arXiv:hep-ph/0406337 v4 4 Aug 2004

Pion Form Factor in the Light-Front^1

J. P. B. C. de Melo^2

Instituto de Física Téorica, Universidade Estadual Paulista Rua Pamplona, 145, 01405-900, São Paulo, SP., Brazil

Abstract. The pion electromagnetic form factor is calculated with a light-front quark model. The "plus" and "minus" components of the electromagnetic current are used to calculate the electromagnetic form factor in the the Breit frame with two models for the qq̄ vertex. The light-front constituent quark model describes very well the hadronic wave functions for pseudo-scalar and vector particles. Symmetry problems arising in the light-front approcah are solved by the pole dislocation method. The results are compared with new experimental data and with other quark models.

INTRODUCTION

In the light-front approach, the wave functions for the hadronic bound states are defined in the hypersurface x^+ = x^0 + x^3 = 0. These wave functions are covariant under kinematical light-front boosts (see ref. [1] for details on light-front field theory). Within the light-front constituent quark model (LFCQM) ([2] to [10]), the relativistic description of the lightest hadron bound state is a natural approach. The LFCQM describes very well the electromagnetic proprieties of the hadronic bound states [3, 6, 7, 8, 9, 10], but there exist some problems related with the breaking of the rotational symmetry and there are ”zero modes” for particles of spin-0 and spin-1 [6, 7, 8, 10]. The previous light-front models for the pion [7, 10] are extended to momentum transfer square up to 10 (GeV /c)^2 and compared with new experimental data, and with the QCD sum rule and vector meson dominance models. In the references [11, 12, 13, 14, 15], anothers approaches are considered to describe light bound states, like pion and rho mesons.

ELECTROMAGNETIC FORM FACTOR

The ”plus (+)” and ”minus (−)” components of the electromagnetic current, used to extract the pion electromagnetic form factor, are:

J^±_π = e(p^+ + p^{′+})F^±_π (q^2) =

−2ıe m^2 f^2_π

N_c

∫ d4k

(2π)^4

Tr[ γ^5S(k − p)γ^±S(k − p^′)γ^5S(k) ]Γ(p, k)Γ(p^′, k) (k^2 − m^2 + ıε)((k − p^′)^2 − m^2 + ıε)((k − p)^2 − m^2 + ıε)

. (1)

In Eq. (1), the Dirac "plus" and ”minus” matrices are given by γ^± = γ^0 ± γ^3 [1], the Dirac propagator for fermions is S(p) = 1/(/p − m^2 + ıε), m is the constituent quark

1 To appear in the proceedings ”IX Hadrons Physics and VII Relativistic Aspects of Nuclear Physics: A joint Meeting on QCD and QGP, Hadron-RANP 2004”, Angra dos Reis, Rio de Janeiro, Brazil. 2 also, LPNHE, Université P. & M. Curie, 4 Place Jussieu, F-75252, Paris, France.

mass, f_π is the pion decay constant, N_c = 3 is the number of color and the factor 2 comes from isospin algebra. The electromagnetic form factors are then calculated in the Breit frame with p^μ = (p_0, −q/2, 0, 0), p^{′μ} = (p_0, q/2, 0, 0) and with the momentum transfer q^μ = (p^{′μ} − p^μ ) = (0, q, 0, 0), for two models of the π − qq̄ vertex. The two vertices considered are the nonsymmetric vertex (NSY) and the symmetric one (SY) [7, 10]:

Γ^{NSY} (p, k) = N ((p − k)^2 − m^2_R + ıε)

, (2)

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

, (3)

where m_R is a regulator mass. With the nonsymmetric vertex, (Eq.2), the electromagnetic form factors of the pion, for the ”plus” and ”minus” components of the electromagnetic current, are given by:

F^{+(i)(NSY )} π (q^2) = m^2 p^+ f^2_π

N_c

∫ d2k ⊥dx 2(2π)^3x(1 − x)^2 [ −4 ( f_1 xp^+ ) (xp^+ − p^+)^2+

(xp^+ − 2p^+)4 f_1 − xp^+q^2 ] Ψ^{∗(NSY)} f (x,k_⊥)Ψ^{(NSY)}_i (x,k_⊥)θ(x)θ(1 − x),(4)

F^{−(i)(NSY )} π (q^2) = m^2 p^+ f^2_π

N_c

∫ d2k ⊥dx 2(2π)^3x(1 − x)^2 [ −4 f^2_1 xp^+

− 4p^+(2 f_1 + xp^{+2}) + f_1 xp^+

(4 f_1 + 8xp^{+2} − q^2) ] Ψ^{∗(NSY)} f (x,k_⊥)Ψ^{(NSY)}_i (x,k_⊥)θ(x)θ(1 − x).(5)

In Eqs. (4) and (5) the light-front coordinates are k^μ = (k^+, k^−, k_⊥) = (k^0 + k^3, k^0 − k^3, k_⊥) and f_1 = (k^2_⊥ + m^2). The integration interval (i) is given by 0 < k^+ < p^+ , i.e., the quark on-shell is k^−_{on} = (k^2_⊥ + m^2)/k^+, x = k^+/p^+ and 0 ≤ x ≤ 1. The wave function for the pion, Ψ^{(NSY)}(x, k_⊥), is

Ψ^{(NSY)}(x, k_⊥) = 1 (1 − x) N (m^2_π − M^2_0 )(m^2_π − M^2(m, m^2_R)

, (6)

here M^2(m^2, m^2_R) = (k^2_⊥ + m^2)/x + ((p − k)^2_⊥ + m^2_R)/(1 − x) − p^2_⊥ and M^2_0 = M^2(m^2, m^2). The charge conditions, F^±_π (0) = 1, determine the normalization constant N. However, for the minus component, another contribution exists, i.e, the non-valence or the pair term contribution [6, 7] in the second interval (ii), p^+ < k^+ < p^{′+}, where p^{′+} = p^+ + δ , (see for details the ”pole dislocation method” in [7, 16, 17, 18]). This second contribution to the electromagnetic form factor, obtained in the limit δ → 0, is:

F^{−(ii)(NSY )} π (q^2) = m^2N_cN^2 p^+ f^2_π

∫ d2k ⊥ 2(2π)^3 [ m^2_π −^{q2}_2 p^+

]_5

∑_{i=2}^{ln( fi)}

∏^5_{i=2, i≠ j}(− fi + f j)

, (7)

where f_2 = (p−k)^2_⊥ +m^2, f_3 = (p^′ −k)^2_⊥ +m^2, f_4 = (p−k)^2_⊥ +m^2_R and f_5 = (p^′ −k)^2_⊥ + m^2_R. We then recover the Lorentz covariance of the electromagnetic current:

F^{+(i)(NSY)} π (q^2) = F^{−(i)(NSY)} π (q^2) + F^{−(ii)(NSY)} π (q^2). (8)

For the ”plus” component of the electromagnetic current, the pair terms go to zero and then do not give any contribution to the electromagnetic form factor [7].

With the symmetric vertex, Eq.(3), the valence wave function of the pion is:

Ψ^{(SY )}(x,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)) ] 1 m^2_π − M^2_0

, (9)

and the electromagnetic form factor of the pion is:

F^{(SY )}_π (q^2) = m^2N_c p^+ f^2_π

∫ d2k ⊥ 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

. (10)

The normalization constant N is determined from the charge condition F^+_π (0) = 1. In the previous work [10], a general frame was considered, but in the present work, only the Breit frame is used, with the condition q^+ = 0, in order to compare with the nonsymmetric vertex case [7]. A more complete work, studying the differences between the nonsymmetric and symmetric vertices, is in preparation [19].

RESULTS AND CONCLUSION

For the nonsymmetric vertex model, m_R is chosen to be 0.946 GeV in order to fit the pion experimental radius r_{exp} = 0.67±0.02 fm [22]. In the case of the symmetric vertex model, m_R is fixed to 0.6 GeV in order to reproduce the value of f^{exp}_π =92.4 MeV. We take m_π =0.140 MeV and the same quark mass m=0.220 GeV for both vertex model calculations. In Fig. 1 it can be seen that the pion electromagnetic form factor, for both vertex models in the light-front approach, compares very well with the experimental data [22, 23, 24] and with the QCD sum rule and vector meson dominance models. In résumé, the light-front models presented here, work very well at low and high energies, however, differences, under investigation [19], exist between the two vertex models. For both vertices considered [7, 10], it is important to take correctly the valence and non-valence (pair terms) contributions to the matrix elements of the electromagnetic current.

ACKNOWLEDGMENTS

This work was supported by the Brazilian Agency Fundação de Amparo á Pesquisa do Estado de São Paulo, FAPESP. The author thanks T. Frederico, E. Pace and G. Salmé for fruitful discussions and collaboration. The author thanks also B. Loiseau for critically reading the manuscript.

REFERENCES

1. S. J. Brodsky, H.-C. Pauli, and S. S. Pinsky, Phys. Rep. 301, 299 (1998).

An Introduction to Light-Front Dynamics for Pedestrians, A. Harindranath, hep-ph/9612244. 2. W. Jaus, Phys. Rev. D 41, 3394 (1991).

3. T. Frederico and G. Miller, Phys. Rev. D 45, 4207 (1992).

T. Frederico and G. Miller, Phys. Rev. D 50, 210 (1994).

4. F. Cardarelli, I. L. Grach, I. M. Narodetskii, G. Salmé and S. Simula, Phys. Lett. B 349, 393 (1995). 5. F. Cardarelli, I. L. Grach, I. M. Narodetskii, G. Salmé and E. Pace, Phys.Lett. B357, 267 (1995). 6. J. P. B. C. de Melo and T. Frederico, Phy. Rev.C55, 2043 (1997).

FIGURE 1. Pion electromagnetic form factor, calculated in the light-front approach and compared with QCD sum rules [20], vector meson dominance(VMD) [21] and experimental data [22, 23, 24].

7. J. P. B. C. de Melo, H. W. L. Naus and T. Frederico, Phy. Rev.C59, 2278 (1999). 8. B.L.G. Bakker, H. -M. Choi and C. R. Ji, Phy. Rev. D63, 074014 (2001). 9. J. P. B. C. de Melo, T. Frederico, E. Pace and G. Salmé, Phy. Lett. B 581, 75 (2004). 10. J. P. B. C. de Melo, T. Frederico, E. Pace and G. Salmé, Nucl. Phys. A707, 399 (2002).

ibid. Brazilian Journal of Phys. 33, 301 (2003). 11. C. D. Roberts, Nucl. Phys. A605, 475 (1996). 12. P. Maris and P. Tandy, Phys. Rev. C62, 055204 (2000). 13. A. F. Krutov and V. E. Troitsky, Eur. Phys. J. C20, 71 (2001).

14. F. Carvalho, F. O.Durães, F. S. Navarra and M. Nielsen, Phys. Rev. C69, 065202 (2004). 15. B. Desplanques, nucl-th/0405060 and references therein.

16. J. P. B. C. de Melo, J.H.O. Salles, T. Frederico and P.U. Sauer, Nucl. Phys. A 631, 574c (1998). 17. H. W. L. Naus, J. P. B. C. de Melo and T. Frederico, Few-Body Systems, 24, 99 (1998). 18. J. P. B. C. de Melo, T. Frederico, P. U. Sauer and H. W. L. Naus, Nucl. Phys.A 660, 210 (1999). 19. J. P. B. C. de Melo, in preparation.

20. V. A. Nesterenko and A. V. Radyshkin, Phy. Lett. B 115, 410 (1982). 21. H. B. O’Connell,A. G. Willians, M. Bracco and G. Krein,Phys. Lett. B 370, 12 (1996).

H. B. O’Connell et al., Prog. Part. Phys. 39, 201 (1997). 22. S. R. Amendolia et al., Phys. Lett. B 146, 116 (1984).

S. R. Amendolia et al., Phys. Lett. B 178, 435 (1986). S. R. Amendolia et al., Nucl. Phys. B 277, 168 (1986).

23. J. Volmer et al., Phy. Rev. Lett. 86, 1713 (2001).

24. R. Baldini et al., Eur. Phys. J. C 11,709 (1999); ibid. R. Baldini et al.,Nucl.Phys A 666-667 (2000) 3.