3D3 10162.9 10163.1 1^1D2 10158.4 10158.6 χ_{b 0}(2P )^∗ 10230.5 10230.5 10232.5 ± 0.6 χ_{b 1}(2P )^∗ 10255.0 10254.8 10255.46 ± 0.55 χ_{b 2}(2P )^∗ 10271.5 10271.2 10268.65 ± 0.55 h_b(2P ) 10262.0 10261.8 1^3F2 10353.0 10353.1 1^3F3 10355.8 10355.8 1^3F4 10357.5 10357.5 1^1F3 10355.9 10356.0 η_b(3S) 10344.8 10333.9 Υ(3S) 10363.6 10364.2 10355.2 ± 0.5 Υ(2D) 10443.1 10443.0 2^3D2 10450.3 10450.1 2^3D3 10455.9 10455.7 2^1D2 10451.6 10451.4 2^3F2 10610.0 10609.6 2^3F3 10613.0 10612.5 2^3F4 10615.0 10614.5 2^1F3 10613.2 10612.7 η_b(4S) 10622.8 10609.4 Υ(4S) 10643.0 10636.4 10579.4 ± 1.2

TABLE II: Results for the bb̄ spectrum using softened and unsoftened potentials are shown. Our perturbative fits use the indicated states. The value of the η_b(1S) mass is taken from [2] and all other data is taken from [19].

We have also examined the leptonic widths as shown in in Table III. We find that there is a noticeable increase only for the 3S and 4S states. However, the modified results are still compatible with the experiments.

4. CONCLUSION

We conclude with a comparison of various modelling approaches with the experimental data. In Table IV, we show a comparison of the data with the results of representative model calculations: our new (unsoftened) and old (softened) models, several recent lattice QCD results, next-to-leading logarithmic perturbative QCD, and a QCD-inspired phenomenological treatment. This comparison shows the range of predictions of various modelling

Γeē (keV) Softened Unsoftened Expt

Υ(1S) 1.33 1.33 1.340 ± 0.018

Υ(2S) 0.61 0.62 0.612 ± 0.011

Υ(3S) 0.46 0.48 0.443 ± 0.008

Υ(4S) 0.35 0.40 0.272 ± 0.029

TABLE III: The leptonic widths of the Υ(nS) states using softened and unsoftened potentials.

approaches. Additional data should provide clarification.

ΔHF (MeV) Our Ref. [11] Ref. [4] Ref. [5] Ref. [6] Ref. [7] Ref. [20] Ref. [10] Expt [2]

ΔHF (1S) 67.5±0.7 47.0 52.5±1.5 54.0±12.4 61±14 65.8±4.6 39.5±8 63.4 69.5± 3.2

ΔHF (2S) 35.9±0.3 23.8 30±19 35.0

ΔHF (3S) 30.3±0.2 18.8 27.6

TABLE IV: Comparison of s-state hyperfine splittings in various models with experiment. The errors on the hyperfine splittings in column ‘Our’ were obtained by using the Gaussian errors on the parameters αS , m_b and μ associated with our fit to the upsilon spectrum.

We have shown that by not softening the delta function terms which arise in the one-loop quark-antiquark potential, we are able to reproduce the surprisingly large hyperfine splitting in the 1S level of the bb̄ system. This is in contrast to other modeling results, including ours, which soften the delta function terms. In addition, the improvement in the hyperfine splittings does not affect either the overall fit of our perturbative calculation to the data, nor to our ability to reproduce the leptonic decay widths. We also predict somewhat larger hyperfine splittings for the other s-states.

Acknowledgments

SFR thanks the Kavli Institute for Theoretical Physics for its hospitality during June 2009 and July 2010. This research was supported in part by the National Science Foundation under Grants PHY-0555544 and PHY- 0551164.

[1] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 101, 071801 (2008); 102, 029901(E) (2009). [2] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 103, 161801 (2009). [3] G. Bonvicini et al. (CLEO Collaboration), Phys. Rev. D 81, 031104(R) (2010). [4] S. Meinel (RBC and UKQCD Collaborations), Phys. Rev. D 79, 094501 (2009). [5] T. Burch et al. (Fermilab Lattice and MILC Collaborations), Phys. Rev. D 81, 034508 (2010). [6] A. Gray et al. (HPQCD and UKQCD Collaborations), Phys. Rev. D 72, 094507 (2005). [7] S. Meinel (RBC and UKQCD Collaborations), Preliminary result presented at the 10th international Workshop on Heavy Quarkonium, Fermilab, (2010).

[8] F. Domingo, U. Ellwanger, and M. A. Sanchis-Lozano, Phys. Rev. Lett 103, 111802 (2009). [9] P. Colangelo, P. Santorelli, and E. Scrimieri, arXiv:0912.1081 [hep-ph].

[10] A. M. Badalian, B. L. G. Bakker, and I. V. Danilkin, Phys. Rev. D 81, 071502(R) (2010). In Table IV we have included the results for n_f = 4.

[11] S. F. Radford and W. W. Repko, Phys. Rev. D 75, 074031 (2007). [12] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985).

[13] S. N. Gupta and S. F. Radford, Phys. Rev. D 24, 2309 (1981); Phys. Rev. D 25, 3430 (1982). [14] W. Buchmuller, Y. J. Ng, and S.-H. K. Tye, Phys. Rev. D 24, 3003 (1981). [15] S. N. Gupta and S. F. Radford, Phys. Rev. D 25, 2690 (1982). [16] T. Barnes, S. Godfrey, and E. S. Swanson, Phys. Rev. D 72, 054026 (2005). [17] S. N. Gupta, J. M. Johnson, W. W. Repko and C. J. Suchyta III, Phys. Rev. D 49, 1551 (1994).

[18] S. N. Gupta, W. W. Repko and C. J. Suchyta III, Phys. Rev D 40, 4100 (1989). [19] C. Amsler et al. (Particle Data Group), Phys. Lett. B667, 1 (2008) (URL:http://pdg.lbl.gov). [20] B. A. Kniehl et al. Phys. Rev. Lett. 92, 242001 (2004)