Physical Nucleon Form Factors from Lattice QCD Hrayr H. Matevosyan^∗, Gerald A. Miller^† and Anthony W. Thomas^{∗∗}

∗Louisiana State University, Department of Physics & Astronomy, 202 Nicholson Hall, Tower Dr., Baton Rouge, LA 70803, USA, / Thomas Jefferson National Accelerator Facility,12000 Jefferson Ave., Newport News, VA 23606, USA †University of Washington, Department of Physics, Box 351560, Seattle, WA 98195-1560, USA ∗∗Thomas Jefferson National Accelerator Facility, 12000 Jefferson Ave., Newport News, VA 23606, USA Abstract. We explore the possibility of extrapolating state of the art lattice QCD calculations of nucleon electromagnetic form factors to the physical regime. We find that the lattice results can be reproduced using the Light Front Cloudy Bag Model by letting its parameters be analytic functions of the quark mass. We then use the model to extrapolate the lattice result to the physical value of the pion mass, thereby allowing us to study how the predicted zero in G_E (Q^2)/G_M(Q^2) for proton varies as a function of quark mass.

Keywords: Nucleon electromagnetic form factors, lfcbm, lattice QCD PACS: 13.40.Gp; 11.15.Ha; 12.38.Gc

INTRODUCTION

The recent measurements of the ratio of the electric and magnetic form factors of the proton, G_E /G_M, using recoil polarization method [1, 2] have revealed a dramatic decrease with Q^2. This contradicted the earlier measurements based on the Rosenbluth separation method, which in turn heated theoretical discussions of the problem. To resolve this contradiction we need direct guidance from the first principle QCD calculations, which leaves us with lattice QCD simulations as the only choice for such rigorous calculations. The recent simulations of nucleon electromagnetic form factors presented by QCDSF Collaboration provide us with such data over a wide range of values of momentum transfer [3]. Several lattice spacings were chosen in this calculation with the smallest being around 0.05 f m (β = 6.4) and at present these are the state of the art. The quark masses used in the simulations correspond to pion masses in the range (0.6,1.2) GeV . Therefore one needs to parametrize the form factors as a function of pion mass and extrapolate to the physical value before comparing these lattice results with the experimental data. There is no model independent way to respect the constraints of chiral symmetry over the range of Q^2 and m_π required by the QCDSF data. In performing this extrapolations we first wish to use the lattice data to investigate whether a particular quark model is capable of describing the properties of the nucleon in this additional dimension of varying m_π . Then, having confirmed that, we use the model to extrapolate to the physical pion mass. For this purposes we consider in this work the light front cloudy bag model (LFCBM) [4], which was developed as a means of preserving the successes of the original cloudy bag model [5], while ensuring covariance in order to deal unambiguously with modern high energy experiments. The light-front dynamics is employed to maintain Poincaré invariance and one pion-loop corrections are added to incorporate significant pion cloud effects (particularly in the neutron electric form factor and magnetic moments) as well as the leading non-analytic behavior imposed by chiral symmetry. The LFCBM is defined by its four parameters: β and γ that describe the nucleon wave function, M, the constituent quark mass and Λ, which parametrizes the relativistic πN form factor. These parameters are chosen in LFCBM so to best reproduce the experimental data.

FITTING THE QCDSF FORM FACTORS AND EXTRAPOLATING TO THE PHYSICAL PION MASS.

We use data produced by the QCDSF Collaboration [3] and employ the LFCBM to calculate the corresponding form factors, varying the model parameters to find the bestfit to the different sets of lattice data obtained for different values of the current quark mass, m_q. The behavior of the fitting parameters is then represented by a polynomial function of the quark mass m_q. This polynomial fit in m_q, or equivalently in pion mass squared, m^2_π , can then be used to extrapolate the values of the fitting parameters to the physical pion mass. Nucleon form factors for the physical pion mass are then calculated using the extrapolated values for the model parameters. To obtain the fits to the lattice data we vary constituent quark mass M and nucleon wave function parameter γ as to obtain the minimum of χ^2 function for the deviation between lattice data and LFCBM calculations. The model is insensitive to the variations of the other two parameters β and Λ at the lattice pion masses, so we fixed them to the values defined in LFCBM. The resulting fits are in good agreement with data.^1 We use the extrapolated values of γ and M to calculate the nucleon electric and magnetic form factors using the physical pion and nucleon masses. The resulting plot for the ratio G_E /G_M vs. Q^2 for the proton is shown in Figure 1, which shows that our results are in more or less good agreement with the experimental data in the low-Q^2 region, but yield a slightly lower value of Q^2 for the zero cross-over point than that extrapolated from experiment [12]. A new analysis that includes an estimate of all of the effects of two photon exchange yields a zero-crossing value that is somewhat closer to ours [13] but future data will resolve this unambiguously.

ACKNOWLEDGMENTS

This work was supported in part by the U.S. National Science Foundation (Grant Number 0140300), the Southeastern Universities Research Association(SURA), DOE grant DE-AC05-84ER40150, under which SURA operates Jefferson Lab, and also DOE grant DE-FG02-97ER41014. G. A. M. thanks Jefferson Lab for its hospitality during the course of this work. H. H. M. thanks Jerry P. Draayer for his support during the course

1 Please reffer to [6] for corresponding plots of G_E and G_M for proton and neutron.

FIGURE 1. (Color Online)R_p, the ratio μ_pG^E_p /G^M_p . Comparison of extrapolated calculations for the ratio of proton form factors, μ_0G_E /G_M, for lattice spacing a = 0.26 GeV^{−1} with the data. The experimental points used are taken from Refs.: Dieterich [7], Gayou2 [8], Gayou [2], Milbrath [9], Pospischil [10] and Punjabi [11]

of the work, the Graduate School of Louisiana State University for a fellowship partially supporting his research.

REFERENCES

1. M. K. Jones et al. [Jefferson Lab Hall A Collaboration], Phys. Rev. Lett. 84, 1398 (2000). 2. O. Gayou et al. [Jefferson Lab Hall A Phys. Rev. Lett. 88, 092301 (2002).

3. M. Gockeler et al. [QCDSF Collaboration], Phys. Rev. D 71, 034508 (2005) [arXiv:hep-lat/0303019]. 4. G. A. Miller, Phys. Rev. C 66, 032201 (2002).

5. S. Theberge, A. W. Thomas and G. A. Miller, Phys. Rev. D 22, 2838 (1980) [Erratum-ibid. D 23, 2106 (1981)]. A. W. Thomas, S. Theberge and G. A. Miller, Phys. Rev. D 24, 216 (1981). S. Théberge, G. A. Miller and A. W. Thomas, Can. J. Phys. 60, 59 (1982). G. A. Miller, A. W. Thomas and S. Theberge, Phys. Lett. B 91, 192 (1980).

6. H. H. Matevosyan, G. A. Miller and A. W. Thomas, Phys. Rev. C 71, 055204 (2005) 7. S. Dieterich et al., Phys. Lett. B 500, 47 (2001). 8. O. Gayou et al., Phys. Rev. C 64, 038202 (2001)..

9. B. D. Milbrath et al. [Bates FPP collaboration], Phys. Rev. Lett. 80, 452 (1998) [Erratum-ibid. 82, 2221 (1999)].

10. T. Pospischil et al. [A1 Collaboration], Eur. Phys. J. A 12 (2001) 125. 11. V. Punjabi et al., arXiv:nucl-ex/0501018 12. P. G. Blunden, W. Melnitchouk and J. A. Tjon, Phys. Rev. Lett. 91, 142304 (2003); Y. C. Chen et al., Phys. Rev. Lett. 93, 122301 (2004).

13. J. Arrington, Phys. Rev. C 68, 034325 (2003) [arXiv:nucl-ex/0305009].