arXiv:hep-ph/0404066 v2 23 May 2005

Higher Twists and Color Polarizabilities in the Neutron

Z.-E. Meziani,^1 W. Melnitchouk,^2 J.-P. Chen,^2 Seonho Choi,^1 T. Averett,^{2,3} G. Cates,^4

C.W. de Jager,^2 A. Deur,^{2,4} H. Gao,^5 F. Garibaldi,^6 R. Gilman,^{2,7} E.W. Hughes,^8

X. Jiang,^7 W. Korsch,^9 K. Kramer,^3 N. Liyanage,^4 K. Slifer,^1 J.-C. Yang^{10} 1Temple University, Philadelphia, Pennsylvania 19122 2Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606 3The College of William and Mary, Williamsburg, Virginia 23187 4University of Virginia, Charlottesville, Virginia 22904 5Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 6Istituto Nazionale di Fiscica Nucleare, Sezione Sanità, 00161 Roma, Italy 7Rutgers, The State University of New Jersey, Piscataway, New Jersey 08855 8California Institute of Technolgy, Pasadena, California 91125 9University of Kentucky, Lexington, Kentucky 40506 10Chungnam National University, Taejon 305-764, Korea

Abstract

Color polarizabilities of the neutron are extracted from data on the lowest moment of the spin-

dependent g_1 structure function. New data in the resonance region from Jefferson Lab at Q^2 ≲

1 GeV^2, in combination with world data at higher Q^2, allow a systematic determination of the

1/Q^2 corrections, and provide the first constraints on 1/Q^4 corrections. The results suggest that

higher-twist effects in the neutron are small, and that quark-hadron duality may be approximately

valid, even down to Q^2 ∼ 1 GeV^2.

PACS numbers: 12.38.Aw, 12.38.Qk, 13.60.Hb

The nature of quark confinement in QCD remains a central mystery of strong interaction physics. Any satisfactory solution to this problem requires understanding of the dynamics of quark and gluon interactions at large distances, where QCD becomes highly nonperturbative.

The properties of the quark and gluon constituents of the nucleon are usually determined by examining how the quark and gluon fields respond to external probes. Deep inelastic electron scattering at high energy transfer ν and momentum transfer squared Q^2 has provided a wealth of information on the single-particle momentum and spin distributions of quarks and gluons in the nucleon. Interactions between quarks and gluons at short distances, which give rise to scaling violations, can be described perturbatively through the Q^2 evolution equations. To probe directly long-range quark-gluon interactions, on the other hand, requires the study of structure functions at intermediate values of Q^2, in the pre-asymptotic region.

In this region a transition takes place between deep inelastic scattering at high Q^2, where structure functions are determined by incoherent scattering from partons, and the low Q^2 region which is characterized by resonance dominance of structure functions [1]. The region of intermediate Q^2 (Q^2 ∼ 1 GeV^2) exposes quark-gluon correlation effects, which are otherwise suppressed in the scaling regime, while still allowing an expansion in 1/Q^2 to be meaningful. An example of such effects is the so-called color polarizabilities (not to be confused with the more familiar electromagnetic polarizabilities), which describe how the color electric and magnetic fields respond to the spin of the nucleon.

In this paper we analyze data from Jefferson Lab Hall A experiment E94-010 [2] on the neutron spin dependent structure function g^n_1 at Q^2 ≲ 1 GeV^2, which when consistently combined with the world high Q^2 data, enable a first accurate determination of the color polarizabilities in the neutron. In addition, we explore the closely related phenomenon of quark-hadron duality, where the g_1 spin structure function in the resonance region averages to the scaling function measured at high Q^2. This duality has been explored in recent experiments for the proton and deuteron structure functions [3, 4], but has not been studied in the case of neutrons.

The analysis makes use of the operator product expansion (OPE) in QCD, where at large Q^2 the lowest moment, Γ^n_1 (Q^2), of the spin structure function g_1 of the neutron is expanded in inverse powers of Q^2,

Γ^n_1 (Q^2) ≡

∫_1 0 dx g^n_1 (x, Q^2) = ∑ τ =2,4,··· μ^n_τ (Q^2) Q^{τ −2} (1) with the coefficients μ^n_τ related to nucleon matrix elements of operators of twist ≤ τ . Here twist is defined as the mass dimension minus the spin of an operator, and x = Q^2/2Mν is the Bjorken x variable, with M the neutron mass. For each twist the Q^2 dependence in μ^n_τ can be calculated perturbatively as a series in α_s. Note that the application of the OPE requires summation over all hadronic final states, including the elastic at x = 1.

The leading-twist (twist-2) component, μ^n_2 , is determined by matrix elements of the axial vector operator ψ̄γ_μγ_5ψ, summed over various quark flavors. It can be decomposed into flavor triplet (g_A), octet (a_8) and singlet (ΔΣ) axial charges,

μ^n_2 (Q^2) = C_{ns}(Q^2) ( − 1 12 g_A + 1 36 a_8 ) + C_s(Q^2) 1 9 ΔΣ , (2)

where C_{ns} and C_s are the nonsinglet and singlet Wilson coefficients [5]. The nonsinglet triplet axial charge is obtained from neutron β-decay, g_A = 1.2670(35) [6], while the octet axial charge is extracted from hyperon weak decay matrix elements assuming SU(3) flavor symmetry, a_8 = 0.579(25) [6]. In order to factorize all of the Q^2 dependence into the Wilson coefficients, we use the renormalization group invariant definition of the matrix element of the singlet axial current, ΔΣ ≡ ΔΣ(Q^2 = ∞).

The higher-twist contribution to Γ^n_1 (Q^2) can be obtained by subtracting the leading-twist term from the total,

ΔΓ^n_1 (Q^2) ≡ Γ^n_1 (Q^2) − μ^n_2 (Q^2) = μ^n_4 (Q^2) Q^2 + μ^n_6 (Q^2)

Q^4 + O ( 1 Q^6 ) . (3)

The coefficient of the 1/Q^2 term contains a twist-2 contribution, a^n_2 , and a twist-3 term, d^n_2 , in addition to the genuine twist-4 component, f^n_2 [7, 8, 9],

μ^n_4 = 1 9 M^2 (a^n_2 + 4d^n_2 + 4f^n_2 ) . (4)

The twist-2 term a^n_2 arises from the target mass correction [10], and is related to the second moment of the twist-2 part of the g^n_1 structure function.

Interaction terms appear through the twist-3 and twist-4 contributions. The coefficient d^n_2 is given by the twist-3 part of the x^2-weighted moment of the g^n_2 structure function, and corresponds to a matrix element of an operator which involves both quark and gluon fields [10].

The twist-4 contribution to μ^n_4 is defined by the matrix element

f^n_2 M^2S^μ = 1 2 ∑ i e^2_i ⟨N|g ψ̄_i ~G^{μν} γ_ν ψ_i|N⟩ , (5) where ~G^{μν} is the dual gluon field strength tensor, and g is the strong coupling constant.

The twist-3 and 4 operators describe the response of the collective color electric and magnetic fields to the spin of the neutron. Expressing these matrix elements in terms of the components of ~G^{μν} in the nucleon rest frame, one can relate d^n_2 and f^n_2 to color electric and magnetic polarizabilities. These are defined as [8, 9] χ^n_E 2M^2 ⃗S = ⟨N| ⃗j_a × ⃗E_a |N⟩ , (6) χ^n_B 2M^2 ⃗S = ⟨N| j^0_a ⃗B_a |N⟩ , (7)

where ⃗S is the neutron spin vector, j^μ_a = −gψ̄γ^μt_aψ is the quark current, and ⃗E_a and ⃗B_a are the color electric and magnetic fields, respectively. In terms of d^n_2 and f^n_2 the color polarizabilities can be expressed as

χ^n_E = 2 3 (2d^n_2 + f^n_2 ) , χ^n_B = 1 3 (4d^n_2 − f^n_2 ) . (8)

An analysis of the twist-4 matrix elements was carried out in Ref. [11] using data on Γ^n_1 from the E143 experiment at SLAC [12] at Q^2 = 0.5 and 1.2 GeV^2. Subsequently, SLAC experiments E154 [13] and E155 [14], the HERMES Collaboration at DESY [15], and the SMC at CERN [16] have collected data on Γ^n_1 over a larger range of Q^2. The precision of the earlier data in the resonance region was rather poor, and no data existed for 0.5 < Q^2 < 1 GeV^2, which precluded the size of the twist-4 matrix elements from being well constrained. More recently, precision data from Jefferson Lab Hall A experiment E94-010 [2] were collected on Γ^n_1 at several Q^2 values below 1 GeV^2. These data allow one for the first time to determine systematically the size of the f^n_2 matrix element, and estimate the 1/Q^4 correction.

Before proceeding with the extraction, it is important to ensure that the various data sets are consistent with each other, in terms of the assumptions and extrapolations beyond the measured region employed in each analysis. For instance, each of the experimental analyses uses a different extrapolation to x = 0, which makes a naive comparison of the published Γ^n_1 values problematic. To this end we have reexamined all of the previous data on Γ^n_1 using the same set of assumptions for the x → 0 as well as the x → 1 extrapolations.

To evaluate Γ^n_1 for each experiment, we added to the quoted Γ^n_1 value from the measured region a contribution of the unmeasured low-x region using the Bianchi-Thomas (BT) parametrization [17] up to W^2 = 1000 GeV^2. This method was applied to the SLAC experimental results [12, 13, 18]. In the case of the HERMES and Jefferson Lab experiments, the published Γ^n_1 values already include an estimate from the unmeasured lowx region using the BT parametrization, while for the SMC experiment data exist above W^2 = 1000 GeV^2. Except for the HERMES data, the remaining contribution down to x = 0 was then evaluated assuming g^n_1 to be constant: g^n_1 (x, Q^2) = g^{BT}_1 (x_{min}, Q^2) for the SLAC and JLab experiments, with x_{min} defined for each Q^2 by W^2 = 1000 GeV^2, and g^n_1 (x, Q^2) = g^{SMC}_1 (x_{min} = 0.003, Q^2 = 10 GeV^2) for the SMC experiment. Since the SLAC E155 Collaboration [14] only presents a moment deduced from a next-to-leading order (NLO) analysis using world data, we do not include this result in our fit. Nevertheless, the NLO result for Γ^n_1 at Q^2 = 5 GeV^2 including the SLAC E155 data is very close to the result of the SLAC E154 NLO analysis [19].

To include the unmeasured x → 1 region, we used a new fit of the world neutron data which includes the high-precision A^n_1 data of the Jefferson Lab E99-117 experiment [20] at large x. Since the elastic contribution is included separately, the maximum value of x is defined for each experiment by the pion electroproduction threshold. The resulting total moments Γ^n_1 from the world data are plotted in Fig. 1 for 0.5 < Q^2 ≤ 10 GeV^2, where the total uncertainty in each data set is the quadratic sum of the statistical and systematic uncertainties. The Jefferson Lab experiment E94-010 (filled circles) extends the range of Q^2 with precision data below Q^2 = 1 GeV^2. In all cases the data include both the inelastic and elastic contributions, with the latter taken from the fit in Ref. [21].

The twist-2 contribution μ^n_2 is determined by fitting the neutron data in Fig. 1 assuming there are no higher twists beyond Q^2 = 5 GeV^2, from which we obtain ΔΣ = 0.35 ± 0.08, where the uncertainty is statistical. Using this central value, the twist-2 contribution is illustrated in Fig. 1 by the shaded band, with the extrema representing the range of uncertainty associated with the value of α_s in the Wilson coefficients. The exact value of ΔΣ depends somewhat on the x → 0 behavior assumed in the extrapolation beyond the measured region. However, since the higher-twist contributions are determined from the relative variation in Γ^n_1 from high to low Q^2, the absolute normalization of the leading-twist contribution does not play a major role in determining f^n_2 .

The higher-twist contribution ΔΓ^n_1 , obtained by subtracting the leading-twist curves in Fig. 1 from data on the total moment Γ^n_1 , is shown in Fig. 2 as a function of 1/Q^2 for ΔΣ = 0.35. Here we have used a^n_2 = −0.0031(20) for the target mass corrections, obtained

FIG. 1: Q^2 dependence of Γ^n_1 from various experiments. The error bars are a quadratic sum of statistical and systematic uncertainties. The twist-2 contribution from Eq. (2) is given by the band with ΔΣ = 0.35, and its width represents the uncertainty in α_s. The elastic contribution is indicated by the dashed curve.

from a fit to the world neutron data [20] at Q^2 = 5 GeV^2, and the value d^n_2 = 0.0079(48) for the twist-3 matrix element obtained from SLAC experiment E155X [22]. At this Q^2 value a^n_2 and d^n_2 are dominated by their leading-twist contributions.

While the Q^2 evolution of the (twist-2) a^n_2 is straightforward, the evolution of higher-twist structure functions is in general rather more involved. For the twist-4 f^n_2 matrix element the Q^2 evolution was computed in Refs. [7, 23] to leading logarithmic order. In this analysis we assume the leading-twist values for a^n_2 and d^n_2 at Q^2 = 5 GeV^2 and use the results from Refs. [7, 23] to account for the logarithmic Q^2 dependence of f^n_2 . In practice, the inclusion of α_s dependence of the 1/Q^2 corrections has very little influence on the values of the higher twists that we extract.

The solid curve in Fig. 2 represents a 2-parameter minimum χ^2 fit to the ΔΓ^n_1 data for Q^2 > 0.5 GeV^2, using Eq. (3) with f^n_2 and the 1/Q^4 correction μ^n_6 as free parameters. We

FIG. 2: Higher-twist correction ΔΓ^n_1 versus 1/Q^2. The world data points include statistical (inner ticks) and total uncertainties (outer ticks), except for those of HERMES and JLab E94010, for which only statistical uncertainties are shown with error bars, with systematic uncertainties indicated by the dark bands at the bottom of the figure. The solid curve is a 2-parameter (f^n_2 and μ^n_6 ) fit to the Q^2 > 0.5 GeV^2 data, while the dashed curve is a 1-parameter (f^n_2 only) fit to the Q^2 > 1 GeV^2 data. The band around the solid curve represents the uncertainty of the fit due to statistical uncertainties, and the light band at the bottom of the figure corresponds to the total uncertainty.

neglect any possible Q^2 dependence in μ_6 itself, which should be a reasonable assumption within the present uncertainties. The best fit values for the twist-4 and 1/Q^4 corrections, using only the statistical uncertainty for each experiment, are found to be

f^n_2 = 0.033 ± 0.005 , μ^n_6 = (−0.019 ± 0.002)M^4 , (9)

normalized at Q^2 = 1 GeV^2. Including the total systematic uncertainty for each experiment, we find f^n_2 = 0.034 ± 0.043 , μ^n_6 = (−0.019 ± 0.017)M^4 . (10) With this latter value of f^n_2 , the overall 1/Q^2 correction to the leading-twist term, at a scale Q^2 = 1 GeV^2, including the target mass, twist-3 and twist-4 contributions extracted from data, is μ^n_4 = (0.019 ± 0.024)M^2. Combining this with the 1/Q^4 term, the total higher-twist contribution ΔΓ^n_1 is almost exactly zero at Q^2 = 1 GeV^2.

The reliability of truncating the expansion at 1/Q^4 order down to Q^2 = 0.5 GeV^2 can be tested by adding a μ^n_8 /Q^6 term. Performing a 3-parameter fit results in almost identical values for f^n_2 and μ^n_6 , with μ^n_8 = (0.00 ± 0.03)M^6. On the other hand, if the data are fitted with just the 1/Q^2 term, one generally finds a smaller value for f^n_2 , namely f^n_2 = −0.014 ± 0.010, with a somewhat larger χ^2 (see also Ref. [24]). This clearly illustrates the influence of the JLab E94-010 data, which suggest a negative trend in ΔΓ^n_1 for Q^2 < 1 GeV^2. Excluding the JLab results and fitting only the Q^2 > 1 GeV^2 data, the uncertainty on f^n_2 becomes 2–3 times larger, and the μ^n_6 coefficient essentially unconstrained. A 1-parameter fit to the Q^2 > 1 GeV^2 data, indicated by the dashed curve in Fig. 2, gives a slightly smaller f^n_2 value, f^n_2 = 0.012 ± 0.029.

The extracted value of f^n_2 can be compared with the earlier analysis in Ref. [11], which found f^n_2 = 0.07 ± 0.08 using a 1-parameter fit to Q^2 > 1 GeV^2 data. The present analysis improves the uncertainty on f^n_2 by a factor ∼ 3 using the non-JLab data, and by a factor ∼ 8 including the JLab data. Of course, the uncertainty on f^n_2 in Ref. [11] would be significantly larger had a 2-parameter fit been employed.

The value of f^n_2 extracted from the data can be compared with nonperturbative models. For example, QCD sum rules [8, 25] yield negative values for the twist-4 matrix elements:

f^n_2 |_{sum rule} = −0.018(17) and −0.013(6) from Refs. [25] and [8], respectively. On the other hand, calculations within the instanton model give [26] f^n_2 |_{instanton} = 0.038, in good agreement with our central value. Estimates of the τ = 4 matrix elements using the MIT bag model [10], evolved from the bag scale, give f^n_2 |_{bag} = 0.0, which is also consistent with our result.

Combining the extracted f^n_2 values with the d^n_2 value obtained by the E155X Collaboration [22], the color electric and magnetic polarizabilities, normalized at Q^2 = 1 GeV^2, are found to be χ^n_E = 0.033 ± 0.029 , χ^n_B = −0.001 ± 0.016 . (11)

These results indicate that both the color electric and magnetic polarizabilities in the neutron are relatively small, with the magnetic polarizability consistent with zero. The small values of the higher-twist corrections suggest that the long-range, nonperturbative interactions between quarks and gluons in the neutron are not as dominant at values of Q^2 ≳ 0.5 GeV^2 as one may have expected. This would imply strong cancellations between neutron resonances resulting in the dominance of the leading-twist contribution to Γ^n_1 . The results presented here therefore provide a spectacular confirmation of quark-hadron duality in spin-dependent structure functions. A dedicated experiment [27] to study duality in neutron spin structure functions in the resonance region is currently being analyzed.

In summary, we have determined the first moment of the neutron spin structure function g_1 from the world data using consistently the same extrapolation method to x = 0 and x = 1. From these data we extracted the size of the twist-4 matrix element f^n_2 of the neutron. The neutron color polarizabilities were determined by combining f^n_2 and the twist-3 matrix element d^n_2 from SLAC experiment E155X, which leads to a small and slightly positive value of χ^n_E and a value of χ^n_B close to zero. Future precision measurements [27, 28, 29, 30] of the g^n_1 and g^n_2 structure functions at Q^2 ≈ 1 − 4 GeV^2 will reduce the uncertainty in the extracted higher-twist coefficients, as will better knowledge of α_s in the intermediate Q^2 region.

This work was supported by the U.S. Department of Energy (DOE) and the National Science Foundation. The Southeastern Universities Research Association operates the Thomas Jefferson National Accelerator Facility for the DOE under contract DE-AC05-84ER40150.

[1] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B147, 385 (1979). [2] M. Amarian et al. [JLab E94-010 Collaboration], Phys. Rev. Lett. 89, 242301 (2002) [arXiv:nucl-ex/0205020]; ibid. 92, 022301 (2004) [arXiv:hep-ph/031003].

[3] I. Niculescu et al., Phys. Rev. Lett. 85, 1186 (2000).

[4] A. Airapetian et al. [HERMES Collaboration], Phys. Rev. Lett. 90, 092002 (2003) [arXiv:hep-ex/0209018].

[5] S. A. Larin, T. van Ritbergen and J. A. M. Vermaseren, Phys. Lett. B 404, 153 (1997) [arXiv:hep-ph/9702435]; S. A. Larin, Phys. Lett. B 334, 192 (1994).

[6] K. Hagiwara et al. [Particle Data Group Collaboration], Phys. Rev. D 66, 010001 (2002). [7] E. V. Shuryak and A. I. Vainshtein, Nucl. Phys. B201, 141 (1982). [8] E. Stein, P. Gornicki, L. Mankiewicz and A. Schäfer, Phys. Lett. B 353, 107 (1995). [9] X. Ji, arXiv:hep-ph/9510362.

[10] X. Ji and P. Unrau, Phys. Lett. B 333, 228 (1994); X. Ji, Phys. Lett. B 309, 187 (1993). [11] X. Ji and W. Melnitchouk, Phys. Rev. D 56, 1 (1997) [arXiv:hep-ph/9703363] [12] K. Abe et al. [E143 Collaboration], Phys. Rev. D 58, 112003 (1998) [arXiv:hep-ph/9802357]. [13] K. Abe et al. [E154 Collaboration], Phys. Rev. Lett. 79, 26 (1997) [arXiv:hep-ex/9705012]. [14] K. Abe et al. [E155 Collaboration], Phys. Lett. B 493, 19 (2000) [arXiv:hep-ph/0007248]. [15] A. Airapetian et al. [HERMES Collaboration], Eur. Phys. J. C 26, 527 (2003) [arXiv:hep-ex/0210047].

[16] B. Adeva et al. [SMC Collaboration], Phys. Rev. D 58, 112001 (1998). [17] N. Bianchi and E. Thomas, Phys. Lett. B 450, 439 (1999); Nucl. Phys. Proc. Suppl. B82, 256 (2000).

[18] P. L. Anthony et al. [E142 Collaboration], Phys. Rev. D 54, 6620 (1996) [arXiv:hep-ex/9610007].

[19] K. Abe et al. [E154 Collaboration], Phys. Lett. B 405, 180 (1997) [arXiv:hep-ph/9705344]. [20] X. Zheng et al. [Jefferson Lab Hall A Collaboration], Phys. Rev. Lett. 92, 012004 (2003) [arXiv:nucl-ex/0308011].

[21] P. Mergell, U.-G. Meißner and D. Drechsel, Nucl. Phys. A596, 367 (1996). [22] P. L. Anthony et al. [E155 Collaboration], Phys. Lett. B 553, 18 (2003) [arXiv:hep-ex/0204028]. [23] H. Kawamura, T. Uematsu, Y. Yasui and J. Kodaira, Mod. Phys. Lett. A 12, 135 (1997). [24] C. W. Kao, D. Drechsel, S. Kamalov and M. Vanderhaeghen, Phys. Rev. D 69, 056004 (2004) [arXiv:hep-ph/0312102].

[25] I. I. Balitsky, V. M. Braun and A. V. Kolisnichenko, JETP Lett. 50, 61 (1989); Phys. Lett. B 242, 245 (1990); Erratum-ibid. B 318, 648 (1993).

[26] N. Y. Lee, K. Goeke and C. Weiss, Phys. Rev. D 65, 054008 (2002) [arXiv:hep-ph/0105173]. [27] Jefferson Lab experiment E01-012, J.-P. Chen, S. Choi and N. Liyanage spokespersons. [28] Jefferson Lab experiment E97-103, T. Averett and W. Korsch spokespersons; [29] Jefferson Lab proposal PR03-107, S. Choi, X. Jiang and Z.-E. Meziani spokespersons. [30] The Science Driving the 12 GeV Upgrade at CEBAF, http://www.jlab.org/div dept/physics division/GeV.html.