arXiv:hep-lat/0510072 v1 12 Oct 2005

Onium Masses with Three Flavors of Dynamical Quarks

Steven Gottlieb^∗, L. Levkova Department of Physics, Indiana University, Bloomington, Indiana 47405, USA E-mail: sg@indiana.edu, llevkova@indiana.edu

M. Di Pierro School of Computer Science, Telecommunications and Information Systems, DePaul University, Chicago, Illinois 60604, USA E-mail: MDiPierro@cs.depaul.edu

A. El-Khadra, D. Menscher Physics Department, University of Illinois, Urbana, Illinois 61801, USA E-mail: axk@uiuc.edu, menscher@uiuc.edu

A.S. Kronfeld, P.B. Mackenzie, J. Simone Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA E-mail: ask@fnal.gov, mackenzie@fnal.gov, simone@fnal.gov

We have greatly extended an earlier calculation of the charmonium spectrum on three flavor dynamical quark ensembles by using more recent ensembles generated by the MILC collaboration. The heavy quarks are treated using the Fermilab formulation. The charmonium state masses are in reasonable agreement with the observed spectrum; however, some of the spin splittings may still be too small.

XXIIIrd International Symposium on Lattice Field Theory 25-30 July 2005 Trinity College, Dublin, Ireland

∗Speaker.

PoS(LAT2005)203

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/

1. Introduction

Calculating the spectrum of onium states is a significant challenge for lattice gauge theory. A number of levels can be studied for both charm and bottom quarks. However, dealing with heavy quarks requires special care [1, 2]. Using improved staggered sea quarks [3], it is possible to reproduce many of the most important features of the spectrum [4], which had not been done in the quenched approximation. This paper updates our work presented at Lattice 2003 [5].

2. Calculational Details

Ensembles for three lattice spacings were provided by the MILC Collaboration [6]: a≈0.18 fm (“extra-coarse”), a ≈ 0.12 fm (“coarse”), and a ≈ 0.086 fm (“fine”). (See Table 1.) For the extra coarse am_q / am_s = 0.6, 0.4, 0.2 and 0.1; for the coarse lattice, we also have 0.14, but we have only analyzed two values 0.4 and 0.2 for the fine lattice. From 400 to 600 configurations have been analyzed in most ensembles. The most notable exception is the coarse ensemble with am_q / am_s = 0.1. For each of the lattice spacings, the scale of each ensemble with different sea quark masses was kept approximately fixed using the length r_1 [7, 8] from the static quark potential. The absolute scale from the ϒ 2S–1S splitting was determined by the HPQCD/UKQCD group [9, 4] on most of our ensembles implying r_1 = 0.318(7) fm.

am_q / am_s 10/g^2 size volume config. a (fm) 0.0492 / 0.082 6.503 16^3 × 48 (2.8 fm)^3 401 0.178 0.0328 / 0.082 6.485 16^3 × 48 (2.8 fm)^3 331 0.177 0.0164 / 0.082 6.467 16^3 × 48 (2.8 fm)^3 645 0.176 0.0082 / 0.082 6.458 16^3 × 48 (2.8 fm)^3 400 0.176 0.03 / 0.05 6.81 20^3 × 64 (2.4 fm)^3 559 0.120 0.02 / 0.05 6.79 20^3 × 64 (2.4 fm)^3 460 0.120 0.01 / 0.05 6.76 20^3 × 64 (2.4 fm)^3 593 0.121 0.007 / 0.05 6.76 20^3 × 64 (2.4 fm)^3 403 0.121 0.005 / 0.05 6.76 24^3 × 64 (2.9 fm)^3 136 0.120 0.0124 / 0.031 7.11 28^3 × 96 (2.4 fm)^3 261 0.0863 0.0062 / 0.031 7.09 28^3 × 96 (2.4 fm)^3 472 0.0861

Table 1: Ensembles used in this calculation.

We use the Asqtad improved staggered sea quark action that has errors of O(α_sa^2). The improved gluon action has errors of O(α^2_s a^2). For the heavy valence quarks, we use the Sheikholeslami- Wohlert action [10] (which has O(α_sa) errors) with the Fermilab interpretation [2]. To compute heavy quark propagators, we use point and smeared sources and sinks. The smearing approximates 1S or 2S wavefunctions. At the sink, spatial momentum 2π/(La)[p_x, p_y, p_z] is given to the onium state. We restrict the range of p such that ∑ p^2_i ≤ 9.

To find the onium masses, we fit two channels simultaneously for the zero momentum states. A delta function and a 1S smearing wave function are used as the source and sink. The ground state and up to three excited states are included in the fit. The minimum and maximum distance from

PoS(LAT2005)203

the source are varied, and the best fit is selected based on the confidence level and size of error in the ground state and first excited state masses. After choosing the fit range, 250 bootstrap samples are generated to provide an error estimate.

We must tune the hopping parameter κ to the charm or bottom mass. For each lattice spacing, we select a sea quark mass independent value for κ. The tuning is done on an ensemble with small sea quark mass. In fact, as this project was done in conjuction with a study of heavy-light mesons, the tuning was done for the D_s mass. The precision of that tuning was only about 8%. Because of lattice artifacts that arise for heavy states, we distinguish between the rest mass aM_1 and the kinetic mass aM_2. We use κ = 0.120, 0.119 and 0.127 on the extra coarse, coarse and fine ensembles, respectively. The imprecision of our tuning is immediately seen in Fig. 1.

Figure 1: The kinetic masses of J/ψ and η_c on each ensemble plotted as a function m_q/m_s the light sea to strange quark mass ratio. Masses are in units of r_1. The physical masses are shown as lines.

The kinetic masses have two disadvantages: their statistical errors are large compared to those of the rest masses, and the pattern of systematic errors is more subtle [11]. However, for level splittings, a large discretization effect in the quark’s rest mass drops out of the energy differences of hadron rest masses [12]. So, having tuned to approximately the right charm mass, we will now consider splittings based upon the rest masses of the various states. These states have been studied: η_c(1S), η_c(2S), ψ(1S), ψ(2S), h_c(1P), χ_{c0}(1P) and χ_{c1}(1P). The χ_{c2}(1P) is also under study with a nonrelativistic P-wave source [13]. Currently, results for χ_{c2}(1P) are only available on one extra coarse ensemble. We also use the spin-averaged mass, e.g., 1S = [3M_{ψ(1S)} + M_{ηc(1S)}]/4 to display some of the splittings in the spectrum.

3. Results

For each lattice spacing, we plot the splittings as a function of the mass of the light sea quarks. A linear chiral fit is made and the splitting is extrapolated to the physical value of m̂ = (m_u +m_d )/2

PoS(LAT2005)203

where the lattice spacing dependent value of m̂ is determined from analysis of π and K meson decays constants [14]. The light meson decay constant analysis has not yet been completed on the extra coarse ensembles, so the value of m̂ used there is only a rough estimate.

Figure 2: (left) The chiral extrapolation of the spin-averaged splitting between the 2S and 1S states on the extra coarse and coarse ensembles. The extrapolated values are shown in red, and the physical value in black.

Figure 3: (right) The splitting between the χ_{c1} (^3P_1) and spin-averaged 1S states on the extra coarse and coarse ensembles.

Within our current statistical uncertainties, we see reasonable agreement with the experimental value of the splittings of the spin-averaged 2S and 1S levels. The coarse value is about 2 σ high. (See Fig. 2.) As we do not yet have a full set of results for the χ_{c2}, we cannot construct the spin average of the 1P states. Instead, we use the χ_{c1} and the h_c. In nonrelativistic potential models, these two states are degenerate with each other and the spin average. The experimental splittings are well reproduced for these states. (See Figs. 3 and 4.)

As seen in Fig. 5, the spin splittings are too small. For J/ψ and η_c it amounts to about 10–22 MeV. The splitting is 19% too small for the extra coarse ensemble, 14% too small for the coarse, and 9% too small for the fine. The splitting seems to systematically improve as the lattice spacing decreases. We have not yet attempted a continuum extrapolation.

The overall agreement between this calculation with dynamical quarks and the observed spectrum is very good. The most obvious issue is the smallness of spin splittings, as seen in the J/ψ – η_c splitting, and the mass of the χ_{c0} state. There is some evidence of improvement as the lattice spacing is reduced.

4. Outlook

There are several ways to improve this calculation in the near future: We can include another fine ensemble with m_q = 0.1m_s. This more chiral ensemble is still being generated, but is far enough along that it would be worth starting the analysis. We also need to examine alternative fits to the ones that were selected by our automated procedure. Fermilab/MILC are almost finished

PoS(LAT2005)203

Figure 4: (left) Same as Fig. 3, except for the h_c (^1P_1).

Figure 5: (right) Splitting between J/ψ and η_c for all three lattice spacings. There are only two ensembles for the fine lattice spacing, shown in purple.

Figure 6: Charmonium spectrum for all three lattice spacings compared with experimental values. Energy is offset so that zero represents the spin-averaged 1S energy. From left to right for each state, crosses, octagons and diamonds are from the extra coarse, coarse and fine ensembles, respectively. The extra coarse χ_{c2} value without chiral extrapolation is the fancy cross.

generating a new set of ensembles at a lattice spacing between extra coarse and coarse. Production running on additional ensembles for the new P-wave code will be done. We also plan to use heavier quarks to study bottomonium, which has already been studied on these configurations using NRQCD [9].

In the longer term, MILC is generating new ensembles with a ≈ 0.06 fm that should help us better understand the continuum limit. However, in the current calculation, lattice spacing dependence does not seem very large compared with statistical errors for most states.

We gratefully acknowledge the support of the Department of Energy. In addition, the Fermilab

PoS(LAT2005)203

Computing Division, Indiana University (AVIDD cluster) and National Center for Supercomputing Applications provided computing support.

References

[1] G.P. Lepage et al., Improved nonrelativistic QCD for heavy quark physics Phys. Rev. D 46, (1992) 4052 [hep-lat/9205007].

[2] A. El-Khadra, A.S. Kronfeld, P.B. Mackenzie, Massive fermions in lattice gauge theory, Phys. Rev. D 55, (1997) 3933 [hep-lat/9604004].

[3] T. Blum et al. [MILC], Improving flavor symmetry in the Kogut-Susskind hadron spectrum, Phys. Rev.

D 55, (1997) 1133 [hep-lat/9609036]; K. Orginos and D. Toussaint, Testing improved actions for dynamical Kogut-Susskind quarks, Phys. Rev. D 59 (1999) 014501 [hep-lat/9805009]; K. Orginos, D. Toussaint and R.L. Sugar, Variants of fattening and flavor symmetry restoration, Phys. Rev. D 60 054503 (1999) [hep-lat/9903032] ; G.P. Lepage, Flavor-symmetry restoration and Symanzik improvement for staggered quarks, Phys. Rev. D 59 (1999) 074502 [hep-lat/9809157]; J.F. Lagäe and D.K. Sinclair, Improved staggered quark actions with reduced flavour symmetry violations for lattice QCD, Phys. Rev. D 59 (1999) 014511 [hep-lat/9806014]; C. Bernard et al. [MILC], Quenched hadron spectroscopy with improved staggered quark action, Phys. Rev. D 58 (1998) 014503 [hep-lat/9712010].

[4] C. Davies et al. [Fermilab Lattice, HPQCD, MILC, UKQCD], High-precision lattice QCD confronts experiment, Phys. Rev. Lett. 92 022001 (2004). [hep-lat/0304004].

[5] M. di Pierro et al., Properties of charmonium in lattice QCD with 2+1 flavors of improved staggered sea quarks, Nucl. Phys. B (Proc. Suppl.) 129, (2004) 340 [hep-lat/0310042].

[6] C. Bernard et al. [MILC], The QCD spectrum with three quark flavors, Phys. Rev. D 64 (2001) 054506 [hep-lat/0104002]; C. Aubin et al. [MILC], Light hadrons with improved staggered quarks: Approaching the continuum limit, Phys. Rev. D 70, 094505 (2004) [hep-lat/0402030].

[7] R. Sommer, A new way to set the energy scale in lattice gauge theories . . ., Nucl. Phys. B411, 839 (1994) [hep-lat/9310022].

[8] C. Bernard et al. [MILC], The static quark potential in three flavor QCD, Phys. Rev. D 62, (2000) 034503 [hep-lat/0002028].

[9] A. Gray et al.[HPQCD, UKQCD], The ϒ spectrum and m_b from full lattice QCD, [hep-lat/0507013].

[10] B. Sheikholeslami and R. Wohlert, Improved continuum limit lattice action for QCD with Wilson fermions, Nucl. Phys. B259, 572 (1985).

[11] A.S. Kronfeld, Binding energies in nonrelativistic field theories, Nucl. Phys. Proc. Suppl. 53 (1997) 401 [hep-lat/9608139].

[12] A.S. Kronfeld, Application of heavy-quark effective theory to lattice QCD. I: Power corrections, Phys. Rev. D 62, 014505 (2000) [hep-lat/0002008].

[13] C.T.H. Davies et al., Precision ϒ spectroscopy from nonrelativistic lattice QCD, Phys. Rev. D 50, (1994) 6963 [hep-lat/9406017].

[14] C. Aubin et al. [HPQCD, MILC, and UKQCD], First determination of the strange and light quark masses from full lattice QCD, Phys. Rev. D 70, 031504(R) (2004) [hep-lat/0405022].

PoS(LAT2005)203

203 / 6