arXiv:hep-ph/0304171 v2 23 Apr 2003

The Pauli form factor of the quark induced by instantons

N.I. Kochelev^{1,2}

1 BLTP, Joint Institute for Nuclear Research, Dubna, Moscow region, 141980 Russia 2 Institute of Physics and Technology, Almaty, 480082, Kazakhstan

Abstract

The non-perturbative contribution to the Pauli form factor of the quark, F_2(Q^2), is calculated within an instanton model for the QCD vacuum. It is shown that the instantons give a large negative contribution to the form factor.

The interaction of photons with hadrons is one of the most powerful tools to investigate the structure of strong interactions. The electromagnetic form factors of hadrons are now widely discussed[1]. This increased interest in the electromagnetic form factors is related to the significant theoretical progress in understanding the connection between form factors and structure functions of hadrons through the generalized parton distributions (GPD) [2], and to the need to explain the new experimental data from Jefferson Lab [3] for the nucleon and pion form factors at large Q^2. One of the basic components of the calculation of the form factors within the constituent quark model are the electromagnetic form factors of quarks. It has been shown that the non elementarity of the constituent quarks plays a crucial role for the understanding of the parton distributions and form factors [4, 5]. Moreover quarks form factors have been instrumental in the investigation of the scaling violations in deep-inelastic scattering [6]. We should also mention that in order to explain the high twist effects in Drell-Yan processes [7], various perturbative and non-perturbative gluonic corrections to the photon-quark vertex must be taken into account [8].

The general formula for the photon-quark vertex is

Γ_μ = F_1(Q^2)γ_μ + iq_ν σ_{μν} 2m_q F_2(Q^2), (1)

where m_q is the mass of quark, σ_{μν} = i(γ_μγ_ν −γ_ν γ_μ)/2 and F_1(Q^2), F_2(Q^2) are the Dirac and Pauli form factors, correspondingly. There exist calculations, both perturbative and non-perturbative, of QCD contributions to the F_1(Q^2) form factor (see [9], [10] and references therein).

The usual way to incorporate the non-perturbative QCD dynamics into the calculation of quark form factors is the consideration of the renormalon contributions [10]. However, renormalon contributions amount only to a part of the QCD non-perturbative effects.

The instanton model for the QCD vacuum is now one of the most successful models for the description of non-perturbative effects in strong interactions (see the review [11]). Within this model, the QCD vacuum contains complex topological structures related to existence of the instantons, strong fluctuations of the gluon vacuum fields. In QCD the instantons play an important role in describing the realization of chiral symmetry breaking and the origin of the masses of constituent quarks and hadrons. In refs. [12]-[17] it was shown that the instantons produce also specific non-perturbative effects in various hadronic reactions. Recently, the first step in the calculation of instanton contributions to the quark form factor was done in refs. [19]. Within the Wilson integral approach, it was shown that the instantons lead to a finite renormalization of the next-to-leading perturbative correction to the F_1(Q^2) form factor.

One of the most important features of the instanton induced quark-quark and quark-gluon interactions, in comparison with the perturbative gluon exchange, is the possibility of having quark chirality-flip due to the instanton field. From this point of view, the chirality-flip F_2(Q^2) quark form factor plays the role of a filter of instantons, since the perturbative contribution to this form factor at large Q^2 >> m^2_q, is small, i.e. proportional to m^2_q/Q^2 [20]. Therefore, the dominance of the instanton contribution to F_2(Q^2) for the light u−, d−, s− quarks is expected even at large momentum transfers.

At small Q^2, the Pauli form factor receives also contributions from both, perturbative gluon exchanges and non-perturbative QCD effects [21]. It is well known that the perturbative Schwinger correction [22] (Fig.1a) to the quark anomalous magnetic moment κ_q = F_2(0) is rather large and positive κ^{pQCD} q = 2α_s(m^2_q) 3π ≈ 0.14 (2)

where the so-called analytic running constant [23]

α_s(Q^2) = 4π β_0 [ 1 log(Q^2/Λ^2) + Λ^2 Λ^2 − Q^2

] (3)

has been used with Λ ≈ 300MeV and we have used m_q ≈ 350MeV for the constituent mass of the quark in the hadron, which corresponds to the magnitude of the quark effective mass in the instanton liquid model [24]. Such large contribution would result in a modification of the constituent quark predictions for the electromagnetic properties of hadrons, which, however, describe rather well the data without a sizeable quark anomalous magnetic moment (see discussion in [21]). Furthermore, from the analysis of the scaling violations observed in deep-inelastic scattering at JLab, performed within the constituent quark model [6], a negative value of F_2(Q^2) form factor at low Q^2 has been obtained. It is therefore very difficult to explain the behaviour of F_2(Q^2) using only the perturbative QCD framework.

In this Letter we calculate the instanton contribution to the F_2(Q^2) form factor of the quark (Fig.1b).

Figure 1: The contribution to the quark form factor F_2(Q^2) from a) one gluon exchange and b) instanton

It is convenient to use the two component Dirac spinors Ψ = ( χ_L χ_R ) , (4)

and the following representation for γ matrices:

γ_μ = ( 0 σ_μ σ̄_μ 0 ) , (5)

where, in Minkowski space-time, σ_μ = (1, ⃗σ_μ), σ̄_μ = (1, − ⃗σ_μ), and in Euclidean space-time σ_μ = (−i ⃗σ_μ, 1), σ_μ = (i ⃗σ_μ, 1). The photon-quark vertex which corresponds to the transition of the incoming left-hand quark to the outgoing right-hand quark in Fig.1b, is

A^{LR}_μ = F_2(Q^2) q_ν χ^+_R(σ^νσ̄^μ − σ^μσ̄^ν )χ_L 4m_q , (6)

As was discovered by t’Hooft [18] there is a zero mode for the quark in the instanton field. This mode has the chirality required to produce a helicity flip of scattered quark. The non-zero contribution to A^{LR}_μ arises when either the incoming, or the outgoing quarks in Fig.1b scatter through the zero-mode of the instanton field. The result of calculation is A^{LR,inst} μ = −i ∫ dUdρ d(ρ) ρ^5 χ^+(k_2)(ik_2)[Φ_0(−k_2)V_μ(q, k_1)

+ V̄_μ(q, −k_2)Φ^+_0 (ik_1)](ik_1)χ_L(k_1)/m_q, (7)

where

V_μ(q, k_1) = ∫ d^4xe^{−iqx}Φ(x)^+σ̄_μS^{(I)}_{nz} (x, k_1)

V̄_μ(q, −k_2) = ∫ d^4xe^{−iqx}S̄^{(I)}_{nz} (−k_2, x)σ_μΦ(x), (8) where Φ_0(Φ^+_0 ) and S^{(I)}_{nz} , S̄^{(I)}_{nz} are the zero-mode and non-zero mode quark propagators for the incoming (outgoing) quarks. In Eq.(7), ρ is the instanton size, d(ρ) is the instanton density, dU stands for the integration over instanton orientation in colour space, and k ≡ k_μσ^μ, k̄ ≡ k_μσ̄^μ for any four-vector k_μ [13]. In Eq.(7) the continuation from Euclidean space-time to Minkowski space-time should be done by substituting k_{i4} → (−i+ϵ) √ ⃗k2_i , q_4 → (−i+ϵ)q_0.

For the light quarks k^2_{1,2} = m^2_q ≈ 0 the zero-mode is well known asymptotically

((ik_2)Φ_0(−k_2))^{αi} → 2πρU^i_β ϵ^{βα} (Φ_0(k_1)^+(ik̄_1))^{αi} → 2πρϵ^{βα}(U^+)^i_β , (9)

where U is the orientation matrix of the instanton in colour space. The asymptotic behaviour of the non-zero mode propagators at Q^2 ≫ m^2_q was found recently in ref. [13]

S^{(I)}_{nz} (x, k_1)(ik_1) → − e^{−ik1 x} √ Π(x) ( 1 + (1 − e^{ik1 x}) ρ^2 x^2 Uxk̄_1U 2k_1x )

(ik_2)S̄^{(I)}_{nz} (−k_2, x) → − e^{ik2x} √ Π(x) ( 1 + (1 − e^{−ik2 x}) ρ^2 x^2 Uk_2x̄U 2k_2x ) , (10)

where Π(x) = 1 + ρ^2/x^2. By using these formulas, after integration over the colour orientations (see [11], [13]) and a simple algebra, we get A^{LR, inst} μ = 4π^2 3Q^2m_q ∫ dρ d(ρ) ρ^3 (ρQK_1(ρQ) − 1) q_ν χ^+_R(σ^νσ̄^μ − σ^μσ̄^ν )χ_L. (11)

From (11) and (6), the following result is obtained for the instanton contribution to the form factor:

F^{inst}_2 (Q^2) =

16π^2 3Q^2 ∫ dρd(ρ) ρ^3

(ρQK_1(ρQ) − 1) . (12)

For a numerical estimate of this contribution, we use the instanton liquid model suggested by Shuryak [25]. Within this model, the density of instantons is d(ρ) ρ^5

= n_I δ(ρ − ρ_c), (13)

where n_I ≈ 1/2fm^{−4} , ρ_c ≈ 1/3fm are the average density and size of instantons in the QCD vacuum, correspondingly. The final result for the form factor is F^{inst}_2 (Q^2) = 8f 3 (ρ_cQK_1(ρ_cQ) − 1) ρ^2_c Q^2

, (14)

where f = n_I π^2ρ^4_c ≈ 0.1 is the so-called packing fraction (diluteness) of the instantons in the vacuum. In the Fig.2 the contribution to the quark Pauli form factor arising from instantons (14) is compared with the result of the double-logarithmic perturbative calculation [20]

F_2(Q^2)^{pQCD} = α_s(Q^2)C_F π m^2_qln(Q^2/m^2_q ) Q^2 exp ( − α_s(Q^2)C_F 4π ln^2(

Q^2 m^2_q ) ) , (15)

at Q^2 = 0.25 ÷ 5GeV^2 for the quark mass^1 m_q ≈ 350MeV and analytic running coupling constant α_s(Q^2) given in (3).

It is evident that the instantons give a large negative contribution to the quark form factor in the region of momentum transfer of order of a few GeV^2. This contribution is larger then the positive contribution coming from the perturbative exchange, and one may expect that the total Pauli form factor of the quark should be negative.

Therefore the instanton corrections to the chirality-flip quark-photon vertex can not be neglected in the photon induced reactions in this kinematic region. The application of the obtained result for the specific reactions will be the subject of forthcoming publications.

The author is thankful to I.O. Cherednikov, A.E. Dorokhov, B.I. Ermolaev, S.B. Gerasimov, E.V. Shuryak and V.Vento for useful discussions.

1For the current mass of the quark m_q ≈ 5M eV , the pQCD contribution to F_2 form factor is very tiny (10^{−5} ÷ 10^{−9}) in this interval of Q^2.

Figure 2: The contributions to the Pauli form factor of the quark from a) instantons (short-dashed line), b) perturbative gluon exchanges (long-dashed line) and c) their sum (solid line).

This work was supported in part by the Heisenberg-Landau program and the following grants: INTAS-2000-366, RFBR-01-02-16431, RFBR-02- 02-81023, RFBR-03-02-17291.

References

[1] H.Leutwyler, hep-ph/0212324; G.A. Miller, nucl-th/0301041; H.

Schmieden, nucl-ex/0302027; H.Gao, nucl-ex/0301002; A.V. Belitsky, X. Ji, F. Yuan, hep-ph/0212351; S. Brodsky, hep-ph/0208158.

[2] X. Ji, Phys. Rev. D55 (1997) 7114; A.V. Radyushkin, Phys. Rev. D56 (1997) 5524.

[3] J.Volmer et al., Phys. Rev. Lett. 86 (2001) 1713; M.K. Jones et al., Phys. Rev. Lett. 84 (2000) 1398; O. Gayou et al., Phys. Rev. Lett. 88 (2002) 092301, S. Scopetta and V. Vento, Eur. Phys. J. A. 16 (2003) 527.

[4] G. Altarelli, S. Petrarca and F. Rapuano, Phys. Lett. B373 (1996) 200.

[5] S.Scopetta, V. Vento and M. Traini, Phys. Lett. B421 (1998) 64, Phys.

Lett. B442 (1998) 28, Generalized Parton Distributions in an ACMP scenario (work in progress).

[6] R. Petronzio, S. Simula, G. Ricco, hep-ph/0301206.

[7] NA10 Collaboration, S. Falciano et al., Z. Phys. C31 (1986) 513; NA10 Collaboration, M.Guanziroli et al., Z. Phys. C37 (1988) 545; J.S. Conway et al., Phys. Rev. D39 (1989) 92; J.G. Heirich et al., Phys. Rev. D44 (1991) 44.

[8] D. Boer, S.J. Brodsky, D.S. Hwang, Phys. Rev. D67 (2003) 054003; A.

Brandenburg, D. Muller, O.V. Teryaev, Phys. Rev. D53 (1996) 6180; A. Brandenburg, O.Nachtman, E. Mirkes, Z. Phys. C60 (1993) 697.

[9] J. M. Cornwall, G. Tiktopoulos, Phys. Rev. D13 (1976) 3370; J. Frenkel, J. C. Taylor, Nucl. Phys. B116 (1976) 185; E. C. Poggio, G. Pollack, Phys. Lett. B71 (1977) 135: V. V. Belokurov, N. I. Usseyukina, Phys. Lett. B94 (1980) 251; H. D. Dahmen, F. Steiner, Z. Phys. C11 (1981) 247: B.I.Ermolaev and V.S. Fadin, JETP Lett. 33 (1981) 269; V.S. Fadin, Sov. J. Nucl. Phys. 37 (1983) 2145; B.I. Ermolaev, V.S. Fadin, Sov. J. Nucl. Phys. 45 (1987) 508; A. Sen, Phys. Rev. D24 (1981) 3281.

[10] M. Beneke, Phys. Reports 317 (1999) 1.

[11] T. Schäfer and E.V. Shuryak, Rev. Mod. Phys. 70 (1998) 1323.

[12] A.E.Dorokhov, N.I.Kochelev and Yu.A. Zubov Int. J. Mod. Phys. 8A (1993) 603; N.I. Kochelev and V. Vento, Phys. Rev. Lett. 87 (2001) 111601; N.I. Kochelev, Phys. Rev. D57 (1998) 5539; A.E. Dorokhov, hep-ph/0302242; hep-ph/0212252.

[13] S. Moch, A. Ringwald and F. Schrempp, Nucl. Phys. B507 (1997) 134.

[14] A. Ringwald and F. Schrempp, Phys. Lett. B503 (2001) 331; Phys. Lett.

B459 (1999) 249; F. Schrempp, A. Utermann, Phys. Lett. B543 (2002) 197; hep-ph/0301177.

[15] D.E. Kharzeev, Y.V. Kovchegov, E. Levin, Nucl. Phys. A690 (2001) 621.

[16] M.A. Nowak, E.V. Shuryak, I. Zahed, Phys.Rev. D64 (2001) 034008;

F. Faccioli, E. Shuryak, Phys. Rev. D65 (2002) 076002; F. Faccioli, A. Schwenk, E.V. Shuryak, Phys. Lett. B549 (2002) 93.

[17] D.I. Diakonov, hep-ph/0212026; D.I. Diakonov et al., Phys. Rev. D56 (1997) 4069.

[18] ’t Hooft, Phys. Rev. D14 (1976) 3432.

[19] A.E. Dorokhov and I.O. Cherednikov, Phys. Rev. D66 (2002) 074009;

hep-ph/0212357.

[20] B.I. Ermolaev and S.I. Troyan, Nucl.Phys. B590 (2000) 521. [21] V. Elias, K.B. Sprague, and Y. Xue, Found. Phys. 30 (2000) 439. [22] J. Schwinger, Phys. Rev. 73 (1948) 416.

[23] D.V. Shirkov and I.L. Solovtsov, Phys. Rev. Lett. 79 (1997) 1209. [24] D.I. Diakonov and V.Yu. Petrov, Nucl. Phys. B272 (1986) 457. [25] E.V. Shuryak, 203 (1982) 93; ibid 116; ibid 140; Nucl. Phys. B214 (1983) 237.