hep-ph/9711226 v1 4 Nov 1997

Instantons and Polarized Structure Functions^1

N.I.Kochelev

Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, RU-141980 Dubna, Moscow region, Russia

Abstract

The contribution of the quark-quark and quark-gluon interaction induced by instantons to the valence quark and proton spin-dependent structure functions g_1(x, Q^2) is estimated within the instanton liquid model for QCD vacuum. It is shown, that this interaction leads to a rather large violation of the Ellis-Jaffe sum rule.

1The talk presented at the Workshop ”Deep Inelastic Scattering off Polarized Targets: Theory Meets Experiment”, September 1997, DESY-Zeuthen

1 Introduction

One of the solution of the famous ”spin crisis” (see recent review [1]), is an assumption of the large positive gluon polarization inside a nucleon [2].

Indeed, one of the NLO analyses of the polarized DIS world data on g_1(x, Q^2), which was performed to extract the polarized parton densities in a nucleon, has shown some indication for a positive value of the gluon polarization [3]. However, another NLO fit leads to the conclusion that this result may be sensitive to the input shapes of the polarized parton distribution at low normalization point [4].

The different calculations of the gluon polarization inside nucleon have been performed (see [5]) and the contradiction between different approaches has been found, not only in the absolute value of the gluon polarization but even in its sign. For example it has been shown recently [8] that the instanton model for nonperturbative effects in QCD [9],[10] rules out the positive value of the gluon polarization. Therefore, it is possible that the gluon solution of the ”spin crisis” is not the case.

Another way to resolve the proton spin problem is to take into account the quark depolarization induced by nonperturbative vacuum fluctuations of the gluon fields, so-called instantons [6], [7]. The instantons describe the subbarrier transitions between different classical QCD vacuum states, that have different values of quark helicities. Therefore, account of quark interaction with instantons gives the direct way to obtain the magnitude of the quark helicity non-conservation in QCD.

In this article we estimate the contribution from quark-quark [12] and quark-gluon interaction [15] induced by instantons to the valence quark and proton g_1(x, Q^2) structure functions.

2 Quark-Quark and Quark-Gluon Interaction induced by Instantons

The instanton model for QCD vacuum is widely used now in the description of the nonperturbative effects in strong interaction (see reviews [9], [10]). The existence of instantons leads to a nonperturbative quark-quark and quark-gluon interaction through the QCD vacuum, which has the following form [12],[14]: L_{eff} = ∫ ∏ q (m_qρ − 2π^2ρ^3q̄_R(1 + i 4 τ^aU_{aa}′η̄_a′_{μν} σ_{μν} )q_L) · exp^{− 2π2g ρ2Ubb′η̄b′γδGbγδ} dρ ρ^5 d_0(ρ)dô + R ←→ L, (1) where ρ is the instanton size, τ^a are the matrices of the SU(2)_c subgroup of the SU(3)_c colour group, d_0(ρ) is the density of the instantons, dô stands for integration over the instanton orientation in colour space, ∫ dô = 1, U is the orientation matrix of the instanton, η̄_{aμν} is the numerical t’Hooft symbol and σ_{μν} = [γ_μ, γ_ν]/2.

From Eq. (1) one can obtain an effective quark-quark t’Hooft interaction [12] which in the framework of instanton liquid model reads [9],[15]

L^{(2)}_{eff} = F (k^2_1, k^2 , k^2_3, k^2_4 , ρ_c)

4π^2ρ^2_c 3 ∑ i≠j (q̄_{iR}(k_1)q_{iL}(k_2)q̄_{jR}(k_3)q_{jL}(k_4)

· (1 + 3 8 (1 − 3 4 σ^i_{μν}σ^j_{μν} )t^a_ut^a_d + (R ←→ L))), (2) where F (k^2_1, k^2 , k^2_3, k^2_4 , ρ_c) is the form factor, which is related to the Fourier transformation of the quark zero modes in instanton field, ρ_c ≈ 1.6GeV^2 is an average instanton size in vacuum, i, j = u, d, s. Recently, it was shown that from Eq. (1) a new type of the nonperturbative quark-gluon interaction can be obtained. This interaction has the form of anomalous chromomagnetic quark-gluon interaction [15] ΔL_A = −iμ_a ∑ q g 2m^∗_q q̄σ_{μν} t^aqG^a_{μν} , (3) where m^∗_q = 2π^2ρ^2_c < 0 | q̄q | 0 > /3 is a quark mass in the instanton vacuum. The value of the quark anomalous chromomagnetic moment in the liquid instanton model is

μ_a = − fπ 2α_s , (4)

where f = n_cπ^2ρ^4_c is the so-called packing fraction of instantons in vacuum. The value of n_c is connected with the value of the gluon condensate by the formula

n_c =< 0 | α_sG^a_{μν} G^a_{μν} | 0 > /16π ≈ 7.5 10^{−4} GeV^4. (5)

The following estimate for the value of the anomalous quark chromomagnetic moment has been obtained for ρ_c = 1.6GeV^{−1} in [15] μ_a = −0.2. (6)

The principal difference between the instanton induced interaction (1), (2) and the perturbative quark-gluon vertex is the large quark helicity flip at instanton vertex, namely ΔΣ = −2N_f . Therefore, this interaction can be responsible for a rather strong violation of Ellis-Jaffe sum rule [16] for the first moment of the spin-dependent structure function g^p_1 (x, Q^2).

3 Instanton Contribution to Valence Quark and Proton Structure Functions

The graphs which give the contribution to the structure functions from quark-quark interaction (2) are presented in Fig.1.

We calculate the contribution of this interaction to the valence quark spin-dependent structure function g^q_1(x, Q^2) by using the projection of the imaginary part of the forward Compton scattering amplitude T_{μν}

g^q_1(x, Q^2) = − ie_{μνρσ}p^ρq^σImT_{μν} p.q , (7)

where p is the momentum of the valence quark in nucleon. The straightforward calculation of the contribution of the diagram given by Fig.1b^2 leads to the result

g^{q,q}_1 (x, Q^2) = e^2_qρ^4_c 128 ∫ Q^2(1−x)_{4x} 0 dk^2_⊥ ∫_{−∞} −k2⊥ 1−x dk^2 (k^4_⊥ + k^2_⊥k^2(1 − x))

x^2k^4

F^2( |k|ρ_c 2 ), (8)

2The calculation has shown that the contribution of the diagram in Fig.1a is very small and therefore can be neglected. The terms which are proportional to the product of the colour matrix ta in (2) have 1/Nc suppression factor and give the very small contribution as well.

Figure 1: The instanton contribution to the quark distribution functions: a) the contribution to the sea quark distribution function; b) the contribution to the valence quark distribution function. The label I(Ī) denotes instanton (antiinstanton).

where F (z) = z d dz [I_0(z)K_0(z) − I_1(z)K_1(z)], (9)

and x = Q^2/2p.q.

The graph which is responsible for the contribution from the quark-gluon chromomagnetic interaction (3) to structure functions is presented in Fig.2. The calculation of the contribution of diagram in Fig.2 leads to the result

g^{q,g}_1 (x, Q^2) = − e^2_q 8 |μ_a|ρ^2_c (1 − x)

∫ Q^2(1−x)_{4x} 0 dk^2_⊥ F^2(kρ_c/2) √ 1 −^{4xk2⊥} (1−x)Q2 , (10)

where k^2 = k^2_⊥/(1 − x), and the relation α_sμ^2_a/m^{∗2}_q ρ^2_c = 3π|μ_a|/8 [8] has been used. The very interesting feature of the instanton contributions (8) and (10) is their specific Q^2 dependence. At small Q^2 ≪ 1/ρ^2_c they are proportional to Q^2 and for Q^2 ≫ 1/ρ^2_c they are constant. Therefore Q^2 dependence of the instanton contribution to polarized structure functions should be different from Log(Q^2/Λ^2) evolution of the perturbative gluon corrections to DIS structure functions. The fundamental reason for this feature is the quark spin-flip induced by instanton vertex, which gives the extra powers of k_⊥ to the matrix element for forward Compton scattering amplitude. As result, at Q^2 = 0 the instanton contribution to g_1(x, Q^2) is zero.

In the large Q^2 limit and small x the contribution to g^q_1(x) from quark-quark interaction (Fig.1b) has the anomalous 1/x^2 behavior. This behavior comes from the point-like instanton vertex (1), (2) which leads to very fast growth of the q̄q cross section induced by instantons with increasing the energy S = (p − k)^2. At high S the contribution of instantons should be small because the perturbative QCD should work in this region. The imaginary part of the lower part of the diagram Fig.1b is proportional to a sum of the imaginary parts of the correlators of the pseudoscalar j = q̄γ_5q and scalar j = q̄q currents (s = √ S) (see the structure of Lagrangian

Figure 2: The instanton contributions to proton structure function from the anomalous chromomagnetic interaction.

(2)) Π(s) = i ∫ dxe^{isx} < 0‖T {j(x), j(0)}‖0 >, (11) that have been analyzed in QCD sum rule approach, taking into account direct instanton contribution [17],[9]. Therefore, the threshold value for the energy S_0 for cut-off of the instanton contribution should approximately equal to the value of duality interval in QCD sum rule for nonet of the pseudoscalar and scalar mesons which is S_0 ≈ 2GeV^2 [17]. The final formula for the contribution from quark-quark interaction g^q_1(x) in Bjorken limit Q^2 → ∞ can be written in the following form

g^q_1(x, Q^2) = e^2_qρ^4_c 128 ∫ S_0 0 dS ∫_∞ Sx 1−x dk^2 S(xS − k^2(1 − x)) k^4

F^2( kρ_c 2 ), (12)

Due to a cut-off in S, the 1/x divergence is absent now and instanton contribution to first moment of g_1(x) is finite.

In the same limit the contribution to g^q_1(x), due to quark-gluon chromomagnetic interaction, reads g^q_1(x) = − e^2_q 4 |μ_a|. (13) The sign of both contributions is negative and comes from the negative quark polarization induced by instantons inside proton.

To calculate the contribution to proton structure function, the simple convolution model for structure function has been used

g^p_1 (x) = ∑ q ∫_1 x dy y g^q_1( x y )Δq_V (y), (14)

where Δq_V (y) are the initial valence quark polarizations, which were taken in the form

Δu_V (x) = 3.7(1 − x)^3, Δd_V (x) = −1.3(1 − x)^3, (15) and normalized to the experimental data on the weak decay coupling constants of hyperons

g^3_A = Δu_V − Δd_V = 1.25; g^8_A = Δu_V + Δd_V = 0.6. (16)

In Fig.3 the result of the calculation of the contribution from quark-quark interaction induced by instanton to g^p_1 (x) in the region of Bjorken variable x > 0.0001 is presented.

Figure 3: The contribution to proton spin-dependent structure function g^p_1 (x) due to quark-quark instanton induced interaction.

It should be mentioned that this contribution is negative and rather large, especially in the low x region. The contribution to the first moment of g^p_1 is δI^{p,q}_{inst} = ∫_1 0 dxg^{p,q}_1 (x) = −0.007. (17)

This value is approximately one fourth of the observed violation of the Ellis-Jaffe sum rule [18]. The remaining part of the violation can be related to the contribution from the anomalous quark-gluon interaction induced by instantons.

In Fig.4 the result of the calculation of the contribution to g^p_1 (x) structure function which comes from the quark-gluon chromomagnetic interaction induced by instantons is shown. This contribution is also negative and has a more hard x dependence than the contribution from the quark-quark interaction. Therefore by taking into account the quark-gluon chromomagnetic interaction induced by instantons we can explain the decrease of the g^p_1 (x) structure function at large Bjorken variable x.

The contribution to the first moment of g^p_1 from this interaction is δI^{p,g}_{inst} = ∫_1 0 dxg^{p,g}_1 (x) = −0.019. (18)

Figure 4: The contribution to the proton spin-dependent structure function g^p_1 (x) due to the quark-gluon chromomagnetic interaction.

The total contribution from both interactions is δI^p_{inst} = −0.026. This number one can compare with the modern experimental data on the value of the violation of the Ellis-Jaffe sum rule δI^p_{exp} = −0.02 ÷ −0.04 [18].

Thus, by taking into account the accuracy of the available experimental data and some ambiguities in the extrapolations of the g_1(x) to very low x region in the current experiments, we can conclude that the instanton model gives a rather good description of the the Ellis-Jaffe sum rule violation for proton. The prediction of the instanton model for the neutron g_1 structure function is very sensitive to the details of the violation of the SU(6) symmetry for the valence quark distribution function and will be discussed elsewhere.

4 Summary

In summary, the instanton induced quark-quark and quark-gluon interaction leads to a large negative contribution to the proton spin-dependent structure function g^p_1 (x, Q^2). This contribution allows us to explain the observed violation of the Ellis-Jaffe sum rule.

Acknowledgements

The author is thankful to M.Anselmino, J.Blümlein, A.E.Dorokhov, A.V.Efremov,R.L.Jaffe, E.Leader, E.Reya, and T.Morii for helpful discussions.

This work was supported in part by the Heisenberg-Landau program and by the Russian Foundation for Fundamental Research (RFFR) 96-02-18096.

References

[1] M.Anselmino, A.Efremov, and E.Leader Phys. Reports 261 (1995) 1. [2] A.V.Efremov and O.A.Teryaev, JINR preprint E2-88-287 (1988);

G.Altarelli and G.G.Ross, Phys. Lett. B212 (1988) 391; R.D.Carlitz,J.C.Collins and A.H.Muller, Phys. Lett. B214 (1988) 229.

[3] R.D.Ball,S.Forte, and G.Ridolfi, Phys. Lett. B378 (1996) 255. [4] M.Glück, E.Reya, and W.Vogelsang, Phys.Rev. D45 2552. [5] S.J.Brodsky, M.Burkardt, and I.Schmidt, Nucl. Phys. B441 (1995) 197;

R.L.Jaffe, Phys. Lett. B365 (1996) 359;

A.Saalfeld, G.Piller, and L.Mankiewicz, preprint TUM/T39-97-19/hep-ph/9708378. [6] A.E.Dorokhov and N.I.Kochelev Mod. Phys. Lett. 5A (1990) 55;

A.E.Dorokhov, N.I.Kochelev, and Yu.A. Zubov Int. J. Mod. Phys. 8A (1993) 603; A.E.Dorokhov and N.I.Kochelev Phys. Lett. 304B (1993) 167.

[7] S.Forte Phys. Lett. B224 (1989) 189;

S.Forte and E.V.Shuryak Nucl.Phys. B357 (1991) 153; B.L.Ioffe and M.Karliner Phys. Lett. B247 (1990) 387; K.Steininger, W.Weise Phys. Rev. D48 (1993) 1433; D.I.Diakonov et al. hep-ph/9703420; M.V.Polyakov and C.Weiss hep-ph/9709436.

[8] N.I.Kochelev, talk presented at DIS’97 Workshop, April 1997, Chicago, USA/hepph/9707418.

[9] T.Schäfer, E.V.Shuryak, hep-ph/9610451. [10] D.I.Diakonov, hep-ph/9602375.

[11] A.A. Belavin, A.M. Polyakov, A.S. Swartz, and Yu.S. Tyupkin Phys. Lett. 59B (1975) 85. [12] ’t Hooft Phys. Rev. D14 (1976) 3432.

[13] N.I.Kochelev, hep-ph/9610551, talk presented at the XIII International Seminar on High Energy Physics Problems, Dubna, September 1996.

[14] C.G.Callan, R.Dashen, and D.J.Gross, Phys. Rev.D17 (1978) 2717;

C.G.Callan, R.Dashen, and D.J.Gross, Phys. Rev.D19 (1979) 1826; V.A.Novikov, M.A.Shifman, V.I.Vainstein, and V.I.Zakharov, Sov. Phys. Usp. 25 (1982) 195.

[15] N.I.Kochelev,Sov. J. Nucl. Phys. 41 (1985) 291. [16] J.Ellis and R.L.Jaffe, Phys. Rev. D9 (1974) 1444. [17] E.V.Shuryak, Nucl. Phys. B214 237.

[18] R.Windmolders, Polarized structure functions with SMC ;

C.Young, Polarized structure function measurements at SLAC; D.Hasch, Polarized structure function measurement with HERMES; talks presented at Workshop ”Deep Inelastic Scattering off Polarized Targets: Theory Meets Experiment”, DESY-Zeuthen, September 1-5, 1997.