arXiv:hep-ph/0507265 v2 26 Jul 2005

Pion Electromagnetic Form Factor up to 10 [GeV/c]^2

J. P. B. C. de Melo^∗ Centro de Ciências Exatas e Tecnológicas, Universidade Cruzeiro do Sul, 08060-070, São Paulo, SP., Brazil Instituto de Física Teórica, Universidade Estadual Paulista, 01405-900, São Paulo, SP., Brazil (Dated: July 26, 2005)

Abstract

The light-front approach is applied to calculate the electromagnetic current for quark-antiquark bound states for the pion. The pion electromagnetic form factor is obtained from the ”+” and ”-” component of the electromagnetic current in the Drell-Yan frame, with different models of the π − qq̄ vertex and the results for the pion electromagnetic form factor are compared with the experimental data up to 10 [GeV/c]^2 and anothers hadronic models. The rotational symmetry properties of the pion electromagnetic current related with the zero-modes in the light-front are investigate.

PACS numbers: 12.39.Ki,13.40.Gp,14.40.Aq Keywords: Light-Front, quark model, electromagnetic current, electromagnetic form factor

∗Electronic address: pacheco@ift.unesp.br

I. INTRODUCTION

The quantum cromodynamics,QCD, is believed the correct theory of the strong interactions and the non-perturbative regime of the QCD is the most important question not solved yet. However, with the relativistic constituents quark model, RCQM, is possible to give answers to hadronic physics, in terms the degrees of freedom from the QCD, ie., quarks and gluons [1]. The main proposal with the light-front here, are try describe in an consistent way the hadronic bound state systems to both high and low Q^2 regime. For this purpose, the light-front quantization is utilized to compute the hadronic bound state wave function, which is simpler to make the calculations, compared to the instant form quantum field theory [1, 2]. In the light-front, the bound state wave functions are defined in the hypersuperficie x^+ = x^0 + x^3 = 0, and, theses wave functions, are covariant under kinematical front-form boosts, because of the stability of the Fock-state decomposition [3]. The bound state wave functions, with the light-front constituent quark model (LFCQM) in the light-front approach have received much attention lately [4, 5].

The LFCQM models have an impressive successful in the describe the electromagnetic properties of the hadronic wave functions, for pseudoscalar particles and vector particles [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22]. However, the extraction of the electromagnetic form-factor in the light-front approach depends which component of the electromagnetic current is utilized to calculate the form-factors, because the problems related with the rotational symmetry breaking [11, 23, 24]. It is was found in the references [11, 16, 23] for spin-1 particles, the plus (”J^+”) component of the electromagnetic current is not free of the pair terms contribution in the Breit frame (q^+ = 0) and the rotational symmetry is broken. Then, the electromagnetic matrix elements of the current with the light-front approach have another contributions, besides of the valence contribution to the electromagnetic current. That contribution correspond the pair terms contribution for the matrix elements of the electromagnetic current [23, 24, 25]. If the pair terms contribution is taken correct, no matter which component of the electromagnetic current is utilized in the light-front approach in order to extract the electromagnetic form factors of the hadronic bound states. In this work, two types of the vertex function are utilized in order to calculated the pion electromagnetic form-factor for the π − qq̄ vertex and compared with the new experimental data [26, 27, 28, 29, 30]. At low momentum transfer, non-pertubartive regime of the QCD (quantum cromodynamics) is more important when compared with the higher momentum transfer for the perturbative regime of the QCD. Perturbative QCD work well after 1.0 (GeV/c)^2 and dominate near 5.0 (GeV/c)^2. The light bound state mesons, like the pion and rho meson, are described with anothers approaches in the references [31, 32, 33, 34, 35, 36, 37, 38]. Another possibility is to study the light bound state meson, like pion and rho meson with the lattice formulate in the light-front [39]. For the lightest bound state meson, the models with the Schwinger-Dyson equations [31, 32, 33] describe the electromagnetic form factor quiet very well, however some difference between the models in the literature exist [40]. In this paper, the light-front models for the pion present at previous work [12, 25] are extended to higher momentum transfer (up to 10 (GeV/c)^2) and compared with another quarks models, ie., QCD sum rules [41, 42] and vector meson dominance [43, 44, 45]. This paper is presented with following sections: section II, the model of the wave function for the bound state quark-antiquark in the light-front are presented and the electromagnetic form factor are calculated with the vertex π − qq̄ and with anothers models. In the section III, the numerical results and discussions are given. Finally the conclusions are presented in the section IV.

II. LIGHT-FRONT WAVE FUNCTION AND ELECTROMAGNETIC FORM FACTOR

In the light-front approach, the main goal to the bound state problem are solve the following equation, ie., the bound state equation:

H_{LF} |Ψ >= M^2|Ψ > . (1)

In the equation above, the light-front Hamiltonian H_{LF} , have the eigenvalues given by the invariant mass M^2, where the eigenvalues are associate with the physical particles, the eigenstates of the light-front Hamiltonian [1]. The hadronic light-front wave functions are related with Bethe-Salpeter equations, ie., Bethe-Salpeter wave function (see the ref. [25] for details about this point). With the light-front wave function, is possible to calculated the matrix elements of the current between hadronic bound states. In the light-front, the meson bound state wave function are superpositions for all Fock states and the wave function are given by |Ψ_{meson} >= Ψ_{qq̄}|qq̄ > +Ψ_{qq̄g}|qq̄g > + · · · . (2) With the light-front hadronic wave function, is possible to calculate the hadronic electromagnetic form factors, from the overlap of light-front wave function in the final and the initial state.

In general, the electromagnetic form-factor for the pion is expressed with the covariant equation below

(p + p^′)^μF_π(Q^2) = < π(p^′)|J^μ|π(p) >, Q = p^′ − p , (3)

where J^μ is the electromagnetic current, which is possible to express in terms of the quarks fields q_f and charge e (f is the flavor of the quark field): J^μ = ∑ f e_fq̄_f γ_μq_f . The electromagnetic matrix elements of the current, are writing in the follow equation

J^μ = −ı2e m^2 f^2_π N_c ∫ d^4k (2π)^4 T r [ S(k)γ^5S(k − p^′)γ^μS(k − p)γ^5 ] Γ(k, p^′)Γ(k, p) , (4)

where S(p) = 1 /p − m + ıϵ is the quark propagator and N_c = 3 is the colors numbers. The calculation here, is performade in the Breit frame with p^μ = (0, q/2, 0, 0), p^{′μ} = (0, q/2, 0, 0) for the initial and final momenta of the system respectively and the momentum transfer is q^μ = (0, q, 0, 0) and k^μ is the spectator quark momentum. The factor 2 appear from the isospin algebra. In this model, the electromagnetic current is conserved, which is easy to prove in the Breit frame.

The function Γ(k, p) are the regulator vertex function, used in order to regularize the Feynman triangle diagram, Eq. (4), for the electromagnetic current. Here, we have utilized two possible qq̄ vertex function; the first one, is the nonsymmetric vertex, utilized in a previous work [12] Γ^{N SY} (k, p) = [ N ((p − k)^2 − m^2_R + ıϵ) ] . (5) and the second, a symmetric vertex [25]

Γ^{SY} (k, p) = [ N (k^2 − m^2_R + ıϵ) + N ((p − k)^2 − m^2_R + ıϵ) ] . (6)

The J^+ component of the electromagnetic current is utilized in order to extracted the pion electromagnetic form factor from the Eq. (3), where the Dirac ”plus” matrix is given by γ^+ = γ^0 + γ^3. The component J^+_π of the electromagnetic current for the pion meson is calculated with the triangle Feynman diagram, which represent the foton absorption process by the hadronic bound state of the qq̄ pair:

J^+_π = e(p^+ + p^{′+})F_π(q^2) = ıe m^2 f^2_π N_c ∫ dk^−dk^+d^2k_⊥ 2(2π)^4

T r^+[ ]Γ(k, p^′)Γ(k, p) k^+(k^− −^{f1 −ıϵ}_{k+} ) × [ 1 (p^+ − k^+)(p^− − k^− −^{f2−ıϵ}_{p+−k+} )(p^{′+} − k^+)(p^{′−} − k^− −^{f3 −ıϵ}_{p′+−k+} ) ] . (7)

where, f_1 = k^2_⊥ + m^2, f_2 = (p − k)^2_⊥ + m^2 and f_3 = (p^′ − k)^2_⊥ + m^2.

The Dirac trace in the equation above, is writing in the light-front coordinates as (see the appendix for the light-front review):

T r^+[ ] = [(/k + m)γ^5(/k − /p^′ + m)γ^+(/k − /p + m)γ^5] = [−4k^−(k^+ − p^+)^2 + 4(k^2_⊥ + m^2)(k^+ − 2p^+ ) + k^+q^2].

The quadri-momentum integration of the Eq. (7), have two intervals contribution: (i) 0 < k^+ < p^+ and the second (ii) p^+ < k^+ < p^{′+}, where p^{′+} = p^+ + δ^+. The first interval is the contribution of the valence wave function for the electromagnetic form factor and the second interval correspond the pair terms contribution to the matrix elements of the electromagnetic current. In the case of the nonsymmetric vertex with the plus component of the electromagnetic current, the second interval not give any contribution for the matrix elements of the current.

But is not the case for the minus component of the electromagnetic current for the pion, where, besides the valence contribution, we have a non-valence contribution (see the reference [12], for details). In the first interval integration, the pole contribution is k̄^− = f_1−ıϵ k^+ , then, the electromagnetic form factor obtained are:

F^{+(i)(N SY )} π (q^2) = 2ıe m^2N^2 2p^+f^2_π N_c ∫ d^2k_⊥dk^+

2(2π)^4

[ −4k̄^−(k^+ − p^+)^2 + 4(k^2_⊥ + m^2)(k^+ − 2p^+) + k^+q^2 k^+(p^+ − k^+)^2(p^+ − k^+)^2 θ(k^+)θ(P^+ − k^+) (p^− − k̄^− −^{f2−ıϵ}_{p+−k+} )(p^− − k̄^− −^{f3 −ıϵ}_{p+ −k+} )(p^− − k̄^− −^{f4−ıϵ}_{p+−k+} )(P^{′−} − k̄^− −^{f5−ıϵ}_p′_{+ −k+} ) ] . (8)

where, the functions f_1, f_2 and f_3 are already defined above and the new functions are f_4 = (p − k)^2_⊥ + m^2_R and f_5 = (p^′ − k)^2_⊥ + m^2_R. After the integration in the light-front energy k^−, the equation for the electromagnetic form factors with nonsymmetric vertex (and the ”plus component” of the electromagnetic current) is given by

F^{+(i)(N SY )} π (q^2) = ıe m^2N^2 p^+f^2_π N_c ∫ d^2k_⊥dk^+ 2(2π)^4

[ −4k̄^−(k^+ − p^+)^2 + 4(k^2_⊥ + m^2)(k^+ − 2p^+) + k^+q^2 k^+(p^+ − k^+)^2(p^+ − k^+)^2(p^− − k̄^− −^{f2−ıϵ}_{p+−k+} ) θ(k^+)θ(P^+ − k^+) (p^− − k̄^− −^{f3 −ıϵ}_{p+−k+} )(p^− − k̄^− −^{f4−ıϵ}_{p+−k+} )(p^{′ −} − k̄^− −^{f5−ıϵ}_p′_{+−k+} ) ] . (9)

The light-front wave function for the pion with the nonsymmetric vertex is writing below as Ψ^{(N SY )}(x, k_⊥) = [ N (1 − x)^2(m^2_π − M^2_0)(m^2_π − M^2_R) ] , (10) where the fraction of the momentum carried by the quark is x = k^+/p^+ and the M_R function is writing below as

M^2_R = M^2(m^2, m^2_R) = k^2_⊥ + m^2 x + (p − k)^2_⊥ + m^2_R

(1 − x)

− p^2_⊥ . (11) In the pion wave function, the free mass operator is M^2_0 = M^2(m^2, m^2) and the normalization constant N is found with the condition F_π(0) = 1.

The final pion electromagnetic form factor expressed with the light-front wave function above is:

F^{+(i)(N SY )} π (q^2) = m^2 p^+f^2_π N_c ∫ d^2k_⊥dx 2(2π)^3x [ −4( f_1 xp^+ )(xp^+ − p^+)^2 + 4f_1(xp^+ − 2p^+)

+ xp^+q^2 ] Ψ^{∗(N SY )} f (x, k_⊥)Ψ^{(N SY )}_i (x, k_⊥)θ(x)θ(1 − x). (12) In the light-front approach, besides the valence contribution to the electromagnetic current, the non-valence components give contribution to the electromagnetic current [11, 12, 24]. The non-valence components or the pair term contribution, is calculated in the second interval of the integration (ii) with the ”dislocation pole method”, developed in the references [12, 23, 24], for the ”plus component” of the electromagnetic current, the non-valence contribution to the electromagnetic form factor are given by

F^{+(ii)(N SY )} π (q^2) = lim_{δ+→0} 2ıe m^2N^2 2p^+f^2_π N_c ∫ d^2k_⊥dk^+

2(2π)^4

[−4k̄^−(k^+ − p^+)^2 + 4(k^2_⊥ + m^2)(k^+ − 2p^+ ) + k^+q^2 k^+(p^+ − k^+)^2(p^+ − k^+)^2 θ(p^+ − k^+)θ(p^{′+} − k^+) (p^− − k̄^− −^{f2−ıϵ}_{p+−k+} )(p^− − k̄^− −^{f3−ıϵ}_{p+ −k+} )(p^− − k̄^− −^{f4−ıϵ}_{p+−k+} )(p^{′ −} − k̄^− −^{f5−ıϵ}_p′_{+ −k+} ) ]

∝ δ^+ = 0 . (13)

In the equation above, the electromagnetic form factor is directly proportional to the term δ^+ and with that term go to zero, then, the non-valence or the pair term contribution for the pion electromagnetic form factor is zero with the nonsymmetric vertex [12].

In the following, with the minus component of the electromagnetic current (J^−_π ), we extract the electromagnetic pion form factor with nonsymmetric vertex, Eq. (5). In this case, we have two contribution, one is the valence contribution for the wave function and the second is the pair terms contribution or nonvalence contribution to the electromagnetic matrix elements of the current [12, 24, 25]. The pion electromagnetic form factor for the minus component of the electromagnetic current, (here the J^−_π is related with the Dirac matrix by γ^− = γ^0 − γ^3, see the appendix) and the nonsymmetric vertex is given in the following equation

J^{−(N SY )} π = e(p + p^′)^−F^{−(N SY )}_π (q^2)

= ıe^2 m^2 f^2_π N_c ∫ d^4k (2π)^4 T r [ /k + m k^2 − m^2 + ıϵ γ^5

/k − /p^′ + m (p^′ − k)^2 − m^2 + ıϵ γ^− /k − /p + m (p − k)^2 − m^2 + ıϵ γ^5 ]

× [ Γ(k, p^′)Γ(k, p) ] . (14)

The Dirac trace in the equation Eq. (14), calculated with the light-front formalism, result in the following expression:

T r^−[ ] = [−4k^{−2}k^+ − 4p^+(2k^2_⊥ + k^+p^+ + 2m^2) +k^−(4k^2_⊥ + 8k^+p^+ + q^+ + 4m^2)]. (15)

In order to calculated the pair terms contribution for the minus component of the electromagnetic current in the second interval integration (p^+ < k^+ < p^{′+}), the k^− dependence in the trace is performade and the pair terms matrix elements are build as:

J^{−(ii) (N SY )} = lim_{δ+→0} 2ıe m^2 f^2_π N_c ∫ d^2k_⊥dk^+

2(2π)^4

[−4k̄^{−2}k^+ + k̄^−4(k^2_⊥ + 8k^+p^+ + q^+ + 4m^2 k^+(p^+ − k^+)(p^{′+} − k^+)(k̄^− −^{f1−ıϵ}_{k+} ) θ(p^+ − k^+)θ(p^{′+} − k^+) (p^− − k̄^− −^{f2−ıϵ}_{p+−k+} )(p^− − k̄^− −^{f4 −ıϵ}_{p+−k+} )(p^{′−} − k̄^− −^{f5−ıϵ}_p′_{+−k+} ) ] , (16)

where p^{′+} = p^+ + δ^+ and k̄^− = p^− −^{f3−ıϵ}_{p′+−k+} . The pair terms contribution for the minus component of the electromagnetic current is obtained with the equation above and the Breit frame is recovered in the limit δ^+ → 0:

J^{−(ii) (N SY )} π = 4π (m^2_π + q^2/4 p^+ ) ∫ d^2k_⊥ 2(2π)^3 5∑ i=2 ln(f_i)

∏_5 j=2,i≠j (−fi + fj ) . (17)

The pair terms contribution to the pion electromagnetic form factor is build with the minus component of the matrix elements for the electromagnetic current calculated above:

F^{−(ii) (N SY )} π (q^2) =

N^2 2p^− m^2 f^2_π N_c ( 4π m^2_π + q^2/4

p^+ ) ∫ d^2k_⊥ 2(2π)^3 5∑ i=2 ln(f_i)

∏_5 j=2,i≠j (−fi + fj ) . (18)

The full form factor are the sum of the partial form factors F^{−(i)}_π and F^{−(ii)}_π : F^{−(N SY )} π (q^2) = F^{−(i)(N SY )} π (q^2) + F^{−(ii)(N SY )} π (q^2). (19)

If the pair terms is not take in account, the rotational symmetry is broken and the covariance was lost for the J^−_π component of the electromagnetic current, (see also the Fig. 1 ). With the pair terms contribution, the following identity are obtained F^{−(N SY )} π (q^2) = F^{+(N SY )}_π (q^2). (20)

and the full covariance is restorate.

In the next step, the model utilized is the symmetric vertex π-qq̄, with the plus component ”+” of the electromagnetic current, Eq. (6), utilized in the reference [25].

This vertex is symmetric by the exchange of the quadri-momentum for the quark and the antiquark and in the light-front coordinates is writing in the following way: Γ(k, p) = N [ k^+ ( k^− − k^2_⊥ + m^2_R − ıϵ k^+ )]_{−1} + N [ (p^+ − k^+) ( p^− − k^− − (p − k)^2_⊥ + m^2_R − ıϵ p^+ − k^+ )]_{−1} . (21)

With the symmetric vertex, Eq. (21), the pion valence wave function result in the following expression

Ψ^{(SY )}(k^+, ⃗k_⊥) = [ N (1 − x)(m^2_π − M^2(m^2, m^2_R)) + N x(m^2_π − M^2(m^2_R, m^2)) ] p^+ m^2_π − M^2_0

. (22)

The electromagnetic form factor for the pion valence wave function, Eq. (22), calculated in the Breit frame (q^+ = 0) are

F^{(SY )}_π (q^2) = m^2N_c p^+f^2_π ∫ d^2k_⊥ 2(2π)^3

∫_1 0 dx [ k^−_{on}p^{+2} + 1 4 xp^+q^2

] Ψ^{∗(SY )}_f (x, k_⊥)Ψ^{(SY )}_i (x, k_⊥)

x(1 − x)^2

. (23)

The normalization constant N is determined from the condition F^{SY}_π (0) = 1. The pion electromagnetic form factor, calculated with the symmetric wave function are presented in the Fig. 1 for higher momentum transfer (up to 10 (GeV/c)^2) and in the figure Fig. 2 to lower momentum (up to 0.5 (GeV/c)^2). In both regimes, the differences between the symmetric and non-symmetric vertex are not to bigger.

The next models discussed are de QCD Sum Rules and the vector meson dominance model (VMD). QCD Sum Rules model are presented, in order to calculated the pion electromagnetic form factor and compared with the light-front models discussed in the last sections.

With the QCD Sum Rules model, QCDSR, the pion electromagnetic form factor are obtained directly and is not necessary to determine the wave function to the hadron considered [41, 42]. In the following, the electromagnetic form factor for the pion, is calculated with the QCDSR [42]: F^{LD,sof t} π (q^2) = 1 −

( 1 − 6s_0/q^2 1 + 4s_0/q^2 ) , (24) and F^{LD,αs} π (q^2) = (α_s π ) 1 1 + q^2/2s_0

. (25) where the values utilized here are s_0 = 4π^2f_π = 0.67 GeV^2, (α_s/π) = 0.1 and the f_π utilized is the experimental value 0.093 GeV . The full electromagnetic pion form factor are the sum for two contributions given above [42]: F^{QCDSR} π (q^2) = F^{LD,sof t}_π (q^2) + F^{LD,αs}_π (q^2). (26)

Besides the light-front models and the QCDSR, the vector meson dominance hypothesis, (VMD) [18, 43, 44, 45], is show in this work.

F^{V M D} π (q^2) = 1 1 +^{q2}_{m2ρ}

, (27)

where, in the Eq. (27), the the rho meson mass utilized is close to the experimental value, m_ρ = 0.77 GeV and the results are present at the Fig. 1.

In the case presented here, only the lightest vector resonance (m_ρ) is take account in the monopole model of the VMD, Eq. (27). The vector meson dominance work quite well in the timelike regime below the ππ threshold. At low energies, ie., spacelike regime, the vector meson dominance model give a reasonable description for the pion electromagnetic form factor. See the Fig. 1 and reference [43, 45] for details about the VMD .

III. RESULTS

In the case of the nonsymmetric vertex, the pion radius is utilized to fix the parameters of the model. The parameters are the quark mass m_q = 0.220 GeV and the regulator mass m_R = 0.946 GeV. The pion mass utilized is the experimental value, m_π = 0.140 GeV. The experimental radius of the pion is r_{exp} = 0.67 ± 0.02 fm [26]. The calculation of the pion decay constant with this model of the vertex (nonsymmetric) and parameters above, produce the pion decay constant like f_π = 101 MeV, close with the experimental value (≃ f_π = 93.0 MeV).

In the case of the symmetric vertex, the parameters are the quark mass m_q = 0.220 GeV, regulator m_R = 0.60 GeV and the experimental mass of the pion, 0.140 GeV. Our choice of the regulator mass value fit the pion decay constant value, f^{exp}_π = 92.4 MeV for the symmetric vertex.

Both models in the light-front with symmetric and nonsymmetric vertex have agreement with the experimental data at low energy, however some differences are found up to 2.0 (GeV/c)^2. The experimental data from reference [28] are describe up 10 (GeV/c)^2 with the symmetric vertex. For the minus component of the electromagnetic current, the pair terms or non-valence terms is essential to obtain the full covariant pion electromagnetic form factor.

The models of the qq̄ vertex (symmetric and nonsymmetric ) in the light-front are compared with the vector meson dominance (VMD) and QCD sum rules [41] in the figures 1 and 2 for higher and low momentum transfer.

At very low momentum transfer, QCD sum rules not have good agreement with experimental data [27]. In that region, light-front models presented here, give better agreement with experimental data [26, 27, 28, 29].

The ratios between the electromagnetic current in the light-front and the electromagnetic current calculated in the instant form, are given in the following equations Ra^I = J^+_{LF} J^+_{Cov} , Ra^{II} = J^−_{LF} J^−_{Cov} , Ra^{III} = J^−_{LF} + J^{−(P air)} LF J^−_{Cov} , Ra^{IV} = J^−_{LF} J^+_{Cov} , Ra^V = J^−_{LF} + J^{−(P air)} LF J^+_{Cov} , (28)

where the nonsymmetric vertex is utilized, Eq. (5). The first equation above, (Ra^I ), is the plus component of the electromagnetic current calculated in the light-front approach divided by instant form formalism. Because the pair terms not give contribution for the plus component of the electromagnetic current, the ratios (Ra^I ) are constant (see also Fig. 2).

The second ratios, (Ra^{II} ), are the minus component of the electromagnetic current, J^−, calculated with the light-front approach and divided by the electromagnetic current calculated in the instant form formalism. In Ra^{III} ratios, the pair terms contribution to the electromagnetic is included, then, the covariance are restorate. The ratios Ra^{IV} and Ra^V are the ”minus” component of the electromagnetic current without and with the pair terms contribution divided by the ”plus” component of the electromagnetic current calculated in the instant form approach.

Is showed at the Fig. 3, in a clear way, the explanation for the broken of the rotational symmetry in the light-front approach, it is because the pair terms or non-valence contribution for the electromagnetic current. The restoration of the symmetry breaking are presented by add the pair terms contribution to the minus component of the electromagnetic current calculated in the light-front.

IV. CONCLUSION

The light-front approach is a natural way to describe relativistic systems, ie., relativistic bound states, like the pion. With the light-front, is possible to calculated the electromagnetic form-factors for bound state and compare the experimental data. However, problems related with the broken of the rotational symmetry in the light-front approach are important and the pair terms or no-valence terms contribution for the covariance restoration in higher energies is also necessary. After the pair terms inclusion in the matrix elements of the electromagnetic current, the covariance are complete restorate and no matter with the component of the electromagnetic current are utilized in order to extract the pion form factor with the lightfront approach (see Fig. 1 and Fig. 3).

The comparison with the light-front models for the vertex π − qq̄ and anothers hadronic models are presented in the Fig. 1 and the pion electromagnetic form-factor is very well described for hadronic models presented in this work, however some differences exist between the models after 2 (GeV/c)^2 in the higher energy regime.

At low energy regime, ie., up to 0.5 (GeV/c)^2, the differences between QCD sum rules and another hadronic models is more evident and important (see the Fig. 2). In the low energy, the QCDSR, not describe the experimental data very well. Since the pion electromagnetic form-factor are sensitive to the quark model utilized, is important to compare different models with new experimental data.

In conclusion, with the light-front approach and the vertex models for π − qq̄ utilized in the present work, is possible describe the new experimental data for the pion electromagnetic form factor quiet very well up to 10 (GeV/c)^2.

Ackonowlegments

This work was in part supported by the Brazilian agency FAPESP, (Fundação de Amparo á Pesquisa do Estado de São Paulo). Collaboration and discussions with T. Frederico, L. Tomio, G. Salmé, E. Pace and B. Loiseau are appreciate.

APPENDIX: LIGHT-FRONT

Some aspects of the light-front formalism utilized are presented in this appendix, more details about light-front quantum field theory are found in the ref’s. [1, 2] .

In the light-front, one describe a system by its evolution in the time x^+. The usual instant form coordinates are related with the light-front coordinates by: x^+ = x^0 + x^3, x^− = x^0 − x^3 , ⃗x_⊥ = (x_1, x_2) . (A.1) With that definitions for the light-front coordinates, the scalar product in the light-front approach are given by: x · y = 1 2 (x^+y^− + x^−y^+) − ⃗x_⊥ · ⃗y_⊥ . (A.2)

The momentum coordinates in the light-front approach are:

k^+ = k^0 + k^3 k^− = k^0 − k^3 k_⊥ = (k_1, k_2) . (A.3)

With the light-front coordinates above, the integral phase space are given by

d^4k = 1 2 d^2k_⊥dk^+dk^− (A.4)

Dispersion energy-momentum for a free particle with mass m is

k^− = k^2_⊥ + m^2

k^+

. (A.5)

That dispersion relation is drastically different when compared with the instant form dispersion relation, where dispersion relation energy is not linear.

The Dirac matrix in the light-front quantum field theory are:

γ^+ = γ^0 + γ^3 γ^− = γ^0 − γ^3 γ_⊥ = (γ_1, γ_2) . (A.6)

The matrix elements of the electromagnetic current components (J^+, J^−, J_⊥) are related directly with Dirac gamma matrix expressed in the light-front matrix basis.

[1] S. J. Brodsky, H.-C. Pauli, and S. S. Pinsky, Phys. Rep. 301, 299 (1998). [2] An Introduction to Light-Front Dynamics for Pedestrian, A. Harindranath, hep-ph/9612244.

A. Harindranath, Pramana, Vol. 55, 241 (2000).

[3] R. J. Perry, A. Harindranath, K. G. Wilson, Phys. Rev. Lett. 65, 2959 (1990). [4] M. V. Terentév, Sov. J. Nucl. Phys. 24, 106 (1976); L.A. Kondratyku and M.V. Terentév, ibid. 31, 561 (1980).

[5] W. R. B. de Araújo, J. P. B. C. de Melo and T. Frederico, Phys. Rev. C 52, 2733 (1995). [6] Zbigniew Dziembowski and Lech Mankiewicz, Phy. Rev. Lett. 58, 2175 (1987).

[7] T. Frederico and G. Miller, Phys. Rev. D 45, 4207 (1992).

T. Frederico and G. Miller, Phys. Rev. D50, 210 (1994).

[8] F.Cardarelli, I. L. Grach, I. M. Narodetskii, G. Salmé and E. Pace, Phys.Lett. B 357, 267 (1995).

[9] F. Cardarelli, I. L. Grach, I. M. Narodetskii, G. Salmé, E. Pace and S. Simula, Phys. Rev. D 53, 6682 (1996).

[10] H.J. Weber and Xiaming Xu, Nucl. Phys. A600, 461 (1996). [11] J. P. B. C. de Melo and T. Frederico, Phys. Rev. C 55, 2043 (1997). [12] J. P. B. C. de Melo, H. W. L. Naus and T. Frederico, Phys. Rev. C59, 2278 (1999). [13] B. L. G. Bakker, H.-M. Choi and C. R. Ji, Phys. Rev. D 63, 074014 (2001). [14] J. P. B. C. de Melo, A. E. Amorim, L. Tomio and T. Frederico, J. Phys. G 27, 1031 (2001). [15] E. F. Suisso, W. R. B. de Araújo, T. Frederico, M. Beyer and H. J. Weber, Nucl. Phys. A694, 351 (2001).

[16] J. P. B. C. de Melo, T. Frederico, H. W. L. Naus and P. U. Sauer, Nucl. Phys. A660, 219 (1999).

[17] E. F. Suisso, J. P. B. C. de Melo and T. Frederico, Phys. Rev. D 65, 094009 (2002). [18] J. P. B. C. de Melo, T. Frederico, G. Salmé and E. Pace, Phy. Lett. B581, 75 (2004). [19] W. Jaus, Phys. Rev. D 60, 054026 (1999). [20] W. Jaus, Phys. Rev. D 67, 094010 (2003).

[21] H. Y. Cheng, C. K. Chua and C. W. Hwang, Phys. Rev. D 69, 074025 (2004). [22] T. Huang and X. G. Wu, Phys. Rev. D 70, 093013 (2004).

[23] J.P.B.C. de Melo, J.H.O.Salles, T. Frederico and P. U. Sauer, Nucl. Phys. A631, 574c (1998). [24] H. W. L. Naus, J. P. B. C. de Melo and T. Frederico, Few-Body Systems, 24, 99 (1998). [25] J. P. B. C. de Melo, T. Frederico, E. Pace and G. Salmé, Nucl. Phys. A707, 399 (2002).

ibid. Braz. J. Phys. Vol. 33, 301 (2003).

[26] S. R. Amendolia et al., Phys. Lett. B178, 435 (1986). [27] S. R. Amendolia, et al., Nucl. Phys. B277, 168 (1986). [28] R. Baldini, et al., Eur. Phys. J. C 11, 709 (1999).

R. Baldini, et al., Nucl. Phys. A666-667, 3 (2000).

[29] J. Volmer et al., (The Jefferson Lab F_π Collaboration), Phy. Rev. Lett. 86, 1713 (2001). [30] H. P. Blok, G. M. Huber and D. J. Mack, hep-ph/0208011.

[31] C. D .Roberts, Nucl. Phys. A 605, 475 (1996).

[32] F. T. Hawes and M. A. Pichowsky, Phys. Rev. C 53, 1743 (1999). [33] P. Maris and P. C. Tandy, Phys. Rev. C 62, 055204 (2002). [34] A. F. Krutov and V. E. Troitsky, Eur. Phys. J. C20, 71 (2001). [35] T. M. Aliev and M. Savci, Phys. Rev. D 70, 094007 (2004).

[36] F. Carvalho, F. O. Durães, F. S. Navarra and M. Nielsen, Phys. Rev. C 69, 065202 (2004). [37] B. Desplanques, Int. J. Mod. Phys. A 20 (2005), 1601, and references therein. [38] S. Noguera, hep-ph/0502171.

[39] S. Dalley, Phys. Rev. D 64, 036006 (2001);

S. Dalley, Phy. Lett. B 570, 191 (2003).

[40] J. P. B. C. de Melo, AIP Conf. Proc. 739, 553 (2005), (hep-ph/0406337). [41] V. A. Nesterenko and A. V. Radyshkin, Phy. Lett. B 115, 410 (1982). [42] A. V. Radyshkin, hep-ph/016058.

[43] G. Krein, A. W. Thomas and A. G. Willians, Phys. Lett. B 317, 293 (1993). [44] H. B. O’Connell, B. C. Pearce, A. W. Thomas and A. G. Willians, Phys. Lett. B 354, 14 (1995).

[45] H. B. Connell et al., Progr. Part. Nucl. Phys. 39, 201 (1997).

FIG. 1: Pion electromagnetic form factor compared with experimental data from new experimental data [29] (square) and [28] (circle). Solid line, full covariant form factor with J^+_π (symmetric vertex for the π − qq̄). The Dashed line are the form factor with J^−_π plus pair terms contribution and dotted line is the pion form factor without the pair terms contribution with the minus component of the electromagnetic current, both curves with the nonsymmetric vertex.

FIG. 2: Pion electromagnetic form factor squared for small Q^2; labels are the same in the Fig. 1. Experimetal data are in the Ref. [27, 28, 29].

FIG. 3: Pion electromagnetic current ratios, Eq. 28.