arXiv:1307.4208v1 [hep-ph] 16 Jul 2013

Quark tensor charge and electric dipole moment within the Schwinger-Dyson formalism

Nodoka Yamanaka,^∗ Takahiro M. Doi, Shotaro Imai, and Hideo Suganuma Department of Physics, Graduate School of Science, Kyoto University, Kitashirakawa-oiwake, Sakyo, Kyoto 606-8502, Japan (Dated: July 17, 2013)

We calculate the tensor charge of the quark in the QCD-like theory in the Landau gauge using the Schwinger-Dyson formalism. It is found that the dressed tensor charge of the quark is significantly suppressed against the bare quark contribution, and the result is consistent with the analyses in the collinear factorization approach and lattice QCD. We also analyze the quark confinement effect with the phenomenological strong coupling given by Richardson, and find that this contribution is small. The renormalization of the quark tensor charge obtained in this framework shows a good stability in the change of the bare ultraviolet cutoff. We show that the suppression of the quark tensor charge is due to the superposition of the spin flip of the quark arising from the successive emission of gluons which dress the tensor vertex. We also consider the relation between the quark and the nucleon electric dipole moments by combining with the simple constituent quark model.

PACS numbers: 24.85.+p, 13.88.+e, 13.40.Em, 11.30.Er

I. INTRODUCTION

The analysis of the nucleon parton structure plays an essential role in the fundamental study of the quantum chromodynamics. The quark distribution of the nucleon in the leading twist is given by the momentum distribution f_1, the spin distribution g_1, and the transversity distribution h_1 functions of the quark, and has been studied in high energy experiments. The transversity distribution gives the spin distribution of the quark carrying the momentum fraction x of the total momentum of the transversely polarized nucleon. The total transversity of the quarks inside the nucleon is given by the quark tensor charge, defined by the following relation δq = ∫_1 0 dx [ h_1(x) − h̄_1(x) ] , (1)

where h_1(x) and h̄_1(x) are the transversity distribution of the quark and anti-quark in the nucleon. The quark transversity distribution has been the focus of many theoretical investigations [1–5]. In the non-relativistic limit, the tensor charge is the spin of the particle. In the nonrelativistic constituent quark model, which consider three massive quarks in the nucleon, the tensor charge of the quark in the proton is thus given by δu =^4_3 (u quark) and δd = −^1_3 (d quark) [6].

The transverse polarization of the quark in nucleons can be extracted from experimental observables involving the simultaneous polarization of the beam and the target, such as the semi-inclusive deep inelastic electron-nucleon scattering or the polarized Drell-Yang process. The single-spin asymmetries for semi-inclusive deep-inelastic scattering with pion production are such quantity, and

∗ yamanaka@ruby.scphys.kyoto-u.ac.jp

were measured experimentally by the HERMES [7] and COMPASS [8] collaborations. Recently, the first extraction of the quark transversity distribution from these experimental data using the collinear factorization approach became available [4], and the total tensor charge (at the renormalization point μ = 1 GeV) was given by δu = 0.57 ± 0.21 , δd = −0.18 ± 0.33 . (2)

Although the large theoretical uncertainty, this result shows a suppression compared with the constituent quark model prediction.

Also the lattice QCD studies of the quark tensor charge have been done so far [5], and they also predict values suppressed against the constituent quark model prediction. The typical result with the lattice QCD simulation (S. Aoki et al. in [5]) is

δu = 0.839 ± 0.060 , δd = −0.231 ± 0.055 , δs = −0.046 ± 0.034 , (3)

where the renormalization point was fixed to μ ≃ 1.4 GeV. This suppression is consistent with the tensor charge extracted from the experimental data [Eq. (2)] It is now of importance to clarify the source of this suppression.

The importance of the investigation of the tensor charge is not restricted in the study of the nucleon structure function, but also in the analysis of the neutron electric dipole moment (EDM). The neutron EDM is an observable sensitive to the CP violation of the hadronic system, and is thus an excellent probe of new physics beyond the standard model [9]. The current experimental data of the neutron EDM is given by d_n < 2.9×10^{−26}e cm [10], which can provide many constraints on the CP violation of the new physics such as the supersymmetric models [9, 11]. In many candidates of theories beyond the standard model, CP violating interactions give a large contribution to the electric dipole moment of quarks. In such situations, we need to know the dependence of the quark EDM on the neutron EDM. Many works with this motivation exist in the literature [12–15]. The EDM of the neutron d_n is defined by the limit of zero momentum transfer of the CP-odd nucleon form factor. The dependence of the neutron EDM on the quark EDM d_q is related to the tensor charge by [16]

d_n = ∑ q d_q δq . (4) This means that the sensitivity of the neutron EDM on the new physics beyond the standard model depends on the tensor charge of the quarks, so whether the quark tensor charge is small or not becomes thus one of the main interest.

In watching the suppression of the quark tensor charge extracted from the experimental data or from the lattice QCD simulations against the constituent quark model prediction, two sources of suppression can naïvely be inferred. The first source is the dressing of bare quark tensor charge by gluons, and the second possibility is the spin-dependent bound state effect. The first case was not discussed previously, and should be treated nonperturbatively to extract the physics.

As a powerful non-perturbative way to investigate the dynamics of the quantum field theory and in particular the low energy QCD, we have the Schwinger-Dyson (SD) formalism, and many studies such as the dynamical quark mass, the meson masses, etc, have been done so far [17– 25]. The effect in question, the vertex gluon dressing, is also well within the applicability of the SD formalism. In this paper, we will therefore try to clarify the physics involved in the vertex dressing by gluons and analyze the source of the suppression of the quark tensor charge.

This paper is organized as follows. In Section II, we give the formulation of the SD formalism, the renormalization improved running couplings used in this work, and a brief explanation of the derivation of the dynamical quark mass. In Section III, we formulate the SD equation for the quark tensor charge and give the result of the calculation. In Section IV, we compare our result with the collinear factorization approach and lattice QCD results, analyze the effect of the gluon dressing to the tensor vertex, and give the dependence of the neutron EDM on the quark EDM. The final section is devoted to the summary.

II. BASIC FORMALISM

In this section, we present the detail of the QCDlike theory and the quark propagator used in this paper. In the QCD-like theory, we assume that the nonperturbative effect of the gluon is included by improving the momentum dependence of the quark-gluon vertex by the one-loop level renormalization group. In this work, we use the Landau gauge which minimizes the unphysical momentum fluctuation of the gluons in the Euclidean space-time. To compare and discuss the result obtained, we use three different renormalization group improved strong couplings: the QCD running coupling (one-loop level, N_f = 3) with infrared (IR) regularization à la Higashijima [17], the smooth IR regularization [19], and the running coupling with the Landau pole shifted to zero momentum (Richardson Anzatz) [26]. We use the common value Λ_{QCD} = 500 MeV for the scale parameter (the ordinary QCD scale parameter is around Λ_{QCD} ≃ 200 − 300. In this paper, the large scale parameter is taken to fit the pion decay constant).

The first running strong coupling with the simple IR regularization is defined by [17]

α_s(p^2) =

{_{24π}

11N_c−2N_f (p < pIR) 12π 11N_c−2N_f 1 ln(p^2 /Λ^2_{QCD}) (p ≥ pIR)

. (5)

where N_c = 3, and p_{IR} satisfies ln(p^2_{IR}/Λ^2_{QCD}) =^1_2 . As it can be seen in Fig. 1, this running coupling has one cusp in the infrared region. This IR regularization was introduced to avoid the divergent Landau pole at p = Λ_{QCD}.

The second running strong coupling with smooth IR regularization is defined by [19]

α_s(p^2) =

3C_2(N_c) 16πβ_0

× C (p ≤ p_0)

C −^1_2^1

ln^2 (_{p2} IR Λ2QCD ) ln^2 (p^2 /p^2_0)

ln(p^2_{IR} /p^2_0) (p^0 < p < p^{IR}) 1 ln(p^2 /Λ^2_{QCD}) (p ≥ pIR) .

(6) where the lowest coefficient of the β function of the renormalization group is given by β_0 =^{11Nc−2Nf}_{48π2} , and

C =^1_2^{ln}(^{p2IR/p20} )

ln^2 (_{p2} IR Λ2QCD

) +^1_{ln}^(_{p2IR}

Λ2QCD

) . Here we have set

ln(p^2_{IR}/Λ^2_{QCD}) =^1_2 and ln(p^2_0/Λ^2_{QCD}) = −2. For this running coupling, the discontinuity of the derivative of the running coupling is removed, and we have no cusps in the IR region.

The running strong coupling with the Landau pole shifted to the zero momentum point p = 0 (the Richardson Ansatz) is given by

α_s(p^2) = 12π 11N_c − 2N_f 1 ln(1 + p^2/Λ^2_{QCD})

. (7)

This running coupling generates a linear confining potential V (r) ≃ σr −^A_r in a phenomenological manner,

where the string tension is given by σ =^{C2(3)Λ2QCD}_{8πβ0} , and

the Coulomb coefficient by A =^{C2(3)}_{8πβ0} . It is thus possible to analyze the effect of the quark confinement within this framework. The string tension in this model is σ ≈ 1.2

GeV/fm. This value is slightly larger than the physical string tension σ_{phys} ≈ 0.89 GeV/fm. In treating this running coupling numerically, we shift the pole by a very small number to avoid the divergence at p = 0 MeV. The shapes of the three running couplings are plotted in Fig. 1.

FIG. 1. The running strong couplings of QCD-like theory. We use the running couplings with the simple infrared regularization, the smooth infrared regularization, and the Richardson Ansatz.

We now solve the SD equation of the quark propagator and the dynamical quark mass in the Landau gauge

Σ(p^2) − m_q = −

3iC_2(N_c) 4π^3 ∫ d^4k α_s[(p − k)^2] (p − k)^2 × Σ(k^2) Z(k^2)k^2 − Σ^2(k^2)

. (8)

where Z(k^2) and Σ(k^2) are the wave function renormalization and the self-energy of the quark, respectively. In this paper, we take the chiral limit m_q = 0. Taking the Higashijima-Miransky approximation

α_s[(p_E − k_E )^2] ≈ α_s [ max(p^2_E , k^2_E ) ] , (9)

with p_E and k_E the Euclidean momenta, we have Z(k^2_E ) = 1. The resulting quark self-energy is plotted in Fig. 2. We see that the self-energy is generated dynamically even in the chiral limit.

The quark self-energy can be related to the chiral condensate with ⟨q̄q⟩_Λ = − N_c 2π^2

∫_Λ 0 k^3_E dk_E Σ(k^2_E ) k^2_E + Σ^2(k^2_E )

. (10)

The parameter Λ is the ultraviolet cutoff (not to be confused with Λ_{QCD}). In our numerical calculation, the cutoff was taken as Λ = 20 GeV. To obtain the chiral condensate renormalized at μ = 2 GeV, we use the following formula ⟨q̄q⟩_μ = ( α_s(Λ^2) α_s(μ^2)

)^{3C}2^{(N}c^) 16π2β0 ⟨q̄q⟩_Λ , (11)

FIG. 2. The quark self-energy Σ(pE ) solved with the Schwinger-Dyson equation.

TABLE I. The chiral condensate and the pion decay constant obtained from the self-energy calculated in the Schwinger- Dyson formalism. The unit is in MeV [in (MeV)^3 for the chiral condensate]. The chiral condensate was calculated with Eq. (11) at the renormalization point μ = 2 GeV. The pion decay constant was obtained from the Pagels-Stokar approximation (12) with the cutoff Λ = 20 GeV.

IR behavior ΛQCD ⟨q̄q⟩μ fπ Simple 500 −(242)^3 90 Smooth 500 −(243)^3 96 Richardson 500 −(193)^3 66

where^{3C2 (Nc)}

16π^2β_0 = 4 9 . The above renormalized chiral condensate is stable in the variation of the cutoff scale Λ [numerically, we have verified that the variation is small, of O(10^{−3}). See Table II]. This proves that the high energy behavior of the quark propagator is well described in the SD formalism with the Higashijima-Miransky approximation.

From the quark self-energy, it is also possible to give the pion decay constant f_π with the Pagels-Stokar approximation [27]:

f^2_π = N_c 2π^2

∫_Λ 0 k^3_E dk_E Σ(k^2_E ) [ Σ(k^2_E ) −^{kE}_4^d_{dkE} Σ(k^2_E ) ] [k^2_E + Σ^2(k^2_E )]^2 . (12) The pion decay constant is an observable, so its renormalization is not required. The chiral condensate and the pion decay constant calculated with each running coupling (simple, smooth, and Richardson) are shown in Table I.

III. THE SCHWINGER-DYSON EQUATION FOR THE QUARK TENSOR CHARGE

The SD equation for the quark tensor charge (or the quark EDM) is given by

Σ^{μν} (p) = σ^{μν}

+iC_2(N_c) ∫ d^4k 4π^3 α_s [ (p − k)^2 ] D_{ρλ}(p − k) ×γ^ρ k/ + Σ(k^2) k^2 − Σ^2(k^2)

Σ^{μν} (k) k/ + Σ(k^2) k^2 − Σ^2(k^2) γ^λ, (13)

where D_{ρλ}(q) ≡^{−1}_{q2} ( g_{ρλ} −^{qρ qλ}_{q2} ) is the gluon propagator in the Landau gauge (the color index was factorized), and Σ^{μν} is the dynamical tensor charge in the zero limit of the momentum transfer. We note again that the quark wave function renormalization factor was set to 1, since we have solved the SD equation of the quark propagator with the Higashijima-Miransky approximation (9) to obtain the self-energy of the quark. The SD equation of the quark tensor charge is depicted diagrammatically in Fig. 3.

FIG. 3. The Schwinger-Dyson equation for the quark tensor charge expressed diagrammatically.

In Eq. (13), there are three relevant Lorentz structures: σ^{μν} , { p/ , σ^{μν} } ( ≡ p/ σ^{μν} + σ^{μν} p/ ), and σ^{μρ}p_ρp^ν − σ^{νρ}p_ρp^μ. The dynamical tensor charge is thus written as

Σ^{μν} (p) ≡ S_1(p^2)σ^{μν} + S_2(p^2) { p/ , σ^{μν} } +S_3(p^2)(σ^{μρ}p_ρp^ν − σ^{νρ}p_ρp^μ) . (14)

The SD equation (13) can thus be rewritten in a set of integral equations with the S_1(p^2), S_2(p^2), and S_3(p^2) functions. The zero momentum point of the S_1 function indicates the ratio between the tensor charges of the dressed and bare quarks (it will be called simply “quark tensor charge” from now). After some algebra, we find the following set of integral equations:

2S_1(p^2_E ) − S_3(p^2_E )p^2_E ≈ 2 + 2 3π ∫_Λ p_E k_E dk_E · α_s[max(p^2_E , k^2_E )]

[k^2_E + Σ^2(k^2_E )]^2

(p^2_E − k^2_E )

× { 2S_1(k^2_E ) + 4Σ(k^2_E )S_2(k^2_E ) − [ k^2_E + Σ^2(k^2_E ) ] S_3(k^2_E ) } , (15)

S_2(p^2_E ) ≈ 2 3π ∫_Λ p_E k_E dk_E · α_s[max(p^2_E , k^2_E )]

[k^2_E + Σ^2(k^2_E )]^2 { −Σ(k^2_E )S_1(k^2_E ) + [ k^2_E − Σ^2(k^2_E ) ] S_2(k^2_E ) }

+ 2 3π ∫_{pE} 0 k_E dk_E · α_s[max(p^2_E , k^2_E )]

[k^2_E + Σ^2(k^2_E )]^2 · k^4_E p^4_E { −Σ(k^2_E )S_1(k^2_E ) + [ k^2_E − Σ^2(k^2_E ) ] S_2(k^2_E ) } , (16)

S_1(p^2_E ) − S_3(p^2_E )p^2_E ≈ 1 − 2 3π ∫_Λ p_E k_E dk_E · α_s[max(p^2_E , k^2_E )]

[k^2_E + Σ^2(k^2_E )]^2

(k^2_E − p^2_E)

× { S_1(k^2_E ) + 2Σ(k^2_E )S_2(k^2_E ) − 1 2 [ k^2_E + Σ^2(k^2_E ) ] S_3(k^2_E ) }

− 2 3π ∫_{pE} 0 k_E dk_E · α_s[max(p^2_E , k^2_E )]

[k^2_E + Σ^2(k^2_E )]^2

(k^2_E − p^2_E ) k^4_E p^4_E × { − Σ^2(k^2_E )

k^2_E

S_1(k^2_E ) + 2Σ(k^2_E )S_2(k^2_E ) + 1 2 [ k^2_E + Σ^2(k^2_E ) ] S_3(k^2_E ) } . (17)

For the derivation of the above integral equations, see the Appendix.

The result of the SD equation for the quark tensor charge with three different running couplings is plotted in Figs. 4, 5, and 6.

IV. ANALYSIS AND DISCUSSION

The solution of the SD equation for the quark tensor charge (Figs. 4, 5, and 6) shows a similar shape for the three different running couplings (Simple IR regularization, smooth IR regularization, and Richardson Ansatz), which suggests the good description of the quark tensor

FIG. 4. The S1 function (not renormalized) solved with the Schwinger-Dyson equation for the quark tensor charge.

FIG. 5. The S2 function (not renormalized) solved with the Schwinger-Dyson equation for the quark tensor charge.

charge within this framework. Since the results are similar in the simple, smooth, and Richardson cases, the confinement effect, which is phenomenologically introduced in the Richardson Ansatz, is expected to be small at least within the Higashijima-Miransky approximation.

We must note however that the S_1, S_2, and S_3 functions obtained after solving Eqs. (15), (16), and (17) are dependent on the cutoff Λ, and we need to renormalize the tensor charge at some fixed scale. To renormalize the tensor charge S_1(0) at some renormalization point μ, we use the following formula [28]

S_1(0)_μ = ( α_s(Λ^2) α_s(μ^2)

)_−^C2^{(Nc)}

16π2 β0

S_1(0)_Λ , (18)

where S_1(0)_μ is the renormalized tensor charge and S_1(0)_Λ is the tensor charge given as the solution of the cutoff (Λ) dependent SD equation. The exponent is −^{C2(Nc)} 16π^2β_0 = − 4 27 for N_c = 3 and N_f = 3. This renormalization of S_1(0) obtained from the SD equation [Eqs.

FIG. 6. The S3 function (not renormalized) solved with the Schwinger-Dyson equation for the quark tensor charge. Note that the S3 function was resized with p^2.

TABLE II. The stability of the tensor charge in the change of the integral cutoff Λ. The tensor charge was calculated with the simple IR regularization. The renormalization point was fixed to μ = 2 GeV. The renormaliztion of the chiral condensate is also shown to emphasize the stability.

Λ 4 GeV 20 GeV 100 GeV 1TeV S1(0)Λ 0.589 0.540 0.511 0.484 S1(0)μ 0.626 0.624 0.623 0.623 ⟨q̄q⟩Λ −(256)^3 −(281)^3 −(297)^3 −(314)^3 ⟨q̄q⟩μ −(241)^3 −(243)^3 −(244)^3 −(244)^3

(15), (16), and (17)] shows a very good stability against the change of the cutoff Λ (see Table II). This formula is also consistent with the analysis of the running of the Wilson coefficient of the quark EDM [14] (note that in this analysis the operator involves the current quark mass which shifts the exponent by^{12}_{27} for N_f = 3). From the above formula, we obtain the renormalized tensor charge at μ = 1 GeV

S_1(0)_{μ=1 GeV} = 0.670 (Simple IR regularization), S_1(0)_{μ=1 GeV} = 0.724 (Smooth IR regularization), S_1(0)_{μ=1 GeV} = 0.651 (Richardson Ansatz) , (19)

and at μ = 2 GeV

S_1(0)_{μ=2 GeV} = 0.624 (Simple IR regularization), S_1(0)_{μ=2 GeV} = 0.653 (Smooth IR regularization), S_1(0)_{μ=2 GeV} = 0.588 (Richardson Ansatz) . (20)

We see that the renormalized S_1(0) is about 0.6. This fact shows that the tensor charge of the dressed quark is suppressed compared with the bare quark contribution by the gluon dressing of the vertex.

If we associate the dressed dynamical quark with the constituent quark, our result can be combined with the non-relativistic constituent quark model prediction of the quark tensor charge in nucleon δu = 4 3 S_1(0)_μ ≃ 0.8 , δd = − 1 3 S_1(0)_μ ≃ −0.2 , . (21)

In the above derivation it is of course assumed that the nucleon is composed of three constituent valence quarks with negligible spin dependent many-body interactions. This result is in good agreement with the result obtained from the extraction in the collinear factorization approach [see Eq. (2)] and from the lattice QCD calculations [see Eq. (3)]. It should be noted that the sea quark contribution is small, since the tensor charge of the anti-quarks has opposite sign. This fact is in contrast to the quark-spin distribution g_1(x) which receives contribution from both quarks and anti-quarks with the same sign. The smallness of the sea quark effect to the tensor charge is also consistent with the lattice QCD results.

Let us derive the contribution of the quark EDM to the nucleon EDM within the above simple model assumption. By combining the simple constituent quark model with our result, we obtain

d_n ∼ 0.8d^{(μ)}_d − 0.2d^{(μ)}_u . (22)

We must note that the quark EDM is not a renormalization group invariant quantity. In this case, the bare quark EDMs d^{(μ)}_d and d^{(μ)}_u are defined at the renormaliztion point of our discussion, i.e. at μ = 1 ∼ 2 GeV. To relate the prediction of the quark EDMs defined, for example, at μ_S = 1 TeV, we need to connect them with the renormalization group running of the EDM operators [14]

d^{(μ)}_q = ( α_s(μ^2_S ) α_s(μ^2)

)^C2^{(N}c^)

16π2 β0

d^{(μS )}_q , (23)

where^{C2(Nc)}

16π^2 β_0 = 4 27 . The running of the quark EDM from μ_S = 1 TeV to 2 GeV brings thus a suppression factor of ∼ 0.8. We thus have

d_n ∼ 0.6d^{(μS =1 TeV)} d − 0.1d^{(μS =1 TeV)} u . (24)

It should be noted that in the above discussion, we have not considered the other CP-odd quark and gluon level operators. In general, these CP-odd operators can mix with each other, when the operators are rescaled from the TeV scale to the hadronic scale [14, 29].

In the formalism we have adopted, it is possible to change the input parameters and the self-energy function we have obtained in the intermediate steps, and this fact is an important advantage of the SD formalism. We have first tested the contribution of the S_1, S_2, and S_3 functions doing a fictitious manipulation by setting S_2(p^2) = 0 or/and S_3(p^2) = 0 in solving the SD equation (15), (16), and (17). The result is plotted in Fig. 7. We see that the solution of the SD equation with and without the contribution from S_2, and S_3 functions are close within ∼ 10%, and the qualitative feature are very similar. It can be also seen that the effect from S_2 is more important than S_3. This result suggests that the extra powers of momenta p (appearing in { p/ , σ^{μν} } and σ^{μρ}p_ρp^ν − σ^{νρ}p_ρp^μ) work as a suppression factor. This shows that the leading contribution to the SD equation of the quark tensor charge is given by the S_1 function, and that the omission of S_2, and S_3 functions is a relatively good approximation.

FIG. 7. The S1 function (not renormalized) obtained by solving the Schwinger-Dyson equation with S2 and S3 functions set to zero. The S1 function solved within the full Schwinger- Dyson equation is also shown for comparison.

We now try to understand the suppression of the quark tensor charge with the gluon vertex dressing. Let us first see the quark tensor charge obtained after few iterations. The quark tensor charge S_1(0) calculated after each iteration is shown in Fig. 8. In our calculation of

FIG. 8. The convergence of S1 function (not renormalized) at the origin in the number of iterations of the Schwinger-Dyson equation with the initial conditions S1(p) = 1, S2(p) = 0, and S3(p) = 0.

the SD equation, we have taken as the initial condition S_1(p) = 1, S_2(p) = 0, and S_3(p) = 0, and iteratively substituted the left-hand side of Eqs. (15), (16), and (17) to their right-hand side. This procedure can be seen as a sort of perturbative truncation, where the number of iteration corresponds to the order of perturbation. The initial value S_1(p) = 1 is the bare quark tensor charge. From Fig. 8, we can see that the tensor charge converges by oscillating around the true tensor charge. This means that the gluon dressed tensor vertex is decomposed in terms which change their sign alternatively in the perturbative expansion. This fact can be understood as follows. The tensor charge is given by the spin of the quark in the non-relativistic limit, so the gluon emission of the quark changes the sign of the tensor charge, since the angular momenta of the quark and the gluon are respectively s_q =^1_2 and s_g = 1. The above description is illustrated schematically in Fig. 9. As the external field can only probe the tensor charge (spin) of the quark, the superposition of the contribution of each order is always smaller than the bare contribution.

FIG. 9. The schematic picture of the quark spin flip with the gluon emission.

The suppression of the quark tensor charge by the quark spin flip can be confirmed by artificially manipulating the self-energy of the quark. The self-energy of the quark can be seen like its mass, so the spin flip of the quark should be suppressed when the quark becomes heavier. The S_1 function calculated with the resized quark self-energy is plotted in Fig. 10. We can see that the quark tensor charge approaches 1 when the selfenergy is taken larger. This result is consistent with our description: as the quark spin flip is suppressed for the heavy dressed quark, the contribution from the higher order dressed tensor vertex becomes smaller, and the dressed quark tensor charge keeps a value close to the bare quark one. In the contrary, the quark tensor charge vanishes when the quark becomes lighter (with smaller self-energy), since the spin flip becomes important so that the tensor charge is averaged at zero.

V. SUMMARY

In this paper, we have calculated the tensor charge of the quark in the QCD-like theory with the Landau gauge using the SD formalism with three different running couplings in the Higashijima-Miransky approximation. As a result, the quark tensor charge is suppressed

FIG. 10. The S1 function (not renormalized) calculated with resized self-energy.

by a factor of ∼ 0.6 compared to the bare quark contribution. By combining with the non-relativistic constituent quark model, the quark tensor charge in nucleon is given as δu ≃ 0.8 and δd ≃ −0.2, when the renormalization scale is taken as μ = 2 GeV. Our result is consistent with the results obtained from the extraction of the tensor charge within the collinear factorization approach based on the experimental data, and also with those given by the first principle lattice QCD studies, both suggesting the suppression of the quark tensor charge in the nucleon. The stability of the renormalized quark tensor charge in the change of the integral cutoff confirms that the SD formalism with Higashijima-Miransky approximation works well in describing the high energy behavior of the quark tensor charge. We have also shown through the analysis using the phenomenological strong coupling of Richardson Ansatz that the quark confinement has a small effect on the suppression of the quark tensor charge.

The result of our study gives also the contribution of the quark EDM to the neutron EDM. The neutron EDM receives contribution from the quark EDM defined at μ_S = 1 TeV as d_n ∼ 0.6d^{(μS =1 TeV)} d − 0.1d^{(μS =1 TeV)} u . Through the analysis, we concluded two important results. First, the dominant contribution of the dressed tensor charge is given by the S_1 function, the coefficient of the σ^{μν} Dirac matrix. Second, we have deduced that the suppression of the quark tensor charge is due to the superposition of the spin flipped states occurring in the gluon emission. The gluon dressing of the vertex thus plays a crucial role in the suppression of the quark tensor charge, and this explains well the deviation of the results suggested by the collinear factorization approach and lattice QCD from that given in the non-relativistic constituent quark model.

It should be however noted that our analysis has not included the bound state effect of the quark in nucleon. This will be the subject of our next work. Here we briefly give the prospect for the improvement of our work. The first possibility is to include the quark into the nucleon with the quark model. The second possibility is to the include the dressed tensor vertex in the SD equation of the quark-diquark bound state, which was investigated in Refs. [13, 24]. The ideal way of the SD formalism is to formulate and calculate the relativistic Faddeev equation for the three-quark state.

ACKNOWLEDGMENTS

This work is in part supported by the Grant for Scientific Research [Priority Areas “New Hadrons”

(E01:21105006), (C) No.23540306] from the Ministry of Education, Culture,Science and Technology (MEXT) of Japan. NY thanks T. Hatsuda, Y. Hatta, and H. Iida for useful discussion and comments.

Appendix A: The detailed calculation of the Schwinger-Dyson equation for the quark tensor charge

The Schwinger-Dyson equation for the quark tensor charge [Eq. (13)] is rewritten as

Σ^{μν} (p) = σ^{μν} + i ∫ d^4k 4π^3 · α_s[(p − k)^2] [k^2 − Σ^2(k^2)]^2 · −1 (p − k)^2 [ g^{ρλ} − (p − k)^ρ(p − k)^λ (p − k)^2 ] C_2(3) ×γ_ρ [ k/ + Σ(k^2) ] [ S_1(k^2)σ^{μν} + S_2(k^2) { k/ , σ^{μν} } + S_3(k^2)(σ^{μρ}k_ρk^ν − σ^{νρ}k_ρk^μ) ] [ k/ + Σ(k^2) ] γ_λ . (A1)

The Lorentz and Dirac structures of the term with S_1(k^2) of Eq. (A1) can be transformed as [ g^{ρλ} − (p − k)^ρ(p − k)^λ (p − k)^2 ] γ_ρ [k/ + Σ] σ^{μν} [k/ + Σ] γ_λ

= −(k^2 + Σ^2)σ^{μν} + Σ { 2k/ + p/ , σ^{μν} } + 2 [σ^{μη} p_ηk^ν − σ^{νη} p_ηk^μ] − Σ (p − k)^2 [ (k^2 − p^2) { k/ − p/ , σ^{μν} } − i(p^μ − k^μ) { γ^ν , [p/ , k/ ] } + i(p^ν − k^ν ) { γ^μ, [p/ , k/ ] }]

+ 2 (p − k)^2 { (p^2 + Σ^2) [σ^{μη} (p − k)_η(p − k)^ν − σ^{νη} (p − k)_η (p − k)^μ]

−(p^2 − k^2) [σ^{μη} (p − k)_ηp^ν − σ^{νη} (p − k)_ηp^μ] + 2σ^{ρη} k_ρp_η(k^ν p^μ − k^μp^ν ) } . (A2)

For simplicity, we have omitted the argument of the self-energy Σ. Similarly, the Lorentz and Dirac structures of the term with S_2(k^2) can be obtained as [ g^{ρλ} − (p − k)^ρ(p − k)^λ (p − k)^2 ] γ_ρ [k/ + Σ] (k/ σ^{μν} + σ^{μν} k/ ) [k/ + Σ] γ_λ

= −4Σk^2σ^{μν} + (k^2 + Σ^2) { 2k/ + p/ , σ^{μν} } + 4Σ(σ^{μρ}p_ρk^ν − σ^{νρ}p_ρk^μ) − (k^2 + Σ^2) (p − k)^2 [ (p^2 − k^2) { p/ − k/ , σ^{μν} } − i(p − k)^μ { γ^ν , [p/ , k/ ] } + i(p − k)^ν { γ^μ, [p/ , k/ ] }]

+ 4Σ (p − k)^2 [ 2k^2 [ σ^{μρ}(p − k)_ρp^ν − σ^{νρ}(p − k)_ρp^μ ]

−(p^2 + k^2) [ σ^{μρ}(p − k)_ρk^ν − σ^{νρ}(p − k)_ρk^μ ] + 2σ^{ηρ}k_η p_ρ(p^μk^ν − p^ν k^μ) ] , (A3) and the S_3(k^2) contribution as [ g^{ρλ} − (p − k)^ρ(p − k)^λ (p − k)^2 ] γ_ρ [k/ + Σ] (σ^{μρ}k_ρk^ν − σ^{νρ}k_ρk^μ) [k/ + Σ] γ_λ

= (k^2 − Σ^2) (σ^{μρ}p_ρk^ν − σ^{νρ}p_ρk^μ) − k^2 − Σ^2 (p − k)^2 { (p^2 − k^2) [σ^{μρ}(p − k)_ρk^ν − σ^{νρ}(p − k)_ρk^μ] − 2σ^{ρη} k_ρp_η(p^μk^ν − p^ν k^μ) } . (A4)

In the transformation of the above equation, we have used the following identities: γ_ρσ^{μν} γ^ρ = 0 , (A5) q/ σ^{μν} q/ = q^2σ^{μν} − 2σ^{μρ}q_ρq^ν + 2σ^{νρ}q_ρq^μ , (A6) γ_ρ (k/ σ^{μν} + σ^{μν} k/ ) γ^ρ = 2 (k/ σ^{μν} + σ^{μν} k/ ) , (A7) k/ (k/ σ^{μν} + σ^{μν} k/ ) k/ = k^2 (k/ σ^{μν} + σ^{μν} k/ ) , (A8) p/ (k/ σ^{μν} + σ^{μν} k/ ) p/ = −p^2 (k/ σ^{μν} + σ^{μν} k/ ) + 2(p · k) (p/ σ^{μν} + σ^{μν} p/ ) −ip^μ { γ^ν , [p/ , k/ ] } + ip^ν { γ^μ, [p/ , k/ ] } . (A9)

We have also used the cyclic property { γ^μ, [γ^ν , γ^ρ] } = { γ^ρ, [γ^μ, γ^ν ] } , which implies { p/ , [p/ , k/ ] } = { k/ , [p/ , p/ ] } = 0. By substituting Eqs. (A2), (A3), and (A4) into Eq. (A1), we can further transform the integral equation (A1) as Σ^{μν} (p) = σ^{μν} −i ∫ d^4k 4π^3 · α_s[(p − k)^2] [k^2 − Σ^2(k^2)]^2 · C_2(N_c) (p − k)^2

· S_1(k^2)

× { 1 3 σ^{μν} [ 2p^2 − k^2 + Σ^2(k^2) ( 2 k^2 p^2 − 1 ) − p^2 + Σ^2(k^2) p^2

(k^2 − p^2)^2 (p − k)^2 − p^2 + Σ^2(k^2)

p^2

(p − k)^2 ]

+Σ(k^2) { p/ , σ^{μν} } · 1 6p^2 [ 5(k^2 + p^2) −

(k^2 − p^2)^2 (k − p)^2

− 4(p − k)^2 ]

+ 2 3p^4

Σ^2(k^2)(σ^{μρ}p_ρp^ν − σ^{νρ}p_ρp^μ) [ (p^2 − 2k^2) + (p − k)^2 +

(k^2 − p^2)^2 (p − k)^2 ] }

−i ∫ d^4k 4π^3 · α_s[(p − k)^2] [k^2 − Σ^2(k^2)]^2 · C_2(N_c) (p − k)^2

· S_2(k^2)

× { 2 3p^2

Σ(k^2)σ^{μν} [ −(p^2 + k^2)

(p^2 − k^2)^2 (p − k)^2

− (k^2 + p^2)(p − k)^2 + 2(p^2 + k^2)^2 − 6k^2p^2 ]

+ [ k^2 + Σ^2(k^2) ] { p/ , σ^{μν} } · 1 6p^2 [ 5(k^2 + p^2) −

(k^2 − p^2)^2 (k − p)^2

− 4(p − k)^2 ]

+ 4k^2 3p^4

Σ(k^2)(σ^{μρ}p_ρp^ν − σ^{νρ}p_ρp^μ) [ (k^2 − p^2)^2 (p − k)^2

+ p^2 − 2k^2 + (p − k)^2 ] }

−i ∫ d^4k 4π^3 · α_s[(p − k)^2] k^2 − Σ^2(k^2) · C_2(N_c) (p − k)^2

· S_3(k^2) × { p^2 − k^2

6p^2 σ^{μν} [ − (k^2 − p^2)^2 (p − k)^2

+ 2(k^2 + p^2) − (p − k)^2 ]

+ k^2 3p^4 (σ^{μρ}p_ρp^ν − σ^{νρ}p_ρp^μ) [ 2k^2 − p^2 −

(p^2 − k^2)^2 (p − k)^2 − (p − k)^2 ] } . (A10)

Here we have used the formulae of the loop integral developed by Passarino-Veltman [30] to reduce into a Lorentz scalar loop integral. The rank-1 (k^μ) integral can be reduced as

T_1(p^2) = ∫ d^4k F_1(p, k) [ p^2 + k^2 − (p − k)^2 2p^2 ] = 1 2 ∫ d^4k F_1(p, k) [ 1 + k^2 p^2 − (p − k)^2

p^2 ] . (A11)

The rank-2 (k^μk^ν ) integral can be reduced as

T_{00}(p^2) = 1 3 ∫ d^4k F_2(p, k) [ k^2 − 1 4 [ k^2 + p^2 − (p − k)^2

]_2

p^2 ]

= 1 3 ∫ d^4k F_2(p, k) [ 1 2 k^2 − 1 4 p^2 − 1 4 k^4 p^2 + 1 2 (p^2 + k^2)(p − k)^2 p^2 − 1 4 (p − k)^4 p^2 ] , (A12)

T_{11}(p^2) = 1 3p^2 ∫ d^4k F_2(p, k) [ [ k^2 + p^2 − (p − k)^2

]_2

p^2 − k^2 ]

= 1 3 ∫ d^4k F_2(p, k) [ 1 + k^2 p^2 + k^4 p^4 − 2 (k^2 + p^2)(p − k)^2

p^4 + (p − k)^4

p^4 ] . (A13)

By taking the trace after multiplying by σ^{μν} , Eq. (A10) can be rewritten as

2S_1(p^2_E ) − S_3(p^2_E )p^2_E = 2 +

C_2(N_c) 12π^3 ∫ d^4k_E · α_s[(p_E − k_E )^2] [k^2_E + Σ^2(k^2_E )]^2 · [ −1 +

2p^2_E − k^2_E (p_E − k_E )^2 − (p^2_E − k^2_E )^2 (p_E − k_E )^4 ]

× [ 2S_1(k^2_E ) + 4Σ(k^2_E )S_2(k^2_E ) − [ k^2_E + Σ^2(k^2_E ) ] S_3(k^2_E ) ] , (A14)

where we have used the following trace formulae

Tr [σ^{μν} σ_{μν} ] = 48 , (A15) Tr [σ^{μν} (σ_{μρ}p^ρp_ν − σ_{νρ}p^ρp_μ)] = 24p^2 . (A16)

By taking the trace after multiplying by {p/ , σ^{μν} }, Eq. (A10) can be rewritten as

S_2(p^2_E ) =

C_2(N_c) 12π^3 ∫ d^4k_E · α_s[(p_E − k_E )^2] [k^2_E + Σ^2(k^2_E )]^2 · [ −2 + 5 2 p^2_E + k^2_E (p_E − k_E )^2 − 1 2 (p^2_E − k^2_E )^2 (p_E − k_E )^4 ]

× [ Σ(k^2_E )S_1(k^2_E ) − [ k^2_E − Σ^2(k^2_E ) ] S_2(k^2_E ) ] . (A17)

In deriving the above equation, we have used

Tr [{p/ , σ^{μν} } σ_{μν} ] = 0 , (A18) Tr [{p/ , σ^{μν} } {p/ , σ_{μν} }] = 96p^2 , (A19) Tr [{p/ , σ^{μν} } (σ_{μρ}p^ρp_ν − σ_{νρ}p^ρp_μ)] = 0 . (A20)

By taking the trace after multiplying by σ^{μρ}p_ρp^ν − σ^{νρ}p_ρp^μ, Eq. (A1) can be rewritten as

S_1(p^2_E ) − S_3(p^2_E )p^2_E = 1 −

C_2(N_c) 12π^3p^2_E ∫ d^4k_E · α_s[(p_E − k_E )^2] [k^2_E + Σ^2(k^2_E )]^2 × { S_1(k^2_E ) [ p^2_E + Σ^2(k^2_E ) + p^2_E (Σ^2(k^2_E ) − 2p^2_E) + k^2_E (p^2_E − 2Σ^2(k^2_E )) (p_E − k_E )^2

+(p^2_E + Σ^2(k^2_E ))

(p^2_E − k^2_E )^2 (p_E − k_E )^4 ]

+2Σ(k^2_E )(p^2_E − k^2_E )S_2(k^2_E ) [ 1 − 2 p^2_E + k^2_E (p_E − k_E )^2 + (p^2_E − k^2_E )^2 (p_E − k_E )^4 ]

− 1 2 [ k^2_E + Σ^2(k^2_E ) ] S_3(k^2_E ) [ p^2_E + k^2_E − 2 p^4_E − p^2_Ek^2_E + k^4_E (p_E − k_E )^2

+(p^2_E + k^2_E )

(p^2_E − k^2_E )^2 (p_E − k_E )^4 ] } . (A21)

In the derivation of the above equation, we have used Eq. (A16) and

Tr [(σ^{μρ}p_ρp^ν − σ^{νρ}p_ρp^μ)(σ_{μη} p^ηp_ν − σ_{νη} p^ηp_μ)] = 24p^4 . (A22)

By using the Higashijima-Miransky approximation (9), it is possible to erase the angular dependence of the running strong coupling α_s[(p_E − k_E )^2], so that the angular integration of Eqs. (A14), (A17), and (A21) can be performed analytically. To integrate the angular variable θ (θ appears through (p−k)^2 = p^2 +k^2 −2pk cos θ), we use the following formulae: ∫_π 0 dθ sin^2 θ a + b cos θ = πa b^2 { 1 − √ 1 − b^2 a^2 } . ∫_π 0 dθ sin^2 θ (a + b cos θ)^2 = π a^2 1 √ 1 −^{b2}_{a2} − π b^2 [ 1 − √ 1 − b^2 a^2 ] . (A23)

We therefore obtain Eqs. (15), (16), and (17).

[1] R. L. Jaffe, arXiv:hep-ph/9602236; V. Barone, A.

Dragoc, P. G.Ratcliffe, Phys. Rept. 359, 1 (2002); V. Barone, F. Bradamante, and A. Martin, Prog. Part. Nucl. Phys. 65, 267 (2010).

[2] G. L. Kane, J. Pumplin, and W. Repko, Phys. Rev.

Lett. 41, 1689 (1978); J. Soffer, Phys. Rev. Lett. 74, 1292 (1995); B.-Q. Ma, I. Schmidt, and J. Soffer, Phys. Lett. B441, 461 (1998); M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F. Murgia, A. Prokudin, and S. Melis, Nucl. Phys. B (Proc. Suppl.) 191, 98 (2009).

[3] R. L. Jaffe, X.-D. Ji, Nucl. Phys. B375, 527 (1992); B.

L. Ioffe and A. Khodjamirian, Phys. Rev. D 51, 3373 (1995); H. He and X. Ji, Phys. Rev. D 52, 2960 (1995); H.-C. Kim, M.V. Polyakov, K. Goeke, Phys. Rev. D 53, 4715 (1996); V. Barone, T. Calarco, and A. Drago, Phys. Lett. B390, 287 (1997); I. Schmidt and J. Soffer, Phys. Lett. B407, 331 (1997); R. Jakob, P.J. Mulders, and J. Rodrigues, Nucl. Phys. A626, 937 (1997); K. Suzuki and W. Weise, Nucl. Phys. A634, (1998) 141; M. Wakamatsu and T. Kubota, Phys. Rev. D 60, 034020 (1999); G. Erkol and A. Ozpineci, Phys. Lett. B704, 551 (2011); T. M. Aliev, K. Azizi, and M. Savci, Phys. Rev. D 84, 076005 (2011).

[4] A. Bacchetta, A. Courtoy, and M. Radici, JHEP 1303,

119 (2013); see also A. Bacchetta, A. Courtoy, and M. Radici, Phys. Rev. Lett. 107, 012001 (2011).

[5] S. Aoki, M. Doui, T. Hatsuda, Y. Kuramashi, Phys. Rev.

D 56, 433 (1997); M. Göckler et al., Nucl. Phys. B (Proc. Suppl.) 53, 315 (1997); S. Capitani et al., Nucl. Phys. B (Proc. Suppl.) 79, 548 (1999); D. Doglov et al., Nucl. Phys. B (Proc. Suppl.) 94, 303 (2001); R. G. Edwards et al., Proc. Sci., LAT2006, 121 (2006); H.-W. Lin, T. Blum, S. Ohta, S. Sasaki, and T. Yamazaki, Phys. Rev. D 78, 014505 (2008); D. Pleiter et al. (QCDSF/UKQCD Collaboration), Proc. Sci., LATTICE2010, 153 (2010); Y. Aoki et al., Phys. Rev. D 82, 014501 (2010); T. Bhattacharya, S. D. Cohen, R. Gupta, A. Joseph, and H.-W. Lin, arXiv:1306.5435 [hep-lat].

[6] S. Adler, E. Colglazier, J. Healy, I. Karliner, J. Lieberman, Y. Ng, and H. Tsao, Phys. Rev. D 11, 3309 (1975).

[7] A. Airapetian et al. (HERMES Collaboration), Phys.

Rev. Lett. 94, 012002 (2005).

[8] E. Ageev et al., (COMPASS collaboration), Nucl. Phys.

B765, 31 (2007).

[9] M. Pospelov and A. Ritz, Ann. Phys. 318, 119 (2005);

T. Fukuyama, Int. J. Mod. Phys. A 27, 1230015 (2012); J. Engel, M. J. Ramsey-Musolf, and U. van Kolck, Prog. Part. Nucl. Phys. 71, 21 (2013); N. Yamanaka, Analysis of the Electric Dipole Moment in the R-parity Violating Supersymmetric Standard Model, in press, Springer thesis, 2013.

[10] C. A. Baker et al., Phys. Rev. Lett. 97, 131801 (2006). [11] H. E. Haber and G. L. Kane, Phys. Rep. 117, 75 (1985);

J. F. Gunion and H. E. Haber, Nucl. Phys. B272, 1 (1986); S. P. Martin, in Perspectives on Supersymmetry II, edited by G. L. Kane (World Scientific, Singapore, 2010), p. 1 [arXiv:hep-ph/9709356].

[12] M. Pospelov and A. Ritz, Phys. Rev. Lett. 83, 2526 (1999); Nucl. Phys. B573, 177 (2000); Phys. Rev. D 63, 073015 (2001); J. Hisano, J.-Y. Lee, N. Nagata, and Y. Shimizu, Phys. Rev. D 85, 114044 (2012);

[13] M. B. Hecht, C. D. Roberts, and S. M. Schmidt, Phys.

Rev. C 64, 025204 (2001).

[14] G. Degrassi, E. Franco, S. Marchetti, and L. Silvestrini, J. High Energy Phys. 11 (2005), 044.

[15] C. Dib, A. Faessler, T. Gutsche, S. Kovalenko, J. Kuckei, V. E. Lyubovitskij, K. Pumsa-aard, J. Phys. G 32, 547 (2006).

[16] T. Bhattacharya, V. Cirigliano, and R. Gupta, PoS LAT- TICE2012, 179 (2012).

[17] K. Higashijima, Phys. Rev. D 29, 1228 (1984); Prog.

Theor. Phys. Suppl. 104, 1 (1991).

[18] V. A. Miransky, Sov. J. Nucl. Phys. 38, 280 (1984); Dynamical Symmetry Breaking in Quantum Field Theories, World Scientific, 1993.

[19] K.-I. Aoki, M. Bando, T. Kugo, M. G. Mitchard, and H.

Nakatani, Prog. Theor. Phys. 84, 683 (1990); T. Kugo and M. G. Mitchard, Phys. Lett. B286, 355 (1992).

[20] C. D. Roberts and A. G. Williams, Prog. Part. Nucl.

Phys. 33, 477 (1994).

[21] R. Alkofer and L. von Smekal, Phys. Rep. 353, 281 (2001).

[22] J. M. Cornwall, J. Papavassiliou, and D. Binosi, The Pinch Technique, Cambridge Univ. Press, 2011, and references therein.

[23] C. D. Roberst, Nucl. Phys. A605, 475 (1996); C. J. Burden, C. D. Roberts, and M. J. Thomson, Phys. Lett. B371, 163 (1996); A. Bender, C. D. Roberts, and L. Von Smekal, Phys. Lett. B380, 7 (1996); P. Maris and C. D. Roberts, Phys. Rev. C 56, 3369 (1997); P. Maris, C. D. Roberts, and P. C. Tandy, Phys. Lett. B420, 267 (1998); P. Maris and P. C. Tandy, Phys. Rev. C 61, 045202 (2000).

[24] J. C. R. Bloch, C. D. Roberts, S. M. Schmidt, A. Bender, and M. R. Frank, Phys. Rev. C 60, 062201 (1999); J. C. R. Bloch, C. D. Roberts, and S. M. Schmidt, Phys. Rev. C 61, 065207 (2000).

[25] C. S. Fischer and R. Alkofer, Phys. Rev. D 67, 094020

(2003); M. S. Bhagwat, M. A. Pichowsky, C.D. Roberts, and P.C. Tandy, Phys. Rev. C 68, 015203 (2003); R. Alkofer, W. Detmold, C. S. Fischer, and P. Maris, Phys. Rev. D 70, 014014 (2004); H. Iida, M. Oka, and H. Suganuma, Eur. Phys. J. A 23, 305 (2005).

[26] J. L. Richardson, Phys. Lett. B82, 272 (1979). [27] H. Pagels and S. Stokar, Phys. Rev. D 20, 2947 (1979). [28] V. Barone, Phys. Lett. B409, 499 (1997); see also X.

Artru and M. Mekhfi, Z. Phys. C 45, 669 (1990). [29] J. Hisano, K. Tsumura and M. J. S. Yang, Phys. Lett.

B713, 473 (2012).

[30] G. ’t Hooft and M. Veltman, Nucl. Phys. B153, 365 (1979); G. Passarino, and M. Veltman, Nucl. Phys. B160, 151 (1979); A. Denner, arXiv:0709.1075 [hep-ph].