arXiv:1203.0254v1 [nucl-th] 1 Mar 2012

The Electromagnetic Self-Energy Contribution to M_p − M_n and the Isovector Nucleon Magnetic Polarizability

André Walker-Loud,^1 Carl E. Carlson,^2 and Gerald A. Miller^{1, 3} 1Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 2Department of Physics, College of William and Mary, Williamsburg, VA 23187-8795.

3Department of Physics, University of Washington, Seattle, WA 98195-1560. (Dated: March 2, 2012 6:22)

We update the determination of the isovector nucleon electromagnetic self-energy, valid to leading order in QED. A technical oversight in the literature concerning the elastic contribution to Cottingham’s formula is corrected and modern knowledge of the structure functions is used to precisely determine the inelastic contribution. We find δM^γ_{p−n} = 1.30(03)(47) MeV. The largest uncertainty arises from a subtraction term required in the dispersive analysis, which can be related to the isovector magnetic polarizability. With plausible model assumptions, we can combine our calculation with additional input for lattice QCD to constrain this polarizability as: βp−n = −0.87(85) × 10^{−4}fm^3.

Given only electrostatic forces, one would predict that the proton is more massive than the neutron but the opposite actually occurs [1–3]:

M_n − M_p = 1.29333217(42) MeV . (1)

Before we knew of quarks and gluons there were many attempts to explain this contradiction, see Ref. [4] for a review. We now know there are two sources of isospin breaking in the standard model, the masses of the up and down quarks as well as the electromagnetic interactions between quarks governed by the charge operator. The effects of the mass difference between down and up quarks are larger and of the opposite sign than those of electromagnetic effects, see the reviews [5–7]. The net result of the quark mass difference and electromagnetic effects is well known, Eq. (1), but our ability to disentangle the contributions from these two sources remains poorly constrained.

In contrast, lattice QCD calculations have matured significantly. There are now calculations performed with the light quark masses at or near their physical values [8–12], reproducing the ground state hadron spectrum within a few percent. These advances have allowed for calculations to begin including explicit isospin breaking effects from both the quark masses [13–17] and electromagnetism [15, 18–21]. While the lattice calculations of m_d − m_u effects are robust, the contributions from electromagnetism are less mature and suffer from larger systematics, due in large part to the disparity between the photon mass and a typical hadronic scale. Improved knowledge of m_d − m_u and its effects in nucleons will enhance the ability to use effective field theory to compute a variety of isospin-violating (charge asymmetric) effects in nuclear reactions [7, 22–27].

An application [28] of the Cottingham sum rule [29], which relates the electromagnetic self-energy of the nucleon to measured elastic and inelastic cross sections, gives the result that the electromagnetic contribution to the proton-neutron mass difference, δM^γ_{p−n} = 0.76±0.30 MeV. Given the high present interest in the precise value of δM^γ_{p−n} and its many possible implications, it is worthwhile to revisit this result. Many high quality electron scattering experiments have been performed since 1975 and there have also been theoretical advances. The central aim of this work is to provide a modern, robust evaluation of δM^γ_{p−n}. We will show the precision of this effort is severely limited by our knowledge of the required subtraction function. Given plausible model assumptions, this limitation is translated into our knowledge of the isovector nucleon magnetic polarizability, β_{p−n} = β^p_M − β^n_M , for which even the sign is presently unknown [30].

Cottingham’s sum rule– In perturbation theory, the electromagnetic self-energy of the nucleon, δM^γ , can be related to the spin averaged forward Compton scattering tensor T_{μν} = i 2 ∑ σ ∫ d^4ξ e^{iq·ξ} ⟨pσ|T {J_μ(ξ)J_ν (0)} |pσ⟩ , (2)

integrated with the photon propagator over space-time

δM^γ = i 2M α (2π)^3 ∫ R d^4q T^μ_μ (p, q) q^2 + iϵ

, (3)

where we work in the nucleon rest frame p^μ = (M, 0), α = e^2/4π and the subscript R implies the integral has been renormalized. Performing a Wick rotation of the integration contour to imaginary photon energy, the nucleon self-energy can be related to the structure functions arising from the scattering of space-like photons through dispersion theory, giving rise to what is known as Cottingham’s formula (the Cottingham sum rule) [29, 31]. In principle, this allows the integral in Eq. (3) to be computed in a model independent fashion with input from experimental data. There are a few issues which complicate the realization of this method: a subtracted dispersive analysis is required introducing an unknown subtraction function [32, 33]; the integral in Eq. (3) diverges logarithmically in the ultra-violet region and requires renormalization [34]. We review these issues briefly.

Lorentz invariance significantly constrains the form of

Typeset by REVTEX

T_{μν} , for which there are two common parameterizations,

T_{μν} (p, q) = −D^{(1)}_{μν} T_1(ν, −q^2) + D^{(2)}_{μν} T_2(ν, −q^2) (4a) = d^{(1)}_{μν} q^2t_1(ν, −q^2) − d^{(2)}_{μν} q^2t_2(ν, −q^2) (4b)

where p · q = Mν and

d^{(1)}_{μν} = D^{(1)}_{μν} = g_{μν} − q_μq_ν q^2 , d^{(2)}_{μν} = 1 M^2 ( p_μp_ν − p · q q^2

(p_μq_ν + p_ν q_μ) +

(p · q)^2

q^2 g_{μν} ) , D^{(2)}_{μν} = 1 M^2 ( p_μ − p · q q^2 q_μ ) ( p_ν − p · q q^2 q_ν ) , (5)

Performing the Wick rotation ν → iν and the variable transformation Q^2 = q^2 + ν^2, the self-energy becomes

δM^γ = α 8π^2

∫_Λ2 0 dQ^2 ∫_{+Q} −Q dν √ Q^2 − ν^2 Q^2 T^μ_μ M + δM^{ct}(Λ) (6) where δM^{ct}(Λ) derives from counterterms required for renormalization [34] and the Lorentz contracted Compton tensor is

T^μ_μ = −3 T_1(iν, Q^2) + ( 1 − ν^2 Q^2 ) T_2(iν, Q^2) , (7a)

= −3Q^2 t_1(iν, Q^2) + ( 1 + 2 ν^2 Q^2 ) Q^2t_2(iν, Q^2) . (7b)

The scalar functions (T_i, t_i) can be evaluated using a dispersive analysis. It is known the (T_1, t_1) functions require a subtracted dispersive analysis while the (T_2, t_2) functions can be evaluated with an unsubtracted dispersion relation [32]. In Ref. [28], it was claimed the elastic contributions to t_1 could be evaluated with an unsubtracted dispersive analysis. However, performing an unsubtracted dispersive analysis of the elastic contributions to Eqs. (7) by inserting a complete set of elastic states into Eq. (2), leads to inconsistent results:

δM^{el}_{unsub,a} = α π ∫_Λ2 0 dQ { [ G^2_E (Q^2) − 2τ_{el}G^2_M (Q^2)

] (1 + τ_{el})^{3/2} − τ_{el}^{3/2} −^3_2 √τ_{el} 1 + τ_{el} − 3 2 G^2_M (Q^2) τ_{el}^{3/2} 1 + τ_{el} } , (8a) δM^{el}_{unsub,b} = α π ∫_Λ2 0 dQ { [ G^2_E (Q^2) − 2τ_{el} G^2_M (Q^2)

] (1 + τ_{el})^{3/2} − τ_{el}^{3/2} 1 + τ_{el} + 3G^2_M (Q^2) τ_{el}^{3/2} 1 + τ_{el} } , (8b)

with τ_{el} ≡^{Q2}_{4M 2} . If both parameterizations of the elastic contribution were to satisfy unsubtracted dispersion relations, the following positive-definite integral would have to vanish

3α 2π ∫_∞ 0 dQ √ τ_{el} G^2_E (Q^2) + τ_{el}G^2_M (Q^2) 1 + τ_{el} . (9)

Equating Eqs. (4a) and (4b) allows one to solve for T_i in terms of t_i and vice versa, and to demonstrate that if the elastic contributions to T_1(t_1) do not satisfy an unsubtracted dispersive analysis, then neither will the elastic contributions to t_1(T_1). Eq. (8b) was used in Ref. [28] and is often quoted as the elastic contribution to the nucleon self-energy.

Starting from either Eqs. (7a) or (7b), performing a subtracted dispersive analysis of (T_1, t_1), and an unsubtracted analysis of (T_2, t_2), using a mass-independent renormalization scheme (dimensional regularization) one arrives at [34]

δM^γ = δM^{el} + δM^{inel} + δM^{sub} + δM̃^{ct} , (10) with δM^{el} = α π ∫_Λ2_0 0 dQ { 3 √ τ_{el}G^2_M 2(1 + τ_{el}) + [ G^2_E − 2τ_{el} G^2_M ] 1 + τ_{el} × [ (1 + τ_{el})^{3/2} − τ_{el}^{3/2} − 3 2 √ τ_{el} ]} , (11)

δM^{inel} = α π ∫_Λ2_0 0 dQ^2 2Q ∫_∞ ν_{th} dν {

3F_1(ν, Q^2) M [ τ^{3/2} − τ √ 1 + τ + √ τ /2 τ ]

+ F_2(ν, Q^2) ν [ (1 + τ)^{3/2} − τ^{3/2} − 3 2 √ τ ]} , (12)

where τ = ν^2/Q^2, F_i(ν, Q^2) are the standard nucleon structure functions and ν_t = m_π + (m^2_π + Q^2)/2M; δM^{sub} = − 3α 16πM ∫_Λ2_0 0 dQ^2 T_1(0, Q^2) , (13) and δM̃^{ct} = − 3α 16πM ∫_Λ2_1

Λ^2_0 dQ^2 ∑ i C_{1,i}⟨O^{i,0}⟩ , (14) where C_{1,i} are Wilson coefficients determined from the operator product expansion of the counterterms [34]. The UV divergence has been entirely cancelled by the counterterm and δM̃^{ct} is a remaining finite contribution with residual scale dependence. The scales Λ_0 and Λ_1 can be chosen arbitrarily provided their values are in the asymptotic scaling region. Restricting our attention to the isospin breaking contribution, with 2δ = m_d − m_u δM̃^{ct}_{p−n} = − 3α 8πM ln ( Λ^2_1 Λ^2_0 ) e^2_um_u − e^2_dm_d δ × ⟨p|δ(ūu − d̄d)|p⟩ (15) with e_u = 2/3 and e_d = −1/3. In QCD, m_{u,d} ∼ δ, and so the entire contribution is numerically second order in isospin breaking, O(αδ), and for practical purposes can be neglected [34]. Indeed, estimating the size of this term, with Λ^2_1 = 100 GeV^2, Λ^2_0 = 2 GeV^2 yields a contribution |δM̃^{ct}_{p−n}| < 0.02 MeV. The remaining contribution to the self-energy is the subtraction term, which can not be directly related to experimentally measured cross sections. We now have a better theoretical understanding of this term enabling a more robust determination of its contribution than has been previously made. While the function is not known, the low and high Q^2 limits can be determined in a model independent fashion; the asymptotic region is constrained by the operator product expansion (OPE) to scale as lim_{Q→∞} T_1(0, Q^2) ∼ 1/Q^2 [34] while the low Q^2 limit is fixed by non-relativistic QED [35–39]

T_1(0, Q^2) = 2κ(2 + κ) − Q^2 { 2 3 [ (1 + κ)^2r^2_M − r^2_E ]

+ κ M^2 − 2M β_M α } + O(Q^4) , (16)

where κ ≡ F_2(0) is the anomalous magnetic moment, r_E (r_M ) is proportional to the slope of the electric (magnetic) form factor and commonly denoted as the nucleon electric (magnetic) charge radius and β_M is the magnetic polarizability.

A direct evaluation of Eq. (13) with Eq. (16) diverges quadratically resulting in an uncontrolled uncertainty. However, the displayed Q^2 dependence is not of the form required by the OPE, so we are necessarily led to introduce model dependence. The first few terms in Eq. (16) are recognized as the low-Q^2 expansion of elastic form factors and the magnetic polarizability term is the leading inelastic contribution. In evaluating the elastic contributions to T_{μν} only the elastic u-spinors need be used in the dispersion relation. If one uses the full Feynman propagator in the full amplitude, a procedure known to be correct in the point-limit (as for the electron), and vertex functions with ordinary F_1 and F_2 form factor contributions, then the specific elastic terms of Eq. (16) would arise [39, 40]. This suggests a re-summation in which one uses the appropriate elastic form factors. The inelastic contribution can be multiplied by a dipole form factor (1+Q^2/m^2_0)^{−2}, such that it has the correct asymptotic limits as Q^2 → 0, ∞. The parameter m^2_0 should be a typical hadronic scale and we will take m^2_0 = 0.71 GeV^2. The subtraction term is then approximated by two pieces which have the correct low and high Q^2 limiting behavior,

T_1(0, Q^2) ≃ 2G^2_M (Q^2) − 2F^2_1 (Q^2)

+ Q^22M β_M α ( m^2_0 m^2_0 + Q^2

)_2 , (17)

leading to the convenient separation δM^{sub}_{el} = − 3α 16πM ∫_Λ2_0 0 dQ^2 [ 2G^2_M − 2F^2_1 ] , (18a) δM^{sub}_{inel} = − 3β_M 8π ∫_Λ2_0 0 dQ^2Q^2 ( m^2_0 m^2_0 + Q^2

)_2 . (18b)

The second term, generated using the model assumptions described above, will cause the largest uncertainties, as we show below.

Evaluation of contributions– In all subsequent evaluations, we take Λ^2_0 = 2 GeV^2 for our central values and the range 1.5^2 < Λ^2_0 < 2.5 GeV^2 to estimate uncertainties. We begin with an evaluation of the elastic contribution, Eq. (11). The form factors are well measured over the kinematic range required by the integrals, which are represented by a number of analytic fits. The elastic contributions converge well at the upper limit, which may be taken to infinity with negligible error. Using the Kelly parameterization of the form factors [41], or an updated version [42–44], the elastic contribution is given by δM^{el} | |_{p−n} = 1.39(02) MeV . (19)

The uncertainty is determined through an uncorrelated Monte-Carlo evaluation of the fit parameters in the parameterization.^1 It is also interesting to note, that if the simple dipole parameterization of the form factors is used, the same value within the quoted uncertainty is obtained.

In the inelastic contribution, Eq. (12), most of the support for the integrals lies in the resonance region, where there are good data from JLab, and there are analytic fits valid in the resonance region for both the neutron and proton structure functions from Bosted and Christy [45, 46]. Their quoted range of validity includes Q^2 up to 8 GeV^2 and W up to 3.1 GeV (W^2 = M^2 + 2Mν − Q^2). To extend the W range, we use the parameterizations of Refs. [47, 48] which fit proton structure functions in the diffraction region using forms recognizable as Pomeron and rho meson Regge trajectories. The former is isoscalar and the latter isovector, so we

1 We thank J. Arrington for providing form factor data which allowed for this estimation.

have a straightforward extension to the neutron case. Taking Λ^2_0 = 2 GeV^2 and W_{trans} = 3.1 GeV as the transition between the two parameterizations, the inelastic contribution is^2 δM^{inel} | |_{p−n} = 0.057(16) MeV. (20)

The uncertainties are estimated by the range of Λ^2_0 given above as well as varying the transition value of W between 2.5 < W_{trans} < 3.5 GeV. These two variations dominate the uncertainty estimate. The numerical integration is insensitive to the upper limit of the W integration through W_{max} ∼ 200 GeV (or x ∼ 10^{−4}).

We are left with the subtraction terms. Using the model assumptions described above, the contribution from the elastic subtraction term, Eq. (18a), is δM^{sub}_{el} | |_{p−n} = −0.62(02) MeV (21)

It is interesting to note the sum of Eqs. (19) and (21) is surprisingly close to that of Ref. [28] (although the individual proton and neutron elastic self energies are different).

The most troublesome contribution to evaluate is that of the inelastic subtraction term, Eq. (18b). This contribution is proportional to the isovector nucleon magnetic polarizability β_{p−n}. Presently, even the sign of β_{p−n} is unknown. The determination of this isovector quantity was part of the motivation for the recent deuterium Compton scattering experiment, MAX-Lab at Lund [49, 50], for which we are still awaiting results. The HIGS experiment [51] at TUNL will also help determine this quantity. From chiral perturbation theory, one expects the isovector polarizabilities to be small; the leading contribution to the polarizabilities occurs at order P^3, or next-to-leading order, and these are purely isoscalar. The isovector contributions arise at one higher order, P^4 and are therefore suppressed in the chiral power counting [52]. A conservative estimate is β_{p−n} = −1±1×10^{−4} fm^3 [30]. Using this in Eq. (18b) provides the determination δM^{sub}_{inel} | |_{p−n} = 0.47 ± 0.47 MeV , (22)

(a smaller value of m^2_0 would reduce these values).

Adding all the various contributions, Eqs. (19), (20), (21) and (22), we arrive at

δM^γ |_{p−n} = 1.30(03)(47) MeV , (23)

where the second uncertainty arises from the inelastic contribution to the subtraction term. Clearly, any improvement in our knowledge of β_{p−n} will significantly improve our ability to determine the electromagnetic contribution to M_p − M_n.

2 We thank P. Bosted and E. Christy for access to their analysis code enabling a determination of the uncertanties.

The isovector magnetic polarizability– Within the model assumptions used to arrive at Eqs. (18), we can combine the experimentally measured value for M_n −M_p with lattice QCD determinations of the m_d − m_u contribution. There are three published numbers from lattice QCD [13, 15, 17], which are uncorrelated. For each result, we combine the quoted uncertainties in quadrature, and then perform a simple weighted mean, arriving at δM^{latt}_{md−mu} | |_{p−n} = −2.53(40) MeV . (24)

Combining this with Eqs. (1), (18b), (19), (20), (21) and our value for m^2_0, we find

β_{p−n} = −0.87(85) × 10^{−4} fm^3 , (25)

in good agreement with current estimates [30].

Model independence– One can infer the nucleon isovector electromagnetic self-energy without recourse to models by utilizing the known mass splitting, Eq. (1), combined with the lattice QCD determination of the of the contribution from m_d − m_u, Eq. (24),

δM^γ_{p−n} = 1.24(40) MeV . (26)

Combined with Eqs. (19) and (20), this can be translated into a model-independent bound on the unknown subtraction function 3α 16πM ∫_Λ2_0 0 dQ^2 T^{p−n}_1 (0, Q^2) = 0.21(02)(40) MeV . (27)

To be compared with Eqs. (21) and (22) which give 0.15(02)(47) MeV for the same quantity. This bound demonstrates that our treatment of the subtraction function, while not model-independent, is also not wildly speculative, but in agreement with the combined constraint of experiment and lattice QCD.

Conclusions– We have provided a modern and robust determination of the isovector electromagnetic selfenergy contribution, δM^γ_{p−n} = 1.30(03)(47). A technical oversight in the evaluation of the elastic contribution was highlighted resulting in a larger central value than previously obtained [28]. While modern knowledge of the structure functions was used to constrain the elastic and inelastic contributions, a careful analysis of the subtraction function has yielded an overall larger uncertainty than previously recognized. The larger central value suggests a larger contribution to M_p − M_n from m_d − m_u, consistent with expectations from lattice QCD, thus impacting the phenomenology of Refs. [22–27]. With plausible model assumptions and additional input from lattice QCD, this knowledge can be used to provide a competitive estimate of the nucleon isovector magnetic polarizability, albeit still with a 100% uncertainty. Alternatively, a bound can be placed on the unknown subtraction function, which can not otherwise be determined, and lends further support for our determination of β_{p−n}.

Acknowledgements

We would like to thank many for helpful conversations and correspondence: J. Arrington, P. Bosted, E. Christy, J. Gasser, M. Golterman, B. Holstein, H. Leutwyler, S. Paris, D. Phillips, S. Syritsyn, B. Tiburzi, M. Vanderhaeghen, L. Yaffe and F. Yuan. GAM would like to thank the hospitality of LBNL where some of this work was carried out. This work was supported in part by the National Science Foundation under Grant PHY-0855618 and by the U.S. Department of Energy under Grant Nos. DE-FG02-97ER-41014 and DE-AC02-05CH11231.

[1] P. J. Mohr, B. N. Taylor, and D. B. Newell, Rev.Mod.Phys. 80, 633 (2008), 0801.0028.

[2] K. Nakamura et al. (PDG), J.Phys.G G37, 075021 (2010).

[3] P. J. Mohr, B. N. Taylor, and D. B. Newell, CODATA Recommended Values of the Fundamental Physical Constants: 2012.

[4] A. Zee, Phys.Rept. 3, 127 (1972).

[5] J. Gasser and H. Leutwyler, Phys. Rept. 87, 77 (1982). [6] G. A. Miller, B. Nefkens, and I. Slaus, Phys.Rept. 194, 1 (1990).

[7] G. A. Miller, A. K. Opper, and E. J. Stephenson, Ann.Rev.Nucl.Part.Sci. 56, 253 (2006), nucl-ex/0602021.

[8] S. Aoki et al. (PACS-CS), Phys. Rev. D79, 034503 (2009), 0807.1661.

[9] A. Bazavov et al. (MILC), Rev. Mod. Phys. 82, 1349 (2010), 0903.3598.

[10] S. Aoki et al. (PACS-CS), Phys. Rev. D81, 074503 (2010), 0911.2561.

[11] S. Durr et al., Phys. Lett. B701, 265 (2011), 1011.2403. [12] S. Durr et al., JHEP 08, 148 (2011), 1011.2711. [13] S. R. Beane, K. Orginos, and M. J. Savage, Nucl. Phys.

B768, 38 (2007), hep-lat/0605014. [14] A. Walker-Loud (2009), 0904.2404.

[15] T. Blum et al., Phys. Rev. D82, 094508 (2010), 1006.1311.

[16] A. Walker-Loud, PoS LATTICE2010, 243 (2010), 1011.4015.

[17] G. M. de Divitiis et al. (2011), 1110.6294. [18] A. Torok, S. Basak, A. Bazavov, C. Bernard, C. DeTar, et al., PoS LATTICE2010, 127 (2010).

[19] A. Portelli et al. (Budapest-Marseille-Wuppertal Collaboration), PoS LATTICE2010, 121 (2010), 1011.4189.

[20] B. Tiburzi (2011), 1110.6842.

[21] N. Ukita (The PACS-CS Collaboration) (2011), 1111.6380.

[22] U. van Kolck, J. L. Friar, and J. Goldman, Phys.Lett.

B371, 169 (1996), nucl-th/9601009.

[23] U. van Kolck, J. Niskanen, and G. A. Miller, Phys.Lett.

B493, 65 (2000), nucl-th/0006042.

[24] E. Stephenson, A. Bacher, C. Allgower, A. Gardestig, C. Lavelle, et al., Phys.Rev.Lett. 91, 142302 (2003), nuclex/0305032.

[25] A. Opper, E. J. Korkmaz, D. Hutcheon, R. Abegg, C. Davis, et al., Phys.Rev.Lett. 91, 212302 (2003), nuclex/0306027.

[26] A. Gardestig, C. Horowitz, A. Nogga, A. Fonseca, C. Hanhart, et al., Phys.Rev. C69, 044606 (2004), nuclth/0402021.

[27] A. Nogga, A. Fonseca, A. Gardestig, C. Hanhart,

C. Horowitz, et al., Phys.Lett. B639, 465 (2006), nuclth/0602003.

[28] J. Gasser and H. Leutwyler, Nucl. Phys. B94, 269 (1975). [29] W. Cottingham, Annals Phys. 25, 424 (1963). [30] Grießhammer, H. and McGovern, J. A. and Phillips,

D. R. and Feldman, G., Prog.Nucl.Part.Phys. (2012), (to appear).

[31] M. Cini, E. Ferrari, and R. Gatto, Phys. Rev. Lett. 2, 7

(1959).

[32] H. Harari, Phys.Rev.Lett. 17, 1303 (1966). [33] H. D. Abarbanel and S. Nussinov, Phys.Rev. 158, 1462

(1967).

[34] J. C. Collins, Nucl. Phys. B149, 90 (1979). [35] K. Pachucki, Phys. Rev. A53, 2092 (1996). [36] A. Pineda, Phys.Rev. C67, 025201 (2003), hepph/0210210.

[37] A. Pineda, Phys.Rev. C71, 065205 (2005), hepph/0412142.

[38] R. J. Hill and G. Paz, Phys.Rev.Lett. 107, 160402 (2011),

1103.4617.

[39] C. E. Carlson and M. Vanderhaeghen, Phys.Rev. A84,

020102 (R) (2011), 1101.5965.

[40] C. E. Carlson and M. Vanderhaeghen (2011), 1109.3779. [41] J. J. Kelly, Phys. Rev. C70, 068202 (2004). [42] R. Bradford, A. Bodek, H. S. Budd, and J. Arrington, Nucl. Phys. Proc. Suppl. 159, 127 (2006), hepex/0602017.

[43] J. Arrington and I. Sick, Phys.Rev. C76, 035201 (2007),

nucl-th/0612079.

[44] S. Venkat, J. Arrington, G. A. Miller, and X. Zhan,

Phys.Rev. C83, 015203 (2011), 1010.3629.

[45] P. E. Bosted and M. E. Christy, Phys. Rev. C77, 065206

(2008), 0711.0159.

[46] M. E. Christy and P. E. Bosted, Phys. Rev. C81, 055213

(2010), 0712.3731.

[47] A. Capella, A. Kaidalov, C. Merino, and J. Tran

Thanh Van, Phys. Lett. B337, 358 (1994), hepph/9405338.

[48] A. Sibirtsev, P. Blunden, W. Melnitchouk, and

A. Thomas, Phys.Rev. D82, 013011 (2010), 1002.0740. [49] M. Lundin, J. Adler, T. Glebe, K. Fissum, K. Hansen,

et al., Phys.Rev.Lett. 90, 192501 (2003), nuclex/0204014.

[50] URL http://www.maxlab.lu.se/kfoto/ExperimentalProgram/Research.html. [51] H. R. Weller, M. W. Ahmed, H. Gao, W. Tornow, Y. K.

Wu, et al., Prog.Part.Nucl.Phys. 62, 257 (2009). [52] S. Beane, M. Malheiro, J. McGovern, D. R. Phillips,

and U. van Kolck, Phys.Lett. B567, 200 (2003), nuclth/0209002.